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Oberflächenemittierende Laser mit vertikaler Kavität (VCSELs) und VCSEL-

Arrays für Kommunikation und Sensorik 
 

Nasibeh Haghighi 

Zusammenfassung 

 

Zukünftige Generationen optischer drahtloser Kommunikations- und Sensorsysteme erfordern 

kompakte, kostengünstige, zuverlässige und hocheffiziente Lichtquellen, die modulierte 

Strahlen mit Datenraten von Gigabit pro Sekunde (Gbps) und gepulste Strahlen mit Anstieg- 

und Abfallzeiten im Sub-Nanosekundenbereich über den freien Raum übertragen können. 
Infrarote, oberflächenemittierende Laser mit vertikaler Kavität (VCSEL) sind genau eine 

solche Lichtquelle. Systeme der fünften Generation (5G) versprechen, Milliarden von 

Menschen und Billionen von Geräten und Sensoren für das Internet der Dinge mit 1 bis über 

20 Gbps über neu versteigerte Millimeterwellen-Spektralbänder (30 GHz bis 300 GHz) zu 

verbinden. Bis etwa 2030 sehen Systeme der sechsten Generation (6G) eine enorme 

Breitbandkapazität ohne Latenzzeit vor – sie ermöglichen virtuelle und gemischte Realitäten 

in Echtzeit, Mensch-Maschine-Schnittstellen, autonome Fahrzeuge und vieles mehr. Die 6G-

Technologie fügt Terahertz-Wellensender hinzu, einschließlich Infrarot-VCSELs und VCSEL-

Arrays, um die Datenraten signifikant zu erhöhen, die Energie- und Spektraleffizienz zu 

steigern und die verfügbaren und noch unregulierten Spektralbänder zu nutzen. In der 

vorliegenden Arbeit werden neue experimentelle VCSEL-Dioden und neuartige 

zweidimensionale (2D) VCSEL-Diodenarrays entworfen, hergestellt und getestet. Die Physik 

der VCSEL-Lichtemittern, welche auf 5G- und 6G-optische drahtlose Kommunikations- und 

Sensoranwendungen ausgerichtet sind, wird untersucht und Performance-Tradeoffs für die 

angedachten Anwendungen werden identifiziert und analysiert. Über hauseigene 

Computermodellierungs- und Simulationsprogramme wurden epitaktische VCSEL-Strukturen 

– bestehend aus nanometerdicken Aluminium-Gallium-Arsenid-, Indium-Gallium-Arsenid- 

und Gallium-Arsenid-Phosphid-Schichten – mit Peak-Zielemissionswellenlängen von 940 und 

980 Nanometern entworfen. Ein kommerzieller Hersteller hat die experimentellen VCSEL-

Epitaxiewafer durch metallorganische Gasphasenepitaxie auf Gallium-Arsenid-Substraten mit 

einem Durchmesser von 3 Zoll gewachsen. In einem Reinraum an der Universität wurden die 

VCSELs als Viertelwafer-Teststücke mit einem neuen VCSEL Array 2018-Maskensatz 

gefertigt, der einzelne VCSELs und mehrere Variationen von neuartigen elektrisch parallelen 

2D-Tripel- (3-Element), Septuple- (7-Element) und Novemdecuple- (19-Elemente) 

Strukturdesigns enthält. Bei den prozessierten Strukturen handelt es sich um Top-Emitter mit 

hochfrequenzkompatiblen koplanare Masse-Signal-Masse-Metallkontaktpads. Alle Device-

Tests wurden computergesteuert in einem universitären Laserdiodenlabor durch direktes 

elektrisches On-Wafer Probing durchgeführt, beginnend mit Dauerstrich-

Lichtausgangsleistung-Strom-Spannungs-Sweeps über eine kalibrierte Photodioden-

Integrationskugel und eine variable Stromquelle. Für Emissionsspektren und Kleinsignal-

Frequenzgangmessungen wurde das emittierte VCSEL-Licht mit einer standardmäßigen OM1-

Multimode-Glasfaser (MMF) eingesammelt – verbunden mit einem optischen 

Spektrumanalysator oder einem Fotoempfänger. Für On-Wafer-Datenübertragungstests über 

OM1-MMF-Patchkabel wurden die VCSELs mit pseudozufälligen Bitmustern im Non-Return-

To-Zero Format mit 2-Level-Pulsamplitudenmodulation moduliert. In dieser Arbeit werden 

bisher unerreichte Kombinationen von optischer Ausgangsleistung, Bandbreite und Effizienz 

für VCSEL und VCSEL-Arrays mit großer Oxid-Apertur (größer als 20 Mikrometer) 

demonstriert. Beispielsweise werden 200 Milliwatt optische Ausgangsleistung, eine 
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Bandbreite von 18 GHz und eine Konversionseffizienz elektrischer zu optischer Leistung von 

35 Prozent mit einem 19-Element-VCSEL-Array erreicht. Zudem werden mehrere Rekorde für 

fehlerfreie Datenübertragung aufgestellt, zum Beispiel 40 Gbps für Triple- und Septuple-

VCSEL-Arrays und 25 Gbps für Novemdecuple-VCSEL-Arrays, weit über den bisherigen 

Stand der Technik von 10 Gbps hinaus. Diese Arbeit ist die erste, die Trade-Offs in der 

hochgradig nichttrivialen Physik von VCSEL-Arrays untersucht, die auf Arrays mit hoher 

Leistung und hoher Bandbreite für die Datenübertragung im freien Raum abzielen – und damit 

neue Leitprinzipien für die weitere Bauelementoptimierung und Produktentwicklung schafft. 
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Vertical Cavity Surface Emitting Lasers (VCSELs) and VCSEL Arrays for 

Communication and Sensing 
 

Nasibeh Haghighi 

Abstract 

 

Future generations of optical wireless communication and sensing systems require compact, 

low-cost, reliable, and highly efficient light sources capable of transmitting modulated beams 

across free space at gigabit per second (Gbps) data rates and pulsed beams with sub-

nanosecond rise and fall times. The infrared vertical cavity surface emitting laser (VCSEL) is 

exactly one such light source. Fifth generation (5G) systems promise to connect billions of 

people and trillions of Internet of Things gadgets and sensors at 1 to beyond 20 Gbps via newly 

auctioned millimeter wave (30 GHz to 300 GHz) spectral bands. By circa 2030 sixth generation 

(6G) systems envision vast broadband capacity with zero latency – enabling real-time virtual 

and mixed realities, human-machine interfaces, autonomous vehicles, and much more. The 6G 

technology adds terahertz wave emitters including infrared VCSELs and VCSEL arrays to 

vastly increase data rates, boost energy and spectral efficiency, and take advantage of available 

and unregulated spectral bands. I design, fabricate, and test new experimental VCSEL diodes 

and novel two-dimensional (2D) VCSEL diode arrays. I study the physics and performance 

trade-offs of VCSEL light emitters aimed at 5G and 6G optical wireless communication and 

sensing applications. Via in-house computer modeling and simulation programs, I design 

VCSEL epitaxial structures – composed of nanometer-thick aluminum-gallium-arsenide, 

indium-gallium arsenide, and gallium-arsenide-phosphide layers – with peak target emission 

wavelengths of 940 and 980 nanometers. A commercial foundry grows my experimental 

VCSEL epitaxial wafers by metal-organic vapor phase epitaxy on 3-inch diameter gallium-

arsenide substrates. In my university cleanroom, I fabricate my VCSELs as quarter wafer test 

pieces using a new VCSEL Array 2018 mask set which contains single VCSELs, and several 

variations of novel 2D electrically parallel triple (3-element), septuple (7-element), and 

novemdecuple (19-element) geometric device designs. My fabricated devices feature high 

frequency, coplanar ground-signal-ground metal contact pads, and top-epitaxial-surface 

emission. I perform all device tests in my university laser diode laboratory via direct, on-wafer 

electrical probing under computer control, starting with continuous wave light output power-

current-voltage sweeps via a calibrated photodiode-integrating sphere and variable current 

source. For emission spectra and small-signal frequency response measurements, I collect the 

emitted VCSEL light with a standard OM1 multiple mode optical fiber (MMF) – connected to 

either an optical spectrum analyzer or a photoreceiver. For on-wafer data transmission tests 

across OM1 MMF patch cords, I modulate my VCSELs with nonreturn to zero, pseudorandom 

bit patterns in the form of 2-level pulse amplitude modulation. I achieve record combinations 

of optical output power, bandwidth, and efficiency for my large oxide aperture diameter (larger 

than 20 micrometers) VCSELs and for my VCSEL arrays. For example, I demonstrate 200 

milliwatts of optical output power, a bandwidth of 18 GHz, and a wall plug efficiency of 35 

percent with a 19-element VCSEL array. I set several records for error free data transmission, 

for example, 40 Gbps for my triple and septuple VCSEL arrays and 25 Gbps for my 

novemdecuple VCSEL arrays, well beyond the previous record of 10 Gbps. My work is the 

first to investigate trade-offs in the highly nontrivial physics of VCSEL arrays aimed at high 

power and high bandwidth arrays for free space data transmission – producing new guiding 

principles for further device optimization and product development. 
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|S21| small-signal modulation frequency response magnitude – in dB 

0G zeroth generation 

1D one-dimensional 

1G first generation 

2D  two dimensional 

2G second generation 

2-PAM 2-level pulse amplitude modulation (also PAM-2) 

3D three-dimensional 

3G third generation 

4G fourth generation 

4-PAM 4-level pulse amplitude modulation (also PAM-4) 

5G fifth generation 

6G sixth generation 

A area; also represents the optical power absorptance – unitless 

ACE acetone 

AG Aktiengesellschaft (stock corporation) 

AI artificial intelligence 

AR anti-reflection 

BCB bisbenzocyclobutene 

BER bit error ratio 

BPG bit pattern generator 

CAGR compound annual growth rate 

CCD charge coupled device 
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Chapter 1 

 
 

Introduction 

 

 

 
contribute to near infrared light wireless communication and sensing by designing, 

building, characterizing, and analyzing vertical cavity surface emitting lasers (VCSELs) 

and novel two-dimensional (2D) VCSEL arrays. I investigate the physics of 980 nm (and 

some 940 nm) VCSEL array light sources for applications in new and evolving fifth 

generation (5G) and future sixth generation (6G) communication and sensing systems. I 

perform all dissertation research at the Technical University Berlin (TU Berlin), Germany, 

within the Institute of Solid-State Physics. The German Research Foundation funds my work 

via Phase III of the Collaborative Research Center 787 project. While I perform my research 

primarily at 980 nm – a convenient emission wavelength for VCSEL research – my results 

apply to VCSELs and VCSEL arrays emitting in the ultraviolet through the near infrared. 

 

I motivate my work in Section 1.1 by briefly describing a general vision of 6G technology – 

which includes optical wireless communication and sensing systems based on VCSEL array 

light sources. I list in Section 1.2 selected Internet (2018 to 2025) and VCSEL market (2020 

to 2027) forecast statements – from which I conclude VCSEL arrays are a critical, enabling 

6G technology. I present in Section 1.3 a very brief history of communication from the dawn 

of time through fourth generation (4G) mobile wireless. I review in Section 1.4 the attributes 

of a trans-Atlantic cable, 5G cellular networks, and other state-of-the-art systems. In Section 

1.5 I review published work on VCSELs and VCSEL arrays for free-space optical 

communication – the genesis of my work. Finally, I present in Section 1.6 my dissertation 

scope, in Section 1.7 a list of my key results, and in Section 1.8 my dissertation organization. 

 

1.1 Motivation 

In the 6G future – expected to debut by 2030 [1-7] – we envision living in a data centric 

world enabled by a glut of radio and optical emissions. Our information-saturated reality will 

perfectly meld with augmented, virtual, and/or mixed realities. We will live in intertwined 

webs of high frequency radiation patterns and optical (communication and sensing) beams 

that connect and mingle trillions of sensors, hundreds of billions of Internet of Things (IoT) 

gadgets, billions of cellular devices, and millions of autonomous cars, trucks, trains, drones, 

ships, submarines, and other vehicles [8]. This world will concurrently store, process, and 

analyze vast data troves. Local (built into the device) or web-based artificial intelligence (AI) 

will advise us, seek to optimize our factories, e-commerce, and education, and facilitate our 

interactions via high resolution three-dimensional holograms. Our 6G world’s visual content 

alone will require continuous data streams of hundreds of terabits per second. As a current 

point of reference, the global Internet protocol (IP) traffic is forecast to reach an annual run 

rate of 3.3 zettabytes (1 ZB = 1021 bytes) in 2021, up from 1.2 zettabytes in 2016 [9]. We can 

easily imagine an annual IP traffic run rate exceeding 30 ZB by 2030. 

I  
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Our 6G world will require massive increases in communication capacity and sensing 

information – requiring highly nontrivial advances in materials, devices, and systems 

technologies. Long and medium-haul and metropolitan optical fiber links must reach peta bit 

per second (Pbps) transmission rates. Autonomous, self-sustaining, hyperscale data centers 

must focus on edge computing topologies and hybrid (public and private) cloud services. 

Including machine-to-machine data, the global monthly mobile traffic is predicted to reach 

5,016 exabytes (1 EB = 1018 bytes) by 2030, compared to 62 exabytes in 2020 – an annual 

growth rate of ~55% [10]. Sixth generation technology (also called Next G) – which exists 

now solely as ideas, visions, and technology challenges – must be ubiquitous, hyperfast, 

smart (for example, via pervasive and collective AI), and seamlessly access and integrate vast 

collections of real time and static data from a plethora of sources. This conceptual Next G 

future will greatly benefit from compact, inexpensive, reliable, energy efficient, light sources 

capable of high bit rate data transmission across free space and/or capable of generating 

information via optical sensing. The VCSEL array is one such light source. 

 

The radio frequency (RF) spectrum is quite crowded, from maritime bands (~14 to 70 kHz 

and others), AM radio (540 to 1600 kHz with 10 kHz bandwidths), FM radio (88.1 to 108.1 

MHz with 200 kHz bandwidths), up through the millimeter wave (mmWave) bands allocated 

for 5G digital cellular networks [11-13]. The 5G low-band from ~600 to 850 MHz, used also 

by 4G networks has a range of ~10 to 30 miles (~16.1 to 48.3 km) [14] and enables data rates 

of ~30-250 Mbps. The 5G mid-band (~1 to 6 GHz) – which can penetrate walls – has a range 

of several kilometers and enables data rates ~100-900 Mbps. The 5G mid-band strikes a 

balance of speed, capacity, coverage, and penetration suitable for densely populated areas 

[15]. The 5G high band (~25 to 39 GHz; up to ~71 GHz) – which enables gigabit per second 

data rates – is limited in range to ~150 to 500 m and requires beamforming [16,17]. 

 

Technologies for 5G systems include: 1) millimeter waves (mmWaves); 2) small cells 

(transceiver base stations spaced ~250 m or closer due to higher mmWave losses); 3) massive 

multiple-input multiple-output (MIMO) to vastly increase capacity and spectrum efficiency; 

4) beamforming; and 5) full duplex (simultaneous send and receive) [18]. Wireless data 

transmission via mmWaves – transmission at radio frequencies (f) from ~30 to 300 GHz with 

corresponding wavelengths λ = c/f ~10 to 1 mm, respectively, where c is the speed of light – 

potentially enables data rates of 20 Gb/s or faster. This is because bandwidth increases as 

frequency increases, but the consequence is shorter transmission wavelengths, which are 

more susceptible to atmospheric distortion and attenuation (such as millimeter waves 

traveling through water vapor) and which are blocked by buildings and foliage [19]. Low-

band transmission at 600 MHz (for indoor or rural 5G coverage) or C-band transmission at 

2.5 GHz (for moderate 5G coverage and capacity) may increase link lengths and/or mitigate 

obstacle attenuation but at the expense of a significantly reduced maximum bit rate. 

Operating small cell antenna groups as phased arrays enables beamforming – the technique 

that concentrates multiple mmWave beams (with variable phase differences) into a single 

primary beam in the direction of a specific user to achieve the highest possible bit rate in high 

traffic areas (e.g., in city centers, airports, stadiums, and along congested highways) across 

those paths that are restricted by obstacles and the corresponding limited reach of mmWaves. 

 

In addition to functioning as a fixed-in-place (low cost, low energy consumption) 

enhancement or backup to 5G mmWave links such as in pole-to-pole backhaul, high-rise 

building-to-building links across waterways and swamps (avoiding digging and fiber 

installation), I envision VCSEL-based line-of-sight transceivers will be employed in data 

centers, temporary and mutable mesh networks, vehicle-to-vehicle links, secure indoor links, 
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space communication, and many other communication applications. The same basic VCSEL 

array technology (with intrinsically fast rise and fall times for low to high optical power 

pulsed emission) enables a plethora of optical sensing systems [20-23]. 

 

Ideas to expand the range and coverage of 5G communication systems include lifting 

multiple cellular RF or laser transmitters well into the troposphere (the region from the 

earth’s surface up to ~14.5 km (~9 miles) – the densest part of the atmosphere) and/or into 

the stratosphere (from the troposphere up to ~50 km (~31 miles) above the earth – the region 

which includes the UV-absorbing ozone layer) [24]. A recent example includes (Google’s) 

Loon venture in February 2016 (since ended in 2021), which achieved helium balloon to 

balloon infrared laser data transmission 20 miles above the Nevada desert (mitigating losses 

due to scintillation) across 100 kilometers (~62 miles) at 155 Mbps (the laser beam – the 

diameter of a chop stick – hit a moving target with a 1.5 inch diameter receiver, which is 

directed by lenses onto a 60 m diameter photodetector) [25,26]. While Internet service via 

high altitude solar-powered drones [27] remains a challenge, development of high-altitude 

platform stations (HAPS) to deliver 5G Internet via RF transmissions directly to ground users 

from solar-powered airships roughly geostationary in the stratosphere (at ~65,000 feet) has 

spawned Sceye Inc. [28] – a start-up materials company (investing in earth connecting and 

protecting communication and sensing systems) seeking to extend affordable broadband 

coverage to all gap areas.  

 

To mitigate the RF spectrum congestion and drive technology toward faster 6G systems, a 

next logical step is to develop wireless communication links based on the higher terahertz 

(THz) frequencies (100 GHz to 10 THz) [29], and/or based on infrared light emitters [30-

34]. Both options offer still higher data rates – 5 times faster than 5G (i.e., 100 Gbps), and 

possibly up to ~1000 Gbps via multiplexing [7] – and an enormous amount of unallocated 

spectrum enabling wideband channels. Since free-space path loss is proportional to the square 

of the signal frequency, a terahertz link at 280 GHz compared to a 28 GHz link has a +20 dB 

additional path loss, plus losses due to oxygen and water absorption. Terahertz links (like 

mmWave 5G links) require ultra-massive (phased) antenna arrays in closely-spaced cells to 

produce focused beams – for focused reflected paths and/or line-of-sight (LOS) connections 

[7]. The record ranges for THz broadcasts are 15 m (~49 feet) at 6.2 Gbps [35] and 100 m (at 

an undisclosed bit rate) [36]. In contrast, LOS infrared (laser beam) links using transmitter 

powers of 1 mW to 100 mW (with appropriately sensitive photoreceivers) have operating 

ranges (even with fog and scintillation losses) of tens of meters to several kilometers [33]. 

 

1.2 Forecasts 

Forecasts, though not always accurate, based on a mix of past, present, and extrapolated 

consumer trends, corporate investments, economic conditions, and visionary ideas provide a 

rough technology roadmap. Consider the following sampling of 10 forecast statements taken 

(in some cases verbatim) from the Cisco annual Internet report covering 2018 to 2023 [8,37] 

and from the GSMA Mobile Economy 2021 report (forecasting through 2025) [38,39]: 
 

• there will be 5.3 billion total (fixed and mobile) Internet users (66 percent of the global population) by 2023, up from 

3.9 billion (51 percent of global population) in 2018; 

 

• the number of devices connected to Internet Protocol (IP) networks will be more than three times the global population 

by 2023 – there will be 29.3 billion networked devices by 2023, up from 18.4 billion in 2018;  

 

• the share of machine-to-machine (M2M) connections will grow from 33 percent in 2018 to 50 percent by 2023 – there 

will be 14.7 billion M2M connections by 2023; 
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• fixed broadband speeds will more than double by 2023 – by 2023, global fixed broadband speeds will reach 110.4 

Mbps (megabits per second), up from 45.9 Mbps in 2018; 

 

• mobile (cellular) speeds will more than triple by 2023 – the average mobile network connection speed was 13.2 Mbps 

in 2018 and will be 43.9 Mbps by 2023; 

 

• 5G speeds will be 13 times higher than the average mobile connection by 2023 – the average 5G connection speed will 

reach 575 Mbps by 2023; 

 

• global Wi-Fi6 hotspots will grow 13-fold from 2020 to 2023 and will be 11% of all public Wi-Fi hotspots by 2023; 

 

• the number of unique (one person) mobile subscribers will increase at a compound annual growth rate (CAGR) of 1.8 

% from 2020 to 2025 from 5.2 billion to 5.7 billion reaching 70 % of the world’s population; 

 

• there will be 5 billion mobile Internet users by 2025, up from 4 billion in 2020; 

 

• there will be 1.8 billion 5G connections by 2025 – the percent of connections (for a few example regions) that will be 

5G by 2025 include: 51 % in North America; 34 % in Europe; 47 % in China; 23 % in Asia Pacific; ~10 % in South 

America; and 3 % in Sub-Saharan Africa (where 27 % will be 4G). 

 

What roles will be played by VCSELs in the emerging fifth and the future sixth technology 

generations? As a rough guide, consider the following sampling of 10 forecast statements 

taken from reports by Yole [40,41] and other sources [42-44]: 

 
• the global VCSEL market will grow at a compound annual growth rate (CAGR) of 13.6 % from ~$1.25 billion in 2021 

to ~$2.35 billion by 2026 – according to the following sub-areas: 

 

• mobile and consumer – $797 million to $1.7 billion at a CAGR of 16.4 %; 

• telecommunication and infrastructure – $430 million to $566 million at a CAGR of 5.6 %; 

• industrial – $16 million to $21 million at a CAGR of 6.3 %; 

• defense – $3 million to $7 million at a CAGR of 17.1 %; 

• medical – $0.5 million to $2 million at a CAGR of 32.4 %; 

• automotive and mobility – $1.1 million to $57 million at a CAGR of 122 %; 

 

• from a separate forecast [44], the global VCSEL market will grow at a CAGR of 21.5 % from 2020 to 2027 reaching 

$3.73 billion by 2027 – consumer electronics will account for the majority share of the VCSEL market; 

 

• the global VCSEL market by volume will grow at a CAGR of 31.9 % from 2020 to 2027 reaching 3.85 billion units by 

2027 – up from 556.0 million units in 2020; 

 

• multiple-mode VCSELs for high data rate transmission over short distances will continue to hold the majority market 

share – spurred on further by VCSELs for three-dimensional (3D) time of flight sensing and LiDAR in consumer 

products (for example forward looking cameras and sensors, autonomous vehicle monitoring); 

 

• gallium-arsenide (GaAs) based VCSELs operating above 25 Gbps (gigabits per second) will grow at the highest 

CAGR – as smartphones, connected devices, and Internet of Things (IoT) devices greatly increase data traffic across 

networks; 

 

• the increasing number of data centers – driven by cloud (and edge) computing and 5G wireless communications – will 

require massive numbers of VCSEL transceivers for 200 to 400 Gbps Ethernet short reach interconnects; 

 

• while 3D applications for mobile and consumer products will continue to grow, emerging applications in automotive, 

medical, and augmented reality (AR) and virtual reality (VR) will experience significant growth; 

 

• mobile (940 nm) 3D sensing represented roughly 75% of overall VCSEL revenues in 2020 – manufacturing moved 

from 4-inch diameter to 6-inch dimeter GaAs wafers (and 8-inch wafers are on the horizon); 

 

• multiple-junction VCSELs (with record static wall plug efficiencies) in back-side emitting configurations (to eliminate 

wire bonds and allow the use of micro lenses in compact packages) will gain importance, as will VCSELs emitting at 

~1300-1400 nm (enabling for example the placement of VCSELs behind organic light-emitting diode displays); and 

 

• new application areas will include 3D sensing security system with intelligent access (video doorbells and locks) based 

on structured light, and optical high-definition multimedia interface (HMDI) cables for consumer electronics. 
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1.3 Historical background 

Communication advanced by necessity over hundreds of millennia – from cave drawings, 

drumbeats, pictographs, ideographs, smoke signals, and the Persian Royal Road (the ~2,700 

km postal relay system created circa 500 years before the common era), to line-of-sight 

semaphore messaging systems – for example peak-to-peak fire relay beacons, coast to island 

heliographs, ship-to-ship signal flags and blinking lamps, and tower-to-tower optical 

telegraphs [45-52]. Although regular public radio broadcasts began circa the 1920s, for long 

distance (tele-) communication the initial visual era transitioned into a wired communication 

era [53] roughly 90 years earlier with the deployment of electronic telegraph (1830s) and 

later telephone (1870s) systems. Skipping ahead ~60 years from the 1920s to the 1980s we 

enter a radio-enabled wireless communication era [53] – past many ingenious inventions such 

as (all dates are approximate): train-based Berlin to Hamburg mobile telephony service 

(1926); electronic television (TV, 1927); radar (1930s); commercial TV broadcasts (1940s), 

electronic programmable computers (1946); seminal communication theory (1948) [54]; 

flashlight-to-photocell and ultrasonic TV remote controls (mid-1950s); silicon integrated 

circuits (1959); laser diodes (1962); affordable color TV (late 1960s); commercial (via coax) 

cable TV (1968); the Internet (1970); commercial optical fiber (1970); handheld mobile 

phones (1973); the first supercomputer (1975); pay TV via a satellite, rebroadcast by local 

microwave towers (1975); and light-emitting diode (LED) infrared TV controllers (1980s). 

 

Zero generation, car-mounted, pre-cellular mobile radio telephone (base station) systems 

operated on very-high frequency (VHF) and ultra-high frequency (UHF) bands from 1946 

into the 1970s [1,55-59]. The first generation (retroactively named 1G) of wireless cellular 

technology (circa 1979 in Japan, 1981 in Nordic countries, and 1983 in the United States of 

America) encoded the audio from bulky shoulder phones with extendable antennae into 

analog radio signals operating at 2.4 kbps (kilobits per second, kb/s) – enabling mobile voice 

calls. The second generation (2G) mobile telecommunications (launched in Finland, 1991), 

digitally encrypted phone conversations, allowed multiple users on a single secure channel, 

included the first data services (short message service (SMS) texting), and progressed (via 

new network protocols) to 0.1 Mbps (megabits per second, Mb/s). The third generation (3G) 

mobile wireless technology – since 2001 – boosted link rates to 2 Mbps via spread spectrum 

technology, handled ~60-100 simultaneous calls, and enabled web browsing and multimedia 

information transfers such as photographs, music, and videos. The fastest 3G smartphones 

connect to the Internet at ~21 Mbps. Fourth generation (4G) long term evolution (LTE) 

systems (launched in Stockholm and Oslo in 2009, and in North America in 2010) use an 

Internet Protocol-based network architecture system and digital signal processing to boost 

capacity and bit rate – the standard features 300 Mbps peak uplink and 75 Mbps downlink 

rates. Via modern multimedia smartphones, 4G systems enable high definition (HD) 

streaming video and online multiplayer gaming, and they run a profusion of applications. 

 

Terrestrial free space optical communication (FSOC) at 10 Gbps or faster, covering distances 

of meters to possibly a few kilometers and based on infrared laser sources is a potential 

applications area for VCSELs and VCSEL arrays. Key advantages compared with optical 

fiber links include rapid installation and reconfiguration, no wavelength regulations (as with 

RF), the potential for moving vehicle links, and highly directed beams that may be difficult to 

intercept [60]. Applications include urban mesh networks, mobile and fixed small cell links, 

backhaul, and last mile links. Significant challenges include beam power, alignment, and 

stabilization, atmospheric perturbations (wind, clouds, fog, rain, dust, obstacles), and human 

eye safety. For example, the experimental Taara project by the Moonshot Factory – a 2021 
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demonstration of an infrared line-of-sight laser beam over the Congo River (the world’s 

deepest and second fastest river) from Brazzaville to Kinshasa – achieved 20 Gbps across 

~20 km with a 99.9 % up time over 20 days, mitigating the need to route an optical fiber over 

400 km around the river (they do not disclose the infrared wavelength, optical power, or other 

details) [61-63]. In 2009 an Italian group demonstrated 1.28 Tbps FSOC across 212 m via 32 

distributed feedback laser diodes (operating CW) emitting at 1535.7 nm to 1560.5 nm and 

modulated at 40 Gbps [64]. In 2016 the Fraunhofer Heinrich Hertz Institute demonstrated an 

experimental 380 m bidirectional free space link with 40 (spatially overlapping) wavelength 

channels (in and around 1550 nm) at 43 Gbps/channel for a total capacity of 2 times 1.7 Tbps 

[65]. In 2018 the German Aerospace Center (DLR) announced a 13.16 Tbps FSOC link [66].  

 

Laser sensing in space [67] began circa 1971 when the Apollo 15 lunar orbiter mapped part 

of the lunar surface via a Q-switched ruby laser. During 1998 to 2001 the Mars Global 

Surveyor mapped the surface of Mars from pole to pole with an accuracy of 30 cm via a Q-

switched Nd-YAG (neodymium-doped yttrium aluminum garnet) laser. During 2003 to 2009 

via 1064 nm Nd-YAG lasers a National Aeronautics and Space Administration satellite 

(ICESat-1) mapped the ice sheets of Greenland and Antarctica with a resolution of ~3 cm.  

 

Laser communication in space [68,69] traces back to the February 2008 demonstration of a 

1064 nm (Nd-YAG laser) bidirectional link (low earth orbit to low earth orbit) operating at 

5.625 Gbps for 133 seconds between the US near-field infrared experiment (NFIRE) satellite 

and the German TerraSAR-X satellite across distances of 4,900 to 3,000 km [70]. Both 

satellites operated in low earth orbits – altitudes of 460 km x 360 km (elliptical) for NFIRE, 

and 514 km (circular) for TerraSAR-X. In 2010, the same NFIRE satellite established a 5.625 

Gbps error free bidirectional link (up to 177 s) with a ground station on Tenerife (Canary 

Islands, Spain; at 2350 m above sea level) over distances of 1350 to 450 km – fog, high 

clouds, and high winds hampered earlier experiments with a ground station on Maui (Hawaii, 

USA; on Mount Haleakala at ~3000 m above sea level) [71]. 

 

Another experimental space-based laser communication system is NASA’s Lunar Laser 

Communications Demonstration. During October 2013 to April 2014, a satellite in an 

elliptical lunar orbit transmitted data at 622 Mbps (downlink) and 20 Mbps (uplink) over 

385k kilometers (~239k miles) to a ground station in White Sands, New Mexico, USA [72-

74]. The system operates via a continuous wave 1550 nm edge emitting laser diode coupled 

to a LiNbO3 optical modulator, with an output further amplified to 0.5 W via an erbium-

doped optical fiber amplifier (optically pumped by two grating-stabilized 976 nm laser 

diodes). Since the diffraction angle (θdiff) of an emitter with an aperture diameter (ϕ) is θdiff 

~λ/ϕ [31], for equal ϕ a 1550 nm laser beam has a diffraction angle 10-5 times smaller than a 2 

GHz (0.15 m) beam – concentrating laser power onto a small, distant spot. 

 

In preparation for the 2023 Artemis II Moon Mission, NASA is developing an infrared laser 

communication system to enable the moon-orbiting Orion spacecraft to transmit live, 

ultrahigh definition video and scientific data to ground stations on earth [75]. A recent NASA 

LunaNet program proposal for FSOC between CubeSats in low lunar orbits of 100 km (~62 

miles) or less and lunar terminals (ground stations on the moon) includes VCSEL light 

sources and nonmechanical beam steering (to augment body pointing) for efficient, fine beam 

pointing [76,77]. Other planned missions promise laser-based communication from the 

International Space Station via the satellite to earth stations at 1.2 Gbps [78], and a 2022 deep 

space optical communications demonstration via NASA’s Pysche mission traveling to a 

position between Mars and Jupiter in the asteroid belt using a 4 W, 1550 nm laser to 
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download data to earth at ~200 kbps to > 200 Mbps [79]. The California based earth stations 

use 1060 nm lasers as beacons to lock onto to the satellite and for data uplinks. As a final 

example, consider the European Space Agency’s Hera (deep space) mission. Hera, launching 

in 2024 to the Didymos-Dimorphos binary asteroid system, includes an inter-satellite link 

system between two CubeSats and the Hera mothership. The mothership will relay images 

and sensor data to earth [80-82]. Prior to Hera’s arrival in 2027, NASA’s asteroid impact 

mission spacecraft will intentionally crash into the Dimorphos moonlet (in 2022) at ~6.6 km/s 

to create a crater and alter the moonlet’s orbital period by several minutes. Hera will 

investigate the collision aftermath and communicate with earth at ~38 Mbps across 12M km 

and at ~200 kbps across 75M km via a 1064 nm uplink and a 1550 nm downlink [83,84]. 

 

Key attributes of mobile and fixed wireless communication systems include data rates, 

coverage, and latency (the delay between the ordering and execution of a data transfer). 

Practical concerns for terrestrial systems include cost (installation, operation, maintenance), 

safety, ease of use, the state (available performance) of the transceiver technology, reliability, 

authorized frequency bands (for RF but not for infrared), environmental impact (free space 

path loss), local topography, and energy consumption. Practical concerns for space systems 

include similar concerns but with a great emphasis on size, weight, and operating lifetime. 

