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Abstract 

Wavelength-scale metal-clad semiconductor lasers have been of considerable interest as 

potentially ideal light sources for on-chip optical interconnects and photonic integrated 

circuits. Eligible device should provide continuous-wave electrically-pumped lasing under 

room-temperature with integration to waveguides, which gives advancement in terms of 

energy efficiency, modulation response, as well as high integration density from modern 

fabrication techniques.  

This thesis aims at contributing to research on electrically-pumped wavelength-scale metal-

clad semiconductor lasers with potential for waveguide-coupling, from both device design 

and fabrication perspectives. We present design of novel waveguide-coupling schemes 

with comprehensive numerical computation including both electromagnetic analysis and 

thermodynamic analysis, and an extensive investigation in fabrication techniques for 

wavelength-scale metal-clad semiconductor lasers to achieve continuous-wave electrically-

pumped room-temperature lasing.  

For device design, we propose a wavelength-scale silver-clad InP/InGaAs cavity coupled 

to silicon-on-insulator (SOI) waveguide with thin InP lower-cladding layer for improved 

heat dissipation under typical working conditions. We present design of an integrated 

feedback stub for external tuning of the Q-factor for such waveguide-coupled lasers without 

sacrificing its figure-of-merit or heat-management performance, and we demonstrate more 

than 5-fold Q-factor improvement of the cavity through finite-dimension time-domain 

(FDTD) simulation results. In addition, we provide theoretical analysis of the Q-factor-

tuning mechanism with coupled-mode theory, and the modeling results agree well with 

those obtained from FDTD simulations.  

In the case of device fabrication and measurement, we present extensive investigation of 

the complete fabrication process of silver-clad InP/InGaAs cavities on InP substrate 

packaged with gold electrodes eligible for electrically-pumped operation. We demonstrate 

several improvements in the fabrication process including semiconductor side-wall 

verticality and silver quality, and provide detailed discussions on possible future 

improvements. We present I-V measurement and electroluminescence measurement results 

of selected devices after fabrication. In particular, cavity enhancement in room-temperature 

of a silver-clad InP/InGaAs circular light emitter of volume 0.52 λ3 is achieved under 

continuous wave electrically-pumping.  
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Chapter 1   

Background: What Leads us to Metal-Clad 

Semiconductor Lasers  

1.1  Introduction 

This chapter elaborates the motivation of studying design and fabrication of wavelength-

scale metal-clad semiconductor lasers with potential of being coupled to waveguide in 

integrated photonic circuits.  

Before we get into the technical problem, in section 1.2, we briefly explain the research 

motivation from a more philosophical understanding of the problem we face, so as to clarify 

what benefits this project intends to bring to the world, from a personal perspective of 

academic research in electrical engineering.  

Then, in section 1.3, we would go into the details of the problem, and lead the audience 

into the role that metal-clad semiconductor laser tries to fit in. After that, in section 1.4, we 

would provide a brief review of previous research of such metal-clad semiconductor lasers, 

covering several different works and comparing their results in term of solving the problem 

discussed in section 1.3.  

1.2  Research Motivation: A Personal Understanding 

Electrical engineering sets off to tackle problems that could be solved using novel electrical 

devices. Different from engineering research in the industry, engineering research in 

academics would target on research projects that may lead to products that come to the 

market decades ahead of time, and seek for solutions of a problem at higher dimension, or 

say, would benefit mankind in a longer term. In my opinion, such problems drop into three 

main categories, to realize novel functionality that is previously unavailable, to develop 

new technology so as to reduce cost or save energy replacing existing solutions to a given 

problem, or to demonstrate applications of a new discovery in physics that may potentially 

raise new problem or develop new technology.  

The information and telecommunication industry has been growing rapidly during the past 

decades and has brought huge change in human’s everyday life. It becomes an essential 

part of almost any urban lifestyle, revolutionizing in every aspect from components of 

novel electronic devices to computation powers of huge data centers. Human desire 
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increases inevitably, calling for faster communication and service of larger scale, thus 

providing a potential market for such solutions. Among them, low-energy on-chip light 

source for optical interconnects and telecommunication applications is one of a research 

problem that attracts major attention. This is a problem that drops in the second category, 

that is, developing new technology so as to reduce cost or save energy replacing existing 

solutions to a given problem. I am personally interested in problems in this category, 

because it demonstrates wisdom applied to live life in better quality with lower 

consumption of nature resources, in the long term. A concept as simple as to “live more 

with less”. This is, in my opinion, the only category that saves mankind from dying of 

unstoppable desire and losing humanity. Though not usually cared for nowadays, I still feel 

strongly obligated to clarify this motivation, and therefore this has become a short 

explanation of why low-energy on-chip light source for optical interconnects and 

telecommunication applications is worth researching on.  

1.3  Global Energy Consumption and Low-Energy On-Chip Light Source 

In this section, I would like to explain briefly why low-energy on-chip light source for 

optical interconnects and telecommunication applications falls in the second category, and 

what problem in energy it is truly served for.  

 1.3.1  Increasing Demand in Energy-Efficient Communication 

The data traffic in long distance and short distance are growing rapidly in recent decades, 

especially after the development of internet. Total internet traffic in 2016 is estimated at 

~280 Tb/s, while in 2012 inside a data center the capacity would be estimated for larger 

than 1Pb/s. As an example, one graphics processor chip has a peak data rate on and off the 

chip of 1.4 Tb/s, which shows how heavy the interconnect traffic at shorter distances deeper 

inside information processing machines could be [1, 2].  

As to handle such traffic to communicate information, at longer or shorter distance, energy 

is consumed. In 2012, it was estimated that information processing and computing 

including data centers, personal computers and networks consume 4.6 % of world 

electricity production, and the growth rate of consumption exceeds the growth rate in 

electricity generation capacity. In other words, the energy consumption will be larger than 

we could afford with current growth rate. Thus, we would need to reduce the total energy 

consumption.  
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Table I Energies for communications and computations [1]. WDM- wavelength division 

multiplexing, DRAM – dynamic random-access memory, CMOS- complementary metal-

oxide-semiconductor transistor. Refer to [1] for detailed notes and references of each data. 

To reduce the total energy consumption with a growing data rate, the only solution would 

be to reduce the energy per bit in communication and processing. That is to say, if we can 

communicate more efficiently, we can communicate in higher capacity with lower 

consumption of total energy. Table I shows the approximate energies per bit in various 

processing and communication operations using electrical circuits [1].  

 1.3.2  Low-Energy On-Chip Light Source 

From various previous studies, it is shown that the energy consumption of current electrical 

interconnects can typically range from picojoules-per-bit to much higher values. The 

energy efficiency of electrical circuits has a lower limit, since that one has to inevitably 

charge the line or other electromagnetic medium to the signal voltage.  

This is where optics comes to play a competitive role. In optics, one only has to charge or 

discharge the optoelectronic detector or any equivalent device, and the detection of light is 

a quantum-mechanical process of absorbing photons, instead of a classical process of 

measuring the voltage of the light beam. That is to say, the photodetector counts photons, 

instead of measuring voltage. Also, optics allows higher densities of information to flow 

(higher bandwidth), which has already been adopted in longer distance communications. 

With wavelength division multiplexing (WDM) or space division multiplexing (SDM), the 

information transmission capacity is further expanded.  

With such potential in revolutionary reduction in energy consumption, optical interconnect 

has attracted much attention in research during the past decades. The key challenge of 
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outperforming electrical interconnect would be to realize the lower energy-per-bit as 

promised. In other words, we should make optoelectronic device that consumes lower 

energy than the energy required to charge an equivalent length of electrical line.  

One of the key component in optical interconnection links is an optical output device that 

can (1) operate at low energy but deliver the power efficiently, and (2) emit power in a 

form that can be efficiently delivered to the photodetector at the other end of the link, 

preferably to emit light into a single spatial mode.  

Lasers and light-emitting diodes (LEDs) in wavelength-scale naturally become competitive 

choices in realizing the required standards for optical output device.  

As for lasers, semiconductor lasers today are perfect candidates as they have high gain per 

unit length. The energy per bit of a laser less than 50 fJ/bit is required for competing with 

the current electrical interconnects [1]. This could be realized by using advanced structures 

such as photonic crystal, nano-ring structures and so on [3].  

As for LEDs, despite their typical optical inefficiency from emitting into large numbers of 

spatial modes, it comes into attention in this case due to its advantage in small dimensions. 

LED with subwavelength volumes can emit into only one spatial mode (or two, including 

polarization), which is required in low-energy high-efficiency optical communication. 

Small LEDs also attract much recent attention due to the Purcell enhancement related [4, 

5], as in smaller dimension there proves to be enhancement of the spontaneous rate 

emission into the modes with strong optical concentration. Examples include nanoLEDs 

with antenna enhancement [6], nanoLEDs coupled to InP waveguides [7] and so on.  

1.4  Wavelength-Scale Metal-Clad Semiconductor Lasers 

In search for an ideal low-energy on-chip light source, we would look into the light emitter 

in terms of integration density, speed and energy efficiency. Although hybrid III-V/Si lasers 

using either hybrid growth or wafer bonding techniques have been demonstrated [8], and 

largely improved confinement in small footprint has been demonstrated using novel 

designs of ring structures [9] or photonic crystal structures [10, 11], the device footprints 

are still relatively large and power consumptions are still larger than required.  

Another powerful approach, however, has also been under active research during the past 

decade. That is to use a metal-cladding layer outside the semiconductor laser cavity for 

improving the device performance for devices of small footprint at wavelength scale. Such 

wavelength-scale metal-clad semiconductor lasers are promising because of their high 

integration density, fast modulation, and ease for electrical-pumped operation [12-14].  
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Figure 1.1 Schematic of a typical wavelength-scale metal-clad semiconductor laser compatible 

for electrically-pumped operation. In this schematic, the semiconductor core is formed by 

InP/InGaAs/InP stack, and the insulation layer is formed by SiO2, with a metal-cladding coated 

by silver.  

Figure 1.1 shows a schematic of a typical wavelength-scale metal-clad semiconductor 

lasers compatible for electrically-pumped operation. Various types of metal-clad 

semiconductor lasers have been demonstrated experimentally by using cylindrical [15-22], 

narrow waveguide [23], rectangular [24, 25], and capsule-shaped [26, 27] geometries.  

 

Figure 1.2 Structures of electrically-pumped wavelength-scale metal-clad semiconductor 

laser[24]. (a) Layer compositions of the silver-clad InP/InGaAs rectangular semiconductor cavity. 

(b) Scanning electron microscope (SEM) image of the semiconductor core, (c) SEM image of the 

cavity after coating with SiN and silver. Scale bars in (b) and (c) are both 1 um.  

Electrically-pumped wavelength-scale metal-clad semiconductor laser was firstly 

demonstrated for room-temperature continuous-wave operation in 2013, reported by 

K.Ding et al [24]. As shown in Fig 1.2, this laser cavity has a cavity volume of 0.67λ3 (λ = 
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1591 nm) including the SiN insulation layer. The linewidth is measured as 0.5 nm at RT, 

giving a Q-value of 3182 and a turn-on threshold around 1.1 mA.  

 

 

Figure 1.3 Design of the metal-clad nanopillar LED on silicon substrate coupled to InP-waveguide. 

The left graph shows schematic representation of the design, while the right shows the SEM image 

of the fabricated device before metallization with enlarged view of the nanopillar on top of the 

waveguide and the grating coupler connected downstream [28].  

More recently, metal-clad nanopillar LED on a silicon substrate coupled to an InP-

membrane waveguide has been demonstrated, showing the potential of metal-clad 

nanoLEDs for efficient low-power interconnects operating at Gb/s data rates [28]. As 

shown in Fig 1.3, this device is composed of layers stack from top to bottom as: n-

InGaAs(100nm) /n-InP(350nm) /InGaAs(350nm) /p-InP(600nm) /p-InGaAsP(200nm) 

/InP(250 nm) /SiO2 /BCB /SiO2 /Si. It is reported to give nW measured output powers at 

~100 µA current injection levels, at room temperature.  

 

Figure 1.4 Design of the metal-clad InP/InGaAs semiconductor laser with capsule-shaped 

cavity. The left graph shows schematic representation of the cavity layer compositions and 

shaping design, while the right shows the SEM image of the fabricated semiconductor core 

before metal deposition, with inset showing electric field profile of the TE-like mode as of a 

top-view cross-section inside the active layer [29].  

Apart from common rectangular and square cavities, active research in our group has 

recently proved some special properties in wavelength-scale metal-clad semiconductor 

laser with capsule-shaped cavity. As shown in Fig 1.4, this device is composed of a cavity 
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with capsule-shape introduced to reduce scattering loss and improve TE-mode competence. 

With pulsed-mode optical pumping at room temperature, this cavity shows spectrum with 

two peaks at 1535 nm and 1522 nm respectively, and its threshold power of TE-mode lasing 

is estimated to be 230 µW [29].  

From previous efforts, research of wavelength-scale metal-clad semiconductor light 

emitters have made much progress during the past years. In order to achieve its best 

application so as to tackle the problem described in section 1.3, serious improvement is 

needed in terms of (1) efficient coupling of the laser with Si-based or InP-based waveguide 

for integrated fabrication and compatibility with downstream photonic circuits, (2) 

electrically-pumped operation of the wavelength-scale metal-clad semiconductor laser 

under room temperature with lower current threshold and higher efficiency.   

In this thesis work, research of wavelength-scale metal-clad semiconductor light emitter is 

presented. We present our endeavor in (1) theoretical and comprehensive simulation work 

in designing a novel waveguide-coupling scheme with integrated feedback stub for 

wavelength-scale metal-clad semiconductor laser, and (2) fabrication and measurement of 

electrically-pumped wavelength-scale silver-clad InP/InGaAs laser under room-

temperature. These two aspects serve to investigate possible improvements mentioned in 

the above paragraph accordingly, aiming for realization of truly energy-efficient on-chip 

light source coupled to waveguide for optical interconnects.  

1.5  Thesis Outline 

This thesis is organized in six chapters as described below.  

Chapter 1 gives an introduction to the motivation of this research work, from a general 

perspective of what problem we face, to details of background research in previous works 

in this field of wavelength-scale metal-clad semiconductor lasers. It also introduces the 

scope we work on and the potential applications it may bring in to solve the problem.  

Chapter 2 explains the design of metal-clad semiconductor laser cavity in this work. 

Comprehensive analysis including both electromagnetic and thermodynamic simulation of 

the cavity structure is presented and discussed, in search for a cavity with improved optical 

performance as well as thermal management.  

Chapter 3 presents the design of metal-clad semiconductor laser cavity coupled to a 

silicon-on-insulation (SOI) waveguide. Novel design of a feedback stub on one end of the 

waveguide is proposed and discussed with finite-dimension time-domain (FDTD) 

simulation which gives detailed analysis of its optical performance. Theoretical explanation 

using coupled-mode theory is presented and compared with the simulation results.  

