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Abstract 

Semiconductor lasers face a fundamental trade-off between high output power and high-quality 

single-lobe beams. Photonic crystal surface-emitting lasers (PCSELs) have emerged as a 

promising platform that overcomes this limitation by enabling scalable, single-mode, vertical 

emission. However, their design is hindered by complex interactions between microscopic 

scattering and macroscopic losses—especially in-plane loss (α//), which is critical yet difficult 

to measure experimentally. 

This thesis introduces a computationally efficient Probabilistic Markov Chain (PMC) model to 

bridge microscopic physics and device performance. By treating light propagation as a 

stochastic process, the model translates coupling coefficients into directional scattering 

probabilities, enabling rapid simulation of finite-sized PCSELs without directly solving 

Maxwell’s equations. 

The PMC model is quantitatively and qualitatively validated by predicting the performance 

(e.g. loss, slope efficiency and near-field pattern) of PCSEL devices (GaN-based PCSEL, 

GaAs-based PCSEL and InP-based PCSEL) from references and against experimental PCSEL 

and resonator-embedded PCSEL (REPCSEL) data. The predicted result has excellent 

agreements (e.g. < 1 cm-1 difference in loss) with those reported in references and experimental. 

Through parametric studies, it quantifies the impact of in-plane coupling and integrated mirrors 

on α// and mode control. Furthermore, the model reveals an interdependence between in-plane 

and internal loss in designs with unpumped boundaries, challenging conventional design 

assumptions. Finally, three novel high-efficiency PCSEL architectures are proposed and 

evaluated—incorporating butt-coupled passive sections, selective area intermixing, and dual 

contacts—to minimize parasitic losses and maximize power conversion efficiency. 

In summary, this work establishes the PMC model as a versatile design tool that provides 

fundamental insight into PCSEL loss mechanisms and opens new pathways toward high-

performance, scalable semiconductor lasers. 
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Chapter 1: Introduction 

The pursuit of high-performance semiconductor lasers has been a driving force in photonics 

research for decades, enabling revolutions in telecommunications, data storage, sensing, and 

displays. [1] From the early Fabry-Perot (F-P) lasers to the highly refined distributed feedback 

(DFB) lasers [2-3] and vertical cavity surface emitting lasers (VCSELs) [4-5], each generation 

has brought improvements in efficiency, beam quality, and functionality. However, a 

fundamental challenge has persisted: the inherent trade-off between high output power and a 

high-quality, single-lobe output beam. Conventional edge-emitting lasers can achieve high 

power but typically exhibit poor beam quality due to multi-mode operation and high beam 

asymmetry, [6] while VCSELs offer excellent beam quality but have historically been limited 

in their single-mode output power. [7] 

The photonic crystal surface-emitting laser (PCSEL) has emerged as a groundbreaking 

platform that uniquely addresses this challenge. By leveraging a two-dimensional (2D) 

resonant cavity within a photonic crystal (PC) slab, the PCSEL inherently produces a high-

power, single-mode, large-area and vertically emitting beam. This is achieved through a 

coherent 2D resonance that allows the device area to be scaled up to increase power without 

degrading the beam quality, a feat difficult to accomplish with traditional laser architectures. 

This combination of high power and high beam quality makes the PCSEL an exceptionally 

promising light source for next-generation applications such as light detection and ranging 

(LiDAR), free-space optical communication, photonic computing, and industrial processing. 

[8] 

Despite their significant advantages, the design and optimization of PCSELs present unique 

complexities. The device performance is governed by the intricate interplay between 

microscopic scattering events at the level of individual PC atoms and macroscopic device-level 

parameters such as threshold gain and slope efficiency. The key among these macroscopic 

parameters is the in-plane loss (α//), which represents optical power leaking laterally out of the 

PC cavity and constitutes a major parasitic loss that limits slope efficiency and increases the 

threshold current. Unlike mirror loss (αm) in F-P lasers, α// is exceptionally difficult to measure 

experimentally, creating a critical gap in the design feedback loop. Traditional simulation 

methods, such as rigorous coupled-wave analysis (RCWA) or 3D finite-difference time-domain 

(FDTD) simulations, while powerful, are computationally intensive and often too complex for 

rapid, parametric exploration of device designs. 



13 
 

This thesis introduces and validates a novel, computationally efficient simulation tool, the 

Probabilistic Markov Chain (PMC) model, to bridge the critical gap between microscopic 

physics and macroscopic device performance. The core innovation of the PMC model is its 

treatment of light propagation within the PCSEL as a stochastic process. It translates physically 

meaningful coupling coefficients (κ1D, κ2D, κ⊥, κi) into probabilities of optical power scattering 

between discrete directional states (North, South, East, West, Vertical) at each PC atom. This 

approach bypasses the need to solve Maxwell's equations directly, instead using a statistical 

framework to model power flow, loss, and emission in finite-sized devices. 

Chapter 2 reviews the background knowledge, from key semiconductor definitions, basic 

theory, to device development. Then the main research target, PCSEL lasing theory, 

characterization, and existing simulation methods are described.  

The thesis is structured to systematically establish the PMC model, validate it against 

experimental data, and then deploy it to explore and propose novel PCSEL designs for 

enhanced performance. Chapter 3 provides a detailed description of the PMC model's 

fundamentals, including its algorithm, state definitions, and the crucial convergence criteria 

necessary for obtaining accurate results. Initial validation is performed by successfully 

predicting the performance of a standard PCSEL and a Resonator Embedded PCSEL 

(REPCSEL). 

Chapter 4 utilizes the PMC model to conduct a comprehensive parameter study. It investigates 

the influence of in-plane coupling coefficients on α// and explores the integration of in-plane 

mirrors, demonstrating their profound effect on reducing in-plane loss and enabling mode 

selection, as exemplified by the REPCSEL design. 

Chapter 5 addresses a common design practice: the use of an unpumped PC boundary to 

reduce α//. The PMC model reveals a previously unexplored interdependence between in-plane 

and internal loss (αi) due to self-absorption in the unpumped quantum wells. This finding 

challenges the conventional wisdom that simply widening the unpumped boundary is a 

straightforward path to loss reduction, introducing the concept of a total "parasitic loss." 

Finally, Chapter 6 leverages the insights from previous chapters to propose and theoretically 

evaluate three novel, high-efficiency PCSEL designs that aim to overcome the limitations of 

the absorptive boundary. These designs—incorporating butt-coupled passive sections, selective 

area intermixing, and a dual-contact scheme—are compared systematically using the PMC 

model, with their potential for maximizing power conversion efficiency (PCE) critically 
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assessed. 

In summary, this thesis presents the development and application of the PMC model not merely 

as a simulation tool, but as a versatile and powerful design engine for PCSELs. It provides 

fundamental insights into loss mechanisms and pioneers new architectural pathways towards 

realizing the full potential of photonic crystal surface-emitting lasers. 
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Chapter 2: Background, Gaps in Knowledge and Contribution to 

the Field. 

2.1 Introduction 

Semiconductor lasers have been related to the recent development of human society serving 

over a wide range of fields, such as data- and telecommunications and optical storage. Their 

outstanding characteristics are wide wavelength accessibility [1-6] and modulation speed [7-

8]. Lasing in semiconductors is realized by combining stimulated emission with a resonator. 

The emission area is limited by single lateral mode, because of which the brightness of 

semiconductor lasers is much less than that of bulky lasers such as gas and solid-state lasers. 

Simply increasing the emission area will cause parasitic lateral-mode oscillations, which may 

result in reduced beam quality. [9-10] Another cause of unstable oscillation are the thermal 

effects in resonators under continuous-wave operation [11-12]. 

To realize single-mode, high-brightness and narrow beam divergence all in one laser, a new 

class of semiconductor laser, the photonic crystal surface emitting laser (PCSEL) has been 

demonstrated. [13-14] PCSELs utilize a 2-dimentional distributed Bragg reflector (DBR) as 

the resonator to realize a large emission area with an emission direction perpendicular to the 

gain and feedback plane.  

In this chapter, the basic principles of lasing in semiconductor lasers are discussed. The 

discussion is then expanded to PCSELs. Based on which, new theory and corresponding 

characteristics of PCSELs are introduced. For further study, this new theory, commonly used 

simulation methods and their algorithms are briefly explained and commented on. Finally, the 

design process is analysed and a new design process to speed up the evolution of PCSEL design 

is proposed. This new simulation method, the probabilistic Markov chain (PMC) model is 

introduced. 

2.2 Semiconductor Laser Diodes 

The Schrödinger and Hamiltonian formulations describe physical phenomenon at the quantum 

level. The correct way to explain the anomalies arising in the classical description of heat 

radiation from the ‘black-body’ was formally shown by Max Planck with a quantum description. 

The most directly and explicit application of such quantum phenomenon is the ‘photoelectric 

effect’ explained by Albert Einstein.  
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At the quantum level, there are discrete values of the energy fluctuations of particles. Figure 

2.1 plots a schematic of how electrons may receive or lose energy, and transition between 

energy E1 and E2, between which has a value of: 

𝛥𝐸 = 𝐸2 − 𝐸1 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.1 

 

Figure 2.1 (a) schematically shows photon absorption, when an electron receives energy (ΔE) 

due to photon annihilation, allowing it to be promoted from E1 to E2. Figure 2.1 (b) 

schematically shows the process where an electron transitions from E2 to E1 by itself and emits 

a photon with energy of ΔE. Figure 2.1 (c) shows another kind of emission proposed by 

Einstein, stimulated emission. The energy gap ΔE is decided by equation: 

𝛥𝐸 = ℎ𝑣 equation2.2 

where h is a Plank constant, v describes the frequency of the emit photon when the electron 

 

Figure 2.1: Schematic of electronic light-matter interactions behaviour (a) Absorption. (b) Spontaneous 

emission. (c) Stimulated emission. 

 

Figure 2.2: Schematic of a laser in basic design. 
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falls from E2 to E1, not by itself but triggered by an input photon with the same frequency. [15] 

It was noted that, for stimulated emission, not only the frequency of emitting photons is the 

same, but also all other features, such as phase, polarization, and direction of emission. 

Lasers use stimulated emission to generate coherent radiation. However, normally the three 

phenomena mentioned in figure 2.1 may occur at the same time. To enhance the stimulated 

emission rate, high electron populations at higher energy levels are needed. To describe the 

circumstances when net stimulated emission is larger than zero, a gain, g is defined. Figure 2.2 

shows a very basic design of a laser device aimed at enhancing gain. There are three elements 

to reach that goal, a gain material, pumping process and feedback element. There are multiple 

choices of gain material, such as gas [16], solid state [17], or semiconductor [18]. Pumping 

processes provide external energy and increases the high energy electron population, which 

termed inversion when the population of high energy states exceeds the lower energy 

population. The feedback element forces the radiation pass through the gain material to have 

phase matching, with out of phase light being destructively interfered.    

2.3 Electromagnetic Theory for Semiconductor Lasers 

The stimulated emission rate is proportional to the photon density, which means to reach better 

performance, a laser device needs a high population inversion, high levels of confinement of 

the light in a smaller volume. However, to meet both requirements, a very high drive current 

will be limited in a small area, which may result in an impractically high temperature caused 

by non-radiative transitions and free carrier losses which give rise to self-heating. A large lateral 

dimension also leads to higher probability of multi-mode operation or a large divergence angle 

of the output beam. The typical optical gain materials of semiconductors have higher refractive 

indices, because of which the electromagnetic field tends to be localized in the direction of 

epitaxial growth.  

To allow in-plane optical localisation, several designs of semiconductor laser device have 

introduced lateral confinement, such as ridge waveguide lasers, and buried heterostructure 

lasers.  

Figure 2.3 presents schematic diagrams of different laser configurations. As the simplest 

ridge-waveguide structure, the Fabry–Perot (FP) laser, illustrated in Figure 2.3(a), places the 

gain medium between two parallel mirror facets. Optical feedback occurs along the ridge 

direction, and light is emitted through a cleaved facet of the semiconductor crystal that is 

perpendicular to the ridge. This design enabled the first demonstration of coherent light 
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emission from a semiconductor. Owing to its straightforward fabrication and ability to deliver 

high output power, the FP laser retains a notable presence in certain market applications today. 

It should be noted, however, that an FP laser typically operates on multiple longitudinal modes, 

resulting in poor spectral purity (broad linewidth) and significant wavelength drift with 

variations in temperature and current. Furthermore, its output beam is often elliptical and 

astigmatic. These limit the applicable scope of FP lasers. 

 

Figure 2.3(b) shows the distributed Bragg reflector (DBR) laser, which addresses the multi-

mode limitation of the FP laser by introducing a wavelength-selective element into the cavity. 

This is achieved by replacing one or both of the FP laser's facet mirrors with Bragg reflectors—

periodic structures that provide frequency selectivity through carefully designed layer widths 

and spacings. The use of Bragg mirrors represents a major advance toward single-mode 

operation, as they stabilize the output wavelength and significantly narrow the linewidth 

compared to FP lasers. However, the spatial separation between the gain section and the grating 

region complicates fabrication and current injection. Moreover, device performance is sensitive 

to fabrication tolerances due to the complexity of the grating structure. 

Figure 2.3(c) illustrates the distributed feedback (DFB) laser, in which the Bragg grating is no 

longer merely a mirror at the cavity ends but is embedded directly into or adjacent to the gain 

region along its entire length. The DFB laser marks the ultimate refinement of in-plane single-

mode lasers, offering exceptional single-mode stability, very narrow linewidth, and strong 

resistance to mode hopping under changes in temperature or current. Nevertheless, its output 

beam from the cleaved facet remains asymmetric, making DFB lasers less suitable for many 

free-space applications that require high spatial beam quality. 

 

Figure 2.3: Schematic of different configurations of laser. (a) FP laser. (b) DBR laser. (c) DFB laser. (d) 

VCSEL 
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Figure 2.3(d) presents a schematic of a vertical cavity surface emitting laser (VCSEL). This 

structure achieves single-mode operation by sandwiching the gain medium between two DBR 

mirrors in the epitaxial (vertical) direction. As the schematic illustrates, the optical cavity is 

oriented vertically, enabling surface-normal emission. Single-mode operation is realized by 

restricting higher-order spatial modes through careful control of the device's aperture size. 

Additionally, the vertical integration of gain, feedback, and emission allows for high die density 

and eliminates the need for facet cleaving, significantly simplifying wafer-scale testing and 

packaging. However, these advantages introduce distinct challenges: high-power operation is 

constrained by the limited single-aperture size, while heat dissipation poses a significant 

difficulty due to the compact vertical structure. Although the architecture removes the 

requirement for cleaved facets, it imposes stringent demands on epitaxial growth to achieve the 

necessary high-reflectivity DBR mirrors. 

It is important to note that, throughout the development of semiconductor lasers, the in-plane 

(co-axial) devices illustrated in Figure 2.3 have individually achieved high power, single-mode 

operation, wavelength selectivity, or narrow beam divergence. However, integrating all these 

desirable characteristics into a single in-plane laser structure has proven challenging. 

2.4 Photonic Crystal Surface Emitting Lasers 

Since the theory of periodic structure studied and reported by Léon Brillouin, Felix Bloch, and 

William Bragg, the application of it, the Bragg grating, benefits many optical fields, especially 

the development of semiconductor lasers. However, there is still room for improvement for 

conventional classes of semiconductor lasers, such as in realizing high brightness, narrow beam 

divergence and single-mode operation in one device. 

The idea of one-dimensional (1D) photonic crystal (PC) was proposed by Lord Rayleigh in 

1887, and expanded to 2D and 3D in the following century through studying the inhibition of 

spontaneous emission [19] and photon localization [20]. With the study and application 

development in PCs, the theory of periodic structure is also receiving more attention and 

massive development, and promotes the development of multiple optical applications, such as 

PC fibres, PC waveguides, and the key study object of this thesis, photonic crystal surface 

emitting lasers (PCSELs). PCSELs were reported in 1999 independently by Noda et al. and 

Meier et al., and named after its core requirement, a coherent 2D resonator realized by PC. [21-

22]  

2.4.1 Bragg Condition 



20 
 

The Bragg condition describes the situation that incident electromagnetic waves with 

wavelength, λ are constructively diffracted with an incident angle, θ by the lattice structure of 

the target material with a particular lattice dimension. The behaviour is described as:  

2𝑎 sin 𝜃 = 𝑛𝜆 equation2.3 

a is the lattice constant of the wave injected lattice structure. n is an integer refers to the order 

of this optical behaviour. Figure 2.4 (a) shows the schematic of condition for constructive 

interference. 

The PC is essentially a realization of a 2D Bragg grating. A schematic of a square lattice with 

a circular PCs design is shown in figure 2.4 (b). If the design meets the requirements in equation 

2.2, two behaviours of in-plane light propagation will occur. When interaction with PCs, the 

light may be scattered to an orthogonal direction (θ = ±90◦), which is due to 1st order Bragg 

condition, named also 2D coupling. Or, due to 2nd order Bragg condition, the light may be 

scattered backwards (θ = 180◦), along with keeping the (unscattered) transition direction (θ = 

0◦) the behaviours are called 1D coupling.  

2.4.2 Coupling Coefficients 

As discussed above, 1D coupling and 2D coupling constitute the in-plane coupling behaviour 

of light in a PC. To describe the in-plane coupling in a square lattice PC, coupled-wave theory 

(CWT) was proposed by Sakai et al. [23-24]. The theory assumes a square lattice with circular 

(in x and y direction) holes in which the z direction is uniform, and describes the magnetic field 

in TE mode as: 

 

Figure 2.4: Schematic of (a) Bragg condition. (b) in-plane coupling of 2D PC with a square lattice. 
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∂

∂x
{
1

𝑘2
∂𝐻𝑧
∂x
} +

∂

∂y
{
1

𝑘2
∂𝐻𝑧
∂y
} + 𝐻𝑧 = 0 equation2.4 

Where 

1

𝑘2
=
1

𝛽3
{𝛽 + 2∑𝜅(𝑮)𝑒𝑥𝑝[𝑖(𝑮 ∙ 𝑟)]

𝑮≠0

} 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.5 

G is the reciprocal lattice vector defined as: 

𝑮 = (𝑚𝛽0, 𝑛𝛽0) equation2.6 

m and n are arbitrary integers.  

𝛽0 =
2𝜋

𝑎
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.7 

a is the lattice constant. 

𝛽 =
𝑛𝑎𝑣𝜔

𝑐
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.8 

nav is the averaged refractive index of photonic crystal which defined by a fill factor f: 

𝑛𝑎𝑣 = √𝑓1𝑛12 + 𝑓2𝑛22 equation2.9 

Where f1+f2=1. [25] A coupling constant is defined as: 

𝜅(𝑮) =
𝜋𝑛𝑮
𝜆

equation2.10 

Where nG is the Fourier coefficient of the periodic refractive-index modulation and λ is the 

Bragg wavelength given by λ = anav. 

Figure 2.5 shows a diagram of the corresponding in-plane coupling in reciprocal space, and red 

arrows represent four fundamental Bloch waves (Rx, Sx, Ry, Sy), green arrows are direct higher-

 

Figure 2.5: Diagram of the corresponding in-plane coupling in reciprocal space. Red arrows represent four 

fundamental Bloch waves (Rx, Sx, Ry, Sy), green arrows are direct higher-order Bloch waves, blue arrows 

are indirect higher-order Bloch waves. 
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order Bloch waves, blue arrows are indirect higher-order Bloch waves. 

Within the defined coupling diagram, only 2nd order or below diffraction are considered to have 

large enough value to be significant, which means |m|+|n|≤2. Then three corresponding 

coupling constants κ1, κ2, and κ3 are defined as: 

𝜅1 = 𝜅(𝑮)||𝑮|=𝛽0 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.11.1 

𝜅2 = 𝜅(𝑮)||𝑮|=√2𝛽0 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.11.2 

𝜅3 = 𝜅(𝑮)||𝑮|=2𝛽0 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.11.3 

Figure 2.6 shows the schematics of those coupling coefficients among PCs. κ1 is the coupling 

coefficient describing the 45◦ coupling. κ2 represents 90◦ coupling, which disappears in the case 

of square lattice PC with TE polarization, because of the cancelling between two perpendicular 

waves. κ3 is 180◦ coupling which corresponds to the backward scattering in 2nd order DFB 

lasers. 

 

Taylor et al. [26] proposed another way to explain those coupling coefficients with a beam 

scattering theory in orthogonal directions only. Figure 2.7 (a) describes the behaviour of beam 

 

Figure 2.6: Schematic of coupling coefficients, (a) κ1, (b) κ2, and (c) κ3 

 

Figure 2.7: Schematic of coupling coefficients described in orthogonal directions. (a) κ1D and (b) κ2D 
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scattering backwards when interacting with PC, κ1D, which match the description of κ3, so the 

value shall be the same too. Figure 2.7 (b) describes the beam behaviour of scattering to a 

perpendicular direction (in-plane ±90◦) the value is defined as: 

𝜅2𝐷 =
2 ∗ 𝜅1

2

𝛽0
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.12 

These two coupling coefficients are described as in-plane coupling coefficients and 

preferentially used in this thesis. The vertical coupling (or scattering) has a similar mechanism 

as the in-plane coupling, but related to a device-level loss (out-of-plane loss), which will be 

discussed in following section. 