 

1.4 State-of-the-art 

We exchange ginormous data quanta via infrared light across optical fiber and via radio 

waves. Subsea cables carry ~98 % of international Internet traffic [85-87]. The modern 

~6,640 km (4,125 mile) Marea (“tide” in Spanish) trans-Atlantic submarine cable has an 

operating capacity of ~26.2 terabits per second (Tbps) per single fiber pair (~200 Tbps total 

cable system capacity and 700 Gbps per wavelength) – and reached 28-30 Tbps (for a single 

fiber pair) in recent tests [88-90]. The Marea cable operates via dense wavelength division 

multiplexing combined concurrently with other advanced modulation schemes such as 

quadrature amplitude modulation and spatial multiplexing. The cable runs from Bilbao 

(Spain) to Virginia Beach (USA) and consists of 8 optical fiber pairs – each strand is a large 

area, low loss fiber with a pure silica fiber core. To put this data rate in perspective, since 

streamed ultrahigh definition (UHD) video requires ~7.2 gigabytes per hour (~16 megabits 

per second – Mbps) [91], Marea has the capacity (per fiber pair) to simultaneously stream 

~1.75 million UHD movies (at 28 Tbps). The 3,900 mile (~6276 km) Grace Hopper subsea 

cable (from New York to Bude and Bilbao by 2022) plans 350 Tbps data capacity [92].  

 

The record capacity for a laboratory (long or medium haul) optical fiber link test is 1 and 10 

petabit per second (Pbps). Two groups reported the 1 Pbps feat which included high order 

modulation and multiplexing schemes and elaborate, fast signal processing – the first across 

52.4 km using a novel 12-core optical fiber [93], and the second across 23 km using a new 

single core multiple mode optical fiber (guiding simultaneously 15 fiber modes) [94]. For the 

10 Pbps demonstration across 11.2 km, the researchers employed a 19-core optical fiber, 

where each core supported 6 spatial modes, 739 wavelengths per spatial mode, and 64 

symbols per wavelength [95]. Inter-data center optical fiber links, and data center to nearby 

industry and city links run at 400 Gbps [96-99], with 1.5 Tbps links on the horizon [100]. 

High data rates greatly enhance edge computing, which is data transfer or processing at or 

near the source of the data, rather than at a central (geographically distant) cloud data center. 

 

State-of-the-art data centers (and supercomputers) employ many bundles of VCSEL-based 

optical fiber interconnects. Highly reliable and temperature stable 850 nm VCSELs – with 
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modest bandwidths of 15-20 GHz and flat |S21| response curves to minimize jitter and noise 

– enable single channel optical fiber interconnects operating at 25 Gbps (up to 50 Gbps) per 

channel. The new OM5 multiple-mode optical fiber [101] is designed specifically for optimal 

data transmission at both 850 nm and 940 nm. Via wavelength division multiplexing, data is 

sent for example across OM5 fiber at 850, 880, 910, and 940 nm. The wavelength division 

multiplexing (WDM) scheme may be extended to include 980 nm [102] and longer 

wavelengths, for example up to 1060 nm [103,104], 1090 nm [105], and 1530 nm [106]. Via 

WDM and 4-level pulse amplitude modulation (PAM-4) [107,108], per channel VCSEL-

based optical interconnect data rates reach 800 Gbps [104]. 

 

In 2019, Deutsche Telekom purchased four frequency blocks in the 2.1 GHz band and nine in 

the 3.6 GHz band. These fifth generation (5G) frequency bands – after 497 auction rounds at 

a cost of 2.17 billion Euros – give exclusive operating rights until 2040 [109]. The companies   

Vodaphone, Telefonica Deutschland, and Drillisch similarly purchased 5G bands. In 2020, 

Deutsche Telekom (DT) rolled out 5G mobile wireless service on the 3.6 GHz frequency 

band (with 90 MHz of bandwidth) for short range (inter-city) cell coverage and on the 2.1 

GHz frequency band (which includes 15 MHz of bandwidth) for long range (suburban and 

rural) cell coverage [109]. The DT 5G coverage in Germany should reach 99 % by 2025. As 

of May 2021, the average 5G mobile download and upload data rates (averaging all 5G 

systems in Germany) were ~68 Mbps and 15 Mbps, respectively, with 32 ms latency [110]. 

 

Analogous 5G cellular rollouts progress around the globe. The 5G deployments in the United 

States include millimeter wave (mmWave) bands (24, 28, 37, 39, and 47 GHz), sub-6 GHz 

mid-bands (2.5, 3.5, 3.7-4.2 GHz), and sub-1 GHz low bands (600, 800, and 900 MHz) 

[13,111]. Although the 5G technology promises data rates (via mmWaves) up to ~20 gigabits 

per second (Gbps), as of May 2021 the 5G systems from T-Mobile, AT&T, and Verizon 

Wireless averaged mobile download and upload data rates of ~84 Mbps and 13 Mbps, 

respectively, with 41 ms latency [112]. As with all past generations, the 5G technology 

advances with time. The 5G (root metrics) race is on – in select commercial markets T-

Mobile demonstrated 300 Mbps to 1 Gbps [113], Verizon demonstrated 1.13 Gbps (~11 

times faster than 4G LTE [114]), and Samsung (Korea) demonstrated 4.3 Gbps [115]. 

 

Satellites offer another means to connect (wirelessly) to the Internet, most especially for rural 

and hard to reach areas – and to aircraft (example given, commercial airliners) while in flight 

– where broadband access is unavailable or highly limited. Constellations (hundreds to 

thousands are planned) [68] of small satellites in low earth orbits (altitudes of ~160 to 2000 

km (~99 to 1240 miles), with a typical orbital period of ~88 to 127 minutes [116]) link to 

each other and to ground stations and provide data rates comparable to current 5G cellular via 

RF transmissions to fixed ground stations. For the second quarter (Q2) of 2021, for example, 

the median data rates in the United States (US) for the Starlink [117] system reached 97.23 

Mbps (download) and 13.89 (upload) with a 45 ms latency. 

 

The Q2 2021 US median data rates for the HughesNet satellite communication system – 

which utilizes satellites in geosynchronous orbits (altitudes of ~35,785 km or 22,236 miles), 

thus increasing latency due to the increased distance between the sender and receiver – 

reached 19.73 Mbps (download) and 2.43 Mbps (upload) with a 724 ms latency [117]. The 

ViaSat system achieved similar mean Q2 2021 results of 18.13 Mbps (download), 3.38 Mbps 

(upload), and 630 ms latency. For comparison, the mean US fixed (terrestrial) broadband data 

rates for Q2 2021 reached 115.2 Mbps (download) and17.18 Mbps (upload) with a 14 ms 

latency [117]. In Q2 2021 the mean Starlink data rates exceeded the mean fixed broadband 
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rates in Canada, France, Germany, New Zealand, and in other countries, whereas the mean 

fixed broadband data rates exceeded the mean HughesNet data rates in Brazil, Chile, Mexico, 

and other countries [117]. The mean numbers in Germany for Starlink are 107.98 Mbps 

(download) and 23.98 Mbps (upload) with a 37 ms latency, and for fixed broadband are 58.17 

Mbps (download) and 18.16 Mbps (upload) with a 15 ms latency. 

 

While consumers depend on ubiquitous mobile wireless cellular communication and cloud 

computing – other pieces of the 5G evolution and the Next G vision are equally vital – such 

as wireless communication via RF fidelity (WiFi) and Bluetooth transceivers [118,119]. The 

omnidirectional radio broadcasts of the latest Bluetooth 5 LE (low energy) systems (since 

2006, 40 channels spaced by 2 MHz with up to 100 mW of transmitter power at frequencies 

between 2.402 to 2.481 GHz) enable 2 Mbps point-to-point, point to multiple point, and mesh 

network communication across 240 m outdoors and 40 m indoors. In low power mode the 

Bluetooth range increases, but at a reduced data rate of 500 kbps [120]. The Bluetooth 5 LE 

supports direction finding and (purportedly) accurate distance measurements.  

 

Free space communication, sensing, and illumination based on AlGaInN semiconductor light-

emitting diodes (LEDs) or laser diodes has spawned several new companies [121,122] 

focused on low-cost light fidelity (LiFi) [123-125] and visible light communication (VLC) 

[126]. State-of-the-art demonstrations include a 1 Gbps WiFi dongle [127], 3.4 Gbps over 15 

cm via a white (red-green-blue) LED [128], a 10 m aperture diameter blue micro-LED at 

7.7 Gbps [129], and a blue laser diode (with a -3 dB small signal modulation bandwidth of 

3.5 GHz) operating at a data rate of 11 Gbps across 5 m, and at 1.7 Gbps across 50 m [130]. 

 

1.5 Infrared VCSEL free space links 

The 1990s and early 2000s brought many publications on independently-addressable VCSEL 

arrays aimed at free space (integrated circuit chip to chip) optical interconnects (OIs) – many 

parallel OIs over short (millimeter) distances [131] seeking the highest possible bit rates. 

Examples include: 1) in 1998, 1D arrays of substrate emitting 980 nm VCSELs with 

integrated lenses operating at 500 Mbps per channel over 5 to 10 mm [132]; 2) in 2002 a 512-

element 2D VCSEL array operating at 500 kbps per channel over 83 mm [133]; and 3) in 

2002 a VCSEL-based optical interconnect fabric capable of a cumulative 160 Gbps [134]. 

Such massive, parallel VCSEL-based OIs inspired interest in optical computing. I focus my 

work on VCSEL array light sources for 25 Gbps or faster links across meters to kilometers. 

 

In Table 1.5.1 I summarize published research and product specifications to date on infrared 

VCSELs for free space links – emphasizing key results in bold text. The seminal 2005 results 

by Fuji Xerox produced 2.5 Gbps optical links (to replace electrical cables for optical HDMI 

television links) and recognized the critical importance of the beam shape (far field pattern) 

impinging on the photodetector and operating temperature stability. Other promising work in 

Table 1.5.1 include the 10 Gbps link result across 108 m and the two commercial full duplex 

systems capable of operating at ~1 Gbps across 2 km in light fog or rain. 

 

In Table 1.5.2 I summarize published work on VCSEL arrays with reported high bandwidth 

(f3dB) and high optical output power (L). The foundational work at Colorado State University 

includes VCSEL arrays specifically for FSOC, with record f3dB ~7.6 GHz and L ~150 mW. In 

contrast, VCSEL arrays for sensing (3D imaging, structured light, light detection and ranging, 

and illumination) typically aim for fast rise and fall times, and maximum wall plug efficiency 

and L via cascaded active regions – without deep concern for high f3dB or bit rate [23,136].   
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TABLE 1.5.1 

FREE SPACE LINKS VIA INFRARED VCSELS AND VCSEL ARRAYS 

year reference milestones and comments 

2005 
Fuji Xerox, Japan; 

Yoshikawa et al. [137] 

experimental 2x2, 3x3, and 4x4 850 nm VCSEL arrays emitting 

conical far field patterns (optimized for optical output powers 10, 20, 

and 40 mW, respectively) – all achieved free space 2.5 Gbps with 

divergence angles 24.4° (3x3) and 21.6° (4x4); distance not specified 

2006 

Airlinx Communications 

Inc., USA; as specified on a 

2006 data sheet [138] 

commercial free space link products based on 850 nm VCSELs – up 

to 4.8 km at 155 Mbps (full duplex) in light rain/fog (FSA155E 

version); up to 2 km at 1.25 Gbps (full duplex) in light rain or fog 

(FSA-G version) decreasing to 600 m in a moderate fog or monsoon 

2014 
TriLumina Inc., USA; 

Carson et al. [139] 
37-element 940 nm bottom-emitting VCSEL array with 6 m oxide 

apertures – free space 5 and 10 Gbps error free across 0.5 to 108 m 

2017 
consortium of 2 groups in 

Taiwan; Lu et al. [140] 

experimental free space link via a 1550 nm VCSEL (f3dB ~11.2 GHz) 

modulated at 32 Gbps and optically pumped (injection locked [141]) 

by a distributed feedback (edge emitting) laser diode – 64 Gbps 

across 100 m using 4-level pulse amplitude modulation at a BER ~1 

x 10-9 via eye diagram capture and post (offline) computer processing 

2018  

Wireless Excellence Ltd, 

UK; as specified on a 2018 

data sheet [142] 

commercial G2000 free space link products based on 780 nm 

VCSELs – up to 2 km at 1.5 Gbps, 79 mW output power (+19 

dBm), and less than 4 milliradian beam divergence 

2019 

Scuola Superiore 

Sant’Anna, Italy;              

Ali et al. [143] 

experimental single 850 nm VCSEL for inter-data center free space 

optical links – 10 Gbps at a bit error ratio of 1 x 10-9 across 3 m; 

targeting parallel server to server top rack links 

2020 

Broadcom Inc., USA; as 

specified on a 2020 data 

sheet [144] 

commercial optical wireless communication (OWC) transceiver – 

850 nm VCSEL at 5 Gbps across 100 mm (0.1 m) of free space for 

industrial (manufacturing) applications 

2020 
Oregon State University, 

USA: Liverman et al. [145] 

experimental 60-element, 500 mW, 850 nm VCSEL array – 

achieved 1.5 Gbps across 3 m at a bit error ratio (BER) < 1 x 10-4; 

and an experimental single 850 nm VCSEL (emitting 2 mW) across 

3 m at 1.4 Gbps with a BER ~1 x 10-9 

 

 
TABLE 1.5.2 

BANDWIDTH, POWER, AND EFFICIENCY OF SELECTED INFRARED VCSELS AND VCSEL ARRAYS 

year reference milestones and comments 

2008 

Chalmers University of 

Technology, Sweden; 

Westbergh et al. [146] 

f3dB ~20 GHz with an oxide aperture diameter (ϕ) of ~9 m; 850 nm 

oxide confined quantum well VCSEL – at the time a record 

bandwidth for the moderately large ϕ 

2009 

2010 

Colorado State University; 

Safaisini et al. [147,148] 

28-element 980 nm VCSEL array with f3dB ~7.6 GHz – peak CW 

optical output power of ~150 mW, and WPEmax ~12% - first attempt 

to produce a VCSEL array for free space optical communication with 

both high bandwidth and high optical output power 

2017 
consortium of 3 groups in 

Taiwan; Yen et al. [149] 

2-element 850 nm VCSEL array – 32 Gbps across 100 m of OM4 

multiple-mode optical fiber; f3dBmax ~24 GHz 

2018  
Tsinghua University;      

Wei et al. [150] 

850 nm single VCSEL – |S21| measurements across air (free space) 

via lenses; reported f3dBmax 1.05 GHz across 3.1 m free space 

2020 

consortium of universities 

and a company in Taiwan 

Khan et al. [151] 

~570-element 940 nm VCSEL array – quasi-single-mode 4 W at 

1% duty cycle; divergence angle ∼14°; rise time < 100 ps 

2020 

consortium of universities 

and a company in Taiwan; 

Khan et al. [152] 

3x3 940 nm VCSEL array – quasi-optically coupled; 62.4 mW 

single spot output, divergence angle only ~5°; and f3dB = 10 GHz 
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1.6 Scope 

I limit my applied physics dissertation to an experimental study of top-surface-emitting single 

(1-element), triple (3-element), septuple (7-element), and novemdecuple (19-element) 980 

nm VCSELs and VCSEL arrays via on-wafer probing. I include a limited result set of 940 nm 

VCSELs. I perform: 1) static light output power and voltage versus current (LIV) 

measurements; 2) static spectral emission versus bias current measurements; 3) small-signal 

modulation frequency response (|S21|) measurements; and 4) data transmission (bit error ratio 

- BER) tests. I design my VCSEL epitaxial structures via proprietary computer software, and 

I fabricate all my VCSEL wafer pieces in TU Berlin’s Center of Nanophotonics. 

 

It is – perhaps – easiest to list what I do not pursue within my dissertation (considering the 

questions arising during reviews of my submitted journal papers). I do not: 1) perform 

theoretical numerical studies, modeling, or simulations of VCSEL arrays (excluding VCSEL 

epitaxial design and real space energy band modeling); 2) perform detailed statistical studies 

of wafer processing yield, uniformity, or performance; 3) perform small signal modulation 

frequency response (|S21|) or large signal data transmission (bit error ratio) tests across free-

space – but rather only across multiple-mode optical fiber in controlled laboratory tests; 4) 

investigate high order modulation schemes – but rather I use exclusively (standard) 2-level 

pulse amplitude modulation (PAM-2); 5) design, build, or test VCSEL driver (transmitter) or 

photodetector receiver circuits; 6) perform free-space optical communication links tests (e.g., 

I do not study the impact of scintillation – atmospheric scattering, turbulence, or weather – or 

speckle mitigation on VCSEL-based free space optical link performance); 7) report (in this 

dissertation) |S11| and far field intensity measurements; and 8) perform studies of packaging, 

beam shaping, and beam steering via for example etched or attached surface micro-lenses. I 

recommend in Chapter 8 these eight provocative topics (and others) for future work. 

 

1.7 Key results 

In Table 1.7.1 I list key results, including the -3 dB small signal modulation frequency (f3dB), 

the continuous wave (CW) optical output power (L), wall plug efficiency (WPE), and 

maximum bit rate (across an OM1 multiple mode fiber patch cord) corresponding to a bit 

error ratio (BER) < 1 x 10-12. I list selected figures of merit at the reference current density of 

J ~10 kA/cm2. The bit rates are from data transmission tests across a standard OM1 multiple-

mode optical fiber patch cord using 2-level pulse amplitude modulation and a pseudorandom 

binary sequence of word length 27-1 (as explained in Section 2.3.4). See also Chapter 8 

(Section 8.1) for a list of dissertation research contributions. 

 
 

TABLE 1.7.1 

KEY RESULTS 

reference results 

Chapter 2 

• top-surface-emitting epitaxial VCSEL designs (grown by JENOPTIK GmbH, Berlin) by 

metal-organic vapor phase epitaxy (MOVPE) – resulting in multiple performance records 

  -- 980 nm emission (Ka’anapali) for high optical output power (L) and bandwidth 

  -- 980 nm emission (Kapalua) with mixed binary-ternary bottom distributed Bragg reflector 

  -- 940 nm emission (Koloa) for extra high optical output power (L) 

Chapter 3 

& 

Appendix 

A 

• new (2018) experimental mask set – containing columns of single VCSELs, and triple, 

septuple, and novemdecuple VCSEL arrays, with varying top mesa diameter, inter-VCSEL 

spacing, bottom mesa diameter, with and without top mesa ridge connectors and p-metal, etc. 

 

• fine tuning/development of VCSEL wafer processing recipes for the new 2018 mask set 
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Chapter 4 

• single 980 nm VCSELs with oxide aperture diameter (ϕ) 

  -- for ϕ ~3 m, f3dBmax ~35.5 GHz with a corresponding CW L ~3.5 mW (at I = 3.75 mA) 

  -- for ϕ ~23.5 m, f3dBmax ~21.2 GHz with a corresponding CW L ~31.8 mW 

  -- for ϕ ~43.5 m, f3dBmax ~14.1 GHz with a corresponding CW L ~60.1 mW 

 

• triple (3-element) 980 nm VCSEL array with ϕ ~7.5 m 

  -- f3dBmax ~25.5 GHz with a corresponding CW L ~22.7 mW (~7.6 mW per VCSEL) 

  -- WPEmax = 35 % 

 

• septuple (7-element) 980 nm VCSEL array with ϕ ~7.5 m 

  -- f3dBmax ~24.8 GHz with a corresponding CW L ~50.1 mW (~7.2 mW per VCSEL) 

•   -- WPEmax = 34 % 

Chapter 5 

• single reference 980 nm VCSELs 

  -- for ϕ ~7.5 m, maximum bit rate = 45 Gbps at J ~20.4 kA/cm2 

  -- for ϕ ~13.5 m, max. bit rate = 35 Gbps at J ~13.3 kA/cm2 (compare to 7.5 m triple) 

  -- for ϕ ~19.5 m, max. bit rate = 35 Gbps at J ~10.7 kA/cm2 (compare to 7.5 m septuple) 

 

• triple (3-element) 980 nm VCSEL array with ϕ ~7.5 m 

  -- 40 Gbps at J ~17.4 kA/cm2 

  -- CW L = 11.4 mW and WPE ~34 % at J ~10 kA/cm2 

   -- CW L = 17.2 mW and WPE ~30 % at J ~15 kA/cm2 

 

• septuple (7-element) 980 nm VCSEL array with ϕ ~7.5 m 

  -- 40 Gbps at J ~10.3 kA/cm2 

  -- CW L = 31.1 mW and WPE ~35 % at J ~10 kA/cm2 

  -- CW L = 45.9 mW and WPE ~30 % at J ~15 kA/cm2 

Chapter 6 

• novemdecuple (19-element, A0 array design) 980 nm VCSEL array with ϕ ~7.5 m 

  -- at 25 °C and I = 225 mA (J ~26.8 kA/cm2) the CW Lmax = 157 mW 

  -- at 85 °C and I = 175 mA (J ~20.8 kA/cm2) the CW Lmax = 87 mW 

   

  -- at 25 °C to 85 °C the WPEmax is ~37 % to 30 % 

  -- at 25 °C to 75 °C and J ~10 kA/cm2 the WPEmax is ≥ 30 % 

 

  -- 25 Gbps at 25 °C at J ~16.2 kA/cm2 (I = 137 mA) – the corresponding f3dB ~18 GHz 

 

• novemdecuple (19-element, A0) 980 nm VCSEL array with ϕ ~7.5 m at J ~15 kA/cm2 

  -- at 25 °C the f3dBmax = 18.3 GHz (the corresponding L varies from ~120 to 150 mW) 

  -- at 55 °C the f3dBmax = 17.6 GHz (the corresponding L varies from ~100 to 110 mW) 

  -- at 85 °C the f3dBmax = 15.6 GHz (the corresponding L is nearly constant at ~80 mW) 

  -- these three f3dBmax decrease by ~2 GHz at J ~10 kA/cm2 

Chapter 7 

• 19-element 980 nm VCSEL arrays (six geometric array variations A0 to A5) at 25 °C 

     -- Jth ~0.9 kA/cm2 (threshold current density) for the six arrays and their reference single  

         VCSELs which have ~equal total emission areas 

     -- WPEmax for the arrays is ~30 to 38% at J ~4 to 6 kA/cm2 

 

     -- for ϕ ~7.5 m/VCSEL: f3dBmax ~18 GHz (A2); and Lmax ~169 mW (A0) 

     -- for ϕ ~7.5 m/VCSEL (A2): 25 Gbps at J ~11.2 kA/cm2 (I = 94 mA) – the  

         corresponding figures of merit are f3dB ~16 GHz, L ~80 mW, and WPE ~31 % 

 

     -- for ϕ ~10.5 m/VCSEL: f3dBmax ~18 GHz (A5); and Lmax ~230 mW (A3) 

     -- for ϕ ~10.5 m/VCSEL (A5): 25 Gbps at J ~8.9 kA/cm2 (I = 146 mA) – the  

         corresponding figures of merit are f3dB ~18 GHz, L ~150 mW, and WPE ~30 % 

 

• 19-element 980 nm VCSEL arrays at 25 °C and J ~10 kA/cm2 

     -- for ϕ ~7.5 m (A2): f3dB ~15.3 GHz – the corresponding CW L ~74.2 mW 

     -- for ϕ ~10.5 m (A5): f3dB ~17.7 GHz – the corresponding CW L ~154 mW 
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1.8 Organization 

I Introduce my research in Chapter 1, and include my motivation, the limited scope of my 

dissertation, my key contributions to science, and I outline the organization of this document. 

In Chapter 2 I provide background information on fundamental VCSEL physics – including 

the details of my new 980 nm and 940 nm VCSEL epitaxial designs and measurement test set 

ups and methods. I include new measured data as examples – enabling the reader to quickly 

grasp the significance of my main results contained in Chapters 4 to 7. In Chapter 3 I explain 

in detail my new VCSEL array geometry and mask set, my cleanroom processing methods, 

and my selective wet thermal oxidation measurement method along with text oxidation 

results. Chapters 4 to 7 contain my research results on triple (3-element), septuple (7-

element), and novemdecuple (19-element) VCSEL arrays, and include (reference) single 

VCSEL results. In Chapter 4 I present my initial study of triple and septuple 980 nm VCSEL 

arrays, followed by a more extensive study in Chapter 5 which includes (for the first time) 

data transmission tests with VCSEL arrays. In Chapter 6 I focus on a comprehensive study of 

the temperature performance of a 19-element VCSEL array, then follow this in Chapter 7 

with a comparative study of the static and high frequency performance of six different 19-

element VCSEL array designs. To conclude in Chapter 8, I list my top 10 accomplishments 

and I list 10 recommendations for future study. I include 2 appendices of supporting 

materials. Appendix A contains my step-by-step VCSEL fabrication procedures and 

associated images. In Appendix B I describe on-wafer mapping of the static light output 

power-current-voltage (LIV) characteristics of my processed VCSEL wafer pieces. 
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Chapter 2 

 
 

Fundamentals 

 

 

 
ertical cavity surface emitting lasers (VCSELs) emerged from bits and pieces, 

demonstrations and dead ends, great ideas and illuminating experiments – all from a 

plethora of research and development entities led by distinguished (on and off the grid) 

scientists, engineers, university and institute professors, research groups, and commercial 

(product-focused) teams. The pioneering VCSEL contributions drew from foundational work 

on the interplay of matter and energy – specifically Einstein’s description of stimulated 

emission, spontaneous emission, and absorption via energy quanta [1], heterojunctions (and 

thus quantum potential wells), optical thin films, microcavity resonators, epitaxial crystal 

growth, and much more. In this chapter I present only the most essential VCSEL pieces and 

concepts – to provide the reader with a fundamental grounding and (ideally an) appreciation 

for my dissertation work. 

 

This chapter serves three purposes: 1) to provide background; 2) to detail my experimental 

methods; and 3) to unveil (introduce) my actual 980 nm and 940 nm VCSEL designs. After a 

very brief early historical timeline wherein I describe the evolution of the modern VCSEL via 

a list (not comprehensive) of selected VCSEL – and primordial VCSEL – milestones I tersely 

outline six basic VCSEL constructs and concepts, using as examples my experimental 

calibration and device structures. When describing my test equipment set ups I include my 

measured VCSEL data and I review a few key (common) VCSEL figures of merit. 

 

2.1 Very brief VCSEL history 

Semiconductor lasers materialized in 1962, just two years after the first ruby laser in 1960 and 

nine years after the first maser in 1953 [2]. The edge emitting PN junction laser (i.e., the laser 

diode) advanced from concept to advanced product over circa two decades due primarily to the 

adoption of heterojunctions and the development of crystalline semiconductor epitaxial growth 

techniques – and the massive development of optical fiber communication technology circa the 

1970s (which depended on advances in horizontal cavity edge emitting laser diodes). The 

VCSEL – a newer form of semiconductor laser – combines several novel structures into one 

magical assembly, and its historical development reflects a collage of seminal ideas and 

polymorphs (many forms). In Table 2.1.1 I list a few selected early VCSEL papers, humbly 

noting it is impossible to properly credit all those who contributed (massively or via just one 

small genius idea or demonstration) and to properly list all seminal ideas and key milestones. 

I gloss over/omit high power arrays, photonic crystal VCSELs, vertical external cavity SELs, 

GaN (ultraviolet to blue-green) VCSELs, red VCSELs, surface gratings for polarization control 

(e.g. for optical mice and atomic clocks), quantum dot VCSELs, tunable VCSELs, metal clad 

nanolasers, slow light VCSELs, and much more.  For a deeper retrospective on VCSELs I 

suggest review papers [3-6], books [7-13], and thousands of accessible online publications. 

V 
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TABLE 2.1.1 

SELECTED MILESTONES IN THE EVOLUTION OF MODERN VCSELS 

 

year reference milestones and comments 

1965 Melngailis [14] first surface emitting laser (SEL) diode – 5200 nm InSb SEL at ~10K 

1971 Kogelnik & Shank [15] lasing via backward Bragg scattering – distributed feedback concept 

1974 Dingle et al. [16] 
GaAs quantum well (QW) with AlGaAs barrier – QW for optical gain 

and numerical model based on the 1D Schrödinger equation 

1974 van der Ziel et al. [17] lasing from stacked AlGaAs/GaAs QWs – multiple QW concept 

1975 van der Ziel & Ilegems [18] AlGaAs/GaAs distributed Bragg reflector – first semiconductor DBR 

1975  Scifres et al. [19] 
distributed feedback (DFB) laser diode – stable single mode for 1300-

1550 nm telecommunications (matched to optical fiber) 

1975  Reinhart et al. [20] 
3rd order distributed Bragg reflection grating – passive frequency 

selective section for edge-emitting lasers; RT pulsed lasing 

1975  Scifres & Burnham [21,22] laterally-injected AlGaAs/GaAs DBR – vertical emission laser diode 

1979 Soda et al. [23] 
1180 nm GaAsInP surface emitting injection laser; 77K pulsed – thick 

Au mirror and a thin, semi-transparent Au coupling mirror 

1983 Ogura et al. [24] AlGaAs DBR mirror – idea to use DBRs as mirrors for SELs 

1984 

1985 
Ogura et al. [25,26] 

laterally injected (transverse PN junction) DFB SEL – optically a λ/2 

cavity DBR VCSEL (first cavity Fabry-Pérot etalon with DBRs) 

1985 

1986 
Iga et al. [27,28] 

SEL, two Au mirrors; cavity length vs mode analysis; 1-2 m thick 

GaAs active layer & R > 0.95 – pulsed RT at 874 nm; Jth ~25 kA/cm2 

1986 Arakawa & Yariv [29] numerical analysis of QW laser diodes – gain, spectra, & dynamics 

1987 Iga et al. [30] 883 nm cavity SEL 300K pulsed – dielectric DBR coupling mirror 

1987 Gourley & Drummond [31] 
optically pumped, 740 nm (near visible) VCSEL – AlGaAs/GaAs 

QWs and AlGaAs DBR mirrors; optically a modern VCSEL 

1988 Sakaguchi et al. [32] 
first called a “VCSEL” – 3 m (bulk GaAs) double heterostructure 

active region, Au 100% mirror and an AlGaAs coupling DBR 

1989 Corzine et al. [33] resonant periodic gain – QWs at optical field intensity antinodes 

1989 Botez et al. [34] 
Jth ~10 kA/cm2 pulsed – “VCSE” with AlxGa1-xAs (x = 0.1 & 0.7) 

semiconductor stack reflector (SSR) mirror; epitaxial regrowth  

1989 Jewell et al. [35] 
first electrically injected (pulsed) VCSELs; by MBE – etched air 

pillars with ϕ ~2 to 5 m mesas; emitting at 958 nm; employs 3 QWs 

1989 Lee et al. [36] 
first CW RT VCSELs; array of precisely etched ϕ ~5 to 25 m pillars 

grown by MBE – substrate emitting at 983 nm 

1990 Ogura et al. [37] 
2x2 array; buried heterostructure (via a regrowth) SEL – pulsed room 

temperature (RT) emission at 874 nm 

1990 Lee et al. [38] 
CW at RT; four 10 nm-thick GaAs QWs; 1λ cavity; step graded DBR; 

emission at 845 to 847 nm – proton implant isolation; top emitting 

1990 Tai et al. [39] reduced DBR series resistance – MBE step layer, superlattice grading 

1990 Chang-Hasnain et al. [40] 2D 8x8 VCSEL array – uniformly spaced wavelengths at ~950 nm 

1990 van der Ziel et al. [41] 
3x3 VCSEL array – optically (phase) coupled; 7 m pitch, ϕ ~10 m; 

1 m active layer; AlAs/GaAs (n)DBR & top Si-Vycor DBR 

1990 

1991 
Geels et al. [42,43] 

InGaAs QW, AlGaAs DBRs, 980 nm substrate emitting VCSELs – 

etched pillars surrounded by polyimide planarization 

1993 Young et al. [44] 
25 nm gain to etalon offset – MBE AlAs/GaAs (binary) superlattice 

grading & digital alloys; 33 mW CW at 997 nm; substrate emission 
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1993 Chalmers and Killeen [45] 
in situ R measurement(s) during MBE growth of VCSELs – allows 

epitaxial layer thickness correction(s) during resumed growth(s) 

