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Abstract 

Nanomaterials and High-Contrast Metastructures for Integrated Optoelectronics 

by 

Kun Li 

Doctor of Philosophy in Engineering-Electrical Engineering and Computer Sciences 

and the Designated Emphasis in Nanoscale Science and Engineering 

University of California, Berkeley 

Professor Constance J. Chang-Hasnain, Chair 

 

Integrated optoelectronics has demonstrated its great potential in numerous fields. In the 

past decade, its applications have rapidly expanded from the conventional long-haul 

optical communication to emerging areas such as data center, consumer electronics, 

energy harnessing, environmental sensing, and biological imaging. This revolutionary 

progress benefits from the advancement in light generation, manipulation, detection and 

its interaction with other systems. Device innovation is the key in this advancement. My 

dissertation discusses this innovation from two aspects: the integration of nanomaterials 

and the incorporation of metastructures in optoelectronic devices. 

        The first topic focuses on material integration to facilitate on-chip optoelectronic 

devices. As microprocessors become progressively faster, chip-scale data transport has 

turned progressively more challenging. Optical interconnects for inter- and intra-chip 

communications are required to reduce power consumption and increase bandwidth. 

Integrating III-V compound semiconductors with superior optical proficiencies onto the 

silicon-based microelectronic backbone can pave the way towards a highly compact 

optoelectronic platform, combing the strengths of both materials. The direct growth of 

III-V micropillars on silicon substrate in the unique growth mode and under CMOS-

compatible condition can yield single-crystal structures in sizes exceeding lattice-

mismatched critical dimensions. These micropillars overcome the drawbacks of 

conventional nanowires, thus are endued with superior optical characteristics for on-chip 

lasers, photodetectors, and cost-effective solar cells. I will discuss the optical 

characterization of InP micropillars directly grown on silicon, and the optimization of 

their optical properties. The excellent material quality and device performance of these 

InP micropillars show promise for a variety of integrated optoelectronic devices. 

        The second topic centers at the function integration enabled by high-contrast 

subwavelength grating (HCG), on the platform of vertical-cavity surface-emitting lasers 

(VCSELs). VCSELs are key light sources in integrated optoelectronics, with the 

advantages of low power consumption, low packaging cost, and ease of fabrication into 

arrays for wafer-scale testing. Mode-hop-free, fast and widely tunable VCSELs are also 
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an ideal candidate for the emerging swept-source optical coherence tomography (SS-

OCT) as well as light detection and ranging (LiDAR) applications. I will investigate how 

HCG, an ultrathin monolithic layer of sub-wavelength metastructure, can function as a 

highly reflective broadband mirror to facilitate lasing of VCSEL. Widely tunable HCG-

VCSELs emitting at 1060-nm are demonstrated, a prevalent light source in SS-OCT for 

3D eye imaging. Besides functioning as a tunable mirror, the HCG can also be designed 

as an integrated beam-shaping element at the same time. The rich properties and the large 

design space of HCG enable direct tailoring of the output beam features of VCSELs, such 

as transverse-mode control and far-field emission patterning with angular and spatial 

modulations by HCG. This opens new avenues for direct laser beam shaping with a 

monolithic optical element for integrated optoelectronics.
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Chapter 1            

Dissertation Overview 
 

Integrated optoelectronics has seen its rapid development in the past decade. From its original 

primary application in long-haul communications and access network, integrated  optoelectronics 

has expanded itself to data center, consumer electronics, energy harnessing, environmental 

sensing, biological and medical imaging, etc. This revolutionary progress benefits from the 

advancement in light generation, manipulation, detection and its interaction with other systems. 

Device innovation is the key in this advancement. During my doctoral study, I was lucky enough 

to have worked on two research directions related to integrated optoelectronics on the device 

level. 

        For the first half of my PhD, I have primarily worked on optoelectronic devices based on 

III-V nano/miropillars directly grown on silicon – the material integration for optoelectronics. 

Owing to both physics and the tremendous effort that has gone into their development, silicon 

and group-III-V compound semiconductor have become the principal materials for electronics 

and photonics, respectively. Naturally then, the integration of these two materials appears to be a 

pathway towards optoelectronic functionality. Silicon has been the prevalent backbone for the 

existing microelectronic infrastructures and the foundation of complementary metal-oxide-

semiconductor (CMOS) transistor devices. It is difficult, however, to utilize silicon for 

optoelectronic devices, since it is an indirect bandgap material. Direct bandgap materials that 

exhibit superior proficiencies in optical processes are traditionally group III-V compound 

semiconductors, which on the other hand, are not as cost effective as silicon. Integrating III-V 

semiconductors onto silicon can therefore pave the way towards a highly compact optoelectronic 

platform combining the strengths of both materials. As microprocessors become progressively 

faster, chip-scale data transport has turned progressively more challenging. Optical interconnects 

for inter- and intra-chip communications are required to reduce power consumption and increase 

bandwidth. Growing III-V material directly on silicon opens a pathway to integrate superior 

optoelectronic properties with massive existing silicon-based infrastructure. However, the efforts 

have been mainly blocked by the lattice mismatch between III-V and silicon.  

        Our group has developed a unique growth mechanism to grow GaAs-based and InP-based 

nanoneedle/nanopillar/micropillar structures on a variety of lattice-mismatched substrates [1]- 

[4]. Our method is superior to traditional nanowire growth benefiting from its unique core-shell 

mode growth mechanism by low-temperature MOCVD without any external catalyst. The 

growth conditions have been verified to be CMOS post-process compatible [5].The diameter of 

the pillars can then go far beyond the lattice-mismatch critical dimension and offer outstanding 

optical gain and other optoelectronic characteristics [6]. Furthermore, the growth condition can 

be adjusted to achieve single crystalline pure wurtzite phase, which is ideal for achieving optimal 

optical efficiency. Among the III-V materials, InP stands out as a promising material platform 

for laser sources, solar cells, photodetectors, as well as other integrated optoelectronic devices. 

The first half of this dissertation will focus on the InP-based 

nanoneedles/nanopillars/micropillars and their optoelectronic characteristics. Chapter 2 

introduces the background for optoelectronic material integration, as well as the growth and 

material characterization methods used here for the nano/miropillars grown on silicon. Chapter 



 

2 

 

3 discusses the tailoring and optimization of optical characteristics of micro-sized InP 

nanoneedles grown on silicon by tuning the growth conditions, facilitated by a variety of optical 

characterization methods [7]. Chapter 4 focuses on the optimized wurtzite-phased InP 

miropillars grown on silicon, and further characterizes the pillar’s surface quality by proposing 

an innovative metrology method [8]. As a conclusion, single-crystal wurtzite-phased InP 

miropillars directly grown on silicon are endued with excellent optical characteristics and thus 

can be a promising material platform for integrated optoelectronics.  

        For the second half of my PhD, I have focused on the function integration for 

optoelectronics, based on a novel integrated optical element - high-contrast subwavelength 

grating (HCG). Compared to other optical elements, HCG has very rich properties and design 

flexibility. Some of them are fascinating and extraordinary, such as broadband high reflectivity, 

and high quality factor resonance - all it needs is a single thin-layer of HCG. Furthermore, it can 

be a microelectromechanical (MEMS) structure. These rich properties are readily to be harnessed 

and turned into novel devices. Numerous devices have been reported using HCG, including a 

tunable-frequency VCSEL [9], [10], a high-Q optical resonator [11], a planar lens [12] and a 

hollow-core waveguide that uses an HCG to redirect light [13].  

        Vertical-cavity surface-emitting lasers (VCSELs) are key light sources in integrated 

optoelectronics, with the advantages of low power consumption, low packaging cost, and ease of 

fabrication into arrays for wafer-scale testing. Mode-hope-free, fast and widely tunable VCSELs 

are also an ideal candidate for the emerging swept-source optical coherence tomography (SS-

OCT) as well as light detection and ranging (LiDAR) applications [14]. Our group has developed 

a revolutionary single-layer, high-index contrast sub-wavelength grating (HCG), and 

implemented it as a reflection mirror in VCSEL. Compared with conventional reflective Bragg 

reflector mirrors (DBR), the seemingly simple-structured HCG provides ultra-broadband high 

reflectivity (R>0.99, ∆λ/λ>35%) and high quality-factor resonance (Q>107) [15]. In the second 

half of this dissertation, I will investigate how high-contrast grating (HCG) could function as a 

highly reflective broadband mirror to facilitate lasing of VCSEL. Widely tunable HCG-VCSEL 

emitting at 1060-nm are demonstrated, a prevalent light source in SS-OCT for 3D eye imaging. 

Beyond wavelength tuning, the rich properties and the large design space of HCG enable direct 

tailoring of the output beam features, such as transverse-mode control and far-field emission 

patterning. This opens up new avenues for direct laser beam shaping with a monolithic optical 

element for integrated optoelectronics. Chapter 5 introduces the background knowledge of 

VCSEL, its challenges, and how it can be improved with HCG mirror. Chapter 6 demonstrates 

HCG as an integrated tuning mirror for 1060-nm GaAs-based VCSEL, with excellent laser 

performance reported [16]. Chapter 7 shows another unique property of HCG – as an integrated 

beam-shaping element for VCSEL [17]. As a conclusion, the ultrathin monolithic HCG element 

with versatile characteristics has huge potential for function integration of optoelectronics.  

        Chapter 8 will summarize the dissertation with proposal of future work and outlook.   
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Chapter 2  
Nanomaterials for Integrated Optoelectronics 

  
Owing to both physics and the tremendous effort that has gone into their development, silicon 

and group-III-V compound semiconductor have become the principal materials for electronics 

and photonics, respectively. Naturally then, the integration of these two materials appears to be a 

pathway towards optoelectronic functionality. The first half of my dissertation will focus on 

optoelectronic integration by growing III-V nanomaterials on silicon. Before going into the 

details of my research project, it is dutiful to first summarize the major efforts that have been 

devoted to silicon-based optoelectronic integration. 

 

2.1 Approaches to Optoelectronic Integration 

2.1.1 III-V on silicon 

Silicon has been the prevalent backbone for the existing microelectronic infrastructures and the 

foundation of complementary metal-oxide-semiconductor (CMOS) transistor devices. It is 

difficult, however, to utilize silicon for optoelectronic devices, since it is an indirect bandgap 

material. Direct bandgap materials that exhibit superior proficiencies in optical processes are 

traditionally group III-V compound semiconductors, which on the other hand, are not as cost 

effective as silicon. Integrating III-V semiconductors onto silicon can therefore pave the way 

towards a highly compact optoelectronic platform combining the strengths of both materials.  

        In order to be integrated onto silicon platform, it is required that the foreign materials are 

fully compatible with silicon processes, especially with modern CMOS technology. Existing 

technologies to integrate III-V on silicon include: (a) monolithic growth, (b) direct wafer 

bonding, and (c) indirect wafer bonding, as summarized in Figure 2.1 [18]. 

 

 

Figure 2.1 Main existing technologies to integrate III-V on silicon substrate. (a) Monolithic growth; (b) 

Direct wafer bonding; (c) Indirect wafer bonding. Figure is adapted from [18]. 
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        Bottom-up growth of III-V materials on silicon substrate provides a possible pathway 

towards this goal. But it remains highly challenging due to the fundamental incompatibilities 

mainly in lattice mismatch and synthesis temperatures between these two materials. Although 

lasers have been demonstrated with this approach [19], the large lattice mismatch results in poor 

III-V thin film quality and device performance [20]. As semiconductor nanostructures have been 

the key enablers in several diverse application areas, their unique properties help bypass these 

roadblocks and open up a new landscape in optoelectronics. In Fig. 2.2, epitaxy on lattice-

mismatched substrates often results in severe dislocations, while the smaller footprints of 

nanowires can somewhat accommodate strain and allow dislocation-free heterogeneous material 

integration [18]. Tomioka and Fukui et al. have provided comprehensive reviews of III-V 

nanowires on silicon substrate [21], [22], including pioneer work on metal-catalyzed vapor-

liquid-solid growth [23]- [26], catalyst-free growth [27]- [30], as well as selective-area growth 

[31]- [33]. However, these methods of growing nanowires require either the use of gold catalyst 

[23]- [26], or relatively high growth temperature (usually >550 ºC) [28]- [36], which are both 

CMOS post-process incompatible [29], [32], [37]. To explain further, Takeuchi et al investigated 

the thermal budget limits for 250-nm foundry CMOS for post-processing MEMS devices, which 

should be applicable to all CMOS post-processing devices [37]. According to their study for 

250-nm foundry, resistance increases for vias (metal-to-metal contacts) rather than transistor-

performance shifts limits the post-processing thermal budget. With a criterion of 10% increase, 6 

hr at 425 °𝐶, 1 hr at 450 °𝐶, and 0.5 hr at 475 °𝐶 are the maximum allowable thermal budgets, 

respectively. Most of the catalyst-free growths, as far as we know, took place above 550 °𝐶 

actually. This tight thermal budget puts a limit to growth time and is not applicable in most cases, 

especially as most foundries enter sub-100-nm era. In addition, the existence of critical 

dimensions [38], leading the diameters of these nanowires to be well below 200 nm in general, 

results in poor optical confinement and large surface to volume ratio, thus hampering their 

optoelectronic performance. Thereby, a complete photonic integrated circuit (PIC) has been an 

unfulfilled feat with traditional nanowires grown on silicon.  

 

 

Figure 2.2 Lattice mismatch (a) causes dislocations in epitaxial III-V layers on silicon, but (b) nanowires 

with small footprints can accommodate it. This figure was adapted from reference [18]. 
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        Top-down bonding of III-V materials onto silicon wafers was also extensively studied. With 

this approach, incompatibilities due to lattice mismatch and growth temperature are mitigated. 

However, direct wafer bonding inevitably requires pristine material and surface conditions [39] 

[40]. Thus it is extremely difficult to achieve wafer-scale bonding on a post CMOS-process 

wafer due to its highly complex terrain. On the other hand, it is also not possible to perform 

bonding before CMOS-process, as III-V is not tolerated in most silicon processes. The only 

solution left is to bond small dies of III-V onto wafers with CMOS electronics already fabricated. 

In this case, both scalability and yield pose a challenge, on top of the still difficulty bonding 

process.  

        The last major approach of III-V integration with silicon is through indirect wafer bonding. 

Different from direct wafer bonding, an intermediate layer consisting of metal, epoxy, solder 

balls or other materials fills the voids between silicon and III-V to hold them together [18]. The 

surface imperfection is thus tolerated, at the expense of an interlayer which may be complex and 

expensive. Furthermore, the patterning and alignment required for bonding greatly constrains 

fabrication process flows in an intolerable manner. Plus scalability and yield still remain as a 

challenge for indirect wafer bonding.  

        The above three main approaches of integrating III-V on silicon clearly do not fully satisfy 

the requirement of CMOS compatibility. The obstacles include choosing the right material, 

processing at the right temperature, and debating between integration at the front-end-of-line or 

back-end-of-line. These dilemmas are difficult, and for that reason, some prefer to implement 

silicon optoelectronics by using traditional electronic materials like germanium or silicon itself. 

This will be the topic of the next section.  

 

2.1.2 Group IV photonics 

Silicon (Si), the second most abundant element in Earth’s crust, also possesses many desired 

properties for electronic processes which have made it the backbone for modern electronics. This 

motivated many to pursue the acquisition of silicon for integrated optoelectronics hoping it 

would control photonics on the similar level as controlling electronics. Germanium (Ge), another 

group IV element, has also received similar attention benefitting from its inherent compatibility 

with silicon. 

        However, a big roadblock stopped the dream of pure silicon optoelectronics from coming 

true. For indirect band gap structure, radiative carrier recombination obeying momentum 

conservation is extremely difficult and only occurs on the rare occasion when sufficient phonon 

assistance is offered. While both silicon and germanium are endued with wonderful properties in 

terms of light detection, guiding, modulating, and processing, the indirect band gap of group IV 

elements keeps them away from efficient light emission.  

        Despite the fundamental difficulties, impressive improvements have been made throughout 

the years. For silicon, nanostructures and texturing have been the key to achieving optical gain. 

Even silicon light-emitting diodes (LEDs) with over 1% efficiency have been fabricated. For 

germanium, the ability to engineer strain and doping has provided a powerful means of 

improving light emission [18]. Recently, even an electrically-injected germanium laser on silicon 
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was demonstrated [41]. Eventually, energy efficiency might be a bottleneck for these lasers made 

out of indirect bang gap materials to become applicable.  

 

2.1.3 Our Approach 

Our group has developed a unique growth mechanism to grow GaAs-based and InP-based 

nanoneedle/nanopillar/micropillar structures on a variety of lattice-mismatched substrates [1]- 

[4]. The discovery of nanoneedles on silicon was serendipitous, but their development was 

fervently pursued after immediately recognizing their potential for optoelectronic devices [42] 

[43]. 

        The unique core-shell metastable growth mechanism possesses three key advantages over 

conventional nanowire growth methods, especially when it comes to optoelectronic integration 

on silicon. First of all, the growth occurs without any external catalyst like gold in VLS growth 

method, which would otherwise be poisonous to silicon devices.  In addition, they are 

synthesized by low-temperature (400 ~ 460 ºC) metalorganic chemical vapor deposition 

(MOCVD), thus the growth condition was verified to be CMOS-compatible [5]. Furthermore, 

the unique core-shell growth mode also allows the base diameters of nanoneedles/nanopillars to 

scale with growth time, up to far beyond lattice-mismatched critical dimensions while still 

preserving single crystalline quality in the body [6]. 

        To differentiate the names including “nanoneedle”, “nanopillar”, and “micropillar”, Figure 

2.3 is introduced here. Fig. 2.3 (a) shows a scanning electronic microscope (SEM) image of a 

GaAs nanoneedle, while Fig. 2.3 (b) shows one of InGaAs nanopillars. Nanoneedles and 

nanopillars share the same growth mechanism, but their geometries differ and are controlled by 

subtle variations in growth parameters such as temperature and material composition. 

Nanopillars can also be categorized as a subset of nanoneedles exhibiting truncated and flat tops. 

When the base diameter of nanoneedle/nanopillar exceeds 1𝜇𝑚, it is referred as “micropillar” in 

this context. Fig. 2.3 (b) meanwhile demonstrated the flexibility of nanoneedles to grow on a 

variety of lattice-mismatched substrates, such as polysilicon in this case. Past experiments also 

reported growth on GaAs substrates and even insulators such as sapphire [2], [44]. 
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Figure 2.3 SEM images of nanoneedles and nanopillars on silicon. (a) An SEM image showing a GaAs 

nanoneedle grown on silicon substrate, adapted from ref. [2]. The nanoneedle tapers down to an atomically 

sharp tip as highlighted by the inset. (b) An SEM image showing nanopillars with truncated tops grown on 

polysilicon substrate, adapted from [3]. 

 

        Being able to scale up in size overcomes the long-standing drawback of nanowires whose 

large surface-to-volume ratio induces severe surface recombinations. This also has practical 

implications from a device perspective. Microstructures are often more well-suited for optical 

devices, because their size can host more than one wavelength of the light and bigger structures 

can better survive the rigors of fabrication processes. The large size empowers the optical 

performance of our micropillars vastly, eclipsing traditional nanowires in optoelectronic 

functionality. This integrated material template has enabled high-performance optoelectronic 

devices for light emission [1], [45]- [47], light detection [45], [48], [49], and photovoltaics [50]. 

An integrated optical link was also demonstrated in Figure 2.4, showing the potency of the 

micro/nano-structures for optical interconnect with higher speed and lower power consumption 

than their traditional electrical counterparts [51]. This can be crucial, to the increasing bandwidth 

demands of communication network. In the rapidly growing field of photovoltaics, cost is 

becoming the major competition factor. While III-V nanowires offer strong light absorption and 

potential for high energy conversion efficiency, the use of native substrates is yet very expensive. 

Integration of III-V micropillars on silicon substrate incurs minimal real estate cost while still 

offering full functionality, and thus promises the realization of high-efficiency and cost-effective 

solar cells. 
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Figure 2.4 Assembling photonic circuits via nanostructure growth. (a) A schematic of an optical link 

formed by interconnecting two optoelectronic devices fabricated from GaAs-based nanoresonator 

structures grown on silicon. (b) An SEM image shows the hexagonal nature of the as-grown resonator. (c) 

Through core-shell growth, radial p-i-n junctions form within each structure, providing the basis of our 

nano-optoelectronic devices. (d) An SEM image shows a fabricated array of such device. Figures are 

adapted from [51]. 

 

2.2 Indium Phosphide Nano/Micropillars Grown on Silicon 

Located at the center of “Energy Gap versus Lattice Constant” chart for semiconductors [52], 

InP is an ideal candidate as a growth template to bridge silicon and alloys of compound 

semiconductors. Hence InP micropillars grown on silicon are particularly suitable for developing 

communication wavelength on-chip laser sources, as well as multi-junction high efficiency solar 

cells. Most importantly, with a very low surface recombination velocity (SRV), InP-based 

nanostructure is less susceptible to recombination at free surfaces [53]. Being able to scale the 

single crystalline structures with diameter exceeding 1 µm further facilitates high photon 

luminescence yield and outstanding optical characteristics [7]. Given the superior material 

quality, a thorough material characterization is necessitated in order to understand the growth 

mechanism and to better harness it. In the three sections below, we aim at answering the 

following questions through various characterization techniques: (1) how InP grows on silicon 

and how stress is relaxed around the hetero-interface; (2) how InP micropillar remains single 

crystalline when its diameter is far beyond the critical value. 

 

2.2.1 Growth 

Growth of InP nanostructures studied here occurred on (111)-silicon substrate at 450-460 ºC in 

an Emcore D75 MOCVD system. Details of growth can be found in ref. [4]. Trimethylindium 
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(TMIn) and tertiarybutylphosphine (TBP) were adopted as indium and phosphorus precursors, 

respectively. Prior to growth, the silicon substrate was cleaned with acetone, methanol, and 

rinsed with DI water. The substrate was then deposited with SiO2 and exposed with 

photolithography, the surface was then chemically treated with TMAH (tetramethylammonium 

hydroxide). TBP was flown into the reactor when substrate temperature was higher than 200 ºC. 

A pre-growth in-situ annealing was performed at 540 ºC for 3 min. Reactor temperature was then 

lowered and kept at the growth temperature, which ranged from 400 to 460 ºC. TMIn was 

introduced into the reactor afterward to prevent self-catalyst effect of indium at low temperature. 

The total flow rate during the growth was fixed as 12 slm. The mole fractions of TBP and TMIn 

were held as 2.36 x 10-3 and 1.89 x 10-5 respectively. 

        The growth results in nano- and micro-pillars with tapered sidewalls whose size is scalable 

by growth time. Inside the exposed areas, the pillars are randomly distributed. As shown in the 

large scale scanning electron microscopy (SEM) image in Figure 2.5 (a), both upright and 

slanted micropillars stem along the equivalent <111> directions of silicon. We obtained at least 

one upright InP pillar per 40 µm2 area. Since each single micropillar is large enough, it will be 

processed and used as a single device, as evident by the optically pumped laser [7]. Hence, 

different from the cases where an ensemble of nanowires would be required to function as a laser 

[54], or a single nanowire needed to be removed from the native substrate and optically pumped 

from the side [36], [55], [56], high density may be neither necessary nor desirable. However, 

periodic and precise-position-controlled growth is indeed more desired and is the next goal to 

work towards, upon which better control of pillar orientation can also be realized. Despite the 

stochastic nature, our nanostructures can be repeated for more than 500 runs. This reproducibility 

signifies the potential of this work as an important pathway for heterogeneous integration.      

        The substrate we used in this work is (111)-Si, which is not compatible with CMOS 

processes, where (100)-Si is commonly used. As studied by one of our previous papers [5], we 

grew InGaAs/GaAs nanopillars on (100)-Si-based functional metal-oxide-semiconductor field 

effect transistors (MOSFETs). The MOSFETs were shown to have maintained their performance 

after the nanopillar growth, providing a direct demonstration of CMOS compatibility. Room-

temperature operation of optically pumped lasers was also achieved. In order to control the 

orientation of nanopillars, as an example, part of the (100)-Si substrate was etched to expose Si 

(111) planes using an anisotropic Si etchant TMAH. It was shown that nanopillars can grow on 

Si (111) planes with a predetermined orientation. In the case of InP pillars reported here, (111)-

Si substrate was chosen first, for the ease of characterization and device fabrication. In the future, 

similar study will be pursued as in the InGaAs/GaAs case above. The InP pillars can be grown 

on the Si (111) facet etched on the (100)-Si substrate, to be CMOS process compatible. More 

studies are in progress in terms of characterization and device fabrication. 