Chapter 4 describes the fabrication of metal-clad semiconductor laser cavity. Detailed 

procedures are presented step by step for the fabrication of silver-clad InP/InGaAs laser 

cavity with various dimensions and shapes integrated with electrodes ready for electrically-



Chapter 1. Background: What Leads us to Metal-Clad Semiconductor Lasers 

8 

 

pumped operation, with discussions on fabrication quality and possible future 

improvements.  

Chapter 5 presents the characterization of selected fabricated devices, including the 

electrical property measurement and optical property measurement. Room-temperature 

electrically-pumped lasing is observed in selected laser cavities, proving the advancement 

in device design as well as the improvement in fabrication quality.  

Chapter 6 summarizes the main conclusions of the research presented in this thesis and 

provides an outlook on related future works. 
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Chapter 2  

Design of Metal-Clad Semiconductor Lasers:  

Cavity Structures and Thermal Properties 

2.1 Introduction 

Many of the works mentioned in Chapter 1 of metal-clad semiconductor lasers have 

demonstrated high quality performance with low energy, but only under low temperature. 

However, as candidates of light source in integrated photonic circuits, it is inevitable to 

investigate the possibility of room-temperature operation for these lasers. Thermal 

considerations thus become an essential part in device design, as the device self-heating 

may be severe for these lasers due to small device size and high local current density. To 

improve this situation, the relationship of the thermal properties with the cavity structure 

needs to be studied in detail. In this chapter, we explain the design of metal-clad 

semiconductor laser cavities and conduct thermodynamic simulations for improving the 

cavity design with better heat dissipation.  

In section 2.2, the structure of wavelength-scale metal-clad semiconductor laser cavity is 

explained, including its key components and the factors to be taken into consideration for 

an optimized cavity design. We present a silver-clad InP/InGaAs cavity with an advanced 

capsule-shape that could be coupled to silicon-on-insulator (SOI) waveguide.  

Then, in section 2.3, we investigate the thermal properties of the silver-clad InP/InGaAs 

cavity with relation to cavity layer components. Thermodynamic analysis is carried out to 

study the temperature distribution and self-heating with different InP p-cladding layer 

thickness.  

2.2  Cavity Structure 
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Figure 2.1 Design of a wavelength-scale silver-clad InP/InGaAs semiconductor laser 

cavity in capsule-shape.  

As shown in Fig. 2.1, the laser cavity active layer is formed by InGaAs, with InP cladding 

on top and bottom serving as cladding. This design has been adopted from previous works 

in our laboratory, with serious efforts of optimizing each component [30]. Details of the 

cavity structure are explained as below.  

Cavity Dimension The cavity dimension is set as in wavelength-scale, which means 

around 1.55 µm as of the desired working wavelength for InGaAs, aiming at applications 

in telecommunication fields. We set the cavity length L to be 1.1 µm and the cavity width 

W to be 0.84 µm. The cavity is basically rectangular in shape, forming a Fabry-Perot cavity 

through the horizontal direction along the longer side of the cavity. In addition, the cavity 

has a curvature of R/L = 1.4 (R is radius of curvature) at both ends of the sidewall to form 

a capsule-like shape. Such capsule-shaped cavity is proved to reduce corner scattering and 

improve the optical confinement as compared to strictly rectangular cavities of the same 

dimensions [26, 27].  

Active Layer The active layer is formed by InGaAs, with its thickness designed as 400 nm. 

This value is expected to provide enough confinement and Q factor of the cavity, while not 

being too high to bring difficulty in device fabrication.   

Cladding Layers Above and below the active layer, there are two InP cladding layers 

which provides optical confinement in the vertical direction for the cavity. Regarding their 

layer thickness, the same trade-off between optical property and fabrication feasibility 

exists. We consider them to be at least 300 nm thick from results of optical simulations. 

For the lower InP cladding layer, it appears that the thickness also affects the coupling of 

cavity to the waveguide beneath, if there is any, since the light is expected to be coupled 

evanescently. For this layer, higher thickness provides better optical confinement and 

cavity Q factor, but gives worse coupling efficiency to the waveguide. Apart from optical 

properties, we later find out that this layer thickness also affects the thermal property of the 

cavity significantly, thus, we would keep the value as a range of 200 nm – 600 nm for the 

time being, and leave the discussion of this parameter in section 2.3.  

Contact Layers The cavity is designed to work under electrically-pumped operation. The 

active layer and two adjacent InP cladding layers form a p-i-n junction ready for 

electroluminescence. There should be contact layers next to the InP layers, providing 

proper current injection. The n-contact layer is formed by n-InGaAs with a doping of 2e19 

cm^-3. The p-contact layer is formed by p-InGaAsP with a doping of 2e19 cm^-3. In this 

case, the device is chosen to be n-top, since the electron injection from silver to n-InGaAs 

is easier without any barrier, while hole injection from metal into p-InGaAs has a large 

barrier of nearly 1 eV. As a result, the upper InP is n-doped, with a 50-nm n-InGaAs layer 

on top, and the lower InP is p-doped, with a 50-nm p-InGaAsP at the bottom.  
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Insulation Layer Since the cavity will be later covered in metal-cladding, there ought to 

be an insulation layer surrounding the III-V core (but not on top or bottom), separating it 

from the metal-cladding to avoid heavy optical loss from metal absorption. The insulation 

layer can be formed with various materials, such as SiN or SiO2. The choice of this 

insulation material depends on both optical and thermodynamic performance, as well as the 

ease of fabrication given the facilities available. The thickness of the insulation layer is also 

a critical parameter for the cavity performance. For smaller cavity of ~300 nm in diameter, 

the insulation layer is preferred to be gently thicker, about 175 nm, for higher quality factor 

[31]. However, for larger cavity, a thinner insulation layer reduces the cavity radiation loss 

into the substrate [31]. As SiO2 has very low thermal conductivity, higher thickness may 

also bring in additional heat dissipation challenges. Thus, we use SiO2 of about 70-100 nm 

in our design and fabrication.  

Metal Clad A metal shield is covered all over the cavity, giving the name of “metal-clad” 

semiconductor cavity. Noble metal such as silver or gold would be preferred to act as a 

mirror-like structure, which is proved to bring strong optical confinement with relatively 

low loss, and to give better heat dissipation for the semiconductor structure in small size 

[15]. Silver is usually chosen, as it as it has lower loss under room temperature compared 

to gold or aluminum [30]. We also choose silver in our case, and it naturally acts as the 

cathode electrode adjacent to the n-InGaAs contact layer. In addition, very thin titanium is 

usually added as an adhesive layer underneath silver as silver may have poor adhesion to 

SiO2 in real fabrication situation. The anode electrode, on the other hand, is chosen to be a 

gold layer, placed at some distance to the cavity and connected to the p-InGaAsP layer that 

is exposed through etching from the substrate. Since it would have not so much effect on 

the optical performance of the cavity itself, it is not included in this cavity model.   

In the schematic shown in Fig 2.1, the cavity is seated on top of a silicon-on-insulator (SOI) 

waveguide at the bottom, which is proposed as a possible coupling scheme for downstream 

integration. SOI waveguide is chosen as it is compatible with the silicon technology and 

can be fabricated with standard techniques and low cost. In this design, the waveguide has 

a Si thickness of 220 nm, with a thin SiO2 of 100 nm on top and a thick SiO2 substrate at 

the bottom. Details of the integration with waveguide will be covered in Chapter 3.  

2.3  Cavity Layer Composition and Thermal Analysis 

The heating issue plays an important role for the room-temperature operation of the 

electrically-pumped metal-clad semiconductor laser given its small foot print in micrometer 

scale. The major heating sources in the device are explained as below [32].  

Joule Heating This is the heating due to resistance in the semiconductor layers, and can be 

interpreted from its definition 𝑄 = 𝐼2 R. In this structure, larger Joule heating will be 

generated mainly by the lower InP cladding layer and the bottom p-contact layer. However, 

Joule heating only contributes to a small part of the self-heating generally.  
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Junction and Heterojunction Heating The junction and heterojunction heating is the heat 

generated by the voltage change at the layer junctions. Junction heating is the heat 

generated between the undoped layer and adjacent doped layers, at the top and bottom of 

active layer in this case. Heterojunction heating is the heat generated between the doped 

semiconductor layers. Though heterojunction heating is estimated to be higher than Joule 

heating, they can be easily dissipated through the contact layers to the metal electrodes.  

Surface Recombination Heating This heating source plays a more important role in small 

lasers than larger lasers, as the surface-to-volume ratio is higher. Surface recombination 

heating can be simulated with the electronic simulation model considering carrier density, 

surface recombination velocity, gain region area and quasi-Fermi level.  

Auger Recombination Heating Auger recombination is another major heat source in 

small lasers, which is related to the carrier density, gain region volume, and quasi Fermi 

level. From previous studies, Auger recombination contributes largely to the self-heating 

issue with small lasers, and it is generated in the middle of the semiconductor layers which 

could be hard to dissipate [32].  

Layer Material Thickness (nm) Refractive index n Doping (cm^-3) 

n-InGaAs 50 3.53 2 e19 

n-InP 300 3.17 1 e18 

InGaAs 400 3.53 Undoped 

p-InP 200-600 3.17 5 e18 

p-InGaAsP 50 3.4 2 e19 

SiO2/Ag 160/100 1.45/- N/A 
 

Table II List of layer materials and their doping concentration used for thermal analysis [33]. 

The refractive index of each layer is also shown for reference.  

In order to improve the cavity design with better heat dissipation aimed for room-

temperature operation, we look into the thermal properties of this cavity to investigate its 

temperature distribution and self-heating with relation to cladding layer thickness. A 

commercial simulator, Sentaurus TCAD by Synopsys, is used for conducting 

thermodynamic simulations. The model is built according to layer constructions shown in 

Table II [30, 33].  
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Figure 2.2 Constructed 2D structure with cylindrical symmetry in Sentaurus TCAD. 

Different color indicates p- and n- doping in the compositions. Black lines show 

the non-universal mesh for conducting simulation. The units for x- and y- axis 

are both um. The lower substrate is InP, and the upper green background is 

assumed to be silver.  

For simplicity, we approximate the structure to be a symmetrical cylindrical cavity 

occupying the same footprint as the capsule-shaped one, and conduct 2D simulation in the 

cylindrical coordinate, as shown in Fig 2.2. The black lines are the non-universal mesh 

defined for simulation, and the color indicates the doping concentration in the 2D map. The 

mesh is set to be denser near the junctions for giving accurate calculation while keeping 

the simulation time rather feasible. We also include the silicon-on-insulator substrate at the 

bottom of the cavity, since the substrate also plays an important role in heat trapping, which 

should be taken into consideration for the device design. To analyze the self-heating effect, 

we include three main categories of heat sources: (1) Joule heating, (2) junction and 

heterojunction heating, and (3) non-radiative recombination heating [30, 33]. The thermal 

conductivities of critical materials are listed in Table III.  

Materials Thermal Conductivity 

(W·m-1·K-1) 

Ag 429 

InGaAsP 9.3 

InP 68 

InGaAs 5.0 

SiO2 1.1 

Si 155 
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Table III Thermal conductivity of different materials used in thermal simulations. It can be 

seen that SiO2 has extremely low thermal conductivity, which makes it hard for heat 

dissipation in this structure, while silver provides great thermal conductivity as a metal.  

In order to have a general idea of the heating issue inside the cavity, we look into the heat 

localization inside the device by studying the temperature distribution at its cross-section 

at a typical operating current.  

 

Figure 2.3 Temperature distribution inside the cavity under I = 2mA. The graph on the left 

shows a cavity with p-InP thickness of 550 nm and the graph on the right shows a cavity 

with p-InP thickness of 250 nm. The color map shows severe heat localization at the active 

layer and its surrounding, and more at lower regions as compared to upper regions.  

Figure 2.3 depicts the temperature distribution at the device cross-section under an 

operation current of I = 2 mA. The left shows a device with thick (550 nm) p-InP cladding, 

and the right shows one with thin (250 nm) p-InP cladding, while other factors are kept as 

the same. One could tell that in each case, the active layer has the highest temperature, 

while lower p-InP cladding also has higher temperature than the upper n-InP cladding. This 

is probably due to that the upper cladding has an easy heat dissipation path from the silver 

cladding at top, while the lower cladding is surrounded by insulation layers densely, 

without direct heat dissipation path. For the model with p-InP thickness lower as 250 nm, 

however, we see that self-heating effect inside this cladding layer is significantly 

suppressed.  
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Figure 2.4 Average temperature inside the device active layer InGaAs with increasing 

current, for cavities with different p-InP cladding thickness ranging from 250 nm to 550 nm.  

We then move on to study the relationship of p-InP thickness with the overall device 

temperature. We calculate the average temperature inside active layer with increasing 

current, for devices with different p-InP thickness ranging from 550 nm to 250 nm. It can 

be seen that the relationship of the temperature with p-InP thickness is obvious, while the 

temperature inside active layer rises much quicker for a device with thicker p-InP cladding 

layer than that with thinner p-InP cladding layer. The cavity of 250 nm p-InP gives almost 

20K temperature reduction at I = 3 mA compared to that of 550 nm p-InP thickness. The 

result proves that lower p-InP thickness gives advantage in device’s thermal management 

and reduces the self-heating issue. Such improvement is critical for realizing room-

temperature electrically-pumped operation of wavelength-scale metal-clad semiconductor 

laser.  

However, a lower p-InP thickness may give worse optical confinement on the other hand, 

as the light could easily leak out to the device substrate, especially when the contrast of 

dielectric constant in InP (3.14) and InGaAs (3.53) is not sharply large. Further 

optimization of the cavity design in order to keep the improvement in thermal performance 

while not undermining the optical confinement is covered in Chapter 3.  

2.4  Summary 

In this chapter, the design of a wavelength-scale silver-clad InP/InGaAs cavity with 

advanced capsule-shape is presented and explained in detail. The thermal properties of this 

cavity sitting on top of SOI waveguide is studied.  

It can be seen that the self-heating issue of small-size metal-clad semiconductor cavity is 

related to the p-InP layer thickness at the bottom of active layer, mainly due to the non-

radiative process happened inside and at the junctions. By reducing the p-InP layer 

thickness to as low as 250 nm, one could mitigate the heat-trapping inside the cavity and 

reduce the active layer temperature as a result. In this way, the cavity structure is optimized 

for possible operating in room temperature.   
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Chapter 3  

Design of Metal-Clad Semiconductor Lasers:  

Integration with Waveguides 

3.1 Introduction 

In the previous chapter, we discuss the structure of the metal-clad semiconductor laser 

cavity and several factors affecting its performance in both optical and thermodynamic 

aspects. However, related optical confinement problems may arise when the we set the low 

p-InP layer thickness to be thinner as suggested by thermal considerations.  

In order to solve this problem, we keep the optimized device cavity structure proposed in 

chapter 2, but look into the waveguide coupling scheme in search for a solution of both 

improved optical and thermal performance. There are two main considerations:  

(1) For the design of cavity itself, optical confinement and thermal trapping are correlated 

as a trade-off, as a thicker InP gives better optical confinement but a thinner InP gives better 

heat dissipation, thus one would go into dead-end if limited to optimization of the cavity 

layer structure.  