1993 Lott et al. [46] first AlGaInP/AlGaAs (red) VCSELs – top emitting ~620 to 690 nm 

1994 Huffaker et al. [47] 
oxide VCSEL via (p)AlAs λ/4 layer; 3 InGaAs QWs; ZnSe/CaF2 top 

coupling DBR – record low Ith =225 A for ~8x8 m2 aperture 

1994 Choquette et al. [48] 
oxide 980 nm QW VCSEL via (p)Al0.98Ga0.02As λ/4 top DBR layer; 

Al0.9Ga0.1As/GaAs DBRs; Ith=900 A, Vth=1.42 V for asq ~4.5x8 m2 

1995 Lear et al. [49] 
50% maximum wall plug efficiency; 0.78 W/A LI slope – 7x7 m2 

oxide aperture ~968 nm VCSEL; InGaAs QWs and AlGaAs DBRs 

1995 

1996 
Hadley et al. [50,51] 

effective index method – 2D numerical model for cylindrically-

symmetric oxide aperture VCSELs 

1996 Lear and Schneider [52] Uniparabolic grading of DBRs for low series resistance VCSELs 

1997 Lear et al. [53] 
record 21.5 GHz bandwidth – single mode oxide aperture (4x4 m2) 

850 nm VCSEL with top n-doped DBR, p-doped bottom DBR 

1997 Choquette et al. [54,55] 
threshold current and gain versus oxide aperture size, thickness, and 

placement for 850 nm VCSELs – top and bottom DBR oxide layers 

1997 Wenzel & Wünsch [56] effective frequency method – 2D simulation of cylindrical VCSELs 

1997 Babić et al. [57] first CW RT 1550 nm VCSELs – double fused with AlGaAs DBRs 

1997 

1998 
Noble et al. [58-60] 

oxide VCSEL cylindrical optical models – full vector weighted index 

& finite element full vectoral quasi-exact solutions; LP modes vs. ϕ 

1998 Francis et al. [61] 
1.7 W CW at RT – 1000-element substrate emitting VCSEL array; 

~940 nm InGaAs QW and AlGaAs DBR; each VCSEL ϕ ~10 m 

1999 Grabherr et al. [62] 
28-element (electrically parallel) substrate emitting 980 nm VCSEL 

arrays – 0.56 W CW for ϕ~40 m; 0.8 W when actively cooled 

2000 Chang-Hasnain et al. [63] 
tunable VCSELs – via selective (sacrificial) etching of micro-electro-

mechanical (MEM) flexures; variable thickness air cavity 

2001 Knödl et al. [64,65] bipolar cascade VCSELs – multiple tunnel junctions and QW groups 

2001 Bienstman et al. [66] comparison of various oxide VCSEL optical simulation models  

2002 Gustavsson et al. [67] optical-electrical-thermal model of VCSEL modal dynamics 

2002 Zorn et al. [68] in situ measurement of optical power reflectance during MOVPE 

2002 Hawkins et al. [69] 
oxide VCSEL reliability study for ϕ~5, 14, and 17 m; reliability 

improves as ϕ increases; seek J ≤ 10 kA/cm2 and a stability burn-in 

2004 Lu et al. [70] 
intracavity mode patterning via etching/regrowth – oxide-less 

VCSELs; reduced scattering & cavity losses; improved T dissipation 

2005 Dems et al. [71] 
planewave admittance method – a novel numerical formalism to 

determine electromagnetic modes in photonic structures 

2005 Yoshikawa et al. [72] 
2x2, 3x3, 4x4 VCSEL arrays targeted for both high bandwidth and 

high optical output power – for free space optical (TV HMDI) links 

2007 Huang et al. [73] 
high index contrast subwavelength grating (HCG) – novel broad 

stopband and thin VCSEL mirror; enables MEM tuning; long λ 

2008 Westbergh et al. [74] 
f3dB ~20 GHz (record) and CW L ~6 mW at I = 10 mA with an ϕ ~9 

m 850 nm oxide aperture QW VCSEL 

2009 Chang & Coldren [75] 
35 Gbps, ϕ ~3 m 980 nm substrate emitting VCSELs – tapered single 

oxide; multiple deep oxide layers; graded & modulation doped DBRs 

2009 

2010 
Safaisini et al. [76,77] 

28-element, electrically parallel, substrate emitting 980 nm VCSEL 

array – RT CW 200 mW; 60 ps FWHM pulsed output; f3dB ~7.6 GHz 

2011 Larsson et al. [5] 
key 850 nm VCSEL advances at Chalmers Univ. of Tech. – surface 

etching/gratings; mode control & modeling; record f3dB & bit rates 
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2013 Spiga et al. [78] 
1300 nm tunnel junction VCSEL; dielectric DBRs – 30 Gb/s up to 10 

km and 25 Gb/s up to 25 km; energy use metric = 24 fJ/(bit∙km) 

2015 Moser et al. [12] 50 Gb/s with 980 nm VCSELs – also record 56 fJ/b energy efficiency 

2015 Haglund et al. [79] 
optimal photon lifetime (relaxation oscillation damping) for 850 nm 

VCSELs – impact on dynamics, eye patterns, and bit error ratio 

2016 Haglund et al. [80] 50 Gb/s 850 nm VCSELs – study of optical & electrical confinement 

2016 Beadsworth et al. [81] 
high packing density of 2001-element ϕ~2 m VCSEL array – record 

1.6 W CW single mode optical output power and T stability 

2017 Spiga et al. [82,83] 50 Gbps 1550 nm VCSELs – tunnel junction; dielectric DBRs 

2017 

2019 
Simpanen et al. [84-86] 

1060 nm VCSELs – 100 fJ/bit; 50 Gb/s at 25 °C, 40 G/s at 85 °C via 

2-level NRZ modulation; & 25 Gb/s across 1 km multi-mode fiber 

2019 Gębski et al. [87] 980 nm VCSEL – top monolithic high index contrast grating mirror 

2019 Lavrencik et al. [88] 
transmitter equalization for 850 nm, 980 nm, and 1060 nm VCSELs 

and 100m OM5 links – enabling 78 Gb/s PAM-2 error free links 

2020 Khan et al. [89] 
~570-element 940 nm VCSEL array – quasi-single-mode 4 W at 1% 

duty cycle; divergence angle ∼14°; rise time < 100ps 

2020 Khan et al. [90] 
3x3 940 nm VCSEL array – quasi-coherent; 62.4 mW single spot 

output with divergence angle only ~5°; -3 dB bandwidth = 10 GHz 

   

2018-

2020 

Haghighi et al. [this 

dissertation] 

2D electrically parallel (optically uncoupled) 980 nm VCSEL arrays 

– for free space optical (wireless) communication and 5G/6G sensing 

 

2.2 Essential concepts and constructs 

I build a basic description of modern experimental VCSELs via six fundamental constructs and 

concepts (in the spirit of Six Easy Pieces [91]). I include simulations of example VCSEL 

conceptual elements – but more importantly I present simulations of, and measured data from 

my actual 940 and 980 nm VCSEL (calibration) structures. We grow all structures (calibration 

wafers and VCSEL wafers) by metal-organic vapor phase epitaxy (MOVPE). Unless noted all 

results are at ambient (room) temperature. In my university laboratories at the Technical 

University Berlin, room temperature (RT) is ~23-25 °C. 

 

2.2.1 Epitaxy 

Epitaxial crystal growth (see [92,93]) is the starting point and the key enabling technology for 

modern VCSELs. Under the leadership of Dr. Martin Zorn at JENOPTIK Optical Systems 

GmbH (Berlin, Germany), we grow my VCSEL calibration and complete VCSEL structures 

by metal-organic vapor phase epitaxy (MOVPE) via an Aixtron (produced in Aachen, 

Germany) multiple wafer planetary MOVPE system. We use standard Group III (from the 

periodic Table) precursor gases (obtained via hydrogen carrier gas bubblers at regulated 

temperatures and pressures) including tri-methyl aluminium, tri-methyl gallium, and tri-methyl 

indium. We use the standard Group V gas sources arsine, and phosphine, and the standard 

dopant precursor gases disilane (for n-doping) and carbon tetrabromide (for p-doping of low 

Al content layers). We achieve high p-doping via carbon (C) incorporation from the Group III 

tri-methyl precursors by adapting the growth conditions (e.g., the temperature, pressure, flow 

rates, precursor pressure ratios) to increase C incorporation in the growing epitaxial layers. As 

shown in Figure 2.2.1.1, we employ novel in situ monitoring tools ([94]) to control and tweak 

the growth conditions during the epitaxial growth – ensuring precise layer thicknesses and 

compositions and leading to reduced cost via fewer calibration growths. 
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Figure 2.2.1.1: (bottom) In place optical power reflectance R at the MOVPE growth temperature Tg 

(~600-800 °C which varies with time – the n-doped DBR is grown at a different T than the p-doped 

DBR) of my Koloa 940 nm VCSEL design (see Section 2.4) as a function of time (t) during epitaxial 

growth. (upper left) R versus time during epitaxial growth at a measurement wavelength of ~860 nm 

(the black vertical line in the bottom figure); and (upper right) R versus wavelength at T ~400 °C – after 

epitaxial growth during reaction chamber cool down toward room temperature.  
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We perform post growth wafer measurements on calibration structures via the following 

techniques: optical power reflectance; laser scattering/reflecting surface scans, 

photoluminescence (PL); electroluminescence (EL); X-ray diffraction (XRD); and 

electrochemical capacitance voltage (CV) doping density profiling – then we grow complete 

VCSEL structures. In the following sections I show examples of VCSEL calibration data.  

 

2.2.2 Quantum well 

My first VCSEL basic building block is a semiconductor quantum well (QW) photon engine. 

We use QWs in a plethora of semiconductor devices for their unique electrical and optical 

properties. Multiple sequences of periodic or aperiodic QWs and barrier layers enable – for 

example – superlattices and bandgap engineering and serve as key building blocks of quantum 

cascade laser diodes, resonant tunnelling diodes, and as the active regions for light emitting 

semiconductor devices such as edge-emitting laser diodes and VCSELs. In VCSELs we may 

use alternative active elements such as quantum dots or quantum wires, but in general QWs 

yield practical and superior results for experimental and commercial (high volume) VCSELs. 

 

My 980 nm VCSEL active region consists of multiple (five) ~4 nm thick (u)InyGa1-yAs QWs 

where y ~0.23 and (six) ~5.1 nm-thick (u)GaAs1-xPx barrier layers where x ~0.14, as shown as 

the inset schematic (simplified, real space, charge neutral) energy band diagram in Figure 

2.2.2.1. We grow via MOVPE in the z-direction on an (001)-oriented (u)GaAs substrate, the 

fully undoped (u) multiple QW test structure with 135 nm-thick (u)Al0.38Ga0.62As cladding 

layers and a 10 nm thick (u)GaAs capping layer. We include 5 nm thick (u)GaAs layers (not 

included in the full 980 nm VCSEL growths) between the outer (u)GaAs0.86P0.14 layers and the 

(u)Al0.38Ga0.62As cladding layer to separate Al from P during the calibration epitaxial growth. 

 

 
Figure 2.2.2.1: Measured photoluminescence (PL) spectrum from a QW active region test structure 

optically pumped via a 532 nm (green) laser. Inset: schematic (simplified, real space, charge neutral) 

energy band diagram (the x=0.38 cladding layers extend outward 135 nm from the five ~4 nm thick 

QWs). I do not distinguish (in the inset) for example the light hole and heavy hole (gamma point) 

valence bands.  
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We excite the QW test structure with a 532 nm laser spot (thus carriers are generated and 

recombine in the QWs) and measure the resulting re-emission (photoluminescence (PL)). I 

show the PL results in Figure 2.2.2.1. We obtain a peak emission wavelength of 967.2 nm and 

a full width at half maximum (FWHM) of 24 nm. This PL enables us to tweak the mole fraction 

y of the InyGa1-yAs (adjust y for example by plus or minus 0.01 or less) in subsequent epitaxial 

growths to slightly increase or decrease the peak room temperature QW emission peak. 

 

The thin InGaAs QWs pseudo-morphically lattice-matched to GaAs are in compression and 

the GaAsP barrier layers lattice-matched to GaAs are in tension. These opposing 

(compensating) strains, by design, reduce the net active region strain to eliminate for example 

the possibility of threading dislocations (nonradiative defects). We measure the resultant strain 

to insure it is within acceptable limits by performing high resolution (λo = 1.540593 Å) X-ray 

diffraction (XRD) via an X-ray rocking curve analysis via a fitting algorithm for the composite 

structure as shown in Figure 2.2.2.2. Given the x-axis and y-axis lattice strain (ε = εxx = εyy = 

(as – aepi)/aepi), the z-axis (the epitaxial growth direction) strain εzz = -2·ε(C12/C11), where the 

C are elastic stiffness constants (in dyn/cm2). Parameter as is the substrate (GaAs) lattice 

constant and aepi is the epitaxial layer lattice constant. From the fitting to the X-ray data the z-

axis strain (εzz) is 1.6 % in each InGaAs QW and (εzz) is -0.52 % in each GaAsP barrier layer. 

We estimate our barrier layers compensate ~45% of the compressive QW strain. The z-axis 

lattice constant for pseudomorphic InGaAs layers, interestingly, expands slightly. The small 

QW strain leads to interesting gamma-point energy band properties and generally enhances the 

quantum efficiency (i.e., the QW (or modal) gain as a function of injected carrier density) for 

converting injected (or optically generated via laser pumping) carriers into photons [95,96].  

 

As an active region simulation consider the data in Figure 2.2.2.3. I model a 980 nm multiple 

QW active region (biased at 1.2 V, below the ~1.5 V threshold) via commercial software which 

self-consistently solves for the energy bands, quantum mechanical energy states and 

probability distributions, and current flow – while accounting for material strain and variable 

applied bias voltage. One key simulation (reference) result is the peak emission wavelength.  

 
Figure 2.2.2.2: Measured (red curve) and simulated (black curve) X-ray diffraction rocking curves for 

the QW active region calibration structure given in Figure 2.2.2.1. The fit yields εzz = 1.7641 % for 

the five InGaAs QW layers and εzz = -0.5251 % for the six GaAsP barrier layers. Thus, the 

barrier layers (-0.5251·5.1·6 = -16.07 nm-%) compensate an estimated 45 % of the total QW 

layer strain (1.7641·4·5 = 35.55 nm-%) since 16.07/35.55 ~ 0.45. 
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Figure 2.2.2.3: Self-consistent Poisson-Schrödinger-current simulation via [97] of a 980 nm QW test 

structure below Ith based on my 980 nm VCSELs but with different cladding layers and doping. The 

plots include the emission spectrum (bottom right), (gamma point) conduction band, heavy hole valence 

band (Evhh), the total relative quantized electron and hole densities, and a few of their probability 

functions |Ψi*Ψi|. We narrow emission by increasing V or adding background C doping to flatten Ec. 

 

2.2.3 Distributed Bragg reflector 

My second building block is a distributed Bragg reflector (DBR) designed to serve as a semi-

transparent, (ideally) non-absorbing, highly reflecting mirror. The DBR is a special type of 

planar, thin film, multiple layer optical interference filter consisting of quarter lambda 

(optically) thick, alternating high and low refractive index material layers – represented by the 

symbols H and L, respectively [98-100]. One DBR period is thus HL or LH, and a 37 period 

DBR is written 37(HL) or 37(LH). A DBR consists of two or more layers and one or more 

periods, where we maintain the low-high-low-high (LHLH . . ., etc.) sequence of layers. The 

λ/4-thick H and L layers may be relatively high and low index layers compared to other H and 

L layers assembled to form the DBR, for example a hybrid DBR composed of H1, H2, L1, and 

L2 layers with the form 5(H1L1)+10(H2L2), where the different refractive indices of λ/4-thick 

H1 and H2 layers are greater than the refractive indices of the λ/4-thick L1 and L2 layers. 

 

I limit my discussion to crystalline AlxGa1-xAs (0.0 ≤ x ≤ 1.0) DBRs for 980 nm VCSELs on 

GaAs substrates – and note that I may alternatively produce 980 nm DBRs composed of 

amorphous dielectric materials such as silicon dioxide (n ~1.45 at 980 nm), silicon nitride (n 

~2.0), titanium dioxide (n ~2.75 at 980 nm), and niobium pentoxide (n ~2.25 at 980 nm). In 

my optical simulations I use the well-known refractive index (dispersion) equations for III-V 

semiconductors published in [101-104]. 
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I plot in Figure 2.2.3.1 (top) the simulated optical power reflectance (R) versus wavelength (at 

normal incidence) for a GaAs/Al0.90Ga0.1As DBR on a GaAs substrate via the standard 2x2 

characteristic [99] or transfer [100] matrix method where planewaves impinge on the stack of 

thin film planar optical layers. I consider only incident planewaves at normal incidence, 

although in general the 2x2 matrix formalism conveniently yields the optical power reflectance 

(R), optical power transmittance (T), the optical power absorptance (A), and the reflectivity 

phase (θ) for any given thin film optical layer stack at incident angles from 0 (normal) to 90 

degrees. The simulated R at 980 nm (i.e., at the Bragg design wavelength) is ~0.731, 0.918, 

0.976, and 0.993 with 4, 8, 12, and 16 DBR periods, respectively. As mirrors for VCSELs we 

typically require – at the Bragg design wavelength – an R of 0.99 or higher for the out coupling 

(emitting) mirror (though in some designs R ≥ 0.98) and an R > 0.999 for the second (non-

emitting) mirror. 

 

The stopband of a highly reflecting (nonabsorbing) DBR (loosely defined where R is arbitrarily 

high) is λsb = (4/π)·λB·sin-1([nH – nL]/[nH + nL]) [99] where λB is the Bragg wavelength, and 

nH and nL are the real refractive indices in the alternating λ/4 optically thick DBR layers. For 

the DBR in Figure 2.2.3.1 (taking nH = 3.535 and nL = 3.009 at 980 nm) λsb ~100 nm. With 

graded H and L DBR layers I replace nH and nL with average values for each composite H and 

L quarter-lambda thick layer. Alternatively, I break the graded region into intermediary thin 

(stepped) layers (e.g., with thicknesses of 0.1 nm per step) – then each layer (however thick or 

thin) generates a 2x2 matrix. 

 

At the DBR design wavelength λo = 980 nm, the high (refractive) index λ/4-thick GaAs layers 

in Figure 2.2.3.1 (top) have a physical thickness dH = λo/4n (69.3 nm) and the low (refractive) 

index λ/4-thick Al0.9Ga0.1As layers have a physical thickness dL = λo/4n (81.4 nm), where n is 

the real part of the refractive index at 980 nm. In general, semiconductor epitaxial layer 

refractive indices are complex numbers (N = n + iκ) where i is the imaginary number (the 

square root of -1) and n and κ are functions of wavelength [99]. At 980 nm (where ideally 

optical absorption is zero in our DBR layers) κ = 0 (unitless) for all AlxGa1-xAs layers. The 

corresponding absorption coefficients α = 4π·κ/λo = 0 (in units of cm-1). 

 

I plot in Figure 2.2.3.1 (bottom) the θ for the same 16 period 980 nm DBR in Figure 2.2.3.1 

(top). Note the θ is 180 degrees (π radians) at the 980 nm Bragg (DBR design) wavelength. 

Thus, incident 980 nm planewaves experience a π phase change upon reflection – an attribute 

which becomes important when forming VCSEL resonant cavities with DBR mirrors. I note 

the reflectivity phase is always π for non-absorbing DBRs when the incident medium (air in 

this case) is a relative low refractive index material and since we let the power absorptance A 

= 0 in all layers. This result follows from the Fresnel equations for optical material layer planar 

interfaces at normal incidence [98], where planewaves propagating in a low index layer reflect 

from a high index layer. 

 

While the example test DBR in Figure 2.2.3.1 is well suited as a simple DBR calibration 

structure – wherein we measure R versus wavelength (with air as the incident medium) after 

the epitaxial growth – in VCSELs we employ DBRs as top and bottom mirrors surrounding an 

active optical cavity. The incident medium is then modelled as one layer with the average (or 

effective) index of the composite layers that form the semiconductor optical cavity, and the 

substrate (exit) medium for the coupling DBR is typically air.  
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Figure 2.2.3.1: (top) Simulated optical power reflectance (R) at normal incidence from air onto a 980 

nm DBR composed of 4, 8, 12, or 16 periods of λ/4-thick high index GaAs (H) and λ/4-thick low index 

Al0.9Ga0.1As (L) layers. The substrate medium is GaAs (taken mathematically as infinitely thick). 

(bottom) Simulated R and the corresponding reflectivity phase for the same 16 period DBR.  
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In Figure 2.2.3.2 (top) I plot the simulated optical field intensity (Iop) distribution and real 

refractive index profile n(z) for a 14.5 period DBR serving as an output coupling DBR mirror, 

both at a test wavelength of 980 nm. The Iop at 980 nm is a standing wave which reaches a 

constant value (a flat line) in the substrate (exit) medium. The Iop standing wave peaks (called 

anti-nodes) decrease exponentially from left to right as the planewaves bounce back and forth 

(interfere) within the DBR layers. The simulated R at 980 nm (neglecting any absorption) is 

0.989. Note the (relative) low refractive index incident medium is Al0.9Ga0.1As and the DBR 

consists of an extra half DBR period since the substrate (exit) medium is low index air. To 

form a high reflectance (HR) mirror we require an alternating high-low-high-low (HLHL . . ., 

etc.) quarter-wave layer sequence between the incident medium (a low index material in this 

case) into the substrate medium (a low index material in this case). The 2x2 matrix formalism 

requires infinitely thick incident and substrate media, and κ (and α) must equal 0 for the incident 

medium. 

 

In Figure 2.2.3.2 (bottom) I repeat the Iop distribution and n(z) simulation for the same 14.5 

period, 980 nm output coupling DBR as in Figure 2.2.3.2 (top), except I replace the λ/4 thick 

DBR layers with composite DBR layers that include compositionally graded regions. As 

illustrated in Figure 2.2.3.3 I divide the H and L layers each into three sections, where the net 

optical thickness remains λ/4. I introduce 18 nm thick AlxGa1-xAs layers between the GaAs and 

Al0.9Ga0.1As DBR layers. I vary the AlAs mole fraction x in the graded AlxGa1-xAs layers 

linearly with distance (in the z epitaxial growth direction) from x= 0.0 to x = 0.9 over 18 nm, 

and vice versa. Note n(z) is not linear (there is slight bowing) because n(x) is not linear with 

AlAs mole fraction x. While I employ (simple) linear DBR compositional grading [105,106], 

other grading schemes include step grading [39], biparabolic grading [107], and uniparabolic 

grading [52, 108]. 

 

Next in Figure 2.2.3.4 I plot the measured R for a 16 period 980 nm DBR calibration structure 

grown by MOVPE. The calibration structure is the same as the 16 period DBR described in 

Figure 2.2.3.1 except the H and L DBR layers are n-doped and graded as in Figure 2.2.3.2 

(bottom) and grown on an n+ GaAs substrate. The DBR and substrate doping impact the 

epitaxial growth rate thus p-doped and n-doped DBRs (even if otherwise identical) generally 

require separate calibration growths. In subsequent epitaxial growths we simply adjust the DBR 

layer thicknesses (in this case we increase the H and L layer thickness by a few percent) to red 

shift R. We seek in subsequent MOVPE growths to set the mean photon energy (E = ħω = 

hc/λ) of the DBR’s high reflectance stopband (where R is above ~0.9) to ~1.265 eV 

(corresponding to 980 nm). 

 

In Figure 2.2.3.5 I plot the simulated Iop distribution and n(z) for the calibration DBR in Figure 

2.2.3.4 at test wavelengths of 980.0 and 922.7 nm. I impinge planewaves onto the DBR at 

normal incidence from air. The resulting (oscillating) Iop distribution results from the forward 

and backward moving (reflecting and transmitting) E-M planewaves in each DBR layer and in 

the (infinitely thick) incident medium. The Iop in the (mathematically infinitely thick) GaAs 

substrate is constant and moving only to the right. At 980 nm R is ~0.9925, while at 922.7 nm 

the simulated R is ~0.1178. 
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Figure 2.2.3.2: Simulated optical field intensity (red curve) and real refractive index profile (blue curve) 

for a 14.5 period 980 nm DBR at an incident wavelength (λo) of 980 nm for: (top) ungraded DBR layers; 

and (bottom) linearly graded DBR layers. Planewaves impinge at normal incidence on the DBR from 

the low index material Al0.9Ga0.1As on the left. The planewaves reflect and transmit through the DBR, 

exiting into air. 

 
Figure 2.2.3.3: Portions of the plots in Figure 2.2.3.2, zoomed in to show the difference between graded 

and ungraded GaAs/Al0.9Ga0.1As DBR layers. The composite λ/4 optically thick H layer consists of 

AlxGa1-xAs linearly graded from x = 0.45 to 0.9 over 9 nm, followed by 52.6 nm of GaAs, and concluded 

by AlxGa1-xAs linearly graded from x = 0.9 to 0.45 over 9 nm.  The composite λ/4 optically thick L 

layer consists of AlxGa1-xAs linearly graded from x = 0.45 to 0.0 over 9 nm, followed by 61.8 nm of 

Al0.9Ga0.1As, and concluded by AlxGa1-xAs linearly graded from x = 0.0 to 0.45 over 9 nm. 
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Figure 2.2.3.4: Measured (red line) optical power reflectance (R) at normal incidence from air for a 16 

period DBR calibration structure. I show the R for the target DBR structure (black line). In subsequent 

MOVPE growths we slightly shift the bulk DBR layer thicknesses (typically a few percent or less) by 

increasing the layer growth time – to shift R toward the target design. 

 

 
Figure 2.2.3.5: Simulated optical field intensity and real refractive index profile for the 16 period 980 

nm DBR calibration structure at an incident wavelength (λo) of: (top) 980 nm; and (bottom) 922.7 nm. 
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2.2.4 Multiple layer Fabry-Pérot etalon 

A Fabry-Pérot etalon (sometimes called an interference filter) is a planar optical cavity formed 

by two opposing (typically thin) partially reflecting planar mirrors. Optically, a modern 

VCSEL is a multiple layer asymmetric Fabry-Pérot etalon – a planar optical cavity surrounded 

by top and bottom DBR mirrors with differing numbers of DBR periods. The physical thickness 

of the optical cavity is L = u·λ/2, where u = 1, 2, 3, . . ., and λ = λo/n is the etalon (or VCSEL) 

design wavelength.  We generate photons via QWs placed inside the etalon optical cavity. See 

[109-112] for methods to model the optical fields and generate enhanced spontaneous emission 

in microcavity resonators with DBR mirrors. 

 

In Figure 2.2.4.1 I plot the simulated Iop distribution and n(z) for example multiple layer thin 

film (passive, without optical gain, and with A = 0) etalons – designed to be resonant at 980.0 

nm – at a test wavelength of 980.0 nm. In my simulation electromagnetic (E-M) planewaves 

impinge on the etalons from air on the left surface of the etalon at normal incidence. The 980 

nm E-M planewaves partially transmit through a 5.5 period (graded) DBR into a 10λ (top 

figure) or a 0.5λ (bottom figure) optical cavity, then again through a 5.5 period (graded) DBR 

and into air (the substrate medium) where the Iop is constant and moving to the right.  

 

 

 
 

Figure 2.2.4.1: Simulated optical field intensity (red curve) and real refractive index profile (blue curve) 

for example 980 nm Fabry-Pérot etalons with 5.5 period Al0.9Ga0.1As/GaAs DBR mirrors and: (top) a 

10λ optical cavity; and (bottom) a 0.5λ optical cavity. The incident (test) planewaves impinge on the 

left side of the etalon at normal incidence at a wavelength (λo) of 980 nm. 
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I plot in Figure 2.2.4.2 the optical power transmittance (T) versus photon wavelength for the 

two etalons in Figure 2.2.4.1. We observe a series of periodic peaks where T ~1.0 including at 

980.0 nm. The simulated peak-to-peak separation – the free spectral range (FSR) – is 34.5 nm 

(10λ) and 93.7 nm (λ/2 optical cavity) between the 980 nm peaks and the first adjacent peaks 

at shorter wavelengths. Note a key attribute of VCSELs is their relatively large FSR, such that 

the QW emission (see Figure 2.2.2.1) overlaps in wavelength with only one etalon T peak. 
 

 

 
Figure 2.2.4.2: Simulated optical power transmittance for example (non-absorbing, A = 0) 980 nm 

crystalline semiconductor Fabry-Pérot etalons (surrounded by air) described in Figure 2.2.4.1 with: 

(top) a 10λ optical cavity; and (bottom) a 0.5λ (LL) optical cavity, where L represents a low index λ/4 

optically thick (quarter wave) epitaxial layer. Note the optical power transmittance T ~1.0 at 980 nm. 



Nasibeh Haghighi dissertation (Technical University Berlin) copyright © 2021 

39 
 

Next in Figure 2.2.4.3 I plot the simulated 980 nm Iop distribution and n(z) for a 980 nm etalon 

calibration structure. The etalon consists of a 6.5 period p-doped top DBR, a high (composite 

layer average) index λ/2 optical cavity, and a 13 period n-doped bottom DBR. Note the relative 

high index of the λ/2 optical cavity is smaller in magnitude than the (composite) H index of the 

DBR layers, and larger than the (composite) L index of the DBR layers. The 980 nm DBR 

layers are the same as shown in Figure 2.2.3.3 with 18 nm thick graded regions. The optical 

cavity includes five InyGa1-yAs (y ~0.23) QWs and six GaAs0.86P0.14 barrier layers (see the inset 

in Figure 2.2.2.1), graded AlGaAs cladding/spacer layers, and half of two 20 nm thick 

Al0.98Ga0.02As layers. I discuss Al-rich layers for selective thermal oxidation in Chapter 3. 
 

 
Figure 2.2.4.3: Simulated optical field intensity (red curve) and real refractive index profile n(z) (blue 

curve) for a 980 nm etalon calibration structure with a 6.5 period p-doped Al0.9Ga0.1As/GaAs top 

(graded interface) DBR, a high (average composite layer) refractive index λ/2 optical cavity, and a 13 

period n-doped Al0.9Ga0.1As/GaAs top (graded interface) DBR. The incident (test) E-M planewaves 

impinge on the left side of the etalon at normal incidence at a wavelength (λo) of 980 nm. The E-M 

planeswaves at 980 nm propagate into the n+-doped GaAs substrate with a constant intensity 

(neglecting absorption) – as confirmed by the flat Iop for z-axis distances greater than ~4100 nm. 

 

 

 

In Figure 2.2.4.4 I plot the measured R for a 980 nm etalon calibration structure grown by 

MOVPE. I fit the data by simulating R. In my simulation I slightly adjust the thickness of the 

original optical cavity design (adding ~4.56 nm) to fit more precisely the measured etalon dip 

at 983.8 nm. I keep constant the thickness of all other epitaxial layers. Note that the simulated 

R slightly exceeds the measured R from ~920-978 nm and from ~990-1050 nm. With an 

accurate measurement of T (not available to me – plus this requires removing the substrate) I 

would expect more accurate results for R (since R = 1 - T - A).   

 

In the subsequent 980 nm full VCSEL growth we slightly decrease (equally) two layers in the 

optical cavity (on both sides of the QWs) by ~2.28 nm to shift the etalon dip to (the target value 

of) 980.0 nm. The etalon calibration serves also as a DBR calibration, since in addition to the 

etalon dip wavelength we identify the position of the DBR high reflectance stopband. 

 

In Figure 2.2.4.5 I plot the θ for the 980 nm etalon calibration structure in Figure 2.2.4.4. Note 

the θ is 0 (or equivalently 360) degrees (2π radians) at the 980 nm Bragg (etalon design) 

wavelength. Thus, incident 980 nm E-M planewaves experience a 2π phase change upon 

reflection – an attribute which is theoretically interesting but of no consequence since we do 

not measure the θ.  
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Figure 2.2.4.4: Simulated (black curve) and measured (blue curve) optical power reflectance for the 980 

nm etalon calibration structure. 

 

 
Figure 2.2.4.5: Simulated optical power reflectance at normal incidence (dashed curve) — the same R 

as in Figure 2.2.4.4 – and reflectivity phase (θ) for the 980 nm etalon calibration structure. Note θ (blue 

curve) is 2π at the etalon (dip) wavelength. Plotting θ from 0 to 4π and adding 2π to θ for wavelengths 

980 nm and larger yields a smooth curve at 980 nm.  
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My etalon calibration structure is a 980 nm resonant cavity light emitting diode (RCLED) 

[113,114]. As a sanity check via a novel on-wafer measurement technique we apply current 

across the RCLED and measure the electroluminescence (EL) emitted from the top surface. I 

plot in Figure 2.2.4.6 the measured EL and the corresponding measured R (at the same spot on 

the wafer). The EL – which is spontaneous emission (i.e., not stimulated emission) – has two 

peaks, one at ~969.4 nm and the second at ~993.0 nm. The first peak is the emission peak of 

the QW active region (expected to be like the PL shown in Figure 2.2.2.1). The second peak 

corresponds to the resonant wavelength of the RCLED. The RCLED enhances the spontaneous 

emission at its etalon (resonant) wavelength (see Chapter 4 in [46]).  

 
Figure 2.2.4.6: Measured optical power reflectance (R) at normal incidence (blue curve) and measured 

electroluminescence (EL) intensity (red curve) for the 980 nm etalon test structure (described in Figure 

2.2.4.3). We measure the R and EL at the same wafer spot. 

 

 

2.2.5 VCSEL diode 

All lasers require a population inversion (achieved in a VCSEL by optically or electrically 

pumping an active gain layer or layers – in our case a multiple QW active region) and a 

frequency selective optical resonator (in our case a multiple layer asymmetric Fabry-Pérot 

etalon). The next VCSEL piece (construct) is the addition of doping to realize practical VCSEL 

diodes – enabling a plethora of communication and sensing systems via small, low cost, highly 

efficient electrically pumped VCSEL diodes. We create a VCSEL diode (or an RCLED as in 

Figure 2.2.4.3) by doping the top and bottom DBRs. We also dope outer portions of the optical 

cavity (cladding and/or spacer layers) adjacent to the doped DBRs. The result is a PN junction 

diode – but with (typically) an undoped (or lightly doped) region between the p-doped and the 

n-doped regions in and around the QWs. 
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I start with a brief look at energy band diagrams for doped DBRs then focus on one of my 

complete, doped 980 nm VCSEL structures. I plot in Figure 2.2.5.1 (top left) the simulated 

(simplified) real space energy band diagram at thermal equilibrium for 2.5 periods of my 

example 980 nm undoped DBR described in Figure 2.2.3.1. I show the conduction band (Ec), 

valence band (Ev; I do not distinguish between the light hole and the heavy hole bands), and 

Fermi level (EF). Note the conduction band offset and the valence band offset at the 

heterointerfaces (I draw abrupt interfaces for simplicity) between GaAs and Al0.9Ga0.1As. I plot 

for comparison in Figure 2.2.5.1 (top right) the same for a linearly graded 980 nm DBR (I use 

18 nm thick AlxGa1-xAs graded layers). As before I linearly vary the AlAs mole fraction x with 

distance in the z-axis growth direction from x = 0.0 to 0.9 and vice versa. 

 

I plot in Figure 2.2.5.1 (middle and bottom) simulated (simplified) energy band diagrams at 

thermal equilibrium for doped versions of the same DBRs in Figure 2.2.5.1 (top) – with Na = 4 

x 1018 cm-3 (for the p-doped DBR) and Nd = 2 x 1018 cm-3 (for the n-doped DBR). Via DBR 

grading (in concert with modulation doping) we significantly reduce the hetero-barriers in both 

p-doped DBRs and n-doped DBRs – thus reducing our VCSEL series resistance. I use simple 

linear compositional grading in concert with (proprietary) modulation doping. 