        Figure 2.5 (b) exemplifies a micropillar grown at 450 ºC, which possesses a diameter of 

about 1 µm, and height of ~8.9 µm. The pillars assumed a hexagonal pyramidal shape, similar to 

our previously reported InGaAs-based structures grown on silicon. However, there is a distinct 

difference between the growth of InGaAs and InP micropillars. In the former case, a continuous 

polycrystalline film is found to cover the entire substrate and embrace the base of the single 

crystalline pillars. In fact, this poly-InGaAs layer grows simultaneously with the InGaAs pillars 

and prevents the very bottom part of the pillars from expanding. As the growth proceeds, an 

inversely tapered ‘root’ forms at the bottommost portion of the pillar. Such tapering effectively 
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shrinks the exact InGaAs/Si contact area to ~60 nm in diameter, thus reducing the strain energy 

accumulating within the III-V structure [6]. In the growth of InP pillars, however, no continuous 

poly-InP layer is observed [4]. This can be attributed to the long diffusion length of indium 

adatoms, as well as the large lattice mismatch between InP and silicon. Compared to In0.2Ga0.8As 

(lattice mismatch ~ 6% with Si), InP experiences a much higher misfit strain (~ 8%) with the 

heterogeneous substrate. The much higher elastic energy due to larger lattice mismatch in the 

latter can effectively inhibit the wetting of InP on silicon. In addition, the presence of Ga in the 

ternary compound also changes the wetting behavior of the material. Since Ga has a much 

shorter diffusion length than indium, we believe that Ga settles down readily on the substrate 

without much clustering and acts as nucleation sites for the subsequent nanostructure and 

polycrystalline layer growth. Indium, which can diffuse much longer distance, tends to form 

large and sparsely distributed clusters before anchoring to the substrate for pillar nucleation. 

These two factors result in the formation of continuous layer in InGaAs but not in InP. In the 

absence of a poly-InP layer wrapping around, the entire pillar base is in direct contact with the 

substrate. With a lattice mismatch as high as 8% between InP and silicon [38], a large footprint 

implies a huge amount of elastic energy built up in the structure. A stress relaxing mechanism 

must exist around the interface such that the InP pillars can remain single crystalline when the 

lateral size scales up to close to a micron. 

 

 

Figure 2.5 InP micropillars and InP/Si interface. (a) 45o tilt view of an ensemble of upright and slanted 

pillars grown on silicon substrate, as seen by scanning electron microscopy (SEM). (b) 45o tilt view SEM 

image of a typical upright micropillar. The image reveals a pillar with tapered sidewalls, hexagonal cross-

section, diameter of ~1.0 µm and height of ~8.9 µm. [8] 

 

        To further prove that the growth indeed assumes core-shell mode, InP/In0.2GaAs/InP double 

heterostructure was demonstrated [4]. The InP core diameter is designed as 450 nm, while both 

of the InGaAs layer and InP shell thicknesses are chosen as 100 nm. The structural schematic 
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and 30º-tilt SEM image of the nanopillar are shown in Figure 2.6 (a) and (b), respectively. It is 

considered that the flat top results from the InGaAs layer growth. Due to the growth condition 

variation across the sample surface, some short nanopillars with a height of ~320 nm are also 

found. InGaAs layer is exposed on the top of those short nanopillars. The InGaAs layer can be 

removed by selective wet etching while leaving InP layers intact, resulting in a trench between 

two InP layers, as shown in Figure 2.6 (c). The measured thickness of InGaAs intermediate layer 

and InP shell agree with the designed ones. Two smooth boundaries of the trench can be seen at 

the original InGaAs/InP interfaces. It indicates that good interfaces are formed between the two 

materials. Furthermore, suggested by the excellent appearance of outer interfaces, the 100-nm-

thick InGaAs layer could grow with a good crystal quality, despite over 2% lattice-mismatch 

respect to InP. The ability of growing double heterostructure further confirms that the InP 

nanoneedle growth follows a core-shell manner. Furthermore, it also reveals a potential approach 

to integrate high-performance optoelectronic devices in silicon transparency range 

monolithically with silicon.  

 

 

Figure 2.6 Nanopillar with InP/InGaAs/InP double-heterosturcture. (a) Schematic illustrating the core-

shell structure of the nanopillar. (b) 30º-tilt SEM image of InP/InGaAs/InP nanopillar. (c) Top-down view 

of a nanopillar with InGaAs layer removed by selective etching. Figures are adapted from [4]. 

 

2.2.2 Crystal Phase 

Due to the nature of nanostructures, mutation of the crystal structures occurs during growth. 

Crystal phase is an important perspective to study the material, and strongly relates to the 

optoelectronic performance of the device later on. Therefore, it is necessary to introduce the 

background of crystal structure for III-V materials here. More detailed description can be found 

in [57]. 
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        A crystal or crystalline solid is a solid material whose constituents (such as atoms, 

molecules or ions) are arranged in a highly ordered microscopic structure, forming a crystal 

lattice that extends in all directions. In III-V crystals, the atoms are all in sp3 hybridization. Each 

III- (or V-) atom is bonded to four V- (or III-) atoms, resulting in a tetrahedral configuration. 

Each bond is a single bond formed by overlapping of sp3 orbitals. With the absence of π-electron 

overlap, the two groups linked together by a single bond can rotate freely with respect to each 

other. Two rotational eigenstates – staggered state and eclipsed state, are of particular interest.  

        In theory, each covalent bond in a sp3 hybridized system can be either staggered or eclipsed. 

To form a closely packed atomic layer, 3 of the 4 covalent bonds have to be in staggered state. 

The remaining covalent bond, which is responsible for inter-layer linking, can be either 

staggered or eclipsed. This freedom subsequently gives rise to the two most common crystal 

phases in III-V materials – zincblende (ZB) and wurtzite (WZ) structures. ZB structure, 

consisting of purely staggered bonds, is usually more energy favorable due to its higher degree of 

symmetry. On the other hand, WZ structure is considered asymmetric due to the presence of an 

eclipsed bond along c-axis or [0001]. Thus, the major difference between ZB and WZ structures 

is how the atomic layers are linked together. The staggered bonds in ZB structures along c-axis 

leads to an ABCABC stacking sequence of the atomic layer, while the eclipsed bonds in ZB 

result in an ABAB sequence. Figure 2.7 shows how the atoms are stacked in ZB and WZ 

structures.  
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Figure 2.7 Schematic diagrams of (a) Wurtzite and (b) Zincblende lattices. Red circles highlight the 

position of the concerned III-V pair in each layer. These schematics are adapted from [57]. 

 

        In staggered conformation, the separation between an atom and its third nearest neighboring 

atom is the farthest, thus minimizing the repulsion between the air. On the other hand, eclipsed 

conformation exhibits mirror symmetry and allows maximum attraction for the aforementioned 

pair. In a III-V crystal, the third nearest neighbor of a III-atom must be a V-atom, and vice versa. 

If the compound involves elements with high electronegativity, the bond becomes highly 

polarized with electrons pulled towards that element (e.g. N in a GaN crystal). This polarization 

induces attractions between the third nearest neighbors and thus favors the eclipsed state. 

However, if the bond is highly covalent (e.g. Ga-As and In-As bonds), electrons are more fairly 
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shared between the two elements and thus more confined within the bond. Attraction between 

the third nearest neighbors is negligible. In this case, a staggered configuration is preferred to 

lower repulsion between the neighboring bonds. A more accurate way to determine the favorable 

crystal phase in III-V material is to calculate the free energy, with lower value being more stable. 

The result shows that nitride compounds prefer WZ phase (except for BN), all the other III-V 

compounds are more stable in ZB phase. This agrees well with the predictions based on ionicity 

theory. 

        For nanostructures whose surface energy can no longer be neglected, free energy 

experiences change compared with its bulk form. In general, nanostructures grow along [111] in 

ZB or [0001] in WZ. The sidewalls of the nanowire, which contribute to most of the surface 

areas, are composed of planes perpendicular to the growth directions. In ZB, the sidewalls are 

along {11̅0} and {2̅11}, while for WZ the equivalent planes are {11̅00} and {112̅0}. The same 

number of dangling bonds are broken when creating ZB {11̅0} and WZ {112̅0}, thus they have 

the same surface energy. On the other hand, 4 dangling bonds are broken  when exposing ZB 

{2̅11} surface, but only 3 are broken for WZ  {11̅00} surface. Therefore, on average, WZ crystal 

has a lower surface energy than its ZB counterpart.  

        Depending on surface-to-volume ratio, WZ structure is more favored for nanowires below 

critical diameter (~100 nm) for surface energy to be accounted for. This has been reported on 

nanowire growth via VLS and selective area growth [38]. As the diameter expands further, 

nanowire tends to evolve into a mixture of WZ and ZB phases. However, our unique growth 

mode leads to micropillars with pure WZ crystal phase. The next section will explain more about 

the growth mechanism and how this could happen. This peculiarity gives rise to many unique 

properties in WZ crystals, including the presence of spontaneous and piezo-electric fields [57], 

strong 2nd harmonic emission [58], etc. In addition, WZ crystals have polarization dependence on 

crystal orientation and different band structures from ZB crystals, which will be further discussed 

in Chapter 3.  

 

2.2.3 Material Characterization 

To study how single crystalline InP stems on silicon, we studied the InP/Si interface with high 

resolution scanning transmission electron microscope (HR-STEM). All the high resolution high 

angle annular dark field (HAADF) images were taken with the transmission electron aberration 

corrected microscope (TEAM I) operated at 80 kV at the National Center for Electron 

Microscopy, Lawrence Berkeley National Lab. In STEM mode, the best resolution can be as 

small as 0.1 nm. Sample preparation involves the use of focused ion beam (FIB) and micro-

manipulator to create a thin slice, or a lamella, of the hetero-interface. In particular, we chopped 

off the top part of the InP pillar with ion beam such that only the bottommost ~400 nm remained. 

Pt was then deposited onto the frustum to passivate the hetero-interface in the subsequent top-

down ion beam milling. These special treatments help minimize curtaining effect (i.e. 

roughening of the lamella surface) that would have occurred if the pillars were thinned down in 

full length. Figure 2.8 (a) shows an SEM image of the pillar cross-section halfway through the 

milling process. The entire pillar base, with a width of ~900 nm, is indeed in direct contact with 

silicon without any inverse tapering. The sample was first aligned along the [11̅00] zone axis of 

InP. Since ZB [2̅11] looks exactly the same as WZ [11̅00], any stacking faults would be 
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invisible along this orientation. This simplifies the identification of any misfit defects that may 

appear at the interface. Figure 2.8 (b) displays an HAADF image of the InP/Si interface. Since 

indium has a much larger atomic number than silicon, InP appears to be much brighter than 

silicon in the z-contrast image. We note that the hetero-interface is a little blurry due to the 

nanoscopic roughness induced by TMAH etch prior to the growth to facilitate pillar nucleation. 

The lattice continues seamlessly from silicon to InP in spite of the blurriness at the interface. In 

particular, silicon is aligned with InP in a way that Si [2̅11] // InP [11̅00] and Si [111] // InP 

[0001]. These observations indicate that InP pillars do nucleate directly on silicon without any 

amorphous materials in between. Such direct contact is a necessary condition for good electrical 

conductivity across the hetero-interface, which is crucial to fabricating real devices on silicon. 

        Information in the reciprocal space can reveal the strain state of InP close to the hetero-

interface. Figure 2.8 (c) displays the Fast Fourier Transform (FFT) of the HAADF image in Fig. 

1d. Two sets of diffraction spots, belonging to InP and silicon, can be clearly seen. Diffractions 

from InP (wurtzite lattice) and silicon (diamond lattice) are registered with 4-digit Bravais-Miller 

indices and 3-digit Miller indices, respectively. In particular, the diffractions of InP 112̅2 and Si 

13̅1 are collinear with the transmitted beam at the center. This indicates that InP and silicon are 

relaxed to their own lattice spacing rather than strained to accommodate for the lattice mismatch 

elastically. To find out the origin of the stress relaxation mechanism, we applied filtering in the 

spatial frequency domain such that only the InP 112̅0  and Si 02̅2  diffraction pairs remain. 

Figure 2.8 (d) illustrates the corresponding filtered image in real space, revealing vertical (112̅0) 

planes in InP and (022̅) planes in silicon only.  Most of the InP (112̅0) planes in the upper half 

are seen to stem seamlessly from the Si (022̅) planes below. However, there exist some locations 

at where one InP (112̅0) is connected to two Si (022̅), as indicated by red arrows. These are in 

fact misfit dislocations that propagate along the [11̅00] direction. When connected together, the 

five misfit dislocations outline the contour of the silicon surface, attesting to the roughening 

effect of TMAH etch during sample preparation. Moreover, the planes in the vicinity of the 

misfit dislocations are considerably bent, revealing the presence of strain in these regions. 

Interestingly, these dislocations appear periodically in every 12th or 13th InP (112̅0) planes. On 

average, 27 Si ( 022̅ ) planes are matched with 25 InP ( 112̅0 ) planes in the presence of 

dislocations. The ratio of the two numbers, 1.08, accounts for exactly 8% lattice mismatch 

between silicon and InP. We believe that these periodic misfit dislocations effectively relax the 

misfit stress between the two materials [59], [60], leading to the high-quality growth in the bulk 

material of the pillar that is remote from the hetero-interface. 
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Figure 2.8 InP micropillars and InP/Si interface. (a) SEM image of a pillar cross section prepared by 

FIB. Pt is used as the passivation layer for top-down ion beam milling. The entire InP pillar is seen to stem 

on top of silicon without any tapering at the base. (b) HAADF image showing the exact InP/Si interface 

taken along the [𝟏𝟏̅𝟎𝟎] direction. (c) FFT of the high-resolution image in (b). (d) By applying filtering in 

the FFT such that only the 𝟏𝟏𝟐̅𝟎 and 𝟎𝟐𝟐̅ diffraction patterns remain, periodic dislocations (indicated by 

red arrows) can be clearly observed at the hetero-interface. [8] 

 

        While misfit dislocations can be clearly identified along [11̅00], stacking disorders can only 

be seen along [112̅0]. Figure 2.9 (a) displays a HAADF image of the interface taken along the 

[112̅0] zone axis. InP is observed to grow directly on silicon along the entire 90-nm interface, 

although the border is a bit uneven due to nano-roughening during TMAH etch. Figure 2.9 (b) 

shows the hetero-interface at higher magnification. Immediately above the InP/Si interface is a 

transition region composed of ZB-phased crystal with stacking faults and twinnings. InP then 
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stabilizes into WZ phase above this 4-nm transition region. We attribute the formation of 

stacking disorders to the very high growth rate during the initial nucleation stage. The high 

deposition rate possibly inhibits the adatoms from migrating to the most energy favorable sites 

before incorporating into the lattices. When the growth slows down and stabilizes later on, the 

large surface-to-volume ratio favors the formation of WZ lattice, which subsequently becomes 

the dominant crystal phase in the micropillar growth. Figure 2.9 (c) displays the zig-zag 

arrangement of the pure WZ InP lattice under high magnification, resolving individual atomic 

columns clearly in the binary compound. Since indium is much heavier than phosphorus, the 

former appears much brighter and larger in size in the z-contrast image. Nevertheless, one can 

still observe the polarity clearly from the highly asymmetric dumbbells – the tiny phosphorus 

atom is sitting on top of the gigantic indium atom in the pair. This configuration implies that the 

top facet of the pillar is terminated with group V. A group V terminated surface is believed to be 

more stable [21] and is consistent with what we observed in InGaAs nanopillars [61] and other 

nanowire work. Remarkably, pure WZ phase is very hard to achieve for InP nanowires, except 

for a few cases reported on InP substrate with relatively high growth temperatures [56], [62], 

[63]. When growing on a lattice-mismatched substrate under a CMOS post-process compatible 

temperature, it is extra challenging. These metastable micro-structures therefore provide lots of 

possibilities for exploration of new physics as well as unprecedented functionalities. 

 

 

Figure 2.9 Crystal phase of InP pillars. (a) HAADF image showing the exact InP/Si interface taken 

along the [𝟏𝟏𝟐̅𝟎] direction. ZB phase is found at the bottommost ~4 nm above the InP/Si interface. (b) 

Zoom-in view of the InP/Si interface. (c) High resolution HAADF image showing the polarity of the InP 

crystal in the micro/nano-structure. The top facet is terminated with Phosphorus atoms. [8] 

 

        To further study the epitaxial relation between InP and silicon, X-ray power diffraction 

(XRD) would be an excellent technique to apply on a large ensemble of wires. In our case, 

however, the density of pillars is much lower than other nanowire work. This can be observed 

from the SEM image in Figure 2.5 (a). With such a low surface coverage, the signal obtained 

from the nano- and microstructures would be too weak and board for meaningful analysis. 

Instead of XRD poles, we can study the epitaxial relation between InP and silicon of a large 

number of pillars through their growth orientations. As revealed in the low magnification SEM 

image in Figure 2.5 (a), the pillars are growing only along the four identical <111> directions of 

the silicon substrate. Such observation suggests that [0001]InP//<111>Si. In addition, such 
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epitaxial relation has also been observed in cross sectional TEMs as shown above of nearly 10 

different samples grown with different orientations. We believe these observations would be 

sufficient to show the epitaxial relation between InP and Si. 

 

2.3 Summary 

In summary, direct growth of III-V nanostructures on the silicon-based microelectronic platform 

provides a pathway towards heterogenous optoelectronic integration. Our method of growing III-

V nanoneedles/nanopillars on silicon substrate is superior to traditional nanowire growth 

benefiting from its unique core-shell mode growth mechanism by low-temperature MOCVD 

without any external catalyst. The diameter of the pillars can then go far beyond the lattice-

mismatch critical dimension and offer outstanding optical gain and other optoelectronic 

characteristics. Furthermore, the growth condition can be adjusted to achieve single crystalline 

pure wurtzite phase, which is ideal for achieving optimal optical efficiency. Among the III-V 

materials, InP stands out as a promising material platform for laser sources, solar cells, 

photodetectors, as well as other integrated optoelectronic devices. 
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Chapter 3                 

Tailoring the Optical Characteristics of Micro-sized InP 

Nanoneedles Grown on Silicon 
 

This section reports distinct optical characteristics of InP nanoneedles which are varied from 

mostly-zincblende, zincblende/wurtzite-mixed, to pure-wurtzite crystalline phase. We achieved, 

for the first time, pure single-crystal wurtzite-phase InP nanoneedles grown on silicon with 

bandgap 80 meV larger than that of zincblende-phase InP. Being able to attain excellent material 

quality while scaling up in size promises outstanding device performance of these nanoneedles. 

At room temperature, a high internal quantum efficiency of 25%, and optically-pumped lasing 

are demonstrated for single nanoneedle as-grown on silicon substrate. Recombination dynamics 

proves the excellent surface quality of the InP nanoneedles, which paves the way towards 

achieving multi-junction photovoltaic cells, long-wavelength heterostructure lasers, and 

advanced photonic integrated circuits.  

  
3.1 Photoluminescence 

Optical characterization is paramount for leveraging III-V material for better performance in 

optoelectronic integration. Photoluminescence (PL) is a powerful tool to probe the fruitful 

process in light-matter interaction. Part of its utility is in the elegance and simplicity of the 

concept. In a typical PL experiment for direct energy band gap semiconductors, a light-source 

that provides photons with an energy larger than the band gap energy is used to excite the 

material. Once the photons are absorbed, electrons and holes are formed with finite momenta k 

in the conduction and valence bands, respectively. The excitations then undergo energy and 

momentum relaxation toward the band gap minimum. Finally, the electrons recombine with 

holes which may or may not emit a photon. Many factors influence this process, therefore lead to 

a wealth of information about this material, including but not limited to band gap, scattering 

properties, recombination dynamics.  

        In the following sections, we utilize this powerful method to reveal the fascinating optical 

characteristics of InP nanoneedles grown on silicon, and further tailor them to facilitate excellent 

device performance.  

 

3.2 Energy Band Gap 

3.2.1 Crystal Phase of Nanoneedles 

In this section, InP nanoneedles were grown on a surface-roughened silicon (111) substrate using 

low-temperature metalorganic chemical vapour deposition (MOCVD) in a catalyst-free 

environment. The nanoneedles were verified to be core-shell structures with dimensions that can 

be scaled up in direct proportion to the growth time [4]. A range of growth temperatures were 

explored (400-450°C), and samples grown at two temperatures were found to be of particular 
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interest (labeled “sample A” and “sample B” in what follows). Sample A, grown at 425°C, 

consists of very long needles with a taper angle of approximately 3°, as seen in Figure 3.1 (a). 

Sample B, grown at a higher temperature of 450°C, features shorter nanoneedles with a taper 

angle of about 8° (Figure 3.1 (b)). Both needle types have a clearly faceted hexagonal cross-

section. It is worth noting that the base diameters of these nanoneedles are both around 0.8 µm, 

far beyond the lattice-mismatch critical dimension (around 40 nm) [38]. Longer growth time 

yielded nanoneedles with diameters above 1µm (up to 1.4 µm demonstrated), which are not 

shown here. 

        High-resolution transmission electron microscopy (HRTEM) was used to study the 

structural composition of the InP nanoneedles. With the use of focused ion beam (FIB) and 

micro-manipulator, we cut across the center of the nanoneedle and transferred the thin slice, or 

lamella, to a liftout grid. The lamella was then further thinned down to electron transparent 

thickness with Argon ion beam. HRTEM images and diffraction patterns were obtained from the 

thin lamella. More details on the method are described in [6]. Nanoneedles from sample A 

consist of a ZB/WZ-mixed polytypic crystal phase (referred as “mixed-phase nanoneedles”), as 

shown in Figure 3.1 (c). Nanoneedles from sample B are made up of essentially pure WZ crystal 

phase (referred as “WZ-phase nanoneedles”), with minimal stacking faults mostly confined to 

the root region and terminated at the sidewalls (Figure 3.1 (d)), benefitting from the core-shell 

growth mode. In Figure 3.1 (e), a bright field TEM image of the WZ-phase nanoneedle lamella is 

displayed, highlighting the major body area where the zoomed-in HRTEM image in Figure 3.1 

(d) corresponds to. 
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Figure 3.1 InP nanoneedle structure and phase composition. Sample A: ZB/WZ-mixed polytypic 

crystal phase. Sample B: pure WZ crystal phase. (a) 45o tilt view and top view (inset) of a typical mixed-

phase nanoneedle from sample A, as seen by scanning electron microscopy (SEM). The images reveal a 

needle with a sharp tip (3o taper angle), hexagonal cross-section, diameter of 0.8 µm and a height of 15.2 

µm. (b) 45o tilt view and top view (inset) SEM images of a typical WZ-phase nanoneedle from sample B. 

The images reveal a needle with a sharp tip (8o taper angle), hexagonal cross-section, diameter of 0.8 µm 

and height of 5.8 µm. (c) HRTEM image of a typical nanoneedle from sample A, exhibiting ZB/WZ-mixed 

polytypic crystal phase. Dashed arrows indicate two major stacking faults in this region, caused by ZB-

phase mixed in WZ-phase. (d) HRTEM image of a typical nanoneedle from sample B, in pure single-

crystal WZ phase. (e) Bright field TEM image of a thin lamella cut from the center of a WZ-phase 

nanoneedle with FIB. The dashed box highlights the area in the major body part from where the zoomed-in 

HRTEM image of (d) is taken. [7] 
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3.2.2 PL with CW Excitation 

Micro-photoluminescence (µ-PL) measurements were done by delivering continuous-wave (CW) 

excitation from a diode laser to individual InP nanoneedles as-grown on a silicon substrate. 

Results shown here are all from typical nanoneedles that can represent the average performance 

of all nanoneedles on the same sample in terms of PL spectrum and intensity. For the typical 

mixed-phase nanoneedles from sample A, we observed a significant blue-shift in the PL 

spectrum with increasing pump power at 4K. As shown in Figure 3.2 (a), the PL emission peak 

shifts from 1.35 to 1.45 eV, at a rate of about 27.7 meV per ten times of pump power increase 

(per decade). In addition, a smaller portion of nanoneedles from sample A (Figure 3.2 (b)) 

exhibit a second emission peak around 1.41 eV, which matches the bandgap (Eg ~1.41-1.42 eV) 

of the ZB-phase InP (referred as “ZB-emission”). For WZ-phase nanoneedles (sample B),  the 

PL spectrum consists of two peaks – a WZ-phase band-edge emission at 1.49 eV (referred as 

“WZ-emission”) and an emission peak at 1.45 eV that saturates rapidly with increasing pump 

power (Figure 3.2 (c)). The fact that the peak at 1.45 eV was observed at nearly the same energy 

for thousands of nanoneedles tested suggests that the recombination involves bulk-related states, 

such as carbon-induced impurities [53] or radiative defects [64]. In contrast to mixed-phase 

nanoneedles, WZ-phase nanoneedles did not exhibit an observable blue-shift for either the 1.49 

eV WZ-emission peak or the 1.45 eV emission peak (referred as “defect-emission”).     