2.4.4 Band Structure 

The 2D PC with square lattice can be regarded as an array with designed shape in material 1, 

with refractive index n1, embedded in a background material 2 with refractive index n2. Or, 

another description preferred in this thesis, a compact array composed of unit cells (also named 

PC atoms) in square shape. The conventional design of such a unit cell is a combination of two 

materials of different refractive indices (n1 and n2), in which material 1 used as a background 

material in square shape, and material two used as the field material in a single closed shape. 

Special cases may break the rule, such as air-hole embedded PC, in which air, as a material 3 

is built in by using a special epitaxy process, or double-lattice PC, in which there are two oval 

shape pattern. Figure 2.8 (a) plots the schematic of circular PC with square lattice. The inset of 

figure 2.8 (a) shows the definition of the above-mentioned unit cell, in which the size of the 

atom is defined by the lattice constant, a, and in this case material 2 is circular in shape with 

radius, r, and shares the same centre as squared shape material 1. So, the unit cell can be 

described by equation 2.9, or more detailed as: 
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𝑛𝑎𝑣 = 𝑛1
𝑎2 − 𝜋𝑟2

𝑎2
+ 𝑛2

𝜋𝑟2

𝑎2
equation2.13 

This thesis will not focus on the design of PC, but focuses more about how the whole unit cell 

behaves, so in the future descriptions, the pattern shape is used to represent the whole unit cell, 

not just the pattern material. Figure 2.8 (b) plots the reciprocal lattice of figure 2.8 (a), the gap 

between atoms in reciprocal space is 2π/a, the first Brillouin zone has been highlighted in red 

square, which is equivalent to the unit cell defined above. The inset of figure 2.8 (b) shows one 

unit of Brillouin zone, in which the zone-centre, named as Γ, has group velocity equal to zero. 

Based on which, the fundamental corresponding directions are defined as Γ-X direction, and 

direct higher order corresponding directions are defined as Γ-M direction. Due to the symmetry 

of a unit cell (in this case, circular pattern), the photonic band structure can be represented 

using a X -Γ-M region. The calculation method will be discussed later in section 2.3.5. There 

are some special points shown in figure 2.9 (Γ1, Γ2, X1 and M1), at where the mode density 

increases due to the light coupling in different directions. According to coupled-mode theory, 

X₁ and M₁ correspond to two fundamental directions. Surface emission is achieved at the 

second-order Γ point (Γ₂). Since single-mode operation is typically preferred in design, higher-

order band-edges are not prioritized in photonic crystal surface-emitting laser (PCSEL) designs 

due to their potential multi-directional emission. The inset shows a detailed view of the Γ₂ point, 

where the bands intersect and separate. Consequently, the Γ₂ mode is selected as the target 

lasing point in the following discussion.  

 

Figure 2.8: (a) Schematic of circular PC with square lattice. (b) Schematic of reciprocal lattice of (a) 
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For 2D PCSEL, only PCSELs operating in transverse electric (TE) mode are discussed. Figure 

2.10 plots the electromagnetic field distribution of the four modes (A, B, C and D) at Γ2. Non-

leaky modes (mode A and B) are those modes having destructive interference of the vertically 

diffracted light caused by the nonsymmetric in-plane electric field, in which high vertical 

optical confinement and low surface emission intensity are realized. On the contrary, those 

mode (mode C and D) with highly symmetric in-plane electric fields have no vertically 

diffracted light cancellation, due to which have low vertical optical confinement and higher 

output are called leaky modes. It should be noted that due to the symmetry of a circular PC, the 

threshold can be low but there is low vertical radiation loss, or low emission power.  

2.3.5 Optical loss and Waveguide Engineering 

 

Figure 2.9: Example of band structure. 

 

Figure 2.10: The In-plane electric field distribution of band A, B, C and D at Γ2 of the example photonic 

band structure shown in figure 2.9. 
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In a semiconductor laser diode, optical gain is achieved by creating a population inversion in 

the active region via electrical injection. This allows the stimulated emission rate to exceed the 

absorption rate for photons in the optical mode of the waveguide. 

The material gain coefficient quantifies this net amplification per unit length. For lasing 

oscillation to be sustained, this gain must be sufficient to overcome all losses the optical mode 

experiences inside the cavity. The lasing threshold is reached when the round-trip modal gain 

equals the total round-trip modal loss (sum of internal waveguide losses and output coupling 

losses through the mirrors). 

In a FP laser, the threshold gain is described in equation: 

𝑔𝑡ℎ = 𝛼m + 𝛼𝑖 equation2.14 

αm is mirror loss which given by: 

𝛼𝑚 =
1

𝐿
𝑙𝑛

1

𝑟1𝑟2
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.15 

In which L is the total cavity length and r1 and r2 are the facet reflectivities. αi is the internal 

optical loss, which refers to the optical loss that occurs within the laser cavity due to various 

mechanisms, excluding the useful output coupling, αm. Internal loss is caused by multiple 

processes, such as free-carrier absorption, active region absorption, or scattering. As a result, 

there is no single equation to define αi, but the net internal loss ⟨αi⟩ can be determined by 

comparison between to identical lasers except their cavity length (La and Lb):  

⟨𝛼𝑖⟩ =
𝜂𝑑
𝑎 − 𝜂𝑑

𝑏

𝐿𝑎𝜂𝑑
𝑎 − 𝐿𝑏𝜂𝑑

𝑏 𝑙𝑛
1

𝑟1𝑟2
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.16 

ηd is the differential quantum efficiency, which defined by output power P and operating current 

I at or beyond threshold as: 

𝜂𝑑 = [
𝑞

ℎ𝑣
]
𝑑𝑃𝑜
𝑑𝐼

𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.17 

For PCSEL equation 2.15 is adjusted for including vertical emission: 

𝑔𝑡ℎ = 𝛼// + 𝛼⊥ + 𝛼𝑖 equation 2.18 

α// is the in-plane loss that represents the optical power exist the PC region from an in-plane 

direction, in this thesis, the value is assumed to be evenly separated on four edges of the PC 

with square lattice. α⊥ is out-of-plane loss describes the emission on one vertical direction 

(upwards or downwards), perpendicular to plane of PC region.  
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Slope efficiency is commonly used to characterize PCSEL at the device-level, it is defined as 

the optical power above threshold per unit injection current and given by: 

𝜂𝑆𝐸 =
1.24

𝜆
(1 − 𝐴)𝜂𝑖

1
2 (1 + 2√𝑅 cos 𝜃 + 𝑅)𝛼⊥

(1 + √𝑅 cos 𝜃)𝛼⊥ + 𝛼// + 𝛼𝑖
equation2.19 

λ is the operating wavelength of PCSEL, A is the absorption ratio of laser substrate, ηi is the 

carrier injection efficiency of the active layer, which mostly assumed to be 0.9 in this thesis, R 

is the vertical reflectivity provided by vertical DBR or contact, θ is the phase of reflected light.  

Due to the special loss distribution condition shown in figure 2.18, the power conversion 

efficiency (PCE) of PCSEL is poor, as compared to other classes of semiconductor lasers. This 

low PCE, yet high power and brightness have stimulated simulation and experimental work 

world-wide.  The currently adopted design flow is described below. 

2.3.6 Design Flow 

The typical design flow of a PCSEL starts from the analysis of epitaxy regrowth structure of 

the device. The key point is matching the PC to the active region in the target wavelength and 

ensuring the optical mode has sufficient overlap to both the PC and the active region. 

PC structural design has been the major object of study since the invention of the PCSEL. 

Without considering any difficulties caused by the nanofabrication process, such as limitations 

placed by e-beam lithography, etch, and re-growth, any shape of the PC can be imagined. 

However, a common design concept is to balance the in-plane coupling strength and light 

cancellation through destructive interference. One common idea is to break the symmetry of 

the pattern shape. Aside from the symmetry of the pattern, the thickness, dPC of the PC (or z-

direction shape in 3D PC) is another factor to be considered, which is given by: 

𝑑𝑃𝐶 = m ∗ (
𝑎

2
) equation2.20 

Where m is the mode index (integer). 

The simulated band structure helps determining the coupling coefficients of the design, and the 

effect of these coefficients will be analysed and discussed in chapter 4. The value of coupling 

coefficients can be affected by not only the shape of the pattern but also the fill factor of the 

pattern and the refractive indices of background and pattern materials. 

With dPC and averaged refractive index, nav, the optical mode can be simulated in the z-direction 
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by considering the epitaxial structure as a FP laser. The optical mode is the bound mode of light 

confined inside of the device waveguide. It is calculated by solving Helmholtz equations: 

(
∂2

∂x2
+
∂2

∂y2
+ 𝑘0

2((𝑥, 𝑦) − 𝑛(𝑒𝑓𝑓,𝑚)2))𝐸𝑚(𝑥, 𝑦, 𝑧) = 0 equation2.20 

Where k0 is the wave propagation, n (eff, m) is the effective refractive index from a given 

mode, Em(x,y,z) is the electric field distribution of such mode in x, y and z direction, x and y 

are in-plane coordinates, and z is the vertical direction (epitaxial direction), so it can be 

described as: 

𝐸𝑚(𝑥, 𝑦, 𝑧) = 𝐸𝑚(𝑥, 𝑦)ex p(𝑖𝑘0𝑛(𝑒𝑓𝑓,𝑚)𝑧) equation2.21 

The most interesting parts are the overlap of optical mode on active region and grating region 

(PC). Confinement factors are defined to describe this overlap: 

𝛤𝑎𝑐𝑡𝑖𝑣𝑒 =
∫ |𝐸(𝑧)|2𝑑𝑧
+𝑎𝑐𝑡𝑖𝑣𝑒

−𝑎𝑐𝑡𝑖𝑣𝑒

∫ |𝐸(𝑧)|2𝑑𝑧
𝑑𝑒𝑣𝑖𝑐𝑒

0

=
𝐿𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑟𝑒𝑔𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛2.22.1 

𝛤𝑔𝑟𝑎𝑡𝑖𝑛𝑔 =
∫ |𝐸(𝑧)|2𝑑𝑧
+𝑔𝑟𝑎𝑡𝑖𝑛𝑔

−𝑔𝑟𝑎𝑡𝑖𝑛𝑔

∫ |𝐸(𝑧)|2𝑑𝑧
𝑑𝑒𝑣𝑖𝑐𝑒

0

=
𝐿𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑔𝑟𝑎𝑡𝑖𝑛𝑔

𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
equation2.22.2 

While ensuring enough total light intensity, maximizing Γactive and Γgrating makes the PCSEL 

have more ideal characteristics. Engineering the overlap with lossy cladding layers will affect 

the value of internal loss, the lower such overlap is, the lower internal loss and threshold gain 

will be, the resulting in higher device efficiency.  

 

Figure 2.11: Schematic of optical mode overlap on the simplified epitaxy structure. 
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2.5 Previous Simulation Methods 

As mentioned above, it can be noticed that the design and fabrication process are relatively 

complicated. Previous research has focussed on the development of many simulation methods 

to help understand the PCSEL operating mechanisms and support the design process. Existing 

simulation methods for PCSELs are mostly based on solving Maxwell’s equation and 

calculating the electromagnetic fields among PC layer (finite or infinite area). Several of them 

are generally accepted and discussed thoroughly in the published literature, such as finite 

difference time domain (FDTD), plane wave expansion (PWE), and coupled wave theory 

(CWT). 

FDTD, probably is the most widely used computational electromagnetism method due to its 

simplicity, generality and robustness. The method implements full time-dependent Maxwell’s 

equations for arbitrary materials and various boundary conditions. [27-31] Its simplicity lowers 

the barrier to use with researchers benefiting in studying new interactions of physical processes. 

The calculation starts from discretization of space and time into a grid. An example method is 

the Yee grid discretization; [32] the method separately samples the electric and magnetic fields 

at different spatial locations with an offset of half a pixel (based on the selected resolution), the 

samples are taken from components of the fields calculated in time and space. Then the 

derivatives of time and space are calculated by a centre-difference approximations. [33] The 

calculation is done within a computational cell, which should be a finite volume of space with 

proper boundary conditions. The boundary condition helps the method to expand calculation 

from one repetitive cell to a finite area. For PCSEL development, Bloch-periodic boundary 

conditions are commonly used. [34] At last, those field components are used in calculating 

target characteristics, such as lasing circumstances and the far-field pattern [35] 

FDTD is generally used in simulating the lasing mode and in far-field pattern analysis. 

However, a Fourier calculation is needed if FDTD is used to explore the photonic band gap. 

Due to the large computational resource requirement, the FDTD (especially 3D FDTD) can be 

helpful only in analysis of the resonant frequency, loss conditions and mode profiles of PCSELs 

of small size (fewer than 100×100 #PC). [36] More importantly, the programming and training 

time could be a more practical problem for implementation. [37] 

In conclusion, FDTD as a pure numerical simulation method may have coding barriers for 

those non-professional coders, but commercial solutions are powerful enough and very 

convenient for users to use.   The real challenge of using FDTD is the required computational 
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resources or run-time for practical PCSEL device sizes with required resolutions. So, if the 

purpose is the study of a PCSEL’s working mechanism, FDTD can be impractical. 

PWE [38-39] is based on Floquet’s theorem, expanding eigenmodes of the photonic crystal as 

an orthogonal and complete set (plane waves). The in-plane waves are indicated in a reciprocal 

lattice (shown in figure 2.8 (b)), along with which, the dispersion relation within X-Γ-M 

directions or the band diagram of the modes can be calculated. The conventional PWE assumes 

the device has an infinite thickness, which means the confinement of photons in the PC and/or 

active region is not considered. To solve this problem, two dielectric constants calculated from 

the electric field distribution in the vertical direction are introduced to the algorithm. [40] The 

value of these two constant εa and εb can be calculated from: 

n𝑒𝑓𝑓
2 = f𝑎𝜀𝑎 + f𝑏𝜀𝑏 equation2.23.1 

Δ𝜀 = 𝜀𝑎 − 𝜀𝑏 equation2.23.2 

Where neff is the effective refractive index, f is the fill factor, and fa+fb=1. The difference Δε is 

calculated from the confinement factor of PC on the difference between the dielectric constant 

of the background and PC pattern material. At last, the band diagram can be calculated by 

considering those two constants. 

It can be noted that as a numerical method of simulation, PWE has advantages in analysing the 

band diagram, especially in analysing PCSEL’s dispersion relation of eigenmodes and its 

attributes, e.g. frequency. It showed excellent efficacy in supporting the design of the very first 

PCSEL in 1999. [41] However, it cannot be used to analyse the lasing modes of finite-sized 

PCSELs. It provides no information about out-of-plane scattering.  Furthermore, the algorithm 

is based on expanding the Maxwell’s equations with a large number of plane waves, which 

may lead to a very large requirement on computational resources. [42] 

Coupled-wave theory (CWT) is commonly used in analysis of 1D DFB lasers [43], and 

extended to the analysis of 2D DFB lasers, which contains a low refractive-index-contrast 

square lattice structure and operates at TE-polarized modes [44]. Obviously, the original CWT 

already has a large overlap with PCSEL simulation requirements. However, the in-plane 

orthogonal direction coupling among four fundamental Bloch waves was not considered until 

2006, [45] which leads to the absence of CWT in the early study of the PCSEL. [46] 

In 2006, Sakai et al. improved CWT by considering the four fundamental and four direct high-

order Bloch waves in an eight-wave model (discussed in figure 2.5), which proves the 
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possibility of CWT in supporting PCSEL simulation. [45,47] Then a 3D-CWT was developed 

in the following few years, considering higher-order Bloch waves and radiative waves which 

makes PCSEL design more realistic. [48-51] To get more information, the most recent upgrade 

of CWT combines a time-dependent method, and considers thermal effects as well as carrier-

photon interaction, with which the analysis can be expanded to device level characterization. 

[52-53]  

The coupling waves can be expressed in CWT as: 

(𝛿 + 𝑖𝛼)(

𝑅𝑥
𝑆𝑥
𝑅𝑦
𝑆𝑦

) = 𝐶 (

𝑅𝑥
𝑆𝑥
𝑅𝑦
𝑆𝑦

) + 𝑖

(

 

∂𝑅𝑥/ ∂x
−∂𝑆𝑥/ ∂x
∂𝑅𝑦/ ∂y

−∂𝑆𝑦/ ∂y)

 equation2.24 

Where C represents a 4 × 4 matrix corresponding to different coupling behaviours of within 

the eight-wave model. CWT can also predict threshold gain, field intensity envelope, far-field 

pattern and polarization. 

3D CWT has supported several outstanding experimental-based research works, such as the 

loss analysis of the first GaAs-based Watt-class PCSEL and GaN-based Watt-class PCSEL. [54] 

The highest brightness PCSEL is also based on the CWT analysis. [55] 

In conclusion, comparing the above-mentioned numerical simulation methods, CWT provides 

a more analytical method to simulate PCSEL, and requires relatively less computational 

resource, which expands the size of finite-size PCSEL from 100×100 #PC in FDTD to many 

1000×1000 #PC. The complex mathematical calculations make a barrier to entry in the 

implementation of CWT for PCSELs.  The starting point of a PC shape (2D or 3D), solution 

of Maxwell’s equations and determination of device level losses makes the development of 

physical understanding and intuition slow.   

Reference 

2.6 Summary and Outline of Thesis  

As discussed previously, the engineering of the PC structure has gained most of the research 

interest and has so far been regarded as the major study object.  
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Figure 2.12 shows a schematic of the evolution of the PC pattern shape from the creation of 

PCSEL to the most recent record-breaking devices. [56-60] It can be observed that throughout 

the evolution of PCSELs, the photonic crystal shape has progressed from circles to equilateral 

triangles, then to right triangles, and now to double lattice structures, with each major shift 

occurring roughly every five years. In all case, simulation begins at the PC shape and proceeds 

to the device level in a similar development process. 

 

Figure 2.13 shows a schematic representation of the conventional development process of the 

PCSEL. It starts from the design of the PC pattern shape, including the pattern and background 

materials, the shape of PC, and fill factor of the pattern. The PC is then physically analysed by 

simulation methods to make sure the optical property matches the active region and epitaxy 

 

Figure 2.12: Schematic of the evolution of PC pattern shape. [1-5] 

 

Figure 2.13: Schematic of the conventional PCSEL develop process. [4, 5] 
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structure. Then the device is fabricated and characterized to see the real performance. At last, 

analysis the characterization results as a feedback to improve the design of the PC design.  

One disadvantage that can be noticed from this process is that the analysis of effects is based 

only on the iterative design changes of the PC (e.g. a new shape of pattern). Generally, the ideas 

for PC modification come from the feedback from previous series of devices.  How an ideal 

PC may operate or control the light scattering is not considered. Meanwhile, the fabrication 

period of PCSEL is relatively longer than other classes of semiconductor lasers. These two 

have combined to make progress comparatively slow, when we consider Fig 2.12.   

To solve this problem, a simple method to link the microscopic coupling coefficients (PC light 

scattering effects) with macroscopic laser losses is needed. [61-64] With such a model, the 

development process can be changed.  A schematic is shown in figure 2.14 to explain this new 

process. The model described in this thesis is able to arbitrarily change the value of coupling 

coefficients or add new structures to the PCSEL device. With this approach, if the predicted 

result is suitable, this could focus PC fabrication on those targeted scattering parameters. With 

such a design process, the effect of the PC on light scattering is key, with this new model 

exploring these effects by linking the microscopic coupling coefficients with macroscopic 

device-level losses. This is done to guide the direction of research in a more rapid and 

sustainable manner. Whilst any scattering coefficients can be imagined and implemented, the 

work here is grounded by using starting values originally extracted from simulation or 

measurement. These values may then be arbitrarily adjusted when exploring the effects. In the 

end ideal scattering parameters may then be deduced and an ideal PC structure to deliver these 

parameters considered.  The physical design of the PCSEL device configuration can also be 

readily explored in the model developed here.  Arbitrary gain and loss regions, perimeter 

reflectors, may be introduced to quickly explore new device functionality.  
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To achieve this, a probabilistic Markov chain (PMC) model has been developed and is 

discussed in chapter 3. The PMC model is based on a Markov chain model, along with a 

statistic method, to create a link between microscopic input parameters of the PCSEL and in 

turn determine device-level loss. The input parameters for the PMC model can be obtained 

from simulation (e.g. PWE or FDTD) or measurement (e.g. band-structure measurement), and 

arbitrarily adjusted based on those initial reasonable values. The simulation logic and algorithm 

of the PMC model is discussed in detail in chapter 3. To reach a balance between accuracy and 

program runtime, a convergence criteria is discussed and set to 0.1 cm-1 (details discussed in 

chapter 3). Finally, two InP-based PCSEL devices are predicted and compared by PMC model 

in terms of their threshold gains and slope efficiencies. The two devices used for the validation 

have identical PC regions, but differ in the presence/absence of in-plane boundary mirrors. The 

predicted results are in excellent agreement with measured results. 

With the PMC method, the design of a GaAs based PCSEL is discussed in chapter 4. This 

design considers a uniform PC region with uniform coupling coefficients (the whole of the PC 

region is in gain, surrounded by a perfectly absorbing boundary). The effect of varying the 

coupling coefficients on in-plane loss of PCSEL is then discussed. Then the effect of perimeter 

mirrors with various reflectivity on in-plane loss is discussed. Further exploration is performed 

by introducing a spatial variation of the perimeter mirror reflectivity on in-plane loss and near-

field pattern. In support of the design and realisation of a Resonator Embedded PCSEL, InP-

based PCSEL with low coupling coefficients are simulated with and without in-plane mirrors. 

Finally, the PMC method is once more validated. 