 

Next in Figure 2.2.5.2 (top) I plot the simulated (simplified) real space energy band diagram at 

thermal equilibrium and the optical field intensity distribution – in and around the optical cavity 

– for an undoped 980 nm VCSEL structure with a λ/2 optically thick optical cavity containing 

5 QWs. This energy band diagram is equally valid for the etalon calibration structure in Figure 

2.2.4.3 (if we remove all doping). The nearest nodes and nearest antinodes of the optical field 

intensity are separated in optical thickness units of λ/2 (by design). The maximum optical field 

intensity (the antinode at x = 443 nm in Figure 2.2.5.2 (top)) occurs at the center of the QWs 

and falls off exponentially in both the right and left directions (into the DBRs). 

 

In Figure 2.2.5.2 (bottom) I plot the simulated (simplified) 1D real space energy band diagram 

for the same 980 nm VCSEL structure in In Figure 2.2.5.2 (top) but including doping. If I add 

more p-doped DBR periods on the left or more n-doped DBR periods on the right the energy 

band diagram remains unchanged. By applying a forward bias (as with all PN junction light 

emitting diodes and laser diodes) we reduce the energy difference between the p and n sides of 

the diode and efficiently inject carriers (electrons and holes) into the QWs – to produce photons 

leading to stimulated emission and lasing. The built-in potential across the PN junction (i.e., 

the voltage needed to start significant current flow in the VCSEL diode), roughly the difference 

in the Ec levels in the n-doped and p-doped GaAs DBR layers in Figure 2.2.5.2 (bottom), is 

less than 1.5 V. 

I plot in Figure 2.2.5.3 the 1D simulated Iop distribution and real refractive index profile n(z) 

for a complete 980 nm VCSEL structure – named Ka’anapali. My Ka’anapali VCSEL is 

identical to my etalon calibration structure in Figure 2.2.4.3 but with 14.5 top p-doped DBR 

periods and 37 bottom n-doped DBR periods. The simulated Rtop ~0.988 at 980 nm, from the 

optical cavity looking up through the top DBR into air. The parameters (in Figure 2.2.5.3 

(bottom)) L, lp,top, lp,bot, and Leff are the optical cavity length, the phase penetration lengths into 

the top and bottom DBRs, and the effective cavity length, respectively [115]. At the phase 

penetration length into a given DBR the (maximum magnitude) envelope of the Iop distribution 

drops to ~1/e of its peak optical cavity magnitude. We model the VCSEL as a 1D Fabry-Pérot 

resonator (with internal gain from the QW layers) with an effective optical cavity length Leff 

with fixed planar mirrors at distances of lp,top and lp,bot from the optical cavity. Via the tanh 

(hyperbolic tangent) substitution method [116] I compute lp,top = 467.1 nm and lp,bot = 476.9 nm 
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yielding Leff ~1082 nm – a true microcavity, whereas the physical thickness of the half lambda 

optical cavity L = 137.8 nm – thus it is physically a nanocavity. The roundtrip phase of photons 

generated in the optical cavity of length Leff remains an integer multiple of 2π. 

 

 

 
Figure 2.2.5.1: (top) Simulated real space charge neutral (simplified) energy band diagrams at thermal 

equilibrium of linearly graded (with 18 nm thick graded layers) and ungraded (quarter lambda thick) 

980 nm Al0.9Ga0.1As/GaAs DBRs (2.5 periods); (middle) the same plots but for uniformly n-doped DBR 

layers with Nd = 2 x 1018 cm-3; and (bottom) the same plots but for uniformly p-doped DBR layers with 

Na = 4 x 1018 cm-3. 
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Figure 2.2.5.2: (top) Simulated 1D real space charge neutral (simplified) energy band diagrams at 

thermal equilibrium of a 980 nm VCSEL in and around the optical cavity, and the corresponding optical 

field intensity at 980 nm (red curve). I employ linearly graded Al0.9Ga0.1As/GaAs DBRs, InGaAs QWs, 

GaAsP barrier layers, and AlGaAs cladding (in the optical cavity) layers; and (bottom) the same (with 

0 V applied bias) but with p-doped and n-doped DBRs and doped optical cavity cladding layers. 

 

 

We grow the Ka’anapali 980 nm VCSEL (diode) wafers and perform on wafer R and EL (as 

for the etalon calibration structure in Figure 2.2.4.6). I plot in Figure 2.2.5.4 the simulated and 

measured optical power reflectance for the complete Ka’anapali 980 nm VCSEL structure. We 

normalize the measured data to an optical reflectance standard thus we experience some error 

in the absolute R values, notably when R exceeds 0.95. The general shape of the R data matches 

well the simulated R. The discrepancies reflect the differences in the modelled and actual 

VCSEL structures (i.e., imprecise κ values). It is possible to fit the measured data via an 

algorithm such as the one used to fit XRD data. We obtain a Fabry-Pérot etalon dip at 980 nm, 

and a DBR high reflectance (HR) stopband from ~930 nm to ~1030 nm. The stopband mean 

wavelength is ~980 nm. If we first convert 930 nm and 1030 nm to their photon energies, find 

the mean energy, then convert the mean energy to wavelength we obtain ~977.4 nm. 

 

I next plot in Figure 2.2.5.5 the same measured R data in Figure 2.2.5.4 and include the on 

wafer EL intensity using linear (top figure) and logarithmic (bottom figure) y-axis scales. The 

EL (which is spontaneous emission) has a narrow peak at 979.876 nm (~980 nm) with (when 

fit to a Gaussian distribution function) a standard deviation of ~0.67 nm. The EL measurement 

(with a narrow emission peak corresponding to the etalon wavelength) is a fast and non-

destructive test – giving credence to a successful wafer growth run. 
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Figure 2.2.5.3: Simulated 1D optical field intensity (red curve) and real refractive index profile n(z) 

(blue curve) for the Ka’anapali 980 nm VCSEL. 

 
Figure 2.2.5.4: Simulated (black curve) and measured (blue curve) optical power reflectance for a 

Ka’anapali 980 nm VCSEL epitaxial structure (the VCSEL structure in Figure 2.2.5.2 with 14.5 top 

(n)DBR periods and 37 bottom (p)DBR periods). 
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Figure 2.2.5.5: Measured optical power reflectance (R) at normal incidence (blue curve) (the same R as 

in Figure 2.2.5.4) and: (top) measured on wafer electroluminescence (EL) intensity (red curve) for the 

complete Ka’anapali 980 nm VCSEL structure; and (bottom) the same with EL on a logarithmic scale. 
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My Ka’anapali VCSEL includes two thin (20 nm thick) Al-rich AlGaAs layers (Al0.98Ga0.02As) 

in and around the half lambda optical cavity. I selectively thermally wet oxidize exposed 

portions of these Al-rich layers to facilitate VCSEL electrical and optical confinement. I 

transform the Al-rich semiconductor to an amorphous aluminium oxide which is 

nonconductive with a real refractive index n ~1.6 at 980 nm (whereas n ~2.947 at 980 nm for 

Al0.98Ga0.02As). I discuss my oxidation test results in Chapter 3. 

 

2.2.6 VCSEL optical resonator 

The Fabry-Pérot etalon is a one-dimensional (1D) planar resonator with longitudinal modes 

determined by the optical cavity length, mirror properties (power reflectance, reflectivity 

phase, power transmittance, and power absorptance; where R + T + A = 1), and material 

properties. My VCSELs are three-dimensional (3D) optical resonators with cylindrical 

symmetry. The cylindrical coordinates include the radial direction r, angle φ, and epitaxial 

growth direction z. I model my VCSELs via a two-dimensional (2D) optical simulator ([117]) 

which implements the effective frequency method (EFM) in cylindrical coordinates [56]. The 

model includes the z-direction index variation, but also index variations in the radial direction. 

My simulations include oxide aperture layers and top surface p-metal rings.   

 

I simulate the cold cavity (neglecting the temperature and injected carrier distributions) near 

field transverse modes of my cylindrically symmetric VCSELs. I use the standard notation for 

linearly polarized electro-magnetic planewaves (polarized in the r-φ transverse plane) traveling 

in a conventional multiple mode optical fiber with a high index core material surrounded by a 

lower index cladding material. I thus label modes LPNazNrad where Naz is the number of 

azimuthal intensity minima (for example by moving clockwise from West to East on a 2D 

modal surface plot) and Nrad is number of intensity maxima moving in the radial direction (for 

example from r = 0 to the edge on a 2D modal surface plot). The linearly polarized LP01 mode 

has two polarizations. For (pure) single mode VCSELs only the fundamental LP01 mode lases. 

 

I note some 2D and 3D VCSEL mode simulators include the impact of temperature, spatial 

carrier distributions, and QW gain variation with radius (seeking to more accurately model for 

example thermal lensing, spatial hole burning, and gain guiding as explained in [5,67]). In my 

cold cavity simulations, I do not model the complex interplay between carriers, carrier-induced 

index and QW gain variations, and temperature that leads to mode switching as I increase the 

applied forward bias current. See [5,67] and the references therein for example hot cavity 

simulations. Note the optical field intensities of simulated VCSEL LP modes with Naz ≥ 1 (such 

as the Laguerre-Gaussian modes described in Chapter 4 in [11]) have cos2(Naz·φ) and 

sin2(Naz·φ) dependence – and four-fold degeneracy (two degenerate modes each with two 

polarizations). Thus, these higher order modes appear as donut (ring) near field intensity 

patterns. Higher order modes (where Naz ≥ 1) typically dominate in VCSELs with large circular 

apertures – with intensity peaks concentrated around the perimeter of the aperture.  

 

Consider the simulated 2D (cold cavity) optical modes of my Ka’anapali 980 nm VCSEL. I 

show in Figure 2.2.6.1 the simulated 2D (cross section) LP01 mode for a ϕ = 3 m VCSEL. 

The optical mode intensity varies from dark blue (zero) to red (maximum intensity). In Figure 

2.2.6.2 I show zoomed in views of the same simulation. Imagine the 3D LP01 mode by rotating 

the results about the z-axis a full 360 degrees. I show in Figure 2.2.6.3 the simulated LP13 and 

LP05 modes for the same ϕ = 3 m VCSEL. Note the left to right symmetry of the modes, and 

the number of radial intensity peaks. The outermost intensity peaks for the LP05 mode 

(between r ~8 to 9 m) is barely visible in the image. 
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Figure 2.2.6.1: Simulated (cold cavity) 2D optical mode intensity (LP01 mode) for a Ka’anapali 980 

nm VCSEL with ϕ = 3 m. I show half the VCSEL (cross-section) structure on the right, which consists 

of top and bottom DBRs on a GaAs buffer/substrate. The VCSEL is cylindrically symmetric about the 

radius at r = 0. I include an 18 m diameter top mesa/DBR and a p-metal (Au) top surface contact. I 

decrease the diameter of the bottom mesa (with no impact on the results) – the actual bottom mesa 

radius is 88/2 m. Air surrounds the structure (whereas for processed VCSELs the area to the right of 

the top mesa and above the bottom mesa is filled with BCB – this does not impact the simulation result). 
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Figure 2.2.6.2: Zoomed in views of the simulated (cold cavity) 2D LP01 optical mode intensity shown 

in Figure 2.2.6.1. I show the oxide aperture layers only on the right side. 
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Figure 2.2.6.3: Simulated (cold cavity) 2D LP13 and LP05 optical mode intensities for a Ka’anapali 

980 nm VCSEL with ϕ = 3 m. I show the oxide aperture layers only on the right side. 

 

I show in Figures 2.2.6.4 and 2.2.6.5 the measured spectral emission for a ϕ = 3 m and a ϕ = 

6 m Ka’anapali 980 nm VCSEL, and some of the simulated (near field surface) modes for the 

same. For the simulation I first slightly adjust the VCSELs optical cavity thickness so the 

simulated and measured LP01 modes match when the bias current I = 1 mA – all other mode 

wavelengths then follow (I show the simulated mode wavelengths as red vertical lines). 
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Figure 2.2.6.4: (top) Simulated (cold cavity) 2D optical surface modes (near field intensity) of an ϕ ~3 

m 980 nm Ka’anapali VCSEL, with a top p-metal contact (half of which is cut away to show the 

underlying modes). I adjust the VCSEL etalon to fit the LP01 mode at I = 1 mA. (bottom) Measured 

optical emission spectra at bias currents of 0.5 and 1.0 mA (both above threshold). The emission spectra 

red shifts with further increasing current due to self-heating. 



Nasibeh Haghighi dissertation (Technical University Berlin) copyright © 2021 

52 
 

  
 

 
Figure 2.2.6.5: (top) Simulated (cold cavity) 2D optical surface modes (near field intensity) of an ϕ ~6 

m 980 nm Ka’anapali VCSEL, with a top p-metal contact (half of which is cut away to show the 

underlying modes). I adjust the VCSEL etalon to fit the LP01 mode at I = 1 mA. (bottom) Measured 

optical emission spectra at bias currents of 0.5 mA (below threshold) and 1.0 mA (above threshold). 
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2.3 VCSEL test methods and figures of merit 

I briefly describe my VCSEL characterization methods by presenting schematic diagrams of 

my test set ups and by providing example plots of measured data. I further present the relevant 

equations I use to extract figures of merit from the measured VCSEL data. I wear laser (safety) 

goggles to protect my eyes from the infrared VCSEL optical emission – critical when I measure 

my larger ϕ arrays which may emit optical output powers of tens to hundreds of milliwatts.   

 

2.3.1 Light output power-current-voltage 

I perform static (continuous wave (CW)) measurements of light (optical) output power (L) as 

a function of applied forward bias current (I). Simultaneously I measure the voltage (V) versus 

current – thus producing the LIV characteristic. I sweep the bias current in steps (using a 

Keithley current source) and measure the optical output power L via a calibrated integration 

sphere which includes an InGaAs PIN photodiode (PD). The sphere-PD combination generates 

a current proportional to L, which is measured by a second Keithley measurement unit. For 

relatively large L (> 20-30 mW) I place a thin neutral density filter plate (with anti-reflection 

coatings designed for 980 nm) between the VCSEL under test and the integration sphere to 

allow 10% of the optical power into the sphere. My estimated optical power coupling efficiency 

(optical power captured by the sphere-PD/total VCSEL emitted power) is 1.0.  

 

In Figure 2.3.1.1 I show a schematic of my LIV test set up. I place the processed VCSEL wafer 

piece on a metal platen (vacuum chuck) and lower a ground-signal-ground (GSG) high 

frequency (HF) probe onto a VCSEL. The GSG Picoprobe (GGB Industries, Naples, FL, USA 

model 40A-GSG-150) includes a 1-inch coax extender (allowing the sphere to rest above the 

VCSEL to collect 100% of the emission during on wafer probing), a female K connector, and 

BeCu probe tips. I use a LabVIEW program (proprietary to my university research group) 

which controls the Keithley source and measure units via daisy chained GPIB (general purpose 

interface bus) cables. In Figure 2.3.1.2 I show an example set of measured LIV curves.  

 

I extract from the static (CW) LIV and spectral emission data several figures of merit including 

the unitless (expressed as a percent) wall plug efficiency WPE = 100·L/(V·I), the LI slope ηLI 

= L/I (in W/A), and the unitless external differential quantum efficiency ηex = 

(qλo/hc)(L/I), where h is Planck’s constant, λo is the emission wavelength, and c is the speed 

of light. Other figures of merit include the differential series resistance Rdiff  = V/I (in Ω) and 

the thermal resistance (λ/Pdiss)/(λ/T) (in °C/mW), where the dissipated power Pdiss = I·V 

- L (in mW). The WPE, also called the power conversion efficiency, is the optical output power 

divided by the electrical input power (I·V). I typically plot the WPE, ηLI, ηex, and Rdiff versus 

the bias current I above threshold.  

 

In Figure 2.3.1.3 I plot the WPE and Rdiff for the triple 980 nm VCSELs in Figure 2.3.1.2 with 

ϕ ~ 8 and 13 m, both versus bias current. The WPE peaks at about 30% just past threshold 

and then decreases with increasing I. The Rdiff decreases with increasing I and approaches ~30 

Ω (when ϕ ~ 8 m) and ~ 20 Ω (when ϕ ~ 13 m) at LI rollover. Since the triple VCSELs are 

electrically in parallel the Rdiff of a single VCSEL (in an array) is ~3·Rdiff.  In Figure 2.3.1.4 I 

plot the LI slope and ηex for the triple 980 nm VCSELs in Figure 2.3.1.2 with ϕ ~ 8 and 13 m, 

both versus bias current. For emission at ~984 nm note that the unitless parameter ηex = 

ηLI/1.23985 when ηLI is in units of W/A (i.e., eV/Coulomb). The ηLI of the ϕ ~ 8 and 13 m 

arrays peak at ~0.8 and 0.9, respectively, whereas the corresponding maximum ηex are ~0.65 

and 0.75. 
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Figure 2.3.1.1: Schematic diagram of the static LIV measurement equipment. I include a CCD camera 

image of a 19-element VCSEL array (on wafer) electrically connected via a GSG probe. Not shown is 

a temperature controller which heats the metal platen (upon which rests the VCSEL wafer piece). 

 
Figure 2.3.1.2: Measured LIV curves for an example set of electrically parallel triple 980 nm VCSEL 

arrays (the Kapalua design). Each of the three VCSELs in each array have the same (approximate) oxide 

aperture diameter (ϕ). 
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Figure 2.3.1.3: Extracted differential series resistance (solid lines) and wall plug efficiency (dashed 

lines) both versus current for the triple VCSEL arrays in Figure 2.3.1.2 with ϕ ~ 8 and 13 m. 

 

 
Figure 2.3.1.4: Extracted ηex (thin lines) and LI slope (thick lines) both versus current for the triple 

VCSEL arrays in Figure 2.3.1.2 with ϕ ~ 8 and 13 m. 
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2.3.2 Spectral emission 

I show my spectral emission test set up in Figure 2.3.2.1. I place the processed VCSEL wafer 

– a quarter wafer or smaller – on a probe station metal platen (vacuum chuck) and lower an HF 

co-planar GSG probe (identical to the probe used for LIV measurements in Section 2.3.1) onto 

a VCSEL. I position an OM1 multiple mode optical fiber (MMF) over the VCSEL emitting 

aperture (or apertures in the case of an electrically parallel VCSEL array) – either directly on 

the surface (butt-coupling) or elevated slightly above the emitting surface region.  I use an OM1 

MMF with a cleaved end (I tried also an OM3 MMF with a fiber tip shaped into a lens – but 

the results are unchanged). The maximum (allowed) optical power into the optical spectrum 

analyzer (OSA) is 20 mW. If needed (as with some of my higher power VCSEL arrays) I limit 

the optical power into the OSA via a variable optical attenuator (VOA – JDSU model OLA-

54). For example, I connect the OM1 MMF to the VOA, and then add a second OM1 MMF 

patch cord between the VOA and the OSA. Typically (and purposely), the coupling efficiency 

from the VCSEL (or VCSEL array) into the cleaved-end MMF is < 10% so the power into the 

OSA remains below the 20 mW limit.   

 

 

 

 

 
Figure 2.3.2.1: Schematic diagram of the static spectral emission measurement equipment. I use the 

same set up for dynamic (high frequency) S21 measurements by moving the OM1 MMF (patch cord) 

connection from the OSA to the VNA. I connect a high frequency (HF) transmission line from the 

VNA’s port 2 to the GSG probe. Port 2 provides a direct current (DC) current bias to the VCSEL via 

the Keithley power supply (connected to a back port of the VNA which includes an internal bias tee). I 

collect the spectral emission in a multiple mode fiber – butt-coupled on the VCSEL or slightly elevated 

above the VCSEL (or VCSEL array). I include a CCD camera image (tilted) of an example 7-element 

VCSEL array (on wafer) electrically connected via a GSG probe. Not shown is a temperature controller 

which heats the metal platen (upon which rests the VCSEL wafer piece). 
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As representative examples of VCSEL optical output, in Figure 2.3.2.2 I plot the measured 

emission spectra of a triple Kapalua 980 nm VCSEL with ϕ ~12 m and I = 3.5 mA (below 

threshold) and at I = 5.5 mA (above threshold). I perform 2D (cold cavity) mode simulations 

as I explained in sub-section 2.2.6, VCSEL optical resonator. I include near field images for 

several example optical modes. Each allowed mode has a corresponding wavelength which I 

plot as straight red lines. Comparing the measured emission spectra to the simulated modes I 

find modes LP01, LP11, LP21, LP02, and others match well to the measured data – despite my 

cold cavity simulation which does not include the impact of temperature (self-heating), spatial 

index of refraction variations due to injected carriers, spatial variations in QW gain, and more. 

I plot in Figure 2.3.2.3 cross-section images of the LP01 and LP11 modes. 

 

As a sanity check I use the first order equation in [118] to estimate the ϕ for my Kapalua 

VCSEL as follows. The estimated mode size (for a square aperture of side length b which I 

take as ϕ  b) is 𝑏  𝑠𝑞𝑟𝑡{(3𝜋2/𝑛𝑎𝑣𝑒
2 ) ·  (1/[ (2𝜋/𝜆1)2 − (2𝜋/𝜆0)2])}, where in Figure 2.3.2.2 

the fundamental mode peak λo = 984.208 nm and the next higher order mode peak λ1 = 983.980 

nm when I = 3.5 mA. With the average optical cavity refractive index 𝑛𝑎𝑣𝑒   3.3 I find ϕ  

11,997 nm (~12 m). As a third method to estimate ϕ I use the data from my selective thermal 

oxidation tests with the known top mesa diameter (as I explain in Chapter 3). 

 

A common figure of merit for VCSEL emission spectra (measured as a series of discrete points) 

is the root mean square (rms) spectral width (in nm), which may be calculated from [119,120]: 

 

𝜆 = √∑
𝑃𝑖

𝑃𝑡𝑜𝑡
(𝜆𝑖 −  𝜆𝑚)2 

𝑛

𝑖=1
, where  𝜆𝑚 = ∑

𝑃𝑖

𝑃𝑡𝑜𝑡
𝜆𝑖

𝑛

𝑖=1
,  and  𝑃𝑡𝑜𝑡 = ∑ 𝑃𝑖

𝑛
𝑖=1 .     (2.1) 

 

In (2.1) n is the number of discrete measurement points, Pi is the optical power (in mW) at 

point i, λi is the wavelength at point i (in nm), and λm (in nm) is the mean (average) wavelength. 

 

As an example, for the spectral emission in Figure 2.2.6.5 with I = 1 mA I first convert the 

optical power in dBm to mW using P(mW) = 10P(dBm)/10, where P(dBm) is the optical power in 

dBm and P(mW) is the optical power in milliwatts. I then calculate λm = 977.4 nm and λ = 

0.534 nm. Due to self-heating, the mean wavelength red shifts with increasing bias current 

(past threshold). As a second example, with I = 5.5 mA in Figure 2.3.2.2 for the Kapalua 980 

nm triple VCSEL array I calculate λm = 984.05 nm and λ = 0.70 nm. 

 

2.3.3 Frequency response and bandwidth 

I perform small-signal modulation frequency response experiments, then extract: the small-

signal modulation bandwidth (f3dB); the D factor; and the modulation current efficiency factor 

(MCEF). I show in Figure 2.3.2.1 my small-signal measurement set up – it is the same set up I 

use to measure emission spectra. I disconnect the OM1 MMF from the OSA and reconnect the 

optical fiber to a New Focus photoreceiver, which is connected to port 1 of the Hewlett-Packard 

(HP) 8722C Vector Network Analyzer (VNA). The VNA is a 2-port 2-path VNA capable of 

frequency sweeps from 0.05 to 40 GHz. Frequently (as needed – typically weekly but 

sometimes daily) I perform a standard calibration of my S21 test set up by placing my GSG 

probe onto three calibration structures (an open, a short, and a 50 Ω load) to correct for my 

cables and test fixture. I thus mitigate the impact of the test configuration (i.e., the high 

frequency transmission line, GSG probe, etc.) on my measured scattering parameters to 

increase accuracy.  
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Figure 2.3.2.2: (top) Simulated (cold cavity) 2D optical surface modes (near field intensity) of an ϕ ~12 

m 980 nm Kapalua triple VCSEL array with a 26 m diameter top mesa (each 2D plot represents the 

near field pattern of each of the three VCSELs). I remove the 3.5 m wide (and 3 m from the mesa 

edge) top surface p-metal contact for ease of viewing (but I include the p-metal rings in my simulations). 

I adjust the VCSEL etalon to fit the LP01 mode at I = 3.5 mA. (bottom) Measured optical emission 

spectra at bias currents of 3.5 mA (below threshold) and 5.5 mA (above threshold). 
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Figure 2.3.2.3: Simulated (cold cavity) 2D optical mode intensity (LP01 and LP11 modes) for a Kapalua 

980 nm triple VCSEL array with ϕ = 12 m. Each cross-section represents one of the three VCSELs in 

a triple VCSEL array. I cut away half of the layer structure to better view the optical mode intensity. 
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Under the control of my proprietary LabVIEW program, I place a fixed DC bias on my VCSEL 

plus a small electrical sinusoidal source signal (with a signal strength of -20 dBm = 10 W) of 

variable frequency. The resultant (modulated) VCSEL optical output power is guided by the 

OM1 MMF into a New Focus Model 1434 photoreceiver with a bandwidth of 25 GHz, where 

the signal is converted to a current (and a corresponding voltage). The VNA sweeps the 

sinusoidal voltage in frequency from 0.05 to 40 GHz and measures the standard 2-port S21 

scattering parameters (the real and the imaginary parts of S21) at the fixed bias current I. Via 

my LabVIEW program I perform a series of frequency sweeps for several different increasing 

bias currents. I thus obtain a set of |S21| (magnitudes) in units of dB as a function of bias current 

I. I typically step the current from just above threshold to near the LI rollover. 

 

Note with my test set up I measure the S12 parameters since I connect the VNA’s port 2 

(electrically) to the VCSEL via a high frequency (HF) transmission line and I connect the 

photoreceiver (electrically) to my VNA’s port 1. This is simply because port 2 is closer to my 

probe station and my VCSEL under test. The result is identical if I switch the port connections. 

By convention, I report the frequency response via S21 parameters.   

 

I correct the raw |S21| data for the known frequency response of the New Focus PD at 980 nm. 

Then, I fit plots of the corrected |S21| versus frequency to the standard theoretical rate equation 

model for laser diodes described in [7] as follows: 

 

|S21| =  𝑐 + 20 ∙ 𝑙𝑜𝑔10 (√
𝑓𝑅

4

(𝑓𝑅
2−𝑓2)

2
+(𝛾𝑓 2𝜋⁄ )2

 ∙  
1

1+(𝑓 𝑓𝑝⁄ )
2)                            (2.2) 

 

where c (in dB) is a constant that sets the fitted frequency response to the reference level 0 dB 

at the frequency f = 0 Hz, fR is the relaxation oscillation resonance frequency (in GHz), γ is the 

damping rate (in GHz or equivalently in ns-1), and fp is the parasitic frequency (in GHz).  

 

As an example of |S21| data, in Figure 2.3.3.1 I plot the measured frequency response of a 

Kapalua 980 nm triple VCSEL array at I = 4, 8.5, and 18.5 mA (corresponding to bias current 

densities of about 4.7, 10.0, and 21.8 kA/cm2). I also plot the curve fits to the data and include 

the fitting parameters and measured bandwidths in Table 2.3.3.1.  

 

 
 

TABLE 2.3.3.1 

EXTRACTED |S21| PARAMETERS FOR THE KAPALUA TRIPLE 980 NM VCSEL IN FIGURE 2.3.3.1 

 

DC 

bias 

(mA) 

J              

(kA/cm2) 

ϕ (µm) 

each 

VCSEL 

fR 

(GHz) 

fp 

(GHz) 

γ 

(GHz) 

f3dB 

(GHz)  

L 

(mW) 

CW  

4 4.7 

~6.0 

10.56701 7.52671 26.87444 13.0 2.4 

8.5 10.0 15.63646 10.52691 38.10489 19.1 6.5 

18.5 21.8 21.66922 13.91861 67.64717 25.2 15.1 
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Figure 2.3.3.1: Small-signal modulation frequency response (|S21| versus frequency) for a Kapalua 980 

nm triple VCSEL array with ϕ ~6 m at bias currents of 4.0, 8.5 and 18.5 mA – smoothed measured 

data (thin lines) and fits (thick lines). 

 

 
 

From the |S21| data I find the -3 dB small-signal modulation bandwidth (f3dB) – the frequency 

when |S21| = -3 dB in Figure 2.3.3.1. In Figure 2.3.3.2 I plot f3dB as a function of DC bias 

current (top plot) and as a function of DC bias current density (bottom plot) for the 6 m 

Kapalua triple VCSEL array (in Figure 2.3.3.1). The maximum bandwidth is ~25 GHz for I 

~18 to 20 mA. 

 

Next in Figure 2.3.3.3 I plot fR and f3dB versus (I - Ith)
1/2 and extract two common dynamic 

VCSEL metrics – the D factor given by fR = D ·(I - Ith)
1/2 and the modulation current efficiency 

factor MCEF given by f3dB = MCEF·(I - Ith)
1/2, where Ith is the threshold current. Thus, D and 

MCEF are the slopes in the linear portions of the plots in Figure 2.3.3.3 at lower values of I. 

 

In Figure 2.3.3.4 I plot the -3 dB small-signal modulation bandwidth f3dB versus the static 

(continuous wave) optical output power L for Kapalua triple 980 nm VCSEL arrays with ϕ ~6, 

9, and 14 m. I generate the plot by matching my measured f3dB versus I data (as in Figure 

2.3.3.2) to my static L versus I data in the same figure. From the curves I deduce the maximum 

bandwidth of the 9 m array (f3dBmax ~24 GHz) is only slightly lower than the f3dBmax (~26 GHz) 

for the 6 m array, but the optical output power of the 9 m array at f3dBmax (L ~35 mW) is 

more than double the optical output power (L ~15 mW) at f3dBmax for the 6 m array. I may 

increase L to ~50 mW with my14 m array, but with a reduced f3dBmax of about 20 GHz. 
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Figure 2.3.3.2: (top) Measured small-signal modulation bandwidth (f3dB) and optical output power both 

versus current (I) for a Kapalua 980 nm triple VCSEL array with ϕ ~6 m; and (bottom) the same data 

versus current density (J). Insets: images of my triple VCSEL arrays. 
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Figure 2.3.3.3: Relaxation oscillation resonance frequency (fR; black squares) and small signal -3 dB 

modulation bandwidth (f3dB; red circles) versus the square root of the bias current minus the threshold 

current. I label the linear slopes at low I the D factor and the modulation current efficiency factor 

(MCEF). 

 

To be conservative (for reliable oxide aperture VCSEL operation) I could choose to limit the 

operating current density (J) for my arrays and my single VCSELs to ~10 kA/cm2 [68]. In 

Figure 2.3.3.4 I indicate the operating points where J ~ 10 kA/cm2 with green circles, and I 

find for the 6 and 9 m arrays the corresponding f3dB is ~20 GHz but L is about 3 times higher 

for the 9 m array (~15 mW versus 5 mW) compared to L for the 6 m array. In Figure 2.3.3.5 

I replot the data in Figure 2.3.3.4 but first I swap the x and y axes and add curves of the wall 

plug efficiency versus L. For the 6 m triple VCSEL array the WPEmax (~33 %) by chance 

occurs at J ~ 10 kA/cm2, while WPEmax is at a larger J for the 9 and 14 m triple arrays. 

 

For comparison I plot in Figure 2.3.3.6 the f3dB versus L for the same 9 m 980 nm Kapalua 

triple VCSEL array (in Figures 2.3.3.4 and 2.3.3.5) and for a single reference VCSEL 

(fabricated from the same epitaxial material) with ϕ ~16 m. The total emitting areas of the 

single 16 m VCSEL and the triple 9 m VCSEL in Figure 2.3.3.6 are approximately equal, 

since π·(16/2)2   3·π·(9/2)2 – a perfect match would require ϕ ~15.59 m for the single VCSEL. 

As a result, their f3dB versus L data closely overlap, although the triple array achieves a higher 

maximum optical output power. At the operating points where J ~10 kA/cm2 the bandwidth-

power performance of the single VCSEL and the triple VCSEL array are (within experimental 

error) the same. A key difference not apparent in Figure 2.3.3.6 is the far field optical intensity 

pattern, which for the large aperture single VCSEL without lensing or engineered placement 

and/or interaction of the VCSEL emitters would likely take a donut shape. Higher order 

transverse modes dominate the emission at elevated bias currents due to nonuniform current 

injection – current crowding near the edges of the oxide aperture layers. 
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Figure 2.3.3.4: Extracted f3dB versus static optical output power (L) for 980 nm triple VCSEL arrays 

with ϕ ~6 m (blue circles), ϕ ~9 m (red squares), and ϕ ~14 m (magenta triangles). The green circles 

indicate the point where the bias current density J = 10 kA/cm2. 

Figure 2.3.3.5: Power-bandwidth-efficiency trade-off for 980 nm triple VCSEL arrays – the same data 

in Figure 2.3.3.4, with swapped x and y axes and including the static wall plug efficiency versus the 

static optical output power. 
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Figure 2.3.3.6: Extracted bandwidth f3dB versus static optical output power (L) for a reference 980 nm 

single VCSEL with ϕ ~16 m (black circles) and a 980 nm triple VCSEL array with ϕ ~9 m (red 

squares). Inset: LIV curves. The total emitting areas of the single VCSEL and the triple VCSEL array 

are approximately equal. The maximum f3dB for the single ϕ ~16 m VCSEL is ~23 GHz. 

