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 Abstract — In this work, device designs to improve the power 

conversion efficiency of PCSELs are analyzed by a probabilistic 

Markov chain model. Critical comparison of total parasitic loss, 

output ratio, threshold current and power conversion efficiency at 

1 W are considered. This is carried out for a range of possible new 

device designs that address self-absorption in the boundary PC to 

the PCSEL active element. 
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I. INTRODUCTION 

hotonic crystal surface emitting lasers (PCSELs) are a 

new class of semiconductor lasers that boast both high 

brightness and high functionality while maintaining the 

merits of semiconductor lasers, making them of significant 

research interest. [1] The large stable modes of the PCSEL 

allow high single-mode powers [2-5], bringing the opportunity 

for new applications of laser diodes that bridge the brightness 

gap between solid-state laser systems and laser diodes. Whilst 

record brightness has been achieved, [3] power conversion 

efficiency (PCE) must be suitable for application roll out. [6-7] 

Applying unpumped photonic crystal (PC) boundaries is a 

conventional route to enhance PCE. In our recent study, we 

explored the loss mechanism of PCSELs with this conventional 

structure. Introducing self-absorption loss due to the unpumped 

quantum well active element in the unpumped boundary region, 

we showed that in-plane loss (α//) and internal loss (αi) of the 

PCSEL are interlinked. [8] 

In this paper we extend this simulation to explore a range of 

device designs to minimize parasitic loss in PCSELs by 

removing this self-absorption. We begin by describing the 

device types to be explored, and reviewing the Probabilistic 

Markov chain (PMC) model. We then describe the inputs and 

outputs to the simulation. We then explore 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 are explored and 

the PCE for an exemplary 1 W source are discussed. For the 
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butt-coupled device we consider the fabrication related issues 

of scattering loss at the etched/regrown waveguide interface. 

For the selective area intermixed device, the lateral extent of the 

transition from active to passive wavelengths is also considered. 

We include additional waste power 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. 

II. DEVICE TYPES 

Figure 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 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 are lasing. It has been discussed in previous 

studies that the current spreading region is small compared to 

the leakage of photons into the surrounding PC boundary, so 

the transition between gain and loss is considered to be abrupt 

in this study. [8]  

Figure 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 [4-7, 9-11]. The design has been analyzed, and the 

interconnection of in-plane loss and internal loss has been 

highlighted in previous studies [8] 

Figures 1(b) and 1(c) consider widely utilized monolithic 

integration technologies to realize passive boundary PC 

elements. Figure 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.  
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However, this process introduces scattering loss at the 

active/passive butt-coupled interface. We accommodate this 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 1(c) is PCSEL utilizing selective area quantum well 

intermixing (QWI). This is a solution to tune the 

emission/absorption wavelength by using a post-growth 

process to locally alter the bandgap energy of quantum well. 

[12] Based on this, 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 [13], and to 

locally vary the emission in broad spectral band-width devices 

[14]. However, this approach gives rise to a non-abrupt spatial 

change in the wavelength of optical transitions as it is driven by 

atomic diffusion. We consider a transition region (G) between 

the intermixed section and non-intermixed section. We assume 

the change in optical transition energy results in a linear 

variation in the QW absorption, [15-16]. 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.  

We do not consider selective area epitaxy [17] 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 1(a). 

Figure 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. We consider the 

boundary 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 [18-19] 

and have been employed in mode-locked edge emitting lasers 

[20] and PCSELs [21]. 

III. PROBABILISTIC MARKOV CHAIN MODEL 

The probabilistic Markov chain (PMC) model links the 

microscopic coupling coefficients (κ) and the macroscopic 

device-level loss (α) of the PCSEL device using a Markov chain 

logic and statistical method. [22] The PMC model does not 

perform any solutions to Maxwell’s equations, rather it relies 

upon the input of scattering coefficient that can be determined 

experimentally [23-24], or from simulation. [25-28] With those 

parameters (in cm-1), the probabilities of light scattering to 

different cardinal directions, out of plane, and to internal loss 

are then calculated. At each PC atom, for each time-step the 

input light is redistributed to different directions based on these 

probabilities. If the PC is on the edge of the PC area, exiting 

optical power is collected and contributes to the total in-plane 

loss, being the sum of the in-plane loss of all edge PC atoms. 