Chapter 5 explores another commonly used design of PCSEL, where an unpumped PC 

 

Figure 2.14: Schematic of PCSEL develop process involving PMC model. 
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boundary is used to minimise parasitic in-plane power loss a//.  Self-absorption in the 

unpumped boundary quantum is considered for the first time. A current spreading simulation 

is caried out and shows that current spreading occurs over a much smaller range than optical 

power spreading, and is subsequently ignored.  Then, the effect of unpumped region on PCSEL 

parasitic losses is discussed. Finally, comparison to GaAs-based double lattice PCSELs and 

GaN-based PCSELs from the literature is carried out.  
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Chapter 3: Probabilistic Markov Chain Model 

3.1 Introduction 

In this chapter, a probabilistic Markov chain (PMC) model of photonic crystal surface emitting 

lasers (PCSELs) is introduced [1]. The model incorporates microscopic input parameters (the 

in-plane coupling coefficients and those related to radiative and parasitic internal loss) and 

determines macroscopic device-level PCSEL parameters such as in-plane optical loss (allowing 

slope efficiency and threshold gain to be deduced) and the near-field profile. The simulation 

logic and algorithm of the PMC model are discussed and detailed. The model describes the 

optical power travelling in different directions at each PC atom as the states of a Markov chain, 

the probabilities of power transfer (scattering probability) between any two states are calculated 

from the coupling coefficients. Whilst ideally, the PMC model would be allowed to run for an 

infinite amount of time, the number of simulation iterations must be made finite. The conditions 

for terminating the simulation process and extracting data (termed convergence) are laid out 

[2]. With convergence established, validation with experimental results from real devices, a 

resonator embedded PCSEL and a normal design PCSEL, are described and discussed. 

3.2 Macroscopic Losses and Microscopic Scattering of PCSEL Device 

The probabilistic Markov chain (PMC) model is not an ab initio simulator. [3]. Unlike most 

other PCSEL simulators it does not solve Maxwell’s equations for the given periodic structure, 

and determine microscopic and possibly determine macroscopic parameters (in the case of 3D 

CWT of finite sized devices [4-6]). Rather, it bridges the gap between microscopic scattering 

and macroscopic device level losses. Starting from known or imagined photonic crystal 

coupling coefficients, device level PCSEL losses are calculated. The PC coupling coefficients 

are described in cm-1 units. In the PMC model, these are converted into probabilities (termed 

scattering coefficients, P) of photons changing their direction of travel in the plane of the PC, 

and their chance of scattering vertically to the lasing mode or being lost to internal optical loss 

within the device. Figure 3.1 (a) shows a schematic of light scattering mechanism among PC 

atoms (red dots), the black arrow is an example of original direction of light, the yellow arrows 

representing the direction of scattered light. κ⊥ representing the total scattered light to the 

vertical directions (upwards and downwards); κ1D represents light scattered into the counter-

propagating 180° in-plane direction; κ2D represents light scattered into the orthogonal in-plane 

directions (left or right); κi represents internal absorption of light (not shown in figure 3.1); 
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κforward represents the situation when light keeps the same direction as original direction which 

is defined as: 

𝜅𝑓𝑜𝑟𝑤𝑎𝑟𝑑 = 1 − 𝜅1𝐷 − 2 × 𝜅2𝐷 − 𝜅⊥ − 𝜅𝑖 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛3.1 

The scattering coefficients can be deduced either by extraction from experimental measurement 

(e.g. a measured band-structure [7,8], shown in figure 3.1 (b), or other simulations (e.g. FDTD) 

[9-12] as described previously.  

Figure 3.1 (c) shows a schematic of macroscopic device-level loss mechanisms (yellow arrows) 

of a PCSEL device as described previously. The threshold gain, gth, of the laser follows the 

equation: 

𝑔𝑡ℎ = 𝛼// + 𝛼⊥ + 𝛼𝑖 equation3.2 

Where α// is in-plane loss, which can be assumed to have equal values on the four edges of a 

square PC matrix. It is not easy to experimentally measure α// (to the best of my knowledge it 

 

Figure 3.1: (a) schematic of microscopic light scattering mechanism among PC atoms. (b) change this one to 

a measured band structure (c) schematic of macroscopic device-level loss mechanism of a PCSEL. (d) 

measured light and current (LI) curve. 
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has never been measured) so α// is a useful output of this simulator.  

Experimentally, the slope efficiency and threshold current can be easily extracted from 

experimental measurements, e.g. figure 3.1 (d) shows a measured light-current (LI) curve from 

which a threshold current and slope efficiency are deduced (described previously). From this, 

the current density can provide threshold gain, if the J-G characteristics of the active material 

are known, and the extraction of operating parameters (internal efficiency, reflectivity, mirror 

phase) can occur if some of the losses can be assumed, an example will be shown in later 

chapter However, experimental determination of the macroscopic losses is difficult in PCSELs.  

3.3 Probabilistic Markov Chain PCSEL Model 

A probabilistic Markov chain model is a stochastic process. It describes a sequence of events 

in which the probability of each event depends only on the state attained in the previous event 

[13-15]. In the PMC model the scattering mechanism of optical power in finite size PCSEL 

devices is described by the coupling coefficients (κ1D, κ2D, κ⊥, and κi), which physically 

describe the mutual coupling among fundamental Bloch waves inside of a square lattice PCSEL 

[8,9,12].  

Statistically, these coupling coefficients describe the probabilities of optical power being 

scattered to different directions. In the PMC model, we consider only the scattering of optical 

power between these “cardinal” directions. PWE, and CWT utilise higher order scattering in 

their calculations, but this is not the case in this model. The states of the transmitted power are 

limited [13-15]. Table 3.1 shows the state transition form of the PMC model. The states are 

defined and named by the in-plane cardinal directions which are based on the target PC atom, 

which is the processing element in the program. The injection direction represents the 

directions of optical power that interacts with a given target PC atom. The scattered direction 

 Scattered direction 

North South West East Vertical 

Injecting  

direction 

North 𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑃1𝐷 𝑃2𝐷 𝑃2𝐷 𝑃⊥ 

South 𝑃1𝐷 𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑃2𝐷 𝑃2𝐷 𝑃⊥ 

West 𝑃2𝐷 𝑃2𝐷 𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑃1𝐷 𝑃⊥ 

East 𝑃2𝐷 𝑃2𝐷 𝑃1𝐷 𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑃⊥ 

Table 3.1: State transition form of the PMC model 
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is the direction of light leaving the target PC atom. The state transition probabilities linking any 

two states are represented by scattering coefficients, P, which are calculated from the coupling 

coefficients, κ.  

 

For optical powers propagating in a given direction, the transmission state solely depends on 

the current state. The transition process of the optical power can be infinite but the state, S, of 

it is limited as described by (also in table 3.1):  

𝑆 = 𝑁𝑜𝑟𝑡ℎ, 𝑆𝑜𝑢𝑡ℎ, 𝐸𝑎𝑠𝑡,𝑊𝑒𝑠𝑡, 𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛3.3 

Figure 3.2 is a schematic of the state transition diagram of table 3.1, the arrows show the 

transition directions (governed by probabilities, P) between states distinguished by colours, 

green arrows represent P1D; black arrows represent P2D; blue arrows represent Pforward; red 

arrows represent P⊥. In PMC model, the value of same scattering coefficient is assumed to be 

constant on whole PC region. Optical power that is scattered to vertical direction, exits the PC 

region from in-plane edges, or is lost to internal loss are considered to be contributing to α⊥, α//, 

or αi, respectively. 

 

 

Figure 3.2: Schematic state transition diagram of the PCSEL probabilistic Markov chain model 
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An example of a simplified, illustrative in-plane path of a given lasing photon, emitted from 

PC atom A (towards east) to atom B (arrives from east) is shown in figure 3.3 (a). The example 

path given is not the shortest nor most complex path but a representative path and is divided 

into three steps. ① is original photon hits atom C and is scattered north; ② is the photon 

leaving atom C in a northerly direction to interact with atom D and is scattered to south; ③ is 

the photon interacting with atom C and being scattered to the east, finally arriving at B. Figure 

3.3 (b) is the state transition flow chart of the example path given in figure 3.3 (a). The original 

optical power is from atom A to east, and scattered north at atom C, then return to C from atom 

D, finally arriving at atom B from atom C. The probability of this path occurring for a given 

easterly travelling photon at A is: 

𝑃 = 100% ∗ 𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 ∗ 𝑃2𝐷 ∗ 𝑃1𝐷 ∗ 𝑃2𝐷 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛3.4 

Whilst the previous paragraph illustrates the path of a given photon, due to the high photon 

numbers at play in a laser the PMC model can consider optical power in the state transition 

flow chart.  

In the PMC model, the PC atom is used as the calculation element, so each has the same length. 

This brings about the time-step unit that is utilised, that is the time for light to travel from one 

atom to another. As the period is dimensionless, so the time-step is dimensionless.  

Figure 3.4 is a flow chart of the simulation arithmetic of the PMC model. The algorithm of the 

 

Figure 3.3 (a) an example path of light traveling among PC atoms, assuming the original light emitted in-

plane from atom A and stops eventually at atom B. (b) the flow chart of the Markov chain in (a) 
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PMC model contains two basic parts, the scattering model which simulates the mechanism of 

optical power propagating among PC atoms at each time-step, and the process by which the 

simulation is terminated (i.e. when convergence is reached, details are discussed later). The 

time-step is defined in equation 3.5: 

𝑇𝑖𝑚𝑒 − 𝑠𝑡𝑒𝑝 =
𝑎

𝑉𝑔
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛3.5 

Where Vg is the speed of light in the semiconductor; a is the lattice constant (the period of the 

PC). Firstly, before the time count starts, the microscopic parameters, e.g. coupling coefficients 

provided in units of cm-1, details of PC region to be simulated (size of PC region and lattice 

constant a) are set. The coupling coefficient κ is converted from cm-1 to the fractional 

probability (scattering coefficient) P of optical power is generated at each PC atoms. (An 

example of calculation is provided in Appendix A) At each time-step, 1 unit of optical power 

generated at each PC atom, with received optical power of the previous time-step from 

neighbouring PC atoms summed as the total input power (for a given direction) for the target 

PC atom. Then, before moving to next time-step, the output power is made the input power for 

the next time-step, and the PC matrix information is updated. The process is repeated at each 

 

Figure 3.4 flow chart of algorithm of PMC model. 
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time-step and terminated at the specific time-step determined by the convergence criteria.  

 

3.4 Convergence Criteria of PMC Model 

As time-step is incremented, power is continually added to the device, is transferred between 

PC atoms, and eventually lost through the edge, though surface emission or through internal 

loss. In the PMC model, the power lost through the edge of device is described as in-plane loss. 

The surface emission describes the out-of-plane loss, which can be assumed to be evenly 

divided to half upward and half downward, here the value of out-of-plane loss from the 

simulator is the total value. Internal loss has its usual meaning, and represents power loss to 

absorption, and scattering out of the mode.  

The simulations are terminated, and results obtained at a time-step where convergence is 

 

Figure 3.5 (a) the simulated in-plane loss of different size of PCSEL devices (from 100 #PC to 1000 #PC 

area) as a function of time-step. (b) the simulated nearfield of 700 #PC size device in ① 100 time-steps ② 

1000 time-steps ③ 10000 time-steps ④ 100000 time-steps. 
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obtained. The satisfaction of “convergence” is based on the accuracy required for the calculated 

in-plane loss. It is noted that most of the existing work on PCSELs uses whole reciprocal 

centimetres (cm-1) to describe the device-level loss, such as threshold gain, mirror loss and 

internal loss [10,16-28]. Therefore, in this work, the convergence limit is set to be within ±0.1 

cm-1. However, this can be changed according to specific requirements.  

Figure 3.5 (a) shows a plot of the in-plane loss from a given square PCSEL device as a function 

of simulation time-step. A 100×100 period device is referred to as 100 #PC, 200×200 period 

device is referred to as 200 #PC, and so on. The input parameters to the simulation are κ1D = 

1334 cm-1, κ2D = 386 cm-1 (extracted from the reported band-structure) and κ⊥ = 38 cm-1, κi = 

5 cm-1 (reported in literature). [10] The value of α// is unchanged for a given device size at very 

long time-steps.  

Figure 3.5 (b) shows the simulated normalized nearfield patterns of 700 #PC PCSEL at 

different time-steps. There are obvious differences among nearfields at 100, 1000 and 10000 

time-step. (figure 3.5 (a) ①, ② and ③) However, the difference (in shape of mode) is almost 

undetectable by eye after 10000 time-step, which can be a qualitative confirmation of 

convergence having been reached.  

 

As suggested in figure 3.5, the convergence can be reached by running the simulator to very 

high values of time-step. Computing power, and device parameters can have a significant effect 

on the run time of the program, and essentially how long we wait to say “infinity” has been 

reached. A residual value described is defined as: 

||𝑟(𝑘)|| < 𝜀 = 𝛼𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑦 − 𝛼𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛3.6 

 

Figure 3.6 the difference between simulated loss at current time-step and infinity as a function of time-step. 
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r(k) is the residual vector, ε is the convergence threshold based on the convergence limit of 

chosen. ε is set at 0.1 cm-1. αinfinity is defined as the in-plane loss of the device at very long time-

step and physically represents the simulated PCSEL device operating stably. For the 10 PCSEL 

devices considered in this commissioning work, the time-step of αinfinity is set at 100000 time-

steps. αcurrent time-step is the real-time calculated in-plane loss in PMC model at each time-step.  

Figure 3.6 shows the calculated ε using the aforementioned input parameters as a function of 

time-step. It can be seen from the figure that most of the devices will reach convergence 

threshold at ~20000-30000 time-steps.  

 

Figure 3.7 plots the relative change of in-plane loss between time-steps as a function of size of 

simulated PCSEL devices at the time-step that 0.1 cm-1 accuracy has been achieved for that 

device. This allows a different choice for the termination of simulation to reduce simulation 

time. From figure 3.6, one may consider running all simulations to 30000 time-steps. But this 

would be wasteful of resources. Figure 3.7 allows us to consider a differential between time-

steps to terminate the simulation. 

It can be observed from the figure 3.6 and 3.7 that, for smaller size PCSEL devices, the 

convergence can be reached much sooner, that may be due to the ratio of the cavity length (size 

of PCSEL device in this case) and scattering coefficient values (κ1D and κ2D). For devices larger 

than 400 #PC, the convergence threshold can be regarded as a linear function of time-step. As 

shown in figure 3.7, for arbitrary size, the convergence threshold can be reached when da/dt is 

less than ~5 × 10-6 cm-1. So, the loss condition of any device with provided input parameters 

 

Figure 3.7 The slope coefficient of in-plane loss at 0.1 cm-1 as a function of size of PCSEL devices. 
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and reasonable size can be simulated or predicted in PMC model within the chosen accuracy 

in a sustainable (not wasteful) period of time as possible. 

3.5 Validation – PCSEL and REPCSEL 

As part of this PhD work, a resonator embedded photonic crystal surface emitting laser 

(REPCSEL) has been realised [29]. As compared with a normal PCSEL (a schematic has been 

shown in inset of figure 3.8 (a)), the photonic crystal region of a REPCSEL is surrounded by a 

1st order DBR mirror on each edge. Whilst the details are discussed later in my thesis, and 

elsewhere [30], the PCSEL and REPCSEL provide a unique opportunity to validate the PMC 

model as we have thorough device results for the situation where we have, and do not have a 

mirror surrounding a PCSEL. This contrasts other more complicated experimental results, 

discussed in the next chapter. In that case, a pumped PC region is surrounded by an unpumped 

PC region in the PCSEL. Here, the boundary of a PCSEL can be considered to have either a 

finite, or zero reflectance. 

Figure 3.8 (a) shows the power-current (L-I) curve of a InP based PCSEL (black line with dots). 

The PCSEL has 0.4 um period with 400 um = 1000 #PC, 1295nm, as detailed in literature [29]. 

The L-I data for a REPCSEL is also shown that is identical to the PCSEL, but also has 100 

periods of DBR surrounding the PCSEL. This is expected to act as a 0.86 reflectivity mirror. 

The L-I is measured under continuous wave (CW) conditions supplied by Thorlabs 4001 at 

15 °C. It can be seen from figure 3.8 (a) that the threshold current of REPCSEL is 0.673±0.001 

A, of PCSEL is 0.91±0.001 A. The slope efficiency, ηSE, is also extracted, where REPCSEL 

has ηSE = 14±0.1 mWA-1, PCSEL with ηSE = 3.4±0.1 mWA-1. The calculated threshold current 

density of REPCSEL and PCSEL is 421 Acm-2 and 569 Acm-2.  

As reported previously [29] the coupling coefficients of the PCSEL AND REPCSEL are κ1D = 

113.2 cm-1, κ2D = 2.4 cm-1, κ⊥ = 1 cm-1, κi = 5 cm-1 which can be directly used as the input 

parameters of the PMC model. The period of the PC is 400 nm, which give 1000 #PC. Using 

the PMC model, the in-plane loss of REPCSEL and PCSEL are predicted to be 5.54 cm-1 and 

39.65 cm-1.  

Using the previously discussed equation (2.19). Where λ is the lasing wavelength, in this case, 

1.295 um. A is an absorption constant, defining the ratio of the power absorbed in the substrate 

to the total output power, which is assumed to be 0.1. ηi is the internal quantum efficiency of 

the quantum well, which fitted to be 0.715. (An example of fitting has been shown in chapter 

6) R is the reflectivity of the vertical mirror, which in this case R represents the reflectivity of 
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the p-contact and is estimated to be 0.2 [18]. With the parameters above, simulated values for 

α// and a fit parameter of the radiative rate (1 cm-1), the calculated slope efficiency of REPCSEL 

and PCSEL are 12.5 mWA-1 and 3.6 mWA-1, which there is in excellent agreement with 

experimental results. 

 

Figure 3.8 (b) plots the current-density - gain (J-G) characteristics of the active material used 

in this PCSEL/REPCSEL. This was obtained by length dependent characterisation of broad 

area lasers. The threshold gain obtained by including the PMC simulated value of α//, and fit 

parameter of the radiative rate of 1 cm-1 is also plotted. Again, excellent agreement is obtained. 

The fact that both the slope efficiency and threshold gain can be fit is a strong case for the 

efficacy of the PMC model. 

3.6 Summary 

This chapter has introduced a new simulation method, the probabilistic Markov chain model. 

The purpose of building this model is to explore a method that links microscopic PC atom level 

 

Figure 3.8 (a) The design of PC region and measured L-I curve of PCSEL and REPCSEL. (b) PMC 

simulated gain threshold of devices in (a) and experimental J-G of InP material. 
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input parameters and macroscopic device-level output in a fast and simple manner. The basic 

algorithm of the PMC model simulates optical power scattering behaviour among PC atoms 

with a Markov chain method. The Markov chain transmission form has been given and 

discussed with examples. Then, the convergence criteria to shorten program runtime and ensure 

the accuracy of PMC model has been defined and discussed. The runtime termination criteria 

were set to 0.1 cm-1 in this thesis, based upon experimental accuracies of ±0.5 cm-1. Finally, 

the PMC model has been validated using PMC simulate of two PCSEL devices and comparison 

of the predicted threshold gain and slope efficiencies. These devices are an InP-based PCSEL 

REPCSEL, differing only in the presence/absence of in-plane boundary mirrors. Using the 

radiative rate as a fit parameter, good agreement is obtained.  

3.7 Future Work 

As compared with other existing simulation methods, controlling microscopic input parameters 

(e.g. coupling coefficients) is not limited by physical factors (e.g. semiconductor material, 

refractive index, shape of PC) [9-12]. The input parameters can be defined by such simulation 

or experiment, and critically the effect of these parameters can be explored arbitrarily. This can 

be advantageous in studying the behaviour of optical power transfer among PC atoms and how 

this affects the device level losses. A key advantage of the PMC model is the low requirements 

of computing power and model reconfiguration time, making it a flexible design tool such as 

in applying boundary mirrors, absorbing regions, etc. 

In the next chapter, the effect of different aspect ratios of a rectangular PCSEL are explored. 

Subsequently, several designs of PCSEL are simulated using the PMC model to explore the 

possibility of reducing in-plane loss. The use of in-plane boundary mirrors in a PCSEL is 

explored using a range of different coupling coefficients. I also explore the effect of spatially 

varying the presence of boundary mirrors. The effect of spatially varying the presence of 

boundary mirrors is also explored. 

In Chapter 5 PCSELs with unpumped boundary PC regions are simulated as this is a common 

technique employed to reduce in-plane power loss, but limited simulations of the effect of self-

absorption in the un-pumped region have been made. Further validation of the PMC model is 

also discussed.  

In Chapter 6 it is shown how the PMC model can be used when making a new PCSEL device 

to decide on the required contact and PC sizes.  

As shown in this chapter, the PMC model may be a useful tool in studying PCSEL mechanisms 
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and a useful guide in PCSEL design. However, the model has not been used and validated in 

triangular lattice PCSELs [9,11,31-33]. This essentially just requires recoding and the 

replacement of the cardinal directions for each PC atom (north, south, east, west) with a 6-fold 

set of directions, e.g., 0°, 60°, 120°, 180°, 240°, 300°.  

There is no gain/loss calculator built into the program, so in this thesis, such simulation has all 

been done in commercial software or own programmed codes, which is outside of the PMC 

model, including such functionality could make the program more convenient. But again, this 

is essentially a coding exercise, incorporating modules from elsewhere, and could be 

considered when improving the “GUI”, front end for users.  