 

 
 

In Figure 2.3.3.7 I show the impact of temperature (T) on the single 980 nm VCSEL in Figure 

2.3.3.6.  I plot L versus f3dB at probe station platen temperatures of 25 to 85 °C in +10 °C steps. 

The f3dBmax decrease from ~23 GHz at 25 °C to ~16 GHz at 85 °C, while the Lmax decrease from 

about 28 mW to about 13 mW. Below a bandwidth of 15 GHz as T varies between 25 to 85 °C 

the L versus f3dB data points remain highly temperature invariant. 

 

In Figure 2.3.3.8 I show a final set of interesting data for my example 16 m single VCSEL. I 

plot f3dB at Lmax, L at f3dBmax, and L versus plot f3dB at WPEmax, each as a function of temperature 

from 25 to 85 °C in +10 °C steps. The optical output power versus bandwidth at the WPEmax 

data points (shown as neon green squares) cluster around ~13 GHz and 6 mW, whereas the 

optical output power and bandwidth (for this single VCSEL) increase as temperature decreases 

toward 25 °C. Note for the L versus f3dBmax data (black circles in Figure 2.3.3.8) I plot the values 

of L when I first reach f3dBmax as I increase the bias current from threshold toward the LI 

rollover. Typically for VCSELs as I increases f3dB increases but then saturates at a maximum 

bandwidth (which remains flat) over a range of I (see for example the plots of L versus f3dB at 

25 °C in Figures 2.3.3.2, 4.4.4 (bottom), 5.3.3, 6.3.2 (top), and 7.3.2). 
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Figure 2.3.3.7: Bandwidth f3dB versus static optical output power (L) for the 980 nm single VCSEL with 

ϕ ~16 m in Figure 2.3.3.6 at temperatures from 25 to 85 °C. The maximum f3dB at 85 °C is almost 16 

GHz. The circles indicate the data points when the bias current density J = 10 kA/cm2 at 25 °C (black 

circle) and at 85 °C (violet circle). 

     
Figure 2.3.3.8: Bandwidth f3dB versus static optical output power (Lmax – blue triangles) for the 980 nm 

single VCSEL with ϕ ~16 m in Figure 2.3.3.6 at temperatures from 25 to 85 °C. The maximum f3dB at 

85 °C is almost 16 GHz. The neon green squares indicate f3dB versus L at maximum wall plug efficiency. 
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2.3.4 Data transmission and bit error ratio 

To demonstrate the potential of my arrays as light sources for optical interconnects I perform 

large signal modulation data transmission experiments at room temperature. In Figure 2.3.4.1 

I present a schematic diagram of my typical data transmission test set up. In the figure caption 

I explain the function of each equipment piece. 

 

I place the cleaved end of an OM1 multiple mode optical fiber patch cord a few millimeters 

above a VCSEL or VCSEL array to capture a mix of the optical emission from the single, 3, 7, 

or 19 VCSELs. I generally achieve the same BER test results (within experimental error) when 

I vary the position of the collecting optical fiber around the immediate vicinity of the emitting 

array. To collect all the emitted light I would need a set of lenses to focus the optical emission 

into the MMF or to shape the emission into a beam for travel across free space into a 

photoreceiver. These free space optical communication experiments are beyond my 

dissertation scope but well suited for future work – most especially in collaboration with a 

communication systems research group. 

 

 

 

 
 

 
 

Figure 2.3.4.1: Schematic of my data transmission test set up (one typical configuration). An Agilent 

analog signal generator (up to 67 GHz) supplies a clock to an SHF 12100B bit pattern generator (BPG), 

SHF 11100B error analyzer (EA), and an Agilent DCA-J 86100C wide bandwidth (digitizing) 

oscilloscope (o-scope). I include HF amplifiers and attenuators between the BPG and the VCSEL, and 

between the photoreceiver and the EA (and o-scope). I vary the received optical power (ROP) via a 

JDSU OLA-54 optical attenuator and measure the ROP via a JDSU OLP-55 optical power meter. I 

employ a u2t photoreceiver (produced by u2t Photonics AG, Berlin, Germany) with a bandwidth of 30 

GHz at 980 nm and including a built-in amplifier. 
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Consider a 19-element (novemdecuple) 980 nm VCSEL array as an example light emitting 

device (laser diode) for a data transmission test. I first set the attenuation to 0 dB (by removing 

the OLA-54) and optimize the optical eye diagram at 25 Gb/s – I find the largest possible eye 

opening seeking to maximize the signal to noise (S/N) ratio by tweaking the CW bias current. 

I switch the connection of the OM1 MMF from the DCA (oscilloscope) to the SHF error 

analyzer and adjust the error detection level within the eye to minimize the BER. I transmit 

digital data for at least 120 seconds and record the bit error ratio (BER). I use 2-level, nonreturn 

to zero (NRZ), pulse amplitude modulation (PAM-2) with a pseudorandom binary (PRB) 

sequence of word length 27-1. Thus at 25 Gb/s I transmit 3 trillion or more bits (> 23.6 billion 

PRB sequences) then record the BER. As a check I periodically repeat the BER test over a 2 

hour or longer testing period and find the resulting (smallest possible) BER unchanged. 

 

In Figure 2.3.4.2 I plot the negative logarithm (base 10) of the bit error ratio versus the received 

optical power for a DC bias I = 155 mA (J ~9.4 kA/cm2) for bit rates of 20 and 25 Gb/s. I 

record 0 errors when I set the optical attenuation to 0 dB (over a period exceeding 120 seconds) 

– I therefore set the BER to 1 x 10-13. I measure corresponding signal to noise ratios (S/N) at 

20 and 25 Gb/s equal to 14 and 8 (see the eye patterns in Figure 2.3.4.2) as recorded by the 

Agilent DCA-J 86100C digitizing oscilloscope. When I connect a variable optical attenuator 

(JDSU OLA-54) between the OM1 multiple mode optical fiber and the u2t photoreceiver 

(adding insertion loss) the BER increases to > 1x10-11. I obtain open eye diagrams at 30 Gb/s 

with 0 optical attenuation, but the BER exceeds 1x10-12. 

 
Figure 2.3.4.2: Bit error ratio (BER) as a function of the received optical power at room temperature 

(RT) at bit rates of 20 and 25 Gb/s for a Ka’anapali 19-element 980 nm VCSEL array (design A4) with 

ϕ ~10.5 m. Inset: eye diagrams and reported signal to noise ratios at BERs of ~10-13 as measured on 

the Agilent DCA-J 86100C digitizing oscilloscope.   
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2.3.5 Example 19-element VCSEL array data set 

As a final example of my testing methods, I present a complete set of measured data in Figure 

2.3.5.1 for a Ka’anapali 19-element 980 nm VCSEL array design A4 with ϕ ~10.5 m – the 

same structure for which I show the example BER test result in Figure 2.3.4.2. I include also 

simulated cold cavity modes and example emission spectra in Figure 2.3.5.2. The LIV plots 

include 19-element array designs A3 and A5 (I describe the A3, A4 and A5 array designs in 

Chapter 3 and I present A3 and A5 data in Chapter 7). I summarize key measured results for 

my A4 array in Table 2.3.5.1.  
 

  

  

  
Figure 2.3.5.1: Measured data set for a Ka’anapali 19-element 980 nm VCSEL array (design A4) with 

ϕ ~10.5 m: (top) LIV and extracted efficiencies (WPE and ηLI) and series resistance (Rdiff) versus I; 

(middle) emission spectra and |S21| frequency response at three DC bias currents; and (bottom) 

bandwidth (f3dB) versus I and fR and f3dB versus (I – Ith)1/2. See Figure 2.3.4.2 for array A4 BER test data. 
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Figure 2.3.5.2: (top) Simulated (cold cavity) 2D optical surface modes (near field intensity) of an ϕ 

~10.5 m 980 nm Ka’anapali 19-element VCSEL array with a 25 m diameter top mesa (each 2D plot 

represents the near field (optical intensity) pattern of each of the 19 VCSELs). I remove half or the 

entire 3.5 m wide (and 3 m from the mesa edge) top surface p-metal contact for ease of viewing the 

underlying modes (but I include the p-metal rings in my simulations). I adjust the VCSEL etalon to fit 

the LP02 mode at I = 35 mA. (bottom) Measured optical emission spectra at I = 5 mA (below threshold) 

and I = 35 mA (well above threshold). I label the simulated mode wavelengths with red vertical lines. 
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TABLE 2.3.5.1 

METRICS FOR THE KA’ANAPALI 980 NM 19-ELEMENT VCSEL (DESIGN A4 WITH Φ ~10.5 M). 

 

Lmax 

(mW) 

L (mW) at 

J~10 kA/cm2 
WPE (%) at 

J~10 kA/cm2
 

ηLI max           

(W/A) 

Rdiff  (Ω) at 

J~10 kA/cm2
 

f3dB max 

(GHz)  

f3dB (GHz) at 

J~10 kA/cm2
 

D factor 

(GHz/mA1/2) 

217.1 157.3 30 1.14 6.94 18.4 17.3 1.27 

 

 
 

2.4 VCSEL epitaxial designs 

I presented my Ka’anapali 980 nm VCSEL epitaxial design in Figure 2.2.5.3 (see Section 2.2) 

– in the form of a 1D real refractive index profile and a 1D optical field intensity distribution 

on resonance (at 980 nm).  I disclose here two additional VCSEL epitaxial designs – first my 

Kapalua 980 nm VCSEL design in Figure 2.4.1 and second my Koloa 940 nm VCSEL epitaxial 

design in Figure 2.4.2. The Kapalua design is identical to the Ka’anapali design except it has 

one additional top (coupling) DBR period – thus 15.5 p-doped top DBR periods (the simulated 

Rtop ~0.991 at 980 nm, from the optical cavity looking up through the top DBR into air) – and 

a mixed (37 total period) ternary-binary bottom (high reflector) n-doped DBR. I center the two 

20 nm thick (as grown) Al0.98Ga0.02As layers at optical field intensity nodes – achieved in part 

by reducing the thickness of the first two GaAs DBR layers surrounding the optical cavity. 

 

 

 

 
Figure 2.4.1: Simulated 1D optical field intensity (red curve) and real refractive index profile n(z) (blue 

curve) for the Kapalua 980 nm VCSEL epitaxial design. 
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The Koloa VCSEL design is also unique, with a mix of different AlxGa1-xAs DBR layers. To 

conservatively reduce absorption at 940 nm I sparingly include doped GaAs layers. My 940 

nm Koloa design includes five, 4.2 nm thick In0.18Ga0.82As QWs surrounded by six, 5.1 nm 

thick GaAs0.80P0.20 barrier layers. I include two, 20 nm thick Al0.98Ga0.02As layers both residing 

withing the half-lambda optical cavity. We tune the etalon design (during MOVPE growth 

calibrations) for emission at ~940 nm (with a room temperature QW gain peak wavelength of 

~918 to 922 nm). For Koloa I employ simple linearly graded (in AlAs mole fraction) 14.5 top 

p-doped DBR periods (the simulated Rtop ~0.984 at 940 nm, from the optical cavity looking up 

through the top DBR into air), a 37-period mixed binary-ternary n-doped (linearly graded) 

bottom DBR (see Figure 2.4.2), and a top p-doped (1λ optically thick) current spreading layer. 
 

 

 
Figure 2.4.2: Simulated 1D optical field intensity (red curve) and real refractive index profile n(z) (blue 

curve) for the Koloa 940 nm VCSEL epitaxial design. 

 

 

2.5 Summary Chapter 2 

I include in Chapter 2: 1) a (brief) summary of the origins of VCSELs via a list of selected 

VCSEL publications from 1965 to the present; 2) a description of the key VCSEL constructs 

and concepts including epitaxy, quantum well (QW) gain layers, DBR mirrors, multiple layer 

Fabry-Pérot etalons, VCSEL diodes, and VCSEL resonators; and 3) descriptions of my test set 

ups and testing methods. For 2) and 3) I include as examples some of my measured VCSEL 

results – thus I incorporate my research work into my background chapter. 
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The modern VCSEL evolved from applied physics experiments that involved: surface gratings 

(via the concepts of distributed feedback and Bragg reflection) placed on horizontal cavity laser 

diodes; vertically oriented Fabry-Pérot cavities with bulk (micrometer thick) gain layers – 

employing for example a semi-transparent metal mirror and later a dielectric DBR; all-

semiconductor DBRs; and spontaneous and stimulated emission from quantum potential wells. 

In the fascinating work of Scifres and colleagues we uncover a surface emitter in the form of a 

DBR where every period includes a PN junction. In Ogura and colleagues’ prescient work 

(despite the lateral PN junction) we find a GaAs half-lambda optical cavity (the optical gain 

layer) surrounded by AlGaAs DBRs (earlier demonstrated by van der Ziel and Ilegems) – very 

much like a modern VCSEL less the QWs and oxide aperture(s). The VCSEL masters 

eventually assembled the most promising pieces, replaced bulk gain layers with QWs, worked 

out rigorous numerical modeling techniques borrowed (for example) from optical fiber 

waveguides, and via colossal advances in epitaxial growth and precision pillar (mesa) etching 

found in 1989 a path to huge practical success – room temperature CW lasing. The VCSEL 

odyssey is in fact much deeper, peculiar, and more interesting then conveyed in my very brief 

retrospective herein. Just in the past ~5 years we have experienced a VCSEL renaissance due 

to emerging markets for optical sensing [121] and high bit rate optical communication – 

including VCSELs and VCSEL arrays for free space optical data communication. 
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Chapter 3 

 
 

Fabrication 

 

 

 
his chapter serves three purposes: 1) to disclose geometric details of my experimental 

vertical cavity surface emitting lasers (VCSELs) and VCSEL arrays; 2) to outline my 

VCSEL fabrication steps; and 3) to present the results of my oxidation tests on my Ka’anapali, 

Kapalua, and Koloa VCSEL wafers. In Section 3.1 I present an overview of my VCSEL mask 

set including tables of key mask set dimensions. I further show top-down illustrations and 

microscope images of my single reference VCSELs, and the same for my experimental triple 

(3-element), septuple (7-element), and novemdecuple (19-element) VCSEL arrays. In Section 

3.2 I show a sequence of 8 cross-section schematics representing my typical VCSEL processing 

sequence. I include a brief list of my processing steps with a short comment for each step. In 

Section 3.3 I show the results of my selective thermal wet oxidation tests – which include cross-

sectional images of my VCSEL epitaxial structures obtained via scanning electron microscopy. 

 

3.1 VCSEL geometry 

In Figure 3.1.1 I show the layout of one unit cell of my mask set – VCSEL Array 2018. I 

generate the layout image by taking a screen shot of the GDS II mask design file – with only 

the p-metal layer and the GSG pad metal layer visible. I highlight in red rectangles the columns 

and one row of the unit cell pertinent to my dissertation – Columns 3, 4, 5, 7, 12, and 14, and 

the row of six,19-element arrays numbered A0 to A5. Columns 3, 4, and 5 consist of 10 rows 

of single (1-element) VCSELs with increasing mesa diameters. Column 7 consists of 10 rows 

of triple (3-element) VCSEL arrays, and Columns 12 and 14 consist of septuple (7-element) 

VCSEL arrays. The inter-device pitch is 600 m (in the x-direction and the y-direction) for 

Rows 0 to 9 and Columns 0 to 15. The inter-device pitch for the 19-element A arrays is (10·600 

m)/11 = 545.45 m from left to right in Figure 3.1.1 and 600 m in the vertical direction. 

 

In Figure 3.1.2 I show the mask layout for triple VCSEL arrays in Rows 0 and 9 in Column 7, 

and for septuple VCSEL arrays in Rows 0 and 9 in Columns 12 and 14. Each device includes 

– written in GSG pad metal (shown as a light blue fill) – a row number (upper left), a column 

number (upper right), and a unit cell number (11 in Figure 3.1.2). While the horseshoe shaped 

n-metal (shown in red) is always 25 m wide, the inter-VCSEL spacing and the areas of the 

top mesa 1 and bottom mesa 2 vary when moving from Row 0 to Row 9 within a column. 

Similarly, for the A0-A5 19-element arrays shown in Figure 3.1.3, the inter-VCSEL pitch, the 

top mesa 1 diameter, and the bottom mesa 2 area vary when moving from array to array. 

 

In Table 3.1.1, Table 3.1.2, and Table 3.1.3 I list several key mask set dimensions of my single 

VCSELs, and my triple, septuple, and 19-element VCSEL arrays. I include top mesa 1 

diameter, inter-VCSEL spacing, and information allowing a calculation of bottom mesa 2 area 

and the location of the bottom 2 mesa relative to the p-metal ring(s). 

T 
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Figure 3.1.1: Screen shot of the GDS II mask design file and added labels and dimensions of one unit 

cell for the VCSEL 2018 mask set. I show only the p-metal (small red shapes) and GSG pad metal (blue 

shapes) mask layers.  

 

 
Figure 3.1.2: A closer look at images from Figure 3.1.1 of triple (Column 7 Rows 0 and 9) and septuple 

(Columns 12 and 14 Rows 0 and 9) VCSEL arrays. I show 5 mask layers: p-metal; top mesa 1; bottom 

mesa 2; n-metal; and GSG pad metal. For clarity I do not include the BCB layer. 
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Figure 3.1.3: View of the six A0 to A5 19-element VCSEL arrays in Figure 3.1.1. I show 4 of the 6 

mask layers: p-metal interconnected rings in red; bottom mesa 2 hexagons; n-metal horseshoes in red; 

and GSG pad metal in stripe-filled blue. For clarity I do not include the top mesa 1 and BCB layers. 

 

 

TABLE 3.1.1 

GEOMETRIC PARAMETERS FOR THE SINGLE VCSELS AND TRIPLE VCSEL ARRAYS 

 

Row 

Column 3 

Single 

VCSELs 

Column 4 

single 

VCSELs 

Column 5 

single 

VCSELs 

Column 7                                                 

triple VCSEL arrays 

top mesa 1 

diameter 

(µm) 

top mesa 1 

diameter 

(µm) 

top mesa 1 

diameter 

(µm) 

top mesa 1 

diameter 

(µm) 

inter-VCSEL 

spacing 

(µm)* 

bottom mesa 

2 diameter 

(µm) 

0 18 18 18 22 ~53.7 114 

1 19 20 28 23 ~54.6 116 

2 20 22 38 24 ~55.4 118 

3 21 24 48 25 ~56.3 120 

4 22 26 58 26 ~57.2 122 

5 23 28 68 27 ~58.0 124 

6 24 30 78 28 ~58.9 126 

7 25 32 88 29 ~59.8 128 

8 26 34 98 30 ~60.6 130 

9 27 36 108 31 ~61.5 132 

The Column 3, 4, and 5 bottom mesa 2 diameters = mesa 1 diameters + 70 m                                                          

* inter-VCSEL spacing = (20 + top mesa 1 radius)·[sin(120°)/sin(30°)]  1.732·(20 + top mesa 1 radius) 

 

 

TABLE 3.1.2 

GEOMETRIC PARAMETERS FOR THE SEPTUPLE VCSEL ARRAYS 

 

Row 

Column 12 septuple VCSEL arrays Column 14 septuple VCSEL arrays 

top mesa 1 

diameter 

(µm) 

inter-VCSEL 

spacing (µm) 

bottom mesa 

hexagon side 

length* (µm) 

top mesa 1 

diameter 

(µm) 

inter-VCSEL 

spacing (µm) 

bottom mesa 

hexagon side 

length (µm)* 

0 22 42 ~67.2 22 42 ~67.2 

1 23 43 ~68.7 22 41 ~65.2 

2 24 44 ~70.2 22 40 ~63.2 

3 25 45 ~71.7 22 39 ~61.2 

4 26 46 ~73.2 22 38 ~59.2 

5 27 47 ~74.7 22 37 ~57.2 

6 28 48 ~76.2 22 36 ~55.2 

7 29 49 ~77.7 22 35 ~53.2 

8 30 50 ~79.2 22 34 ~51.2 

9 31 51 ~80.7 22 33 ~49.2 
* given a regular hexagon with side length b the area = (3·31/2·b2)/2 
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TABLE 3.1.3 

GEOMETRIC PARAMETERS FOR THE 19-ELEMENT VCSEL ARRAYS 

 

Array 

Six Row A 19-element arrays 

top mesa 1 

diameter 

(µm) 

inter-

VCSEL 

spacing 

(µm) 

bottom mesa 

hexagon side 

length* (µm) 

outer top 

mesa 1 edge 

to hexagon 

vertex (µm) 

A0 22 42 115 20 

A1 22 37 100 15 

A2 22 32 85 10 

A3 25 45 122.5 20 

A4 25 40 107.5 15 

A5 25 35 92.5 10 
 * given a regular hexagon with side length b the area = (3·31/2·b2)/2 

 

In Figure 3.1.4 I illustrate my single VCSEL geometry with example microscope images and 

drawings – representing different steps during VCSEL fabrication. The top mesa 1 (shown in 

light blue) is a circular pillar. Via selective thermal wet oxidation I form an oxide aperture 

within the top mesa – the unoxidized region remains light blue in the diagram after oxidation 

whereas the oxidized region is shown in purple. My p-metal width is 3.5 m and is 3 m from 

the top mesa 1 edge. Thus, the inner p-metal ring diameter is equal to the top mesa 1 diameter 

minus 13 m. The oxide aperture diameter (ϕ) depends on the oxidation time. 

 
Figure 3.1.4: Collage of top-down schematics (not to scale) and microscope images of single VCSELs. 

I illustrate the top mesa 1 before selective thermal oxidation in light blue. The light blue areas turn 

purple during oxidation forming a circular emission aperture with a diameter ϕ. 

 

The single VCSEL located at Row 0 Column 3 has a circular top mesa 1 diameter of 18 m 

and a circular bottom mesa 2 diameter of 18 + 70 = 88 m. Moving down Column 3 from Row 

0 to Row 9, the top mesa 1 diameter increases in +1 m steps from 18 m (Row 0) to 27 m 

(Row 9), and the bottom mesa 2 diameter increases from 88 m (Row 0) to 97 m (Row 9). 

The top mesa 1 diameter in Column 4 increases in +2 m steps from 18 m (Row 0) to 36 m 
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(Row 9) and the bottom mesa 2 diameter increases from 88 m (Row 0) to 106 m (Row 9). 

The top mesa 1 diameter in Column 5 increases in +10 m steps from 18 m (Row 0) to 108 

m (Row 9) and the bottom mesa 2 dia. increases from 88 m (Row 0) to 178 m (Row 9). 

 

In Figure 3.1.5 I illustrate my 3-element (triple) VCSEL geometry with example microscope 

images and drawings (as in Figure 3.1.4 for my single VCSELs). The top mesa 1 consists of 

three circular pillars connected by rectangular ridges. The pillar diameter ranges from 22 m 

in Row 0, Column 7 to 31 m in Row 9, Column 7 (as given in Table 3.1.1). The ridge width 

is 9.5 m – constant for all triple, septuple, and 19-element arrays. The shortest distance from 

the inner edges of the three pillars to the centroid of the three pillars is 20 m for all Column 7 

rows. The shortest distance from the centroid to the edge of the bottom mesa 2 circle is 20 m 

+ the top mesa 1 diameter + 15 m for all Column 7 rows. The inter-VCSEL spacing = (20 + 

top mesa 1 radius)·[sin(120°)/sin(30°)]  1.732·(20 + top mesa 1 radius).   

 

 
 

Figure 3.1.5: Collage of top-down schematics (not to scale) and microscope images of triple VCSEL 

arrays. I illustrate the top mesa 1 before selective thermal oxidation in light blue. Light blue edge areas 

turn purple during oxidation forming three quasi-circular emission apertures each with a diameter ϕ. 
 

 

In Figure 3.1.6 I illustrate my 7-element (septuple) VCSEL geometry with example microscope 

images and drawings. The top mesa 1 consists of seven circular pillars connected by rectangular 

ridges. The pillar diameters range from 22 m (Row 0) to 31 m (Row 9) for Column 12. The 

diameter is 22 m for all Column 14 rows. The inter-VCSEL pitch increases from 42 m (Row 

0) to 51 m (Row 9) in +1 m steps for Column 12 and decreases from 42 m (Row 0) to 33 

m (Row 9) in -1 m steps for Column 14. See Table 3.1.2 for the bottom mesa 2 side lengths. 

 

In Figure 3.1.7 I illustrate my 19-element (novemdecuple) VCSEL geometry with example 

microscope images and drawings. The top mesa 1 consists of 19 circular pillars connected by 

rectangular ridges. The pillar diameter is 22 m (for arrays A0, A1, and A2) and 25 m ( for 

arrays A3, A4, and A5). The inter-VCSEL spacing is 42 m (A0), 37 m (A1), 32 m (A2), 

45 m (A3), 40 m (A4), and 35 m (A5). The bottom mesa 2 is a regular hexagon with side 

lengths given in Table 3.1.3. Taking an imaginary straight line from a hexagon vertex to the 

center of the 19-element VCSEL array, the distance along this line from the vertex to the 

nearest top mesa 1 edge is 20 m (A0 and A3), 15 m (A1 and A4), and 10 m (A2 and A5).       
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Figure 3.1.6: Collage of top-down schematics (not to scale) and microscope images of septuple (7-

element) VCSEL arrays. I illustrate the top mesa 1 after selective thermal oxidation – the purple areas 

are oxidized whereas the light blue areas remain unoxidized forming seven quasi-circular emission 

apertures each with a diameter ϕ. 

 

 

 

 
 

Figure 3.1.7: Collage of top-down schematics (not to scale) and microscope images of novemdecuple 

(19-element) VCSEL arrays. I illustrate the top mesa 1 after selective thermal oxidation – the purple 

areas are oxidized whereas the light blue areas remain unoxidized forming nineteen quasi-circular 

emission apertures each with a diameter ϕ. The bottom n-metal horseshoe width is ~46.3 m. 
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3.2 VCSEL processing 

I fabricate my experimental vertical cavity surface emitting lasers (VCSELs) and VCSEL 

arrays in the cleanroom at the Technical University (TU) Berlin within the Institute of Solid-

State Physics. The cleanroom (the primary facility of TU Berlin’s Center of Nanophotonics) 

includes a Class 100 ultraviolet (UV) lithography room and otherwise Class 1000 or better 

areas. The inner cleanroom consists of wet benches with vacuum hoods (for solvents, acids, 

and bases), hot plates, and thin-film spinners, an inductively coupled plasma reactive ion 

etching (ICP-RIE) machine (for III-V material layer etching), an older RIE machine (for 

dielectric film etching), metal deposition systems (via thermal evaporation and electron-beam 

evaporation), a plasma-enhanced chemical vapor deposition system (for the deposition of SiN 

and SiO2), an oxygen plasma cleaning machine, a UV contact lithography mask alignment and 

exposure machine – using standard quartz mask plates with patterns etched in Cr – with a 

feature size resolution of 1 m or better, and more. The outer cleanroom areas include a high 

efficiency particulate air (HEPA) filtration system, a de-ionized water purification system, a 

secure gas bottle chase area, vacuum pumps, and more. For one key step in my VCSEL 

processing steps – the selective thermal wet oxidation step – I use our TU Berlin designed and 

built oxidation system located in a laboratory on the 6th floor of the Professor E. Wigner 

physics building (EW) separate from the cleanroom in the basement of the same building. 

 

In Figure 3.2.1 I show 8 cross section diagrams of my VCSEL processing sequence. I start with 

quarter wafer pieces from 3-inch starting wafers containing my Ka’anapali, Kapalua, and 

Koloa VCSEL designs (see Chapter 2). In Figure 3.2.2 I show (example) corresponding mask 

sets for my 1-element, 3-element, 7-element, and 19-element VCSELs and VCSEL arrays. 
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Figure 3.2.1: Cross-section illustrations of my primary VCSEL and VCSEL array processing steps. 

From top to bottom: 1) starting VCSEL epitaxial wafer; 2) p-metal patterning, deposition, and lift-off; 

3) top mesa 1 dry etching; 4) selective thermal wet oxidation of exposed Al-rich aperture layers; 5) 

bottom mesa 2 dry etching; 6) n-metal patterning, deposition, and lift-off; 7) BCB spin-on and 

patterning; and 8) GSG pad metal patterning, deposition, and lift-off. 
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Figure 3.2.2: Screen shots – from the GDS II design file – of the six mask layers I use to process my 

single VCSELs (top row), and my triple array (second row of images from the top), septuple array (third 

row of images from the top), and 19-element arrays (bottom row of images). On the far right of each 

set of images I show 5 of the 6 mask layers superimposed (I skip the BCB layer for ease of viewing). 

 

 

In Appendix A I list and illustrate the general step-by-step procedure I use to fabricate my 

VCSELs and VCSEL arrays. Depending on the up time of the cleanroom equipment and the 

cleanroom traffic the full VCSEL Array processing sequence consumes ~3 to 6 weeks (or 

longer if I must rework a step or two). I divide the processing into seven blocks of steps – six 

corresponding to the six ultraviolet contact mask levels shown in Figure 3.2.2 and the seventh 

corresponding to the selective thermal wet oxidation process. I include example microscope 

images of my VCSELs taken from several different wafer pieces and representing random 

wafer piece locations. I further include example plots of optical power reflectance versus etch 

time (and versus etch depth) – which I measure during top and bottom mesa etching via an end 

point (laser interferometry) detection system attached to our university ICP-RIE system. 
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3.3 Selective thermal wet oxidation tests 

Prior to VCSEL processing I perform selective thermal oxidation tests on small, cleaved 

rectangular test pieces. In Figure 3.3.1 I illustrate my oxidation test piece preparation process. 

I cleave – using a diamond tip scribe – 3-inch diameter Ka’anapali, Kapalua, and Koloa VCSEL 

wafers into quarter pieces. I set aside 3 quarter wafer pieces for VCSEL processing. I cleave 

(parallel to the primary and secondary flats) from the fourth quarter wafer piece 2 or 3 

rectangular strips, ~5 mm wide by ~38.1 mm long. I cleave these ~5 mm wide strips into 2 or 

3 smaller rectangular pieces. My wafer surface orientation is {100} – thus my small test pieces 

have four sidewalls with {110}-oriented (ideally mirror smooth) surfaces. After selective 

thermal wet oxidation (on one or more test pieces) I cleave the given oxidized test piece into 

smaller rectangular pieces – exposing cross sections of the oxidized layers in from the cleaved 

edges – then I examine the oxidation lengths via scanning electron microscopy. 

 

 
Figure 3.3.1: Illustration (not to scale) of the selective thermal oxidation test piece preparation method.  

 

The chemistry of the selective thermal oxidation of AlxGa1-xAs is described in several 

references – see for example [1-5]. The selective thermal oxidation process follows the same 

mathematical diffusion model for the thermal oxidation of crystalline silicon first described by 

Deal and Grove in 1965 [6]. During VCSEL wafer piece processing I perform a selective 

thermal wet oxidation after etching my top mesas – a processing step not requiring a mask (my 

fourth processing step shown in Figure 3.2.1) – using our university designed and built 

oxidation system described in [7]. For my oxidation tests I simply perform the oxidations using 

cleaved as-grown (raw - unprocessed) VCSEL test pieces. I label the oxidized AlxGa1-xAs 

layers (AlxGa1-x)2O3 [1] (or AlOx or AlxGa1-xOz) with the understanding the mole fractions for 

these amorphous solids are approximate. 

 

I selectively thermally oxidize at 420 °C at a chamber pressure of 50 mbar (~37.5 Torr, whereas 

average sea level pressure is ~1013.25 mbar or 760 Torr) in a reaction chamber saturated with 

N2 + H20. I place the selective thermal oxidation system in idle mode by backfilling the reaction 

chamber with N2 at a holding pressure below atmospheric pressure. I then seal the chamber, 

turn off the N2 flow, and turn off the heater (the system thus idles at room temperature - RT). 

To perform a selective thermal oxidation, I apply a slight overpressure of N2 gas and open the 

chamber lid. I place one or more test oxidation pieces onto the 4-inch diameter silicon wafer 

which lies on a metal heating plate inside the stainless-steel reaction chamber. I close the 

chamber lid and via computer control pull a vacuum in the chamber, then refill the chamber 

with N2. I repeat the standard pump-purge procedure 3 times. I set the chamber pressure to 50 

mbar and flow N2 and N2 + H20 (via a de-ionized water bubbler at RT) both at 0.8 l/min into 

the chamber. I increase the temperature (T) to 80, then 100, then 120 °C – holding at each T 

for 3 minutes. Next, I ramp the temperature to 420 °C. It takes ~2 minutes for the system to 

ramp from 120 °C to 420 °C. I start the oxidation timer at the start of the last ramp to 420 °C. 
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I stop the selective thermal oxidation by turning off the flow of N2 + H20 (from the bubbler) 

into the chamber. The chamber (supplied with N2) remains stable at 50 mbar during cooling. I 

turn off the Si substrate heater (and the heating tape wrapped around the stainless-steel tubing 

from the bubbler to the chamber) and allow the chamber temperature to naturally decrease 

toward RT. After ~45 minutes the temperature reaches < 100 °C and I set the chamber to near 

atmospheric pressure. I open the chamber under a slight N2 overpressure as before and remove 

the oxidized test pieces. I then return the oxidation system to the N2-filled idle state. 

 

In Figure 3.3.2 I show scanning electron microscope (SEM) cross section images (with a 

cleaved {110} sidewall) of a Ka’anapali oxidation test piece – oxidized for 160 minutes. In 

Figure 3.3.2 (top) I enhance the image sharpness and contrast to better distinguish the epitaxial 

layers. I label the top and bottom AlGaAs DBRs and the oxidized Al0.98Ga0.02As and 

Al0.9Ga0.1As layers (which appear dark gray in the figure – whereas GaAs layers appear light 

gray). In Figure 3.3.2. (bottom) I show the same SEM image for the Ka’anapali oxidation test 

piece as originally captured. The green lines indicate the length of the oxidized layers in from 

the cleaved edge – 10.63 m for the two (Al0.98Ga0.02)2O3 layers and ~1.183 m for the 

multiple, periodic (Al0.9Ga0.1)2O3 DBR layers and for the undoped x = 0.9 layer between the 

(n+)GaAs substrate and the (n+)GaAs buffer layer. The three artifacts in the lower left on the 

(n+)GaAs buffer layer are likely cleaving debris.  
 