The internal loss and out-of-plane loss are also summed at each 

PC atom. We can use the out-of-plane loss to generate a near-

field pattern of the simulated device. The simulation is 

terminated at a time step where we consider the simulation to 

have converged.  This is determined by completing a few 

simulations with very long runtimes and choosing a suitable 

timestep where the in-plane loss is within 0.1 cm-1 of this 

“infinite” case [29].  

Figure 2(a) shows schematic of a simple PCSEL (not 

including the unpumped boundary discussed in detail later) and 

the PC atom-to-atom optical power scattering at play. This 

schematic captures the essence of the PMC model, where 

optical power in each of the cardinal directions of the PC is 

generated and scattered between PC atoms. Input PC scattering 

coefficients apply to each PC element, with in-plane loss being 

calculated at the edge of PC region. Internal loss and radiative 

loss are also considered at each PC atom, and can be summed 

once convergence is achieved. [30] This allows the device level 

losses to be calculated for different sizes and shapes of PCSEL, 

and different scattering parameters of the PC. 

 
Fig. 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. 



2 

JSTQE-CON-ASEL2026-10328-2025.R1 

 

 
The PMC method allows the effectiveness of changing the 

PCSEL perimeter to be readily and rapidly simulated. Figure 

2(b) shows the schematic of a resonator embedded PCSEL 

(REPCSEL). [31] Here the photonic crystal region is 

surrounded by a 1st order DBR mirror on each edge. In the 

PMC model, the in-plane DBR is represented as a mirror with 

power reflectivity to the lasing mode that can be arbitrarily 

changed with R = 0 being the simple PCSEL in Figure 2(a).  

Figure 3(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 I also plotted. We 

previously reported results from devices with a side of 200 um. 

[31]. It can be seen from figure 3(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, [31] the coupling coefficients of the 

PCSEL and REPCSEL are κ1D = 113.2 cm-1, κ2D = 2.4 cm-1, α⊥ 

= 1 cm-1, αi = 5 cm-1 which can be directly used as the input 

parameters of the PMC model. 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 3(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) (1) 

Where Jth is threshold current density, J0 is transparent 

current density, gth is threshold gain, g0 is a differential gain 

coefficient. This yielded J0 = 380 Acm-2 and g0 = 120 cm-1. 

We now use the following equation for ηSE to continue the 

fitting [7]:  

𝜂𝑆𝐸 =
1.24

𝜆
(1 − 𝐴)𝜂𝑖

1
2

(1 + 2√𝑅 cos 𝜃 + 𝑅)𝛼⊥

(1 + √𝑅 cos 𝜃)𝛼⊥ + 𝛼// + 𝛼𝑖

(2) 

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// we use a single fit parameter of the 

radiative rate (5.0 cm-1). 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 3(a) and 3(b). A very good agreement  

with experimental results is obtained in both cases.  

IV. SIMULATION INPUT AND OUTPUT 

We now discuss the input parameters we use in the 

simulation of our proposed device structures to explore routes 

to maximize PCE. Table 1 presents input parameters we used 

that are mainly from an InP-based PCSEL from literature [32]. 

λ here is the emitted wavelength of the operating device, while 

lattice constant a, is 480 nm which represents the wavelength of 

light in PC layer. The size of device, S is represented the 

diameter of p-electrode, in this case S = ϕ200um. κ1D represent 

the 180◦ in-plane coupling strength, while κ2D represent the 90◦ 

in-plane coupling strengths. The difference between κ2D+ and 

κ2D- is caused by the asymmetry of the PC. [6-7] α⊥ and αi are 

the radiation loss and internal loss.  

 

 
Fig. 2. Schematic, the definition of in-plane coupling 

coefficients (κ1D & κ2D) and algorithm of calculating in-

plane loss in PMC model of (a) PCSEL; (b) REPCSEL. 
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In the absence of the authors providing J0 and g0 values, we use 

those that we obtained experimentally. 