It is also possible in future to integrate a device simulator (FDTD, PWE, etc) to determine input 

scattering parameters of PMC algorithms. However, at this stage of development it is better to 

carefully review the outputs of these simulators before their use. 

Of significant future use may be the change from this static model to a dynamic model. In a 

future dynamic model, power generation at a given PC atom could be replaced by variables for 

gain and lasing photon generation. These could be wavelength dependent and be varied at each 

time step (~10-13 s). In this case a range of dynamic effects may be explored, and the speed of 

the PMC model may become very powerful. 
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Chapter 4: Simulation of PCSEL Devices Using PMC Modelling – 

In-Plane Mirrors 

4.1 Introduction 

Unlike previous generations of semiconductors, F-P lasers, DFB lasers or VCSELs, the 

emission direction of PCSEL is perpendicular to the plane of the resonance cavity (2D PC) 

which brings about a new equation to describe the gain and loss. (equation 2.18) It is standard 

in the engineering of conventional laser diode classes to minimise the parasitic losses, and 

“right-size” the total loss to obtain high slope efficiency (ηSE) and low threshold (Ith or Jth) to 

maximise power conversion efficiency (PCE).  

In the PCSEL, there is an additional loss term, α//, that describes the in-plane loss of power as 

it exits the PC array, which is one component of the parasitic loss of the PCSEL. It has been 

discussed in previous chapters (figure 3.5) that increasing the size of the PC array decreases 

the in-plane loss, α//. This parameter is also very difficult to extract experimentally, [1] making 

its evaluation through other means, such as the PMC model, very important. 

The outline of the PMC modelling technique, and its validation were discussed in the previous 

chapter (chapter 2). The PMC model is not limited by a particular input PC shape, rather the 

scattering parameters at each PC atom. It is also possible to introduce mirrors arbitrarily. Rather 

than being used to validate experimental results, e.g. where experimentally obtained structural 

information provides simulated band-structure and device parameters [2], the PMC model can 

be used to explore the limits of PCSEL design arbitrarily. This is achieved through the choice 

of scattering strengths and PC boundary conditions such as no mirror, and mirrors of arbitrary 

reflectivity that may be varied spatially. 

In this chapter, using high coupling coefficient inputs [2] as a starting point the effect of the 

strength of coupling coefficients on in-plane loss is explored. The effect of perimeter mirrors 

on in-plane loss is then discussed in terms of uniform mirrors with arbitrary reflectivity. The 

effect of spatially varying perimeter mirrors on in-plane loss and near-field pattern is then 

explored [3]. Low coupling coefficient devices and the requirements for a resonator effect to 

be observed are also considered. These design requirements supported work in realising 

Resonator Embedded PCSELs (REPCSELs). The work goes on to use experimental results and 

simulations of the expected wavelength dependent reflectivity to predict the different in-plane 

losses that different modes experience [3]. Finally, the PMC model is used to predict the gain 
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threshold of devices fit a J-G curve along with experimental data, the excellent agreement 

provides validation of the PMC model. 

 

4.2 Effect of Coupling Coefficients on PCSEL In-Plane Loss α// 

It has been demonstrated in previous studies that the coupling coefficients describes the 

coupling strength of mutual coupling strength among the four fundamental Block waves. κ1D 

and κ2D are used to represent waves transferring to different directions coupling with each other. 

[4-9] In the PMC model, these coupling coefficients relate to scattering coefficients, the 

probability of optical power scattered to different directions when interacting with PC atoms. 

Due to which, the value of these input parameters would significantly change the loss condition. 

So, it would be helpful to know their effects on reducing in-plane loss. It is seen that in the 

literature, the value of these coupling coefficients is different due to different materials and the 

design of the PC, [2, 10-13] but there is no research studying how these coefficients affect the 

device performance. Based on the commissioning parameters mentioned previously (chapter 

 

Table 4.1: (a) Schematic of PCSEL device. (b) An example of applying M on in-plane coupling coefficients. 

(c) An example of calculating in-plane loss. 



57 
 

3.3), reasonable multiples (M = 0.5,1,2 and 3) are applied directly to the values of in-plane 

coupling coefficients (κ1D and κ2D) to explore the effect on device level losses. Figure 4.1 (a) 

shows a schematic of the PCSEL device. In this chapter, the size of the PCSEL (described in 

number of PC atoms #PC) is the size of electrode, (b) shows an example of nine neighbouring 

PC atoms in the middle of PC region and how multiple, M applies to κ1D and κ2D; (c) shows 

the PC atoms on edge of PC region and an example of how the in-plane power loss is collected 

in the PMC model.  

 

Figure 4.2 plots the in-plane loss simulated by the PMC model as a function of size of PCSEL 

for various PC scattering coefficients. The multiplication factor M is applied to κ1D and κ2D 

simultaneously in figure 4.2 (a), and separately in figure (b). Figure 4.2 (a) shows that the value 

of coupling coefficients significantly affects the in-plane loss. Increasing the value reduces the 

in-plane loss. However, it should be noted that the minimum in-plane loss is ~ 7 cm-1 even with 

very large coupling coefficients (e.g. when M = 3, κ1D ~ 4000 cm-1, κ2D ~ 1160 cm-1). Figure 

4.2 (b) shows the case when M = 0 applies to one of the in-plane coupling coefficients, and to 

both for comparison. It can be noticed that comparing with red dots (κ1D =0), black dots (κ2D=0) 

is much closer to blue dots (κ1D, κ2D≠0), which means in this case, κ1D is more effectively in 

reducing in-plane loss.  

However, the conclusion made above may be due to the original choice of κ1D, which is 

approximately 3.5 times of the κ2D value. So, in figure 4.3, the original κ1D and κ2D are both set 

to 500 cm-1. 0, 1, 2 and 3 are used as multiple. Figure 4.3 (a), (b) and (c) shows the cases when 

 

Figure 4.2: (a) Simulated in-plane loss as a function of size of PCSEL applying M = 0.5, 1, 2 and 3 to both 

in-plane coupling coefficients. (b) Simulated in-plane loss as a function of size of PCSEL applying M = 0 to 

one of the in-plane coupling coefficients. 
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M=0 and 1 applies separately to κ1D and κ2D and to both. It can be seen that, when κ1D and κ2D 

have the same value, the difference in figure 4.2 (b) becomes smaller, but still appears. So, the 

previous assertion about the dominant scattering to reduce in-plane loss was correct. To analyse 

this difference, a Δα// is defined. Δα// describes the difference between cases of both in-plane 

coupling coefficients having a particular value and the case when one of them is 0, e.g. in figure 

4.3 (b), the red dots represent the difference of in-plane loss between case, κ1D = 500 cm-1 and 

κ2D = 500 cm-1, and the case, κ1D = 500 cm-1 and κ2D = 0 cm-1. It can be seen from the figure 

that Δα// decreases when size becomes larger, larger coupling coefficients lead to smaller Δα//. 

Triangular dots always have lower values than circular dots, which again means κ1D has a 

greater influence in reducing in-plane loss.  

 

From figure 4.2 and 4.3, it can be concluded that, it is possible to realize very low in-plane loss 

(<1 cm-1) if the multiple, M is large enough. However, this case is only possible when the 

values of κ1D and κ2D are very large, which is limited by the pattern and background material 

of the PC. Engineering κ1D is relatively more effective in reducing in-plane loss than κ2D. It 

 

Table 4.3: κ = (a) 500 cm-1, (b) 1000 cm-1, (c) 1500 cm-1. (d) differential in-plane loss with κ = 500 cm-1, 

1000 cm-1 and 1500 cm-1. 
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should also be noted that, the value of κ1D enhances 1D coupling while κ2D enhances 2D 

coupling, although κ1D or κ2D may have close effect on in-plane loss, the effect on other PCSEL 

performance factors cannot be ignored, e.g. on far-field profile. In summary of this section, 

according to results from the PMC model, reducing in-plane loss by increasing value of in-

plane coefficients alone may not be a suitable route to reduce in-plane loss, in the quest to make 

higher efficiency PCSEL devices. 

4.3 Effect of In-plane Reflection on PCSEL In-Plane Loss α// 

The realization of good quality surface emission from PCSELs is reached by utilizing 1st and 

2nd order Bragg diffraction. It has been shown above that adjusting the values of coupling 

coefficients to reduce in-plane loss may not be a simple solution to reducing in-plane loss. 

According to previously mentioned equation, (eq. 2.18) the in-plane loss can be reduced by 

limiting the exiting power from PC region, which can be a macroscopic method to reach this 

goal. 

 

Distributed Bragg reflectors (DBRs) utilize a highly reflective 1D periodic structure that 

satisfies the Bragg condition. [14-15] The multiple layer DBR is used commonly in several 

 

Table 4.4: (a) Schematic of PCSEL device with in-plane mirrors. (b) An example of in-plane coupling 

coefficients. (c)An example of calculating in-plane loss. 
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previous generations of semiconductor devices such as DBR lasers, distributed feedback (DFB) 

lasers and vertical cavity surface emitting lasers (VCSELs).  

As mentioned in previous chapter (chapter 2.4), beam quality can be significantly improved by 

adding a DBR to an FP laser, to one end of a ridge (DBR laser) or both sides of the ridge (DFB 

laser). VCSELs, unlike the in-plane light coupling lasers, sandwiches two DBR mirrors outside 

of the active region in a vertical direction (epitaxial direction) to get optical feedback, gain and 

emission in this direction, enabling surface emission. The DBR has been shown to provide 

wavelength selectivity and enhance the beam quality, which makes it a good candidate to be 

included in PCSEL devices. As the required characteristic from DBR in this chapter is just 

limiting the light that exists the PC in the in-plane direction, it is also termed an “in-plane 

mirror”.  

 

Figure 4.4 (a) shows a schematic of a PCSEL with in-plane mirrors on edges (blue bars, not in 

scale). It is assumed to have 0◦ phase shift between PC and in-plane mirror. [13] Figure 4.4 (b) 

shows the definition of κ1D and κ2D, it is assumed not to be affected by the introduction of those 

mirrors. Figure 4.4 (c) shows how a mirror is applied to edge PC atoms and how the PMC 

model calculates in-plane loss with reflectivity. In the PMC model, the phase of light is not 

considered, so the reflectivity, R in this thesis is power reflectivity. The values of reflectivity 

(R = 30%, 60% and 95%) used are based on typical values from the literature. [13]. It should 

be noted that the total size of the device may be increased due to the length of the DBR gratings, 

but in this thesis, size only refers to the PC atom number. Figure 4.5 shows the simulated in-

plane loss as a function of the size of PCSEL with selected reflectivity. It can be seen from 

figure that increasing R can significantly reduce the in-plane loss, and make it possible to zero 

 

Figure 4.5: In-plane loss as a function of size with different in-plane 
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it when the PCSEL is sufficiently large. 4.4 Structured Reflection Effects for PCSEL In-plane 

Loss and Near-Field Profile 

It has been shown above that integrating an in-plane mirror around the PCSEL boundary 

significantly reduces the in-plane loss. Considering the possible simplicity of manufacturing 

the DBR structures, it would be interesting to further explore the spatial variation of these 

mirrors. Figure 4.6 (a) shows the schematic of different types of structured DBR on the PC 

array, which is represented by white squares (not to scale). The shadowed parts are in-plane 

 

Figure 4.6: (a) in-plane loss of devices with different types of structured reflector varies with size. (b) 

schematics of four different types of structured reflector (shadowed area) (c) Nearfield mode of device with 

structured reflector. 
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mirrors with reflectivity R, which is also not to scale. ① is a normal PC array (without any 

mirror) as the control sample; ② is the above mentioned PCSEL with perimeter mirror; ③ is 

with central area covered DBR and ④ is corner area covered DBR. In this simulation, the 

design of ③ and ④ are complementary with 1/3 length of PC array edge of each DBR width. 

To make the results easier to analysis, R = 95%, is used in this simulation. [13] The scale of 

simulated near-field pattern, shown in figure 4.4 (b) is the same. It can be noticed that when 

applying in-plane mirrors, the vertical emission does increase, and the shape of the near-field 

pattern can be controlled by engineering the structure of the DBR. Figure 4.6 (c) shows the 

simulated in-plane loss as a function of the size of the PCSEL with corresponding designs. It 

can be noticed that the effect of reducing in-plane loss will be significantly reduced when in-

plane mirror coverage is reduced.  

4.5 Resonator Effect in REPCSELs 

The effect of in-plane mirrors on the in-plane loss of PCSELs has been discussed above, 

comparing with other above discussed design, applying in-plane mirrors may reduce the in-

plane loss to an almost negligible value (~1 cm-1) with proper size of device and in-plane 

reflectivity R. Although some disadvantages have been pointed out, it is still worth further 

exploration of the possibility of zeroing in-plane loss and other effects of in-plane mirror. In 

this section an InP-based resonator embedded PCSEL (REPCSEL) has been designed, 

developed and simulated by the PMC model.  

 

 

Figure 4.7: Reflectance simulation of a single DBR structure (black dotted line); REPCSEL (blue line) and 

associated with internal resonance enhance factor (red line).  
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As the phase shifting and reflectivity significantly affects the effect of in-plane mirrors, the 

structure of the mirror needs to be designed carefully.  In all calculations, only reflected light 

in-phase with the PC is considered. Figure 4.7 shows the calculated reflectance of a DBR mirror 

(black dotted line) and a well-defined 200 um cavity length for Fabry-Pérot resonator effect 

(blue line). The red line is the calculated internal resonance enhancement factor (IREF) [16] 

which describes the amplified ratio between the enhanced light due to the REPCSEL structure 

and the transmitted light from PC region. This simulation is carried out using a transmission 

matrix approach via the cavity modelling framework (CAMFR) software [13], which is a fully 

vectorial Maxwell solver to calculate the reflectivity of the multi-layer stack. In this case, the 

mark/space ratio (MSR) is defined as 50%. Zero phase shift phase is achieved by engineering 

the gap between PC and mirrors. The IREF can be estimated as: 

𝐼𝑅𝐸𝐹 =
1

(1 − √𝑅
2
)

𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛4.1 

It can be seen from the result that the maximum reflectivity is ~86%, which is used in the 

following simulation. [13] 

 

To explore the effect of in-plane coupling on the resonator, a new application has been added 

to PMC model. Unlike previous mentioned simulations, the light is not continuous injected to 

all PCs, but only injected once at timestep = 0 from the edge PCs towards inside of PC region. 

The light leaving the PCSEL is plotted as a function of time-step for a range of coupling 

 

Figure 4.8: Simulated in-plane power loss as a function of time for different values of κL according to the 

PMC model. Inset is a schematic of PMC model at time-step = 0. The size of REPCSEL is 500 #PC, red 

arrows represent the incident light at the boundary. 
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coefficients. Figure 4.8 plots this edge emitted power as a function of timestep for different κL. 

Input parameters are from literature, period, a = 400 nm; κ1D = 113.2 cm-1; κ2D = 2.4 cm-1. In 

this case, the size of REPCSEL is set as constant 500 #PC, the coupling coefficients are same 

scaled, e.g. κL = 10 corresponds to κ1D = 113.2×2 cm-1; κ2D = 2.4×2 cm-1. An obvious peak 

occurs at timestep = 500 which represents unscattered light arriving at the opposite edge of the 

REPCSEL. It can be seen that, with increasing κL, the peak decreases and disappears at κL <~ 

10, which indicates that when in-plane mirror has reflectivity, R = 86%, κL =~ 10 is needed to 

avoid the in-plane resonance effect for a REPCSEL. 

 

To analyse the effect of in-plane mirrors on this emission enhancement at threshold, the in-

plane loss of leaky mode and non-leaky modes at gamma point is calculated. Figure 4.9 shows 

the simulated in-plane loss as a function of number of DBR repeats. The black line with dots 

is for the leaky modes (A and B), red line with dots is non-leaky modes (C and D). From the 

plot it can be known that without a mirror the two band edges have the same in-plane loss, and 

this value is comparatively high (up to 52 cm-1). With the increase of number of DBR mirror 

repeats, the in-plane loss for both band edges decreases, and may eventually be zeroed for >300 

repeats. For intermediate DBR number, there is a difference in the in-plane loss for the two sets 

of modes.  It should be noted that this difference between leaky mode and non-leaky modes 

reaches a maximum at 100 repeats of in-plane mirror (difference in loss ~45 cm-1). This 

difference in-plane loss (or threshold gain) is discussed below. 

In summary, for REPCSEL devices with small value coupling coefficient, a large size is needed 

 

Figure 4.9: The simulated in-plane loss of a 1.3 um REPCSEL for the two band-edges as a function of 

number of perimeter DBR pairs.  
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to avoid too strong in-plane resonance effect, on the other hand, κL is the key factor to consider 

when designing REPCSEL. It has been proved that the in-plane mirror shows significant effect 

on reducing threshold, and it is possible to select the lasing mode by engineering the frequency 

of mirror.  

4.6 PCSEL Realisation & Validation of Prediction 

Using the design rules discussed above, a series of InP-based PCSEL and REPCSEL have been 

realized. The devices are from same wafer, have undergone identical fabrication process and 

are designed to have κL = ~2. The REPCSEL has in-plane mirror with reflectivity R = 0.86 so 

as to have the largest difference between in-plane loss α// for the different modes. [13]  

 

Figure 4.10 shows the measured LIV curves of a 200 × 200 um REPCSEL (red dots) and 

PCSEL device (black dots). the IV curves are measured under a 2-wire measurement system 

supplied by a Keithley 2401 continuous wave current source. While the LI curves are measured 

a pulsed condition with 2% duty cycle and 5 us pulse width supplied by a ILX Lightwave LDP-

3840 pulsed current source. It can be observed that the threshold current of the REPCSEL is 

~325 mA (860 Acm-2) whilst the PCSEL does not lase up to 1050 mA (~3 kAcm-2). The slope 

efficiency of the REPCSEL is measured to be ~0.04 WA-1. It can be noted that the REPCSEL 

shows lower threshold current and higher efficiency. These advantageous performances are 

achieved not by the introduction of a vertical reflector [2] but through in-plane mirrors.  

Figure 4.11 (a) and (b) plots the measured band structure of the REPCSEL device at 0.4 × Ith 

 

Figure 4.10: Measured LIV of a 200 × 200 um REPCSEL and PCSEL. 
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and 1.2 × Ith. The band structure is measured from Γ point towards X and M directions with 10 

steps of XX um. In figure 4.9 (a), two modes (leaky and non-leaky modes) are observed with 

similar intensity. The emission from the non-leaky modes is enhanced by positioning the modes 

at the peak of the IREF curves in figure 4.7. When lasing, in figure 4.11 (b) only the non-leaky 

mode is observed, which indicates that threshold gains are different despite radiative rates and 

internal losses being very similar. The comparison between the cases below and beyond 

threshold suggests that the in-plane loss is different for these modes.  

 

Figure 4.11 (c) plots the spectrum of Γ point at corresponding driven current in figure 4.11 (a) 

and (b). For ease of comparison, the optical intensity of plots in figure 4.11 (c) are not in same 

scale, which leads to the different signal/noise.  

Figure 4.11 (d) plots the intensity of the sub-threshold surface emission as a function of driven 

current for the two sets of modes. Super-luminescence occurs for only one set of modes at 

 

Figure 4.11: (a) The measured band structure of the REPCSEL at I = 0.4 × Ith. (b) The measured band 

structure of the REPCSEL at I = 1.2 × Ith. (c) The corresponding EL spectrum at Γ point with I = 0.4 × Ith 

and I = 1.2 × Ith. (d) The maximum optical intensity of the band edges as a function of I/Ith. The optical 

intensity of leaky modes (mode A and B) is plotted × 100 for ease of comparison. 
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approximately 0.75 × Ith, which indicates that the total optical loss for non-leaky mode is lower 

than that of the leaky mode. This agrees with the reduction of in-plane loss which resulted 

above. In summary, the simulation and experiment are in very good qualitative agreement.  

4.7 Validation of Predicting Gain Threshold of PCSELs 

 

As described above, a validation of the PMC model was made by predicting the resonance 

effect of the in-plane mirror of REPCSEL. Here, another pair of REPCSEL and PCSEL are 

analyzed by the PMC model. Along with the experimental data, the PMC model predicts the 

threshold gain of both devices to fit the current density – threshold gain curve (J-G curve). With 

the correct fitting, the transparent current density J0 and transparent gain g0 are explored. Then 

other input parameters are extracted from a GaAs-based PCSEL device from literature. Finally, 

an output ratio is defined, which is treated as the jointly main output along with power 

conversion efficiency (PCE) discussed in this chapter. 

Figure 4.12 (a) shows the power-current (L-I) curve of an InP-based PCSEL (black line with 

dots). The PCSEL has 0.4 um period with a side of 400 um (1000 #PC) operating at 1295 nm. 