In Figure 3.3.3 I show SEM cross section images of a Kapalua oxidation test piece – oxidized 

for 237 minutes. Note that in the SEM images the epitaxial structure is upside down – due to 

the way I mounted the test piece in the SEM. In Figure 3.3.3 (top) I enhance the image 

sharpness and contrast to better distinguish the epitaxial layers. As in Figure 3.3.2, I label the 

top and bottom AlxGa1-xAs DBRs and the oxidized Al0.98Ga0.02As and Al0.9Ga0.1As layers. The 

Kapalua epitaxial structure includes an n-doped AlAs/Al0.9Ga0.1As DBR section. Note the 

AlAs layers are fully oxidized (they appear as multiple dark gray horizontal lines) because the 

entire edge of the test piece is exposed to N2 + H2O during the selective thermal oxidation. 

When processing Kapalua VCSELs, I etch the top mesa 1 down from the top surface just past 

the optical cavity, but not into the AlAs/Al0.9Ga0.1As DBR section – thus I do not oxidize the 

AlAs layers. In Figure 3.3.3 (bottom) I show the same SEM image for the Kapalua oxidation 

test piece as originally captured. The green line indicates the length of the oxidized layers in 

from the cleaved edge – 12.55 m for the two (Al0.98Ga0.02)2O3 layers. In Figure 3.3.4 I show 

corresponding SEM images of a Koloa oxidation test piece, after a 173 min oxidation run. 

 

In Figures 3.3.5 to 3.3.7 I plot the oxidation length versus time for my Ka’anapali, Kaplua, and 

Koloa test pieces. The rate of selective thermal oxidation depends on the AlAs mole fraction 

in AlxGa1-xAs, the layer thickness, the chamber pressure, the wafer piece temperature, and the 

reactant gas mixture [1-5]. The reaction proceeds via free hydrogen, not O2 which in fact 

inhibits the reaction. For short selective thermal oxidation times resulting in oxidation lengths 

of < 50 m at oxidation temperatures of ~350-500 °C [1] and/or thin AlxGa1-xAs layers (for 

example ~60 nm or thinner for AlAs [1]) the oxidation length is linear with time – it is reaction 

rate limited [1] – and may be written dox = (B/A)t, where dox is the oxidation length, t is the 

oxidation time, and the constant B/A is related to the oxidation reaction rate constant and/or the 

rate of reactant supply (a diffusion process) to the oxide-semiconductor interface [1]. While it 

is well known the thickness of the selectively thermally oxidized AlxGa1-xAs layers shrink 

compared to their as-grown crystalline thickness by up to a few percent (depending on x), and 

the oxidation rate varies for different crystalline planes, the oxidation of relatively thin 

Al0.98Ga0.02As layers results in low to zero observable strain [1]. Equally important, the shape 

of the resultant oxide apertures (for VCSELs) roughly keeps the starting mesa shape. 
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Figure 3.3.2: Scanning electron microscope images of the cleaved surface of a Ka’anapali 980 nm 

VCSEL selective thermal oxidation test piece – oxidized for 160 min: (top) enhanced image sharpness 

and contrast; and (bottom) original image indicating the oxidation length in from the cleaved edge. 
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Figure 3.3.3: Scanning electron microscope images of the cleaved surface of a Kapalua 980 nm VCSEL 

selective thermal oxidation test piece – oxidized for 237 min: (top) enhanced image sharpness and 

contrast; and (bottom) original image indicating the oxidation length in from the cleaved edge. 

top surface  
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Figure 3.3.4: Scanning electron microscope images of the cleaved surface of a Koloa 940 nm VCSEL 

selective thermal oxidation test piece – oxidized for 173 min: (top) enhanced image sharpness and 

contrast; and (bottom) original image indicating the oxidation length in from the cleaved edge. 
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Figure 3.3.5: Measured oxidation length (in from a cleaved edge) versus oxidation time for Ka’anapali 

980 nm VCSEL test pieces. Neglecting the origin, the linear fit yields a slope of 0.0658 m/min. 

 

Figure 3.3.6: Measured oxidation length (in from a cleaved edge) versus oxidation time for Kapalua 

980 nm VCSEL test pieces. 
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Figure 3.3.7: Measured oxidation length (in from a cleaved edge) versus oxidation time for Koloa 940 

nm VCSEL test pieces.  

 

 

3.4 Summary Chapter 3 

I disclose the geometric details of my VCSEL mask set, the sequence of processing steps I use 

to produce my single VCSELs and VCSEL arrays in my university cleanroom (see also 

Appendix A), and the testing method and key measured results of my selective thermal wet 

oxidation tests – performed on actual cleaved test pieces of my three VCSEL epitaxial designs. 

My oxidation tests yield oxidation rates (in micrometers per minute) – knowledge I require to 

produce VCSELs and VCSEL array devices with specific (targeted) oxide aperture diameters. 

My new experimental mask set – VCSEL Array 2018 – designed specifically for my 

dissertation, includes single VCSELs, and triple (3-element), septuple (7-element), and 

novemdecuple (19-element) VCSEL arrays with variable geometries, facilitating comparisons 

of VCSEL performance due to variations in oxide aperture diameter, inter-VCSEL spacing, 

bottom mesa area, and more, 
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Chapter 4 

 
 

Bandwidth, Power, and Efficiency of 980 nm Single 

VCSELs and Triple and Septuple 2D Electrically Parallel 

VCSEL Arrays 
 

 

 
 present a first study of 3-element (triple) and 7-element (septuple) vertical cavity surface 

emitting laser (VCSEL) arrays with a novel top-surface-emitting device geometry (see the 

details in Chapter 3) – focusing on the basic static and dynamic characteristics as compared to 

single reference VCSELs. My VCSEL arrays are electrically in parallel via ridge top mesa and 

p-metal interconnections, but optically uncoupled. Thus, each VCSEL when lasing is a 

coherent light emitter. The beams emitted by my arrays are (optically) mutually incoherent. 

 

I fabricate, test, and analyze 980 nm 1-element (single) VCSELs and VCSEL arrays produced 

on Ka’anapali wafer pieces (see the epitaxial design details, VCSEL geometry, and fabrication 

methods in Chapters 2 and 3). My single VCSELs serve as references for comparison with my 

arrays. I compare the room temperature -3dB small signal modulation bandwidth, optical 

output power, and wall plug efficiency as functions of forward bias current, current density, 

and emission area. 

 

I achieve record room temperature (RT) bandwidths (f3dB) with my single (reference) 980 nm 

VCSELs, from 35.5 GHz for my VCSELs with an oxide aperture diameter (ϕ) ~3 m (see 

Figure 4.2.3) to 18.6 and ~15.2 GHz for my ϕ ~33.5 and 43.5 m single VCSELs (see Figures 

4.6.1 and 7.3.6), respectively. For single VCSELs with ϕ ~7.5 m I achieve a maximum 

bandwidth (f3dBmax) of 31.1 GHz and a maximum optical output power (Lmax) of ~9.8 mW. For 

triple and septuple 980 nm VCSEL arrays I achieve record f3dB of ~24 to 25 GHz with 

corresponding maximum static (continuous wave – CW) Lmax of ~30 and 65 mW, respectively. 

 

4.1 Geometry and fabrication 

As I describe in Chapter 2, we perform the epitaxial growth on a production Aixtron 

AIX2600G3 metal-organic vapor-phase epitaxy (MOVPE) system on multiple (up to twelve 

per run) 3-inch diameter, {100} surface-oriented (n+)GaAs wafers. In Figure 4.1.1 I show a 

cross section image (via scanning electron microscopy - SEM) of my Ka’anapali 980 nm 

VCSEL epitaxial structure after a 95 minute (at 420 °C and 50 mbar) wet selective thermal 

oxidation test (see also Figure 3.3.2). I use the SEM image to illustrate a fabricated VCSEL in 

Figure 4.1.1 (top). My actual fabricated VCSELs and VCSEL arrays (see Chapter 3) include 

top and bottom mesas as shown for example in Figure 4.1.2. I etch the top mesa down from the 

wafer surface, through the optical cavity containing the quantum well (QW) active region, and 

into ~2-4 n-doped distributed Bragg reflector (DBR) periods. The bottom mesa follows from 

this point down into the thick (n+)GaAs buffer layer just beneath the (n)DBR.  

I 
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Figure 4.1.1: (top) Cross section diagram of a 980 nm Ka’anapali VCSEL epitaxial structure – 

assembled from an original scanning electron microscopy (SEM) image (and reflection of the same 

image) taken after a 95 min selective thermal oxidation test (at 420 °C and 50 mbar – see Figure 3.3.5) 

– with added labels and top p-metal ring contact. The measured oxidation length for the two 

Al0.98Ga0.02As layers is ~6.42 m. (bottom) The identical SEM image – with enhanced sharpness and 

contrast – and the simulated 1D optical field intensity (red curve) and real part of the refractive index 

profile (blue curve) both along the (unoxidized) center of the VCSEL in the z-axis growth direction.  
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Figure 4.1.2: Microscope images (random wafer locations) of my single, triple, and septuple VCSEL 

arrays at two stages of the quarter wafer piece processing: (bottom three images) after the second bottom 

mesa etch; and (top three images) after the GSG metal pad deposition and lift-off. 

 

 

4.2 Small oxide aperture diameter single VCSELs 

I define small VCSELs as VCSELs with oxide aperture diameters (ϕ) of ~10 m or less – an 

arbitrary definition. For my single VCSELs I report results from two, 3-inch diameter wafers 

from a batch of 12 wafers grown in a single MOVPE growth run. The two wafers are identical 

except for small (unintentional) variations in epitaxial layer thickness across each wafer, and 

from wafer-to-wafer.  

 

In Figure 4.2.1 (top) I show the room temperature (RT ~23 °C) continuous wave (CW) “light” 

output power (L) and the voltage (V) both versus the applied forward bias current (I) for a group 

of adjacent VCSELs with estimated ϕ ranging from just above 0 where δ represents a small 

number above zero, up to ϕ ~5 m. As a rough rule-of-thumb for 850-1060 nm data 

communication VCSELs with a top coupling mirror Rtop of typically ~0.994 to 0.996 the 

maximum L at LI rollover in mW is often about the same or a little less compared to the given 

VCSEL’s ϕ but in units of mW. For example, a 5 m optical communication VCSEL emitting 

at ~850 to 980 nm (for data transmission across multiple mode optical fiber) typically has a 

maximum L (at rollover) of ~3 to 5 mW. In my 980 nm Ka’anapali VCSEL design I make Rtop 

~0.990 for my top coupling DBR mirror – to boost the optical output power and reduce the 

cavity photon lifetime which increases the bandwidth. I thus expect higher L values for a given 

ϕ compared to identical VCSELs with more top DBR periods and correspondingly larger Rtop.  
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Figure 4.2.1: (top) Measured static LIV characteristic at RT (~23 °C) of Ka’anapali 980 nm single 

VCSELs with oxide aperture diameters (ϕ) ranging from just above 0 to ~5 µm. The LI curves are solid 

lines. The two (example) IV curves are dashed lines. (bottom) Expanded view showing the LI data in 

and around the threshold currents. 

Ka’anapali UC1 NE2 

Column 3 Rows 1-7 
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I oxidized the VCSELs in Figure 4.2.1 for 140 min, resulting in an oxidation length inward 

from the top mesa edge of ~9.2 m (see Figure 3.3.5). The LI characteristic labelled ϕ ~0+δ 

m is for a VCSEL that has nominally ϕ ~0.1 m (that is, an 18.5 m top mesa diameter minus 

2 times the oxidation length). The actual ϕ is likely larger since I measure an optical output 

power with a maximum L of 180 W. At RT, the maximum LI slope efficiency is 1.04 W/A 

and the maximum L at rollover is 5.6 mW for the VCSEL with ϕ ~3 m. The maximum external 

differential quantum efficiencies  = (qλo/hc)·(L/I) range from 0.78-0.86 (unitless), where 

h is Planck’s constant, c is the speed of light, and q is the charge of an electron. 

 

In Figure 4.2.1 (bottom) I show a zoomed in plot of the LI data from which I estimate the 

threshold currents (Ith) by linearly extrapolating the LI curves to zero L. The resultant 

intersection on the x axis yields the estimated Ith. The 0.5 m VCSEL has the smallest Ith, 

indicating the VCSEL with ϕ ~0+δ m likely suffers from increased scattering and absorptive 

losses as expected for such a small ϕ. The fundamental lasing (optical) mode expands outside 

of the oxide aperture diameter (as the ϕ is too small to confine the mode) and is confined by 

the refractive index change of the top mesa 1 and the surrounding dielectric BCB material. 

 

In Figure 4.2.2 I plot the emission spectra for the VCSELs with ϕ near zero and with ϕ ~3 m. 

The spectra for the two 980 nm VCSELs are offset (on the y axis) by 10 dB for clarity. The 

emission is almost purely single mode for the smallest VCSEL with a side mode suppression 

ratio (SMSR) > 40 dB. For the VCSEL with ϕ ~3 m the emission is quasi-single mode with a 

SMSR of about 35 dB that decreases with increasing bias current. 
 

 

Figure 4.2.2: Measured RT CW optical emission spectra for the VCSELs in Figure 4.2.1 with ϕ ~0+δ 

and ~3 µm. The smallest VCSEL emits in a single mode at a bias of 0.5 and 1.5 mA, while the ~3 µm 

VCSEL emits in a quasi-single mode at 1 and 3 mA with a SMSR of ~35 dB. The two spectra for the 

~3 µm VCSEL are offset by 10 dB from the two spectra for the ϕ ~0+δ VCSEL. 
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In Figure 4.2.3 (top) I show the small-signal modulation response for the same 3 m VCSEL 

at bias currents of 1.0, 1.5, and 3.75 mA, where for the latter current I achieve a f3dBmax of 35.5 

GHz. In Figure 4.2.3 (bottom) I plot the f3dB and fR versus the square root of (I - Ith) at RT for 

the 3 m VCSEL. The linear slope of the f3dB values is the modulation current efficiency factor 

(MCEF). The MCEF of 21.3 GHz/(mA)1/2 and the maximum f3dB of 35.5 GHz are both record 

results for 980 nm VCSELs. The f3dB record for 850 nm VCSELs is 30 GHz [1]. 
 

 

4.3 Large oxide aperture diameter single VCSELs 

I define large single VCSELs as VCSELs with oxide aperture diameters ϕ greater than ~10 m 

(as before this is an arbitrary definition [2]). I next focus on the continuous wave (CW) and 

frequency response characteristics of my large oxide aperture diameter single VCSELs that are 

all processed on one wafer piece. This second wafer piece is identical to the wafer used to 

produce the data in Section 4.2 but with a small redshift in the etalon wavelength. I oxidize this 

wafer piece for 111 min – thus I expect an oxidation length ~7.3 m (see Figure 3.3.5). 

 

In Figure 4.3.1 I show the room temperature LIV characteristics of neighbor VCSELs in 600 

m column-to-column proximity - that is, I show data for VCSELs in three adjacent columns 

(Columns 3, 4, and 5), all within one unit cell. Comparing the VCSELs in Figure 4.2.1 with 

the VCSELs in Figure 4.3.1 (top) I observe the L at rollover is a little less for the VCSELs on 

the second processed wafer piece with the same or nearly the same ϕ compared to the VCSELs 

on the first processed wafer piece in Figure 4.2.1. I account for the difference in L for a given 

ϕ by noting my typical variation in etalon wavelength across 12 wafers (using the average 

etalon value for each wafer) within one epitaxial growth run of 12 wafers is plus or minus 5 

nm. The etalon wavelength variation across each wafer is about plus or minus 3 to 5 nm. 

Additional selective thermal oxidation variations in ϕ across a processed quarter wafer piece 

(from my starting 3-inch diameter wafers) from my experience lead as well to an expected plus 

or minus 0.5 to 1.0 m variation for ϕ. However, for all my VCSELs reported in this Chapter 

the maximum LI slope efficiencies are typically close to 0.9 W/A. 
 

In Figure 4.3.2 (top) I show the RT frequency response of a single VCSEL with ϕ ~7.5 µm at 

bias currents of 1.5, 2.5, 4.5, and 11.5 mA resulting in f3dB values of ~ 15, 20, 25, and 31 GHz. 

This VCSEL resides in Column 4 between the ϕ ~5.5 and 9.5 µm VCSELs whose RT LIV 

characteristics are given in Figure 4.3.1 (middle). In Figure 4.3.2 (bottom) I show the RT static 

LI characteristics for the same 980 nm VCSEL of Figure 4.3.2 (top) with ϕ ~7.5 µm and the 

corresponding f3dB versus I. The threshold current is below 1 mA, the L at rollover is close to 

10 mW, and the maximum f3dB is 31 GHz. This single VCSEL with ϕ ~7.5 µm serves as a 

reference for the triple and septuple VCSELs presented in Sections 4.4 and 4.5. 
 

In Figure 4.3.3 I show the RT frequency response of some of the large ϕ VCSELs that are given 

Figure 4.3.1 (middle) and Figure 4.3.1 (bottom). For the two Column 4 single emitter VCSELs 

with ϕ ~17.5 and 21.5 µm the f3dBmax are 23.8 and 20.6 GHz at I = 27 and 38 mA, respectively. 

The corresponding L at the bias that yields f3dBmax are 22.9 and 31.5 mW, respectively. For the 

three Column 5 single emitter VCSELs with ϕ ~13.5, 23.5, and 33.5 µm the f3dBmax are 26.6, 

21.2, and 18.6 GHz at I = 19, 40, and 65 mA, respectively. As a result of the comparably large 

ϕ the current density at f3dBmax is 13, 9, and 7 kA/cm2 for these devices. The corresponding L at 

the bias that yields f3dBmax are 16.2, 31.8, and 47 mW, respectively. 
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Figure 4.2.3: (top) Small-signal modulation frequency response and curve fits (thicker solid lines) for a 

980 nm single reference VCSEL with ϕ ~3 µm I = 1.0, 1.5, and 3.75 mA. (bottom) The -3 dB bandwidth 

frequency f3dB (red circles) and relaxation resonance frequency (fR; black squares) versus (I - Ith)1/2 for 

the 3 µm VCSEL. The slopes of the linear portions of the data are the MCEF and D factor, respectively. 

f3dB 
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Figure 4.3.1: (top) and (middle) – see (bottom) and the figure caption on the next page. 

Ka’anapali SW UC23 

Rows 1, 3, 7, and 9 

Ka’anapali SW UC23 

Rows 1, 3, 5, 7, and 9 
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Figure 4.3.1: Measured static LIV characteristics at RT of 980 nm single VCSELs in three adjacent 

Columns 3, 4, and 5 (top, middle, bottom graphs, respectively) within one, unit cell on the same 

processed wafer with ϕ ranging from 4.5 to ~33.5 µm. The horizontal column-to-column pitch is 600 

µm. 

 

 

4.4 Triple VCSEL arrays 

I compare my 980 nm triple VCSEL arrays and 980 nm single (reference) VCSELs produced 

side-by-side on the same wafer. I produce columns of single VCSELs (Columns 3, 4, and 5 as 

shown in Section 4.3) adjacent to triple VCSELs (Columns 6 and 7) with vertical and horizontal 

device-to-device separations of 600 m as I previously noted. I seek the change in optical 

output power versus device active area for a given bias current, and the difference in the f3dB 

and power efficiency for single VCSELs and VCSEL arrays. 

 

In Figure 4.4.1 (top) I show the RT CW LIV characteristics of triple VCSEL arrays. The values 

of ϕ, which are the same for each of the three emitters in each distinct VCSEL array, range 

from ~7.5 to 15.5 m. I achieve a maximum L of about 30 mW when ϕ ~7.5 m for each of 

the three VCSELs and about 65 mW when ϕ ~15.5 m for each of the three VCSELs. The 

maximum LI slope efficiency for the triple array VCSELs is about 0.9 W/A as given in Figure 

4.4.1 (bottom). The threshold current (Ith) when ϕ ~7.5 m is 1.48 mA. The Ith for the triple 

VCSELs is a little larger than three times the measured Ith for a single 7.5 m VCSEL. This is 

likely because I interconnect the triple VCSEL top mesas with rectangular ridges that slightly 

increase the average oxide aperture diameter of each VCSEL. I note also that the L at rollover 

(~30 mW) for the triple VCSEL array for ϕ ~7.5 m is about three times the L at rollover (~10 

mW) for the single VCSEL, as expected. 

Ka’anapali SW UC23 

Rows 1, 2, and 3 
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Figure 4.3.2: (top) Curve fits to the small-signal modulation frequency response at RT for a single 

reference 980 nm VCSEL with ϕ ~7.5 µm for selected bias currents Note the partially damped peak 

height of the frequency response of about 4.5 dB at f3dBmax (31 GHz). (bottom) Small-signal modulation 

bandwidth (f3dB; circles) and optical output power L (solid line) versus the CW bias current at RT for a 

single 980 nm VCSEL where ϕ ~7.5 m (this VCSEL is in Column 4 Row 2). 

f3dB 

Ka’anapali SW UC23 

Column 4 Row 2 

Ka’anapali SW UC23 

Column 4 Row 2 
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Figure 4.3.3: Small-signal modulation frequency response at RT and curve fits (thicker solid lines) for 

single VCSELs with: (top) ϕ ~17.5 and 21.5 µm; and (bottom) ϕ ~13.5, 23.5, and 33.5 µm, for the bias 

currents that yield the maximum f3dB. The VCSELs are adjacent within a column, within one unit cell 

with a linear pitch of 600 µm. See Figure 4.3.1 for the corresponding LIV curves. 

 

Ka’anapali SW UC23 

Rows 7 and 9 

Ka’anapali SW UC23 

Rows 1, 2, and 3 
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Figure 4.4.1: (top) Measured static LIV characteristics at RT of 980 nm triple VCSEL arrays where each 

identical VCSEL in each array has ϕ ~7.5 to 15.5 µm. (bottom) Differential resistance and LI slope both 

versus bias current at RT of the 980 nm triple VCSEL array with ϕ ~7.5 µm. 

Ka’anapali SW UC23          

Column 7 Rows 0, 1, 2, 5, and 8 

Ka’anapali SW UC23          

Column 7 Row 0 
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In Figure 4.4.2 (top) I show the emission spectra for a triple VCSEL array with ϕ ~7.5 m at 

bias currents of 2, 4, and 8 mA. The emission initially has a dominant fundamental mode peak 

at ~984 nm with a root mean square spectral width of less than 0.5 nm (neglecting the spectral 

width value near threshold) at these low bias currents. I capture the spectra via a cleaved 

standard OM1 multiple-mode optical fiber with a core diameter of 62.5 m that is placed 

directly on the triple VCSEL emitting area during measurement. The fiber is placed 

approximately at the geometric center of the three VCSELs using a probe station with a 

standard white light microscope. The optical fiber guides the emission into an Ando AQ6317C 

optical spectrum analyzer (OSA - see Section 2.3.2 in Chapter 2). The optical fiber captures 

roughly half of the optical output from each of the three VCSELs which form an equilateral 

triangle. 

 

For comparison in Figure 4.4.2 (bottom) I show the CW emission spectra for my reference 

single VCSEL with ϕ ~7.5 m that is (on the processed wafer piece) 1800 m away from the 

triple VCSEL. Although the OM1 optical fiber core diameter is larger than the single VCSEL 

emitting aperture the coupling losses reduce the measured L that reaches the OSA. I use an 

optical attenuator when needed to ensure the measured power does not exceed the 100 mW 

optical power input maximum rating of the optical spectrum analyzer. The emission from the 

reference ϕ ~7.5 m single VCSEL is roughly the same as the emission I see from the triple 

array, but with a slightly larger root mean square spectral width at a given bias current. 

 

At large CW bias currents, for example at 10 and 40 mA at room temperature as shown in 

Figure 4.4.3 (top), the spectral emission broadens significantly for the triple array – the root 

mean square spectral width (λ) increases from 0.56 to 0.91 nm. From the emission spectra for 

triple arrays where the ϕ increase from 7.5 to 15.5 µm as shown in Figure 4.4.3 (bottom) the 

spectral width of my triple VCSEL array decreases (and blue shifts) as ϕ increases at a constant 

I = 20 mA – since as ϕ increases J decreases along with the internal device temperature. 

 

In Figures 4.4.4 (top) and (bottom) and 4.4.5 I show the typical set of RT curves I use to 

characterize the dynamic performance of my triple VCSEL arrays including the small-signal 

modulation frequency response at several bias currents, the f3dB versus bias current, and the f3dB 

and fR both versus the square root of the CW bias current above the threshold current. The 

f3dBmax is 25.5 GHz at I ~27 mA. The f3dB remains above 25 GHz from I ~27 to 37 mA with a 

corresponding L at f3dBmax of 22.7 to 29.3 mW. The f3dB already exceeds 20 GHz at a small 

current of only I ~13 mA as shown with a corresponding L ~11 mW. 

 

4.5 Septuple VCSEL arrays 

I repeat the triple VCSEL characterization for a 7-emitter electrically parallel VCSEL array. In 

Figure 4.5.1 (top) I show the RT LIV for a 980 nm septuple VCSEL array where for the seven 

VCSELs ϕ ~7.5 m. The maximum L is ~60 mW at I ~90 mA. The maximum LI slope 

efficiency is ~0.9 W/A and remains above 0.7 W/A for I up to about 50 mA as shown in Figure 

4.5.1 (bottom). With 7 identical VCSELs electrically in parallel, the differential resistance as 

extracted from the static IV curve drops from 50 to below 20 Ω as the bias increases from ~10 

to 90 mA. The Ith of the septuple array is 3.07 mA. 

 

In Figure 4.5.2 I show representative RT emission spectra of the septuple array at CW biases 

of 2 mA (below threshold), 10 mA, and 80 mA. The root mean square spectral width increases 

from 0.68 nm at I = 10 to 1.29 nm at I =80 mA, while the mean wavelength redshifts from 

984.03 to 989.16 nm (roughly 0.073 nm/mA). 
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Figure 4.4.2: (top) Measured RT CW optical emission spectra at bias currents of 2, 4, and 8 mA for a 

triple VCSEL array with ϕ ~7.5 µm. The emission is multiple mode with center (mean) wavelengths 

(λm) and root mean square spectral widths (λ) as shown. (bottom) Measured RT CW optical emission 

spectra for a single reference VCSEL with ϕ ~7.5 µm at bias currents of 1, 4, and 8 mA. 
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Figure 4.4.3: Measured RT CW optical emission spectra using a cleaved-end OM1 (62.5 m core 

diameter) multiple-mode optical fiber (MMF) at: (top) I = 10 and 40 mA for a triple VCSEL array with 

ϕ ~7.5 µm; and (bottom) at 20 mA bias current for triple VCSEL arrays with ϕ ~7.5 to ~15.5 µm for 

each VCSEL – offset in steps of 50 dB for ease of viewing. The cleaved-end OM1 MMF rests on the 

surface of the array at approximately the geometric center of the three VCSELs. 
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Figure 4.4.4: (top) Small-signal modulation frequency response at RT and curve fits (thicker solid lines) 

for a triple electrically parallel 980 nm VCSEL array where ϕ ~7.5 m for each VCSEL at bias currents 

yielding f3dB of ~6, 11, 16, 21, and 26 GHz. (bottom) The f3dB (circles) and L (solid line) versus the CW 

bias current at RT for the same triple VCSEL array. 
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Figure 4.4.5: Small-signal modulation bandwidth (f3dB; red circles) and relaxation resonance frequency 

(fR; black squares) versus the square root of bias current above the CW threshold current at RT for a 

triple electrically parallel 980 nm VCSEL array where ϕ ~7.5 m for each VCSEL. The linear portions 

of the slopes yield two common laser diode figures of merit – the MCEF and the D factor. 

 

 

My measurement configuration (for the work I report in this Chapter) is limited to CW optical 

powers of a maximum of ~70 mW. In later work (see Chapters 6 and 7, and some of the plots 

in Chapter 2) I add a neutral density filter to block 90% of the emitted optical power – enabling 

me to measure higher L. Therefore, in Figure 4.5.1 I am not able to accurately (or safely) 

determine the maximum CW optical output powers of my septuple arrays when the oxide 

aperture diameters for the 7 VCSELs in each array exceed ~7.5 µm. When measuring my 

septuple VCSEL arrays with larger ϕ I do not see indications of the onset of thermal rollover 

up to 70 mW of optical output power and for bias currents exceeding 100 mA, indicating that 

the peak L and rollover currents are well above these values. 

 

Since the maximum wall plug efficiency (WPEmax) occurs at a bias current well below the 

rollover current, I do not need to drive my septuple arrays to rollover to determine their 

WPEmax. The maximum WPE for my 980 nm septuple VCSEL arrays with ϕ ranging from 7.5 

to 13.5 µm only slightly decreases from 34 to 32% with increasing ϕ. 

 

In Figures 4.5.3 (top) and (bottom) and 4.5.4 I show the typical set of RT curves I use to 

characterize the dynamic performance of the 980 nm septuple VCSEL array. The f3dBmax is 24.8 

GHz at I ~65 mA with a corresponding L of 50.1 mW. The f3dB reaches 15 and 20 GHz at I ~20 

and 35 mA, respectively, as shown with a corresponding L of 14.7 and 27.7 mW, respectively. 

The extracted MCEF is 3.62 GHz/(mA)1/2 and the extracted D factor is 2.98 GHz/(mA)1/2. 
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Figure 4.5.1: (top) Measured static LIV characteristic at RT; and (bottom) differential resistance and LI 

slope both versus bias current of a 980 nm septuple VCSEL array where ϕ ~7.5 m for each of the 7 

electrically connected (in parallel) VCSELs. 

Ka’anapali SW UC23          

Column 14 Row 0 

Ka’anapali SW UC23          
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Figure 4.5.2: Measured RT CW optical emission spectra using a cleaved-end OM1 (62.5 m core 

diameter) multiple-mode optical fiber (MMF) at 2, 10, and 80 mA bias current for a septuple VCSEL 

array where each of the seven VCSELs has ϕ ~7.5 µm. The cleaved-end OM1 MMF is placed on the 

surface of each array at approximately the geometric center of the seven VCSELs.  

 

 

4.6 Comparative analysis 

While trade-offs between maximum f3dB, dynamic energy efficiency, and temperature stability 

of oxide confined high-speed VCSELs have already been the subject of intense research [3-6], 

it has not yet been demonstrated whether the findings for single emitter VCSELs are also valid 

for electrically parallel VCSEL arrays consisting of multiple emitters. Since the number of 

emitters can vary for different arrays, the oxide aperture diameter alone is not a suitable 

parameter for comparing single VCSEL and VCSEL array performance. In this Section I 

compare the static and dynamic properties obtained from my LIV data and small-signal 

modulation experiments versus the cumulative emission area of the single VCSELs and 

VCSEL arrays. For a single emitter VCSEL this emission area A is equivalent to the oxide 

aperture area A = π (ϕ/2)2, where ϕ is the oxide aperture diameter. For an array consisting of N 

electrically parallel emitters all having the same ϕ, I simply calculate A = N · π (ϕ/2)2. 

 

By using the emission area A to compare the static and dynamic properties of different VCSEL 

configurations, I can seek to identify optimization strategies for high-speed and high-power 

single VCSELs and VCSEL arrays for different applications. For instance, for a given 

application it may be beneficial to use a VCSEL array with a smaller number of electrically 

parallel emitters that have a larger oxide aperture diameter, while for other applications a 

multitude of emitters each with a small ϕ may be the optimal choice, even if the cumulative 

emission area of both arrays is the same. 
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Figure 4.5.3: (top) Small-signal modulation frequency response at RT and curve fits (thicker solid lines) 

for a septuple (7-element) electrically parallel 980 nm VCSEL array where ϕ ~7.5 m for each VCSEL 

at bias currents yielding f3dB values of about 5, 10, 15, 18, and 25 GHz. (bottom) Small-signal 

modulation bandwidth (f3dB) versus the CW bias current at RT for the same septuple VCSEL array. 

Ka’anapali SW UC23          
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Figure 4.5.4: Small-signal modulation bandwidth (f3dB – red circles) and relaxation resonance frequency 

(fR – black squares) versus the square root of the quantity the CW bias current minus the CW threshold 

current at RT for a septuple electrically parallel 980 nm VCSEL array where ϕ ~7.5 m for each 

VCSEL. 

 
For single VCSELs it is well known that the maximum L (Lmax) increases with ϕ until current 

crowding and spreading resistance hinders a further increase in the maximum optical output 

power for large values of ϕ above ~50 m. As I show in Figure 4.6.1 (see my single VCSEL 

data in Sections 4.2 and 4.3, and in Chapter 7) L increases with increasing ϕ while f3dBmax 

decreases with increasing ϕ – primarily because the active VCSEL area (and thus the junction 

capacitance) increases with increasing ϕ. Concurrently, the optical output power density which 

is the intensity L/A (i.e., the optical output power per planar emitting area, in units of mW/m2) 

decreases. Not only the maximum optical output power density increases with decreasing ϕ, 

also the bias current density at LI rollover significantly increases with decreasing ϕ. 

 

In Figure 4.6.2 I show the maximum L/A (optical output power density) and the rollover current 

density versus the emission area A of my single emitter Ka’anaplai 980 nm VCSELs at room 

temperature. The range of the emission area varies from about 7 to 3000 m2 and includes my 

single 980 nm VCSELs with ϕ from 3 µm up to 63.5 µm. 

 

By using VCSELs with smaller oxide aperture diameters in an electrically parallel VCSEL 

array I expect therefore, to achieve higher maximum L/A than if I use fewer larger ϕ VCSELs 

or if I use only one VCSEL with a correspondingly larger ϕ so the emitting areas A match. In 

addition, I expect to increase the rollover current density when using arrays formed by emitters 

with small ϕ compared to single emitter VCSELs with a larger ϕ but similar emission area A, 

unless thermal cross talk between the emitters in the array leads to an earlier rollover of the 

optical output power. 