        Figure 3.2 (d) illustrates the band structure for ZB/WZ InP heterojunction at 0K, 

reconstructed from theoretical calculations [65]. A larger bandgap of 1.49 eV and a valence band 

offset of 0.11 eV are found in the pure WZ crystal phase of InP as compared to pure ZB-phase 

InP. The alternating of these two crystal phases within a given nanoneedle sample will generally 

introduce a type-II band alignment, whereby electrons are confined to ZB-phase segments and 

holes are confined to WZ-phase segments. The space charge due to carrier separation then 

induces an electric field across the heterojunction between the ZB and WZ segments, which 

brings about band bending at the interface, thus generating a triangular potential well with 

quantized energy levels [66]. Under a higher pump power, more carrier charges accumulate at 

the interface, thus enhancing the band-bending. The effective potential well width is then 

reduced so as to raise energy levels, causing a blue-shift in the PL emission as pump power 

increases. This blue-shift is usually regarded as experimental evidence for type-II band structure 

[67], [68]. As such, we conclude that the significant blue-shifts observed in the PL spectra of 

mixed-phase nanoneedles originate from the prevailing type-II band structure. The observation 

of ZB-emission from some of the nanoneedles on sample A (Figure 3.2 (b)) is likely due to the 

formation of more ZB phase induced by fluctuations in local growth conditions across the 

sample wafer [69]. We call such needles as “mostly-ZB-phase nanoneedles” in the following 

context.   
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Figure 3.2  PL spectra at 4K under a range of laser pump powers (660-nm CW diode laser, power 

density from P to 105 P, with P=318 mW/cm2). (a) A typical mixed-phase nanoneedle from sample A, 

displaying type-II emission with a significant blue-shift of 27.7 meV per decade, from 1.35 eV to 1.45 eV. 

(b) A mostly-ZB-phase nanoneedle from sample A that exhibits a ZB band-edge emission peak at 1.41 eV 

in addition to the type-II emission peak. (c) A typical WZ-phase nanoneedle, showing WZ band-edge 

emission at 1.49 eV and defect-emission at 1.45 eV. (d) Band structure of ZB/WZ InP heterojunction at 0K; 

WZ-phase InP has a larger bandgap and valence band offset of 0.11 eV compared with ZB-phase InP. The 

three carrier recombination paths (ZB band-edge, WZ band-edge, and type-II indirect recombination) are 

illustrated. [7]  

 

3.2.3 Temperature-dependent PL 

In order to further shed light on the origin of the PL for each type of nanoneedle, temperature-

dependent CW-PL measurements were performed (Figures 3.3 (a-c)). The temperature evolution 

of the PL spectrum for the mostly-ZB-phase nanoneedle (Figure 3.2 (b)) is illustrated in Figure 

3.3 (b). The type-II peak gradually saturates with increasing temperature until about 110 K, 

above which only the ZB-emission peak remains. The ZB-emission peak energy is shown as a 

function of measurement temperature (T) by the dark blue curve in Figure 3.3 (d), which can be 

fitted very well with the Varshni equation Eg = 1.413-4.9×10-4T2/(T+327), revealing a bandgap 

of 1.413 eV at 0K [70], [71]. For WZ-phase nanoneedles, the defect-emission peak saturates as 
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temperature rises, while WZ-emission preserves (Figure 3.3 (c)). The WZ-emission peak energy, 

shown as a function of temperature by the red curve in Figure 3.3 (d), can also be fitted well 

using a slightly modified Varshni equation: Eg = 1.496-4.9×10-4T2/(T+260), revealing a bandgap 

of 1.496 eV at 0K [70]- [72]. Intriguingly, a typical mixed-phase nanoneedle (Figure 3.2 (a) and 

3.3 (a)) exhibits type-II emission all the way up to 298 K, with peak energy fluctuating (green 

curve in Figure 3.3 (d)). However, we no longer observe blue-shift behaviour with increasing 

pump power above 110 K, partly due to a broadened PL spectrum at higher temperature. Fig. 3e 

shows the normalised PL spectra for the three types of nanoneedles at room temperature. As far 

as we know, this is the first thorough analysis of the emission spectra of InP nanostructures as 

the crystal phase and temperature vary.  

 

 

Figure 3.3 Temperature-dependent PL spectra of InP nanoneedles. Temperature ranges from 4 to 

298K; the nanoneedles are pumped by 660-nm CW diode laser at an excitation power density of 2x104 P 

(P=318 mW/cm2). (a) Typical mixed-phase nanoneedle. (b) Mostly-ZB-phase nanoneedle. (c) Typical WZ-

phase nanoneedle. (d) PL emission peak energy as a function of temperature for the three needle categories 

in a-c. The dark blue curve corresponds to ZB-emission in (b), fitted with the Varshni equation (see text for 

details). The red curve corresponds to WZ-emission in (c), fitted with a modified Varshni equation (see text 

for details). The green curve corresponds to type-II emission in (a). (e) Room-temperature PL spectra for 

the three types of nanoneedles, showing emission peaks at 1.34 eV (dark blue, ZB-emission), 1.41 eV (red, 

WZ-emission) and 1.39 eV (green, type-II emission). [7]  

 

3.3 Polarization-dependent Photoluminescence 

Distinctive differences between the optical properties of the different InP crystal phases can also 

be seen by studying the polarization of the ZB-emission and WZ-emission (shown in Figure 3.4) 
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at 298 K. The as-grown nanoneedles were mechanically removed and placed horizontally onto a 

carrier substrate. Polarization measurement was performed by inserting a linear polarizer into the 

PL signal collection path and tuning the polarization angle with respect to nanoneedle as 

depicted in Figure 3.4 (a). Figure 3.4 (b) displays the PL spectra collected from the replaced 

nanoneedles, for one with ZB emission and one with WZ emission respectively. As seen in 

Figure 3.4 (c) [72], for ZB type crystal, recombination is between the s-like conduction band 

electrons which has Γ6 symmetry and the p-like doubly-generate LH and HH bands with Γ8 

symmetry. The emitting light therefore should be completely unpolarized. A hexagonal WZ 

crystal, on the other hand, exhibits a completely different symmetry. The s-like conduction band 

has Γ7  symmetry, while the p-like hole bands split into three separate hole bands due to a 

combination of the spin-orbit interaction and crystal field splitting. The lowest energy hole states 

(highest lying energy bands) having a symmetry of Γ9 while the two higher energy hole bands (B 

and C bands) have Γ7 symmetry. The recombination between Γ7 and Γ9 is dipole allowed only for 

E field perpendicular to the c axis of the nanowire and forbidden for E field parallel to the c axis. 

The measured PL data are plotted in polar coordinate in Figure 3.4 (d), the ZB-emission is 

strongly (74%) polarized parallel to the nanoneedle axis, due to the dielectric contrast between 

the higher-index nanoneedle bulk and the surrounding air. In contrast, the WZ-emission is 

strongly (78%) polarized perpendicular to the nanoneedle, because the hexagonal WZ-phase 

crystal undergoes valence band splitting as described above.  
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Figure 3.4 Polarization dependence of ZB and WZ emission. (a) Schematics showing the measurement 

configuration with nanoneedle mechanically removed from asgrown substrate and transferred onto another 

substrate, with figure adapted from [58]. (b) PL spectra collected from the transferred nanoneedle, with ZB 

phase and WZ phase respectively. (c) Band structure for ZB crystal and WZ crystal adapted from [72]. (d) 

Polarization dependence of the integrated PL intensity for ZB-emission (dark blue) and WZ-emission (red), 

with the solid line indicating a fit to sin2. The radial scale lines represent normalized PL intensity, while 

the tangential scale lines represent polarization angle with respect to the nanoneedle axis. This figure is 

adapted from [7]. 

 

3.4 Time-resolved Photoluminescence 

Charge carrier dynamics in semiconductors directly reflect the nature and quality of materials. 

This makes it essential to characterize the material system with precise and efficient 

measurement techniques. The carrier recombination lifetime is highly dependent on the nature 

and dimension of the materials and interfaces. Surface effects, passivation as well as the presence 

of impurities and defects can introduce significant variations in this parameter. Since 

photoluminescence is a direct monitor of the interaction between light (photon) and matter 

(carrier), the general methodology to probe the carrier recombination dynamics is to conduct PL 

in time domain in addition to spectral domain [73]. 

        Time-resolved photoluminescence (TRPL) via time-correlated single photon counting 

(TCSPC) is particularly suited for fast charge carrier dynamics in the nanosecond regime for 

common III-V compound semiconductors. Time correlated single photon counting (TCSPC) was 

used to probe the carrier decay rate through the PL emission, by incorporating an avalanche 

photodiode (APD) into the µ-PL setup as shown in Figure 3.5. Through calibration with the 

titanium – sapphire femtosecond laser source, the impulse response of the TRPL setup was 

derived and found to offer a timing resolution of about 40 ps, with a decay tail of approximately 

300 ps due to carrier transition delay inside the APD. When the carrier decay lifetime exceeds 

one time period of the pulsed laser source (12.5 ns), an electro-optic-modulator based pulse 

picker was used to reduce the repetition frequency from 80 MHz to 8 MHz, enabling long decay 

time to be measured more accurately. The laser pulses are then delivered to a beam splitter where 

one trace of the beam activates the TCSPC start signal through a photodetector. The other trace 

of the beam continues to illuminate the sample via a high-NA objective. The PL collected from 

the sample then activates a stop signal for the TCSPC electronics through the APD. The time 

interval between the start and stop signal is then measured many times to account for the 

statistical nature of photoluminescence emission. The delay times are sorted into a histogram that 

plots the occurrence of emission over time after the excitation pulse. Carrier recombination 

lifetime is then obtained by fitting of this histogram with an exponential decay function.  
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Figure 3.5 Optical setup for time-resolved photoluminescence (TRPL) measurement with time-correlated 

single-photon counting (TCSPC) method. The inset figure shows that laser pulses are selected by a pulse 

picker to reduce repetition frequency from 80 MHz to 8 MHz to accommodate samples with longer carrier 

recombination lifetime.  

 

        Figure 3.6 displays TRPL decay traces under varying pump powers for mixed-phase 

nanoneedle (Fig. 3.6 (a)) and WZ-phase nanoneedle (Figure 3.6 (b)), fitted with exponential 

decay functions. For mixed-phase nanoneedle, the temporal behavior of the type-II emission 

peak was studied. Under a very low pump power density of about 9.7 Wcm-2 (defined as P’ here), 

the fitted decay curve yields an extremely long carrier lifetime of 13.5 ns. This can be attributed 

to the type-II band structure, which induces spatial separation of electrons and holes [74] [75]. 

The carrier lifetime falls as the pump power increases, as can be seen by the purple, blue, green 

and yellow lines in Figure 3.6 (a). 

        The detection wavelength for WZ-phase nanoneedle was varied with increasing pump 

power from the defect-emission peak at 1.45 eV (Figure 3.6 (b)) to the WZ-emission peak at 

1.49 eV (Figure 3.6 (c)). Under the same low pump power of P’, the defect-emission peak 

exhibits a long lifetime of 10.5 ns. When pumped at 20P’ and 50P’, the WZ-emission peak at 

1.49 eV emerges and becomes dominant while the defect-emission peak saturates. This leads to 

carrier lifetimes of around 6 ns for saturated defect-emission, and bi-exponential behaviour 

caused by an overlap with the WZ-emission peak. This confirms that the defect-emission at 1.45 

eV, which is the result of impurities or radiative defects, is not sufficiently dominant to confine a 

large proportion of carriers. Probing at 1.49 eV, the carrier lifetime remains at around 300 ps 

(Figure 3.6 (c)) even though the power density increases from 40P’ (purple) to 600P’ (yellow); 

this is as a result of the fact that the resolution limit of the timing system has almost been reached.  
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        We note that the TRPL decay curves for both mixed-phase and WZ-phase nanoneedles are 

single exponential, indicating a lack of non-radiative recombination and dominance of radiative 

recombination even at very high pump powers [76], [77]. The ability to scale up the size of the 

nanoneedles is beneficial for nanostructure-based optoelectronic devices, as it essentially reduces 

the surface recombination probability. Meanwhile, the absence of a fast non-radiative 

recombination portion in the decay curves indicates the superior surface quality of the InP 

nanoneedles [78].  

        The carrier lifetimes of mixed-phase nanoneedles and WZ-phase nanoneedles are further 

compared in Figure 3.6 (d). At 10P’, the carrier recombination speed of pure WZ-phase 

nanoneedles is around 30 times faster than that of mixed-phase nanoneedles. This indicates that 

the band-edge recombination of WZ-phase nanostructures offers much higher emission 

efficiency than the indirect type-II recombination of mixed-phase nanostructures.  

 

 

Figure 3.6 Carrier recombination dynamics. TRPL data (dots) measured using the TCSPC method, 

pumped by a titanium:sapphire fs laser at 750 nm. The data are fitted with an exponential decay function 

(solid curves). (a) Type-II emission from typical mixed-phase nanoneedles with increasing pump power. 

Carrier lifetime is 13.5 ns at P’ = 9.7 Wcm-2 (black), 5.1 ns at 40P’ (purple), 2.4 ns at 100P’ (blue), 1.3 ns at 
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200P’ (green) and 812 ps at 400P’ (yellow). (b) Defect-emission (1.45 eV) obtained with WZ-phase 

nanoneedle with increasing pump power. Carrier lifetime is 10.5 ns at P’ = 9.7 Wcm-2 (black), 5.7 ns at 20P’ 

(purple) and 6.0 ns at 100P’ (blue). (c) WZ-emission (1.49 eV) from WZ-phase nanoneedle with increasing 

pump power. Carrier lifetime is 314 ps at 40P’ (purple), 359 ps at 100P’ (blue), 341 ps at 200P’ (green) and 

345 ps at 600P’(yellow). (d) Comparison of the carrier recombination lifetimes of mixed-phase nanoneedle 

and WZ-phase nanoneedle for varying pump powers. [7] 

 

3.5 Internal Quantum Efficiency 

The IQE of a system is intimately linked to the carrier recombination lifetime, and is an 

important figure of merit for optoelectronic devices such as photovoltaic cells. This difference 

between WZ and mixed-phase nanoneedles is further underscored when IQE values are obtained 

through directly comparing the PL intensities pumped by a pulsed laser at different temperatures 

[79]. Assuming a 100% IQE at 4K for all nanoneedles pumped to saturated PL intensities, 10% 

IQE at room temperature (298 K) can be obtained for mixed-phase nanoneedles, while typical 

WZ-phase nanoneedles offer a more-than-doubled efficiency of around 25% (Figure 3.7 (a)). A 

detailed PL intensity comparison is shown in Figure 3.7 (b) under varying CW-laser pump 

powers at both 4K and 298K. Notably, WZ-phase nanoneedles typically yield a PL intensity 

more than three orders of magnitude larger than that of mixed-phase nanoneedles. With respect 

to photovoltaic applications, III-V nanostructures offer more efficient light absorption and 

significant cost reduction, especially when they are grown on silicon substrate [80]. However, 

nanostructures are known to suffer from undesired non-radiative surface recombinations brought 

about by a large surface-to-volume ratio. These non-radiative losses can significantly reduce the 

IQE, resulting in a decrease in the open-circuit voltage (VOC) [81], [82]. Given their ability to 

be scaled up to diameters far above the critical dimension, the InP nanoneedles reported here 

offer an outstanding IQE while still conferring the other advantages of nanostructure 

photovoltaics. Furthermore, a larger bandgap can also increase Voc [81], which makes single-

crystal WZ-phase InP nanoneedles on silicon stand out as a promising candidate for high-

efficiency low-cost photovoltaics.  
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Figure 3.7 Internal quantum efficiency. (a) IQE data (dots) extracted from power-dependent PL 

measurements at different temperatures, fitted with Arrhenius equation (curves). Blue plot: mixed-phase 

nanoneedle, where IQE is 10% at 298K. Red plot: WZ-phase nanoneedle, where IQE is 25% at 298K. (b) 

Comparison of the integrated PL intensities at different pump powers for typical mixed-phase nanoneedle 

(blue) and WZ-phase nanoneedle (red), at 4K (solid dots) and 298K (empty dots). The emission from 

mixed-phase nanoneedles at room temperature is too weak to be collected below 1x103 mW/cm2  power 

density (shown by the blue curve with empty dots). [7] 

 

3.6 Nanolasers Integrated on Silicon 

3.6.1 Laser Characterization 

Each as-grown nanoneedle provides a natural optical cavity, supporting unique helically-

propagating resonance modes [1], [83]. The large size of the nanoneedle ensures that modes are 

well confined inside the cavity, leading to very effective gain-mode overlap. Combined together, 

this enables optically-pumped lasing of single nanoneedle as-grown on silicon. Figure 3.8 (a) 

demonstrates lasing (at 4 K) at different photon energies for the nanoneedles shown in Figures 

3.2 (a)-(c), respectively. The close gain-mode matching suggests the potential to tune the lasing 

wavelength by tailoring the crystal phase, and is an area worthy of future exploration. Upon 

lasing, nanoneedles demonstrate an ultrafast carrier lifetime of around 50 ps (red plot, Figure 3.8 

(b)) [84]. The bi-exponential appearance is due to the fact that the resolution limit of the TRPL 

timing system, whose impulse response is shown by the blue curve, has been reached.   

        Room-temperature laser oscillation is demonstrated with InP nanostructures on silicon for 

the first time, to the best of our knowledge, by optically pumping an upright mixed-phase 

nanoneedle from the top. The typical spectrum of a room-temperature nanoneedle laser is shown 

in Figure 3.8 (c). A gain model was established, followed by rate equation analysis, in order to fit 

the corresponding light-light (L-L) curve [1]. The fitted L-L curve in Figure 3.8 (d) reveals an 

estimated cavity quality factor (Q) of 308, and a spontaneous emission coupling factor (β) of 

approximately 5x10-4. Details about the fitting method are in the following sections. When the 

pump power is below lasing threshold, only a small spot of spontaneous emission could be 

observed on the camera image. Upon lasing, strong speckle patterns appear (see inset in Figure 

3.8 (d)), which is usually regarded as a classic signature of lasing oscillation. The fact that 

mixed-phase nanoneedles rather than pure WZ-phase nanoneedles are able to lase at room 

temperature is somewhat counter-intuitive. We attribute this to the influence of the taper angle of 

the nanoneedle sidewalls on the optical cavity’s quality [1], [83]. Sidewall taper is the primary 

loss mechanism for our as-grown cavities; the smaller taper angle of mixed-phase nanoneedles 

results in less light leakage through the cavity sidewalls and therefore a better optical cavity. 

Engineering the taper angle thus offers an avenue to improve future laser performance. 

Simulation results about how to optimize laser cavity will be discussed in section 3.6.3.  
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Figure 3.8 InP nanoneedle lasing. Nanoneedles optically-pumped by a titanium:sapphire fs laser at 750 

nm. (a) Lasing spectra observed at different photon energies for typical WZ-phase nanoneedles (red), 

typical mixed-phase naoneedles (green), and mostly-ZB-phase nanoneedles (blue). All PL intensities are 

normalized for visibility. (b) TRPL decay curves for WZ-phase nanoneedles after lasing (red line). The 

lifetime falls to approximately 50 ps, and tail is due to bi-exponential system impulse response (blue curve, 

resolution limit 40 ps with 300 ps tail). (c) Typical lasing spectrum of a room-temperature laser, achieved 

by optically pumping an upright mixed-phase nanoneedle from the top plane. Spectra below (blue) and 

above (red) lasing threshold are normalized for visibility. A high suppression ratio of 19.5 dB and full 

width at half maximum of 5.5 meV (3.6 nm) is obtained after lasing. (d) Corresponding L-L curve for the 

nanoneedle laser in c. Analysis reveals a Q of 308 and β of 5x10-4. Both pump power and nanoneedle laser 

emission are converted into average powers. Inset shows the speckle patterns above the lasing threshold 

(Pth) of  2.7 mW, and signifies lasing oscillation. [7]    

 

3.6.2 Laser Modeling 

After obtaining experimental data, it is critical to analyze these data and extract useful 

information. This section starts with gain analysis, followed by rate equation analysis, to probe 

how gain interacts with cavity. Finally, we will be able to obtain important parameters 
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determining how our nanolasers perform. Details about the laser modeling methodology used 

here can be found in the supplementary information of [1]. 

        When conducting fitting for the laser L-L curve, a gain model needs to be constructed firstly. 

Starting from Fermi’s golden rule to model photon generation by electron-hole recombination, a 

material gain spectrum can be derived as 

𝑔(ℏ𝜔) =
𝜋𝑒2

𝑛𝑟𝑐𝜀0𝑚0
2𝜔

|𝑀|2 ∫ 𝜌𝑟(𝑓𝑐 − 𝑓𝑣)𝑑𝐸
∞

0
 (3.1) 

where nr is material refractive index, c is speed of light, ε is vacuum permittivity, m0 is electron 

mass, and ω  is the radial frequency of the electronic transition. M is calculated from the 

momentum matrix element and describes the strength of the transition. fc  and fv  are Fermi 

functions representing the distribution of electrons and holes, respectively. ρr  is the reduced 

density of electronic states in a material. Please note that quantization effects are not seen here, 

due to the size of nanoneedle being beyond the de Broglie wavelength of electrons and holes. 

Thus, we use density of states for 3-dimensional bulk material as below, 

ρr =
1

2𝜋2 (
2𝑚𝑟

ℏ2 )

3

2
√ℏ𝜔 − 𝐸𝑔 (3.2) 

where Eg, ℏ, mr are the energy band gap, reduced Planck constant, and reduced effective mass, 

respectively.  

        In real experiments, intraband scattering effects need to be included as well, by convolving 

the gain spectrum in 3.1 with a Lorentzian lineshape function characterized by τin  – the 

intraband scattering carrier lifetime. We fit the width of PL spectrum to obtain τin  thus to 

estimate the broadening of gain spectrum. The analytical spontaneous emission spectrum used 

for fitting is generated by the gain spectrum in Equation (3.1) convolved with Lorentzian 

lineshape and following Einstein’s AB coefficient treatment: 

𝑟𝑠𝑝(ℏ𝜔) =
2𝑛𝑟𝑒2𝜔

ℎ𝑐3𝜀0𝑚0
2 |𝑀|2 ∫ 𝜌𝑟𝑓𝑐(1 − 𝑓𝑣)

ℏ 𝜋𝜏𝑖𝑛⁄

(𝐸𝑔+𝐸−ℏ𝜔)
2

+(ℏ 𝜏𝑖𝑛⁄ )2
𝑑𝐸

∞

0
     (3.3) 

The fitting of a typical PL spectrum representing spontaneous emission from sample A (mixed-

phase nanoneedle) is demonstrated in Figure 3.9, with which we obtained τin~30 fs.  
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Figure 3.9 Fitting of spontaneous emission spectrum. The experimental PL spectrum at room 

temperature from a typical mixed-phase nanoneedle of Sample-A (blue) is fitted (red) with the spontaneous 

emission spectrum in expression (3.3). The fitted value for intraband scattering carrier lifetime is ~30 fs.   

 

        By plugging this τin  value back into the gain equation (3.1 convolved with Lorentzian 

lineshape), we can generate a series of gain spectra under different carrier concentration N. 

Obtaining the peak gain value under each carrier concentration level, we can plot maximum gain 

versus carrier concentration, as shown by Figure 3.10 blue curve. We then use a logarithmic gain 

model to fit the curve, 

𝑔(𝑁) = 𝑔0ln (
𝑁+𝑁𝑠

𝑁𝑡𝑟+𝑁𝑠
)  (3.4) 

 

Figure 3.10 Gain model. Peak gain versus carrier concentration calculated from gain spectrum equation 

(blue) is fitted with logarithmic material gain model (red). The fitting parameters used here are g0 =
3500 𝑐𝑚−1, Ntr = 3.2×1018𝑐𝑚−3, and Ns = 8×1018𝑐𝑚−3.  
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        With this way to obtain gain value at each carrier concentration level, we are now able to fit 

the laser L-L curve by performing rate equation analysis. Then quality factor Q and spontaneous 

emission coupling factor β can be extracted from the fitting. The modified rate equation to suit 

optical pumping rather than electrical pumping is as follows， 

𝑑𝑁

𝑑𝑡
=

𝜂𝑎𝑃

ℎ𝜈𝑉
− (𝐴𝑁 + 𝐵𝑁2 + 𝐶𝑁3) − 𝑣𝑔𝑔𝑆 (3.5) 

𝑑𝑆

𝑑𝑡
= Γ𝛽(𝐵𝑁2) + Γ𝑣𝑔𝑔𝑆 −

𝑆

𝜏𝑝
 (3.6) 

where N and S are carrier concentration and photon density in the cavity, respectively. P is the 

average power of the pump laser (converted from peak power of a pulsed laser), ηa  is the 

injection quantum efficiency, A, B, C are the carrier recombination coefficients, vg  is group 

velocity, Γ is confinement factor, τp is photon lifetime.  