The L-I of a REPCSEL, nominally identical to the PCSEL, but with 100 periods of DBR 

surrounding the PC is also plotted. There are some previously reported results from devices 

with a side of 200 um. [13]. It can be seen from figure 4.12 (a) that the threshold current (green 

dots) for REPCSEL is 730 mA of PCSEL is 880 mA. The slope efficiency, ηSE, is also extracted 

(green dotted lines), where the REPCSEL has ηSE = 14.1 mWA-1, PCSEL with ηSE = 3.4 mWA-

1. The calculated threshold current density of REPCSEL and PCSEL is 421 Acm-2 and 569 

Acm-2. As previously reported, [13] the coupling coefficients of the PCSEL and REPCSEL are 

 

Figure 4.12: (a) Measured L-I of REPCSEL (red) and PCSEL (black), dotted lines are trend line of linear 

region. Schematic of REPCSEL and PCSEL are insets. (b) PMC simulated (blue dots), experimental (purple 

dots) and fitted (green dotted line) gth as a function of Jth. 
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κ1D = 113.2 cm-1, κ2D = 2.4 cm-1, κ⊥ = 1 cm-1, κi = 5 cm-1 which can be directly used as the input 

parameters of the PMC model. The period of the PC is 0.4 um, which gives 1000 #PC. Using 

the PMC model with these input parameters, the in-plane loss of REPCSEL and PCSEL are 

determined to be 5.5 cm-1 and 39.6 cm-1, respectively.  

Figure 4.12 (b) plots the current density-gain (J-G) characteristics of the active material used 

in this PCSEL/REPCSEL. This was obtained by length dependent characterization of broad 

area lasers. Fitting of the J-G characteristics of the active element (green dotted line) was made 

using: 

𝐽𝑡ℎ = 𝐽0𝑒𝑥𝑝(𝑔𝑡ℎ/𝑔0) 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.2 

Where Jth is threshold current density, J0 is transparent current density, gth is threshold gain, g0 

is transparent gain. This yielded J0 = 380 Acm-2 and g0 = 120 cm-1. 

I now use the following equation for ηSE to continue the fitting:  

𝜂𝑆𝐸 =
1.24

𝜆
(1 − 𝐴)𝜂𝑖

1
2 (1 + 2√𝑅 𝑐𝑜𝑠 𝜃 + 𝑅)𝛼⊥

(1 + √𝑅 𝑐𝑜𝑠 𝜃)𝛼⊥ + 𝛼// + 𝛼𝑖
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.3 

Where λ is the lasing wavelength, in this case, 1.295 um. A is an absorption constant, defining 

the ratio of the power absorbed in the substrate to the total output power, which is assumed to 

be 0.1. ηi is the internal quantum efficiency of the quantum well, which was measured to be 

0.5. R is the reflectivity of the vertical mirror, which in this case R represents the reflectivity 

of the p-contact and is estimated to be 0.4 [5]. With the parameters above, the aforementioned 

PMC simulated values for α//, a single fit parameter of the radiative rate (5.0 cm-1) is used. The 

calculated slope efficiency of REPCSEL and PCSEL are 14.2 mWA-1 and 3.4 mWA-1, and the 

threshold gain values are 11.8 cm-1 and 44.9 cm-1, respectively. These points are plotted in green 

(slope and threshold) in figures 4.12 (a) and (b). A very good agreement with experimental 

results is obtained in both cases.  

4.8 Summary 

In this chapter, the PMC model is used to analyse commonly used PCSEL designs. We begin 

with a PCSEL having its electrode and PC of the same size. The PMC model was initially used 

to analyse the effects of coupling coefficients on in-plane loss of such design. As the PMC 

model is not limited by the materials or design of the PC pattern, arbitrary values of coupling 

coefficients can be applied for the purpose of exploration. The original value of coupling 

coefficients is extracted from literature, and multiplication factors (0.5, 1, 2 & 3) were used to 



69 
 

enlarge or reduce them. To eliminate the influence caused by the difference between original 

reported in-plane coupling coefficients, the case when κ1D = κ2D = 500 cm-1 and M = 0 is 

considered. All cases show that with larger coupling coefficients, the in-plane loss reduces and 

is a function of the size of PCSEL (PC Number). κ1D is shown to have an advantage in reducing 

in-plane loss as compared with κ2D. However, to effectively zero in-plane loss the PCSEL size 

and PC scattering values would need to be unreasonable large. This is a key result, as it points 

out that more and more complex PC structures to increase coupling are fundamentally unable 

to solve the issue of high additional parasitic losses in PCSELs. Different routes are required.  

An in-plane mirror was then considered; it was simply defined as an in-plane power reflector 

on the boundary of a square lattice PC. The result shows that in-plane loss decreases when 

reflectivity becomes greater, and in-plane loss could be zeroed in modestly large scale PCSELs 

with large reflectivity. To further explore the effect, a structural engineered reflection was then 

defined within the PMC model. The result shows that even though engineering in-plane 

reflection has potential in controlling near-field pattern, the reduction of in-plane loss is 

significantly weakened. The development of the REPCSEL was then discussed. The PMC 

model plays an important role in analysing the optical loss of the REPCSEL to explore the 

point at which a resonator effect occurs within the PCSEL. It was shown that for given values 

of κL, a resonator effect can be realised. The model was also shown to provide insight into the 

mode selection caused by in-plane mirror.  

Similarly, the PMC model is used to predict the gain threshold and slope efficiency of a PCSEL 

and REPCSEL with the same design except for the presence/absence of in-plane boundary 

mirrors.   

4.9 Future work  

For a modest sized, conventional designed PCSEL, enhancing κ1D and κ2D is not significantly 

reduce the in-plane loss, α//. Some existing research reports that large area PCSELs with small 

value of κ2D still has significant α//. In conclusion, engineering PC shape is not the route for 

α// minimization. 

Compared to the most conventional design, applying boundary reflection is a better route. The 

similar idea has been pursued experimentally [13, 17] and in simulation [18]. Based on the 

effects of varying perimeter reflectivity explored in this chapter, it would be interesting to make 

PCSEL with selectable mirrors. Referencing the existing design, [19] a unique type of laser 

diode with contact covering mirrors which individually control the mirrors. This design will 
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make it possible to modify the beam shape and possibly central position with some elements 

of beam steering. 

In next chapter, the PMC model is extended to simulate another conventional design of PCSEL, 

which includes an absorptive loss in PC telling the difference between pumped and unpumped 

PC region. 
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Chapter 5: Loss Simulation of PCSELs with an Unpumped 

Boundary Region 

5.1 Introduction 

It is common in PCSEL design to make the PC region larger than the contact (electrically driven) 

to reduce the in-plane loss [1-7]. To the best of my knowledge, the PCSEL literature does not 

make a distinction between the pumped and unpumped PC regions in terms of its gain or 

absorption characteristics. This work considers the effect of self-absorption by the active 

elements in the unpumped boundary region.  The effect on internal loss of the device as well 

as the in-plane loss is explored for a range of design parameters. The PMC model is used to 

simulate and explore this commonly used PCSEL design. An example GaAs-based PCSEL 

from the literature [1] is simulated [8-9]. The PC region is divided into two parts and defined 

as a pumped region (considered to be the same size as the contact) and a unpumped boundary 

(outside of contact, having width W). As the number of quantum wells in the active region of 

the reported device is not given, nor the detuning of the PCSEL emission wavelength to the 

gain peak, the absorption is determined numerically. Then, a current spreading analysis is 

carried out, concluding that current spreading has a much smaller characteristic length than the 

leakage of photons in-plane. The interlinkage of the in-plane loss and internal loss is shown by 

varying the un-pumped boundary width for a given contact size (this is simulated for 1 to 3 

quantum wells, and different detuning. Finally, two reports from the literature using an 

unpumped PC boundary are analysed. The are state-of-the-art GaAs [3-4] and GaN [7] PCSELs.  

5.2 Study of Quantum Well Absorption in a GaAs PCSEL 

 

In previous chapters, the simulated devices had equivalent PC region (total #PC) and electrode 

(or p-contact) sizes [10]. A schematic of such devices is shown in figure 5.1 (a). The common 

design choice that the PC array has slightly larger size [1-7] than the electrode is shown in 

 

Figure 5.1: (a) Schematic of a PCSEL device without unpumped region, (b) Schematic of a PCSEL device 

with unpumped region. 
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figure 5.1 (b), green dots are PC that covered by electrode (in gain), and blue dots are PC 

outside of the area of contact (lossy).  

 

Here, the parasitic loss is defined as:  

𝛼𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 = 𝛼// + 𝛼𝑖 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛5.1 

To determine the value of self-absorption in the unpumped region, the reported epitaxy 

structure [1] (table 5.1) is simulated. Figure 5.2 shows the schematic of the overlap of the 

optical mode and different repeats of the quantum well (single, double and triple QW are 

shown). The optical mode is expanded in terms of eigenmodes. Then use photon rate equations 

to describe the intensity within these modes. The equations are solved fully coupled with the 

electro-thermal transport. (Simulated by Rsoft/LaserMOD) The confinement factor (ΓQW) 

represents the overlap of QW on simulated optical mode. Figure 5.2 shows the schematics of 

such overlap, confinement factor of one, two and three repeats of QW are 3.8%, 7.7% and 

Layer Material 
Thickness 

(um) 

Doping 

Concentration 

(cm-3) 

Structure 

9 GaAs 0.2 1×1019 
Current 

Spreading 

8 AlGaAs 1.8 1×1018 p-Cladding 

7 GaAs 0.235 4×1017 PC 

6 GaAs 0.065 - 
Intrinsic 

Layer 

5 GaAs 0.008 -  

4 InGaAs 0.01 - 
Active 

Region 

3 GaAs 0.058 -  

2 AlGaAs 2 1×1018 n-Cladding 

1 AlGaAs 150 1.5×1018 Substrate 

Table 5.1: The device structure for current spreading simulation [1] 

 

Figure 5.2: Schematic of the mode-profile of the simulated PCSEL device as a function of MQW number. 

Confinement factor, ΓQW, (overlap of the MQW and mode) is shown for each case. 
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11.6%. The reason of non-linear increase of value may be due to imperfect matching between 

the QW and optical mode.  

 

With the same epitaxy structure, material gain is simulated based on an 8×8 KP band structure 

calculation for a 3-repeat TE-polarization QW. It can be known from figure 5.3 that the 

simulated material gain of the device is as a function of carrier density. 965 nm is reported as 

gain-spectrum peak, results of 960 nm and 970 nm (±5 nm detuning) are also analysis for 

comparison. The inset of figure 5.3 shows the gain at the three considered wavelength, 960 nm 

(blue dots), 965 nm (black dots) and 970 nm (red dots). The absorption loss has been calculated 

by considering both the gain and confinement factor of QW, the result is shown in table 5.2. 

 

5.3 Study of Current Spreading in GaAs PCSEL 

Besides the value simulation above, the area of pumped and unpumped region also need to be 

defined. In semiconductor, a current spreading phenomenon occurs due to the movement of 

electrons driven by carrier concentration gradients and electric fields. [11-13] Due to which, 

there should be a grating region between pumped and unpumped region. So, in this section, a 

current spreading analysis is done by LaserMOD to find out the effect of such grating region.  

PCSEL Wavelength (nm) Material Gain (cm-1) 
Quantum Well Absorption (cm-1) 

1QW 2QW 3QW 

970 -917 -35 -70 -106 

965 -1602 -61 -123 -185 

960 -2270 -87 -174 -262 

 

Table 5.2: Quantum well absorption coefficients in the un-pumped perimeter region at three PCSEL 

operating wavelengths as a function of quantum well number. 

 

Figure 5.3: Calculated material gain spectrum for InGaAs/AlGaAs quantum well at room temperature as a 

function of carrier density. Inset shows the material gain at three operating wavelengths as a function of 

carrier density and the zero-carrier absorption. 
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Figure 5.4 (a) shows the simulated structure. [1] The simulation of carrier density is done by 

solving the carrier continuity equations and Poisson’s equation, along with the Schrödinger 

equation for charge distribution in the QWs. A square size p-contact is set to 700 × 700 PC 

atoms which fits the n-window size. Figure 5.4 (b) shows the simulated charge density 

condition of QW when applying 200 mA to it. It can be known from the result that, the current 

spreads evenly on QW within the p-contact area (described also as pumped region), which 

proves that the internal loss is constant within the area. A 50% reduction in carrier density is 

indicated at approximately 10 #PC atoms away from pumped region, and the value reduces to 

less than 10% at 30 #PC atoms in distance, then eventually reduces to almost zero. As a result, 

the variation area of the quantum self-absorption between pumped region and unpumped region 

is very small (~30 #PC) compared to the pumped region (or p-contact size). So, the effect of 

the current spreading issue is relatively small, so will not be considered in following 

simulations. 

5.4 Effect of Unpumped Region on PCSEL Parasitic Losses  

With preparations above, the PCSELs with fixed size (700×700 #PC) and various width of 

unpumped region are simulated by PMC model in this section. The in-plane coupling 

coefficients and internal loss are regarded as constant, and applied to all PC region with values 

of, κ1D = 1334 cm-1, κ2D = 386 cm-1, αi = 5 cm-1. For the unpumped region, there is no power 

injection and an extra loss caused by quantum well, κab has been applied, of which the value is 

shown in table 5.2. And as mentioned above, this simulation does not consider absorption 

bleaching. 

 

Figure 5.4: (a) Schematics of simulated PCSEL devices with p-contact size of 200 um. (b) Simulated spatial 

charge density on PCSEL. 
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Figure 5.5 plots the simulated in-plane loss and internal loss as a function of the width of the 

unpumped region W. In (a), κab is not applied to PCSELs, the unpumped region has same 

internal loss as pumped region, (b), (c) and (d) has 1, 2 and 3 QW absorption applied. For the 

case shown in figure 5.5 (a), the internal loss remains a constant value, and the in-plane loss 

tends towards zero as the width of unpumped region increasing. With considering the 

convergence limit (0.1 cm-1) of PMC model in this simulation, and the values of in-plane 

coupling coefficients used here, the zeroing of in-plane loss occurs at around W = 400 #PC in 

case (a). For cases with the introduction of QW absorption (figure 5.5 (b), (c) and (d)), an 

increase in internal loss with increasing W and a corresponding reduction in in-plane loss is 

observed. This is due to the QW self-absorption is regarded as a part of internal loss in this 

simulation. It should be noted from the comparison of figure (b) to (d), that this increase is as 

a function of detuning of the lasing peak to the gain spectrum peak (blue, black and red dots 

are 960 nm, 965 nm and 970 nm). In these cases, the in-plane loss is essentially zeroed at W = 

350 #PC. The internal loss also reaches a constant value beyond that W, and is as a function of 

the detuning of the emitting wavelength and the gain-spectrum peak. It can be concluded that, 

an interdependence between in-plane loss and internal loss has occurred with introducing 

unpumped region to PCSEL. Decreasing the number of QWs is possible to reduce the width of 

 

Figure 5.5: Simulated in-plane and internal loss as a function of un-pumped perimeter PCSEL width W, for 

(a) no QW absorption, (b) 1 QW, (c) 2 QW, (d) 3 QW. Values are determined using different PCSEL 

operating wave-lengths (960nm, 965nm, 970nm) as shown in the inset to (d). 
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the boundary PC at which the in-plane loss is zeroed, however at the same time, the constant 

value of internal loss at such width becomes higher.  

 

As defined before, the parasitic loss describes the sum of in-plane loss and internal loss, and is 

plotted as a function of the width of unpumped boundary in figure 5.6 (a). The plot data is the 

case when PCSEL emission perfectly aligns with the gain spectrum peak (965 nm). To explore 

the effect of QW absorption, 1, 2, and 3 QWs are considered to compare with the case without 

QW absorption. The parasitic loss shows a decreasing trend with increasing W, and will be 

minimized but not zeroed eventually. Due to the interdependence between in-plane loss and 

internal loss, for large W, when in-plane loss is zeroed, total parasitic loss is dominated by 

internal loss and reaches a minimum value (minαparasitic). The parasitic loss increases when QW 

number increase as the fraction of light lost radiatively in the unpumped region reduces, due to 

the competing power loss channels in absorption. Figure 5.6 (b) is the minimum parasitic loss 

as a function of QW number and lasing wavelength detuning to the gain-spectrum peak. It also 

plots the QW confinement factor as a function of MQW number for the reference and note the 

strong correlation between QW overlap and minimum parasitic loss. 

5.5 Analysis 1: GaAs-based Double Lattice PCSEL 

In this section, another GaAs-based double lattice PCSEL with unpumped region from an 

experimental-based literature is simulated. [3-4] The PCSEL device was designed and 

fabricated for constructing a LiDAR system that uses no external lens system in its light source 

and to demonstrate highly spatially resolved time-of-flight sensing.  

 

Figure 5.6: (a) Total parasitic loss as a function of un-pumped region W for different QW number (including 

intrinsic loss alone) for the three PCSEL operating wavelengths. (b) Minimum parasitic loss and 

confinement factor as a function of different QW number for the three PCSEL operating wavelengths. 
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The input parameters for PMC model are partly given and partly extracted from the 

experimental results, e.g. the measured light-current curve. Size of pumped region S = 1790 

#PC, unpumped region W = 360 #PC, period a = 0.28 um, in-plane coupling coefficients κ1D = 

300 cm-1, κ2D = 200 cm-1, radiation loss α⊥ = 16 cm-1, internal loss αi = 6 cm-1. The quantum 

well absorption loss, κab = 150 cm-1 which is assumed according to the previous simulation 

(table 5.2), the vertical reflectivity R = 0.9. 

To clarify how κab affects the microscopic scattering mechanism the coupling probabilities 

among PCs are defined below, for pumped region: 

𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 = 1 − 𝑃1𝐷 − 2 ∗ 𝑃2𝐷 − 𝑃⊥ − 𝑃𝑖 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛5.2 

For unpumped region: 

𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 = 1 − 𝑃1𝐷 − 2 ∗ 𝑃2𝐷 − 𝑃⊥ − 𝑃𝑖 − 𝑃𝑎𝑏 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛5.3 

Pab here stands for the probability of power lost by quantum well absorption.  

According to the measured LI curve, the slope efficiency of mentioned device is 0.835 WA-1. 

The reported parasitic losses are in-plane loss α// = 3 cm-1 and internal loss αi = 6 cm-1. Figure 

5.7 plots the PMC simulated parasitic losses (in-plane loss is black triangular dots, internal loss 

is black circular dots) and the calculated slope efficiency (red dots) as a function of quantum 

well absorption. For the case κab =150 cm-1, the PMC model simulated parasitic losses are, α// 

< 0.1 cm-1 and αi = 12.1 cm-1, which is not as reported in literature. However, the calculated 

slope efficiency is 0.835 WA-1 which has a great match with the reported measured result. This 

may be due to that the value of internal loss is simulated without considering the difference 

 

Figure 5.7: Simulated internal loss, in-plane loss and slope efficiency as a function of quantum well 

absorption when vertical reflectivity is 0.9. 
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between pumped and unpumped region in literature. As discussed in earlier chapter, the 

unpumped region has very different loss condition, and the introduction of quantum well 

absorption makes the value of internal loss not a constant anymore, which is the main reason 

the in-plane loss decreases in this design.  

Although the PMC model simulated result does not explain the loss condition in the same way 

as the literature does, it accurately predicts the device-level parasitic losses of the target PCSEL 

device. The difference appears to be in the definition of α// and αi. In the report discussed above, 

the calculated total parasitic loss has the same value as reported.  This is reconciled if the 

authors are attributing absorptive loss in the unpumped region to α//, rather than αi.   

5.6 Analysis 2: GaN-based PCSEL 

The analysis of PMC model on InP-based and GaAs-based PCSELs were discussed earlier. To 

ensure the PMC model fits GaN, another popular Ⅲ-Ⅴ material used in semiconductor lasers, 

an analysis of PMC model on a target GaN-based PCSEL from literature has been done in this 

section.  

 

A CW operated, 300 um radius in size PCSEL device with filling factor (air hole) of 8.8% in 

the literature is used as the target of the simulation. The reported in-plane coefficients are κ1D 

= 460 cm-1, κ2D = 35 cm-1. The reported internal loss is αi = 2 cm-1. A p-electrode reflectance 

simulation has been discussed in literature, based on which the vertical reflectivity used in this 

simulation is R = 0.8. The slope efficiency is extracted from a measured LI curve, which with 

the value of ηSE = 0.85 WA-1.  

According to the schematic reported in literature, the target device uses the design discussed in 

this chapter, with unpumped boundary. To explore the value of quantum well absorption (κab), 

 

Figure 5.8: (a) The simulated optical mode of a GaN-based PCSEL overlaps on the schematic of its epitaxy 

structure. (b) Simulated material gain as a function of wavelength with various injection of current density 

N. (c) Simulated material gain as a function of current density at gain-peak wavelength λ = 431 nm. 
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a simulation with provided epitaxy structure of the target device has been done (method 

discussed in previous chapter). Figure 5.8 (a) shows the simulated optical mode (white solid 

line) of the target device overlapping on the schematic of given epitaxy structure. The 

calculated confinement factor of 2 QW (reported active region) is 4.33%. Figure 5.8 (b) plots 

the simulated material gain as a function of wavelength. Injecting carrier density, N varies from 

2-8 ×1012 cm-2. The gain-peak wavelength matches the reported lasing wavelength, 431 nm. 

Figure 5.8 (c) plots the material gain at λ = 431 nm as a function of carrier density. The 

predicted material gain is g0 =~7000 cm-1 (N = 0), and the calculated quantum well absorption 

loss (κab = ΓQW × g0), κab = 303 cm-1 which will be applied to unpumped region. 

 

According to the measured near-field pattern (shown in figure 5.9 (a)), the target device is 

assumed to emit as shown in figure 5.9 (b). When absorptive boundary has width, W = 50 #PC 

the simulated parasitic losses are, α// = 2.2 cm-1and αi = 5 cm-1. The calculated slope efficiency 

is, ηSE = 0.845 WA-1, which has <~5% difference compared to reported measured result. Again, 

the PMC model may be used to describe the operation of this PCSEL in terms of device-level 

loss parameters. 