(2) For the application of our ultimate goal as searching for energy-efficient on-chip light 

source, the integration with waveguide is anyway inevitable to be taken into consideration 

for cavity design, since the proposed laser is aimed for emitting light to be coupled for 

downstream applications in integrated photonic circuits.  

As a result, we look into design of the cavity with integration to waveguides, in search for 

a solution to save us out of the dilemma and solve both problems. In this chapter, we 

investigate integration of the metal-clad III-V semiconductor laser to a common silicon-

on-insulator (SOI) waveguide, as proposed in chapter 2.  

In section 3.2 to 3.4, we present our design of a special integrated feedback stub in the 

silver-clad InP/InGaAs laser coupled SOI waveguide, which serves as a powerful tool 

offering external tuning of the cavity quality factor (Q factor). We provide the result of 

finite-dimension time-domain (FDTD) simulation to confirm the effect of Q-factor tuning. 

We show step by step that with this integrated feedback stub, one could compensate the 

optical loss related to low InP thickness, without sacrificing the heat dissipation merits from 

the previous cavity design.  
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After that, in section 3.5, we provide theoretical analysis based on coupled-mode theory to 

explain this Q-factor-tuning mechanism quantitatively, and we compare the theoretical 

analysis result with those obtained from FDTD simulation.  

3.2  Problem with Coupling Cavity to Waveguide 

For integrated photonic circuits, there has been the debates over III-V/Si hybrid system 

with III-V-only system regarding active devices integrated with passive components. III-

V-only system certainly gives advantages in the fabrication realm for research purpose, 

since the wafer can be grown directly using Metal-Organic Chemical Vapour Deposition 

(MOCVD) and do not need further manipulation such as alignment or bonding. However, 

III-V/Si hybrid system still remain a popular choice, as it can potentially make use of the 

supreme optical property of III-V materials for high quality active devices as well as the 

fundamental fabrication techniques in Si industry [34, 35]. Common methods of III-V/Si 

hybrid fabrication are either bottom-up (such as hybrid epitaxial growth of III-V on Si) or 

top-down (such as III-V layer and Si layer bonding).   

In our design, we propose to couple the cavity evanescently to a silicon-on-insulator 

waveguide at the bottom for its simplicity in design and practicality in applications. 

 
Figure 3.1 Schematic of a typical metal-clad semiconductor cavity 

coupled to waveguide with two-end output. 

Figure 3.1 shows the schematic of the cavity structure optimized from chapter 2 coupled to 

SOI waveguide. We study the cavity quality and the coupling situation of this structure 

with 3D finishte-dimension time-domatin (FDTD) simulation using a commercial software 

by Lumerical Solutions, Inc.  

 

Figure 3.2 Left: The electric field intensity distribution of the resonant mode of this cavity 

coupled to SOI waveguide, obtained from FDTD simulation with a point-source excitation 
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inside the cavity. It can be seen that much light is leaked from both ends of the waveguide. 

Right: Simulated spectrum of light collected from the cavity of this coupled structure, under the 

same point-source excitation, showing a resonant mode with very low quality-factor, Q = 63.  

The results are shown in Fig 3.2. From the electric field intensity distribution, it can be seen 

that both ends of the waveguide serve as an outlet of the light, and due to weak overlapping 

of the fields as well as scattering loss at the structure corners, the quality factor of the cavity 

is very low. The low InP thickness also contributes to the poor confinement, as light tends 

to be radiated out on their way to the waveguide. From the spectrum emitted from the cavity 

coupled to SOI waveguide, one could tell that this design has very poor optical quality and 

would not be feasible for an efficient on-chip light emitter.  

Aiming for more efficient coupling scheme, we look into possibilities in advanced 

waveguide design.  

3. 3  Coupling with Straight Integrated Feedback Stub 

 

Figure 3.3 Left: Proposed coupling scheme with a straight integrated feedback stub. Right: Side 

view of the structure, with arrows showing the tentative light paths through the metal-clad laser 

(metallic laser) and the optical feedback stub.  

To explore possible structures, we truncate one end of the waveguide with a mirror, and 

construct a laser integrated to waveguide with single-end output. In this structure, one-end 

of the silicon waveguide is truncated and coated with silver to serve as a mirror, forming a 

stub-like structure with certain distance to the cavity. The distance from this mirror to the 

cavity edge is defined as the stub length l.  

We construct this structure using 3D FDTD simulation and investigate the Q factor in the 

cavity with the same method as in section 3.2. It seems that there could be constructive or 

destructive interference of the light from the stub and from the cavity, when they interfere 

at the edge of the cavity. As a result, the overall quality factor of the cavity may be affected 

by the stub length l. Thus, we study the cavity Q factor with relation to varying stub length 

l.  
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Figure 3.4 The Q factor of the cavity obtained from 3D FDTD simulation, as a function of varying 

stub length l. The left plot shows the periodic change of Q factor as l changes from 2.0 µm to 3.0 

µm at steps of 0.1 µm, while the right plot shows the result at finer resolution as l changes from 

2.32 µm to 2.48 µm at steps of 0.02 µm, and the peak value of Q factor in this local case is 240. 

[S] stands for straight waveguide, as it will be compared to different structures in the following 

sections.  

Figure 3.4 shows the result of the changing of Q factor as a function of stub length l. The 

left is the relationship as l changes from around 1.4 µm to 2.5 µm. One can see that as the 

distance changes, the quality factor of the cavity gets affected periodically, which agrees 

well with our intuitive expectation. To look further into the effect, we conduct the 

simulation with finer step of stub length, as shown on the right of Fig 3.4. It can be seen 

that the quality factor rises up to Q = 240 at a stub length of 2.42 µm in this case, which is 

much larger than the double-end output waveguide case with Q = 63.  

 

Figure 3.5 Figure of merit (ГQ) of the cavity coupled to waveguide with integrated 

feedback stub of changing length l.  

Apart from cavity quality factor, we are actually more interested in its effect on the lasing 

threshold of the cavity. We would like to see whether the overall lasing threshold can be 

reduced from improvement of the cavity Q factor. In this case, the lasing threshold is 

determined by ГQ, where Г is the confinement factor of the mode inside the entire structure. 

We include the computation of Г in our simulation, and plot ГQ as the figure-of-merit along 

with the cavity Q factor, as of changing stub length l. The result is shown in Fig 3.5. One 

could see that the figure of merit changes accordingly as well, and it drops only very 

moderately with slightly a longer stub length.  
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This proves that the integrated feedback stub serves as a powerful tool in improving the 

overall optical performance of the device from optimized waveguide design. It improves 

the overall optical performance for the given cavity, with more efficient manipulation of 

the light with less radiative loss. Moreover, the improvement is made in the waveguide part, 

and does not affect the previously optimized thermal properties from the cavity structure.  

 

Figure 3.6 Electric field intensity of y-z plane at x = 0 (top), x-z plane at center of waveguide 

core (below) and x-z plane at center of active layer (inset) at the resonant wavelength 1630 µm, 

with a straight feedback stub of length l = 2.42 µm.  

To have a better understanding of the optical performance of this integrated structure, we 

look into the electric field intensity of the resonant mode in several critical cross-sections, 

as shown in Fig 3.6. One could see that the resonant mode inside the cavity is nicely 

confined, and there is also similar light confinement in the feedback stub. However, it can 

also be seen that there exists certain scattering loss, especially as the stub geometry is in a 

scale comparable with of the wavelength-scale-sized cavity, probably owing to the sharp 

corners of the stub shape.  

We then look into possibilities to further improve the waveguide structure with this 

integrated feedback stub. Following the same philosophy of designing capsule-shaped 

cavity as an improvement of the rectangular ones, we propose to tune the shape of the 

feedback stub and investigate its potential pros and cons.  

3. 4  Coupling with Curved Integrated Feedback Stub 

 

Figure 3.7 Schematics of the cavity coupled to a curved integrated feedback stub. Left shows a 

perspective view of the stub, while the right gives a top-view of the x-z plane, showing the 

expanded edges of the stub into a Gaussian-beam-like shape.  
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We would like to find an improved shape of the feedback stub. In order to do so, we 

simulated the electric field distribution of the metal-clad III-V cavity coupled to an infinite 

silicon-on-insulator plate and studied the shape of such vertically guided wave front. We 

expand the sidewalls to match with such shape, which actually resembles a Gaussian-beam 

profile. The structure of the metal-clad cavity coupled to waveguide with such a curved 

integrated feedback stub is shown in Fig 3.7. The stub length l is defined in a similar manner, 

from the end of the feedback stub mirror to the cavity. Again, we use 3D FDTD to study 

the Q factor and figure of merit of this structure, with changing stub length l.  

 

Figure 3.8 Cavity Q factor with the feedback stub of changing stub length l, from 2.32 µm to 

2.48 µm at step of 0.02 um. The blue line plots Q[C] as of a curved stub, while the green line 

plots Q[S] as of the previous results we obtained from a straight stub.  

As shown in the plots in Fig. 3.8, the results show clearly significant improvement in cavity 

quality factor of a feedback stub with tuned shape compared to that of the straight one. At 

stub length l = 2.38 µm, the overall cavity Q factor reaches a local peak of Q = 352 at 

resonant wavelength of 1630 nm. The shift of the locally optimized stub length l from 2.42 

µm to 2.38 µm can be intuitively understood as a change of effective reflective index of the 

waveguide in the stub from the expanded curved shape.  

To confirm the improved optical property with a curved integrated feedback stub of tuned 

shape, we look into the electric field intensity distribution inside the center of waveguide 

of both a curved structure and straight structure, as shown in Fig 3.9 below.  
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Figure 3.9 Electric field intensity of x-z plane at center of waveguide core at the resonant 

wavelength 1630 um, with a straight feedback stub of length l = 2.42 µm (top) and with a curved 

feedback stub of length l = 2.38 µm (bottom).  

From the figure, one could see that the loss at the sharp corners that appear in straight 

feedback stub is largely reduced in the curved structure, which is consistent with the higher 

Q factor obtained from curved structure.  

 

Figure 3.10 Electric field intensity of y-z plane at x = 0 (top), x-z plane at center of waveguide 

core (below) and x-z plane at center of active layer (inset) at the resonant wavelength 1630 um, 

with a curved feedback stub of length l = 2.38 µm. 

Figure 3.10 shows the electric field intensity of the cavity coupled to waveguide with 

curved integrated feedback stub with l = 2.38 µm obtained from 3D FDTD simulation. One 

could see that the cavity mode is well confined, while the coupling to waveguide gives 

improved results.  

To see a more straight-forward comparison of the improvements, we plot the optical 

spectrum of the cavity with curved feedback stub of l = 2.38 µm, compared with that in the 

same cavity with a straight feedback stub at l = 2.42 µm, as well as without feedback stub 

but only SOI waveguide with double-end output. The spectrum is collected from FDTD 

simulation in the same method as described before, from a point-source excitation inside 
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the cavity. The results are shown in Fig 3.11. Schematics of the corresponding coupling 

schemes are also listed on the right side for comparison.  

 

Figure 3.11 Optical spectrum of the cavity with a curved feedback stub at l = 2.38 um (blue) 

which gives Q = 352, compared to that of the same cavity with a straight feedback stub at d = 

2.42 µm (green) which gives Q = 240, and without feedback stub but only SOI waveguide 

(brown) which gives Q = 63. Schematics of the corresponding structures are listed at the right.  

It is worth noticing that in addition to nearly 5-fold higher Q factor and lower threshold, 

the feedback stub section is broadened to 2.47 µm2 in this design, which could be used for 

practical p-type electrical contact with reduced contact resistance and improved overall heat 

dissipation, since it is coated in metal. This is also an improvement compared to previously-

demonstrated designs, where the electrodes are not taken into consideration during 

numerical investigation [36-38], or large-area electrical contact on the bottom InP substrate 

is proposed, which might be challenging for device fabrication [39, 40].  

3. 5  Understanding the Integrated Feedback Stub with Coupled-Mode Theory 

From the previous investigations, we propose the design of a capsule-shaped metal-clad 

InP/InGaAs laser cavity coupled to a curved integrated optical feedback stub, as shown in 

Fig. 3.12.  
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Figure 3.12 Perspective view of the of proposed wavelength-scale silver-clad InP/InGaAs laser 

coupled to SOI waveguide with curved integrated feedback stub. Inset shows a side view from 

x-y plane which explains the interaction between the metal-clad cavity (marked as metallic laser) 

and the feedback stub.  

As mentioned before, we can intuitively understand this model by the idea of engineering 

the optical phase of the reflected wave from the stub from tuning the stub distance carefully, 

and reduce the light coupled directly from the cavity to the waveguide through destructive 

interference.  

In order to understand the mechanism of such improvements in optical performance 

quantitively from a theoretical perspective, we look into the mode-coupling theory for a 

given coupled-cavity system.  

 

Figure 3.13 Diagraph of a typical system that consists of cavity and the optical feedback stub. 

The orange oval represents the cavity, and thee blue rectangle represents the waveguide. Yellow 

arrows partially show the light flowing in the system.  

We adopt a general coupled-cavity system as shown in Fig 3.13. It consists of a cavity 

coupled to a waveguide terminated by a perfect mirror on one end, where ω0 is the resonant 
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frequency of the cavity, Qloss is the quality factor that represents the excess cavity loss due 

to absorption and/or scattering, and Qin is the one that accounts for the optical coupling 

between the cavity and waveguide. s+ and s- represent complex electrical amplitudes of the 

incoming and outgoing wave at the edge of the stub, R and  are reflectance and phase-

shift at the mirror, and d is the distance from the cavity to the end of stub.  

One should notice that here, the stub distance d is used instead of the length l. d is defined 

as the distance from the edge of cavity to the end of stub, while l is the length from cavity 

center to the end of stub. In our case, d = l – 0.55 µm. For the theoretical analysis, the 

distance d is used since it is more intuitively relevant in the coupling mechanism, though l 

is a more general parameter and is independent of cavity size.  

If we define a(t) as the electric amplitude of the resonant mode inside the cavity, its time 

evolution can be described based on the coupled mode theory as [41, 42] 

 
𝒅𝒂(𝒕)

𝒅𝒕
= (𝒊𝝎𝟎 −

𝝎𝟎

𝟐𝑸𝐥𝐨𝐬𝐬
−

𝝎𝟎

𝟐𝑸𝐢𝐧
) 𝒂(𝒕) + √

𝝎𝟎

𝟐𝑸𝐢𝐧
𝒆−𝒊𝜽𝒔+ (𝒕 −

𝒅

𝒗
) , (1) 

where v is the light velocity inside the stub. Incoming and outgoing wave s+ and s- can be 

expressed as follows:  

 𝑠+(𝑡) = 𝑅𝑒−𝑖∆𝑠−(𝑡) , (2) 

 𝑠−(𝑡) = −√
𝜔0

2𝑄in
𝑒𝑖𝜃𝑎 (𝑡 −

𝑑

𝑣
) . (3) 

By inserting Eqs. (1) and (2) to Eq. (3), we obtain 

 

𝑑𝑎(𝑡)

𝑑𝑡
= (𝑖𝜔0 −

𝜔0

2𝑄loss
−

𝜔0

2𝑄in
) 𝑎(𝑡)

− 𝑅𝑒−𝑖∆
𝜔0

2𝑄in
𝑎 (𝑡 −

2𝑑

𝑣
). 