        Numerically solving differential equations (3.5) and (3.6) for the transient behavior of the 

carrier and photon densities, we can construct L-L curve to fit the experimental data. We treat 

spontaneous emission coupling factor β and threshold gain gth as fitting parameters, the result is 

as shown in Figure 3.8 (d). Then Q factor can be calculated as 

𝑄 =
2𝜋𝑛𝑔

𝜆Γ𝑔𝑡ℎ
 (3.7) 

       In fitting L-L curve, we found that Q mainly determines the threshold pump level, while β is 

responsible for how high the “knee” is in the curve. In Figure 3.8 (d), we obtained a Q factor of 

~308, and β~5×10−4. As can be seen from the result, our current Q factor is relatively modest, 

the next section will discuss how to optimize the laser cavity. The parameters used for fitting in 

this section are listed in the Table 3.1.  

me
∗  0.077 m0 kg 

mhh
∗  0.6 m0 kg 

mlh
∗  (mr = (

1

𝑚𝑒
+

1

𝑚ℎ
)

−1

) 
0.12 m0 kg 

Ep (|M|2 =
𝑚0𝐸𝑝

6
) 20.7 eV 

Eg 1.306 eV 

τin 30 fs 

nr 3.075 

Ntr 3.2×1018 𝑐𝑚−3 

Ns 8×1018 𝑐𝑚−3 

g0 3500 cm−1 

A 0 

B 5×10−10𝑐𝑚3/𝑠𝑒𝑐 

C 0 

ng 4.2 

Γ 1 
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Table 3.1 Parameters used for gain modeling and rate equation analysis. 

 

3.6.3 Laser Cavity Optimization 

Despite the reversed index contrast between InP nanoneedle (n~3.4) and silicon substrate 

(n~3.6), sufficient optical feedback or Q factor is still attained for laser oscillation in nanoneedle 

structure. Even non-negligible absorption by silicon at the nanolaser wavelength can be 

overcome. This seemingly counter-intuitive phenomenon encourages us to unveil the physical 

insight of mode propagation inside nano-cavity. As the study reveals, modes inside 

nanoneedle/nanopillar adopt a helically propagating fashion instead of the conventional Fabry-

Perot resonance. While theoretical and experimental explanations can be found in ref. [83], 

intuitively speaking, helically-propagating modes can have nearly total internal reflection at the 

nanoneedle-silicon interface because their wavevectors strike that boundary with grazing 

incidence at extremely shallow angles. On the other hand, the helical propagation modes are very 

sensitive to the cavity shape and geometry, which makes it critical to engineer and optimize the 

cavity. Some preliminary results analyzing a few aspects that influence laser cavity are 

introduced here.  

        During laser characterization of both sample A and B in Figure 3.1, it is found that 

nanoneedles from sample A tend to have much lower lasing threshold than those from sample B. 

It is a little counter-intuitive because sample B possesses a much better material quality 

compared with sample A. Thus more thoughts need to be put into another key determiner of laser 

– the optical cavity. The biggest difference we observed from sample A and B is the taper angle 

of the nanoneedle top, with nanoneedle from sample A having ~3° while that from sample B 

showing ~8°. We thus simulated the field profile and Q factor for nanopillar cavities with 

different sidewall taper angles, as shown in Figure 3.11. Lumerical’s finite-difference time-

domain (FDTD) simulation was performed in 3D space. The results are enough to convince us 

that even a little sidewall tapering will result in increased light leakage thus reduced cavity Q 

factor. This can explain the contrast between nanolasers on sample A and B to some degree.  
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Figure 3.11 Effect of nanopillar sidewall taper on optical modes simulated with 3D FDTD. (a) 
Geometric parameters and helical mode used in this simulation. (b) Simulated optical resonance spectra for 

nanopillars with taper angle of 0°, 0.5°, and 2° respectively. A decrease of Q factor is observed with 

increased taper angle. (c) Vertical field profile for the nanopillars with taper angle of 0°, 0.5°, and 2° 

corresponding to (b). Light leakage is seen for increased taper angle.  

 

        In addition, we notice that sample A has a continuous wetting layer surrounding 

nanoneedles while sample B possesses none or only some clusters. This results from the growth 

condition variation [57]. However, the wetting layer causes inverse tapering at the nanoneedle 

root because it follows a core-shell growth fashion. This is similar with what happened to the 

growth of InGaAs/GaAs nanopillars on silicon, and full explanations can be found in ref [6]. 

While without the continuous wetting layer, the root of InP nanoneedle is in direct contact with 

the substrate without any inverse tapering, like what was validated in Figure 2.8. This leads us to 

investigating the influence of inverse tapering on optical cavity. In Figure 3.12, an inverse taper 

angle of 30°  is introduced in the root part, while top tapering is kept at 2° . With FDTD 

simulation, we found that cavity without inverse tapering (length of the tapered bottom L=0) 

only has a Q factor of ~43, while by introducing a 100-nm inverse-tapered bottom Q increases to 

~296. Intuitively, inverse tapering brings in a high index-contrast InP/air interface at the bottom 

of nanoneedle which enhances the optical feedback. This further explains why nanoneedles on 

sample A with wetting layer are easier to lase than those on sample B whose roots sit entirely on 

silicon substrate.  
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Figure 3.12 Effect of nanopillar bottom inverse taper on optical modes simulated with 3D FDTD. (a) 
Geometric parameters and helical mode used in this simulation. (b) Simulated optical resonance spectra for 

nanopillars with the length of bottom inverse-tapered part of 0, 50, and 100 nm, respectively. An increase 

of Q factor is observed with increased taper length. 

 

        Based on the simulation results above, we attempted geometry optimization during the 

growth process. Instead of a continuous growth, we performed a secondary growth (i.e. regrowth) 

by masking the bottom portion of an already grown nanopillar with thin layers of silicon dioxide 

(SiO2) and amorphous silicon prior to regrowth. The final geometry is shown in the schematics 

of Figure 3.13 (a). From the optical spectra in Figure 3.13 (b), we can see this regrown structure 

has the Q factor enhanced almost by 8 times, with a much narrower spectrum linewidth. Figure 

3.13 (c) and (d) compare the vertical field profiles for the original as-grown structure and the 

regrown structure, respectively. It clearly demonstrates the influence of regrowth on optical 

cavity, in the following aspects: (1) it reduces top tapering thus cavity loss; (2) it adds a “kink” 

which works similar with bottom tapering, introducing optical feedback to the helical modes; (3) 

it confines the optical modes mostly in the upper body part, away from the defect-rich root part. 

In addition to optimizing the optical cavity, this regrowth process also brings in a few other 

winning advantages for making an optoelectronic device, which include eliminating the shunt 

path between the n-type shell (of the p-i-n junction inside the nanopillar) and p-type silicon 

substrate. More details can be found in ref [50].   
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Figure 3.13 Internal quantum efficiency. (a) IQE data (dots) extracted from power-dependent PL 

measurements at different temperatures, fitted with Arrhenius equation (curves). Blue plot: mixed-phase 

nanoneedle, where IQE is 10% at 298K. Red plot: WZ-phase nanoneedle, where IQE is 25% at 298K. (b) 

Comparison of the integrated PL intensities at different pump powers for typical mixed-phase nanoneedle 

(blue) and WZ-phase nanoneedle (red), at 4K (solid dots) and 298K (empty dots). The emission from 

mixed-phase nanoneedles at room temperature is too weak to be collected below 1x103 mW/cm2  power 

density (shown by the blue curve with empty dots). 

 

3.7 Summary 

This chapter discusses using optical characterization tools to probe the crystal phase and material 

quality of InP nanoneedles grown on silicon. It provides the guideline for growth conditions and 

lays the foundation for the next chapter.  
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        In summary, high-quality InP nanoneedles were grown directly onto a silicon substrate 

using a low-temperature MOCVD technique. Three types of nanoneedles were explored, 

composed of ZB/WZ-mixed phase, mostly ZB-phase, and single-crystal WZ-phase, respectively. 

The optical properties of each category of nanoneedles were studied and linked to the physics of 

the different underlying band structures. Mixed-phase nanoneedles exhibit type-II emission from 

4 to 298K, with significant blue-shift behavior observed up to 110K. The spatial separation of 

carriers leads to an extremely long recombination lifetime of 13.5 ns at 4K and an IQE of 10% at 

room temperature. In contrast, pure WZ-phase nanoneedles show a band-edge emission of 1.49 

eV at 4K and 1.41 eV at 298K, which is approximately 80 meV higher than the bandgap of 

conventional ZB-phase InP. This more efficient band-edge emission results in a carrier 

recombination in the pure WZ-phase nanoneedles that is around 30 times faster (300 ps at 4K), 

and an IQE that is more than twice as large (25% at 298K), as compared to the mixed-phase 

nanoneedles. All three classes of nanoneedles are able to achieve optically-pumped lasing at 

different wavelengths, with an ultrafast lifetime of 50 ps. InP nanolasers grown on silicon could 

form the basis of long-wavelength heterostructure III-V lasers that are compatible with silicon 

technology. With higher bandgap and internal quantum efficiency, single-crystal WZ-phase 

nanoneedles are highly promising nanostructures for use in optoelectronic devices such as 

photovoltaic cells. We thus have found a good growth condition to provide an excellent material 

platform for nanoneedle/nanopillar-based optoelectronic devices.  
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Chapter 4                 

Wurtzite-phased InP Micropillars with Low Surface 

Recombination Velocity 
 

The direct growth of III-V nanostructures on silicon has shown great promise in the integration 

of optoelectronics with silicon-based technologies. Our previous work showed that scaling up 

nanostructures to micro-size while maintaining high quality heterogeneous integration opens a 

pathway towards a complete photonic integrated circuit and high-efficiency cost-effective solar 

cells. In Chapter 3, we have demonstrated that single-crystal WZ-phase nanoneedles/nanopillars 

stand out among other crystal phases to serve as an excellent material platform for optoelectronic 

devices. In this chapter, we present a thorough study of the surface quality to further investigate 

the wurtzite-phased InP mateiral. Surface recombination velocity is crucial for evaluating surface 

quality especially for nanostructures, yet there has not been a straightforward and reliable 

methodology to obtain it. By simply combining internal quantum efficiency with carrier 

recombination lifetime, we obtain an accurate and surprisingly low surface recombination 

velocity of 1.1×103 cm/sec for InP micropillars. In addition, we extract, for the first time, the 

radiative recombination B coefficient of 2.0×10-10 cm3/sec for pure wurtzite-phased InP. These 

values are comparable with those obtained from InP bulk. Exceeding the limits of conventional 

nanowires, our InP micropillars combine the strengths of both nanostructures and bulk materials, 

and will provide an avenue in heterogeneous integration of III-V semiconductor materials onto 

silicon platforms. 

 
4.1 Carrier Recombination Lifetime and IQE 

Surface recombination velocity (SRV) is historically used to evaluate the surface quality of 

materials. Its importance sparkles great interests in the realm of InP nanowires, with SRV values 

reported via different characterization methods [76], [77], [85], [86]. But the precisions of these 

values suffer from undesirable effects induced by polytypism and over-simplification through 

some level of estimations. Here, we demonstrate a new but straightforward methodology to 

characterize the surface quality of InP micro/nano-pillars as-grown on silicon, and compare our 

results with the well-known values of InP bulk.  

        Carrier recombination lifetime  consists of a radiative portion r and a non-radiative 

portion nr, defined as  

 
-1= nr

-1 + r
-1 = SRV × (SA:V) + B × N (4.1) 

where SA:V is the surface area to volume ratio, B is defined as the radiative recombination 

coefficient, and N stands for excess carrier concentration. The overall effective lifetime  can be 

measured directly with time-resolved photoluminescence (TRPL). At room temperature, non-

radiative recombination dominates such that nr is shorter than r. Hence with   nr, SRV is 

usually estimated as (SA:V × )-1. Although neglecting radiative recombination induces 

inaccuracies in calculating SRV, this estimation is still widely adopted because there was no 
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obvious way to separate nr and r. Here we propose a straightforward method to extract nr and r 

from , by simply considering another equation of these two unknowns. It is worth noting that 

this method was also proposed in ref 48 for another material system and purpose, similar time as 

our study was firstly conducted. And very recently Gao et al. proposed a different method to 

characterize IQE and , which requires steady-state condition [56], [87]. Another relevant study 

under pulsed excitation condition was also conducted and would be of interest here as well [88]. 

        Figure 4.1 (a) lays out the experimental setup used to implement this method. It consists of 

the aforementioned µ-PL setup (blue background), in conjunction with time-correlated single-

photon counting (TCSPC) facility (pink background) for TRPL measurement. In order to 

calculate SRV, carrier recombination lifetime  is first obtained from TRPL measurement at 298 

K, as shown in Figure 4.1 (b) highlighting the impulse response of the system. Under each pump 

power, the fitted effective lifetime  within one pulse period (12.5 ns) contributes to one data 

point in Figure 4.1 (c). With the same series of pump powers, the “effective” internal quantum 

efficiency (IQE) is then evaluated within the same time window (12.5 ns) by normalizing the PL 

intensities (integrated across the whole spectrum from Figure 4.1 (d)) at 298 K with that at 4 K 

[79], displayed in Figure 4.1 (e). Assuming 100% of IQE is reached at 4 K under each pump 

power (P), IQE at room temperature is defined as I298K(P)/I4K(P). It is worth noting that, the exact 

same pump conditions need to be used for Figure 4.1 (c) and Figure 4.1 (e), which is critical for 

our method here.  

 

 

Figure 4.1 Experimental setup for photoluminescence measurements. (a) Layout of experimental setup, 

consisting of the µ-PL setup (blue background), combined with TRPL setup (pink background). (b) An 

example figure for a train of typical carrier lifetime decay curves (red) generated from TRPL setup at 298 

K, with impulse response reflecting the system resolution of around 40 ps (dark gray). (c) An example 

figure of lifetime values fitted from (b), under different pump powers. (d) An example figure displaying 

typical PL spectra from a single pillar at 4 K (blue) and 298 K (red). (e) A figure exemplifying PL 

intensities (integrated over a span of wavelengths from (d)) under various pump powers, at 4K (blue) and 

298 K (red), obtained with µ-PL setup. [8] 
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4.2 Methodology to Calculate Surface Recombination Velocity 

In Figure 4.2 (a), we show the dependence of the overall carrier lifetime  as a function of 

average pump power density. In the low injection regime, non-radiative recombination is the 

dominant factor. As the carrier density increases, more of the non-radiative recombination 

centers become saturated,  therefore increases rapidly with pump power in this regime. At 

higher carrier injection level, however,  becomes dominated by radiative recombination whose 

lifetime decreases with carrier concentration. Notably, this two-phase dependency has only been 

reported for InP bulk material [89]. The increase of lifetime in the low injection region was 

usually out of reach for nanostructures due to the low photoluminescence yield at room 

temperature. The key development enabling the capture of data lies in both the bigger size of our 

pillars and the compact µ-PL setup with high collection efficiency. Obtained under the same 

experimental conditions, IQE is plotted against carrier concentration, as depicted in Figure 4.2 

(b). Theoretically, IQE can be expressed as  

IQE = r
-1/ (nr

-1+r
-1) (4.2) 

        Combining equations (4.1) and (4.2), the two unknowns nr and r can be resolved, revealing 

the fascinating physics underlying. The extracted nr (red) and r (green) are plotted against 

carrier concentration in Figure 4.2 (c). The effective lifetime  (blue), the same as that shown in 

Figure 4.2 (a), is also included in Figure 4.2 (c) for easier comparison. It can be observed that at 

low injection level, nr is almost equal to  and increases until all non-radiative recombination 

centers are saturated at around 0.5 kW/cm2, where  is about 1.0 ns. As carrier injection 

gradually rises,  starts to drop while nr stays at around 1.2 ns. This validates that radiative 

recombination cannot be neglected especially at higher carrier concentration. 

        On the other hand, while appearing much longer than nr, r always decreases with carrier 

concentration based on the relation r
-1 = B × N for undoped materials.  By plotting r

-1 as a 

function of N in Figure 4.2 (d), the radiative recombination B coefficient can be obtained 

through linear fitting in the high injection regime. We note that the carrier concentration, is the 

most critical for the fitting of B coefficient. We adopted the method of estimating carrier 

concentration from Fermi level split, which was generated directly from PL intensity instead of 

pump power [90]. With a pulsed pump laser, the carrier concentration calculated here represents 

an averaged condition (see next section). The fitting result is just a preliminary estimation, and 

further work needs to be done as to improve the accuracy. Nevertheless, a value of 2.0×10-10 

cm3/sec is attained, which has never been reported experimentally for WZ-phased InP before. 

The fact that this is within the realm of the state-of-the-art numbers reported for ZB-phased InP 

bulk [91], [92] manifests the excellent emission efficiency of our InP micropillars. The high light 

extraction efficiency owes to the hexagonal pyramid shape, which is irregular enough so that 

photons not initially emitted into the escape cone have a higher chance of escaping after several 

internal reflections inside the pillar structure. 
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Figure 4.2 Methodology to separate nr and r. (a) Carrier lifetime  measured from TRPL varying with 

average pump power density. (b) IQE values measured under the same condition as in (a). (c) Effective 

carrier lifetime  (blue), the corresponding non-radiative recombination lifetime nr (red) and radiative 

recombination lifetime r (green), in dependence of average pump power density at 298 K, for the same 

pillar as in (a). Dashed lines in (a)-(c) are fitting curves merely to provide a guidance for the data points. (d) 

By fitting the green data in Fig. 4c with the relation r
-1 = B × N in high carrier injection region, a radiative 

recombination coefficient B ~2.0×10-10 cm3/sec is obtained. [8] 

 

        There are some tricky conditions that need to be stressed in order to better understand and 

utilize this method. First of all, the two equations we used (Equation 4.1 and 4.2) do not require 

steady state of rate equations. They are direct definitions independent of rate equations, and are 

valid at any instantaneous moment. Equation 4.1 [ τ−1 = τr
−1 + τnr

−1  ] is a relation between 

effective carrier recombination lifetime τ, radiative lifetime τr , and nonradiative lifetime τnr. 

Equation 4.2 [IQE = τr
−1/(τnr

−1 + τr
−1) ] is also a direct definition of internal quantum efficiency 

or so-called “radiative efficiency” [93], which is the ratio between radiative carrier 

recombination rate and total carrier recombination rate. Therefore, these two equations are 

appropriate for both CW and pulsed excitations. 

 

        It is worth noting that the carrier concentration N in our work was not acquired from optical 

pump power. For carrier rate equation [
dN

dt
= Ggen − Rrec =

ηiI

qV
−

N

τ
− Rst] [93] , a steady state is 
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not required unless one needs to relate recombination with generation [
ηiI

qV
=

N

τ
+ Rst], so as to 

obtain carrier concentration N from injected current I (or optical pump power in our case). The 

methodology we used actually does not require this relation at any time, the carrier concentration 

information was obtained by another method, which will be explained in section 4.3.  

 

        Carrier recombination lifetime τ, especially the radiative part τr , is carrier concentration 

dependent. Therefore, the hidden information in Equation 4.2 is that IQE and τ need to have the 

exact same carrier concentrations at each instantaneous moment, so that IQE (N) =
τr

−1(N)/[τnr
−1(N) + τr

−1(N)]. Therefore, each data point in Figure 4.2 (b) for IQE corresponds to 

the exact same pumping condition as in Figure 4.2 (a) for TRPL. We understand that under 

pulsed excitation condition, the carrier concentration varies from some peak just after excitation 

to essentially zero as the carriers decay. This is exactly what a TRPL decay curve interprets, to 

show carrier recombination dynamics after an excitation pulse. In terms of our measurement in 

practice, the time period between pulses for our laser is T = 12.5 ns. And the carrier lifetime τ 

was fitted as a single exponential decay within this time window (12.5 ns), as an “effective” 

lifetime. Therefore, as long as the IQE was also an “effective” IQE averaged within this time 

window, it is consistent for both sides of the equation. Since the carrier lifetimes we obtained are 

in the range of τ = 1 ~ 7.5 ns, thus it takes 1.6 ~ 12 ns to emit most of the photons (estimated 

with PL = 1 − e−
t

τ = 80%). The PL signals used for IQE were collected within the valid regime 

of carrier recombination lifetime τ (12.5 ns), which makes this measurement consistent.  

        Pulsed laser also has to be used here for practical reasons. If a CW laser were used, a pump 

power equivalent to the peak power during a 120 fs pulse would have to be used, which would 

cause severe heating effects at room temperature. For example, for 1 mW of average power of 

our pulsed laser, peak power would reach 1mW * 12.5ns / 120fs = 104 W.  The IQE values 

attained with CW pump under steady state were more conventionally reported, and certainly 

make more sense if one is to compare luminescence efficiency of a certain material systems with 

others [90]. This is not our purpose here, and the pulsed “effective” IQE is more appropriate for 

the method conducted in this work. Similar situations were reported popularly in the literature, 

by acquiring this “effective” IQE with pulsed excitation  [79], [94]. To conclude, we believe it is 

both theoretically correct and practically more suitable to conduct our experiments with pulsed 

excitation for our purpose here. 

        Furthermore, the InP pillars studied here are intrinsic and not intentionally doped, with a 

background doping density of around 1015~1016𝑐𝑚−3 in general. Note that we fitted B constant 

in the high injection regime where the injected carrier concentration is on the level of 1017𝑐𝑚−3, 

large enough to neglect the background doping. Even if we included background doping 

concentration of 1016𝑐𝑚−3, and used the relation τr
−1 = 𝐵(𝑁𝐷 + 𝑁) instead, the fitting result we 

obtained for B was also around 2×10−10𝑐𝑚3/𝑠𝑒𝑐.   

 

4.3 Method to Calculate Carrier Concentration N for Fitting B Constant 

In order to fit for the radiative recombination B constant in Figure 4.2 (d), an exact carrier 

concentration N value needs to be obtained. Here we show our method of obtaining N. 
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Luminescence intensity 𝐼𝑠𝑝(ℎ𝜈) (photon counts per second per energy interval per area) at the 

pillar surface can be estimated from the PL counts obtained in experiment. For pulsed condition, 

we estimated that the photons were collected within the rectangular time intervals (t) equal to 

carrier recombination lifetime ( 𝜏 ). The effect of this approximation is shown in Fig. S1. 

Therefore, the pulsed 𝐼𝑠𝑝(ℎ𝜈) is adjusted as   

 

𝐼𝑠𝑝
′ (ℎ𝜈) = 𝐼𝑠𝑝(ℎ𝜈)/ (number of pulses per second) / (carrier recombination lifetime 𝜏). (4.3) 

 

The relation between Isp
′ (ℎ𝜈) and Fermi level split ΔF can be expressed as [90]           

Isp
′ (ℎ𝜈) = 𝛼 ∙

(ℎ𝜈)3

4𝜋2ℎ3𝑐2 ∙
1

𝑒ℎ𝜈−Δ𝐹

𝑘𝑇

  (4.4) 

 

Therefore, corresponding Fermi level split values can be calculated, with an estimation of 

absorptivity (α) of our pillar from numerical simulation,  

∆𝐹 = ℎ𝜈 + 𝑘𝑇 ∙ 𝑙𝑛[
4𝜋2ℎ3𝑐2

α∙(ℎ𝜈)3 ∙ 𝐼𝑠𝑝
′ (ℎ𝜈)] . (4.5) 

 

In the high injection regime, when the excess carrier density (> 1017𝑐𝑚−3) is large compared to 

the background doping concentration of the material ( 1015~1016 𝑐𝑚−3 ), the carrier 

concentration N can be expressed as  

𝑁 = [𝑛𝑖
2 ∙ 𝑒

𝑞∙∆𝐹

𝑘∙𝑇 ]1/2. (4.6) 

 

With the calculation above, the fitted B constant is ~2.0×10−10𝑐𝑚3/𝑠𝑒𝑐 . The error of this 

estimation mainly comes from the accuracy of carrier recombination lifetime 𝜏. In the case of 

Figure 4.3, the standard error from fitting 𝜏 is around 0.6%, which causes 0.01% deviation in Δ𝐹, 

resulting in an error of only 0.3% in the carrier concentration N. Therefore, the fitted value for B 

is justified for pulsed excitation, with a standard error of 0.3%.  
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Figure 4.3 The effect of the approximated carrier concentration. TRPL decay curves with a time period 

of 12.5 ns between the pulses, and a fitted lifetime of around 1.0 ns (in red). Carrier concentration 

calculated is taken as a constant value (in blue) right after the laser pulse, which lasts for a time interval (t) 

equal to carrier recombination lifetime (𝜏). [8] 

 

        Please note that in Figure 4.2 (a-c), the specific carrier concentration numbers are actually 

not needed at all for the purpose there. The only part in our study that requires specific carrier 

concentration numbers is fitting for B constant in Figure 4.3. With the carrier concentration as an 

averaged value here, the B constant we obtained is a preliminary estimation. The purpose of 

doing it here is to show the B constant calculated with this method is comparable to the reported 

value for ZB-phased InP. For WZ-phased InP, no experimental result of B has ever been 

reported. We think this preliminary B value from our experimental method will be of interest for 

the general audience of Nano Letters. 