Ka’anapali SW UC23          

Column 14 Row 0 
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Figure 4.6.1: Maximum small-signal -3 dB modulation bandwidth (f3dBmax; blue circles) and the 

corresponding optical output power (red squares) at f3dBmax versus the oxide aperture diameter (ϕ) at 

room temperature for single emitter 980 nm Ka’anapali VCSELs. I produce the ϕ ~3 m single VCSEL 

on a first quarter wafer piece, and all others on a second quarter wafer piece (from a twin sister starting 

wafer). The ϕ ~7.5 to 33.5 m single VCSELs reside in one unit cell, whereas the ϕ ~43.5 m single 

VCSEL resides in a different unit cell but on the same quarter wafer piece. I add linear fits (red and 

blue lines) to the data for the VCSELs with ϕ ~7.5 to 33.5 m. 

 

 
Figure 4.6.2: Maximum optical output power density and rollover current density versus the emission 

area at room temperature (RT ~23 °C) for single emitter Ka’anapali 980 nm VCSELs with oxide 

aperture diameters from 3 µm up to 63.5 µm. 
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For my VCSELs I observe a minor reduction (< 1%) in the rollover current density when 

comparing single VCSELs with ϕ ~7.5 µm with triple arrays formed by emitters with the same 

oxide aperture diameter. The septuple array experiences a noticeable decrease in the rollover 

current density of about -15% which I relate to the thermal cross talk between the seven 

emitters. The single VCSEL and the triple VCSEL array have a threshold current density (J) 

of 1.1 kA/cm2, while J is 1.0 kA/cm2 for the septuple VCSEL array. Within the given 

measurement accuracy and more importantly within the estimation of the oxide aperture 

diameters, all three VCSELs and VCSEL arrays with ϕ ~7.5 µm have the same threshold 

current density. The maximum optical output power scales well with an increasing number of 

emitters. By dividing the measured total optical output power of the arrays by the number of 

emitters I observe (along with the reduction in rollover current density) the maximum optical 

output power per emitter decreases by -15% when comparing the single VCSEL with the 

septuple array with ϕ ~7.5 µm. In Figure 4.6.3 I show the total optical output power versus the 

current density of the single VCSEL and the triple and septuple arrays (when ϕ ~7.5 µm) with 

the calculated (average) optical output power per emitter given in the inset. 

 
Figure 4.6.3: Optical output power versus the current density for a single, triple and septuple VCSEL 

or VCSEL array with ϕ ~7.5 µm at ~23 °C. The single reference VCSEL with ϕ ~13.5 µm and an 

emission area nearly equal to the emission area of the triple array is included as a dashed line. I show 

the calculated optical output power per emitter versus the current density for my 7.5 µm devices in the 

inset in the upper right. 

 

I do not observe a penalty in the CW properties of my 980 nm VCSELs with ϕ ~7.5 µm when 

going from a single VCSEL to a triple VCSEL array design. To verify whether using arrays 

with VCSELs having a smaller ϕ allows me to benefit from their larger maximum optical power 

density and rollover density compared to single VCSELs with larger ϕ, I add data from a single 
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VCSEL (ϕ = 13.5 µm, A = 143 µm2) that has a similar emission area as my triple VCSEL with 

ϕ ~7.5 µm (A = 133 µm2). As shown in Figure 4.6.3, my triple VCSEL array achieves both a 

larger rollover current density and higher maximum optical output power compared to the 

single reference VCSEL with ϕ ~13.5 µm. 

 

Both the wall plug efficiency and LI slope efficiency are similar for my single VCSEL with ϕ 

~13.5 µm and my triple VCSEL array with ϕ ~7.5 µm when plotted versus the current density, 

while I observe an ~6% decrease in the maximum slope efficiency of the septuple array. The 

reference VCSEL with ϕ ~13.5 µm has a slightly larger maximum slope and maximum wall 

plug efficiency (WPE) which both reduce more rapidly with increasing current density than 

the reference triple array. This is expected and well known when comparing regular single 

emitter VCSELs with varying oxide aperture diameters (for example the ϕ ~7.5 µm single 

VCSEL compared to the ϕ ~13.5 µm single VCSEL). Thus, when larger current densities can 

be tolerated by the application, arrays will outperform single VCSELs with similar emission 

area in terms of higher optical output power at a simultaneously larger WPE. I show the LI 

slope and wall plug efficiency versus the current density in Figures 4.6.4 and 4.6.5, 

respectively. 
 

By electrically connecting the VCSELs (in each array) in parallel, the array’s differential 

resistance will decrease as the number of emitters increases. The reference single VCSEL with 

ϕ ~13.5 µm has a slightly larger differential resistance despite its (estimated) 8% larger 

emission area compared to the ϕ ~7.5 µm triple VCSEL array. I plot the differential resistance 

versus the current density in Figure 4.6.6. I compare the static VCSEL properties of my single 

(1x), triple (3x), and septuple (7x) devices with ϕ ~7.5 µm in Table 4.6.1.  

 

Figure 4.6.4: Extracted LI slope efficiency versus the current density for a single, triple, and septuple 

980 nm VCSEL or VCSEL array with ϕ ~7.5 µm and for the reference single 980 nm VCSEL with ϕ 

~13.5 µm at room temperature (RT). 
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Figure 4.6.5: Wall plug efficiency for a single, triple, and septuple 980 nm VCSEL or VCSEL array 

with ϕ ~7.5 µm and the reference single 980 nm VCSEL with ϕ ~13.5 µm at RT ~23 °C. 

 

 

 

 
Figure 4.6.6: Differential resistance versus the current density for a single, triple, and septuple 980 nm 

VCSEL or VCSEL array with ϕ ~7.5 µm and for the reference single 980 nm VCSEL with ϕ ~13.5 µm 

at RT ~23 °C. 
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TABLE 4.6.1 

STATIC PROPERTIES OF 980 NM VCSELS AND VCSEL ARRAYS WITH ϕ  ~7.5 µm (ALL AT RT ~23 °C) 

 

Type oxide 

aperture 

diameter 

ϕ (µm) 

each 

VCSEL 

threshold 

current 

density 

(kA/cm2) 

LI slope 

efficiency 

(W/A) 

rollover 

current 

density 

(kA/cm2) 

maximum 

optical 

output 

power 

(mW) 

differential 

resistance 

at rollover 

(Ω) 

maximum 

wall plug 

efficiency 

(%) 

single 7.5 1.1 0.96 36.0 10.5 99 35 

3x array 7.5 1.1 0.94 35.8 32.5 30 35 

7x array 7.5 1.0 0.90 30.7 61.4 15 32 

 

 

 

 

In Figure 4.6.7 I show the maximum optical output power density at RT for my single, triple, 

and septuple VCSELs. Due to my high optical output power measurement limitations (before 

adding an ND (neutral density) filter to my test set up – for later work in Chapters 6 and 7), in 

this chapter I am only able to measure the maximum optical output power of one septuple array 

with (the smallest) ϕ ~7.5 µm. The arrays with larger ϕ already exceed the maximum L I can 

measure on my probe station. For a given area A the maximum optical output power density 

L/A increases as the number of emitters per array increases. As shown in Figure 4.6.8, the arrays 

with a larger number of emitters but smaller oxide aperture diameters achieve larger maximum 

optical output powers for a given emission area than arrays with fewer emitters and larger ϕ. 

These arrays (with more emitters and smaller ϕ) also achieve larger maximum optical output 

power per emitter. 

 

Within the accuracy I can determine the oxide aperture diameters and therefore the emission 

areas A, the threshold current values do not change for a given emission area A when comparing 

single, triple, and septuple VCSEL devices as shown in Figure 4.6.9. For the array of 19 

emitters, I see a small increase of the threshold current compared to the extrapolated value for 

single VCSELs with a similar emission area. This may be due to increasing resistive losses for 

the larger 19-element arrays compared to the smaller arrays. 

 

The maximum WPE, calculated as the ratio of the optical output power divided by the electrical 

input power (CW bias current times CW bias voltage) of the VCSEL, is given as a figure-of-

merit to demonstrate how efficiently the VCSEL or VCSEL array converts electrical power to 

optical power. I show the maximum WPE values for my single emitter VCSELs and the same 

for my 3, 7, and 19-emitter VCSEL arrays in Figure 4.6.10. Because the maximum of the WPE 

is reached well below the rollover current, I include septuple array data with ϕ up to 9.5 µm. I 

also show the maximum WPE of an array formed by 19 VCSELs with ϕ ~7.5 µm for each 

VCSEL, where the VCSELs are arranged in a hexagonal pattern (see Chapters 3, 6, and 7). 

 

The maximum WPE is 35, 34, and 20 % for my electrically parallel 980 nm VCSEL arrays of 

3, 7, and 19 emitters for emission areas of 133, 309, and 1645 µm2, respectively. Although the 

maximum WPE is lower for my 19-emitter VCSEL array, the optical output power at the bias 

current that yields the maximum WPE is larger for a given emission area, because of the higher 

optical output power density of the emitters that form the array. I show in Figure 4.6.11 the 

optical output power at the bias current of the maximum WPE for my single VCSELs and 

VCSEL arrays. 



Nasibeh Haghighi dissertation (Technical University Berlin) copyright © 2021 

125 
 

 

 
Figure 4.6.7: Maximum optical output power density versus emission area at RT for single 980 nm 

VCSELs, triple VCSEL arrays, and a septuple VCSEL array. 

 

 

 

 

 

 
Figure 4.6.8: Maximum optical output power versus the emission area at RT for my single 980 nm 

VCSELs, for my triple 980 nm VCSEL arrays, and for one of my septuple 980 nm VCSEL arrays. 
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Figure 4.6.9: Threshold current at RT versus the emission area for single emitter 980 nm VCSELs, 

triple and septuple 980 nm VCSEL arrays, and a 980 nm array with 19 (novemdecuple) electrically 

parallel emitters. 

 

 

 

 

 
Figure 4.6.10: Maximum wall plug efficiency versus emission area at RT for single emitter 980 nm 

VCSELs and for arrays of 3, 7, and 19-emitter VCSELs arranged in triangles (3 VCSELs), or in quasi 

honeycomb hexagonal (7 and 19 VCSELs) patterns, respectively. 
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Figure 4.6.11: Optical output power at the maximum wall plug efficiency versus the emission area at 

RT for single emitter 980 nm VCSELs and arrays of 3, 7, and 19 emitters, respectively. 

 

 

The optical output power L at the maximum WPE for the 19-element array with ϕ ~7.5 µm is 

comparable to the L of my largest measured single emitter VCSEL with ϕ ~63.5 µm. The room 

temperature optical output power at the maximum WPE is 35 and 34 mW for the single emitter 

and the 19-emitter array, respectively. In fact, the maximum WPE of both devices is 

comparable as well, with a WPEmax of 21% for the single emitter and a WPEmax of 20 % for 

the 19-element VCSEL array as plotted in Figure 4.6.10. 

 

As shown in Figure 4.4.4 the maximum f3dB of my triple VCSEL array formed of emitters with 

ϕ ~7.5 m is 25.5 GHz. The f3dB is nearly constant and above 25 GHz for bias currents of 27 

to 37 mA. The corresponding CW L is 22.7 mW (at I = 27 mA) up to 29.3 mW (at I = 37 mA). 

When using septuple VCSEL arrays with the same ϕ as used with the triple arrays, the optical 

output power at the maximum f3dB (24.8 GHz at I = 65 mA) increases to 50 mW while f3dB only 

slightly decreases to 24.8 GHz. Thus, increasing the emitter number from 3 to 7 while keeping 

the oxide aperture diameter constant results in an increase of the optical output power of more 

than 50% with only a minimal penalty in the small-signal modulation bandwidth. As shown in 

Figure 4.6.10 all septuple arrays have a slightly lower maximum WPE compared to the triple 

arrays. Consequently, the operating power required at the almost identical modulation 

bandwidth is more than 50 % larger for the septuple array than for the triple array. 

 

Due to the comparably small top coupling mirror optical power reflectance of my Ka’anapali 

VCSEL design, the small-signal modulation response at the maximum f3dB shows a pronounced 

resonance peak for my single emitter VCSELs as shown in Figures 4.3.2, and 4.3.3. For 

example, the resonance peak height is 6.6 dB for the VCSEL with ϕ ~13.5 µm. Such high 

resonance peaks are detrimental for large signal modulation where ideally a flat modulation 

response is desired [7]. The resonance peak height at f3dBmax is much smaller for my triple and 
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septuple arrays (see Figure 4.4.4 and Figure 4.5.3). It is 2.5 and 2.7 dB for my triple and 

septuple arrays with ϕ = 7.5 µm. My single VCSEL with ϕ = 13.5 µm and my triple VCSEL 

with ϕ = 7.5 µm have a similar emission area of 143 and 133 µm2, respectively. Both devices 

achieve a similar f3dBmax of 27 and 26 GHz for the single VCSEL and triple VCSEL array, 

respectively. The resonance peak of the triple array is significantly smaller as mentioned above 

and the array also emits a larger optical output power of 22.7 mW as compared to the 16.2 mW 

of the single reference VCSEL. 

 

The D factors of the single VCSEL and the triple array are 4.5 and 4.9 GHz/(mA)1/2, 

respectively and correspond well to the almost identical emission area of both devices. The 

trade-off of the larger optical output power and reduced resonance peak height of the array is 

a larger current density of 20 kA/cm2 as compared to 13 kA/cm2 for the single VCSEL. Thus, 

by using arrays composed of VCSELs with smaller ϕ and thus higher optical output power 

density and larger damping, I can benefit from both the increased optical output power and 

small-signal modulation bandwidth caused by the lower top coupling DBR mirror reflectivity. 

I summarize the static and dynamic properties of my (reference) 980 nm single VCSELs and 

VCSEL arrays at their maximum modulation bandwidth in Table 4.6.2. 

 

 

TABLE 4.6.2 

STATIC AND DYNAMIC PROPERTIES OF SELECTED REFERENCE SINGLE 980 NM VCSELS AND VCSEL 

ARRAYS AT THEIR MAXIMUM MODULATION BANDWIDTH (ALL AT RT ~23 °C) 

 

Type ϕ (µm) 

each 

VCSEL 

emission 

area (µm2) 

J 

(kA/cm2) 

f3dBmax 

(GHz) 

frequency 

response 

peak (dB) 

L (mW) wall plug 

efficiency 

(%) 

single 7.5 44 25 31 4.5 8.3 22 

single 13.5 143 13 27 6.6 16.2 28 

single 23.5 434 9 21 7.2 16.6 31 

single 33.5 881 5 19 7.0 30.6 26 

3x array 7.5 133 20 26 2.5 22.7 26 

7x array 7.5 309 21 25 2.3 50.1 22 

 

 

 
I seek to increase the maximum optical output power of my VCSELs and VCSEL arrays, and 

simultaneously achieve large, small-signal modulation bandwidths. As I illustrate in Figure 

4.6.1, there is a trade-off between the f3dBmax and L for single emitter oxide confined VCSELs. 

In Figure 4.6.12 I plot L versus f3dB for a single emitter 980 nm VCSEL with ϕ ~7.5 µm and 

for triple and septuple 980 nm VCSEL arrays with ϕ ~7.5 µm. While the single emitter VCSEL 

achieves a larger f3dBmax, it provides less optical output power at a given f3dB compared to the 

arrays. For a given f3dB the L increases with the number of emitter elements forming the array. 

The decrease of the f3dBmax when increasing the number of array elements from 3 to 7 emitters 

is almost negligible. The key trade-off between the triple and septuple arrays is therefore not 

necessarily the maximum bandwidth but the achieved optical output power versus the total 

energy consumption, power dissipation, or for certain applications the footprint of the array. 
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Figure 4.6.12: Optical output power at RT versus the small-signal modulation bandwidth for a single 

emitter 980 nm VCSEL with an oxide aperture diameter of 7.5 µm and 980 nm VCSEL arrays of 3 and 

7 emitters with oxide aperture diameters of 7.5 µm, respectively. 

 

 

4.7 Summary Chapter 4 

Via my high optical output power Ka’anapali epitaxial 980 nm VCSEL design and my research 

university device processing methods I achieve record-large modulation bandwidths up to 35.5 

GHz at ~23 °C for a single emitter 980 nm VCSEL with an oxide aperture diameter ϕ ~3.0 µm. 

My electrically parallel, optically uncoupled triple 980 nm VCSEL array with ϕ ~7.5 µm 

exhibits an f3dBmax exceeding 25 GHz at L ~30 mW. I increase L to 50 mW while keeping f3dBmax 

at ~25 GHz via a septuple 980 nm VCSEL array with the same ϕ ~7.5 µm. Comparing the CW 

performance of single emitter 980 nm VCSELs and 980 nm VCSEL arrays versus the 

cumulative emission area, I demonstrate that one can benefit from the higher optical output 

power density and rollover current density of smaller oxide aperture diameter VCSELs, which 

is known to lead to higher f3dB, by using arrays of small ϕ VCSELs to achieve large CW L.  

 

While my single emitter VCSELs and triple arrays show about equal maximum wall plug 

efficiency for a given emission area, the higher optical output power of my septuple and my 

novemdecuple (19-element) arrays trades off with their smaller maximum wall plug efficiency.  

 

While large oxide aperture diameter VCSELs achieve both large CW optical output power and 

large maximum f3dB, their modulation response (for my Ka’anapali VCSEL epitaxial design) 

has large resonance peaks which is detrimental for data transmission at large bit rates. My 

VCSELs with smaller oxide aperture diameters have a more damped modulation response and 

by using arrays of small ϕ VCSELs I increase the optical output power at a given modulation 

bandwidth and simultaneously reduce the resonance peak height compared to single VCSELs 

with similar emission area. Using arrays instead of single emitters allows me to significantly 

increase the optical output power for modulation bandwidths up to 25 GHz. 
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Chapter 5 

 
 

Static and Dynamic Performance of 980 nm Triple and 

Septuple 2D Electrically Parallel VCSEL Arrays 
 

 

 
 study 3-element (triple) and 7-element (septuple) vertical cavity surface emitting laser 

(VCSEL) arrays arranged in two-dimensional (2D) triangular and quasi honeycomb 

(hexagonal) device geometries – focusing on the static and dynamic characteristics at room 

temperature. I fabricate, test, and analyze 980 nm VCSELs produced on Ka’anapali wafer 

pieces (see Chapters 2 and 3). Compared with my data in Chapter 4, I present new data for a 

different set of processed VCSEL arrays. I plot data versus both bias current (I) and/or current 

density (J), and for the first time (with my arrays) I perform data transmission tests. 

 

My (small element count) VCSEL arrays achieve larger error free bit rates at simultaneously 

lower bias current densities and simultaneously larger optical output powers than my reference 

single VCSELs with approximately equal emission areas. My VCSEL arrays formed by seven 

electrically parallel VCSELs with oxide aperture diameters (ϕ) of 7.5 µm achieve record error 

free 40 gigabit-per-second (Gbps) operation while emitting > 30 mW of optical output power 

(L) at a J of only ~10 kA/cm2, thus demonstrating the potential of my laser arrays for 

applications in future reliable communication and sensing systems. 

 

5.1 Geometry and fabrication 

I produce the 980 nm VCSELs reported in this chapter from the same starting batch of twelve, 

3-inch diameter wafers grown by metal-organic vapor phase epitaxy I reported in Chapter 4 

[1]. The quasi-identical twin sister VCSELs exhibit similar static and dynamic characteristics 

but with a slightly shifted room temperature (RT) peak emission wavelength of ~984 nm rather 

than ~980 nm. The VCSEL processing and mask set geometry are unchanged as well (see 

Chapter 3). The relatively small (typically a few percent) differences in threshold current, 

maximum optical output power, maximum -3 dB small-signal modulation bandwidth (f3dB), 

and more are due to: 1) epitaxial wafer growth nonuniformity; 2) small wafer piece processing 

variations as I process my wafers by hand; and 3) my experimental measurement accuracy. In 

Figure 5.1.1 I show representative digital photographs of my processed VCSELs (randomly 

selected VCSELs on the same wafer pieces as the devices reported in this chapter) taken with 

a microscope under broad spectrum light illumination. 

 

My single emitter 980 nm VCSELs – reported in this chapter – are double mesa structures with 

circular top mesa diameters of 22, 28, and 34 µm and circular bottom mesa diameters of 92, 

98, and 104 µm, respectively. My triple VCSEL arrays – reported in this chapter (see Column 

7 Row 0 in Table 3.1.1) – are double mesa structures and with three electrically parallel 

VCSELs whose centers are placed at the three vertices of an imaginary equilateral triangle. The 

top mesa diameter of each of the three emitters is 22 µm. The VCSEL center-to-center distance 

I 
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is ~53.7 µm. The three electrically coupled emitters share a common circular second bottom 

mesa with a diameter of 114 µm that is centered on the centroid of the three emitters. The three 

emitters are electrically and thermally connected via 9.5 µm wide rectangular (top mesa) ridges 

and 3.5 µm wide p-metal lines. 

 

My double mesa septuple VCSEL arrays – reported in this chapter – consist of seven 

electrically parallel VCSELs where I center six VCSELs at the imaginary vertices of a regular 

hexagon with side lengths of 33 µm (thus the inter-VCSEL spacing is 33 µm) and where I place 

the 7th VCSEL at the center of the same regular hexagon, thus equidistant from the other six 

VCSELs. The top mesa 1 diameter of the seven emitters is 22 µm. As with the triple arrays I 

connect the VCSELs in the septuple arrays to each of their nearest neighbors by a 9.5 µm wide 

rectangular ridge and via 3.5 m wide p-metal lines. The bottom mesa 2 is a regular hexagon, 

centered on the center of the 7th VCSEL, with side lengths of ~49.2 µm. The centers of the 

outer six VCSELs forming the hexagonal ring are 16 µm along straight lines to the nearest 

bottom mesa 2 vertex (see Column 14 Row 9 in Table 3.1.2 and Figure 3.1.6). The top p-metal 

ring contacts for all my VCSELs are 3.5 µm wide and 3 µm from the edge of the top mesa 1. I 

process my VCSELs by hand in my university Class 100 to 1000 cleanroom (see Chapter 3) 

via standard contact ultraviolet photolithography, inductively coupled plasma reactive ion (dry) 

etching, metal evaporation and lift-off, and planarization with photosensitive BCB. 

 

 

 
Figure 5.1.1: Microscope images of example single 980 nm VCSELs and triple and septuple 980 nm 

VCSEL arrays: (top row) fully processed; and (bottom row) after n-metal deposition.  
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5.2 Static testing 

I plot the RT LJ characteristics of triple and septuple VCSEL arrays and the three, reference 

single VCSELs in Figure 5.2.1 together with the optical output power per VCSEL as a function 

of J. Because operation at low current densities is desirable for oxide confined VCSELs and 

VCSEL arrays [2], in Figure 5.2.2 I plot the RT continuous wave (CW) L at J ~10 and 15 

kA/cm2 for the single, triple, and septuple VCSELs with ϕ ~7.5 µm for all devices. In this form 

I may readily estimate the L versus J relationship for various numbers of parallel emitters from 

1 to well above 7. Next in Figure 5.2.3 I show the RT wall plug efficiency (WPE) versus J for 

the same set of five VCSELs I use to produce the plots in Figure 5.2.1. The maximum WPE is 

about 32 to 38% at around J ~5 kA/cm2 for all five VCSELs. 

 

Both the triple and septuple arrays with ϕ ~7.5 µm achieve larger L and larger rollover currents 

than their single reference VCSELs (ϕ ~13.5 µm and ϕ ~19.5 µm) with approximately equal 

total emission areas – due to the higher optical output power density of smaller ϕ VCSELs. The 

single VCSEL and the triple and septuple VCSEL arrays, all with ϕ ~7.5 µm, have the same 

threshold current density of 0.9 kA/cm2. The calculated optical output power L per emitter is 

almost identical for the single ϕ ~7.5 µm VCSEL and the emitters of the triple array with a 

maximum L per device of ~8 mW. The maximum optical output power and rollover current 

density both decrease for the emitters of the septuple array indicating I have ohmic losses due 

likely to less uniform current injection for the septuple array. In addition, the inter-VCSEL 

spacing is smaller for the septuple array than for the triple array, which may lead to increased 

thermal crosstalk and therefore earlier thermal rollover. 

 

5.3 Dynamic testing 

To identify and quantify the existing trade-offs between the CW optical output power and the 

modulation bandwidth of my VCSELs, I perform small-signal modulation frequency response 

experiments. I measure the standard 2-port S21 scattering parameters (the real and the 

imaginary parts, thus I obtain the magnitudes |S21| in units of dB) from 0.05 to 40 GHz using 

a Hewlett-Packard 8722C Vector Network Analyzer, a standard OM1 multiple-mode optical 

fiber (MMF), and a New Focus Model 1434 photodetector (PD) with a bandwidth of 25 GHz. 

I correct the raw |S21| data using the known (previously measured by us) frequency response 

curve of the New Focus PD at 980 nm. The corrected S21 scattering parameter magnitude is 

fit to the standard theoretical rate equation model for laser diodes described in [3] (see Equation 

2.2 in Section 2.3.3). 

 

In addition to measurements with cleaved OM1 MMF where I seek to equally collect the 

emitted power from all emitters of the arrays, I also perform S21 measurements of single 

emitters of the array using a lensed-end OM3 MMF with a spot size of 30 m and a focal length 

of 150 m. The OM3 MMF is connected to an OM1 MMF patch cord that feeds into the New 

Focus PD. My small-signal characterization of the three individual emitters of my electrically 

parallel triple VCSEL arrays with this lensed-end fiber shows that not only do all three VCSELs 

have identical |S21| responses, D factors, and modulation current efficiency factors (MCEFs), 

but also their values are identical to the D factors and MCEFs determined by measuring the 

combined emission of the three emitters using a cleaved OM1 MMF. Thus, in the fitting of my 

|S21| data (via Equation 2.2) I treat my small triple and septuple VCSEL arrays as one large 

single VCSEL. I use Equation 2.2 for: 1) my single VCSELs; 2) the individual emitters of a 

given array; and 3) the combined emission of one of my small, triple or septuple VCSEL arrays. 

I find also interestingly that I may fit my S11 data for my triple VCSEL arrays to a basic 

lumped-circuit model for a single VCSEL [4] (not reported here). 
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Figure 5.2.1: (top) Measured CW optical output power (L) versus bias current density (J) at room 

temperature (RT ~23 °C) for 980 nm single reference VCSELs and triple and septuple electrically 

parallel VCSEL arrays; and (bottom) the same but on the y axis I plot the optical output power per 

VCSEL. 
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Figure 5.2.2: Measured CW optical output power versus the number of electrically parallel VCSELs in 

the given array (single, triple, or septuple) at RT for J = 10 and 15 kA/cm2. All VCSELs have ϕ ~7.5 

m. The linear fits (straight lines) extrapolate to the origin at (0,0). Inset: emission spectra of a single ϕ 

~7.5 m VCSEL at J ~15 kA/cm2 with the center wavelength (λc) and spectral width (λ) indicated. 

 

 
Figure 5.2.3: Wall plug efficiency versus current density (J) at room temperature (RT) for 980 nm single 

reference VCSELs and triple and septuple electrically parallel VCSEL arrays. Inset: emission spectra 

of a single ϕ ~7.5 m VCSEL at J ~10 kA/cm2 with the center (mean) wavelength (λc) and spectral 

width (λ) as indicated. 
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As previously demonstrated [1,5], VCSELs with smaller ϕ may achieve larger f3dB but at 

smaller emitted optical output power. With my epitaxial design for the VCSELs (see Chapter 

2), I seek to simultaneously increase the optical output power and the f3dB by reducing the 

power reflectance of the out coupling top DBR mirror. A reduction in photon lifetime also 

leads to reduced damping and relatively large modulation response resonance peaks which are 

generally detrimental for data transmission [6,7]. 

 

In Figure 5.3.1 I plot for comparison – with a fixed CW J ~10 kA/cm2 at RT – the |S21| data 

and curve fits using Equation 2.2 for my three, reference single VCSELs with ϕ ~7.5, 13.5, and 

19.5 µm and for my triple and septuple VCSELs where all VCSELs (in each array) have ϕ ~7.5 

µm. As I anticipate, the -3dB small-signal modulation bandwidth (f3dB) decreases for the single 

VCSELs as ϕ increases, in this case for the given J from about 25 GHz to 18 GHz. Additionally, 

I note the low frequency peaking of the |S21| response for the single VCSELs of about +6 dB 

around 15 GHz, whereas this peaking is nearly absent for the triple and septuple VCSEL arrays. 

The RT f3dB for my triple and septuple VCSELs arrays – at J ~10 kA/cm2 – is ~20 GHz, within 

a few GHz of the f3dB at this J for my reference single VCSELs. 

 

I next plot in Figure 5.3.2 (top) f3dB and L both versus I for the reference single VCSELs, and 

in Figure 5.3.2 (bottom) for comparison I plot f3dB and L both versus J. The f3dB increase with 

I and J and reach maximum values of about 30, 25, and 20 GHz for the single VCSELs with ϕ 

~7.5, 13.5, and 19.5 µm, respectively. With a further increase in I and J as the LI rollover is 

reached the bandwidth decreases. I repeat in Figure 5.3.3 the same plots as in Figure 5.3.2 but 

for my single, triple, and septuple VCSEL arrays where all VCSELs have ϕ ~7.5 µm. 

 

My ϕ ~7.5 µm triple and septuple VCSEL arrays achieve the same f3dB at any given current 

density up to ~17 kA/cm2. At larger current densities the f3dB of the septuple VCSEL decreases 

whereas the f3dB of the triple array continues to increase to a slightly larger maximum 

bandwidth of ~25 GHz. At J = 10 kA/cm2 the septuple VCSEL array achieves about 7.7 times 

more L at a bandwidth that is only about 20% less than the reference single VCSEL with ϕ ~7.5 

µm. The |S21| small-signal modulation response curves of the triple and septuple array at J = 

10 kA/cm2 are almost identical with an f3dB of ~21 GHz. The f3dB of the single VCSEL with ϕ 

~7.5 µm at this same J is a little larger at about 26 GHz, but also shows a significant resonance 

peak. As a result of the smaller parasitic frequency the f3dB of the arrays is reduced, but 

simultaneously also flattened. The single reference VCSELs with ϕ ~13.5 µm and ϕ ~19.5 µm 

have a similar or slightly larger bandwidth than the arrays with ϕ ~7.5 µm, but with a large 

relaxation oscillation resonance peak. 

 

Thus, judging from the |S21| results the triple and septuple VCSEL arrays are better suited for 

data transmission at the desired low bias current densities of 10 kA/cm2 compared to their 

reference single VCSELs. I show the extracted S21 parameters for single, triple, and septuple 

VCSELs at J ~10 kA/cm2 in Table 5.3.1. I show the D factors and MCEFs for the single 

VCSELs and VCSEL arrays at RT in Table 5.3.2. These figures of merit are the slopes of the 

linear portions of plots of fR and f3dB versus (I - Ith)
1/2, where Ith is the threshold current. I 

determine Ith by plotting I (y axis) versus (fR)2 (x axis) and extrapolating the linear portion of 

the data to the y axis intercept. As expected, the D factor and the MCEF both decrease for the 

single reference VCSELs as ϕ increases.  
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Figure 5.3.1: (top) Small-signal modulation frequency response at RT and curve fits (thicker solid lines) 

for single VCSELs with ϕ ~7.5, 13.5, and 19.5 µm for bias current densities J close to 10 kA/cm2; and 

small-signal modulation frequency response at RT and curve fits (thicker solid lines) for a single 

VCSEL with ϕ ~7.5 µm, and for triple and septuple VCSELs where lasers in the given array have ϕ 

~7.5 µm (bottom).  The CW bias currents are given in parentheses. See Figure 5.2.1 (top) for the RT 

LJ characteristics of these VCSELs. 
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Figure 5.3.2: Small-signal modulation bandwidth (f3dB) and optical output power L (solid lines) versus 

the CW bias current (top) and versus the CW bias current density (bottom) at RT for single 980 nm 

VCSELs where: ϕ ~7.5 m (black circles); 13.5 m (green triangles); and 19.5 m (magenta squares). 
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Figure 5.3.3: (top) Small-signal modulation bandwidth (f3dB) and optical output power L (solid lines) 

versus the CW bias current (top) and versus the CW bias current density (bottom) at RT for a 980 nm: 

single VCSEL (black circles); triple VCSEL array (red triangles); and septuple VCSEL array (blue 

squares). For all VCSELs ϕ ~7.5 m. 
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TABLE 5.3.1 

EXTRACTED |S21| PARAMETERS FOR 980 NM SINGLE VCSELS AND TRIPLE AND SEPTUPLE VCSEL 

ARRAYS AT J ~10 kA/cm2 (AT ~23 °C) 

 

Type ϕ (µm) 

each 

VCSEL 

emission 

area (µm2) 

fR (GHz) fp (GHz) γ (GHz or 

ns-1) 

f3dB 

(GHz) 

L (mW) 

single 7.5 44 17.6 22.8 40.8 26.0 4.0 

single 13.5 143 15.0 21.9 29.3 22.9 12.9 

single 19.5 299 13.2 19.7 30.0 19.3 25.7 

3x array 7.5 133 17.5 9.7 53.0 21.1 11.4 

7x array 7.5 309 17.3 8.9 49.1 21.0 31.1 

 

 
TABLE 5.3.2 

D FACTOR AND MCEF FOR 980 NM SINGLE VCSELS AND TRIPLE AND SEPTUPLE VCSEL ARRAYS 

(AT ~23 °C) 
 

Type ϕ (µm) 

each 

VCSEL 

D factor 

(GHz/(mA)1/2) 

MCEF 

(GHz/(mA)1/2) 

single 7.5 8.2 12.3 

single 13.5 4.2 6.3 

single 19.5 2.5 3.8 

3x array 7.5 5.3 6.1 

7x array 7.5 3.2 3.8 

 

 

To determine the potential of my VCSELs and VCSEL arrays for high bit rate operation I 

perform RT digital data transmission experiments at various bit rates up to 45 Gbps and at 

different CW bias current densities. I show a schematic of my digital data transmission test set 

up in Figure 2.3.4.1 (see Chapter 2). I use standard non-return to zero (NRZ), 2-level pulse 

amplitude modulation with a pseudorandom binary sequence (PRBS) of word length 27-1 with 

peak-to-peak modulation voltage values VPP up to 2.5 V. I butt couple my single emitter 

VCSELs and VCSEL arrays to a cleaved-end OM1 multiple-mode optical fiber (MMF) with a 

core diameter of 62.5 µm. I center the cleaved fiber above the VCSEL or VCSEL array and 

slightly adjust the position of the MMF to obtain the maximum optical output power. The 

distance between the cleaved-end fiber and the VCSEL ranges between 0 (touching) for single 

VCSELs and up to ~1 mm for my VCSEL arrays to ensure I collect light emission from all 

VCSELs in the array. I choose fiber-to-VCSEL distances where the optical eye quality is 

insensitive to the lateral displacement of the fiber, allowing reliable and repeatable digital data 

transmission experiments at varying bit rates. 