(4) 

Now, let us write 𝑎(𝑡) as  

 𝑎(𝑡) ≡ 𝑎0 exp (−
𝜔sys

2𝑄sys
𝑡 + 𝑖𝜔sys𝑡) , (5) 

where ωsys and Qsys are the resonant frequency and quality factor of the total system that 

we want to derive. Then, 𝑎(𝑡 − 2𝑑
𝑣⁄ ) in Eq. (4) can be expressed as  

 𝑎 (𝑡 −
2𝑑

𝑣
) = exp [

𝜔sys

𝑄sys

𝑑

𝑣
− 𝑖𝜔sys (

2𝑑

𝑣
)] 𝑎(𝑡) . (6) 

As a result, we can solve Eq. (4) with 𝜔sys and 𝑄sys expressed as 
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 𝜔sys = 𝜔0 [1 +
𝑅

2𝑄in
exp (

𝜔sys

𝑄sys

𝑑

𝑣
) sin (

2𝜔sys𝑑

𝑣
+ ∆)] , (7) 

 
1

𝑄sys
=

𝜔0

𝜔sys
[

1

𝑄loss
+

1+𝑅cos(2
𝜔sys

𝑐
𝑑+∆) exp(

𝜔sys

𝑄sys

𝑑

𝑣
)

𝑄in
] . (8) 

When 𝑄in ≫ 1 (> 𝑅) and stub is sufficiently short, 𝜔sys ≈ 𝜔0 in Eq. (7), so that Eq. (8) 

can be approximated as 

 1

𝑄sys
=

1

𝑄loss
+

1+𝑅cos(2𝛽𝑑+∆) exp(
𝛽𝑑

𝑄sys
)

𝑄in
 , (9) 

where phase constant 𝛽 is defined as 𝛽 =
𝜔sys

𝑣⁄ .  

From Eq. (9), we can understand that Qsys changes periodically by tuning the stub distance 

d. This is due to the fact that the backward travelling wave reflected by the mirror interferes 

with the forward wave and influence the Q factor of the total system.  

We apply this theory to the simulation results we obtain in section 3.3 and section 3.4, and 

plot the relationship of Q factor and figure of merit with distance d from theoretical analysis, 

as shown in Fig 3.14.  

 

Figure 3.14 Relationship of Q factor (green for straight feedback stub and blue for curved feedback 

stub) with changing stub distance d, obtained from the coupled mode theory (lines) compared to that 

from FDTD simulation results (dots). The figure-of-merits obtained from FDTD simulation results 

are also plotted accordingly. Again, [S] stands for straight stub, and [C] stands for curved stub.  

For the case of straight integrated feedback stub, as shown in the left of Fig. 3.14, the Qin 

and Qloss are derived to be 650 and 235 respectively. From the graph, we could see that 

excellent agreement is observed between the theory and simulation, both showing that the 

Q factor oscillates periodically with d as a result of interference and coupling.  

For the case of curved integrated feedback stub, as shown in the right side of Fig. 3.14, the 
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Qin and Qloss are 600 and 650, respectively. Such results imply reduced scattering loss and 

increased coupling efficiency of the curved integrated feedback stub compared to the 

straight case, which agrees well with the intuition of such design, as well as the simulation 

results we obtained.  

3. 6  Summary 

In this chapter, we study the design of the cavity with integration to waveguides, in search 

for a structure that gives improved optical performance without disturbing the merits of 

heat dissipation we obtained with the low p-InP thickness structure discussed in Chapter 2.  

 We present our design of the silver-clad InP/InGaAs laser coupled to SOI waveguide with 

an integrated feedback stub formed at the non-output end of the waveguide, and investigate 

the relationship of cavity Q factor as well as figure of merit with relation to the feedback 

stub length and shape.  

Periodic change of the cavity quality factor with relation the length is proved, and an 

optimized shape and length of the stub is obtained to effectively to tune the Q factor of the 

resonant mode inside the cavity. 5-fold improvement of the overall Q factor is obtained 

with a curved integrated feedback stub, confirmed through optical analysis using FDTD 

simulation.  

In addition, theoretical explanation of the Q-factor tuning mechanism adopting coupled-

mode theory is presented, and the computation results agree well with the simulation data 

obtained from FDTD simulation.  

As a result, an advanced structure of silver-clad InP/InGaAs laser cavity of capsule shape 

coupled to SOI waveguide with a curved integrated feedback stub is proposed to give 

significantly improved optical quality while keeping the advanced heat dissipation 

properties from the cavity structure.  

It is also worth notice that the concept of integrated feedback stub is rather general and not 

limited to this specific case, and can be applicable to a variety of other waveguide-coupled 

metal-clad small lasers.  
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Chapter 4  

Fabrication of Metal-Clad Semiconductor Lasers 

4.1 Introduction 

As one could tell from the device structural design, the fabrication of metal-clad 

semiconductor lasers consists of a number of steps covering a fabrication process time of 

over 80 hours in total, and usually takes more than two weeks of continuous work for one 

complete batch. The fabrication process involves almost all aspects of modern nano- and 

micro- scale fabrication technology, including and not limited to wafer handling, multi-

layer e-beam lithography, III-V semiconductor etching and cleansing with both dry-etching 

and wet-etching methods, plasma-enhanced chemical vapor deposition, multi-layer e-beam 

evaporation with lift-off processes and so on. As for devices designed for electrically-

pumped operation and coupled to waveguide, the handling of electrodes, contact layers as 

well as the underneath waveguide geometry add even more complexity and additional steps 

in the fabrication flow.  

The overall performance of the proposed metal-clad semiconductor lasers largely depends 

on the fabrication quality, and it is non-trivial to optimize each step in the fabrication 

process for the realization of such devices in application [30, 43]. Before proceeding to 

advanced structures with waveguide and feedback stubs, we start from the fabrication of 

wavelength-scale silver-clad InP/InGaAs cavities, of various shapes, on InP substrate with 

gold electrodes aimed for electrically-pumped room-temperature lasing aiming for room-

temperature electroluminescence.  

In this chapter, a complete fabrication flow including all relevant steps with detailed 

discussions on possible improvements in each step is presented. In section 4.2, we provide 

an introduction of the overall arrangement of device design of one fabrication batch. From 

section 4.3 to 4.4, extensive descriptions of the fabrication details and some 

characterization results of the fabrication quality with discussions on their effect and 

potential improvements are provided. Section 4.4 is divided into 23 steps in consequence, 

explaining the fabrication process of a batch of cavities on one sample. In addition, a flow 

chart of the fabrication process is included in Appendix A. In section 4.5, we give a brief 

review with general comments on the fabrication process instead of a summary. Potential 

improvements and some unsolved mysteries are also listed.  

4.2  Overall Arrangement of the Fabrication Batch 
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In each batch of fabrication, a group of cavities are fabricated and compared. It is very 

important to design wisely the cavity geometries for the experiment groups. As the pattern 

will be written in one wafer and go through exactly the same fabrication process, it provides 

a naturally controlled group of cavities to study only the effect of cavity shapes on their 

performance.  

In this work, a series of 84 cavities are fabricated in each batch. There are 3 cavities for 

each design, and 28 different geometrical designs in total. The cavities are placed in 21 

columns and 4 rows, and certain space is designed in between cavities for placing the 

electrodes in electrical pumping. The whole pattern occupies a space of around 6 mm length 

and 4 mm width on a wafer sample of about 1 cm by 1 cm size, which is easy to handle in 

various clean-room fabrication facilities. A list of the fabricated device designs is shown at 

Appendix B.  

4. 3 Wafer Preparation and Cleansing 

InP-based wafer is utilized for fabrication. The epitaxial wafer is pre-ordered from a 

company and the layer composition is shown in Table IV. In particular, there is an InAlAs 

layer added next to the active layer which acts as an electron blocking layer to reduce the 

lasing threshold, suggested by previous thermoelectrical studies [30, 44].  

Layer Number Layer Thickness Composition Doping (cm^-3) 

0 - InP Substrate Fe-Doped 

1 200 nm p-1.4um InGaAsP > 5 x 10e18 

2 690 nm p-InP > 1 x 10e18 

3 100 nm p-InP 1 x 10e18 

4 12 nm p-InAlAs 1 x 10e18 

5 400 nm U-InGaAs Undoped 

6 200 nm n-InP 1 x 10e18 

7 250 nm n-InP 5 x 10e18 

8 50 nm n-InP >5 x 10e18 

9 50 nm n-InGaAs 2 x 10e19 

 

Table IV Layer composition of the InP-based III-V wafer utilized in fabrication process.  

The wafer is usually stored in a vacuum chamber in clean room to keep its quality. Before 

using, the wafer can be taken out and cut to desired size. Standard organic cleansing is 

recommended to generally clean the surface.  
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4.4 Fabrication Technology: Procedures and Discussions 

4.4.1  PECVD of SiO2 as hard mask 

A layer of SiO2 is deposited to the epitaxial wafer surface. The thickness is usually a few 

hundreds of nanometers, and it is not very critical. For example, we deposited 430 nm and 

350 nm for two of our wafers. The SiO2 is deposited using plasma-enhanced chemical vapor 

deposition (PECVD).  

This step was performed before cutting the wafer into smaller pieces, thus performed to the 

whole sheet of wafer at one time. There might be some non-uniformity of the deposited 

SiO2 thickness near the edges of the wafer, but since this layer of SiO2 serves as the hard 

mask and will be removed, it is not especially critical. The potential drawback might be 

non-uniformity when spin-coating resist gel in the following step, causing some non-

uniformity of the pattern development time after e-beam lithography.  

4.4.2 E-Beam Lithography (I): The Cavity 

We perform the first E-beam lithography for defining the cavity structure for future etching. 

Since this is the first layer we write, it is very important to also define all markers for future 

alignments. Apart from markers surrounding each cavity, additional corner markers are 

placed. Some special markers are also included for exposure leading to corner markers. 

Waveguides, square and circular arrays are also included for checking the conditions in 

future steps such as development and etching.  

Organic cleansing of the wafer is performed before spin-coating. Then OAP, a gel precursor, 

and ZEP520A, a positive e-beam resist gel, are spin-coated onto the SiO2-covered wafer.  

E-beam lithography is carried out using RAITH SEM and E-Beam Lithography. In this 

step of E-beam lithography, the aperture is set to be the smallest possible, which is 10 µm, 

and the step size is also set to as small as 6 nm. The dosage is tuned to be different for 

cavities and markers of different sizes so as to get the best development results.  

The development is done using ZED-N50 followed by IPA rinsing. The development time 

is very critical. Based on previous experience, we use 1 min at first and check the results 

under an optical microscope. If it is not developed thoroughly, we add time section of 20 s 

and check the results. If one is not sure about the development according to new conditions 

and changed dosage, it is recommended to start from shorter time, e.g. 20 s or 40 s, and add 

on additional sections gradually after checking each time.  

4.4.3  Cr Deposition and Lift-off 

After E-beam lithography, the pattern of cavities and markers is developed, and these areas 

have SiO2 exposed out as ZEP520A is a positive resist gel.  
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We perform deposition of Chromium afterwards. The deposition is done using e-beam 

evaporation, and it is quite vertical as we keep the sample non-rotated in the chamber. The 

Cr thickness is designed to be around 30 nm. This thickness has been optimized roughly. 

If it is too thick like over 50 nm, the following lift-off step would be hard. If it is too thin 

like thinner than 25 nm, the pattern edges may also be not sharp enough for serving as high-

resolution hard mask for future etching steps.  

After Cr Deposition, we perform a process called lift-off. This is to use organic solution to 

react with the un-developed e-beam resist gel ZEP520A, so as to lift away the Cr on those 

areas together with the gel, leaving only Cr on the patterned area sticking to SiO2.  

The solution used is ZDMAC, which can wash away ZEP520A effectively. Heating the 

beaker to 90 ℃ on a hot plate can improve the effectiveness of lift-off. The reaction last 

for over 2 min, sometimes for about 5 min or even 10 min to make sure the lift-off is 

completed. This step needs to be very carefully conducted inside the organic process hood, 

as ZDMAC is harmful if inhaled or absorbed through skin, and may produce vapors of 

mists that can cause eye, skin or respiratory tract irritation. The heating of ZDMAC may 

be skipped if room-temperature process is enough for successful lift-off. Then the sample 

will go through acetone and IPA cleansing.  

4.4.4  Dry Etching of SiO2 

Reactive-ion etching (RIE) is performed afterwards to etch the SiO2 in areas where it is 

exposed, i.e. not covered by Cr from the previous lift-off step.  In this way, we expose the 

top layer of InP epitaxial wafer to air at regions without the pattern. The regions of 

patterning, the cavities and markers, are protected by Cr and SiO2 layers on top of the wafer.  

We use Samco RIE etcher for the SiO2 etching, using CHF3 and Ar as the source. The 

conditions are summarized in Table V below.  

RF Power Gas Source Gas Flow Pressure Tray 
Reference 

Etch Rate 

80 W CHF3/Ar 20/10 sccm 2 Pa Quartz 22 nm/ min 
 

Table V Samco RIE SiO2 etching conditions. 

Standard 10 min O2 cleansing procedures are carried out before and after reaction with the 

sample, aiming to keep the chamber as clean as possible. To minimize the dirt left after dry 

etching, it is also important to keep the sample clean before putting in the reaction chamber. 

The SiO2 etching rate in this recipe is about 22 nm/ min, thus it takes about 16 min to etch 

the 350 nm SiO2 mask, and about 22 min to etch the 430 nm SiO2 mask. We add about 2 

min of additional cleansing, using CHF3/Ar/O2, so as to improve the surface conditions. 

The table VI below shows the condition of additional cleansing.  

Step 
RF Power Gas Source Gas Flow Pressure Tray 

Reference 

Etch Rate 
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(1) SiO2 

etching 
80 W CHF3/Ar 20/10 sccm 2 Pa Quartz 

~ 22 

nm/min 

(2) SiO2 

additional 

cleansing 

100 W CHF3/Ar/O2 
20/10/5 

sccm 
2 Pa Quartz 

~ 21.5 

nm/min 
 

Table VI Samco RIE etching protocol for (1) SiO2 etching; (2) post-SiO2-etching additional 

cleansing conditions. 

After dry-etching, we conduct hydrogen chloride surface cleansing to remove the oxide 

residues left. Diluted hydrogen chloride acid (H2O : HCl 100:6) is utilized. The sample is 

soaked in the solution for 2 min and rinsed in water twice. Then it is dried on top of 140 ℃ 

hot plate surface for 2 min.    