 

4.4 Evaluation of Surface Quality 

To evaluate the effect of growth temperatures on the surface and crystalline quality of the InP 

micro/nano-structures, we performed TRPL and IQE measurements upon pillars grown at three 

different temperatures. Important information including nr, r and SRV are then extracted using 

the same methodology outlined above. SRV values are estimated from the saturated value of nr 

and are compared for pillars grown at 450, 455, 460 ºC while keeping other growth conditions 

constant. Comparison of lifetime progressing with carrier concentration is illustrated in Figure 

4.4 (a). More than one hundred pillars were examined, and our data reveal that an increase in 

growth temperature can significantly improve nr and SRV of the micro/nano-structures. We 

attribute these enhancements to the annealing of pillar surface as well as the reduction of 

possible non-radiative recombination centers in the crystal lattice. In all the three samples grown 

at different temperatures, nr first increases then decreases with injected carrier concentration, 

similar to what we observed in Figure 4.2 (a) (Figure 4.4 (a) is plotted in log-log scale for clearer 

comparison). Taking the longest lifetime at the saturation point for each trace in Figure 4.4 (a), 

we plot the corresponding TRPL decay curves, displayed in Figure 4.4 (b). The effective carrier 

lifetime  of each trace is obtained by single exponential decay function fitting. We took full set 

of data as in Figure 4.4 (a-b) for around 60 pillars, the lifetime spread is summarized as below: 

(1) For pillars grown at 450 ºC,  = 0.98-1.15 ns with an average of 1.03 ns; 

(2) For pillars grown at 455 ºC,  = 1.30-3.36 ns with an average of 2.01 ns;   

(3) For pillars grown at 460 ºC,  = 3.59-8.58 ns with an average of 5.55 ns.  

 

Table in Figure 4.4 (c) summarizes the important parameters, including   , nr, and SRV, of the 

example pillars grown at different temperatures studied in Figure 4.4 (a-b).  It is worth noting 

that the lifetime of micropillars synthesized at 460 ºC can be as long as 7.4 ns, with the non-

radiative portion calculated as 10.4 ns. This is the longest lifetime detected at room temperature 

for InP micro/nano-structures, to the best of our knowledge. Moreover, the SRV of the 

micropillars can reach ~1.1×103 cm/sec, which is favorably comparable with the reported value 

in InP bulk material [95], [96]. These exciting results verify that the WZ-phased InP micropillars 

studied here are endued with superior surface quality while still possessing the unique advantage 

of nanostructures, which is of paramount importance for various optoelectronic devices. 
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Figure 4.4 Carrier recombination lifetimes of InP micropillars. (a) Comparison of carrier lifetimes () 

varying with average pump power density, for micropillars grown at 450 ºC (blue), 455 ºC (green), and 460 

ºC (red). (b) Corresponding TRPL decay curves for the micropillars in (a), by taking the longest lifetime at 

the saturation point for each trace. (c) A summary of values obtained of  𝜏, 𝜏𝑛𝑟, and SRV for micropillars 

grown at at 450 ºC (blue), 455 ºC (green), and 460 ºC (red). [8] 

 

        Non-radiative recombinations occur mainly at crystal defects and surface states. Embodied 

by the HR-TEM image in Figure 2.8 (d), misfit dislocations are confined at the InP/Si interface 

where the lattice-mismatch strain is relaxed, leading to excellent material quality in the bulk part 

remote from the hetero-interface. When we broke the root part of micropillars from as-grown 

silicon substrate and transferred them to a foreign silicon substrate, a remarkable increase in 

carrier lifetime was observed. Figure 4.5 (a) exemplifies that after being transferred, the lifetimes 

of micropillars grown at 450 ºC can be doubled compared with that of a typical as-grown 

micropillar (1.0 ns). Such drastic improvement proves the high concentration of non-radiative 

recombination centers, i.e. misfit dislocations, is indeed well confined in the root part of 

micropillar and at the InP/Si interface. Carrier lifetime also shows great improvement after 

surface passivation with wet chemical etching, i.e. HCl(2M):H2O:Citric Acid(0.5M) = 1:1:0.5 

[97]. For micropillars grown at 455 ºC, lifetimes before and after surface passivation were 

compared for the same pillar, showcasing in Figure 4.5 (b) an improvement from 1.9 ns to 2.9 ns. 

Combining these two experiments, we conclude that the non-radiative recombination takes place 

both at the defect centers inside the pillar body and at free surface outside the pillar. Therefore, a 

more rigorous form of Equation 4.1 should be written as  

 
-1= nr

-1 + r
-1 = (body

-1 + surf
-1) + r

-1 = body
-1 + SRV × (SA:V) + B × N,  (4.7) 
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where body and surf separate the effects from non-radiative recombinations inside the material 

body and outside at the surface. From this new form we can tell that the method in our previous 

context underestimated the value of surf and thus overestimated SRV. The real SRV values 

should be even smaller than the results reported above. In our attempt to quantify body by 

measuring nanopillars with different diameters as reported in ref [56], however, similar relations 

was not found between nr and d, indicating body might also be changing with the diameter. A 

more complete method to further separate body from surf in order to characterize SRV even more 

accurately is beyond the scope of the present work, and remains a topic for future investigation. 

However, we observed that SRV values of micropillars grown at 460 ºC can be improved by 

neither mechanical removal nor chemical surface passivation. Thus the SRV of ~1.1×103 cm/sec 

exhibits a good evaluation of material surface quality for our case here. Meanwhile, this again 

agrees with our hypothesis that higher growth temperature not only reduces the concentration of 

misfit defects inside micropillar body, but also anneals the surface. Further increasing the growth 

temperature is also not of interest here, since a lower growth temperature is desired for a more 

flexible CMOS post-process thermal budget [37]. All of our optoelectronic devices were based 

on InP pillars grown at 450 ºC, which have already shown excellent performances  [7], [49], [50]. 

 

 

Figure 4.5 Carrier recombination lifetimes of InP micropillars. (a) Example of the lifetime improving 

from ~1.0 ns (blue) to ~2.1 ns (red) after being transferred from its as-grown silicon substrate to a foreign 

silicon substrate, for a micropillar grown at 450 ºC. (b) Example of the lifetime improving from ~1.9 ns 

(blue) to ~2.9 ns (green) after wet chemical surface passivation, for a micropillar grown at 455 ºC.  For (b)-

(d), TRPL decay data (dots) are fitted with single exponential decay function (curves) to obtain the values 

of . [8] 

 

4.5 Summary 

The combination of carrier recombination lifetime and IQE values measured at room temperature 

facilitates the separation of radiative and non-radiative parts of the lifetimes and enables 

revelation of key information. From non-radiative lifetime, SRV is calculated and found to 

improve as growth temperature increases. Micropillars grown at 460 ºC yields an SRV value of 

~1.1×103 cm/sec, signifying a remarkable surface quality compared with conventional nanowires. 
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Radiative recombination B coefficient is also characterized, for the first time for wurtzite-phased 

InP. Both SRV value and B coefficient are close to the reported values for ZB-phased InP bulk. 

The above material and optical studies show that the InP micropillars integrated on silicon are 

endued with advantages of both bulk material and nanostructures. This unprecedented metastable 

direct growth of InP micropillars monolithically on silicon provides an avenue in the integration 

of optoelectronics with silicon-based technologies. 
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Chapter 5  
High-Contrast Grating for Integrated Optoelectronics 
 

High contrast grating (HCG) is an emerging element in integrated optoelectronics. Compared to 

other elements, HCG has very rich properties and design flexibility. Some of them are 

fascinating and extraordinary, such as broadband high reflectivity, and high quality factor 

resonance - all it needs is a single thin-layer of HCG. Furthermore, it can be a 

microelectromechanical (MEMS) structure. These rich properties are readily to be harnessed and 

turned into novel devices. In this chapter, we will investigate the physical origin of the 

extraordinary features of HCG, and explore its applications in novel devices for integrated 

optoelectronics.    

5.1 High-Contrast Subwavelength Grating 

Optical gratings are among the most fundamental building blocks in optics. They are well 

understood in two regimes: the diffraction regime where the grating period (Λ) is greater than the 

wavelength (𝜆), and the deep-subwavelength regime where the grating period is much less than 

the wavelength. However, there lies a relatively unexplored third regime, where the grating 

period is between the wavelength of the high-index grating material and that of the low-index 

surrounding material. The gratings show distinctive characteristics in this regime which are 

enhanced by higher index contrast. We call it sub-wavelength or near-wavelength regime.  

        In physics, a high contrast grating is a single layer of near-wavelength grating physical 

structure where the grating material has a large contrast in index of refraction with its 

surroundings. The refractive indices for HCG bars and the low-index surrounding materials 

range in 2.5~3.6 and 1.0~2.5, respectively. To suit the purpose of this dissertation, the second 

low-index material in the substrate beneath HCG bars are ignored, thus HCG bars are fully 

surrounded by the same low-index material such as air. The schematic of such a HCG structure 

is depicted in Figure 5.1. Please note that other types of gratings usually have no index contrast 

between the grating bars and the substrate. Furthermore, the period of grating bars lies in the 

subwavelength domain of the low-index material.  The light shines on the top surface of HCG 

with incident characteristic angles 𝜃 and 𝜑 - the incident direction between the incident beam 

and the y-z or x-z plane, respectively. Two special conditions are 𝜑 = 0 and 𝜑 = 90°, where the 

light propagation direction is perpendicular and parallel to the grating bars respectively. Thus we 

term the former case as transverse magnetic (TM) and later as transverse electric (TE) 

polarization. The HCG is polarization sensitive by its nature of 1D periodicity. 
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Figure 5.1 Simplified HCG structure, showing subwavelength grating bars with high-index material 

surrounded by low-index material. The period of the grating Λ lies between the wavelength of the low-

index material and that of the high-index material. The bars have a thickness of  𝑡𝑔, width of s, and airgap 

of a. 

 

        The theory of HCG has been extensively studied and summarized in [15]. A brief overview 

is given here to explain intuitively how it works. Figure 5.2 (a) plots the schematics of HCG in a 

three-coordinate system. We assume along y-direction the grating bars are uniform and infinite, 

while them being periodic in x direction. The grating bars can be considered as merely a periodic 

array of waveguides with wave being guided along z direction. The thickness of the bars is 

exaggerated to show the wave propagation inside. The plane is divided into three regions, with 

region I and II interfaced by input plane while region II and III interfaced by exit plane. Upon its 

incidence at the input plane, light will couple into multiple waveguide array modes in region II. 

In Figure 5.2 (b) we show the mode profile of the different modes. The 0th-order and 2nd -order 

mode profiles are both symmetric across the HCG bar, but the 1st-order mode is asymmetric. 

These modes propagate to the exit plane and get reflected. They reach the input plane and get 

reflected again. After some bounces back-and-forth, eventually there would be reflection light 

from the input plane and transmission light coming out of the exit plane. The HCG properties 

can be fully explained by waveguide array modes and their interference due to abrupt index 

change at the input and exit planes. If two modes fully destructively interfere, thus to cancel each 

other at the exit plane, then high reflection is achieved at the input plane. On the other hand, 

when two modes are perfectly impedance matched with the input plane, then high transmission is 

realized at the exit plane. The thickness of an HCG is one of the most important design 

parameters since it determines the interference effect. It is realized that in order to better govern 

HCG properties, the best working condition with HCG is with only two guided modes. It is 

worth noting that when it’s surface-normal incidence, only even modes can be excited. Thus we 

mostly work with 0th-order and 2nd-order modes. Therefore, we call this wide wavelength range 

the “dual-mode regime”, where only two waveguide array modes have real propagation 

constants in z direction and, hence, carry energy. This is a unique feature of HCG, being distinct 
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from diffraction optical gratings, guided mode resonance, Wood’s anomaly, and photonic 

crystals. 

 

 

Figure 5.2 Working principle of HCG. (a) Light is incident at the input plane of HCG and propagates 

along z-axis inside HCG bars to excite waveguide array modes, whose characteristics can be fully 

explained by interference effect. (b) Mode profile in the x-y plane of the waveguide array modes inside 

HCG. 

          

        Figure 5.3 displays the reflectivity contour versus wavelength λ and HCG thickness tg, for 

TE-polarized and TM-polarized optical gratings under surface-normal incidence, respectively. In 

both cases, a fascinatingly well-behaved, highly ordered checker-board pattern appears and 

reveals a strong dependence on both λ and tg.  This is the dual-mode regime located between the 

cutoff wavelengths of the 2nd-order and 4th-order waveguide array modes.  

 

 

Figure 5.3 Simulated reflectivity contour plot for (a) TE mode and, (b) TM mode optical gratings with a 

certain thickness 𝑡𝑔 in three wavelength regimes – diffraction regime, deep subwavelength regime, and the 

near/sub-wavelength regime.  
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        The unique and rich properties of HCG have enabled a large variety of applications, which 

have promoted HCG from a simple optical element to a platform for functionality integration of 

optoelectronics. The characteristics of HCG include but are not limited to ultra-high reflection 

and transmission over a broad spectral range and/or various incident beam angles, phase front 

engineering, high optical Q resonance, coupling, filtering, optomechanical effect, etc. Various 

optoelectronic devices and functionalities have been demonstrated using HCG as the key element, 

such as tunable HCG-VCSELs [9], [10], low-loss hollow-core waveguide [13], planar reflectors 

and lenses [12], fast optical phased array for beam steering [98], vertical-to-in-plane coupler [99], 

high Q resonators for bio-sensing [100], optical switches [101], laser optomechanics [14], etc. A 

complete review of the HCG properties and applications can be found in [15]. 

        In this dissertation, we focus on two key features of HCG and their implementations in one 

of the most important semiconductor laser categories - vertical-cavity surface-emitting laser 

(VCSEL). Before we introduce what HCG can offer in a VCSEL environment, it is necessary to 

give a brief overview of VCSEL including its advantages and challenges. This is done in the next 

section. 

 

5.2 Vertical-Cavity Surface Emitting Lasers 

5.2.1 Semiconductor Diode Laser 

A diode laser is an electrically pumped semiconductor laser in which the active laser medium is 

formed by a p-n junction of a semiconductor diode similar to that found in a light-emitting diode. 

The laser diode is the most common type of laser produced with a wide range of uses that 

include fiber optic communication, barcode readers, laser pointers, optical storage disc reading 

and recording, laser printing, laser scanning and directional lighting sources [102].  

        The first semiconductor diode lasers were fabricated in 1962 using homojunctions [103]. 

These lasers had high threshold current density and operated at cryogenic temperatures with low 

conversion efficiency. The concept of heterostructure semiconductor diode laser in 1969-1970 

was a major breakthrough, with lasers realized at a low threshold current density (over ten times 

lower) and room temperature operation [103]. These double-heterostructure diode lasers provide 

both carrier and optical confinements, which improve the efficiency for stimulated emission, and 

make it possible to be used in practical applications. In 1970, the concept of quantum-well 

structures for diode lasers was proposed and realized experimentally [103]. The reduction of the 

confinement region for the electron-hole pairs to a tiny volume in the quantum-well region 

improves the laser performance significantly. In the late 1980s, strained quantum-well lasers 

were proposed to further improve the laser performance [103]. 

        Two other important classes of lasers are gas lasers and solid-state lasers. The helium-neon 

(HeNe) gas laser and the Nd-doped YAG solid-state laser are two representations. Diode lasers 

differentiate from the other types of lasers primarily by the ability to be directly pumped by an 

electrical current, which leads to more than an order of magnitude higher power conversion 

efficiency compared with gas and solid-state lasers. Net size is another striking difference, with 

gas and solid-state lasers typically of tens of centimeters in length while semiconductor lasers in 
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the order of a cubic centimeter or so after fully package. In addition, semiconductor diode lasers 

have high reliability and long lifetime which can last on the order of hundreds of years, 

compared with thousands of hours for gas or solid-state lasers. However, semiconductor lasers 

usually have less coherent output thus wider linewidth compared with other lasers with much 

longer cavities. The use of diode lasers to pump solid-state lasers, e.g. diode-pumped Nd-YAG, 

may be a good way to combine the best advantages of both categories [93].  

    

5.2.2 Evolution of VCSEL 

Conventionally, semiconductor diode lasers are edge-emitting. As demonstrated by the 

schematics in Figure 5.4 (a), it consists of an active gain region (i.e. quantum well), two cleaved 

mirrors on two sides embracing the cavity to provide optical feedback, as well as top and bottom 

contacts forming a pn junction to provide pump energy (i.e. electrical pump) for the laser. The 

directions of current flow and optical feedback are therefore perpendicular to each other. 

Vertical-cavity surface-emitting lasers (VCSELs), however, have the optical cavity axis along 

the direction of current flow, as depicted in Figure 5.4 (b). The laser resonator consists of two 

distributed Bragg reflector (DBR) mirrors parallel to the wafer surface with an active region for 

the light generation in between. The two DBRs are doped as p-type and n-type respectively to 

enable current injection in the same direction as optical feedback.  

        Compared with edge-emitting lasers, VCSELs have some advantageous characteristics. 

First of all, the short cavity leads to large free spectral range (FSR), making it handy to achieve 

lasing in single longitudinal mode.  The short cavity and small footprint also reduce lasing 

threshold and power consumption. Furthermore, the edge-emitting laser cannot function until it 

is cleaved out of a wafer to form the reflection mirrors at last. In contrast, the surface-emitting 

VCSELs facilitate wafer-scale fabrication and diagnostic testing during any fabrication step, 

which greatly boosts the fabrication yield and saves cost. In addition, the larger and better-

defined output aperture on top of VCSEL produces a lower divergence angle of the output beam 

with high beam quality. This assists high-efficiency light coupling into optical fibers and other 

elements.   
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Figure 5.4 Structure comparison of surface-emitting lasers and VCSEL. (a) Schematics of a 

conventional edge-emitting semiconductor diode laser with the current injection perpendicular to optical 

feedback direction. The laser outputs beam from the side mirror. (b) Schematics of the typical VCSEL 

structure, with optical feedback between DBR mirrors in the same direction as current injection. The laser 

outputs beam from the mirror at the top surface.  

 

        However, things tend to behave like a double-edged sword. The short cavity of VCSEL 

causes a small overlap between the active gain region and optical field. It then relies on the 

mirrors to provide a much higher optical feedback to achieve lasing. A reflectivity above 99% is 

generally required for both DBR mirrors. The planar DBR-mirrors consist of layers with 

alternating high and low refractive indices. Each layer has a thickness of a quarter of the laser 

wavelength in the material. In general, the higher the required reflectivity is, the more high/low 

index pairs of DBR are needed. This does not only pose challenge to epitaxial growth, but also 

makes the fabrication process more complicated. The choice of materials for DBR pairs must 

accommodate index contrast and material compatibility (i.e. the match of lattice constant and 

thermal expansion) between the two materials. For GaAs-based VCSELs working in the short 

wavelength range (850-980 nm), GaAs/AlGaAs pair is a good candidate for DBR mirror. 

However, for InP-based long-wavelength (> 1µm) VCSELs, none of the few choices like 

InGaAsP/InP, AlInGaAs/AlInAs, or AlGaAsSb/AlAsSb offer an as-good index contrast. As the 

simulation shows in Figure 5.5, in order to achieve a reflectivity of 99.5%, the material 

combination suitable for long-wavelength VCSELs need to include more DBR periods compared 

with GaAs/AlGaAs. In addition, a general rule of thumb is, the more types of elements a 

compound semiconductor has, the worse the thermal conductivity becomes.   
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Figure 5.5 Comparison of the structures of edge-emitting laser and VCSEL. (a) Schematics of a 

conventional edge-emitting semiconductor diode laser with the current injection perpendicular to optical 

feedback direction. The laser outputs beam from the side mirror. (b) Schematics of the typical VCSEL 

structure, with optical feedback between DBR mirrors in the same direction as current injection. The laser 

outputs beam from the mirror at the top surface. Figure was adapted from [104], [105]. 

 

5.2.3 MEMS Tunable VCSEL 

By integrating a MEMS (microelectromechanical system) structure with VCSEL cavity, one can 

change the length of optical cavity and thus tune the emitting wavelength. Bulk micromachining 

techniques are widely used to integrate silicon MEMS with CMOS microelectronics. Unlike 

surface micromachining, which uses a succession of thin film deposition and selective etching to 

create structures on top of a substrate, bulk micromachining defines structures by selective 

etching of the substrate. When this idea is generalized to the realm of MEMS VCSEL, it not only 

means the bonding of half VCSEL with silicon-based MEMS mirror, but also covers MEMS 

mirror made with other materials.  

        As mentioned in the last section, the InP-based long-wavelength VCSEL platform lacks of 

appropriate material candidates to form DBR pairs with high index contrast and good thermal 

conductivity. Thus a lot of effort was devoted to the development of bulk-micromachined 

MEMS mirror for InP-based VCSELs. In ref. [106], the bulk-micromachined top mirror is made 

of dielectric material SiOx/SiNx and manufactured separately from the half-VCSEL. After 

bonding the top mirror with the half-VCSEL, the electrothermal energy actuates the top concave 

mirror thus tunes the wavelength. A single-mode continuous tuning range of 76 nm is realized 

around 1.55 µm. When made separately, the bulk-micromachined MEMS mirror also has more 

degrees of freedom for better design. For example, the concave shape of the top mirror here 

offers larger reflectivity for the center fundamental mode while suppresses higher-order side 

modes. This enables single-mode emission while keeping a large aperture for high output power. 

However, thermal tuning is usually very slow, on the order of hundreds of Hz. With electrostatic 

tuning, ref. [107] achieves 500 kHz tuning speed over 40-nm of tuning range. The InP-based 
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half-VCSEL chip was bonded on top of a silicon-on-insulator (SOI) chip with a silicon concaved 

MEMS mirror. A total tuning range of 55 nm was achieved around 1550 nm. However, bulk 

micromachining has several unavoidable disadvantages. First of all, the wafer bonding process is 

relatively complicated with low yield. The MEMS mirror and half VCSEL also need to be grown 

separately, which is rather costly. Furthermore, the bulk-micromachined MEMS is very bulky, 

limiting the tuning performance.  

        Surface micromachining overcomes the drawbacks of bulk micromachining. The first 

surface-machined MEMS VCSEL was experimentally demonstrated in 1995 [108], based on 

GaAs material system with emission wavelength around 935 nm. With the suspended MEMS 

cantilever, it achieves around 15 nm of tuning with electrostatic actuation. Following in 1996, 

single-mode tuning of 18 nm around 975 nm was demonstrated with a micromachined 

deformable membrane top mirror [109]. Throughout the years, several research groups have 

contributed to the major milestones in the performance improvement of MEMS VCSELs. The 

integration of dielectric DBR mirrors has largely increased the free spectral range (FSR) and 

extended the thermal MEMS tuning to over 102 nm [110]. 

 

5.3 HCG-VCSELs  

5.3.1 High Reflection of HCG 

As seen in Figure 5.3 for both TM and TE mode HCGs, in the dual-mode regime, there is the 

checker-board pattern with high reflectivity and low reflectivity periodically. These patterns 

strongly correlate with both HCG thickness (𝑡𝑔) and wavelength (𝜆) and can be explained by 

interference effects. The reflectivity can reach as high as 100% with large tolerance in some 

areas.  

        Back in year 2004, Prof. Connie J. Chang-Hasnain and her students have discovered the 

unique broadband high reflectivity of this single layer of monolithic material [111], [112]. As 

described in the last section, due to the reduced gain overlap factor in the vertical cavity, VCSEL 

has very high requirement for mirror reflectivity, typically >99.5%. The traditional DBR mirror 

consisting of multiple layers of high/low index material pairs is not only bulky, but also poses 

challenge to epitaxial growth and fabrication. Figure 5.6 (a) plots the reflectivity over 

wavelength for both DBR and HCG. It is seen that HCG can offer reflectivity as high as DBR 

with almost three times broader bandwidth. Thus, this thin layer of monolithic gratings can 

actually replace the bulky DBRs as the reflection mirror in VCSEL. This is realized by bringing 

the index contrast from the vertical direction to the horizontal direction. Taking the structure in 

Figure 5.6 (b) as an example, an AlGaAs-based DBR mirror with R>99.5% is often as thick as 

6𝜇𝑚 with around 40 DBR pairs. But an AlGaAs-based HCG mirror with similar high reflectivity 

is only ~200 nm in thickness. This also leads to an over 100 times reduction in weight, promising 

for faster MEMS actuation. In addition, HCG mirror is polarization selective, which is desired 

for some applications such as optical coherence tomography (OCT).   
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Figure 5.6 Comparison of DBR and HCG as high reflection mirrors. (a) HCG offers almost three times 

wider high-reflectivity range compared with a conventional DBR. (b) A ~60 𝝁𝒎 thick bulky AlGaAs-

based DBR mirror can be replaced by a single layer of HCG with only ~200 nm in thickness.  