5.7 Summary 

In this chapter, a common accepted design, PCSEL with an unpumped boundary has been 

introduced to PCSEL devices. The PMC model is used to define this boundary and explore its 

effect. By analysing a GaAs-based PCSEL from literature, [1] a quantum well absorption has 

been realized, the effect is named by the photon absorption behaviour happening on the 

unpumped region and numbered by simulating a reported epitaxy structure from same literature. 

As defined, the absorption loss is considered as a part of internal loss. When exploring the 

 

Figure 5.9: (a) Measured near-field pattern of target device reported by literature. (b) Assumed operation 

circumstances of target device. 
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value, the number of quantum well and gain-spectrum peak detuning are also considered. It 

can be concluded that, just like intuition, the in-plane loss is reduced when introducing these 

unpumped region and as a function of the width of it. It should be noted that the value of in-

plane loss can be zeroed when proper width of boundary is applied. However, this reduction 

realized with a cost, the internal loss significantly increases when having thicker boundary. 

Due to the independency between in-plane loss and internal loss, it is not fair to design a PCSEL 

with considering just one of them, so a parasitic loss is defined to show the total value of 

unwanted losses. The parasitic loss reduces and eventually reaches a minimum value when 

increasing the width of unpumped region but increases when having more repeat of quantum 

well. In conclusion, blindly increase the width of unpumped region may not realize the best 

performance of PCSELs, and for some cases, using less repeat of QW might reduce the 

parasitic loss more. At last, another GaAs-based PCSEL and a GaN-based PCSEL has been 

analysed by the same method in the PMC model. The results show that PMC model has good 

advantage in analysing these PCSEL devices with unpumped boundary. 

5.8 Future Work 

As discussed in this chapter, the new defined parasitic loss represents the total unwanted losses 

of PCSEL device. So, minimizing it can be regarded as a way to engineering the power 

conversion efficiency (PCE). Introducing unpumped boundary and engineering its width 

reduces the parasitic loss but the effect is limited by the size of pumped region. Using a smaller 

number of QW also reduces the parasitic loss, however, the total gain will reduce at the same 

time, which limits the application circumstance. Using in-plane mirrors without unpumped 

region which discussed in previous chapter reduces in-plane loss and has a constant internal 

loss, so the parasitic loss decreases too. However, the mirror may create extra loss based on 

experiments, and the high reflectivity of mirror may enhance the 1D coupling in orthogonal 

directions, which reduces threshold gain but brings bad far-field pattern. Also, theoretically in-

plane loss can be reduced if all coupling coefficients are very high, multi-mode operating may 

appear. 

In conclusion, all above discussed constructions may theoretically reduce the value of parasitic 

loss, but all have obvious disadvantages or suitable for narrow circumstances. For industrial 

consideration, the power conversion efficiency (PCE) might be an indicator that are given more 

priority for consideration compared with specific optical losses. In next chapter, several novel 

design of PCSELs based on the absorbing boundary (or solving the unwanted self-absorption 
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loss) to enhance the PCE is considered.  
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Chapter 6: Exploring High Power Conversion Efficiency PCSELs 

6.1 Introduction 

Applying unpumped photonic crystal (PC) boundaries is a conventional route to enhance PCE. 

[1-7] In last chapter, the loss mechanism of PCSELs was explored with this commonly used 

structure and analysed a GaAs-based PCSEL and a GaN-based PCSEL with such design. 

Introducing self-absorption loss due to the unpumped quantum well active element in the 

unpumped boundary region, it was shown that the in-plane loss (α//) and internal loss (αi) of 

the PCSEL are interlinked. [8] This new-found interdependence proves that simply minimizing 

in-plane loss is not the key strategy in PCSEL development, but should focus on reducing this 

self-absorption loss.  

In this chapter this simulation is extended to explore a range of device designs to minimize 

parasitic loss in PCSELs by removing this self-absorption. The chapter begins by describing 

the device types to be explored. The inputs and outputs to the simulation are then described. 

The effects of butt-coupled passive sections in the boundary PC region, selective area 

intermixing the active element in the boundary PC region and using a second contact to the 

boundary PC are explored. The additional contact device renders the boundary transparent, 

whilst the other two approaches maintain an internal loss only.  

Various characteristics of these techniques are explored and the PCE for an exemplary 1 W 

source are discussed. For the butt-coupled device the fabrication related issues of scattering 

loss at the etched/regrown waveguide interface are considered. For the selective area 

intermixed device, the lateral extent of the transition from active to passive wavelengths is also 

considered. Additional waste power is included in the case of the dual contact device in terms 

of the calculation of PCE. A critical comparison of approaches is made, and possible future 

research avenues discussed. 

6.2 Device Types 

In previous chapters, two conventional design of PCSELs have been discussed. It was shown 

that applying absorptive boundary to pumped PC region (discussed in chapter 5) has significant 

advantages in reducing in-plane loss compared to the older design (discussed in chapter 4). 

However, internal loss increased. So, in this chapter, novel PCSEL designs are explored based 

on same pumped PC region, but using elements of photonic integration to enhance PCE.  

Results are then compared with absorptive boundary PCSELs. 
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Figure 6.1 shows a schematic of different designs of PCSEL devices and their respective spatial 

loss/gain conditions. It should be clarified that the schematic PC (dots) in figure 6.1 are not to 

real scale, with the active element containing several hundreds of PC atoms on one side. The 

yellow dots schematics shown in figure 1 represent the contact-covered PC atoms, that are in 

gain, and lasing. It has been discussed in previous studies that the current spreading region is 

small compared to the leakage of photon into the surrounding PC boundary, so the transition 

between gain and loss is considered to be abrupt in this study. [8]  

 

Figure 6.1(a) is PCSEL with an absorptive boundary (dark red dots), in which the PCs are not 

pumped and have self-absorption loss caused by the absorptive QWs in the PC boundary region. 

[8] The schematic graph indicates the loss/gain characteristics of the active element, where 

outside the contact, the propagating optical power is subject to self-absorption in the unpumped 

quantum wells. This device schematic represents current approaches to minimizing parasitic 

loss [1-7]. The design has been analysed, and the interconnection of in-plane loss and internal 

loss has been highlighted in previous studies [8] 

Figures 6.1 (b) and 6.1 (c) consider widely utilized monolithic integration technologies to 

realize passive boundary PC elements. Figure 6.1 (b) is a PCSEL utilizing butt-coupled 

waveguide technology. Here etching of the active element and epitaxial regrowth of a passive 

waveguide are employed to realize active and passive regions. This technology is a critical 

building block for large scale InP photonic integrated circuits. However, this process introduces 

scattering loss at the active/passive butt-coupled interface. It is accommodated in our model as 

an additional loss in a single PC atom thick boundary layer between gain and passive sections, 

as indicated in the schematic graph of loss/gain. 

Figure 6.1 (c) is PCSEL utilizing selective area quantum well intermixing (QWI). This is a 

 

Figure 6.1: Schematic and loss/gain as a function of the distance to device center of different geometry of 

PCSEL device, (a) absorptive boundary PCSEL; (b) butt-coupled PCSEL; (c) intermixed PCSEL; (d) dual 

contact PCSEL. 
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solution to tune the emission/absorption wavelength by using a post-growth process to locally 

alter the bandgap energy of quantum well. [9] Based on which, QWI creates different sections 

(e.g. gain or passive) on the same wafer, and has been used to realize non-absorbing mirrors in 

high-power edge-emitters [10], and to locally vary the emission in broad spectral band-width 

devices [11]. However, this approach never creates an abrupt spatial change in the wavelength 

of optical transitions as it is driven by atomic diffusion. A transition region (G) between the 

intermixed section and non-intermixed section is considered. It is assumed that the change in 

optical transition energy results in a linear variation in the QW absorption, [12-13]. The 

schematic graph of loss/gain characteristics of the active element indicates that the transition 

region, G is subject to a graded absorptive loss until enters the passive region, of width W, 

where light is only subject to internal loss.  

The selective area epitaxy [14] is not considered as this technique, whilst reducing the gain at 

the lasing wavelength at the boundary, realizes a boundary with higher absorptive losses. It 

would therefore produce parasitic losses higher than the simple unpumped boundary in Fig 6.1 

(a). 

Figure 6.1 (d) is PCSEL with dual contacts, where the perimeter PCs are covered by another 

isolated contact (C2), providing the ability to independently control the current to the active 

element in the boundary PC region. The boundary is considered to be transparent, with no 

internal loss in the perimeter region. Our simulation does not generate spontaneous emissions 

in the boundary region. The schematic graph illustrates the loss/gain characteristics of the 

active element in this case. Multiple contact laser devices typically utilize shallow etching of 

the contact and waveguide layers [15-16] and have been employed in mode-locked edge 

emitting lasers [17] and PCSELs [18]. 

6.3 Simulation Input and Output 

Here discusses the other input parameters used in simulation of those proposed device 

structures to explore routes to maximize the PCE. Table 1 presents input parameters used that 

are mainly from an InP-based PCSEL from literature [19]. 

In the absence of the authors providing J0 and g0 values, those values obtained experimentally 

are used.  
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With reference to edge emitting lasers: [20] 

𝜂𝑑 = 𝜂𝑖
𝛼𝑚

𝛼𝑚 + 𝛼𝑖
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.3 

Where ηd is a differential quantum efficiency, αm is the mirror loss of the laser cavity. For the 

PCSEL:  

𝜂𝑑 = 𝜂𝑖

1
2 (1 + 2√𝑅 𝑐𝑜𝑠 𝜃 + 𝑅)𝛼⊥

(1 + √𝑅 𝑐𝑜𝑠 𝜃)𝛼⊥ + 𝛼// + 𝛼𝑖
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.4 

Assuming the case of R = 1 and θ = 0◦ as: 

𝜂𝑑 = 𝜂𝑖
2𝛼⊥

2𝛼⊥ + 𝛼// + 𝛼𝑖
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.5 

Or  

𝜂𝑑 = 𝜂𝑖𝜂⊥ 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.6 

Where  

𝜂⊥ =
2𝛼⊥

2𝛼⊥ + 𝛼// + 𝛼𝑖
𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.7 

Where η⊥ is the PCSEL output ratio.  

For this case, the gain threshold can be described as: 

𝑔𝑡ℎ = 2𝛼⊥ + 𝛼// + 𝛼𝑖 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.8 

Another output discussed below is the power conversion efficiency (PCE), defined as the total 

optical power output by PCSEL divided by the total electrical power input into it. [33] The 

equations below describe the practical approach of calculation in this paper: 

𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

=
𝑃𝑐ℎ𝑜𝑠𝑒𝑛
𝐼𝑖𝑛𝑉𝑖𝑛

𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.9 

Lattice constant (a) 480 nm κ2D+ 197 cm-1 

Wavelength (λ) 1550 nm κ2D- 176 cm-1 

Size (S) Φ200 um α⊥ 8 cm-1 

Vertical reflectivity (R) 0.4 αi 9 cm-1 

Interference phase (θ) 0◦ J0 380 A cm-2 

κ1D 468 cm-1 g0 120 cm-1 

Table 6.1: Input parameters for PMC model and data processing. 
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Where the chosen power, Pchosen is 1 W; Vin is based on typical I-V characteristics from the 

literature [19]: 

𝑉 = 𝑉0 + 𝐼𝑅 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.10 

Where V0 = 0.82 V and R = 0.18 Ω. Iin is based on the calculated ηSE by the PMC model: 

𝜂𝑆𝐸 =
𝑃1 − 𝑃2
𝐼1 − 𝐼2

𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.11 

Where P1 is the chosen power 1 W, P2 is the power at threshold current, which is almost 0 as 

reported in literature [31], I1 is the input current Iin, I2 is the threshold current Ith, then: 

𝐼𝑖𝑛 =
1

𝜂𝑆𝐸
+ 𝐼𝑡ℎ 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.12 

It is noted that a key requirement for PCE improvement in the PCSEL is the development of 

technologies that increase the vertical mirror reflectivity R, without impacting the electrical 

characteristics. Furthermore, all parasitic losses should be minimized, and radiative loss “right-

sized” to ensure high ηd and low gth. Our work focusses on device designs that address this later 

requirement. It is pointed out in the results below the state-of-the-art input parameters at the 

time of writing. Expected future improvements in vertical mirror technology, increasing R 

towards 1, will significantly increase the PCE values obtained.  

6.4 Absorptive PC Boundary 

Figure 6.2 (a) shows a schematic of the absorptive boundary PCSEL. Initially, the size of the 

contact (yellow dots) is fixed at S = 420 #PC, and the width of boundary region W (dark red 

dots) varies from 50 to 450 #PC. Lasing occurs in the contacted region, S, and self-absorption 

(κab) is considered for the unpumped boundary of width W. The absorption coefficient is 

dictated by the MQW design and detuning between active element peak gain and the PCSEL 

lasing wavelength. In this work it is estimated that κab = 100 cm-1. [3] 

Figure 6.2 (b) plots the calculated in-plane loss (black dots) and internal loss (red dots) as a 

function of W. As expected, the in-plane loss, α//, reduces to zero as W is increased, but due to 

self-absorption, the internal loss αi increases. This interdependence has been previously 

reported [8]. The in-plane loss reduces to essentially zero (< 0.1 cm-1) for W > 350 #PC, this 

improvement comes with an increase of αi from 9 to ~31 cm-1.  

Having determined the losses, the total parasitic losses and output ratio are discussed below. 

Figure 6.2 (c) plots the total parasitic loss (αparasitic = α//+αi) and calculated output ratio (η⊥) as 
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a function of W for the absorptive boundary PCSEL. Total parasitic loss reduces from 87 cm-1 

(W = 0), asymptotically reaching a value of 31 cm-1 at W > 350 #PC. This leads to η⊥ increasing 

from 0.08 (W = 0) to 0.2 (W > 350 #PC).  

So, for the absorptive boundary PCSEL with input parameters mentioned above, W = 350 #PC 

is needed to minimize the parasitic loss (or zero the in-plane loss). Then for case W = 350 #PC, 

the effect of size, S is explored. Figure 6.2 (d) plots the total parasitic loss, αparasitic and 

calculated output ratio, η⊥ as a function of S for the absorptive boundary PCSEL. αparasitic 

reduces from 79 (S = 100 #PC) to 17 cm-1 (S = 1000 #PC). And this reduction leads to η⊥ 

increasing from 0.09 to 0.31.  

 

Then the effect of S on threshold current, Ith and power conversion efficiency, PCE is explored. 

Figure 6.2 (d) plots Ith and PCE as a function of S. Ith increases from ~0.02 to 1.09 A. While 

PCE increases from 0.03 (S = 100 #PC) and reaches a maximum value of 0.12 at S = ~850 

#PC.  

This result highlights that this approach to improving PCE is effective, but the efficacy is 

 

Figure 6.2: (a) Schematic of absorptive boundary. Loss and output ratio as a function of (b) W and (c) S. (d) 

Threshold current and power conversion efficiency as a function of S. 
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limited due to the high internal loss of the absorptive boundary region. For ease of comparison, 

the results presented in this section are denoted by solid lines in the following figures (Figures 

6.2 – 6.5). Reducing the QW number to reduce absorption requires the reduction in total device 

loss to be a valid approach [3, 24]. Detuning the gain peak is an additional route to reducing 

self-absorption [25], but this again comes with a reduction in operating characteristics and 

increased temperature sensitivity. 

6.5 Butt-coupled Active/passive PCSEL 

Figure 6.3 (a) plots the schematic of the PCSEL with a butt-coupled passive PC containing 

boundary region. A scattering interface (dark red line) separates the passive region from gain 

region (this is positioned at the boundary between PC atoms in the model and has no physical 

size). 

 

It is initially used a value for this scattering loss of 1dB, experimentally determined for 

monolithically integrated edge-emitting lasers [21]. Figure 6.3 (b) plots the total parasitic loss, 

αparasitic, and η⊥ as a function of S. αparasitic decreases from 38 to 19 cm-1, with a concomitant 

 

Figure 6.3: (a) Schematic of butt-coupled PCSEL. (b) Parasitic loss and output ratio as a function of S. 

Threshold current and power conversion efficiency as a function of (c) S and (d) interface loss.  
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increase of η⊥, raising from 0.17 to 0.29. It is noted that total parasitic loss is very similar to 

those of the unpumped boundary.  

Figure 6.3 (c) plots the PCSEL threshold current, Ith and power conversion efficiency, PCE as 

a function of S. Ith increases from ~0.01 to 1.11 A. PCE reaches maximum at S = 700 #PC with 

value of 0.11. Again, higher PCE appears when S < 700 #PC. Whilst optimal contact size is 

different as compared to the unpumped boundary PCSEL, the values of the threshold currents 

and PCE are very similar.  

To further explore the effect of this interface loss on Ith and PCE, the effect of reducing coupling 

loss is simulated. Figure 6.3 (d) plots Ith and PCE as a function of S with interface loss of, 0.25 

dB (square dots), 0.5 dB (triangular dots) and 1 dB (circular dots). It can be seen that the Ith 

does not show significant change. As expected, the PCE increases when interface loss is 

reduced. For the case interface loss = 0.25 dB, PCE reaches a maximum of 0.14 at S = 500 

#PC; the case interface loss = 0.5 dB, PCE reaches a maximum of 0.13 at S = 600 #PC.  

Whilst for this device the increase in PCE is not significant (other engineering choices are 

discussed later), by comparison to the unpumped boundary, the Butt-Coupled PCSEL allows a 

smaller, comparable efficiency PCSEL to be realized. 

6.6 Selective Area Intermixed Active/passive PCSEL 

Figure 6.4 (a) plots a schematic of intermixed PCSEL. The gain region (yellow dots) has varied 

sizes, S. The intermixing technique creates a transition region, within which the wavelength 

shifts. In the PMC model, this transition region is assumed to have an absorption loss with 

linear reducing value from contact to passive boundary W. See Fig 1(d). The width of this 

transition region, G, is initially assumed to have a value of 50 #PC (~20 um for InP based 

devices) [17] W and G have a total width of 350 #PC as in previous discussions. 

Figure 6.4 (b) plots the αparasitic and η⊥ as a function of S, for the case G = 50 #PC, αparasitic shows 

a reduction from 33 to 15 cm-1, with an increase of η⊥ from 0.12 to 0.26. Figure 6.4 (c) plots 

the Ith and PCE as a function of S. For G = 50 #PC, Ith shows a similar increase as butt-coupled 

PCSEL from ~0.02 to1.1 A. PCE reaches a maximum with value of 0.14 at S = 600 #PC.  

By contrast to the intermixing of full laser structures [22-23], the thickness of semiconductor 

material between the surface and the MQW can be small in PCSELs, leading to the possibility 

for smaller transition regions. The effect of reducing the width of this transition is explored, 

choosing transition thicknesses of 5 and 25 #PC, corresponding to ~2 and 10 um. Figure 6.4 
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(d) plots the Ith and PCE as a function of S, with varied G (5, 25 and 50 #PC). Ith does not 

exhibit significant change.  

For the case where G = 50 #PC, PCE has a maximum value of 0.16 at S = 600 #PC; the case 

G = 25 #PC, PCE has a maximum value of 0.18 at S = 500 #PC. The effect of reducing the 

transition thickness is to enhance the PCE and to allow the move to smaller PCSELs. 

 

6.7 Dual Contact PCSEL 

Using the characteristic boundary width W=350 #PC from above, the effect of adding a second 

independent contact to the boundary layer is explored below. Figure 6.5 (a) shows a schematic 

of the dual contact PCSEL; contact 1 (C1, yellow dots) has size S, and contact 2 (C2 grey dots) 

has fixed width W = 350 #PC. It is considered that a current being applied to C2 to make the 

active element in the boundary PC region transparent (κab and αi). 

The input current to the device is updated to: 

𝐼𝑖𝑛 = 𝐼𝐶1 + 𝐼𝐶2 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.13 

 

Figure 6.4: (a) Schematic of intermixed PCSEL (b) Parasitic loss and output ratio as a function of S. 

Threshold current and power conversion efficiency as a function of (c) S and (d) G. 
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Where IC1 is given by equation (12), where the threshold gain (equation 8) allows threshold 

current to be determined from the assumed values of J0 and g0. The slope efficiency uses the 

parameters in table 1 and the calculated parasitic losses to determine η⊥. The transparent current 

(IC2) is calculated from J0 and the size of C2:  

𝐼𝐶2 = 𝐽0 ∗ 𝑆𝐶2 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6.14 

Figure 6.5 (b) plots the total parasitic loss, αparasitic, and η⊥ as a function of S. The parasitic loss 

shows a gradual reduction as the size of contact 1 is increased, reducing from 13 to 11 cm-1. 

The output ratio shows an increase with increasing contact 1 size, rising from 0.36 to 0.43. In 

the case of an infinitely thick boundary PC layer, it is reasonable to expect these figures to 

remain constant. Their small variation is attributed to their finite size.  

 

Figure 6.5 (c) plots the PCSEL threshold current, Ith and power conversion efficiency, PCE as 

a function of contact 1 size. Ith shows an increase from 0.6 to 2.7 A as S increases from 100 to 

1000 #PC. This increase in threshold current is mainly a function of the area scaling (of both 

C1 and C2) as losses remain almost constant. The PCE shows a significant increase compared 

 

Figure 6.5: (a) Schematic of dual contact. (b) Parasitic loss and output ratio as a function of S. Threshold 

current and power conversion efficiency as a function of (c) S and (d) W. 
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to the absorptive boundary case (Fig. 6.2(d)). This is notwithstanding the additional current 

required to make the boundary transparent. The PCE has a maximum value of ~0.19 (0.190) at 

S = 200 #PC. 