4.4.5  Dry etching of III-V cavity 

Following the previous steps, a Cr/SiO2 hard mask of cavities are formed. Thus, we would 

move on to one of the most critical steps of this fabrication procedure, dry-etching of the 

III-V cavity.  

Oxford ICP-RIE is used for dry etching of the III-V cavity, using CH4 and H2 as source. 

The conditions are summarized as Table VII below.  

HF Power ICP Power Pressure Gas flow Step time Steps of a cycle 

120 W 100 W 15 mTorr 

CH4 15 sccm 

60 s 4 - 8 
H2 45 sccm 

 

Table VII Oxford ICP-RIE etching condition of InP/InGaAs/InP structure [30].  

This recipe has been developed and tuned by C. Yu [30]. Huge efforts have been paid so 

as to improve the verticality of the cavity, so as to maximize the optical confinement 

performance. There are also several additional points to note in performing this step:  

(1) O2 cleansing of the empty chamber is performed before and after the sample etching 

and cleansing.  

(2) Sufficient rest of about 10 min is recommended for after every about 4 or 5 cycles, so 

as to cool down the chamber temperature.  

(3) For wafer with InAlAs layer, the etching recipe has to be changed when etching through 

the InAlAs layer. This special recipe is as Table VIII below.  
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HF Power ICP Power Pressure Gas flow Step time Steps of a cycle 

80 W 0 W 15 mTorr 

CH4: 15 sccm 

5 min depends 
H2: 45 sccm 

 

Table VIII Oxford ICP-RIE etching conditions for etching through InAlAs layer. 

 (4) It is very important to keep track of the cavity height in etching procedures so as to 

fabricate a pillar with desired height. Knowing the height is also important for changing 

etching recipes to go over InAlAs layer. As the etching conditions may be different in each 

time, we would take out the cavity several times and check the height using DekTak Data 

Analyzer. As the cavity size is too small, the heights of the waveguide markers on the 

sample are measured as a reference since they undergo exactly the same etching procedures.  

However, taking out and putting in the sample several times may also affect the etching 

result for the side wall smoothness as well as verticality. It is recommended to minimize 

the number of times for taking sample out and in. Figure 4.1 compares the SEM of an 

etched cavity with InAlAs layer (left) to that of a cavity without InAlAs layer but with 

similar dimension (right). It can be seen that the side wall condition degrades significantly 

at regions after the InAlAs layer.  

 

Figure 4.1 SEM of the InP/InGaAs/InP cavity core with (left) and without (right) InAlAs layer. The 

cavities are designed with a 350-nm side length, and it can be seen that the left cavity with InAlAs 

layer has less cavity verticality from the etching, probably due to frequent etching mode change and 

increased handling procedures of the sample in and out of the chamber.  

4.4.6  Buffered HF Cleaning 

After etching of the pillar, we should note that the Cr and SiO2 mask is still on top of the 

cavities. We use buffered HF solution to remove these masks.  

For larger cavities, sometimes the Cr layer on top of SiO2 is not successfully removed, and 

may stay at the cavity top, as compared in Fig 4.2. At the right side is a circular cavity with 
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diameter around 2 µm with Cr layer sticking at the top, this is probably due to the relatively 

large size of the cavity. It may cause problem in the future if the Cr layer cannot be removed.  

 

Figure 4.2 SEM of two circular InP/InGaAs/InP cavity core with Cr layer successfully removed (left) 

and sticking at top (right), respectively, after the buffered HF cleansing step.  

4.4.7  E-Beam Lithography (II): The Insulation Frame 

We perform the second e-beam lithography after the pillar etching. This is to define an 

“insulation frame” for the cavities. The pattern is a framework that divide the future 

electrode pad of all cavities, shown in Fig 4.3. At these regions, we plan to use dry-etching 

to remove the InP substrate and wet-etching to wash away the p-contact layer in the frame, 

like the moat surrounding the Imperial Palace. In future steps, we would deposit SiO2 all 

over the surface, filling up this frame as additional insulation to avoid short-circuit in 

electrode formation.  

 
Figure 4.3 Part of the GDS design graph including multiple layers of the device E-

beam lithography pattern. The rectangular framework pointed by the red arrow shows 

the patterning layer this time, which is only the insulation grid framework, and does 

not include the electrode pads and other structures in red or pink.  

Bi-layer e-beam resist is formed using spin-coating this time, the first layer being LOR7B, 

and second ZEP520A. The spin-coating and future development parameters of the bi-layer 
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resist are shown in Table IV below. It is recommended to check the bi-layer resist has 

successfully formed and well-covered the sample, using NMD solution, which can react 

with the LOR7B in the inner layer. As long as no LOR7B is reacted or removed, one can 

ensure that ZEP520A has covered LOR7B all over the surface and the bi-layer resist is well 

formed.  We generally soak the spin-coated samples in NMD for 1 min, rinse twice using 

water, and check the result using optical microscope.  

 Layer Formation Developing (after EBL) 

Material 
Peak Spin-

Coating Speed 

Post-coating Baking Time 

(Baking temperature: 

180 ℃) 

Developer 
Developing 

Time 

LOR7B 1400 rpm 2 min NMD 12 s 

ZEP520A 2500 rpm 3 min ZED-N50 2 min 
 

Table IX LOR7B/ZEP520A bi-layer resist spin-coating and developing conditions. 

Since the frame has only straight patterns and no extra precise details in shape, we use a 

rather rough set-up with aperture of 60 µm. The width of the frame is about 5 µm, and the 

dosage is set to 70 µC/cm2.  

Three-point alignment is performed to align the pattern of frame to the previous layer 

utilizing the markers.  

4.4.8  Dry Etching of the Insulation Frame 

Dry-etching using Oxford ICP-RIE is performed to remove the InP at the insulation frame. 

The recipe is generally the same as the general pillar etching conditions.  

Since the epitaxial wafer layer composition is known, one should be able to calculate the 

remaining InP thickness after pillar etching, and estimate the etching time and required 

cycles based on given InP thickness. Since that the left InP thickness is not very high, we 

use the previous estimated rate to calculate the time and perform the etching straight away 

without taking the sample out and in. The final etched depth of the frame can be checked 

using DekTak, similar as before.  

4.4.9  Wet Etching of the Insulation Frame 

To remove the active layer in the frame, wet etching is used. To control the process and 

avoid over-digging of the active layer, it is critical to control the etching time during wet-

etching and avoid too much shaking.  

H2O2/H2SO4 solution is prepared for the reaction. The sample is soaked inside for about 

2 min without shaking, and then rinsed twice in water.  

After wet etching, one should use ZDMAC and NMD solution to remove the residues of 

bi-layer E-beam resist gel formed on top. For removing ZEP520A residues, soaking in 
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ZDMAC for 5 min – 20 min is generally used, with heating to 90 ℃ using hot plate under 

the beaker if needed, followed by rinsing with acetone and IPA. For removing LOR7B 

residues, soaking in NMD solution for over 5 min is generally used, followed by rinsing 

twice with water.  

4.4.10 Surface Cleansing and Surface Passivation Before Insulation Layer Deposition 

Since the InP/InGaAs/InP pillar is fabricated for electrically-pumped optical emission, and 

the pillar is down to wavelength-scale of size around 1um, the surface-to-volume ratio is 

increasingly large which also makes the surface condition of the pillar very critical for 

overall lasing efficiency.  

There are two main factors affecting the overall performance. One is the surface roughness 

made during ICP/RIE dry etching steps in section 4.4.5. Rough sidewalls will definitely 

decrease the quality factor of the Fabry-Perot laser cavity. Another factor is related with 

the electronically active states at the surface due to unsaturated surface bonds. As a result, 

the injected carriers recombine faster, giving increased threshold current and low efficiency 

of light emission due to predominance of nonradiative recombination [45]. Therefore, 

surface passivation aiming at removing the dangling bonds (unsaturated surface bonds) is 

performed so as to improve the cavity quality.  

To deal with these two factors, we perform a multi-step surface cleansing procedure 

followed by surface passivation steps, referring to some previous works by K. Ding [46] 

and A. Higuera-Rodriguez et. al [45]. Hydrogen peroxide, phosphoric acid and ammonium 

sulfide are used. The steps are explained below.  

(1) H2O2 and H3PO4 cleansing  

Diluted hydrogen peroxide solution (H2O:H2O2 100:2) and diluted phosphoric acid solution 

(H2O:H3PO4 100:6) are prepared in two separate beakers. Several beakers containing water 

are also prepared for rinsing. In each cleansing cycle, the sample is soaked in H2O2 solution 

for 12s, then rinsed in water and dried by N2 pistol, then soaked in H3PO4 solution for 30s, 

then rinsed in water and dried by N2 pistol. The sample goes through about 3 to 6 cycles in 

total. Not enough number of cycles may leave the surface not clean enough, but too many 

cycles will also undercut the device a little. One can use SEM to check the cavity structure 

after certain number of cycles to make sure it is sufficient.  

It is also worth noticing that this cleansing step is performed in dark environment, as 

recommended by K. Ding [46]. It is said that if done under room light, there would be 

bumps on the surface, while smooth surface can be obtained during if conducted in dark. 

This might be related to photo-assisted electric-chemical reaction at the surface related to 

the photo-generated current in the InP/InGaAs/InP p-i-n junction under illumination [46]. 

A comparison of results of the cleansing done in room light and in dark is shown in Fig 4.4 

[46].  
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Figure 4.4 SEM of an InP/InGaAs/InP pillar after cleaning (a) under room light compared with 

that after cleaning (b) in dark. The sample cleaned in dark shows improved surface condition 

[46].  

 (2) (NH4)2S cleansing 

The sample is then submerged in diluted ammonium sulfide solution (H2O : (NH4)2S (from 

bottle, already diluted (need confirmation)) 100:40 ) for 10 minutes without shaking, and 

then rinsed in water twice and dried using 120 ℃ hot plate for 1 min. In [45], the sample 

is submerged in diluted ammonium sulfide, not rinsed by water and dried with N2 pistol 

immediately. We did not compare the difference in these two protocols, and one may try 

either for their own interests.  

It is worth noticing that this step is recommended to be immediately followed by the next 

step, PECVD deposition of insulation layer, so as to maximize the surface passivation result. 

In our case, the experiment facilities are physically in some distance thus some damage 

might be made during the transition of the sample form one building to another, thus the 

surface treatment result has the potential to be improved.  

4.4.11  PECVD of SiO2 

The insulation layer is deposited to the structure surface, covering all over the cavities, 

markers, as well as the etched insulation frame. The deposition is done by plasma-enhanced 

chemical vapor deposition (PECVD) again. The thickness of SiO2 is preferred to be about 

70 nm – 100 nm, based on the results of comprehensive simulation relating to both heat 

dissipation and cavity quality factor.  

Apart from SiO2, SiN can also serve as good insulation material in this step. We also tried 

SiN with about 70 nm in some samples, and it provides no worse situation as SiO2.  

4.4.12    Contact Open for N-Contact 

From the previous step, the whole structure is covered by insulation layer. As we would 

like to conduct electrically-pumped operation of the laser, thus proper electrodes have to 

be placed to the p-i-n junction. In this case, the top n-InGaAs layer is designed as the n-
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contact layer, thus should have direct contact with the silver cladding which serves as the 

electrical conducting layer for current injection.  

This contact open step is aimed for removing the SiO2 on top of the cavities, thus exposing 

the n-contact layer for future silver deposition. The method is to cover the cavity structures 

by photoresist gel and use Samco RIE dry etching to etch downward so as to just remove 

the SiO2 on top of the cavities.  

Photoresist AZ5200NH is spin-coated to the sample with 3000 rpm, and SEM image of a 

typical circular cavity top after this step is shown in the left of Fig 4.5. Afterwards, etching 

is conducted with (1) O2 ashing of the photoresist gel, and (2) SiO2 etching protocols. 

Details of the conditions are summarized in Table X below.  

 

Figure 4.5 The left is an SEM showing a cavity top covered by photoresist AZ5200NH spin-coated 

at 3000 rpm [30]. The right two pictures are the sample under optical microscope showing different 

stages of the dry-etching process for contact opening. One could see that the circular cavity top-views 

show different color due to the exposed height.  

 

Step 
RF Power Gas Source Gas Flow Pressure Tray 

Reference 

Etch Rate 

(1) O2 

ashing for 

photoresist 

100 W O2/CHF3 20/2 sccm 30 Pa Quartz - 

(2) SiO2 

etching 80 W CHF3/Ar 
20/10 

scccm 
2 Pa Quartz 

~ 22 

nm/min 
 

Table X Samco RIE SiO2 etching conditions for (1) O2 ashing of the photoresist gel, and (2) SiO2 

etching.  
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Figure 4.5 SEM of the same InP/InGaAs/InP cavity before insulation layer deposition (left) and after 

insulation layer deposition and contact open (right). This is a circular cavity designed with a diameter 

of 1.2 µm.  

4.4.13  E-Beam Lithography (III): Bi-layer Resist Mask for Silver Deposition 

After contact opening, we would like to coat silver all over the cavity as the metal-cladding 

layer, which also serves as the n-contact electrode. The silver should cover cavity structure 

only, thus we need to create a mask for only exposing the cavity surroundings for future e-

beam evaporation of silver.  

 

Figure 4.6 Part of the GDS design graph including multiple layers of the device E-

beam lithography pattern. The red arrow indicates the rounded-rectangular-shaped 

pattern for the silver deposition opening window.  

The mask is designed as shown in Fig 4.6. A window of approximately 16 µm in width and 

20 µm in length is made surrounding each cavity, given that silver has to be deposited from 

a tilted degree in different directions so as cover the cavity thoroughly. The deposition will 

be conducted from an angle of about 30° to 45°, thus the window size can be estimated 

with certain space left around.  

LOR7B and ZEP520A bi-layer resist layers are formed as the same in section 4.4.7. 

Considering the resolution accuracy required and also the time consumption, we used the 
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aperture size of 30 µm. Three-point alignment is used once again as the same in section 

4.4.7. Step size is set as 80 nm, and dosage is set to about 70 µC/cm2 or 80 µC/cm2.   

The development has to be very well-controlled to avoid the window to be expanded too 

much in the lower layer. We use ZED-N50 for ZEP520A development for about 20 min 

first, followed by NMD for LOR7B reaction for about 15s. Note that one should shake only 

very much gently and slightly while submerging the sample in NMD to control the reaction 

area, and it might be okay to even not shake though we did not have time to verify this. 

Minor undercut might occur, as shown in Fig. 4.7 [30], which would do no harm for future 

lift-off after silver deposition.  

 

Figure 4.7 Schematic graph showing minor undercut of LOR7B during the bi-layer 

opening window for silver deposition [30]. 

4.4.14 Surface Cleansing Before Silver Deposition 

Diluted hydrogen chloride (H2O : HCl 100:12) is used for surface cleansing before silver 

deposition. This is the same as mentioned in section 4.4.4, to remove the oxide residues 

from previous O2 plasma in RIE. The conditions and procedures are almost the same. This 

step is put as a separate section as it is recommended to be done right before metal 

deposition so as to make a clean contact between metal and n-contact surface. It may be 

easily overlooked, however should be done carefully for the best possible device quality.  