5.3.2 HCG Design in VCSEL 

To design the HCG so that it can be utilized as a high reflection mirror, the first step is finding 

the correct thickness for the required wavelength. Figure 5.7 plots the dual mode region for TM 

mode and TE mode correspondingly. We can see multiple regions of high reflectivity close to 1. 

If we take 𝜆=850 nm for example, then 𝑡𝑔=235 nm is a good design for TM mode while 𝑡𝑔=145 

nm works well for TE mode. It is worth noting that usually a thinner thickness is preferred for 

fabrication feasibility. And a large fabrication tolerance can be obtained if the point we choose is 

located at the center of a big high-reflectivity region.  

 

 

Figure 5.7 Simulated reflectivity contour plot with HCG thickness ( 𝐓𝐠 ) versus wavelength (𝛌) 

reflectivity contour plot for (a) TM mode HCG under DC = 0.6, highlighting a high reflectivity design 

with λ~850 nm and tg~235 nm. (b) TE mode HCG under DC = 0.55, highlighting a high reflectivity design 

with λ~850 nm and tg~145 nm.  
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        As mentioned above, a high fabrication tolerance of the HCG design is strongly desired, in 

order to control quality and reduce fabrication cost. The HCG thickness is determined by 

epitaxial growth with ±10% accuracy, and the period can be accurately written with ebeam 

lithography within ± 0.5%. The airgap (spacing between HCG bars) usually suffers from 

fluctuations of ebeam of about ±20 nm, plus the variations during the following dry etching step. 

While fabrication errors are unavoidable, a design with large fabrication tolerance would be very 

much helpful. Figure 5.8 (a) shows the reflectivity contour with HCG airgap (a) versus period (Λ) 

for HCG design at 𝜆=850 nm. A tolerance of >100 nm can be seen for HCG airgap with high 

reflectivity. If we pick Λ=385 nm and a=160 nm then plot out the reflectivity versus wavelength, 

a wide bandwidth of ~65 nm is achieved for TM mode, as seen in Figure 5.8 (b). Polarization 

selection is very important here, because VCSEL is prone to polarization mode hopping during 

direct modulation. We can see that while TM mode has a reflectivity >99%, that of TE mode is 

only around 55% which is far below the lasing requirement.  

 

 

Figure 5.8 Simulated reflectivity of a TM mode HCG with thickness of 235 nm. (a) Reflectivity 

contour plot with HCG airgap (a) versus HCG period (Λ) simulated at λ=850 nm. (b) Reflectivity versus 

wavelength for one HCG design with Λ=385 nm and a=160 nm, showing a polarization selection towards 

TM mode with 65-nm bandwidth for R>99%. 

 

5.3.3 Tunable HCG-VCSEL 

The first HCG-based highly reflective mirror was experimentally demonstrated in year 2004 

using a silicon HCG on top of 𝑆𝑖𝑂2  [107], [111]. In 2007, we adapted this high reflection mirror 

to replace DBRs as the top mirror in VCSEL and demonstrated continuous-wave (CW) lasing 

HCG-VCSEL at 850 nm under room temperature [113]. Following in 2007 and 2008, we 

reported MEMS tunable HCG VCSEls with a 20-nm tuning range and 27 MHz tuning speed [9] 

[114]. A 1300-nm and 1550-nm InP-based HCG-VCSEL were demonstrated in 2010 [115], 

[116]. And in 2013, a single-mode tunable 1550-nm HCG-VCSEL with tuning range of 26.3 nm 

was achieved [10]. The tunable VCSEL was used as a source of external modulation for 40-Gbps 

differential-phase-shift-keyed signal and transmitted over 100-km dispersion-compensated link 

with negligible power penalty. In order to facilitate low-cost light sources for integrated silicon 

photonics, scalable flip-chip eutectic bonding was used in 2015 to produce VCSEL 
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heterogeneously integrated on a silicon-on-insulator (SOI) substrate. The hybrid laser adopted 

AlGaInAs-silicon as optical cavity with HCG reflector on the SOI substrate [117].  The VCSEL 

operates at silicon transparent wavelengths ~1.57 𝜇𝑚 with >1 mW CW power outcoupled from 

the semiconductor DBR, and single-mode operation up to 65 °𝐶. We achieved a 3-dB direct 

modulation bandwidth of >2.5 GHz, and error-free transmission over 2.5 km single-mode fiber 

was realized under 5 Gb/s direct modulation. A flexible HCG-VCSEL embedded in PMDS was 

also realized, which might open a new revenue for flexible light sources [118]. 

        We show a GaAs-based 850-nm tunable HCG-VCSEL adopting the HCG design in Figure 

5.9 as an example below. The design and fabrication methods are similar with [9]. An SEM 

image of a finished device is displayed in Figure 5.9 (a), highlighting the HCG MEMS mirror 

fully suspended and surrounded by air. Being supported by the two MEMS beams on both sides, 

the HCG can freely move downward with electrostatic actuation to realize continuous 

wavelength tuning.  The light-current-voltage (LIV) characteristics in Figure 5.9 (b) 

demonstrated an ultralow threshold current of ~200 𝜇𝐴, output power of ~160 𝜇𝑊 and turn-on 

voltage of about 2.5 V. The inset spectrum shows a single-mode lasing around 836 nm with side-

mode suppression ratio (SMSR) of ~30 dB.  

 

Figure 5.9 GaAs-based 850-nm tunable HCG-VCSEL. (a) SEM image of a finished HCG-VCSEL 

device, with an zoom-in view of the HCG area fully suspended in the air and supported by the MEMS 

tuning beams. (b) The LIV characteristics of a typical 850-nm single-mode HCG-VCSEL under CW 

operation. 

 

        A continuous wavelength tuning of ~14 nm was realized here, by applying a voltage on the 

HCG MEMS for electrostatic actuation. As shown in Figure 5.10 (a), without applying tuning 

voltage, the laser emits at 837 nm. And by increasing the tuning voltage, HCG MEMS will be 

pulled downward thus make the optical cavity shorter. Upon 4.6 V, the wavelength is tuned to 

~832 nm before it stops lasing. When the voltage is further increased, another longitudinal mode 

that exists in the cavity starts lasing from the longer wavelength ~845 nm and continuously shifts 

to the center wavelength. The total tuning range accounting for the two longitudinal mode 

reaches ~14 nm here. We looked into the reason that limits the tuning range and simulated the 

HCG reflectivity contour of tuning airgap versus wavelength. The lasing resonance wavelength 

at each point obtained from performing rigorous coupled-wave analysis (RCWA) method of the 
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whole optical cavity was then overlaid on top of the reflectivity contour as in Figure 5.10 (b). It 

clearly shows that the reflectivity bandwidth of this particular HCG design poses a limit on the 

tuning range, and can be further improved by optimizing the HCG design.   

 

 

Figure 5.10 Wavelength tuning of the GaAs-based 850-nm HCG-VCSEL. (a) Tuning spectrum 

showing a continuous single transverse mode tuning of ~14 nm under CW operation. (b) Reflectivity 

contour of the HCG design in (a) with wavelength versus tuning airgap. The cavity resonance wavelength 

overlaid on top of the contour points out that the limitation of wavelength tuning here is caused by the 

reflectivity bandwidth of this particular HCG design. 

 

5.4 Summary  

Vertical-cavity surface-emitting lasers (VCSELs) are key optical sources in optical 

communications, with the advantages of low power consumption, low packaging cost, and ease 

of fabrication into arrays as well as wafer scale testing. Our group has developed a revolutionary 

single-layer, high-index contrast sub-wavelength grating (HCG), and implemented it as a 

reflection mirror in VCSEL. Compared with conventional reflective Bragg reflector mirrors 

(DBR), the seemingly simple-structured HCG provides ultra-broadband high reflectivity (R>0.99, 

∆λ/λ>35%) and high quality-factor resonance (Q>107). Monolithic, continuously tunable HCG-

VCSEL has been demonstrated at 850 and 1550 nm. The ultrathin HCG drastically reduces the 

required VCSEL epitaxial thickness and greatly increases the tolerance toward variations in 

fabrication. The small footprint of HCG enables the scaling down of the mechanical actuator’s 

structural geometry by at least a factor of 10, leading to over 1000 times reduction in the overall 

structural mass and a huge increase in the mechanical tuning speed. The widely tunable HCG-

VCSEL will present extraordinary performance in applications such as optical communication, 

light detection and ranging. Its potential wide reflection band and fast tuning speed will be highly 

promising for high-resolution, real-time imaging in optical coherent tomography (OCT).  

 

 

   



 

62 

 

         

Chapter 6  
HCG as Integrated Tuning Mirror for VCSEL 

  
6.1 Motivation of 1060-nm tunable VCSEL 

Vertical-cavity surface-emitting lasers (VCSELs) are key light sources in a variety of 

applications, including but not limited to data communications, optical interconnects, high-

resolution displays, as well as laser sensing and printing. Compared with conventional edge-

emitting lasers, the nature of vertical optical cavity endues VCSELs with numerous advantages. 

First of all, the relatively short vertical cavity makes it less challenging to achieve single-mode 

laser emission. The high-quality beam emitted from top surface is also easy to be coupled into 

fibers and other optical elements. Being able to be fabricated into arrays, wafer-scale VCSEL 

fabrication facilitates high-yield and low-cost mass production. Furthermore, the small footprint 

of VCSELs leads to small power consumption thus high energy efficiency.    

        Wavelength tunable VCSEL gained its popularity by enabling key functionalities in optical 

communication through wavelength-division multiplexing (WDM). The recent emergence of 

swept-source optical coherent tomography (SS-OCT) as well as light detection and ranging 

(LIDAR) poses another demand for mode-hop-free, fast and widely tunable VCSELs. Tunable 

VCSELs embracing microelectromechanical structures (MEMS) are promising due to its 

continuous tuning characteristics which lead to power efficiency and reduced cost.   

        The wavelength of 1060nm has been recognized as the most suitable for ophthalmic OCT 

(optical coherence tomography) imaging because it enables visualization of the choroidal 

vascular structure [119]. Although MEMS tunable VCSELs at other wavelengths (i.e. 850nm, 

1550 nm) have been extensively developed, the first MEMS-VCSEL at 1060 nm was not 

demonstrated until very recently [119]. The work adopted HCG as the top mirror and anti-

reflection coating design in the cavity. But it showed limited laser performance, such as a high 

threshold current of ~1 mA and a limited direct tuning range of around 15 nm. Another 1060-nm 

MEMS-VCSEL was reported last year with excellent tuning performance ranging up to ~64 nm 

[120]. However, despite the compromised thermal performance constraint by the dielectric 

DBRs, it also has very high requirements for epitaxial growth and fabrication process. This 

might hinder the mass production in large scale with low cost.   

        The simply-structured high-contrast grating (HCG) with subwavelength periods suspended 

by two beams works as an ultra-broadband high-reflectivity mirror and an ultrathin lightweight 

MEMS actuator [15]. Tunable HCG-VCSELs at 850 nm and 1550 nm have been previously 

demonstrated by our group [9], [10]. Here, we report a monolithic tunable 1060-nm VCSEL 

using an HCG as the tunable mirror and wet oxidation to provide current confinement, leading to 

a wafer-scale, low cost fabrication process. Single-mode CW operation up to 110 ºC is 

demonstrated, with a lasing threshold as low as 100 µA, and output power higher than 1.3 mW at 

room temperature. A wide continuous tuning range up to 40 nm was achieved.  
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6.2 Design 

Design of the HCG-VCSEL structure here is depicted in Figure 6.1. The as-grown 1060-nm 

epitaxial wafer consists of 38 pairs of bottom DBRs as the bottom reflection mirror. Multiple 

strained InGaAs/GaAsP quantum wells provide the optical gain. The current and electrical 

confinement is realized by oxidizing the 𝐴𝑙0.98𝐺𝑎𝐴𝑠 layer, leaving only a small laser aperture. 

The suspended top HCG mirror offers high reflectivity benefitting from its high index-contrast 

with the surrounding air and its subwavelength dimensions. This structure is formed of n-p-n 

junctions, with the p-n junction forward biased to achieve lasing. By applying a voltage to the 

tuning contact to reverse bias the n-p junction, the HCG MEMS structure can be actuated 

electrostatically thus to tune the wavelength of the laser.       

 

 

Figure 6.1 Cross-sectional schematics of a tunable HCG-VCSEL. 

 

        The general design of a VCSEL epitaxial wafer involves two important aspects: the optical 

design to maximize the overlap of the standing waves with the active region, and electrical 

design to provide efficient current flow into QWs and reduce the parasitic resistance. As shown 

in Figure 6.2, the green curve shows band diagram of the VCSEL material system, showing the 

p-i-n junction structure (the top n-p junction for laser tuning is not displayed). The red curve 

stands for the refractive index variation among the multiple layers, and the blue curve indicates 

the optical field intensity in this cavity. Optimization of the composition and thickness of each 

layer is performed during the optical cavity design. The goal is to achieve the largest 
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confinement factor or overlap integral between the standing waves and the QWs in the active 

region. This is the key to achieve low threshold and high output power for VCSELs. The 

confinement factor is calculated with transfer matrix method [103]. A value of ~1.3% is achieved 

here, which is limited by rather large penetration depth into the bottom DBRs. By replacing the 

bottom DBRs with material pairs with larger refractive index contrast, the confinement factor 

can be improved. To fulfill the round-trip condition of VCSEL cavity, the thickness of sacrificial 

layer needs to be designed carefully in response to the reflection phase carried by the selected 

HCG design.   

 

 

Figure 6.2 Cavity and energy band simulation of 1060nm HCG-VCSEL, including refractive index (red 

curve), electrical field intensity (blue curve) and band diagram (green curves). 

 

        Using the analytical tool from [121], the reflectivity contour map was simulated to facilitate 

the HCG design. In Figure 6.3 (a), the reflectivity distribution is plotted versus HCG thickness 

(𝑡𝑔) and wavelength (𝜆) (both normalized by HCG period Λ) for TM mode. A thickness of ~300 

nm is picked for 𝜆=1060 nm with good fabrication tolerance. We then simulate the reflectivity 

versus HCG airgap (a) and period (Λ) with this wavelength and thickness. A range of dimensions 

that can be used to define HCG are then figured out, as shown in Figure 6.3 (b).  
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Figure 6.3 Simulated reflectivity contour plot for HCG design. (a) HCG thickness ( 𝐓𝐠 ) versus 

wavelength (𝛌) reflectivity contour plot for TM mode HCG under DC = 0.6, highlighting a high reflectivity 

design with 𝛌~1060 nm and 𝐭𝐠~300 nm. (b) Reflectivity contour plot with HCG airgap (a) versus period (𝚲) 

simulated at 𝛌=1060 nm, for a TM-mode HCG with thickness of 300 nm. 

 

6.3 Fabrication 

The designed wafer was grown by epitaxial vendor with multiple layers on a GaAs substrate, as 

shown in Figure 6.4 (a). From the bottom up, it consists of 38 pairs of DBRs, MQW active 

region, oxidation layer, 2 pairs of top DBRs, sacrificial layer for tuning gap, and then an 

𝐴𝑙0.6𝐺𝑎𝐴𝑠 HCG layer. Here we briefly go through the fabrication process. The top tuning metal 

contacts are firstly deposited with electron beam deposition. Figures 6.4 (b) illustrates the cross-

sectional layer structure and the corresponding top view of the device.  

        A 2D array of VCSEL devices are then patterned with UV optical lithography and etched 

by wet chemicals to form device mesas as in Figure 6.4 (c). Selective etching based on pH-

buffered citric acid solution is used to achieve better uniformity throughout the wafer. Except for 

the uniformity at the bottom, the height of device mesa also influences the rate and quality of wet 

oxidation for laser aperture. As shown in Figure 6.4 (d), wet oxidation using a desktop furnace 

defines the aperture. Water vapor carried by nitrogen (𝑁2) flow oxidizes the 𝐴𝑙0.98𝐺𝑎𝐴𝑠 layer 

with a high selectivity of aluminum composition. The temperature, flow rate, and time are the 

main determinants for the oxidation rate. To realize single transverse-mode lasing, typically an 

oxidation aperture of <5 𝜇𝑚 is needed for our HCG-VCSEL, which is more tolerant than the 

traditional double-DBR VCSELs. However, the yield of oxidation is still relatively low 

especially in a laboratory environment. In industry, some in-situ observation systems are used to 

control oxidation process.  After wet oxidation, both light and electrical current will be confined 

in the conductive aperture, which partially determines the lasing threshold. 

        In Figure 6.4 (e), the n-p-n junction and multiple metal contacts are illustrated. Except for 

the top tuning contact biasing the n-type HCG layer, a laser contact is defined on the etched-

down p-type laser contact layer. The etching is again realized through wet chemical selective 

etching.  Therefore, the laser contact is used for current injection to forward bias the bottom p-n 



 

66 

 

junction to achieve lasing in the active region. And the tuning contact is used for voltage bias to 

reverse bias the top n-p junction for electrostatically tuning the HCG MEMS. 

        The most critical process step of fabricating the tunable HCG mirror occurs in the end of the 

whole flow, in order to preserve the shape and quality of the high-precision HCG dimensions. As 

illustrated in Figure 6.4 (f), the HCG dimensions are defined by ebeam lithography with 

precision of ±10 nm. To improve yield, a range of HCG dimensions are written at once. 

Reactive ion beam (RIE) composed of 𝑆𝑖𝐶𝑙4 is used to dry etch the patterned HCG bars (Figure 

6.4 (g)). The verticality and roughness of HCG sidewalls can be adjusted by gas flow and 

pressure in the chamber. After dry etching, HCG MEMS is then released in wet chemical. Ph-

buffered citric acid solution is again used to etch away the GaAs sacrificial layer underneath 

while preserving 𝐴𝑙0.6𝐺𝑎𝐴𝑠 HCG bars. The tuning gap depth is very important for defining the 

cavity length, thus a complete etching of the sacrificial layer needs to be realized through 

sufficient etching time. We then use critical point drying (CPD) to completely release the MEMS 

structure. Figure 6.4 (h) demonstrates the finished HCG-VCSEL device.      
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Figure 6.4 Schematics of the fabrication flow for oxidized tunable HCG-VCSEL. (a) Cross-sectional 

layer structure of the as-grown epitaxial wafer. Cross-sectional layer structure with the corresponding top-

view of the device, after process of (b) tuning contact; (c) device mesa etching; (d) wet oxidation to form a 

small aperture for both optical and electrical confinements; (e) laser contact and bottom contact, with 

illustration of the n-p-n junction and all metal contacts; (f) ebeam lithography for HCG definition; (g) RIE 

dry etching of the defined HCGs; (h) release of HCG MEMS with selective wet chemical etching. 

 

6.4 Performance 

The scanning electron microscopy (SEM) image in Figure 6.5 (a) shows the top-view of a typical 

finished HCG-VCSEL device. The zoom-in image highlights the HCG MEMS mirror fully 

suspended and surrounded by the air. Being supported by the MEMS arms on both sides, the 

whole HCG mirror can be actuated with electrostatic tuning to realize wavelength shift. Figure 

6.5 (b) displays an HCG array imaged by 3D confocal microscope, showing the ability for wafer-

scale mass production.  

 

 

Figure 6.5 Images of a typical finished tunable HCG-VCSEL device. (a) Scanning electron microscope 

image of a typical HCG-VCSEL device, with a zoomed-in view of the fully suspended HCG surrounded by 

air. (b) 3D confocal optical image of the fabricated HCG-VCSEL array. 

 

6.4.1 LIV and Spectra 
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With the laser aperture defined by wet oxidation to be smaller than 5 𝜇𝑚 in diameter, the TM-

mode HCG-VCSEL maintains single transverse-mode lasing under CW electrical operation. A 

Keithley current source is used to bias the VCSEL using electrical probing. Figure 6.6 shows the 

LIV (light-current-voltage) characteristics of a typical device at 20°C, showing a low threshold 

current of ~300 𝜇𝐴 and output power of 1.3 mW at I=4 mA. The lowest threshold current we 

tested was ~100 μA. The inset spectrum demonstrates single longitudinal and transverse mode 

lasing at ~1056 nm with side-mode suppression ratio of >35 dB at room temperature. A Xenics 

InGaAs CCD camera captured the near-field emission of the device through a 100X objective at 

high gain sensitivity. While showing a small spot of spontaneous emission below lasing 

threshold (𝐼𝑡ℎ), above lasing threshold, strong speckle patterns were observed which is a classic 

signature of lasing resonance. The laser has a voltage of ~8 V at 4 mA, indicating a series 

resistance of around 2 𝑘Ω. The series resistance can be improved by annealing the metal contact 

and optimizing the doping level in the current spreading layer. The wall plug efficiency is about 

4%, which is mainly limited by the relatively high voltage and series resistance.  

 

 

Figure 6.6 The LIV characteristic and spectrum (top inset) of a typical HCG-VCSEL under CW operation 

at 20 ºC, showing single mode lasing with side-mode suppression ratio of 35 dB at 2 mA, and output power 

of ~1.3 mW at 4 mA. The bottom inset images are captured by an IR camera from the top of the device for 

below lasing threshold (I < Ith) and after lasing (I = 2Ith). 

 

        Various temperatures are applied by the thermal electric cooler (TEC) to the copper chuck 

directly in contact with the VCSEL chip. And to our surprise, the single-mode lasing is 

sustained >110 ºC heat sink temperature. Even at 110 °C, the output power still maintains at ~0.2 

mW. Figure 6.7 illustrates the thermal behavior of the LIV characteristics. While the output 

power is reduced with the increased temperature, the threshold current does not undergo much 

increase. The VCSELs exhibit thermal rollover with increasing current bias due to gain spectrum 

red-shifting more rapidly than the resonant cavity spectrum, an effect typically seen in VCSELs 

[122]. 
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Figure 6.7 The LI characteristics under a series of heat sink temperature from 20 °C up to 110 °C. Output 

power is reduced while threshold current does not have obvious decrease. The IV characteristics at 20 °C is 

also shown and remains similar with temperature increase. 

 

6.4.2 Thermal Characteristics 

The thermal characteristic is critical for optimizing the device efficiency. The thermal resistance 

of the laser is defined by the following ratio, 

𝑅𝑡ℎ =
Δ𝑇

Δ𝑃
=

Δ𝜆/Δ𝑃 

Δ𝜆/Δ𝑇
 (6.1) 

where Δ𝑇 , Δ𝑃  and Δ𝜆  are the changes of temperature, thermal power and wavelength, 

respectively. The wavelength shift versus temperature under a fixed bias current 2𝐼𝑡ℎ was firstly 

evaluated with the method above.  As shown in Figure 6.8 (a), a fitted Δ𝜆/Δ𝑇 ratio of 0.054 

nm/°C can be extracted. This number is determined by index change versus temperature despite 

of type of laser. The wavelength shift versus dissipated thermal power was then characterized by 

increasing the injection current at a fixed temperature 20°C. Multiplying the bias current with the 

corresponding voltage and subtracting the optical output power, the thermal power can be 

calculated. The fitted ratio results in Δ𝜆/Δ𝑃~0.061 nm/mW. Taking the two numbers to obtain 

the ratio, a thermal resistance of around 0.88 °C/mW is obtained. Oxide-confined laser aperture 

should be more prone to thermal heat compared with proton-implanted apertures because of its 

around 10 times smaller aperture here. To our surprise, the 𝑅𝑡ℎ number demonstrated above is 

almost only half of that for proton-implanted InP-based HCG-VCSEL [10], [117]. Compared 

with similar oxidized VCSELs, the thermal resistance is also smaller [123], [124]. This shows 

great promise for the material system design in our epitaxial wafer. 
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Figure 6.8 Characterization of thermal resistance. (a) Wavelength shift versus temperature (20-90 °C) 

under a bias current at 2𝐼𝑡ℎ, showing a fitted 𝑑𝜆/𝑑𝑇~0.054 nm/°C. (b) Wavelength shift versus injection 

current (𝐼𝑡ℎ-4𝐼𝑡ℎ) at 20 °C, multiplying with the corresponding voltage, a fitted wavelength shift versus 

dissipated thermal power 𝑑𝜆/𝑑𝑃~0.061 nm/mW is achieved. The calculated ratio of the above two gives a 

thermal resistance 𝑅𝑡ℎ of ~0.88 °C/mW. 