I then continue to explore the effect of the contact 2 size to Ith and PCE for the case with highest 

PCE, S = 200 #PC. Figure 6.5 (d) plots the Ith and PCE as a function of the width of contact 2, 

W. Ith shows an increase from 0.1 to 4.2 A. PCE has a maximum value of ~0.19 (0.193).  

6.8 Discussion 

For PCSELs in general, improvement in vertical mirror technologies, reduction of parasitic 

losses, and right-sizing radiative loss are required. The current approach to PCE enhancement 

by using an absorptive boundary leads to an effective zeroing of in-plane loss, but an 

enhancement in internal loss. To engineer such devices, reducing the number of QWs in the 

active will result in lower absorption and hence higher PCE. However, this can only be 

achieved by reducing all losses (radiative and parasitic) to reduce threshold gain. There is also 

design room for detuning, but this impacts threshold current.  

In order to engineer butt-coupled PCSELs, the interface scattering and internal loss of the PC 

boundary layer (not discussed here) need reducing. A drive to smaller PCSELs breaks the need 

for PC shapes that have lower coupling to enable spatial spectral mode control for large areas 

[6]. The increase of the PC scattering strength will in turn reduce parasitic at the butt-joint, in 

turn driving up PCE. 

The intermixing approach shows promise. The use of intermixing very close to the MQW 

active, followed by PC definition and epitaxial re-growth may provide a route to higher PCE 

without the need for additional drive electronics. The minimization of the graded transition 

region thickness is therefore an interesting route to pursue. The relative technological ease of 

realizing a low scattering butt-joint, or thin intermixed transition region may decide the best 

approach. However, the butt-joint does offer the opportunity to create undoped passive 

waveguides, adding a possible advantage of reduced internal loss in the passive element. 

The dual contact approach benefits over all other approaches by zeroing parasitic loss in the 

boundary. However, this occurs at a price: the additional current supplied to the boundary (and 

associated heat, and energy required to remove that heat). This would again be reduced in the 

case of fewer QWs, reducing the C2 current as transparency current density is lower. Again, a 

push to lower PCSEL size allows higher coupling strength PCs, further reducing the in-plane 

loss, reducing the required PC boundary size, and additional current.  
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6.9 Summary 

A range of device designs to minimize parasitic loss in PCSELs have been explored using the 

Probabilistic Markov chain (PMC) model. It is described that the inputs and outputs to the 

simulation and described the effects of butt-coupled passive sections in the boundary PC region, 

selective area intermixing the active element in the boundary PC region, and using a second 

contact to the boundary PC. The additional contact device renders the boundary transparent, 

whilst the other two approaches maintain an internal loss only.  

Various characteristics of these techniques were explored and the PCE for an exemplary 1 W 

source were discussed. For the butt-coupled device it is considered that improvement in the 

fabrication technologies leading to reduced scattering loss at the etched/regrown waveguide 

interface. For the selective area intermixed device, a reduction in the lateral extent of the 

transition from active to passive wavelengths is also considered. In the case of the dual contact 

device, the highest PCE was shown to be possible, given the input parameters taken from the 

literature. A critical comparison of the approaches was made, and possible future research 

avenues discussed. 

6.10 Future Work 

In general, for this type of device, R is the key factor to improve the PCE. The realization of R 

=~ 1 may be reached by applying the vertical 1D DBR or perfect metallization of backside 

contact.  

There is some realistic difficulty in realizing mentioned designs in this chapter. Compared to 

other class of semiconductor lasers, PCSEL is relatively complex in fabrication already. Butt-

coupled or intermixed technologies will enhance device operation, however, more complex 

process on the core (active region, e.g. quantum well) is required, which leads to the real 

enhancement is also limited. As a result, the cost and payback of realize these to designs may 

not easily be balanced.  

As for dual contact, adding a 2nd contact is much easier in fabrication, in other words, more 

realizable. To validate the theory obtained in this chapter, input parameters need to be 

determined by analysing existing PCSEL devices with conventional design. With such inputs, 

use the PMC model to predict the enhancement provided by dual contact design. It should be 

noted that, the current spreading needs to be separately simulated cause the material properties 

are not considered in the PMC model. With simulations above, the dual contact PCSEL device 
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can be designed and fabricated. For comparison consideration, PCSELs without the 2nd contact 

should also be fabricated and characterized. 

Dual contact PCSEL theoretically reduces the total loss, which may allow the number of QWs 

to be reduced in combination with great value coupling coefficients PC, as a result, very small 

device could be possibly realized. 

Another possible application of multiple contact on PCSEL device might be shaping the current 

density distribution, which will be important for mode control of PCSEL.  
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Chapter 7: Conclusion 

This thesis has been dedicated to the development, validation, and application of a probabilistic 

Markov chain (PMC) model for the analysis and design of photonic crystal surface emitting 

lasers (PCSELs). The work commenced from the recognition that a gap existed in the PCSEL 

design cycle: the need for a computationally efficient and flexible tool that could directly link 

microscopic scattering parameters to macroscopic device-level performance, particularly the 

critically important in-plane loss (α//). The research presented bridges this gap, leading to both 

fundamental insights and practical design guidelines for advancing PCSEL technology. 

Chapter 3 established the PMC model as a robust and reliable simulation framework. By 

conceptualizing light propagation as a Markov process between discrete directional states, the 

model efficiently calculates the flow and loss of optical power in a finite PC lattice. The 

convergence criteria were discussed, providing and results were subsequently validated with 

excellent agreement against experimental data from both conventional PCSELs and the more 

complex Resonator Embedded PCSELs (REPCSELs). This validation confirmed the PMC 

model's capability to accurately predict key device metrics such as threshold gain and slope 

efficiency. 

The model was then used to explore PCSEL design in Chapter 4. The parameter studies 

revealed that while increasing the in-plane coupling coefficients (κ1D, κ2D) can reduce α//, the 

effect plateaus, and impractically large values would be required to minimize this loss. This 

finding suggests that solely pursuing complex PC patterns for higher coupling may be a futile 

strategy for high-efficiency devices. More promisingly, the model quantitatively demonstrated 

the impact of in-plane mirrors, showing that they can reduce α// to negligible levels and enable 

control over the lasing mode, a capability exploited in the design of REPCSELs. 

In Chapter 5 the PMC model was applied to the use of an unpumped PC boundary. The 

analysis uncovered a fundamental interdependence between in-plane loss (α//) and internal loss 

(αi), mediated by self-absorption in the unpumped quantum wells. This redefines the 

optimization problem: minimizing α// by widening the boundary inevitably increases αi. The 

introduction of the “total parasitic loss” (α// + αi) as a key figure of merit provides a more 

holistic and accurate metric for device design, revealing that blindly extending the pumped or 

unpumped region is an ineffective and often counterproductive strategy. 

Building on this understanding, Chapter 6 utilised the PMC model as a predictive design tool 

by proposing and evaluating three novel PCSEL architectures aimed at breaking the parasitic 
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loss interdependence. The comparative analysis of the butt-coupled, selective area intermixed, 

and dual-contact designs provided a critical roadmap for future development. While each 

approach showed promise, the dual-contact scheme was identified as theoretically capable of 

achieving the highest power conversion efficiency (PCE) by effectively rendering the boundary 

transparent, albeit at the cost of increased complexity and drive current. The intermixing 

approach also emerged as a highly promising route, especially if the transition region can be 

minimized. These proposals offer pathways towards PCSELs with significantly enhanced 

performance, moving beyond the limitations of current designs. 

In conclusion, this research has made the following contributions to the field of PCSELs: 

• The successful development and experimental validation of a novel, efficient, and 

flexible Probabilistic Markov Chain simulation model. 

• Fundamental new insights into PCSEL physics, particularly the interdependence of in-

plane and internal loss in devices with unpumped boundaries. 

• The conceptualization and theoretical evaluation of innovative, high-efficiency PCSEL 

designs that leverage advanced photonic integration techniques. 

The PMC model can accelerate the design and optimization of PCSELs. The insights gained 

and the future directions outlined pave the way for the next generation of devices.  Future work 

will focus on the experimental realization of the proposed dual-contact and intermixed devices, 

further code development will include dynamic and gain effects, and the extension of the model 

to other PC lattices. 
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Chapter 8: Future Work 

The PMC model successfully bridges microscopic coupling coefficients and macroscopic 

device-level losses, enabling the exploration of novel device configurations with low 

computational cost. Its development and validation in this thesis have established a robust and 

flexible framework for analysing and designing PCSELs. This work has revealed several 

promising avenues for further development, both of the model itself and its applications. This 

chapter outlines a plan for future research, structured into five key directions. 

8.1 Towards a Next-Generation PMC Simulation Platform 

The future evolution of the PMC model can be envisioned as a three-stage roadmap, 

progressing from immediate usability improvements to a fundamental transformation of its 

core capabilities. 

Development of a graphical user Interface (GUI): To transform the PMC model from a code-

based tool into a versatile platform, the development of an intuitive GUI is required. This 

interface would enable the visual definition of device geometries (e.g., contact size, PC region, 

mirror placement), streamline parameter input, and automate the visualization of results, 

significantly lowering the barrier to entry for non-specialists. 

Extension to Triangular Lattice Structures: A critical extension of the model's versatility is 

its adaptation for triangular lattice PCSELs. This primarily requires recoding the propagation 

directions for each PC atom from a four-fold set (north, south, east, west) to a six-fold set (0°, 

60°, 120°, 180°, 240°, 300°), thereby expanding its domain of application. 

Integration of a Gain/Loss Calculator and Toolchain Coupling: To create a more self-

contained environment, an internal gain/loss calculator should be integrated, moving beyond 

the current manual input method. Furthermore, a deeper integration with fundamental 

electromagnetic simulators (e.g., FDTD, PWE) should be pursued. This would enable the 

automatic extraction of coupling coefficients from physical PC designs, creating a seamless 

pipeline from nanophotonic structure to device-level performance prediction. 

Development of a Dynamic PMC Model: A future dynamic model would replace static power 

generation with time-dependent variables for carrier density, gain, and photon generation. 

Operating with small time steps (~10⁻¹³ s) and incorporating wavelength dependence, this 

model would unlock the study of dynamic phenomena such as modulation response, transient 

behaviour, and nonlinear dynamics, positioning the PMC framework as a uniquely powerful 
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tool for exploring complex laser physics. 

8.2 Exploration and Validation of Novel PCSEL Designs 

The insights gained from this thesis, particularly through the application of the current PMC 

model, directly inform several promising device designs that require further investigation. 

PCSELs with Selectable Boundary Mirrors: Based on the findings in Chapter 4, a logical 

next step is to design a PCSEL with independently controllable perimeter mirrors. This could 

enable dynamic modification of the beam shape and central position, introducing elements of 

beam steering. 

Empirical Validation of the Dual-Contact Design: The dual-contact PCSEL concept 

proposed in Chapter 6 offers a theoretically compelling path to higher Power Conversion 

Efficiency (PCE). Future work must focus on its empirical validation: using the PMC model to 

predict performance, guiding the device design with current-spreading simulations, and 

fabricating devices for direct comparison with conventional single-contact PCSELs. 

Mode Control via Multi-Element Contacts: Exploring multiple, independently biased 

contacts could enable precise control over the current density distribution, opening new 

avenues for advanced mode control and stable single-mode operation. 

8.3 Industrial Considerations and Pareto Optimization 

Finally, moving from laboratory prototypes to commercially viable devices necessitate a focus 

on practical trade-offs. 

Balancing Performance with Fabrication Complexity: Future research should 

systematically evaluate the cost-benefit ratio of advanced designs. The primary indicator 

should be the Power Conversion Efficiency (PCE), and efforts must be directed towards 

solutions that offer significant performance improvements without a prohibitive increase in 

process complexity or cost. 

8.4 Summary 

In conclusion, the PMC model serves not only as a tool for analysing existing PCSELs but also 

as a springboard for future innovation. The planned, staged enhancement of the model, 

combined with the exploration of novel device architectures, paves the way for the next 

generation of high-performance, efficiently manufactured PCSELs.  
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Appendix Material A: Example of transition from Coupling 

Coefficient to Optical Scattering Probability  

In this thesis, the relationship between device-level optical loss and microscopic coupling 

coefficients is established by converting these coefficients into probabilities of optical power 

scattering among photonic crystals (PCs). This appendix provides the definitions of the 

coupling coefficients and an illustrative example of how to calculate the corresponding 

probability. 

The coupling coefficients quantify the strength of coupling between waves propagating in a 

square-lattice distributed feedback (DFB) structure (PC) [Sakai 2006]. Conceptually, their 

definition can be likened to absorption coefficients, which describe the rate at which the 

intensity of electromagnetic radiation diminishes as it travels through a medium. These 

coefficients, typically denoted by α and expressed in units of inverse length (e.g., cm-1), are 

used here in a similar form. 

Below is an example demonstrating the conversion from a coupling coefficient in cm-1 to a 

probability of scattering. 

Assuming in a PC grating with period of 0.48 um, a 1D coupling coefficient, α has a value of 

1000 cm-1: 

𝛼 = 1000 𝑐𝑚−1 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝐴𝑝𝑝. 𝐴. 1 

This macroscopically, represents a reduction of optical intensity from 1 to 1/e, microscopically, 

a reduction of the quantity of photons drops to 1/e. According to the definition here, a 

percentage, P is used to represent this reduction:  

𝑃 = 1 −
1

𝑒
 ~ = 0.632 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝐴𝑝𝑝. 𝐴. 2 

Which means, in this case, the optical power reduces by ~63% in 1000 cm. I then introduce the 

period of PC to the calculation. Then the number of reduction periods, N is: 

𝑁 =

1
1000 𝑐𝑚−1

× 104

0.48 𝑢𝑚
 ~ = 20.8 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝐴𝑝𝑝. 𝐴. 3

 

Which means the reduction described above happening in 20.8 period. Then apply the 

percentage to the number of periods, the reduction probability of each period of the 

corresponding coupling coefficient, Pα is described as: 
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𝑃𝛼 =
𝑃

𝑁
 ~ = 3% 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝐴𝑝𝑝. 𝐴. 4 

In conclusion, the probability of 1D coupling is ~3% per period. And it is ready for the PMC 

model to use its statistic method for loss calculations. 
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Appendix Material B: C Code of Probabilistic Markov Chain 

Model 

This Appendix describes the structure of the C code implementation for the probabilistic 

Markov chain model. The program is organized into several header files, each serving a distinct 

purpose: 

Main Program: Controls the overall flow and includes all necessary header files. This is the 

primary file that users may modify according to their needs. 

Markov Chain Header: Contains the core algorithm discussed in this thesis. While only one 

function is provided here, this file is intended as the primary location for users to add their own 

custom functions. 

Basic Functions Header: Includes all supporting functions except the Markov chain 

implementation. As this file provides fundamental infrastructure, modifications are not 

recommended. 

Constants Header: Defines all constants used throughout the program. 

A simplified version of this code has been made available on GitHub: 

https://github.com/Jingzhao-Liu/Probabilistic-Markov-Chains-Modelling-Quarter 

Main Program 

/*this script is for difference in one device, using left bot quarter of device in sim 
will support function: 
1: charge and uncharge area (W) with extra quantum well absorption 
2: size of PC and contact defined as 
//1: square PC & circle contact; 
//2: square PC & square contact; 
//3: circle PC & circle contact; 
//4: square PC & square contact with a absorptive interface 
//5: square PC & square contact with a grating absorption area 
*/ 
#include "constants.h" 
#include "basic functions.h" 
#include "Markov chain.h" 
 
int main() 
{ 
 /// <set parameters> 
 Period = 0.48;//unit:um 
 MK1D = 1; //multiple of K1D 
 MK2D = 1;//multiple of K2D 
 char str[] = { "Change me.csv" };//Define file name 
 K1D = 468; //unit:cm-1 

https://github.com/Jingzhao-Liu/Probabilistic-Markov-Chains-Modelling-Quarter
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 K2D_p = 186.5; 
 K2D_m = 186.5; 
 Krad = 8; 
 Ki = 3; 
 extra_internal = 0; 
 refl = 0.0;//0-1 
 timestep = 20000; 
 int W[] = {400}; 
 int contact[] = { 100,200,300,400,500,600,700,800,900,1000 }; 
 int function_choice =2;  
 //1: square PC & circle contact; 
 //2: square PC & square contact; 
 //3: circle PC & circle contact; 
 //4: square PC & square contact with a absorptive interface 
 /// <returns></returns> 
  
  
 K1D = K1D * MK1D; 
 K2D_p = K2D_p * MK2D; 
 K2D_m = K2D_m * MK2D; 
 Initialize(); 
 fout.open(str); 
 fout << "size_c,size_w,power_v,power_i,power_p,injection,loss_p,loss_i\n"; 
 int number_i = sizeof(contact) / sizeof(contact[0]); 
 int number_j = sizeof(W) / sizeof(W[0]); 
 typedef void (*FuncPtr)(int, int, int); 
 FuncPtr selected_function; 
 switch (function_choice) 
 { 
  case 1:  
  { 
   selected_function = Q_S_C; 
   break; 
  } 
  case 2: 
  { 
   selected_function = Q_S_S; 
   break; 
  } 
  case 3: 
  { 
   selected_function = Q_C_C; 
   break; 
  } 
  case 4: 
  { 
   selected_function = Q_S_S_with_interface; 
   break; 
  } 
  case 5: 
  { 
   selected_function = Q_S_S_with_grating; 
   break; 
  } 
  default: 
  { 
   cout << "Invalid choice!" << endl; 
   return -1; 
  } 
 } 
 for (int i = 0; i < number_i; i++) 
 { 
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  for (int j = 0; j < number_j; j++) 
  { 
   selected_function(contact[i], timestep, W[j]);//(fixed 
area,timestep,unpumped W ) 
   cout << "contact = " << contact[i] << ", W = " << W[j] << ", 
complete" << endl; 
  } 
 } 
 fout.close(); 
 return 0; 
} 

Basic Functions Header 

#ifndef BASIC FUNCTIONS_H 
#define BASIC FUNCTIONS_H 
#include "constants.h" 
 
/* these 2 funchtions convert Kappas into probability(K to P) */ 
double Transfer(double K) 
{ 
 return (1 / K) * pow(10, 4); 
} 
double Calculate_Percent(double K) 
{ 
 double Total_Period = K / Period; 
 return P / Total_Period; 
} 
/* these functions are optical power calculation in each direcation */ 
double Calculate_Energy_N(double N_in, double S_in, double W_in, double E_in) 
{ 
 return S_in * Pforward + W_in * P2D_m + E_in * P2D_p + N_in * P1D; 
} 
double Calculate_Energy_S(double N_in, double S_in, double W_in, double E_in) 
{ 
 return N_in * Pforward + W_in * P2D_p + E_in * P2D_m + S_in * P1D; 
} 
double Calculate_Energy_W(double N_in, double S_in, double W_in, double E_in) 
{ 
 return E_in * Pforward + N_in * P2D_m + S_in * P2D_p + W_in * P1D; 
} 
double Calculate_Energy_E(double N_in, double S_in, double W_in, double E_in) 
{ 
 return W_in * Pforward + N_in * P2D_p + S_in * P2D_m + E_in * P1D; 
} 
double Calculate_Energy_Vertical(double N_in, double S_in, double W_in, double E_in) 
{ 
 return (N_in + S_in + W_in + E_in) * Prad; 
} 
double Calculate_Energy_Internal(double N_in, double S_in, double W_in, double E_in) 
{ 
 return Internal_out = (N_in + S_in + W_in + E_in) * Pi; 
} 
double remove_internal_loss(double input) 
{ 
 return input * (1 - Pi); 
} 
double remove_internal_lossex(double input) 
{ 
 return input * (1 - Pi2); 
} 
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/* these functions are for different internal loss in one device */ 
double Calculate_Energy_N2(double N_in, double S_in, double W_in, double E_in) 
{ 
 return S_in * Pforward2 + W_in * P2D_m + E_in * P2D_p + N_in * P1D; 
} 
double Calculate_Energy_S2(double N_in, double S_in, double W_in, double E_in) 
{ 
 return N_in * Pforward2 + W_in * P2D_p + E_in * P2D_m + S_in * P1D; 
} 
double Calculate_Energy_W2(double N_in, double S_in, double W_in, double E_in) 
{ 
 return E_in * Pforward2 + N_in * P2D_m + S_in * P2D_p + W_in * P1D; 
} 
double Calculate_Energy_E2(double N_in, double S_in, double W_in, double E_in) 
{ 
 return W_in * Pforward2 + N_in * P2D_p + S_in * P2D_m + E_in * P1D; 
} 
double Calculate_Energy_Vertical2(double N_in, double S_in, double W_in, double E_in) 
{ 
 return (N_in + S_in + W_in + E_in) * Prad; 
} 
double Calculate_Energy_Internal2(double N_in, double S_in, double W_in, double E_in) 
{ 
 return (N_in + S_in + W_in + E_in) * Pi2; 
} 
void Initialize() 
{ 
 