4.4.15  Multi-Step Silver Deposition, Lift-off and RTA 

Silver deposition is one of the most time-consuming step in this fabrication process. To 

thoroughly cover the cavity using a vertically-emitted e-beam evaporation facility, we 

divide the process into four separate deposition processes [30] as described in Table XI.  

Step 
Sample 

Orientation 

Tilted 

Angle 

Deposition 

material 

Deposition 

Speed 

Deposition 

Thickness 

Deposition 

(Pre-1) 
+45° 0° 

Ti 0.05 nm/s 10 nm 

Au 0.05 nm/s 10 nm 
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Deposition 

(1) 
+ 45° 

+ 

60°, -60°, 

+ 60°, -

60° 

Ag 1 nm/s 

100 nm, 

100 nm, 250 

nm, 250 nm 

Deposition 

(2) 
-45° 

+ 

60°, -60°, 

+ 60°, -

60° 

Ag 1 nm/s 

200 nm, 

150 nm, 300 

nm, 250 nm 

Lift-off (I) 

Deposition 

(3) 
+45° 

+ 

55°, -50°, 

+ 55°, -

50° 

Ag 1 nm/s 

150 nm, 

200 nm, 200 

nm, 300 nm 

Deposition 

(4) 
-45° 

+ 

50°, -50°, 

+ 55°, -

50° 

Ag 1 nm/s 

200 nm, 

150 nm, 250 

nm, 200 nm 

Lift-off (II) 
 

Table XI Multi-step e-beam evaporation and lift-off process for silver deposition. 

Thin layers of titanium and gold are deposited prior to the silver deposition so as to improve 

the adhesion of silver layer to the surface. In the coming four depositions, the sample 

orientations, tilted degrees, and the deposition thickness of each step can be varied slightly 

according to one’s judgement. The goal after all is to have the cavity covered by silver with 

the best possible quality and as even as possible. This step can be much improved if better 

deposition facility could be available.  

Lift-off of the bi-layer resist gel is performed twice, each time following two depositions, 

due to the thickness limit for successful lift-off. The lift-off procedure is similar to that in 

section 5.5, but with different conditions, as described here:  

(1) ZDMAC is used for removing the remaining ZEP520A. One should soak the sample in 

a beaker containing ZDMAC heated up to 90 ℃ on a hot plate, shaking heavily for about 

10 min and make sure the unwanted silver is thoroughly removed together with the 

ZEP520A gel. Again, this step needs to be very carefully conducted inside the organic 

process hood, as ZDMAC is harmful if inhaled or absorbed through skin, and may produce 

vapors of mists that can cause eye, skin or respiratory tract irritation. As previously 

mentioned, the heating of ZDMAC may be skipped if room-temperature process is enough 

for successful lift-off. However, unfortunately the silver layer is relatively thick, and the 

lift-off may be challenging. Afterwards, one should also rinse the sample carefully using 

acetone and IPA, and dry the surface using N2 pistol.  

(2) After this, to remove the remaining LOR7B on surface, one should soak the sample in 

NMD for around 5 min, shake if needed, and rinse twice in water. The sample can be dried 

from 120 ℃ hot plate surface for about 2 min.  
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The deposition result can be observed under optical microscope. One may also inspect 

using SEM, if needed.  

After silver deposition, we perform rapid thermal annealing (RTA) to increase the grain 

size of silver, aiming at reducing the plasmonic loss of this metal-cladding over the cavity 

[30]. RTA is performed at 400 ℃ for 2 min. The comparison of a typical cavity surface 

before and after RTA is shown in fig 4.8. It can be seen that the grain size is increased, 

which would give better optical performance for the cavity. Minor dislocation of the silver-

cladding happened during RTA, probably due to relatively weak adhesion at the corners 

especially under high temperature.  

 

Figure 4.8 SEM of the same InP/InGaAs/InP cavity with silver cladding before (left) and after (right) 

RTA treatment. This is a cavity consisting of square cross-section semiconductor core with side length 

of 350 nm.  

4.4.16  E-Beam Lithography (IV): Bi-Layer Resist Mask for Gold Protection Layer 

Deposition Before P-Contact Opening 

Ideally the sample would be ready for p-contact opening in the next step, and it is required 

to cover the cavity structures thoroughly before going through the etching of p-contact. 

However, the cavity height is relatively high after previous steps, with semiconductor pillar 

height of about 1 µm and silver of about 1 µm. Thus, the common bi-layer resist we use is 

not enough to cover the cavities over their top. This was tried and checked by NMD solution 

using the same method as mentioned in section 4.4.7, as it can be seen that NMD solution 

flowed inside easily and reacted with LOR7B, which proved that the cavities were not 

successfully covered and the bi-layer resist formed was not high enough for protection 

process.  

To solve this problem, we decided to deposit a layer of gold to protect the cavity before put 

it into further etching process. The gold protection layer has to deposited only over the 

cavities, connecting to the n-contact, and it should never get in touch with the p-contact 

area. In order to do so, we need to go through similar process as in section 4.4.13, using e-

beam lithography to write the window for areas surrounding the cavity. The writing 
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parameters and patterns are the same as in 4.4.13. It takes only around 10 min for our 

RAITH E-beam writer to finish this patterning.  

The development conditions are also similar to that in section 4.4.13. We used ZED-N50 

for 2 min 30 s development, followed by twice IPA rinsing, and then NMD reaction for 12 

s to 13 s, followed by twice water rinsing, and then used optical microscope to check the 

results. The sample is dried on 120 ℃ hot plate for 1 min.  

4.4.17  Gold Protection Layer Deposition and Lift-off Before P-Contact Opening 

The deposition of the gold protection layer is similar to silver deposition, but simplified a 

little since the metal quality is less critical and required thickness is lower. Thus, one round 

of deposition for Ti and Au respectively could be enough. Titanium, again is used prior to 

gold deposition for better adhesion. The conditions are set in Table XII below, and the 

following lift-off process is the same as used in section 4.4.15.  

Step 

Sampl

e 

Orientatio

n 

Tilte

d Angle 

Depositio

n material 

Depositio

n Speed 

Depositio

n Thickness 

Depositio

n (1) 

+ 45° 

or +60° 

+50°

, -50° 
Ti 0.05 nm/s 

40 nm, 

40 nm 

Depositio

n (2) 

+ 45° 

or +60° 

+ 

50°, -50° 
Au 0.2 nm/s 

250 nm, 

250 nm 

Lift-off 
 

Table XII E-beam evaporation and lift-off process for gold protection layer. 

Figure 4.9 shows an optical microscopy image of the wafer with cavities covered in gold 

protection. It can be seen that the gold protection covers the cavity well and overlaps largely 

with the silver-cladding of the cavity.  

 

Figure 4.9 Optical microscope image of the cavity covered in gold protection. The bright area is the 

silver-cladding covering the semiconductor cavity, and the yellowish (gold) area is the gold protection 

layer. Three images are taken at different focus length, so as to show the layering over the cavity from 

top to bottom.  
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4.4.18  E-Beam Lithography (V): Defining Areas of P-Contact Opening 

E-beam lithography is performed one more time to write the pattern of p-contact opening 

areas, as shown in Fig 4.10.  

 

Figure 4.10 Part of the GDS design graph including multiple layers of the device E-beam 

lithography pattern. As indicated by the red arrows, the pink areas are patterned this time, 

defining the space where we will later etch the InP substrate for exposing underneath p-contact 

layer. In this graph, the pattern layer for p-contact gold electrode deposition is now shown so as 

to avoid confusion.  

One should be extremely careful to leave enough space between the p-contact and the 

cavity coating window to avoid possible short-circuit. However, too large the distance may 

also increase the resistance in optical-pumping. Thus, we designed the mask to leave around 

10-µm distance in between.  

The spin-coating conditions, and writing parameters, are generally the same as in section 

4.4.13 E-Beam Lithography (III) and section 4.4.16 E-Beam Lithography (IV).  

For development and reaction to open the pattern window, ZED-N50 development of 2 min 

30 s followed by IPA rinsing twice is used for ZEP520A development, and NMD reaction 

for about 12 s followed by water rinsing twice is used for LOR7B reaction. If one is not 

sure about the development and reaction time, it is always recommended to use shorter time 

and add additional time sections after checking under optical microscope.  

Typical optical microscopy images of the contact area under optical microscope after 

ZEP520A development and after LOR7B reaction, respectively, are shown as in Fig 4.11. 

It is advised to gently dry the sample after the reaction using hot plate, for around 30s – 1 

min at about 120 ℃.  
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Figure 4.11 Optical microscope images of the p-contact opening area after ZEP520A 

development (left) and after LOR7B reaction (right), respectively.  

4.4.19   Dry Etching of SiO2 for P-Contact Opening 

We would like to first etch away the thin SiO2 coating at areas designed for p-contact 

electrodes. Samco RIE is used. The reaction time is calculated for SiO2 thickness measured 

during PECVD deposition in section 4.4.11. The conditions are the same as standard SiO2 

etching previously used in section 4.4.4.   

The points to note are similar as in previous processes related to Samco RIE. Separate 

hydrochloride cleansing which is usually done after RIE of SiO2 is skipped this time. This 

is because the next step, etching of remaining InP covering the p-contact, is done by wet 

etching using several acid solutions.  

4.4.20  Wet Etching of InP for P-Contact Opening 

To clean the contact surface and remove the InP for p-contact opening, we use wet etching 

with a combination of phosphoric acid solution and hydrogen chloride solution (H3PO4 : 

HCl 3:1). The sample is submerged in such solution for about 2 min, and rinsed by water 

twice, then dried by N2 pistol. The result can be checked by optical microscope, as shown 

in Fig 4.12.  

 

Figure 4.12 Optical microscope image of the p-contact opening area after dry-etching of SiO2 and 

wet-etching of InP. The bright areas indicate where the bi-layer resist has been fully developed and 

reacted, and the SiO2/InP layers above p-contact layer has been removed at those areas.  
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After wet etching, one should use ZDMAC and NMD solution to remove the residues of 

bi-layer E-beam resist residues. The conditions are similar to that in section 4.4.9. 

Afterwards, one could check the results using SEM, as shown in Fig 4.13 below.  

 

Figure 4.13 SEM images of the cavity after p-contact opening, shown at different scale. This is a 

circular cavity with diameter designed to be 1.7 µm. From the zoomed-in view, one could 

distinguish clearly the layering of the silver n-contact covered by gold protection layer, and the 

etched opening for p-contact layer. The actual distance of these two areas are estimated to be about 

5 µm, which would be safe for avoiding short-circuit.  

4.4.21  E-Beam Lithography (VI): Bi-Layer Resist Mask for Contact Electrodes Gold 

Deposition 

Another round of e-beam lithography is performed to define the bi-layer resist mask for 

gold deposition on both p-contact and n-contact electrodes. The patterns and conditions are 

generally the same as in section 4.4.18 since we would like to reproduce the same window 

for metal deposition. The development is also similar, using ZED-N50 for 2 min 30 s and 

NMD for 12 s. Still, it is recommended to keep in mind that conditions may be different, 

and development and reaction time may need to change accordingly. Thus, we recommend 

to carefully check the results using optical microscopy for precise timing and avoiding 

over-reaction. Figure 4.14 shows typical optical microscopy image of the sample after bi-

layer resist development and reaction for forming the mask of contact electrode deposition.  
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Figure 4.14 Optical microscope images of the p-contact gold electrode deposition area after 

development and reaction of the bi-layer resist mask, at different magnifications. The bright areas are 

where the p-contact layer is exposed during etching in section 4.4.19 and 4.4.20. The dark areas are 

the defined areas for gold deposition to form the p-contact electrodes.   

4.4.22   Gold Deposition for Contact Electrodes 

We perform e-beam evaporation to coat Ti/Au electrodes at the contact areas defined by 

bi-layer resist mask in the previous step. The conditions are set as in Table XIII below:  

Step 
Sample 

Orientation 

Tilted 

Angle 

Depositio

n material 

Depositio

n Speed 

Depositio

n Thickness 

Depositio

n (1) 
0° 0° Ti 0.05 nm/s 60 nm 

Depositio

n (2) 
0° 0° Au 0.2 nm/s 600 nm 

Lift-off 
 

Table XIII E-beam evaporation and lift-off process for p-contact gold deposition. 

The following lift-off is similar as in section 4.4.15 and 4.4.17. However, one should be 

careful as the gold layer is relatively thick, the lift-off might also be difficult this time. 

Optical microscope image of the finished sample after electrode deposition is shown in Fig 

4.15. 

 

Figure 4.15 Optical microscope image after gold deposition for contact electrodes at different 

magnification levels.  

Up to now, the sample fabrication is finished for all clean-room procedures. Clear 

examination of a 3D view of the fabricated devices can be examined using SEM, as shown 

in Fig 4.16.  
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Figure 4.16 SEM of the finished devices at different magnification levels, in the order of 78x, 240x, 

963x, and 4.76k x, from left-top to right-end, clockwise. The two electrode pads are well separated, 

with p-contact overlapping with its opening largely and the n-contact covering the cavity metal-clad 

thoroughly.   

The next step would be device packaging and wire-bonding for electrical property and 

electroluminescence measurement.  

4.4.23  Packaging and Wire-Bonding 

The chip is mounted to a copper plate of about 5 cm by 4 cm size for testing. PCB board 

with several electrodes are also mounted to the copper plate, which would be suitable for 

current injection using electrical lines. The mounting is done using super glue.  

Prior to electrically-pumped optical emission testing, wire-bonding is performed using 

WestBond Model 7700D Ball-Wedge Wire Bonder to connect the electrode on PCB board 

to the electrical pads on the sample. This step has to be done extremely carefully as high 

power will damage the contact layer and strike through the sample, thus create short-circuit, 

while too low voltage would not be enough for the bonding to be strong. We optimized the 

conditions as Table XIV below:  
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Step 
Step Name 

(on display) 
US Power 

US 

Time 
Load 

Start from 

PCB electrode 

Bond 1 of 2 
400 50 ms HIGH 

Bond to 

chip electrode 

Bond 2 of 2 
50 50 ms HIGH 

 

Table XIV Wire-bonding conditions for bonding from PCB to sample electrode pads using WestBond 

Model 7700D Ball-Wedge Wire Bonder.  

The power when bonding to the chip electrode end is set very weak so as to avoid damage 

of the device. Slight optimization of the conditions may also be needed for specific cases. 

The conditions depend on the deposition thickness of gold electrode as well.  

 

Figure 4.17 Images of the sample and PCB board mounted to copper plate and fixed on a heat stage 

using one screw for wire-bonding. Picture at the left shows also part of the wire-bonding machine, 

including the capillary tip where the copper wire passes through.  

One should also be careful while handling the sample in this step, as the wire-bonding is 

done with the stage heated up to 120 ℃, and heavy shaking while handling the heated 

sample would easily break bonded wires. Figure 4.17 shows a picture of the sample fixed 

on the heat-stage using one screw for wire-bonding.  