 

6.4.3 Wavelength Tuning 

Wavelength tuning of the HCG-VCSEL is realized through electrical actuation of the HCG 

MEMS structure. The HCG structure and the semiconductor layer beneath it form a parallel 

capacitive transducer. By reversely biasing the n-p junction between the tuning contact and laser 

contact, HCG MEMS moves downward thus reducing the optical cavity length. Continuous 

wavelength tuning of 20-nm towards the shorter wavelength is first obtained with 0-14.26 V of 

external applied voltage, shown in Figure 6.9 (a). The VCSEL stops lasing at 1064-nm under 

injection current of 2 mA due to gain or reflectivity falling below threshold.  Above 15.57 V at 2 

mA, the device starts lasing again with a higher order longitudinal mode around 1098-nm, and 

continuously tunes for another 14-nm over the applied voltage range of 15.57-17.8 V. The total 

tuning range through pure mechanical MEMS actuation is 34 nm. If we increase the injection 

current at the same time as tuning the voltage, thermal tuning could push the longer wavelength 

limit to 1104 nm. Thus, single-mode continuous tuning accounting for both mechanical and 

thermal approaches reaches 40 nm.  The mechanical tuning range can be further increased if we 

pre-detune the center wavelength to the longer wavelength side of the whole tuning spectrum. 

The thermal tuning range here verifies that the gain and reflectivity are enough to support the 

whole 40-nm of mechanical tuning. Furthermore, the break in the middle of the tuning voltage 

range (14.26-15.57 V) is an artifact from designing the VCSEL epitaxy with the initial lasing 

wavelength at the center of the DBR and HCG bands. This can be corrected by changing the 

thickness of just one single layer, to realize continuous single longitudinal-mode tuning. In 

addition, the tuning voltage used here is relatively small compared with other MEMS structures 

in VCSEL [125], due to the light weight of our HCG structure. This allows for easy integration 

with low-voltage CMOS electronics for energy efficiency. 

        In order to investigate the limiting factor of the tuning range, RCWA method is used to 

simulate the reflectivity of the mirrors (including both the compound HCG mirror and bottom 

DBR mirror) versus tuning airgap and wavelength, as shown in Figure 6.9 (b). The resonance 
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wavelength of the corresponding cavity at each tuning step is also simulated and overlaid on top 

of the reflectivity contour. This simulation correlates with the measurement data in Figure 6.9 (a), 

and a theoretical tuning range of 50-nm is predicted for this HCG-VCSEL structure. We believe 

the red-shift of the starting center wavelength results from the extra strain in the QW region of 

the grown epitaxial wafer compared with design. This physical limit is determined by the free 

spectral range (FSR) between two longitudinal modes. Therefore, the wavelength tuning range 

can be further increased by improving the designs of cavity structure for wider FSR.  

 

 

Figure 6.9 Wavelength tuning of the 1060-nm HCG VCSEL. (a) Single-mode continuous wavelength 

tuning of 40-nm, including 34-nm of mechanical tuning and 6-nm of thermal tuning. (b) Reflectivity 

contour of the reflection mirrors (including the top compound HCG mirror layers and the bottom DBR 

mirror) during tuning, with the resonance wavelength of the corresponding cavity indicated for each tuning 

airgap (triangular data points), showing a theoretical tuning range of 50-nm for this HCG-VCSEL structure. 

 

        When applying voltage to the tuning contact, the electrostatic force will reach an 

equilibrium balance with the elastic force from the MEMS spring. This will result in a new 

position of the HCG MEMS structure which is lower than the original position. This relation can 

be expressed by the following equation,  

𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 − 𝐹𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
𝜖𝐴𝑉2

2𝑔2 − 𝑘(𝑔0 − 𝑔) = 0  (6.2) 

where 𝐹  is the tuning force and 𝑉  is the tuning voltage, 𝑔0  is the original tuning gap size 

(thickness of sacrificial layer) and 𝑔 is the variable tuning gap, 𝜖 is the dielectric constant and 𝐴 

is the area of HCG capacitive plate. It can be calculated that the tuning gap size (𝑔) follows 

approximately the power of 2/3 of the tuning voltage. And the theoretical maximum 

displacement of a capacitive transducer plate is 1/3 of the gap, which means after moving down 

by 1/3𝑔 (0.45 𝑢𝑚 in our case) the HCG MEMS will be clamped down. The wavelength versus 

tuning voltage for the first longitudinal mode measured in Figure 6.9 (a) is plotted in Figure 6.10. 

And the fitted relation is between 𝑉 and 𝜆 is overlaid on top of the experimental data (red curve), 

which is generated utilizing equation (6.2) and calculation in Figure 6.9 (a). The well-matched 

trends prove that the HCG MEMS structure here indeed behaves like a micro-scale parallel 

capacitive transducer. The tuning efficiency (wavelength shift over tuning gap shift) is 
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approximately 0.06 nm/nm, which is mainly constraint by the large penetration depth into the 

DBRs. A larger tuning efficiency can be achieved by replacing the 2 pairs of top DBRs with an 

anti-reflection layer of equivalent optical thickness [119].   

 

Figure 6.10 Lasing wavelength versus tuning voltage. The black dots are measurement data from Figure 

6.9 (a), and the red curve is calculated with equation 6.2.  

 

        The wavelength tuning speed of the VCSEL is mainly determined by the resonance 

frequency of the MEMS structure. The frequency response of the mechanical tuning was 

measured and fitted with a harmonic oscillator model (Figure 6.11 (a)), yielding a 3-dB 

bandwidth of 1.15 MHz with a damped resonance frequency 𝑓𝑟~600 kHz. The Q-factor for the 

HCG MEMS is fitted to be around 1.5, mainly constraint by the air damping, the small spring 

constant, and the thick sacrificial layer. Using COMSOL, a finite element method (FEM) tool, 

the mechanical resonance is simulated to be ~541 kHz, very close to the measured value. While 

𝑓−3𝑑𝐵~1.15 MHz is already larger than the scanning rate requirement of most commercially 

available SS-OCT systems, it can be further improved. Because 𝑓𝑟  is proportional to √𝑘 𝑚⁄ ,  

where 𝑘 is the spring constant and 𝑚 is the mass of the MEMS structure, the ultralight weight 

HCG MEMS structure can potentially have 10 times faster tuning than its DBR counterpart. The 

spring constant 𝑘 here is intentionally designed to be smaller for wider tuning range, and can be 

tailored to suit specific applications. We have indeed demonstrated tuning speed up to 100 MHz 

with a smaller HCG size and optimized spring constant [112].   
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Figure 6.11 Tuning speed of the HCG MEMS. (a) Measured frequency response of the mechanical 

tuning, with a resonance frequency of 600 kHz and a 3-dB bandwidth of 1.15 MHz. The red circles are the 

measurement results and the red line is the fitted result with a harmonic oscillator model. (b) Tuning 

response of HCG MEMS simulated in COMSOL, showing a resonance frequency of 541 kHz. 

 

6.4.4 Transverse Mode Control 

As introduced above, the laser aperture definition for GaAs-based VCSELs generally utilizes the 

wet oxidation process which is highly selective to 𝐴𝑙𝑥𝐺𝑎𝐴𝑠  with high Al-concentration. 

Although this technique is relatively mature in VCSEL fabrication industry with expensive in-

situ supervision systems, it is yet extremely challenging to control under laboratory environment. 

Any fluctuation in the experimental conditions such as furnace temperature, vapor concentration, 

and gas flow, will greatly impact the yield and uniformity of VCSELs on a wafer scale. To 

obtain single transverse-mode VCSELs especially, an aperture of <5 𝜇𝑚 is usually required, at 

which point oxidation rate increases with time exponentially [126]. Another degree of freedom to 

control transverse mode of VCSEL is therefore desired.  

        The size of HCG automatically poses a selective area of high-reflectivity on top of laser 

aperture. Furthermore, HCG is found to have reflectivity dependent on incidence angle (𝜃) [17]. 

Figure 6.12 illustrates the reflectivity contour (R>99.5%) of HCG airgap versus incidence angle, 

under a fixed HCG period (Λ~505 nm). Two designs are selected with distinct angle-dependent 

behavior. Design I with a~140 nm shows high reflectivity up to 𝜃 = 5°, while the reflectivity of 

design II with a~105 nm is drastically reduced beyond 𝜃 = 1°. Thus for design II, higher-order 

transverse modes emitting at a higher angle will be suppressed due to the reflectivity falling 

below threshold.        
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Figure 6.12 Reflectivity contour (R>99.5%) of HCG airgap versus incidence angle 𝜃, of an HCG with 

period Λ~505 nm. While design I shows high reflectivity up to 𝜃 = 5° , the reflectivity of design II 

drastically decreases above 𝜃 = 1°.  

 

        The two designs above are fabricated into HCG-VCSEL devices with similar oxidation 

apertures. Figure 6.13 shows a comparison of the results, with (a) for design I (Λ~505 nm, a~140 

nm) and (b) for design II (Λ~505 nm, a~105 nm). A Xerox IR camera was used to examine the 

aperture size right after wet oxidation, resulting in an aperture of around 20x20 𝜇𝑚2 for both 

devices. We then measured the laser spectra of these devices with CW operation under a series 

of pump powers. As shown in Figure 6.13 (a-iii) and (b-iii), Device with HCG design I delivers 

multiple transverse modes for all pump levels, not surprisingly. However, device with HCG 

design II demonstrates a single transverse mode lasing, despite the large oxidation aperture. Thus 

it is validated that the angular-dependence of HCG can be used to efficiently control transverse 

modes of VCSEL and improve the yield of single-mode lasers. Similar results are demonstrated 

in [127]. This discovery is also very meaningful for pattern design of VCSEL emission, which 

will be discussed in details in Chapter 7.  
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Figure 6.13 Angular-dependence of HCG reflectivity facilitates transverse mode control of VCSEL. 

Reflectivity versus angle (i), IR image of oxidation aperture (ii), and measured laser spectra under a series 

of injection currents (iii), for (a) HCG design I with Λ~505 nm and a~140 nm; and (b) HCG design II with 

Λ~505 nm and a~105 nm.  

 

6.5 2D HCG-VCSEL 

We have only investigated HCG designs with periodicity in 1D so far. In this section we explore 

the use of HCGs with 2D periodicity as tunable mirrors on the same 1060-nm VCSEL platform. 

The 2D HCGs not only can work as broadband high reflection mirror as well as 1D HCGs [128] 

[129], but also offer another degree of freedom to be designed into metasurfaces for light 

manipulation [130] [131]. Another potential that 2D-HCGs have is the polarization independence 

or multi-stability [128], which open up opportunities for multi-stable optical sources and all 

optical flip-flop operations with fast switching time and low switching energy [132]. Here we 

demonstrate the first (to the best of our knowledge) electrically-pumped tunable VCSEL using 

2D-HCGs as the tuning mirror.  

        The 2D-HCG here is designed as mesh-type, where periodic air holes are etched through the 

high-index membrane. This is in contrast to the island-type 2D-HCGs [129] with high-index 

elements surrounded by low-index material, which is impossible to be fully suspended as a 

tunable MEMS mirror. However, without the high-index structures completely surrounded by 

low-index materials, the mesh-type 2D-HCGs are more challenging to design. The optical field 

tends to strongly couple across the unit cells through the connected high-index structures, 

making it difficult for the selection of manageable number of dominant modes and the 

engineering of interferences among them. Therefore, in order for the mesh-type 2D-HCG to 

function as desired for VCSELs, careful design with complete understanding of the high 

reflectivity mechanism is critical. 
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        We use our in-home developed rigorous coupled-wave analysis (RCWA) package [131] for 

efficient and accurate simulations of 2D-HCGs. To narrow down our search of parameters and 

understand the optical behavior of the mesh-type grating, we first regard the grating as infinitely-long 𝑧̂-

invariant coupled waveguides. Here, we use grating periods Λ𝑥 = Λ𝑦 = 750 nm, and the air gaps are 

𝐴𝑥 = 550 nm and 𝐴𝑦 = 500 nm. We are able to identify three most fundamental eigenmodes based 

on their polarization (Ex/Hy-dominant) and symmetry. These eigenmodes are solved numerically in 

Fourier domain using the Floquet mode expansion, and used to express the transverse electric field in the 

coupled waveguide. Figure 6.14 shows the reflectivity contour calculated by RCWA as a function of the 

incidence wavelength and the grating thickness under normal incidence condition. We observe a 

“checkerboard” pattern similar to that for 1D-HCG, except adding a set of narrow resonance lines. When 

overlaying on top the calculation results from the tri-mode round-trip phase conditions, they overlap 

perfectly. This proves that our tri-mode resonance theory can explain the optical behavior in 2D mesh-

type HCGs, and can greatly facilitate our design of ultrahigh reflection HCG mirrors.    

 

 

Figure 6.14 Reflectivity contour calculated from RCWA of thickness (tg) versus wavelength (λ), both 

normalized by HCG period (Λ). The resonance lines are calculated from the tri-mode round-trip phase 

conditions are overlaid on top and show a perfect agreement. 

 

        The 2D-HCG is fabricated on the same VCSEL platform as the 1D-HCG VCSEL above. 

The ebeam lithography and RIE dry etching are adjusted to obtain the most calibrated HCG 

mesh dimensions.  The SEM image of a fully suspended 2D-HCG MEMS is shown in Figure 

6.15 (a). The LIV characteristics of the laser are plotted in Figure 6.15 (b), where a lasing 

threshold of 1.75 mA and an output power of 0.68 mW are seen. The images captured before and 

after lasing are inset, with speckle patterns observed above lasing threshold. The laser operates at 

single mode under CW electrical injection up to 75 °C on a TEC-controlled copper chuck.  
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Figure 6.15 2D-HCG VCSEL fabricated on the 1060-nm epitaxial wafer. (a) SEM image of a 

suspended 2D mesh-type HCG surrounded by air. (b) LIV characteristics of the 2D-HCG VCSEL, showing 

a threshold current of 1.75 mA and output power of 0.68 mW. The inset images show the captured VCSEL 

emission from the top surface.  

 

        The total tuning range of 4.5 nm is demonstrated in Figure 6.16 (a), including 1.6-nm of 

electrostatic MEMS tuning by applying external voltage up to 17 V at 5mA, and 2.9-nm of 

thermal tuning by increasing injection current from 5 mA to 8 mA at zero tuning voltage. 

Though the tunability is not yet comparable to that of 1D-HCG VCSEL, this first demonstration 

of a tunable 2D-HCG VCSEL is still very meaningful for some applications. The tuning range 

limitation in this initial demonstration is unlikely due to the high reflectivity bandwidth of the 

2D-HCG design, which is verified to be over 100 nm for R>99.5%. Figure 6.16 (b) shows the 

reflectivity contour during wavelength tuning calculated with RCWA method with the resonance 

wavelengths overlaid on top. The FSR-limited VCSEL tuning range with a polarization-

dependent 2D-HCG design (Λx = Λ𝑦 = 750 nm, ax = 550 nm, and ay = 500 nm) is simulated to 

be 42 nm, which is very close to that of the 1D-HCG design in Figure 6.9 (b). Therefore, we 

believe the cause of a compromised tuning range here is related to the MEMS mechanical 

properties. Combining the results from Figure 6.16 (a) and (b), ( λ  vs. V ) and ( λ  vs. g) 

respectively, we can extract the equivalent MEMS spring constant from the electrostatic force 

equation [133] which results in 7.15 N/m. This indicates the 2D-HCG MEMS structure is stiffer 

than what we normally see in 1D-HCG MEMS. 
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Figure 6.16 Wavelength tuning of 2D-HCG VCSEL. (a) Spectra showing a total tuning range of 4.5 nm, 

including 1.6-nm of electrostatic MEMS tuning (tuning voltage 0-17 V at current of 5 mA) and 2.9-nm of 

thermal tuning (injection current 5-8 mA at zero tuning voltage). (b) Reflectivity contour of compound 

HCG mirror during wavelength tuning with the resonance wavelengths at each tuning gap overlaid, 

showing a theoretical tuning limit of 42  nm.  

 

6.6 Summary 

To summarize this chapter, we have demonstrated a widely and fast tunable 1060-nm VCSEL 

enabled by HCG as an integrated tuning mirror. The 1D-HCG VCSELs show single mode 

emission at CW electrical operation. The lowest threshold current obtained is ~100 μA, and the 

output power can go beyond 1.3 mW. The laser provides excellent thermal characteristics which 

can still lase when the temperature rises above 110  °C. Utilizing the temperature-dependent and 

power-dependent spectra, the thermal resistance is calculated to be 0.88 °C/mW, outperforming 

other VCSEL structures with even larger laser apertures. The wavelength can be tuned through 

electrostatic actuation of the HCG MEMS structure, which behaves like a capacitive transducer 

plate. A total tuning range of 40 nm is obtained, including 34-nm of MEMS tuning and 6-nm of 

thermal tuning. A theoretical tuning limit of 50-nm results from the simulation and can be 

improved by designing the epitaxial layer structure to obtain wider FSR. Although optimized for 

wider tuning range rather than fast tuning speed, a 3-dB bandwidth of 1.15 MHz can still be 

obtained from the MEMS mechanical response measurement, which is sufficient for SS-OCT 

application. In addition, transverse-mode control is realized utilizing the angular-dependence of 

HCG reflectivity. This saves VCSELs from the traditionally challenging wet oxidation process, 

and improves the yield of single-mode lasers even on top of large laser apertures. Comparing 

with the other available 1060-nm tunable VCSELs, our work here demonstrates considerably 

wide tuning range and fast tuning speed, and most importantly shows the ease of fabrication with 

high yield at low cost. This shows promise for commercialization in applications such as short-

link optical communication, SS-OCT, and LIDAR.  

        We also present the design rule for 2D-HCGs as broadband reflector for tunable VCSELs. 

With our tri-mode analysis we successfully explain the mechanism of ultrahigh reflection in 2D 

mesh-type HCGs, which agrees very well with the results from RCWA. We have fabricated the 

2D-HCGs on the same 1060-nm epitaxial platform as the 1D-HCGs, and obtained some 

preliminary results. The devices also show single-mode lasing at CW operation, with output 
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power exceeding 0.68 mW. The MEMS tuning range reaches only 1.6 nm although the 

simulation shows a promising number of 42 nm. We believe this is caused by the much stiffer 

HCG MEMS structure, compared with the 1D-HCG. Yet the first demonstration of a tunable 2D-

HCG VCSEL still shows promise for integrated metasurfaces aiming at direct light manipulation, 

multi-stable optical sources, and all optical flip-flop operations with fast switching time and low 

switching energy.  
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Chapter 7  
HCG as Integrated Beam-Shaping Element for VCSEL 

Vertical-cavity surface-emitting lasers (VCSELs) are key light sources in optical 

communications, with the advantages of low power consumption, low packaging cost, and ease 

of fabrication into arrays for wafer scale testing. The key advantage of VCSEL is built in nature 

– the vertical emission from the top surface. This not only optimizes the laser beam shape, but 

also greatly improves the coupling efficiency into fiber, grating couplers, and so on. It also opens 

up the opportunities for direct beam shaping with integrated optical elements, such as collimator, 

deflector, splitter, wave plates, planar lens, vortex beam generator, etc. The two most recent 

publications [134], [135] both realized vortex beam emission from VCSEL, by performing an 

extra step of fabrication on top of a finished VCSEL device. However, the difficulty of this 

method lies in the complicated fabrication process involving lithography and etching of 3D 

structure or non-straight lines. The coupling of the beam from the top of the finished VCSEL 

device with the optical element overlaid on top makes it even more challenging. In this chapter, 

we will introduce how high-contrast grating (HCG) can help solve these problems in a 

monolithic way.   

 

7.1 InP-based Proton-Implanted HCG-VCSEL 

Long-wavelength VCSELs (emitting in the 1.3-1.6 µm regime) are highly desirable for the rising 

applications of data and computer communications, optical access networks, and optical 

interconnects  [10] , [116]. Additionally, mode-hop-free, fast and widely tunable VCSELs are a 

perfect candidate for optical coherent tomography (OCT) and light ranging applications (LIDAR) 

[14]. A single-mode, high-speed, tunable VCSEL emitting at 1550-nm has been previously 

reported, incorporating a high-contrast grating (HCG) metastructure as the top mirror  [10] ,[116].  

        The VCSELs we fabricated in this paper are with bottom DBRs and a top HCG as reflective 

mirrors respectively. We used as-grown 1550-nm epitaxial wafer consisting of 40-55 pairs of 

bottom DBRs, multiple quantum wells in the active region, tunnel junction, sacrificial layer, 

HCG layer made of high-refractive-index material (InP), and top contact layer. The current 

aperture is designed to be <20 μm, ensuring the laser oscillation in single fundamental transverse 

mode. Details of the laser structure, fabrication process, and laser performance can be found in  

[10], [116]. The study here involves both TE and TM mode HCG-VCSELs [15]. Figure 7.1(a) 

shows the scanning electron microscopy (SEM) image of a typical TE HCG-VCSEL device, 

with a zoomed-in perspective of the fully suspended HCG mirror surrounded by air. The HCGs 

we fabricated have grating bar period of 1.05-1.11 µm and spacing of 0.4-0.84 µm for TE mode. 

This endues HCGs with the degrees of freedom to manipulate output properties while 

maintaining single-mode lasing. Figure 7.1(b) exemplifies a lasing spectrum at 15 ºC, with side 

mode suppression ratio of 45 dB. Single mode emission is demonstrated up to 85 ºC, with output 

power reaching 2.4 mW at 15 ºC under continuous-wave (CW) operation. In addition, the HCG-

VCSEL was shown to have a total linewidth of 60 MHz and a coherent length of 5 m in air, and 

an intrinsic linewidth <20 MHz. Transmission of directly modulated 10 Gbps over 100-km 

dispersion-compensated single-mode fiber is demonstrated. Tunable HCG-VCSEL is also 

realized with the HCG integrated with a micro-electro-mechanical structure (MEMS). 

Continuous wavelength tuning as wide as 26.3 nm is achieved. The tunable VCSEL was used as 
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a source for external modulation for 40-Gbps differential-phase-shift-keyed signal and 

transmitted over 100-km dispersion-compensated link with negligible power penalty.  

        Different from GaAs-based VCSELs introduced in Chapter 6, the InP-based epitaxial 

materials are not endued with a layer like Al0.98𝐺𝑎As which can be conveniently wet oxidized 

with high selectivity. Therefore, a planar and monolithic process of proton implant is used to 

provide current confinement, which was made possible because of the relatively thin thicknesses 

of the HCG and sacrificial layer on the top. Additionally, a tunnel junction is used to minimize 

the amount of p-type materials, thus reducing the free carrier absorption and electrical resistance. 

The wafer-scale proton implant process shares the same lithography mask, thus the aperture sizes 

are very uniform among the VCSEL devices. This reduces the degree of complexity in the study 

of beam-shaping characteristics, and is the main reason that we chose proton-implanted InP-

based VCSEL over oxidized GaAs-based VCSEL as a platform here. 

 

 

Figure 7.1 InP-based HCG-VCSEL emitting at around 1550 nm. (a) SEM image of a typical TE HCG-

VCSEL device, with a zoomed-in view of the fully suspended HCG surrounded by air. (b) Spectrum and 

LIV characteristics of a typical TE HCG-VCSEL at 15 ºC, showing a single mode emission with side-mode 

suppression ratio of 45 dB, and output power of ~ 2.4 mW.  

 

7.2 Manipulation of VCSEL Far-field Distribution with HCG 

Besides the broadband high reflectivity, HCG offers various other unique characteristics such as 

wave-front phase engineering. Back in 2010, the paper by Lu et al. [12] led the trend of 

designing planar lens with optical phase elements [136]- [138]. The paper described how the 

phase distribution of a Fresnel lens can be mapped on the reflection or transmisison phase of 

HCG bars with different design parameters. After arranging the HCG bars of the picked 

dimensions in the spatial domain, a planar lens with high focusing power can be designed. The 

methodology was then extended to 2D sub-wavelength grating lenses and experimentally 

demonstrated with polarization-independent operation [139].  