With reference to edge emitting lasers: [33] 

𝜂𝑑 = 𝜂𝑖

𝛼𝑚

𝛼𝑚 + 𝛼𝑖

(3) 

Where ηd is a differential quantum efficiency, αm is the 

mirror loss of the laser cavity. For the PCSEL, we update the 

definition referencing from equation 2:  

𝜂𝑑 = 𝜂𝑖

1
2

(1 + 2√𝑅 cos 𝜃 + 𝑅)𝛼⊥

(1 + √𝑅 cos 𝜃)𝛼⊥ + 𝛼// + 𝛼𝑖

(4) 

Assuming the case of R = 1 and θ = 0◦ as: 

𝜂𝑑 = 𝜂𝑖

2𝛼⊥

2𝛼⊥ + 𝛼// + 𝛼𝑖

(5) 

Or:  

𝜂𝑑 = 𝜂𝑖𝜂⊥ (6) 

Where:  

𝜂⊥ =
2𝛼⊥

2𝛼⊥ + 𝛼// + 𝛼𝑖

(7) 

Where η⊥ is the PCSEL output ratio.  

For this case, the gain threshold can be described as: 

𝑔𝑡ℎ = 2𝛼⊥ + 𝛼// + 𝛼𝑖 (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

(9) 

Where the chosen power, Pchosen is 1 W; Vin is based on 

typical I-V characteristics from the literature [32]: 

𝑉 = 𝑉0 + 𝐼𝑅 (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

(11) 

Where P1 is the chosen power 1 W, P2 is the power at 

threshold current, which is almost 0 as reported in literature 

[32], I1 is the input current Iin, I2 is the threshold current Ith, then 

we have: 

𝐼𝑖𝑛 =
1

𝜂𝑆𝐸

+ 𝐼𝑡ℎ (12) 

We note 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. We point out in the results below that we 

use 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. 

  

V. ABSORPTIVE PC BOUNDARY 

Figure 4(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. This absorption coefficient 

(κab) is dictated by the MQW design and detuning between 

active element peak gain and the PCSEL lasing wavelength. In 

this work we estimate κab = 100 cm-1. [7] We apply this κab to 

 
Fig. 3. (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. 

TABLE I  

INPUT PARAMETERS FOR PMC MODEL AND DATA 

PROCESSING 

 Wavelength (λ) 1550 nm κ2D+ 197 cm-1 

Lattice constant 

(a) 
480 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 Acm-2 

κ1D 468 cm-1 g0 120 cm-1 
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the boundary area, contributing to the device level internal loss. 

Figure 4(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 device level 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, we move on to the total 

parasitic losses and output ratio. Figure 4(c) plots the total 

parasitic loss (αparasitic = α//+αi) and calculated output ratio (η⊥) 

as 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 4(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 4(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 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 5-7). Reducing the QW number to 

reduce absorption requires the reduction in total device loss to 

be a valid approach [7, 35]. Detuning the gain peak is an 

additional route to reducing self-absorption [36], but this again 

comes with a reduction in operating characteristics and 

increased temperature sensitivity.  

VI. BUTT-COUPLED ACTIVE/PASSIVE PCSEL 

Figure 5(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).  

We initially use a value for this scattering loss of 1dB, 

experimentally determined for monolithically integrated edge-

emitting lasers [37]. Figure 5(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 increase of η⊥, raising from 0.17 to 

0.29. We note that total parasitic loss is very similar to those of 

the unpumped boundary.  

Figure 5(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. 

 
Fig. 4. (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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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 

5(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. 

VII. SELECTIVE AREA INTERMIXED ACTIVE/PASSIVE PCSEL 

Figure 6(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 (~20um for InP based devices) [20] W and G have a 

total width of 350 #PC as in previous discussions. 

Figure 6(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(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 [38-

39], 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 tra 

-nsition thicknesses of 5 and 25 #PC, corresponding to ~2 and 

10 um. Figure 6(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 = 25 #PC, PCE has a maximum value 

of 0.16 at S = 600 #PC; the case G = 5 #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.  

VIII. DUAL CONTACT PCSEL 

Using the characteristic boundary width W=350#PC from 

above, we move on to explore the effect of adding a second 

independent contact to the boundary layer. Figure 7(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. We consider a current being applied to C2 to 

 
Fig. 5. (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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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 (13) 

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 = 𝐽0𝑆𝐶2 (14) 

Figure 7(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 7(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 to the absorptive boundary case (Fig. 4(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.  

We 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 7(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).  

 

IX. 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 region 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 

 
Fig. 6. (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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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.  

X. SUMMARY 

A range of device designs to minimize parasitic loss in 

PCSELs have been explored using the Probabilistic Markov 

chain (PMC) model. We described 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 we considered 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. 
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