It is worth noticing that as the wire-bonding technique we utilized including the application 

of a short-time high-power ultrasonic shock to the electrodes on chip, some damage might 

have been introduced to the layers underneath, thus causing some device damage. In the 

future, it is advised to either introduce additional protection layer to the electrodes, but this 

might also bring in additional risks to the sample, especially for that the fabrication process 

already involves a large number of steps. Another alternative is to use WestBond Model 

7200CR Dual Head Epoxy Die Bonder, which provides a vacuum pickup tool that can 

perform manual pick-up and drop-down of cooper wires. Combined with silver paste on 

sample, one might perform manual wire-bonding without applying additional power shock 

to the sample. However, the manual manipulation of such bonding might encounter much 

difficulty due to the ultra-small device size.  
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Figure 4.18 Device image after wire-bonding and packaging, from left-top to right-bottom in 

clockwise order: copper wire connection to p-contact, sample chip mounted to cooper plate by super-

glue, sample chip dimension and thickness compared to a Japanese 5-yen coin, and overview of the 

finished sample chip ready for measurement.  

4. 5  Comments on Fabrication Process 

The fabrication process of wavelength-scale silver-clad InP/InGaAs cavities aimed for 

electrically-pumped lasing is presented, and critical conditions and points to note during 

the fabrication are discussed in great detail, thus we would avoid too much redundancy in 

restating them as a summary. However, here are some personal comments as a review of 

the fabrication process: 

(1) The multi-step dry etching (section 4.4.5) is critical for verticality of the semiconductor 

core. It is advised to start over from the first step if one could tell from SEM that the etched 

pillar has poor condition (e.g. low verticality, rough surface, etc.).  

(2) One should always be ultra-careful and keep in mind that the pillars are versatile due to 

their small size. Ultrasonic cleansing should be avoided after etching of the III-V cavity 

core (section 4.4.5) as it may destroy the structures easily.  

(3) Generally, the surface condition of the cavity cores always needs to be taken care of 

before encapsulation by silver. It is always advised to keep in mind that one should keep 

the sample surface clean and avoid any possible dirt, and perform organic cleansing before 

handling the sample. Careless manipulation could easily introduce defects on surface and 

leads to worse conditions in following steps. In particular, the surface cleansing steps and 
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surface passivation steps (section 4.4.10) is the last treatment of the III-V core before 

insulation layer, and we believe that it plays an important role in improving the performance.  

(4) The III-V wafer is very fragile, and is more brittle than Si wafer. One should always 

handle the sample with great care and avoid excess force when using tweezers.  

In addition, certain improvements could also be made in future fabrication:  

(1) Improved design of the markers will facilitate easier three-point alignment in multi-

layer e-beam lithography. We carried out six e-beam lithography on the same sample, with 

markers on various locations of the first layer of the mask. However, the largest marker 

(leading marker) is designed only at the left-bottom corner of the wafer, and it becomes 

hard to locate after a few exposures. Additional leading markers are advised to be 

incorporated at other corners to make better three-point alignment.   

(2) The contact open for n-contact (section 4.4.12) is a technique that is hard to standardize 

and needs to be learned from experience, thus limited details are provided in this section. 

In future works, it is advisory to note down carefully the gradual change of the device 

surface through the etching cycles for one’s reference in developing a standardized n-

contact open process.   

(3) The difficulty in wire-bonding is related to the design of copper plate as the packaging 

and the device mounting. In the future, improved design of packaging could largely 

alleviate the risk in wire-bonding of damaging the device. For example, more space could 

be added as buffers in the arrangement of cavity arrays, and the electrode pads could also 

be designed with better placement to avoid crossing of wires and possible short-circuits. It 

is also better to reduce the gapping space in between the PCB board and the sample chip 

mounted on the copper plate, so that the bonding wire does not need to risk the long-

distance dangling in space.  
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Chapter 5  

Measurement Results and Discussions 

5.1  Introduction 

In this chapter, we present and discuss the experimental measurements of the fabricated 

devices. There are 84 laser cavities designed and fabricated on one sample chip, as 

explained in detail in section 4.2. We performed measurement of both the electrical 

properties and optical properties of some selected devices.  

In Section 5.2, we will discuss the electrical properties of the selected devices. In section 

5.3, we will discuss the electrically-pumped optical performance of the selected devices. In 

particular, unambiguous room temperature electrically-pumped lasing of a circular cavity 

of diameter 1.5 um is observed and characterized. This cavity has an estimated volume of 

0.6λ3, which marks much improved fabrication techniques with advanced design, and it is 

comparable to the world record of the smallest room temperature electrically-pumped 

metal-clad semiconductor laser [24].  

5.2  Electrical Properties of the Cavities: I-V Measurement 

 

Figure 5.1 Measurement experiment set-up for I-V Measurement. A schematic representation is 

shown at the left, and a photo is shown at the right. On the photo, angles indicate the anode (left) 

and cathode (right) of the probe needles for applying voltage to the electrodes on cavity directly.  

We use Keithley 4200-SCS Semiconductor Parameter Analyzer to measure the electrical 

properties of the cavities. The set-up is shown as in Fig. 5.1. The device is placed on the 

chuck and fixed with vacuum channels from the chuck. As marked in the figure, the anode 
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and cathode probe needles are carefully manually adjusted to directly touch the p-electrode 

and n-electrode fabricated on the chip respectively. One should be extremely careful at this 

step to avoid crushing the electrode coating on the sample surface.  

In order to perform DC I-V measurement, we applied forward-biased voltage to the p-i-n 

junction using KITE software installed to the computer. Usually, a voltage sweep of range 

0 – 3V, 0 – 4V, and 0-5 V are applied, chosen and judged according to cavity sizes for a 

fair comparison in terms of current density.  

 

Figure 5.2 I-V measurement results of wavelength-scale metal-clad semiconductor laser cavities with 

square cross-section, as side length of the device semiconductor core ranges from 0.35 µm to 1.42 

µm. Inset shows schematic of the device, and the red arrow indicates the device side length of the III-

V semiconductor core.  

Figure 5.2 shows the measured I-V curves of square cavities with side length 0.35 µm, 0.72 

µm and 1.42 µm, respectively. One could see that the threshold voltage is generally 

consistent as around 1.0 V, and smaller device shows larger overall resistance. The overall 

resistance can be seen as the semiconductor core resistance, bottom contact resistance and 

other circuitry resistance connected in series. Ideal fabrication quality should give the same 

bottom contact resistance and circuitry resistance for different devices on the same chip, 

and making the semiconductor core resistance the dominant factor of overall resistance. 

Given that for a resistive material, 𝑅 =  𝜌 · 𝑙/𝐴 , where  𝑅  is the resistance, 𝜌  is the 

electrical resistivity of the material, 𝑙 is the length and 𝐴 is the cross-sectional area. The 

reverse dependency relationship of overall resistance on device cross-sectional area is 

consistent with our expectation, showing that the fabrication quality of the electrodes of the 

devices are generally consistent and it plays a minor role in overall device resistance.  
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Figure 5.3 J-V measurement results of wavelength-scale metal-clad semiconductor laser cavities with 

square cross-section, as side length of the device semiconductor core ranges from 0.35 µm to 1.42 

µm. Inset shows schematic of the device, and the red arrow indicates the device side length of the III-

V semiconductor core. SEM images of the semiconductor core of corresponding cavities are also 

listed on the right.  

To make a fair comparison, we plot the J-V curve of the device, which is the calculated 

current density versus bias voltage, with the same selection of square-cross-section cavities, 

as shown in Fig 5.3. One could see that, assuming the same device length, the smaller cavity 

gives actually lower overall resistivity compared to larger ones. This may due to additional 

defects on the device surface or silver coating of the larger devices.  

 

Figure 5.4 Evolution of the I-V curve of one cavity during five consecutive 

measurement. The colors mark different trials of the measurement, from trial # 1 to trial 

#5. This is a cavity with square cross-section of side length 1.42 µm, and an SEM of its 

semiconductor core is shown in the inset. The scale bar is 1 µm.  
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It is worth noticing that the I-V curve of one device will change slightly during the first few 

trials when one performs the measurement. Figure 5.4 shows the evolution of I-V curve of 

the same device (as of a square cavity with side length 1.42 um) during five consecutive 

measurements. The resistance reduces gradually in future measurement compared with the 

starting ones, and later stables down as the last entry. This is suspected to be related to the 

silver quality and heating effect. During the I-V measurement, the device generates some 

heat, thus creating an annealing-like effect on the silver cladding of the cavities. Thus, the 

future measurements give better I-V qualities for the same diode, and the results tend to 

stay stable after a few times of trials, typically about five or six times.  

 

Figure 5.5 I-V measurement result of a device showing large reverse current, marking 

possible defects. This is a cavity with circular cross-section of diameter 1.4 µm, and an 

SEM of its semiconductor core is shown in the inset. The scale bar is 1 µm. The data 

correspond to cavity #C17 at Appendix B.  

It is worth notice that we prefer to perform the I-V measurement before wire-bonding of 

the devices, as one can tell from Fig 5.1. This is because that the ultrasonic shock applied 

during wire bonding could very easily strike through the device and destroy the junction. 

Figure 5.5 shows the I-V curve measurement of a circular cavity after wire-bonding. There 

exists clearly very large reverse current when a negative voltage is applied, and we suspect 

this is caused by the wire-bonding step. The exact reason of the break-down, whether it is 

due to the wire-bonding, and potential alternatives to improve the device tolerance still 

need to be studied.  

After measurement of the I-V characteristics, we move on to perform electroluminescence 

measurement of the selected devices that have satisfactory electrical properties.  

5. 3  Optical Properties of the Cavities: Electroluminescence Measurement 
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Prior to electroluminescence measurement, it is required to perform wire-bonding of the 

selected cavities, as discussed in section 4.4.23.  

 
Figure 5.6 Schematic of the experiment set-up for electroluminescent measurement.   

The experiment set-up of the electroluminescence measurement is shown in Fig 5.6 and 

Fig 5.7. The copper plate mounted with the sample is fixed on a movable stage connected 

to external stepping motor controller that could control the stage location in x, y, z directions 

with precision down to micrometer scale. The sample is placed with cavities facing 

downwards and InP substrate flipped on top, such that one could collect the emitted light 

from above, through the InP substrate. The light is collected through 50x NIR lens, and 

after several mirrors, lenses and filters it would pass a slit with adjustable aperture and be 

collected by a Princeton Instruments Acton SP2500 NIR Monochromator/Spectrographs. 

The spectrum is analyzed using Princeton Instruments WinSpec Spectroscopy Software.  
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Figure 5.7 Experiment set-up of the electroluminescent measurement. Red arrow in the figure 

indicates location of the sample. Critical components in the set-up are marked out in yellow.   

To locate the tested cavity from the sample and identify the cavity from the 21 x 4 cavity 

arrays, we use Thorlabs SLD1050, a superluminescent diode at 1050 nm, to illuminate the 

sample through a fiber cable from beneath. A CCD camera is used to collect the light that 

goes through the sample and reflected by a mirror, after carefully adjusting the focus, one 

could get a clear image from the camera. Shading of electrode pads and bonded wires on 

the sample will be visible from the camera imaging, as shown in Fig 5.8. One could 

manually adjust the movable stage using the stepping motor controller so as to locate each 

cavity.  
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Figure 5.8 Understanding the display from CCD imaging to locate the cavity. Red 

markers explain the components in the imaged shadings. Black triangles are tapes sticked 

on the screen earlier to mark the actual focus region, which is pointing to a cavity from 

this photo.  

This set-up is compatible with an additional cooling system using Cryostat. Details are 

provided in [30]. In this thesis, only room-temperature measurement results are presented 

and discussed, thus we would omit redundancy of the low-temperature measurement results 

of some devices performed and discussed in [30].  

Current injection of the sample is performed with current source using electrical cables. 

Room temperature continuous-wave electrical pumped operation of the devices are 

measured and characterized. Here we present the measured electroluminescent spectrum of 

four different devices from the same sample.  

 

Figure 5.9 Spectrum under RT CW operation of a metal-clad semiconductor cavity with volume size 

0.51λ3 with varying injection current. Inset shows an SEM image of the semiconductor core of this 

cavity before deposition of the insulation layer and metal-cladding. The scale bar is 1 µm. The data 

correspond to cavity #A10 at Appendix B.  
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Figure 5.10 Spectrum under RT CW operation of a metal-clad semiconductor cavity with volume size 

1.15 λ3 with varying injection current. Inset shows an SEM image of the semiconductor core of this 

cavity before deposition of the insulation layer and metal-cladding. The scale bar is 1 µm. The data 

correspond to cavity #A16 at Appendix B. 

Figure 5.9 shows the room-temperature (RT) continuous wave (CW) electroluminescent 

spectrum of a wavelength-scale silver-clad InP/InGaAs cavity with square cross-section of 

side length 0.71 µm and estimated cavity volume of 0.51λ3 under increasing pumping 

current. Broadband emission is observed under current injection, and the peak is estimated 

to be at 1550 nm. Figure 5.10 shows the spectrum of another cavity with square cross-

section, but of slightly larger side length 1.42 µm and estimated cavity volume of 1.15 λ3. 

Again, broadband emission is observed under RT, CW current injection, and the peak is 

estimated to be at around 1570 nm.  

Lasing is not observed from these two cavities, and we suspect the reason could be low 

cavity Q factor due to large scattering loss at the corners of the cavities. These devices still 

have the potential to give better optical performance under low temperature, however the 

experiments are not carried out at this stage.  

We move on with the same set-up to measure some cavities with circular cross sections. 

From previous analysis of FDTD simulation, circular cavities of the same geometry usually 

provide higher cavity Q factor compared to other shapes, due to better confinement of the 

modes, namely whispering-gallery mode, inside the active layer. Though the circular 

design may make it harder for waveguide coupling, it remains valuable to study their 

electroluminescent properties. The results are advisory on examining the fabrication 

qualities from improvements reported in chapter 4, as the standard circular shape cavity 

brings in little additional factors affecting the performance, and can be compared with the 

results of many previous works reported in literature.  
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Figure 5.11 Spectrum under RT CW operation of a metal-clad semiconductor cavity of circular 

cross-section and diameter 1 µm, with varying injection current. Inset shows an SEM image of 

the semiconductor core of this cavity before deposition of the insulation layer and metal-cladding. 

The scale bar is 1 um. The data correspond to cavity #C10 at Appendix B. 

Figure 5.11 shows the room-temperature (RT) continuous wave (CW) electroluminescent 

spectrum of a wavelength-scale silver-clad InP/InGaAs cavity with circular cross-section 

of semiconductor core diameter 1um and estimated cavity volume of 0.23λ3 under 

increasing pumping current. Broadband emission is observed under low current injection, 

and enhanced emission at certain wavelength slowly appears with increasing current. The 

peak wavelength of the spectrum shifts gradually from about 1520 nm to 1500 nm with 

increasing current.  
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Figure 5.12 Spectrum under RT CW operation of a metal-clad semiconductor cavity of circular 

cross-section and diameter 1.5 µm, with varying injection current. Inset shows an SEM image of 

the semiconductor core of this cavity before deposition of the insulation layer and metal-cladding. 