        If we are to integrate the planar HCG lens with an active light source, in a VCSEL 

environment for instance, light emitted from the laser aperture is Gaussian shape instead of plane 

wave as in [12]. The light interaction with a finite-size HCG also distinguishes from that with an 
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infinite HCG [140], [141]. When the HCG dimensions are chirped spatially, each wave-front will 

encounter different transmission phases as indicated in Figure 7.2 (a). The information is then 

carried on and gets expressed in the far-field light intensity captured by camera. This is called 

spatial modulation of HCG transmission phase ΦT(𝑥, 𝑦), because HCG bars with dimensions 

chirped in the spatial domain are used for manipulating the phase of light. We then find that 

under Fresnel condition, the far-field (electric field) can be approximated as the Fourier 

transform of the near-field (electric field). Then when the Fourier transform is performed upon a 

Gaussian beam in spatial domain, in Fourier domain it is equivalent to decomposing the 

Gaussian beam into a series of plane waves at different incident angles. Thus far-field pattern is a 

representation of the angular information of the beam in the near field. Inspired by this 

explanation, if we keep the HCG dimensions uniform (not chirped) in the spatial domain, instead 

we filter the intensity of the beam in the angular domain after Fourier transform, we can also 

manipulate the light characteristics captured by camera. We name this method as angular 

modulation of HCG transmission intensity IT(𝑘𝑥, 𝑘𝑦) as illustrated in Figure 7.2 (b), which keeps 

uniform HCG bars while exploring the angular dependence of its transmission intensity in the 

Fourier domain. 

 

 

Figure 7.2 Comparison of two methods for far-field light manipulation. (a) Spatial modulation of HCG 

transmission phase 𝚽𝐓(𝒙, 𝒚) by chirping the HCG dimensions in the near-field. (b) Angular modulation of  

HCG transmission intensity 𝐈𝐓(𝒌𝒙, 𝒌𝒚) by filtering the angular intensities in the far-field. 

 

7.3 Angular Modulation of HCG Transmission Amplitude 

Based on the hypothesis above, for a HCG design with chirped dimensions to perform light 

manipulation in the far-field, it must have angular-dependence characteristics of transmission 

intensity. It turns out some HCG designs do present very unique transmission characteristics, 

when the light is incident at an angle of θ other than surface-normal [105]. The HCG we study 

here are InP-based at 1550 nm, whose schematics are shown in Figure 7.3 (a). The dimensions of 
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HCG cover a wide range for both TE-polarization (tg=195 nm, Λ = 1050~1110 nm, a = 420~840 

nm) and TM-polarization modes ( tg =410 nm, Λ  = 700-770 nm, a = 180-300 nm). The 

transmission of the HCG with Λ =1080 nm and varying airgap sizes (a) versus increasing 

incidence angle (θ = 0° − 20°) is plotted in Figure 7.3 (b), showing the regions where T<0.05% 

thus R>99.5% to qualify for lasing condition. The transmission intensity versus θ  for three 

different airgaps is then extracted for comparison. For design I with a=490 nm, the transmission 

decreases with incidence angle, while design II with a=650 nm has transmission increasing 

instead. Yet for design III, the transmission increases first then decreases with incidence angle, 

and vice versa for reflection. This fascinating characteristic has intrigued us to manipulate far-

field emission pattern of VCSEL emission, which will be explained in the next section.  

 

 

Figure 7.3 Angular dependence of HCG transmission. (a) Schematics of the HCG platform used in this 

study, InP-based HCG targeting at 𝛌~1550 nm with oblique incidence angle 𝛉. (b) Transmission of HCG 

with 𝚲=1080 nm for with varying airgaps under different airgap 𝛉, highlighting three designs with distinct 

angule-dependent transmission / reflection characteristics.  
 

        Figure 7.4 illustrates how the angular dependence of HCG transmission amplitude is 

translated into the distribution of far-field intensities. The Gaussian beam generated by VCSEL 

laser aperture propagates from the near-field to the far-field. The HCG dimensions are uniform 

thus the transmission phase applied to the wave-fronts of the Gaussian beam is the same. In far-

field, the Fourier transform of the Gaussian beam G (x,y) still remains as Gaussian shape 

denoted as G (𝑘x, 𝑘𝑦), which can be regarded as a decomposition into plane waves at different 

incidence angles (θi, 𝜙𝑗) related to (𝑘xi, 𝑘𝑦𝑗). If the transmission intensity of HCG is uniform 

across all incidence angles, then the Gaussian beam will not be influenced. However, if the 

transmission intensity of one particular HCG design has strong transmission variance across the 

range of incidence angles, such an intensity filtering factor   IT(𝑘𝑥𝑖, 𝑘𝑦𝑗) will be superimposed 

upon the angular component G (𝑘xi, 𝑘yj) thus to modulate the beam shape. The case in Figure 7.4 

exemplifies an HCG design whose transmission intensity increases with incidence angle θ , 

resulting in a far-field pattern with intensity on the sides higher than the center -  double lobes.    
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Figure 7.4 The schematic process of far-field emission pattern manipulation with HCG as a transmission 

angular modulation plate. The case exemplifies here shows an HCG with transmission intensity increasing 

with incidence angle, thus yielding a double-lobe far-field pattern instead of Gaussian shape.  
 

        The far-field manipulation of three HCG designs (i, ii, and iii) are illustrated in Figure 7.5. 

Plots in Figures 7.5 (a) show the original transmission distributions of three HCG designs versus 

incidence angles θ and ϕ, where  θ is the angle between incidence beam and z-axis (propagation 

direction) and ϕ is the angle between incidence plane and x-axis (HCG periodicity direction) as 

indicated in Figure 7.3 (a). These are simulated with G-solver, a rigorous coupled-wave analysis 

(RCWA) tool. The transmission distribution is then converted from the angle domain (θ, ϕ) to 

Fourier domain (𝑘𝑥, 𝑘𝑦) through the relations 𝑘x = 𝑘 ∙ 𝑠𝑖𝑛𝜃 ∙ 𝑐𝑜𝑠𝜙  and 𝑘y = 𝑘 ∙ 𝑠𝑖𝑛𝜃 ∙ 𝑠𝑖𝑛𝜙  , 

where k is the wave vector.  The results are displayed in Figure 7.5 (b). When these angular-

dependent transmission distributions are superimposed on top of the Gaussian beam in Fourier 

domain ( 𝑘𝑥, 𝑘𝑦) , the resulting far-field distribution patterns are shown in Figure 7.5 (c) 

correspondingly. They lead to Gaussian, double-lobe, triple-lobe patterns in Figures 7.5 (c-i), (c-

ii), and (c-iii), respectively.  
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Figure 7.5 The method of calculating far-field emission distribution for three HCG designs. (a) 

Transmission intensity versus incidence angles (𝛉, 𝛟) for HCG designs i, ii, iii. (b) Transmission intensity 

distribution converted into Fourier domain ( 𝒌𝒙, 𝒌𝒚) for HCG designs i, ii, iii. (c) After superimposing (b) 

with Gaussian beam in Fourier domain, the resulting far-field distribution patterns for HCG designs i, ii, iii.   
 

        We applied this theory to analytically calculate the far-field patterns of different HCG 

designs. A wide range of HCG dimensions are fabricated for both TE and TM polarization 

modes, with a large degree of freedom. The measured far-field patterns all match well with the 

designs. Independently, we performed 3D finite-difference time-domain (FDTD) simulation to 

obtain the far-field patterns. The results are in excellent agreement with the analytically 

calculated and experimentally measured ones. Four examples are shown in Figure 7.6, with the 

rows (a), (b), (c) as the designed (with the analytical method above), measured (from fabricated 

devices), and simulated (with 3D FDTD tool) respectively. The examples show four different 

designs whose dimensions are labeled in the figures, where (i) and (ii) are TE-mode while (iii) 

and (iv) are TM-mode HCG. Depending on different HCG designs, the resulting far-field 

patterns shown are Gaussian, double-lobe, triple-lobe, and bow-tie shapes. It is worth noting that 

for both TE and TM mode epitaxial wafers, Gaussian beam outputs can be realized with large 

fabrication tolerance.  
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Figure 7.6 Far-field patterns for four HCG designs (i), (ii), (iii), and (iv). (a) Calculated far-field 

distributions with the analytical method in Figure 7.5. (b) Measured far-field distributions from fabricated 

HCG-VCSEL devices based on the designed parameters. (c) Simulated far-field distributions with 3D 

FDTD tool, showing great agreement with the designed and measured patterns.  
 

        In addition, the light manipulation is only effective in the x-axis here where the HCG 

periodicity occurs. We believe similar theory can be generalized to 2D HCG design that will 

provide another degree of freedom in beam shaping functionalities. However, for the 1D HCGs 

explored here, we also observed strong beam shaping in the y-direction for some HCG designs. 

We believe this is caused by the asymmetric laser apertures due to the imperfection of the proton 

implant process. Figure 7.7 shows the analytical calculated far-field patterns for a TE-HCG 

design (Λ=1080 nm, a = 840 nm) with varying aperture diameters in x and y directions. The 

pattern in the center (Ax = 𝐴𝑦 = 8 μm) is the standard size we use for fabrication, when the 

aperture turns out to be perfectly round as designed. However, for apertures with Ax ≠ 𝐴𝑦, the 

generated Gaussian beams will be elliptical. Although the HCG does not have strong angular 

dependence in the y-direction (parallel to HCG bars) due to lack of periodicity, reduced aperture 

size Ay can increase the divergence angle thus to enhance the angle-dependent effect in the y-

direction. Therefore, interesting far-field patterns in the y-direction can be observed for the cases 

where Ay < 𝐴𝑥. This inspiring mechanism matches with some of the measured far-field patterns 

with features in the y-direction, and can be further utilized to increase the degree of freedom for 

beam shaping purposes. 
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Figure 7.7 Analytically calculated far-field patterns for a TE-HCG design 𝚲=1080 nm and a=840 nm, with 

the aperture diameters in both x and y directions varying between 6, 8, and 10 𝛍𝐦. Enhanced angular 

dependence in y-direction for 𝐀𝐲 < 𝑨𝒙 is expressed as interesting patterns.  

 

7.4 Potential Applications for HCG-VCSEL Beam-Shaping 

It is worth noting that all the HCG-VCSELs demonstrated here are with single-mode lasing, 

which is usually in Gaussian shape. With the transmission characteristics varying with emission 

angles, the HCG can act as a transmission modulation plate while being a high-reflection mirror 

to support lasing. As illustrated in Figure 7.8, we can then fabricate HCG-VCSEL arrays with 

various far-field patterns including but not limited to single-lobe, double-lobe, triple-lobe, “bow-

tie”, “sugar cone”, “donut” shapes, etc. This opens new revenue for applications requiring 

flexible laser beam shapes from the same integrated optoelectronics chip.  
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Figure 7.8 HCG-VCSEL arrays emitting at single-mode yet with various far-field emission patterns 

including single-lobe, double-lobe, triple-lobe, bow-tie, sugar cone, donut shapes. The device image is 

taken with 3D confocal optical microscope, and the far-field patterns are captured with Xerox IR camera. 
 

        Furthermore, while the front-surface emission of HCG-VCSEL is manipulated by a large 

variety of HCG designs, the back-surface beam always remains as Gaussian shaping by going 

through the bottom DBR mirror. This is experimentally verified by thinning down the wafer 

substrate and collecting laser emission from the backside. A two-face single-mode laser is then 

born as introduced in Figure 7.8, generating bidirectional dual laser beams to double the 

functionalities.   
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Figure 7.9 A double-face single-mode laser, with front-surface beam shape manipulated by HCG designs 

while back-side beam remains as Gaussian shape.  
 

        In the future, we would like to combine the phase engineering mentioned in Figure 7.2 and 

reported in [12] with the angular modulation of HCG introduced here, to realize a variety of 

beam shaping configurations fully integrated with active VCSEL source. The HCG functions 

both as an integrated tuning mirror to support lasing, and as an integrated optical element for 

beam shaping functions. Figure 7.10 lists some of the potential functions, where the HCG-

VCSEL will be able to collimate, focus, deflect, split, and even reshape the light into any desired 

patterns. We believe such versatile lasers integrated on a compact chip will be promising in the 

fields of laser transverse mode control (as introduced in section 6.4.4), efficient light coupling, 

particle trapping, cell manipulation, and much more beyond.   
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Figure 7.10 InP-based HCG-VCSEL emitting at around 1550 nm. (a) SEM image of a typical TE 

HCG-VCSEL device, with a zoomed-in view of the fully suspended HCG surrounded by air. (b) Spectrum 

and LIV characteristics of a typical TE HCG-VCSEL at 15 ºC, showing a single mode emission with side-

mode suppression ratio of 45 dB, and output power of ~ 2.4 mW.  
 

7.5 Spatial Modulation of HCG Transmission Phase   

In order to combine the spatial modulation of transmission phase with the angular modulation of 

transmission intensity introduced above, a preliminary study of HCG transmission phase (ϕT) is 

conducted here. Different from the design of a passive element in ref. [12], the design of an 

active HCG here integrated with VCSEL is constraint due to its dual roles – high reflection 

mirror and transmission modulation plate. Fabrication feasibility also needs to be taken into 

account on a VCSEL platform. Therefore, if we are to spatially chirp the HCG dimensions, the 

range of reflection phase that the selected HCG bars cover is not able to vary much in order to 

satisfy the round-trip condition for lasing. But to achieve most flexibility of beam shaping, the 

range of transmission phase needs to be big enough. This is a challenging task, because the 

reflection phase (ϕR) and transmission phase (ϕT) are related. Taking a TE-mode HCG with 

thickness Tg=195 nm for instance, the reflectivity and transmission contour plots are shown in 

Figure 7.11 (a) and (b), respectively. The reflection phase contour versus HCG period and airgap 

is also calculated in Figure 7.11 (c) with our home-built HCG Solver [121], providing only 

<0.2π variation in the HCG dimension range with high reflectivity. However, it is found that the 

HCG transmission phase (Figure 7.11 (d)) shows an interesting π phase jump in the middle of 

the contour plot, matching the 100% reflectivity line in Figure 7.11 (a). This unique property 

greatly broadens the transmission phase that this range of HCG dimensions can cover. This is 

good news for beam-shaping utilizing the chirped HCG transmission phase.      
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Figure 7.11 Reflection and transmission characteristics of a TE-mode 1550-nm HCG with 𝐭𝐠=195 nm, 

simulated with HCG-solver analytical solution. (a) Reflectivity contour versus period and airgap, 

showing R>90%. (b) Transmission contour versus period and airgap, showing T<10%. (c) Reflection phase 

versus period and airgap, providing only <0.2𝛑 phase variation for this HCG dimension range with high 

reflectivity. (d) Transmission phase versus period and airgap, showing a 𝛑 phase abruption between the 

light blue and red regions matching with the R=100% line in (a). The 𝛟𝟏 = 𝟎. 𝟕𝟓𝝅 for dimension (𝚲=1060 

nm, a=820 nm), and 𝛟𝟐 = −𝟎. 𝟎𝟏𝛑 for dimension (𝚲=1080 nm, a=480 nm) are highlighted which are 

located at both sides of the abruption line. The line between the red region and blue region is 𝟐𝛑 –fold, 

indicating the same phase for red and blue regions.   
 

        In the same format as Figure 7.4 for angular modulation of HCG transmission amplitude, 

Figure 7.12 illustrates how the spatial chirping of HCG transmission phase is translated into the 

distribution of far-field intensities. The HCG dimension is not uniform here, instead it is chirped 

by alternating between the two dimensions indicated in Figure 7.11 (d) with transmission phase 

ϕ1 = 0.75𝜋 and ϕ2 = −0.01𝜋. The transmission phase difference here reaches ~0.75π, much 

larger than the reflection phase range (<0.2π). The Gaussian beam generated by VCSEL laser 

aperture propagates through the spatially chirped HCG. After superimposing the phase factor at 

each spatial position, the resulting E-field of the Gaussian beam is plotted in the near-field. The 

Gaussian beam then propagates from the near-field to the far-field through Fourier transform. In 

the far-field, the spatial components of the Gaussian beam carrying ϕ1 and ϕ2  interfere with 

each other and result in the re-shaped far-field distribution, - a double-lobe pattern. 

Mathematically, it is like the sum of each spatial component (with different phase factors) going 

through a “squared” process by Fourier transform so that the phase part gets expressed in the far-
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field. This is different from Figure 7.4 where each angular component already went through the 

“sum” process by Fourier transform from near-field to far-field. If at this point each angular 

component gets superimposed with different phase factors (if they exist), and they will only be 

“squared” individually to achieve far-field pattern. Thus the phase factors are canceled out and 

not expressed in the angular modulation of far-field even if they exist. Therefore, angular phase 

information is neglected in the process of Figure 7.4 and only the angular transmission amplitude 

matters. 

 

 

Figure 7.12 The schematic process of far-field emission pattern manipulation with HCG as a transmission 

spatial modulation plate. The case exemplifies here shows an HCG with transmission phase chirped by 

alternating between 𝛟𝟏 and 𝛟𝟐, thus yielding a double-lobe far-field pattern instead of Gaussian shape.  
 

        Furthermore, we tried changing the periodicity of the spatial chirping and analytically 

calculated the corresponding far-field distribution. As displayed in Figure 7.13, rows (a), (b), (c) 

are the spatial HCG phase distribution (alternating between ϕ1 and ϕ2 in Figure 7.11 (d)), E-

field of Gaussian beam after phase superposition, and the resulting far-field distribution, 

respectively. On the other hand, column (i) represents the phase chirping with 2 periods each 

alternating between HCG designs-1 and design-2, while 4 periods each for column (ii), and then 

half of HCG bars with ϕ1 and the other half with ϕ2 in column (iii). The maximum divergence 

angle of ~20 ° can be achieved between the two lobes which is decreased with increasing the 
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chirping period. And by arranging half side of the HCG bars as design-1 with ϕ1 and the other 

half as design-2, the intensity between the two lobes can be modulated.  

 

Figure 7.13 The analytical calculation of far-field distribution from spatially chirped HCG with an 

alternation between design-1 and design-2 in Figure 7.11 (d) for the chirping periods of (i) 2𝚲 each, (ii) 4𝚲 

each, and (iii) 8𝚲 each for half side of HCG. The figures calculated are (a) HCG phase distribution in the 

form of 𝐞𝐱𝐩 (𝐢𝛟𝐓), (b) E-field of the Gaussian beam after the superimposing of phase information, (c) the 

resulting far-field distribution.  
 

        Although this it a preliminary study, it shows the potential of dual beam generation with a 

divergence angle as large as ~20°. This large divergence angle is generated by beam-shaping 

with spatial modulation of HCG transmission phase. This is promising for applications such as 

simultaneous coupling into two fibers or special-shaped optical elements. Further research is 

needed to combine this with the angular modulation of HCG transmission amplitude in section 

7.3, and create full beam-shaping with the monolithic HCG element.  

  

7.6 Summary 

We reported a novel beam-shaping scheme of far-field pattern from a single-mode VCSEL using 

the unique transmission characteristics of a HCG mirror. It is shown that a HCG can be designed 

to simultaneously provide high reflectivity to support the lasing of a single transverse mode, as 

well as a tailorable transmission profile to shape the output beam pattern. This originates from 

the angular dependence of the HCG transmission. The design of the far-field patterns is 

discussed, and both the simulation and experimental results are presented, which are in excellent 

agreement. The HCG is thus demonstrated as a dual function optical element, which can act as 
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an integrated tunable mirror as well as an integrated beam-shaping optical element. A single-

mode dual-beam laser is demonstrated, with the front-surface emission beam being shaped by 

HCG designs while the back-surface emission remaining as Gaussian shape. We also performed 

preliminary study for spatial modulation of HCG transmission phase, which can be combined 

together with angular modulation of HCG transmission amplitude for more flexible beam-

shaping. This work opens up possibilities to design arbitrary far field patterns directly from a 

VCSEL without the addition of any secondary optical element. It is thus promising for a variety 

of applications requiring beam shaping, such as particle trapping, cell manipulation, high 

efficiency optical coupling to optical fibers and grating couplers.  
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Chapter 8  
Summary and Outlook 
 

In summary, two research aspects promoting the development of integrated optoelectronics on 

the device level are discussed in this dissertation – material integration and function integration.  

        The material integration approach discussed here focuses on high-quality InP nanostructures 

grown directly on silicon substrate. The unique core-shell growth mode allows the scale-up of 

nanostructure diameters to go far beyond the lattice-mismatched critical dimensions. The micro-

sized pillars thus enable superior optical properties compared with traditional nanowires. 

Furthermore, the low-temperature MOCVD technique without any external catalyst enables post-

CMOS compatible processes.  

        In this dissertation, three types of crystal phases are explored in the nanoneedles, including 

ZB/WZ-mixed phase, mostly ZB-phase, and single-crystal WZ-phase. The optical properties of 

each category were studied and linked to the physics of the different underlying band structures. 

All three classes of nanoneedles are able to achieve optically-pumped lasing at different 

wavelengths.  InP nanolasers growtn on silicon could form the basis of long-wavelength 

heterostructure III-V lasers emitting at silicon-transparent wavelength. The single-crystal WZ-

phase nanoneedles show the largest bandgap (~1.41 eV at 298 K) and the most efficient radiative 

carrier recombination mechanism validated by its carrier recombination lifetime and internal 

quantum efficiency (IQE). It is thus selected as the excellent material platform for 

nanoneedle/nanopillar-based optoelectronic devices such as nanolasers, photovoltaics, 

photodetectors, etc. The surface quality of the single-crystal wurtzite-phase micropillar is further 

investigated. Unique features are identified in the carrier recombination lifetimes of these 

nanopillars at room temperature enabled by the ultra-bright emission. The methodology of 

combining room-temperature recombination lifetimes and IQE values to obtain the surface 

recombination velocity (SRV) of the pillar is demonstrated.  With a SRV value of 1.1×103 

cm/sec and the radiative recombination B coefficient of 2.0×10−10 cm3/sec, it is verified that the 

material quality of the InP micropillars grown on silicon approaches that of the InP bulk. This 

unprecedented metastable direct growth of InP micropillars monolithically on silicon thus 

combines the strengths of nanostructures and bulk materials, and provides an avenue in the 

integration of optoelectronics with silicon-based technologies.  

        The function integration approach discussed here primarily centers around a key element – 

high-contrast subwavelength grating (HCG).  The ultrathin layer of monolithic grating element is 

endued with intriguing rich properties, among which the ultra-broadband high reflection enables 

its implementation in vertical-cavity surface-emitting lasers (VCSEL). Compared with the 

traditional distributed Bragg reflector (DBR) mirror, the integrated HCG tuning mirror offers 

numerous advantages. First of all, the single monolithic layer greatly mitigates the epitaxial and 

fabrication complexities. The compact form factor and greatly-reduced weight also facilitates 

fast MEMS actuation. Furthermore, the emission is polarization selective for 1D HCG structure, 

which is desired by some applications.  

        In this dissertation, a widely and fast tunable 1060-nm VCSEL using 1D-HCG tunable top 

mirror is demonstrated, aiming at swept-source optical coherence tomography (SS-OCT) and 
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light detection & ranging (LiDAR) applications. An ultralow threshold of <100 μA and high 

output power of >1.3 mW are attained for single-mode lasing at CW operation. The laser also 

offers outstanding thermal characteristics, with lasing above 110 °C and low thermal resistance 

of 0.88 °C/mW. A continuous tuning range of ~40 nm is achieved by actuating the HCG MEMS 

with an electrostatic tuning voltage. The tuning voltage can further be increased by improving 

the free spectral range (FSR) of the epitaxial wafer design. Thought it’s optimized for wide 

tuning range over fast tuning speed, a 3-dB bandwidth of 1.15 MHz is still demonstrated which 

is enough to meet the requirement for SS-OCT. Design and lasing are also demonstrated for 2D-

HCG VCSELs. This preliminary result shows promise for polarization-independent applications 

such as multi-stable optical sources and all optical flip-flop operations. Inspired by the method of 

designing the HCG reflectivity to realize transverse-mode control of VCSEL for single-mode 

yield improvement, the angular-dependence of HCG is explored. It turns out the HCG 

transmission intensity can be modulated in the angular domain thus to perform certain degree of 

beam-shaping. The design of the far-field patterns is discussed, followed by the fabrication and 

characterization of HCG-VCSELs whose far-field distributions match very well with the designs 

and simulations. An array of VCSELs all emitting at single-mode at CW operation can deliver a 

variety of far-field emission patterns, such as Gaussian, double-lobe, triple-lobe, bow-tie, donut, 

etc. While the front-side emission is modulated and tailored by different HCG designs, the back-

side emission through DBR mirror still remains as Gaussian. This two-face dual-beam VCSEL is 

demonstrated by the first time. Furthermore, except for angular modulation of HCG transmission 

amplitude, the HCG is also able to be designed for spatial modulation of its transmission phase. 

Preliminary results are simulated which are promising for beam-shaping with another degree of 

freedom. These two methods combined together open up possibilities to design arbitrary far-field 

patterns directly from a VCSEL without the addition of any secondary optical element. The HCG 

shows its great potential working both as an integrated tuning mirror and an integrated beam-

shaping element for optoelectronics.  
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