 N_in = 1; 
 S_in = 1; 
 W_in = 1; 
 E_in = 1; 
 
 alpha_flag = 0.0; 
 alpha_parameter = Krad; 
 P = 1 - exp(-1); 
 K1D = Transfer(K1D); 
 K2D_p = Transfer(K2D_p); 
 K2D_m = Transfer(K2D_m); 
 Krad = Transfer(Krad); 
 Ki2 = Transfer(Ki + extra_internal); 
 Ki = Transfer(Ki); 
 Pi = Calculate_Percent(Ki); 
 Pi2 = Calculate_Percent(Ki2); 
 P1D = Calculate_Percent(K1D); 
 P2D_p = Calculate_Percent(K2D_p); 
 P2D_m = Calculate_Percent(K2D_m); 
 Prad = Calculate_Percent(Krad); 
 Pforward = 1.0 - (P1D + P2D_m + P2D_p + Prad); 
 Pforward2 = 1.0 - (P1D + P2D_m + P2D_p + Prad); 
 cout << "Pf = " << Pforward << endl; 
 cout << "Pf2 = " << Pforward2 << endl; 
 cout << "P1D = " << P1D << endl; 
 cout << "P2D_p = " << P2D_p << endl; 
 cout << "P2D_m = " << P2D_m << endl; 
 cout << "Prad = " << Prad << endl; 
 cout << "Pi = " << Pi << endl; 
 cout << "Pi2 = " << Pi2 << endl; 
} 
#endif 

Constants Header 



108 
 

#pragma once 
 
#ifndef CONSTANTS_H 
#define CONSTANTS_H 
#include <stdio.h> 
#include <math.h> 
#include <string.h> 
#include <stdlib.h> 
#include <iostream> 
#include <fstream> 
#include <iomanip> 
#include <vector> 
#include <map> 
#include <ctime> 
#include <atlstr.h> 
using namespace std; 
const int MAX_PC_SIZE = 8000000; 
const int PC_COLS = 15; 
double PC_NOW[MAX_PC_SIZE][PC_COLS] = { 0 }; // Power state for current time-step 
double PC_PRE[MAX_PC_SIZE][PC_COLS] = { 0 }; // Power state for previous time-step 
 
double Period = 1.0; // You should set it based on your system 
double Energy = 0.0; 
double P = 0.0; 
double K1D = 0.0, K2D_p = 0.0, K2D_m = 0.0, Krad = 0.0, Ki = 0.0, Ki2 = 0.0; 
double refl = 1.0; // Reflection coefficient (set 1.0 if perfect reflection) 
float chargerate = 1.0; // 1.0 means 100% charging 
int fixed_area = 0; 
double extra_internal = 0.0; 
double MK1D, MK2D = 0; 
int PC_Total; 
int Order; 
int timestep; 
 
double N_in; 
double S_in; 
double W_in; 
double E_in; 
double N_out = 0, S_out = 0, W_out = 0, E_out = 0; 
double Vertical_out = 0, Internal_out = 0; 
double Total_Period, P1D, P2D_p, P2D_m, Prad, Pi, Pforward, Pforward2, Pi2; 
double alpha_para, alpha_int ,alpha_flag, alpha_parameter; 
double mode_data[490000]; 
#endif 

 

Markov Chain Header 

#pragma once 
#ifndef MARKOV CHAIN_H 
#define MARKOV CHAIN_H 
#include "constants.h" 
#include "basic functions.h" 
 
ofstream fout; 
ofstream val; 
//Quarter PC array_Shape of PC array_Shape of contact 
void Q_S_C(int ord, int ts, int fa) //contact size - timestep - unpumped width 
{ 
 cout << "Q_S_C function called with contact: " << ord << ", timestep: " << ts 
<< ", W: " << fa << endl; 
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 int size_cont = ord; 
 int rad = ord / 2; 
 ord = ord + fa * 2; // size + W 
 
 bool Even_odd = ord % 2;   //Judge the order number is Even or Odd   
 int TimeStep, PC_Counter, LINE = 0; 
 Order = ord / 2; //quarter - size + W 
 PC_Total = Order * Order; 
 PC_Counter = PC_Total; 
 double Output_Total = 0; 
 double Ver_Total = 0; 
 double Int_Total = 0; 
 
 memset(PC_NOW, 0, sizeof(PC_NOW)); 
 memset(PC_PRE, 0, sizeof(PC_PRE)); 
 bool TimeOut = true; 
 
 /* timestep loop  */ 
 for (TimeStep = 0; (TimeOut); TimeStep++) 
 { 
 
  for (PC_Counter = 0; (PC_Counter < PC_Total); PC_Counter++) 
  { 
   double loss = 0; 
   double hold = 0; 
   double dis_to_centre = 0; 
 
   PC_NOW[PC_Counter][0] = TimeStep; 
   PC_NOW[PC_Counter][1] = PC_Counter; 
 
   dis_to_centre = sqrt((Order - 1 - PC_Counter / Order) * (Order - 
1 - PC_Counter / Order) + (Order - 1 - PC_Counter % Order) * (Order - 1 - PC_Counter % 
Order));//distance to centre 
   bool dir[] = { 1, 1, 1, 1 ,1 ,1, 1 };   //N-S-W-E-in or out 
contact-south loss-west loss identifiers 
   /*locate the pc - on the edge of unpumped ring or not*/  
            
            
            
  /* Locate the pc - if on edges*/ 
   if (PC_Counter / Order == 0)  // At the bottom line 
   { 
    dir[1] = 0; 
   } 
   if ((PC_Counter / Order) == (Order - 1))  //At the top line 
   { 
    dir[0] = 0;  //Mirror Method 
   } 
   if (PC_Counter % Order == 0)  //At the leftmost line 
   { 
    dir[2] = 0; 
   } 
   if ((PC_Counter % Order) == (Order - 1))  //At the rightmost line 
   { 
    dir[3] = 0;  //Mirror Method 
   } 
 
   /*locate the pc - inside or outside of contact*/ 
   if (dis_to_centre <= (Order)) 
   { 
    dir[4] = 0;//inside 
   } 
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   /*locate the pc - if having south & west loss*/ 
 
   if (dir[1] == 0) 
   { 
    dir[5] = 0; 
   } 
   if (dir[2] == 0) 
   { 
    dir[6] = 0; 
   } 
   //update input data 
 
   if (dir[0] == 0) 
   { 
    PC_NOW[PC_Counter][2] = PC_PRE[PC_Counter][6];   //Nin = 
Nout (Mirror) 
   } 
   else 
   { 
    PC_NOW[PC_Counter][2] = PC_PRE[PC_Counter + Order][7];   
//Nin = Nout (Mirror) 
   } 
   if (dir[1] == 0) 
   { 
    PC_NOW[PC_Counter][3] = PC_PRE[PC_Counter][7] * refl; 
   } 
   else 
   { 
    PC_NOW[PC_Counter][3] = PC_PRE[PC_Counter - Order][6]; 
   } 
   if (dir[2] == 0) 
   { 
    PC_NOW[PC_Counter][4] = PC_PRE[PC_Counter][8] * refl; 
   } 
   else 
   { 
    PC_NOW[PC_Counter][4] = PC_PRE[PC_Counter - 1][9]; 
   } 
   if (dir[3] == 0) 
   { 
    PC_NOW[PC_Counter][5] = PC_PRE[PC_Counter][9];   //Ein = 
Eout (Mirror) 
   } 
   else 
   { 
    PC_NOW[PC_Counter][5] = PC_PRE[PC_Counter + 1][8];   //Ein 
= Eout (Mirror) 
   } 
 
 
   /* caluculate in-plane energy transfer*/ 
   /* charged area is inner and uncharged area is outer*/ 
   /* function 1: charged area*/ 
   /* function 2: cancel energy injection of uncharged area*/ 
 
   if (dir[4] == 0)//charged 
   { 
    PC_NOW[PC_Counter][10] = 
Calculate_Energy_Vertical(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
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    PC_NOW[PC_Counter][6] = 
Calculate_Energy_N(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]) + 1; 
    PC_NOW[PC_Counter][7] = 
Calculate_Energy_S(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]) + 1; 
    PC_NOW[PC_Counter][8] = 
Calculate_Energy_W(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]) + 1; 
    PC_NOW[PC_Counter][9] = 
Calculate_Energy_E(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]) + 1; 
    PC_NOW[PC_Counter][11] = 
Calculate_Energy_Internal(PC_NOW[PC_Counter][6], PC_NOW[PC_Counter][7], 
PC_NOW[PC_Counter][8], PC_NOW[PC_Counter][9]); 
    PC_NOW[PC_Counter][6] = 
remove_internal_loss(PC_NOW[PC_Counter][6]); 
    PC_NOW[PC_Counter][7] = 
remove_internal_loss(PC_NOW[PC_Counter][7]); 
    PC_NOW[PC_Counter][8] = 
remove_internal_loss(PC_NOW[PC_Counter][8]); 
    PC_NOW[PC_Counter][9] = 
remove_internal_loss(PC_NOW[PC_Counter][9]); 
   } 
   else 
   { 
    PC_NOW[PC_Counter][10] = 
Calculate_Energy_Vertical(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][6] = 
Calculate_Energy_N2(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][7] = 
Calculate_Energy_S2(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][8] = 
Calculate_Energy_W2(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][9] = 
Calculate_Energy_E2(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][11] = 
Calculate_Energy_Internal2(PC_NOW[PC_Counter][6], PC_NOW[PC_Counter][7], 
PC_NOW[PC_Counter][8], PC_NOW[PC_Counter][9]); 
    PC_NOW[PC_Counter][6] = 
remove_internal_lossex(PC_NOW[PC_Counter][6]); 
    PC_NOW[PC_Counter][7] = 
remove_internal_lossex(PC_NOW[PC_Counter][7]); 
    PC_NOW[PC_Counter][8] = 
remove_internal_lossex(PC_NOW[PC_Counter][8]); 
    PC_NOW[PC_Counter][9] = 
remove_internal_lossex(PC_NOW[PC_Counter][9]); 
   } 
   /* calculate in-plane loss here*/ 
   if (dir[5] == 0)//south loss 
   { 
    loss = loss + PC_NOW[PC_Counter][7] * (1 - refl); 
   } 
   if (dir[6] == 0)//west loss 
   { 
    loss = loss + PC_NOW[PC_Counter][8] * (1 - refl); 
   } 
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   Ver_Total = Ver_Total + PC_NOW[PC_Counter][10];  //Calculate 
total vertical loss (x4) 
   Int_Total = Int_Total + PC_NOW[PC_Counter][11];  //Calculate 
total internal loss (x4) 
   Output_Total = Output_Total + loss;  //Calculate total in-plane 
loss (x4) 
  } 
 
  /// 
//////////////////////////////////////////////////////////////////////////////////////
//////////////////////////////////////////////////////////////////////////////////////
////////////////////////////////////////////////////////// 
  /*loss record function*/ 
  if (TimeStep == ts) 
  { 
   double z; 
   z = TimeStep; 
   fout << size_cont << "," << fa << ","; 
   alpha_para = alpha_parameter * Output_Total / Ver_Total; 
   alpha_int = alpha_parameter * Int_Total / Ver_Total; 
   fout << setprecision(12) << Ver_Total << "," << setprecision(12) 
<< Int_Total << "," << setprecision(12) << Output_Total << "," << setprecision(12) << 
z << "," << setprecision(12) << alpha_para << "," << alpha_int << "," << "\r";// 
   cout << "a// = " << alpha_para << ", ai = " << alpha_int << ", 
timestep = " << TimeStep << endl; 
   TimeOut = 0; 
 
  } 
  /// 
//////////////////////////////////////////////////////////////////////////////////////
//////////////////////////////////////////////////////////////////////////////////////
//////////////////////////////////////////////////////////////////////////////////////
//////////////////////////////////////////////////////// 
  /*mode data record function 
  if (TimeStep == ts) 
  { 
   alpha_para = alpha_parameter * Output_Total / Ver_Total; 
   printf("%2.9f \n", alpha_para); 
   for (int j = 0, k = 0; j < Order; j++) 
   { 
    for (int i = 0; i < Order; i++, k++) 
    { 
     fout << PC_NOW[k][10] << ","; 
    } 
    fout << "\n"; 
   } 
   TimeOut = 0; 
 
  }*/ 
 
 
  /* Prepare for timestep jump */ 
  for (PC_Counter = 0; PC_Counter < PC_Total; PC_Counter++) 
  { 
   for (int i = 0; i < 15; i++) 
   { 
    PC_PRE[PC_Counter][i] = PC_NOW[PC_Counter][i]; 
    PC_NOW[PC_Counter][i] = 0; 
   } 
 
  } 
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 } 
} 

void Q_S_S(int ord, int ts, int fa) //contact size - timestep - unpumped width 
{ 
 cout << "Q_S_S function called with contact: " << ord << ", timestep: " << ts 
<< ", W: " << fa << endl; 
 int size_cont = ord; 
 ord = ord + fa * 2; // size + W 
 
 bool Even_odd = ord % 2;   //Judge the order number is Even or Odd   
 int TimeStep, PC_Counter, LINE = 0; 
 Order = ord / 2; //quarter - size + W 
 PC_Total = Order * Order; 
 PC_Counter = PC_Total; 
 double Output_Total = 0; 
 double Ver_Total = 0; 
 double Int_Total = 0; 
 
 memset(PC_NOW, 0, sizeof(PC_NOW)); 
 memset(PC_PRE, 0, sizeof(PC_PRE)); 
 bool TimeOut = true; 
 
 /* timestep loop  */ 
 for (TimeStep = 0; (TimeOut); TimeStep++) 
 { 
  for (PC_Counter = 0; (PC_Counter < PC_Total); PC_Counter++) 
  { 
   PC_NOW[PC_Counter][0] = TimeStep; 
   PC_NOW[PC_Counter][1] = PC_Counter; 
 
   bool dir[] = { 1, 1, 1, 1 ,1 ,1, 1 };   //N-S-W-E-in or out 
contact-south loss-west loss identifiers 
   /*locate the pc - on the edge of unpumped ring or not*/  
            
            
            
  /* Locate the pc - if on edges*/ 
   if (PC_Counter / Order == 0)  // At the bottom line 
   { 
    dir[1] = 0; 
   } 
   if ((PC_Counter / Order) == (Order - 1))  //At the top line 
   { 
    dir[0] = 0;  //Mirror Method 
   } 
   if (PC_Counter % Order == 0)  //At the leftmost line 
   { 
    dir[2] = 0; 
   } 
   if ((PC_Counter % Order) == (Order - 1))  //At the rightmost line 
   { 
    dir[3] = 0;  //Mirror Method 
   } 
 
   /*locate the pc - inside or outside of contact*/ 
   if ((PC_Counter / Order) >= fa && (PC_Counter % Order) >= fa) 
   { 
    dir[4] = 0;//inside 
   } 
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   /*locate the pc - if having south & west loss*/ 
 
   if (dir[1] == 0) 
   { 
    dir[5] = 0; 
   } 
   if (dir[2] == 0) 
   { 
    dir[6] = 0; 
   } 
 
   //update input data 
   if (dir[0] == 0) 
   { 
    PC_NOW[PC_Counter][2] = PC_PRE[PC_Counter][6];   //Nin = 
Nout (Mirror) 
   } 
   else 
   { 
    PC_NOW[PC_Counter][2] = PC_PRE[PC_Counter + Order][7];   
//Nin = Nout (Mirror) 
   } 
   if (dir[1] == 0) 
   { 
    PC_NOW[PC_Counter][3] = PC_PRE[PC_Counter][7] * refl; 
   } 
   else 
   { 
    PC_NOW[PC_Counter][3] = PC_PRE[PC_Counter - Order][6]; 
   } 
   if (dir[2] == 0) 
   { 
    PC_NOW[PC_Counter][4] = PC_PRE[PC_Counter][8] * refl; 
   } 
   else 
   { 
    PC_NOW[PC_Counter][4] = PC_PRE[PC_Counter - 1][9]; 
   } 
   if (dir[3] == 0) 
   { 
    PC_NOW[PC_Counter][5] = PC_PRE[PC_Counter][9];   //Ein = 
Eout (Mirror) 
   } 
   else 
   { 
    PC_NOW[PC_Counter][5] = PC_PRE[PC_Counter + 1][8];   //Ein 
= Eout (Mirror) 
   } 
 
 
   /* caluculate in-plane energy transfer*/ 
   /* charged area is inner and uncharged area is outer*/ 
   /* function 1: charged area*/ 
   /* function 2: cancel energy injection of uncharged area*/ 
 
   if (dir[4] == 0)//charged 
   { 
    PC_NOW[PC_Counter][10] = 
Calculate_Energy_Vertical(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
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    PC_NOW[PC_Counter][6] = 
Calculate_Energy_N(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]) + 1; 
    PC_NOW[PC_Counter][7] = 
Calculate_Energy_S(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]) + 1; 
    PC_NOW[PC_Counter][8] = 
Calculate_Energy_W(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]) + 1; 
    PC_NOW[PC_Counter][9] = 
Calculate_Energy_E(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]) + 1; 
    PC_NOW[PC_Counter][11] = 
Calculate_Energy_Internal(PC_NOW[PC_Counter][6], PC_NOW[PC_Counter][7], 
PC_NOW[PC_Counter][8], PC_NOW[PC_Counter][9]); 
    PC_NOW[PC_Counter][6] = 
remove_internal_loss(PC_NOW[PC_Counter][6]); 
    PC_NOW[PC_Counter][7] = 
remove_internal_loss(PC_NOW[PC_Counter][7]); 
    PC_NOW[PC_Counter][8] = 
remove_internal_loss(PC_NOW[PC_Counter][8]); 
    PC_NOW[PC_Counter][9] = 
remove_internal_loss(PC_NOW[PC_Counter][9]); 
   } 
   else 
   { 
    PC_NOW[PC_Counter][10] = 
Calculate_Energy_Vertical(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][6] = 
Calculate_Energy_N2(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][7] = 
Calculate_Energy_S2(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][8] = 
Calculate_Energy_W2(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][9] = 
Calculate_Energy_E2(PC_NOW[PC_Counter][2], PC_NOW[PC_Counter][3], 
PC_NOW[PC_Counter][4], PC_NOW[PC_Counter][5]); 
    PC_NOW[PC_Counter][11] = 
Calculate_Energy_Internal2(PC_NOW[PC_Counter][6], PC_NOW[PC_Counter][7], 
PC_NOW[PC_Counter][8], PC_NOW[PC_Counter][9]); 
    PC_NOW[PC_Counter][6] = 
remove_internal_lossex(PC_NOW[PC_Counter][6]); 
    PC_NOW[PC_Counter][7] = 
remove_internal_lossex(PC_NOW[PC_Counter][7]); 
    PC_NOW[PC_Counter][8] = 
remove_internal_lossex(PC_NOW[PC_Counter][8]); 
    PC_NOW[PC_Counter][9] = 
remove_internal_lossex(PC_NOW[PC_Counter][9]); 
   } 
 
   /* calculate in-plane loss here*/ 
   if (dir[5] == 0)//south loss 
   { 
    Output_Total = Output_Total + PC_NOW[PC_Counter][7] * (1 - 
refl); 
   } 
   if (dir[6] == 0)//west loss 
   { 
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    Output_Total = Output_Total + PC_NOW[PC_Counter][8] * (1 - 
refl); 
   } 
 
   Ver_Total = Ver_Total + PC_NOW[PC_Counter][10];  //Calculate 
total vertical loss (x4) 
   Int_Total = Int_Total + PC_NOW[PC_Counter][11];  //Calculate 
total internal loss (x4) 
  } 
 
  /// 
//////////////////////////////////////////////////////////////////////////////////////
//////////////////////////////////////////////////////////////////////////////////////
////////////////////////////////////////////////////////// 
  /*loss record function*/ 
  if (TimeStep == ts) 
  { 
   double z; 
   z = TimeStep; 
   fout << size_cont << "," << fa << ","; 
   alpha_para = alpha_parameter * Output_Total / Ver_Total; 
   alpha_int = alpha_parameter * Int_Total / Ver_Total; 
   fout << setprecision(12) << Ver_Total << "," << setprecision(12) 
<< Int_Total << "," << setprecision(12) << Output_Total << "," << setprecision(12) << 
z << "," << setprecision(12) << alpha_para << "," << alpha_int << "," << "\r";// 
   cout << "a// = " << alpha_para << ", ai = " << alpha_int << ", 
timestep = " << TimeStep << endl; 
   TimeOut = 0; 
 
  } 
  /// 
//////////////////////////////////////////////////////////////////////////////////////
//////////////////////////////////////////////////////////////////////////////////////
//////////////////////////////////////////////////////////////////////////////////////
//////////////////////////////////////////////////////// 
  /*mode data record function*/ 
  /*if (TimeStep == ts) 
  { 
   alpha_para = alpha_parameter * Output_Total / Ver_Total; 
   printf("%2.9f \n", alpha_para); 
   for (int j = 0, k = 0; j < Order; j++) 
   { 
    for (int i = 0; i < Order; i++, k++) 
    { 
     fout << PC_NOW[k][10] << ","; 
    } 
    fout << "\n"; 
   } 
   TimeOut = 0; 
 
  }*/ 
 
 
  /* Prepare for timestep jump */ 
  for (PC_Counter = 0; PC_Counter < PC_Total; PC_Counter++) 
  { 
   for (int i = 0; i < 15; i++) 
   { 
    PC_PRE[PC_Counter][i] = PC_NOW[PC_Counter][i]; 
    PC_NOW[PC_Counter][i] = 0; 
   } 
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  } 
 
 } 
} 
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