The scale bar is 1 µm. The data correspond to cavity #C20 at Appendix B. 

Figure 5.12 shows the operation under the same condition of a circular cavity with slightly 

larger diameter of 1.5 µm, and an estimated semiconductor cavity volume of about 0.52λ3. 

Spectrum with increasing current from 0.1 mA to 3.0 mA is plotted. The wavelength of 

peak intensity shifts gradually from about 1550 nm to shorter wavelength of 1540 nm with 

increasing current. A narrow peak is observed at higher current. We suspect room-

temperature continuous-wave lasing under electrical pumping is achieved in this silver-clad 

InP/InGaAs semiconductor laser with circular cross section.  

We plot the L-I curve of the suspected lasing mode of from this spectrum. The estimated 

peak power is computed by summation of the collected light power within the highest peak, 

which gives an estimation of the integrated intensity of the suspected lasing mode.  
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Figure 5.13 L-I curve of the circular cavity with diameter 1.5 um, computed from data presented 

in Fig 5.12. The data correspond to cavity #C20 at Appendix B. 

The spectrum showed cavity enhancement and potential for room-temperature CW lasing 

of a wavelength-scale metal-clad semiconductor laser with circular cross-section. The 

cavity has a volume that is smaller than the record from any reported literature [24], and it 

marks large improvement in device design and fabricated cavity qualities, which leads to 

reduced scattering and absorption loss and improved cavity quality factor. The lasing 

threshold current might be higher than expected, and larger compared to the results 

obtained under low temperature [30, 44], but we did not increase the current due to 

concerning about temperature rise in the cavity. Quality of the cavities on the same sample 

chip still varies case by case, and full characterization of all fabricated cavities is not yet 

finished at this stage. The presented results show possibilities of achieving room-

temperature lasing with lower threshold current using the optimized fabrication techniques, 

and possible future works will be discussed in Chapter 6.  

5. 4  Summary 

In this chapter, the I-V measurement and electroluminescent measurement results of 

selected devices with either square cross-sections or circular cross-sections are presented.  

The measurement results prove high device fabrication quality and general agreement with 

theoretical predictions. We observe cavity enhancement of a silver-clad InP/InGaAs light 

emitter with a volume as small as 0.52λ3.  

In addition, we would like to point out that though enhancement is observed only from one 

of the circular cavities, this serves as no proof of the exclusive dependency of optical 

property on cavity shape. The measurement of the fabricated batch of devices is not finished 

at this stage, and there is high potential that room-temperature operation of the cavities with 

similar scale but different shapes would give even improved performance.  
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The satisfactory results in room-temperature electroluminescent measurement proves the 

improvement of our fabrication quality, and it is advised that one should look into cavities 

of different shapes, and more importantly, their possible coupling schemes to waveguide, 

since it serves as a critical step in applications, as discussed and advised through Chapter 1 

to Chapter 3.  
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Chapter 6  

Conclusions and Outlook 

Research on design, fabrication and experimental measurement of wavelength-scale metal-

clad semiconductor lasers with potential of being coupled to waveguide in integrated 

photonic circuits was reported in this thesis. The main achievements can be divided in four 

parts:  

(1) We designed a wavelength-scale silver-clad InP/InGaAs laser cavity in capsule shape 

with improved thermal properties to reduce self-heating, and proposed a coupling scheme 

for evanescent output of its emitted light to a silicon-on-insulator waveguide. 

Thermodynamic properties inside the laser cavity have been studied for understanding its 

self-heating issues. Regarding cavity design and thermal properties, possible future 

developments could be made by conducting thermodynamic simulation in search for 

alternative cavity design, and by looking for more optimized structure with less 

scarification of device optical properties while keeping the merits of improved heat 

dissipation. It may be possible through:  

- changing the insulation layer material to one with better heat conductivity (e.g. 

Al2O3 instead of SiO2);  

- exploring the heat dissipation properties with different device shape by conducting 

3D thermal simulations instead of using cylindrical symmetric conditions;  

- exploring thermal properties of metal-clad semiconductor lasers with novel 

designs, such as changing the laser to a ring-like profile which gives whispering-

gallery mode light confinement, and depositing metal inside the ring core to serve 

as a heat conduction path closely in touch with the active layer for effective heat 

dissipation;  

(2) We proposed a novel design of an integrated optical feedback stub formed at the non-

output end of the cavity for the waveguide-coupled laser structure designed in (1). With 

optimized length and shape, the stub functions effectively to tune the Q factor of the 

resonant mode inside the cavity. We numerically demonstrated 5-fold improvement of the 

Q factor for a given cavity.  We also applied coupled-mode theory to provide a quantitative 

analysis of the Q factor enhancement, and the results from theoretical calculation agree 

well with those obtained through numerical simulations. This mechanism of integrated 
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feedback stub could be applicable to a variety of other waveguide-coupled metal-clad lasers. 

Regarding this part, related future works could be:  

- demonstrating the Q-factor tuning mechanism of integrated feedback stub with 

different waveguide-coupled small lasers, such as InP-waveguide coupled to metal-

clad InP/InGaAs lasers, or SOI-waveguide coupled to wavelength-scale photonic 

crystal nanocavities;  

- studying the effect of the integrated feedback stub on waveguide coupling 

efficiency. It has been shown that there may exist trade-off between the coupling 

efficiency and cavity Q factor through this evanescent coupling scheme. The Q-

factor tuning from the integrated feedback stub may also have an effect on the 

coupling efficiency, which should be taken into consideration in aim for applying 

it to integrated photonic circuits.  

-   investigating fabrication techniques in realizing the proposed structure of metal-

clad semiconductor cavity coupled to waveguide with integrated feedback stub, and 

verifying the relationship of Q factor with different stub length experimentally 

through electroluminescent measurement.  

- proposing alternative coupling scheme for the integration of metal-clad 

semiconductor lasers to waveguides. For example, it may be possible to use in-plane 

evanescent coupling especially for the circular laser cavities, as the vertical 

evanescent coupling scheme may be less efficient for the whispering-gallery mode 

in circular cavity. However, in-plane waveguide coupling may also introduce 

additional complexity in fabrication in terms of wafer alignment and wafer bonding.  

(3) We fabricated batches of silver-clad InP/InGaAs cavities on InP substrate with various 

shapes, which are eligible for measurements in demonstrating electrically-pumped light 

emission under room-temperature. An extensive review of the fabrication process was 

presented with great details, and certain improvements have been demonstrated through 

various fabrication steps. Regarding this part, possible improvements of fabricating these 

devices have been listed in section 4.5, “comments on fabrication process”, thus we would 

avoid redundancy in stating them in this chapter. Apart from those improvements, possible 

future work could also include:  

- exploring future fabrication techniques of the metal-clad semiconductor laser 

coupled to waveguide;  

- studying in details of the effectiveness in some fabrication steps by careful device 

characterization, such as characterization of the effect on device performance from 

silver quality caused by different adhesive thin layers. However, these studies may 

be hard to make fair comparisons for reaching convincing conclusions as one needs 

to limit the variables in any other step during fabrication of two separate samples.  
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- applying the current fabrication techniques, especially the effective surface 

treatment and surface passivation steps, to fabrication of other metal-related III-V 

nanostructures, such as the fabrication of surface-normal metallic grating modulator 

which is currently under active research from other members in our laboratory.  

(4) We performed measurements of both electrical properties through I-V relationships and 

optical properties through electroluminescent experiments of some selected devices on the 

sample chip we fabricated in (3). Particularly, we reported cavity enhancement in 

electrically-pumped room temperature operation of a wavelength-scale metal-clad 

semiconductor light emitter with circular cross-section. The cavity has a volume that is 

smaller than the record of such laser from any reported literature. This experiment shows 

potential for room-temperature electroluminescence by metal-clad semiconductor lasers in 

practical applications. Possible future works in this part are:  

- conducting measurements of I-V relationship and electroluminescence of the other 

fabricated cavities on the completed and packaged sample; comparing the results 

from different cavity design through the sample process and analyzing the 

performance with relation to cavity shapes;  

- conducting electroluminescent measurement of selected devices under low 

temperature, e.g. that of 78 K with the aid of cryostat; studying the effect on device 

performance from different temperatures; explaining the experiment results using 

thermal simulations;  

- conducting characterization of the emitted light from selected cavities, such as 

polarization analysis to identify the resonant mode from the cavities; comparing the 

measurement results with theoretical predictions and with numerical results 

obtained through FDTD simulations.  

- performing photoluminescence measurement of the selected device through 

optical pumping, with techniques such as substrate removal; comparing the 

photoluminescence results and electroluminescence result of the same cavity;  

- exploring measurement set-up for devices that are coupled to waveguide; possible 

woks may include designing grating couplers integrated on-chip, and performing 

optically-pumped measurement with pumping light coupled through the same 

waveguide end with emitted light or from an opposite waveguide end, or 

electrically-pumped measurement with electroluminescent light coupled through 

the waveguide.  

In the future, through advanced device design and further improving the fabrication 

techniques we developed, we hope for realizing steady room temperature metal-clad 

semiconductor laser with single-mode output of low threshold current and low energy 

consumption, which would make it possible for exciting future applications such as on-

chip light sources for optical interconnects in integrated photonic circuits.  
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Appendix A. Fabrication Process Flow Chart  

 

Step #0.  Wafer Preparation and Handling 

 

Step #1. PECVD of SiO2 as Hard Mask 

 

Step #2.  E-Beam Lithography (I) 

The Cavity 

 

Step #3. Cr Deposition and Lift-Off 

(1) E-Beam Evaporation of Cr 

 

Step #3. Cr Deposition and Lift-Off 

(2)  Lift-Off 
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Step #4. Dry Etching of SiO2 

 

Step #5. Dry Etching of III-V Cavity 

 

Step #6. Buffered HF Cleaning 

(Removal of Cr/SiO2 mask) 

 

Step #7. E-Beam Lithography (II):  

The Insulation Frame 

 

Step #8.  

Dry Etching of the Insulation Frame 



Appendix A. Fabrication Process Flow Chart 

 

70 

 

 

Step #9.  

Wet Etching of the Insulation Frame 

(1) Wet Etching of p-Contact Layer 

 

Step #9.  

Wet Etching of the Insulation Frame 

(2) Removal of Resist Residues 

 

Step #10.  

Surface Cleansing and  

Surface Passivation  

(Immediately Before  

Insulation Layer Deposition) 

 

Step #11.  

PECVD of SiO2 Insulation Layer 

 

Step #12. Contact Open for n-Contact 
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Step #13. E-Beam Lithography (III):  

Bi-Layer Resist Mask  

for Silver Deposition 

 

Step #14. Surface Cleaning  

Before Silver Deposition 

 

Step #15. Multi-Step Silver Deposition, 

Lift-Off and RTA 

(1) E-Beam Evaporation of Silver 

 

Step #15. Multi-Step Silver Deposition, 

Lift-Off and RTA 

(2) Lift-Off of Bi-Layer Resist 

(RTA is performed after full completion of 

all silver deposition/lift-off steps) 

 

Step #16. E-Beam Lithography (IV):  

Bi-Layer Resist Mask  

for Gold Protection Layer Deposition 

(Before p-Contact Opening) 
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Step #17. Gold Protection Layer 

Deposition and Lift-off 

(Before p-Contact Opening) 

(1) E-Beam Evaporation of Gold 

 

Step #17. Gold Protection Layer 

Deposition and Lift-off 

(Before p-Contact Opening) 

(2) Lift-off of Bi-Layer Resist 

 

Step #18. E-Beam Lithography (V):  

Defining Areas of P-Contact Opening 

 

 

Step #19. Dry Etching of SiO2  

for p-Contact Opening 

 

Step #20. Wet Etching of InP 

for p-Contact Opening 

(1) Wet Etching of InP 
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Step #20. Wet Etching of InP 

for p-Contact Opening 

(2) Removal of Resist Residues 

 

Step #21. E-Beam Lithography (VI):  

Bi-Layer Resist Mask  

for Contact Electrodes Gold Deposition  

 

Step #22. Gold Deposition  

for Contact Electrodes 

(1) E-beam Evaporation of Gold 

 

Step #22. Gold Deposition  

for Contact Electrodes 

(2) Lift-Off of Bi-Layer Resist 

 

Step #23. Packaging and Wire-Bonding 
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Overview of the Finished Device (forground) 

Compared to the Schematic Design (at background)  

 

Perspective Schematic of the Designed Silver-Clad InP/InGaAs Laser with Square Cross-Section 

for Electrically-Pumped Operation, Compared with SEMs of the Fabricated Cavity at Different 

Stages (Left Inset: III-V Core at Step #9, with Scale Bar showing 1 µm; Right Upper: Silver RTA at 

Step #15; Right Lower: After Electrode Deposition at Step #22). 
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Appendix B. List of Fabricated Devices 

 

A1-A3 A4-A6 A7-A9 A10-A12 A13-A15 
A16-

A18 

A19-

A21 

Capsule 

Shape, 

length ~ 3 

µm 

Capsule 

Shape, 

length ~ 3 

µm 

Square, 

side-length 

0.35 µm 

Square, 

side-length 

0.71 µm 

Square, 

side-length 

0.89 µm 

Square, 

side-

length 

1.42 

µm 

Square, 

side-

length 

1.77 µm 

B1-B3 B4-B6 B7-A9 B10-B12 B13-B15 
B16-

B18 
B19-B21 

Rectangula

r,  

2 µm x 1 

µm 

Rectangula

r,  

3 µm x 0.7 

µm 

Rectangula

r,  

4 µm x 0.5 

µm 

Rectangula

r,  

5 µm x 0.4 

µm 

Rectangula

r,  

6 µm x 

0.34 µm 

Capsul

e 

Shape, 

length 

~ 1.1 

µm 

Capsule 

Shape, 

length ~ 

1.6 µm 

C1-C3 C4-C6 C7-C9 C10-C12 C13-C15 
C16-

C18 
C19-C21 

Capsule 

Shape, 

length ~ 3 

µm 

Circular, 

diameter 

0.4 µm 

Circular, 

diameter 

0.8 µm 

Circular, 

diameter 1 

µm 

Circular, 

diameter 

1.2 µm 

Circula

r, 

diamete

r 1.4 

µm 

Circular, 

diameter 

1.5 µm 

D1-D3 D4-D6 D7-D9 D10-D12 D13-D15 
D16-

D18 

D19-

D21 

Circular, 

diameter 

1.6 µm 

Circular, 

diameter 

1.7 µm 

Circular, 

diameter 

1.8 µm 

Circular, 

diameter 

2.0 µm 

Circular, 

diameter 

4.0 µm 

Circula

r, 

diamete

r 8.0 

µm 

Trangula

r, for 

testing 
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