 

I create the bit patterns with either an SHF 12100B bit pattern generator (BPG) or a Keysight 

M8196A arbitrary waveform generator. The electrical signal is amplified with a +22 dB 

amplifier (SHF 804TL) and attenuated again (typically by -6 dB), before the signal is fed to 

the VCSEL via an SHF bias-T. I then couple the optical emission of my VCSELs and VCSEL 

arrays into the 62.5 µm (core) diameter OM1 MMF. The total accumulated length of optical 

fiber between the VCSELs and the photoreceiver module is about 3 m. I attenuate the optical 

signal with a variable optical attenuator (JDSU OLA-54) for measuring the BER curves with a 

minimum measured attenuation of ~3 dB at 980 nm. I use a u2t Photonics AG (now Finisar 

Germany GmbH) photoreceiver (a 980 nm demonstrator module) with an integrated 
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transimpedance amplifier and a bandwidth of 30 GHz for recording optical eye patterns and 

for measurement of BERs. The electrical signal of the photoreceiver is sent through a DC 

blocker and amplified via an SHF 807 +24 dB amplifier. I measure the BER in real time using 

an SHF 11100B error analyzer and record the electrical and optical eye diagrams with an 

Agilent DCA-J86100C sampling oscilloscope with an 86107A precision time base module. At 

40 Gbps I measure a risetime of 11 ps for the pre-amplified electrical eye diagram. 

 

For all BER tests I transmit digital data for at least 120 seconds before I measure the BER value 

at a given received optical power. For each VCSEL I determine the CW bias current and large 

signal modulation voltage Vpp that together yield the best optical eye diagram at 40 Gbps. Then 

I keep these driving conditions constant and vary the bit rate. At a bit rate of 40 Gbps and with 

a 27-1 PRBS (with a word length of 127 bits), I transmit more than 37.7 billion PRB sequences 

without any error – resulting in a BER < 1 x 10-12. 

 

By taking the received optical power with zero attenuation divided by the continuous wave L, 

both at the given bias current I estimate the VCSEL-to-fiber coupling efficiencies in my BER 

tests. I obtain ~54, 15, and 12% for the x1 VCSELs with ϕ ~7.5, 13.5, and 19.5 m, 

respectively, and ~13 and 40% for the x3 and x7 VCSEL arrays. With my current data 

transmission test configuration, I achieve a maximum error free bit rate (defined as a BER < 1 

x 10-12) of 45 Gbps using a single mesa reference VCSEL with ϕ ~7.5 µm. The VCSEL is 

biased at 9.0 mA (J ~20.4 kA/cm2) where the device emits 7.8 mW. Without any additional 

optical attenuation, I measure zero errors for a measurement time of at least 120 seconds (up 

to several hours when needed) as mentioned above and achieve a BER of ~10-13. When I insert 

the variable optical attenuator, even at its lowest attenuation, the BER increases significantly. 

I observed this same abrupt BER phenomenon with all iterations of my 980 nm VCSELs – 

using various types of MMF (OM1, OM3, etc.) and different photoreceivers.  

 

For comparison with my VCSEL arrays I first perform data transmission experiments with 

larger single reference VCSELs. In Figure 5.3.4 I show the BER versus received optical power 

and the respective error-free optical eye diagrams for a single VCSEL with ϕ ~7.5 µm at 45, 

40, 35, and 20 Gbps, respectively. In Figure 5.3.5 and Figure 5.3.6 I show the BER test data 

for reference single VCSELs with oxide aperture diameters of 13.5 and 19.5 µm, respectively. 

With both reference devices I achieve error free operation at a maximum bit rate of 35 Gbps at 

CW bias currents of 19 mA (J ~13.3 kA/cm2) and 32 mA (J ~10.7 kA/cm2) for my VCSELs 

with ϕ ~13.5 µm and ϕ ~19.5 µm, respectively. At these bias conditions, the total optical output 

power is 16.7 and 27.4 mW, respectively. Having an almost equal emission area compared to 

the triple and septuple VCSEL arrays with ϕ ~7.5 µm, the single reference VCSELs with ϕ 

~13.5 µm and ϕ ~19.5 µm achieve lower maximum (error free) bit rates at higher current 

densities and at slightly lower emitted optical output power. 

 

The BER test data for my triple array with ϕ ~7.5 µm, shown in Figure 5.3.7 achieves error 

free operation at up to 40 Gbps at a bias current of 23 mA (J ~17.4 kA/cm2). The septuple array 

with the same oxide aperture diameter of ϕ ~7.5 µm achieves error free data transmission at 

the same bit rate at a bias current of 32 mA, resulting in a lower current density of J ~10.3 

kA/cm2 compared to the single VCSEL and triple array with ϕ ~7.5 µm. The CW total optical 

output power values of the single, triple, and septuple VCSEL arrays at the bias conditions of 

error free operation are 7.8, 17.3, and 31.1 mW, respectively. By increasing the number of 

emitters from one to seven I simultaneously decrease the J and increase the total optical output 

power at 40 Gbps for my VCSELs with ϕ ~7.5 µm. 
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Figure 5.3.4: Bit error ratio (BER) versus received optical power for a single 980 nm reference VCSEL 

with ϕ ~7.5 µm. I use a cleaved-end OM1 optical fiber, i.e., a 62.5 m core diameter multiple mode 

optical fiber (MMF), and a CW bias current of 9 mA (J ~20.4 kA/cm2). Insets: optical eye diagrams at 

BERs of ~10-13. 

 

 

 
 
Figure 5.3.5: Bit error ratio (BER) versus received optical power for a single 980 nm reference VCSEL 

with ϕ ~13.5 µm. I use a cleaved-end OM1 MMF and a CW bias current of 19 mA (J ~13.3 kA/cm2). 

Insets: optical eye diagrams at BERs of ~10-13. 
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Figure 5.3.6: Bit error ratio (BER) versus received optical power for a single 980 nm reference VCSEL 

with ϕ ~19.5 µm. I use a cleaved-end OM1 MMF and a CW bias current of 32 mA (J ~10.7 kA/cm2). 

Insets: optical eye diagrams at BERs of ~10-13. 

 

 

 

 
Figure 5.3.7: Bit error ratio (BER) versus received optical power for an electrically parallel triple 980 

nm VCSEL array with ϕ ~7.5 µm for each of the three VCSELs. I use a cleaved-end OM1 MMF and a 

CW bias current of 23 mA (J ~17.4 kA/cm2) and achieve error free data transfer at up to 40 Gbps. 

Insets: optical eye diagram at 40 Gbps at a BER of ~10-13. 
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Using an electrical amplifier after the photoreceiver results in a large increase of the signal-to-

noise ratio (S/N) of the optical eyes up to ~17.3, but the impact on the BER curves is negligible. 

For comparison I show the optical eye patterns without an electrical amplifier after the 

photoreceiver for my septuple VCSELs in Figure 5.3.8. 

 

 
 

 

 
 

Figure 5.3.8: Bit error ratio (BER) versus received optical power for an electrically parallel septuple 

980 nm VCSEL array with ϕ ~7.5 µm for each of the seven VCSELs. I use a cleaved-end OM1 MMF 

and a CW bias current of 32 mA (J ~10.3 kA/cm2) and achieve error free data transfer at up to 40 Gbps. 

Insets: optical eye diagrams at 25, 30, and 40 Gbps at BERs of ~10-13. 

 

 

5.4 Summary Chapter 5 

I demonstrate error free digital data transmission for electrically parallel triple and septuple 

980 nm VCSEL arrays at up to 40 Gbps, where the individual emitters of the arrays have an 

oxide aperture diameter of 7.5 µm. With a reference single 980 nm VCSEL with the same oxide 

aperture diameter of 7.5 µm I achieve error free data transmission up to 45 Gbps. By increasing 

the number of emitters, I successfully increase the optical output power and simultaneously 

decrease the J needed for error free operation at 40 Gbps. The lower J is likely due to the flatter 

|S21| response curves for the arrays, and since the u2t photoreceiver requires a relatively large 

received optical power. Comparing my arrays to single VCSELs with similar emission area, I 

show that my VCSEL arrays achieve larger maximum error free bit rates and lower J with 

simultaneously slightly larger optical output powers. My septuple array with ϕ ~7.5 µm for 

example operates error free at 40 Gbps at J ~10 kA/cm2 with L =31 mW, whereas the reference 

single VCSEL with ϕ ~19.5 µm operates error free at 35 Gbps at J ~10 kA/cm2 with L = 25.7 

mW. From this trend I predict the performance of scaled up VCSEL arrays with more emitting 
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elements such as 19, 37, 61, 91, 127, . . . (1+ 6·1 + 6·2 + 6·3 + . . .) electrically parallel VCSELs 

in quasi-honeycomb (hexagonal) patterns or in other possible 2D patterns will further surpass 

the static and high frequency performance of single VCSELs with equal total emitting area in 

optical output power, bandwidth, and error free data transmission rate. 
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Chapter 6 

 
 

Temperature Characterization of a 19-Element 2D 

Electrically Parallel 980 nm VCSEL Array 

 

 

 
 present a first study of 19-element vertical cavity surface emitting laser (VCSEL) arrays in 

the A0 device geometry (see the details of the A0 array geometry in Chapter 3) – focusing 

on the static and dynamic characteristics as a function of temperature. I fabricate, test, and 

analyze 980 nm VCSELs produced on Ka’anapali wafer pieces (see [1,2] and Chapter 2). 

 

My 19-element, 980 nm, A0 VCSEL arrays exhibit a bandwidth (f3dB) of 18 GHz, a continuous 

wave (CW) optical output power (L) of 150 mW, a wall plug efficiency (WPE) of 30%, and 

(test) data transmission at 20 and 25 Gb/s. For comparison, the pioneering work in 2005 by 

Fuji Xerox (Japan) on 2x2, 3x3, and 4x4 VCSEL arrays emitting at 850 nm yielded cone shaped 

free space optical (FSO) beams capable of sending digital data at 2.5 Gb/s [3]. Subsequent 

work in 2010 on VCSEL arrays – wherein the authors sought the simultaneous combination of 

high L and high f3dB (and ideally high WPE) yielded a 28-element, 980 nm array with f3dB ~7.6 

GHz, a peak CW L ~150 mW, and a WPE ~12% [4]. Work in 2020 on a 9-element, 940 nm 

array yielded a 10 GHz bandwidth, 62.4 mW of peak CW power, and a WPE of ~20% [5]. 

 

6.1 Geometry and fabrication 

I fabricate electrically parallel, optically uncoupled VCSEL arrays using the 980 nm Ka’anapali 

epitaxial VCSEL wafers described in Chapter 2. In Figure 6.1.1 I show optical microscope 

images of my 19-VCSEL array. I deposit 3.5 µm wide top p-metal (Au/Zn/Au) on the wafer 

surface in a two-dimensional (2D) quasi honeycomb pattern (a 2D hexagonal close pack 

lattice), where a single VCSEL is surrounded by a 6-VCSEL regular hexagonal ring, in turn 

surrounded by a 12-VCSEL regular hexagonal ring. The top mesa consists of 22 m diameter 

circular pillars interconnected with 9.5 m wide rectangular (inter-VCSEL) ridge connectors 

between nearest neighbors. My ridge connectors improve heat dissipation but slightly increase 

oxide capacitance and slightly reduce the small signal modulation bandwidth. The 3.5 m wide 

circular horseshoe anode contact rings and interconnecting metal lines along the ridges reside 

3 m from top mesa edges. The inter-VCSEL pitch is 42 m. 

 

Via selective thermal wet (using water vapor) oxidation at 420 °C and 50 mbar (see Chapter 3) 

I fully oxidize the two Al-rich layers under the ridges (for ~111 min at a lateral oxidation rate 

~0.0668 m/min) – to prevent current flow across the VCSEL active pn junction along the 

ridges. Simultaneously I form near-circular oxide apertures in the circular pillars that may 

include tiny cusps pointed outward along each ridge connector as illustrated in Figure 6.1.1. 

The variation in ϕ within an array is negligible, based on spectral emission measurements on 

I 
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previous VCSEL arrays (see for example Figure 4.4.2) where I found no discernible difference 

between the emission spectra of the individual VCSELs (measured one by one). 

 

 
 
Figure 6.1.1: Partial schematic (left) and optical microscope images of a 19-element, electrically parallel 

980 nm VCSEL array in the A0 geometry (see Chapter 3): (middle) after the n-metal deposition step; 

and (right) fully processed. 

 

I next etch a second mesa (in the shape of a regular hexagon with side lengths of 115 m) down 

through the bottom (n)DBR into the (n+)GaAs ohmic contact layer and deposit ohmic n-metal 

(Ni/AuGe/Au) in a 46.3 m-wide circular horseshoe. I complete the processing by planarizing 

the wafer using photosensitive bisbenzocyclobutene (BCB), developing (removing) BCB vias 

in the shape of a circular horseshoe over the n-metal (and in the shape of a circle over each 

VCSEL emitting aperture), and depositing co-planar ground-signal-ground (GSG) metal 

(Cr/Au) contact pads. The contact pads facilitate on wafer static and dynamic device testing 

with high frequency co-planar GSG probes with 150 m pin-to-pin spacing. 

 

6.2 Static testing 

To determine the temperature (T) stability of my 19-element array I measure the continuous 

wave (CW) LIV characteristics from ~23 °C to 85 °C via a platen heater. In Figure 6.2.1 (top) 

I plot CW LIV data versus T. At 25 °C the maximum CW optical output power (Lmax) is 157 

mW (at I ~225 mA) and at 85 °C Lmax is 87 mW (at I ~175 mA) – a power decrease of 45%. In 

Figure 6.2.1 (bottom) I plot Lmax and L at a bias current density J ~10 kA/cm2 (a reference bias 

for reliable oxide aperture VCSELs; see [6]) both versus T. I neglect unoxidized cusp areas and 

compute J = I/[19·π(ϕ/2)2], where ϕ is the oxide aperture diameter. 

 

In Figure 6.2.2 I show the LI data (from Figure 6.2.1) close to threshold, and I plot the threshold 

current (Ith) and the threshold current density (Jth) versus T. I observe Ith and Jth minima at ~35 

°C – the approximate temperature where the VCSEL etalon (fundamental LP01 mode 

resonance) aligns with the peak of the QW gain. The Ith is ~8 mA at 25 °C and increases by 63 

% to ~13 mA at 85 °C. 
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Figure 6.2.1: Static characteristics of a 19-element 980 nm VCSEL array with ϕ ~7.5 m at 23 to 85 °C 

including the: (top) CW optical output power (L) and voltage (V) versus bias current (I); and (bottom) 

maximum optical output power (Lmax) and L at J ~ 10 kA/cm2. 

Ka’anapali SW1 UC43 A0 

Ka’anapali SW1 UC43 A0 
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Figure 6.2.2: For the VCSEL array with ϕ ~7.5 m in Figure 6.2.1: (top) the LI characteristics near 

threshold versus T; and (bottom) the threshold current (Ith) and threshold current density (Jth) versus T. 

 

Ka’anapali SW1 UC43 A0 

Ka’anapali SW1 UC43 A0 
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I next extract the CW wall plug efficiency (expressed as a percent; WPE = 100·L/[V·I]) from 

my static LIV data and graph the maximum WPE in Figure 6.2.3. The maximum WPE varies 

from 36.6% at 25 °C to 30% at 85 °C. My WPE matches state-of-the-art values of high 

bandwidth VCSELs [7,8] and single ϕ~7.5 m reference VCSELs adjacent to the arrays [1]. 
 

 
Figure 6.2.3: Figures of merit for a 19-element 980 nm VCSEL array with ϕ ~7.5 m at T = 23 °C to 

85 °C including the: maximum LI slope efficiency; the maximum external differential quantum 

efficiency (ηex max); the maximum WPE; and the same three parameters at J ~ 10 kA/cm2. 

 

I extract two additional parameters of interest from the static LIV data: 1) the LI slope maxima 

(ηLI = L/I, in W/A); and 2) the unitless external differential quantum efficiency (ηex = 

(qλ/hc)(L/I), where h is Planck’s constant, λ is the emission wavelength, and c is the speed 

of light). I include plots of these parameters versus T in Figure 6.2.3, and for reference include 

the CW magnitudes of L, ηLI, and ηex at J ~10 kA/cm2. 

 

In Figure 6.2.4 (top) I illustrate – via a 2D waterfall plot – the RT CW spectral emission for 

the 19-element array at: I = 5 mA (below threshold); I = 85 mA (J = 10.1 kA/cm2); and I = 125 

mA (J = 14.9 kA/cm2). I record the red shift of the fundamental (LP01) optical mode from I = 

5 mA (λLP01 = 985.7 nm) to I = 215 mA (λLP01 = 994.7 nm) in 10 mA steps. I compute λ/Pdiss 

(0.0137 nm/mW), where the dissipated power Pdiss = I·V - L. In Figure 6.2.4 (bottom) I graph 

the emission spectra of my 19-element (x19) VCSEL array at 25 to 85 °C in 10 °C steps and 

track the subsequent linear shift in the fundamental LP01 mode wavelength. I find λ/T = 

0.0697 nm/°C. To minimize current-induced self-heating (joule heating) I measure each CW 

emission spectra close to the threshold current. 
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Figure 6.2.4: Optical emission spectra (electroluminescence) of a 19-element (x19) 980 nm VCSEL 

array with ϕ ~7.5 m as 2D waterfall plots: (top) at room temperature (RT) for I = 5, 85, and 125 mA; 

and (bottom) within 0.5 mA of Ith from 25 to 85 °C in 10 °C steps. 

Ka’anapali SW1 UC43 A0 
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The thermal resistance of my 19-element (electrically parallel) array is thus Rth,x19 = 

(λ/Pdiss)/(λ/T) = 0.2 °C/mW (Rth ~3.8 °C/mW per VCSEL). For comparison, Rth = 1.5 

°C/mW for a Cu plated ϕ ~7 m single top emitting 980 nm VCSEL [9], and Rth = 0.03 °C/mW 

for a ϕ ~18 m 28-element flip-bonded substrate emitting 980 nm array [4]. A typical Rth value 

for a single VCSEL with ϕ ~50 m is ~0.1 °C/mW, which exponentially increases to above 1 

°C/mW as ϕ decreases below 10 m [10]. 
 

 

6.3 Dynamic testing 

To determine the dynamic properties of my 19-element array I measure the small signal 

frequency response (the real and imaginary parts of the 2-port scattering parameter S21 versus 

frequency) at different bias currents (I) from near threshold to the LI rollover and in a wide 

temperature range from 25 to 85 °C. Both the threshold and the rollover current vary with 

ambient T (which is set by heating the probe station platen). For example, I measure S21 versus 

frequency at bias currents from I = 10 mA to: 225 mA at 25 °C; 200 mA at 55 °C; and 170 mA 

at 85 °C, all using 10 mA current steps. I employ my standard S21 measurement method using 

an HP 8722C Vector Network Analyzer, a cleaved-end OM1 multiple-mode optical fiber 

(MMF), and a New Focus Model 1434 photodetector (PD) with a bandwidth of 25 GHz, and 

the curve fitting equation in [9]). I obtain parameters of interest including the D factor, the 

modulation current efficiency factor (MCEF), and the -3 dB bandwidth (f3dB) versus I and J. 

 

In Figure 6.3.1 I graph |S21| at 25, 55, and 85 °C for J ~10 kA/cm2. I set |S21| to the reference 

level 0 dB at 0 Hz. The slight dip in the |S21| between 0 and 7 GHz is likely due to thermal 

lensing and spatial nonuniformity of the transverse modes as described in [11] (see also 

[12,13]). The frequency response curve peaking is ~3 dB above the level at 0 GHz at 25 °C 

and decreases to only ~1 dB at 85 °C, due to the expected increase in the damping factor with 

increasing T.   
 

In Figure 6.3.2 (top) I plot f3dB versus J at 25, 55, and 85 °C. In Figure 6.3.2 (bottom) I plot the 

maximum f3dB (f3dBmax) and the f3dB at J ~10 kA/cm2 versus T from 25 to 85 °C in 10 °C steps. 

The maximum f3dB (18.3 GHz at 25 °C; 17.6 GHz at 55 °C; and 15.6 GHz at 85 °C) lie just 

above J ~15 kA/cm2, with only an ~2 GHz decrease in each at J ~10 kA/cm2. I reach the 

maximum f3dB (which remains nearly constant) as J varies from ~16 to 20 kA/cm2. My 

bandwidths are reasonably temperature invariant – as desired. The maximum f3dB at 85 °C is 

only ~3 GHz lower than at 25 °C (this occurs when J ~16 to 20 kA/cm2). I calculate the D 

factor (fR = D ·(I - Ith)
1/2) and the MCEF (f3dB = MCEF·(I - Ith)

1/2) versus T by first determining 

Ith from a linear plot of fR
2 versus I at small I. I find that D and MCEF decrease from 1.7 to 1.5 

and 1.8 to 1.6 GHz/(mA)1/2, respectively, as T varies from 25 to 85 °C. 

 

To demonstrate the potential of my arrays as possible sources for optical interconnects I 

perform large signal modulation data transmission experiments at RT. I place the cleaved end 

of an OM1 multiple mode optical fiber patch cord a few millimetres above the VCSEL array 

to capture a mix of the optical emission from all 19 VCSELs. I achieve the same BER test 

results when I vary the position of the collecting optical fiber around the immediate vicinity of 

the emitting array. To collect all the emitted light – I would need a set of lenses to focus the 

optical emission into the MMF or to shape the emission into a beam for travel across free space 

into a photoreceiver. These free space optical communication experiments are beyond my 

scope but well suited for future work with a communication systems research group. 
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Figure 6.3.1: Small signal modulation frequency response and curve fits at J ~10 kA/cm2 for the 19-

element 980 nm VCSEL array with ϕ ~7.5 m at: 25 °C (black curve); 55 °C (red curve); and 85 °C 

(blue curve). 

 

 

I first set the attenuation to 0 dB and optimize the optical eye diagram at 25 Gb/s – I find the 

largest possible eye opening and signal to noise (S/N) ratio – by tweaking the CW bias current. 

I transmit digital data for at least 120 seconds and record the bit error ratio (BER). I use 2-level, 

nonreturn to zero, pulse amplitude modulation with a pseudorandom binary (PRB) sequence 

of word length 27-1. Thus at 25 Gb/s I transmit 3 trillion or more bits (> 23.6 billion PRB 

sequences) then record the BER. For the smallest BER values I repeat the measurement by 

transmitting data for 2 to 4 hours. The time (t) required to measure the BER to a certain 

confidence level (CL) at a given bit rate (BR) is t = -ln(1 - CL)/(BR·BER) [14]. For a CL of 

0.95 (95 %), a BR of 25 Gb/s, and a desired BER of 1 x 10-12, the minimum measurement time 

is t ~120 s. 

 

In Figure 6.3.3 I plot the BER versus the received optical power at I = 137 mA (J ~16.2 kA/cm2) 

for data transmission at 20 and 25 Gb/s. I record 0 errors when I set the optical attenuation to 

0 dB – I therefore set the BER to 1 x 10-13. I measure corresponding signal to noise ratios (S/N) 

at 20 and 25 Gb/s equal to 5.1 and 6.1 (see the eye diagrams in Figure 6.3.3). When I connect 

a variable optical attenuator (JDSU OLA-54) between the OM1 fiber and the photoreceiver 

(adding insertion loss) the BER increases to > 1x10-11. I obtain open eye diagrams at 30 Gb/s 

with 0 optical attenuation, but the BER exceeds 1x10-12. 
 

Ka’anapali SW1 UC43 A0 
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Figure 6.3.2: For a 19-element 980 nm VCSEL array with ϕ ~7.5 m: (top) small signal modulation -3 

dB bandwidth (f3dB) and optical output power (L) both versus current density (J) at 25 °C (black circles 

and black curve), 55 °C (red triangles and red curve), and 85 °C (blue squares and blue curve); and 

(bottom) maximum bandwidth (f3dBmax) and f3dB at J ~10 kA/cm2 versus T at 25 to 85 °C. 

Ka’anapali SW1 UC43 A0 
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Figure 6.3.3: Bit error ratio (BER) versus received optical power for a 19-element 980 nm VCSEL array 

with ϕ ~7.5 µm. I use a cleaved-end OM1 MMF and a CW bias current of 137 mA (J ~16.2 kA/cm2). 

Insets: example optical eye diagrams (at the smallest BER values) and their signal to noise (S/N) ratios. 

 

6.4 Summary Chapter 6 

My top-surface-emitting novemdecuple (19-element) VCSEL arrays are potential light sources 

for applications requiring low to moderate optical power (easily up to ~120 mW) and 

concurrently reasonably high bandwidth (~16 to 18 GHz). My unique array design includes 

inter-VCSEL ridge connectors – effectively yielding one top mesa structure but with 

independent nonconducting (in the vertical direction) ridges and conducting VCSEL apertures 

– which serve to distribute heat and thus I believe help to stabilize the array performance. The 

ridges likely allow me to place the VCSELs closer together before thermal crosstalk degrades 

the array performance. 

 

I may scale-up (or scale-down) the optical output power by increasing (decreasing) the oxide 

aperture diameters or by adding (removing) VCSEL elements. Adding elements will generally 

decrease the bandwidth and vice versa for my current top-surface-emitting array design. The 

key is to optimize the array design for the given application, emphasizing the power, 

bandwidth, efficiency, or a trade-off of the three to meet the performance requirement.    
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Chapter 7 

 
 

Bandwidth, Power, and Efficiency of 19-Element 2D 

Electrically Parallel 980 nm VCSEL Arrays 
 

 

 
 study 19-element vertical cavity surface emitting laser (VCSEL) arrays in six, two-

dimensional (2D) quasi honeycomb (hexagonal) device geometries (see the details of the six 

A0 to A5 array geometries in Chapter 3) – focusing on the static and dynamic characteristics 

at room temperature. I fabricate, test, and analyze 980 nm VCSELs produced on Ka’anapali 

wafer pieces (see [1,2] and Chapter 2). 

 

In each of my six array geometries I achieve record (for arrays) data transmission across OM1 

multimode optical fiber (MMF) at 20 and 25 giga-bits-per-second (Gb/s). I achieve a large 

increase in the optical output power for my 19-element arrays compared to the 3- and 7-element 

arrays I present in Chapters 4 and 5. At a bias current density J ~10 kA/cm2 (a rule-of-thumb 

maximum bias for reliable oxide VCSEL operation [3]) the the maximum modulation 

bandwidth f3dBmax decreases from 21 GHz to ~15 to 17 GHz when increasing the number of 

VCSELs from 3 or 7 to 19, while achieving an almost linear increase in optical output power 

(up to 159 mW at J ~10 kA/cm2 for my19-element arrays). The increase of optical output power 

(L) comes at the cost of a reduction in modulation bandwidth. As the number of emitters 

increases the exact array geometry gains importance. In this chapter I investigate the impact of 

different inter-VCSEL distances and different bottom mesa diameters on the static and dynamic 

properties of my 980 nm VCSEL arrays. 

 

7.1 Geometry and fabrication 

I show optical microscope images of my six novel 19-element top-emitting 980 nm VCSEL 

arrays in Figure 7.1.1. Via a production Aixtron metal-organic vapor-phase epitaxy system (see 

sub-Section 2.2.1) we produce 980 nm VCSEL epitaxial layers on 3-inch diameter Si-doped 

(n+)GaAs substrates. As I describe in Chapters 2 and 3, my Ka’anapali (J4) 980 nm VCSEL 

epitaxial design starts with an unintentionally doped (u) buffer layer consisting of 200 nm of 

(u)GaAs followed by a linearly graded 5 nm-thick (u)AlxGa1-xAs layer (where the AlAs mole 

fraction x varies from x = 0.0 to 0.9), a 155 nm-thick (u)Al0.9Ga0.1As layer, and finally a 10 

nm-thick undoped x = 0.9 to 0.0 (linearly graded) layer. We next grow on the buffer layer an 

~1.58 m-thick (n+)GaAs ohmic contact layer, followed by the n-doped bottom distributed 

Bragg reflector (DBR) mirror. I use a 37 period Si-doped bottom (n)DBR and a 14.5 period C-

doped top (p)DBR – both composed of GaAs/AlxGa1-xAs with linear compositional grading 

from x = 0.0 to 0.9 and vice versa. In my design I grade ~24 % of each quarter-lambda optically 

thick DBR layer while ~76 % is bulk x = 0.0 or x = 0.9 material. 

 

 

I 
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Figure 7.1.1: Microscope images of processed 19-element VCSEL arrays: (top) after p-metal lift off 

and top mesa etching; and (middle and bottom) six fully processed arrays A0 to A5 showing the 

interconnected top mesa (quasi honeycomb pattern) and the ground-signal-ground (GSG) pad metal for 

on-wafer probing. 

 

I include in my design two, 20 nm-thick (as grown) Al0.98Ga0.02As layers centered on the 

interfaces between the optical cavity and the surrounding DBR layers (half of each x = 0.98 

layer resides inside the half-lambda cavity). I use five compressively strained ~4 nm-thick 

Ga0.77In0.23As quantum wells (QWs) surrounded by ~5.1 nm-thick GaAs0.86P0.14 barrier layers 

in a half-lambda (optically thick) cavity. Around the ensemble of QWs and barrier layers I 

specify linearly graded AlxGa1-xAs from x = 0.38 to 0.80, then an abrupt change to x = 0.98 for 

20 nm – and vice versa on the substrate side of the QWs. I offset the room temperature peak 

QW electroluminescence wavelength from the VCSEL etalon wavelength by ~12 nm ± 2 nm. 

 

I arrange 19 VCSELs in a compact 2D quasi honeycomb (hexagonal close pack lattice) pattern 

(see Figure 7.1.1). I deposit Au/Zn/Au (20/50/300 nm thick, respectively) p-metal anode 

contacts on the topmost (p+)GaAs epitaxial layer in the shape of 3.5 m wide circular 

horseshoes. The p-metal extends along straight lines between nearest neighbor VCSELs. 

 

Second, I etch top mesas (with BCl3 + Cl2 in an inductively coupled plasma reactive ion etching 

system) around the p-metal. The top mesa extends 3 m around the p-metal. Thus, I form 9.5 
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m wide ridge connectors in the top mesa between nearest neighbor VCSELs – forming a 

unique mesa pattern of 19 interconnected pillars. I etch the top mesa down past the optical 

cavity and through the two, 20 nm-thick x = 0.98 oxide aperture layers, stopping after ~2 to 4 

DBR periods into the bottom (n)DBR. The top mesa etch depth from the (p+)GaAs topmost 

epitaxial surface is ~2.7 to 2.9 m. 

 

Third, I convert the Al0.98Ga0.02As layers into AlGa-oxide layers via selective thermal oxidation 

at 420 °C at 50 mbar for 111 min (yielding an oxidation length of ~7.3 m inward from the 

exposed top mesa edge – based on my oxidation length versus time study reported in Figure 

3.3.5) in an N2 + H20 environment using our university-constructed oxidation system. My thin 

AlGa-oxide layers – centered on optical field intensity (on resonance) nodes – serve as current 

apertures just above and below the QWs. I employ thin oxide aperture layers to minimize 

optical scattering losses. The oxidized layers block current flow through the ridge connectors 

and through the outer areas of the 19 VCSEL top mesa circular pillars but allow current flow 

through the quasi-circular oxide apertures – through the center of each VCSEL pillar. 

 

Fourth, I etch a second mesa (the bottom mesa; also called mesa 2) – in the shape of a regular 

hexagon – from the exposed bottom level of the top mesa down into the (n+)GaAs ohmic 

contact layer. The hexagonal bottom mesas surround the 19 VCSELs and have a height of ~5.1 

to 5.3 m. I set the side lengths (a) of the bottom mesa hexagons to: (array A0) 115 m; (array 

A1) 100 m; (array A2) 85 m; (array A3) 112.5 m; (array A4) 107.5 m; and (array A5) 

92.5 m. The area of an array’s bottom mesa is Amesa2 = [a2·3·(3)0.5]/2 (see Table 7.3.1). 

 

Fifth and finally, I deposit Ni/AuGe/Au (20/100/300 nm thick, respectively) n-metal in the 

shape of 46.3 m-wide circular horseshoes around the hexagonal bottom mesas. I spin on, 

expose, and develop ultraviolet-sensitive BCB (bisbenzocyclobutene) to open selected areas 

above the 19 p-metal anodes and the one large n-metal cathode, then deposit and pattern Cr/Au 

(50/300 nm thick) ground-signal-ground (GSG) pad metal (with 150 m GSG probe pin-to-pin 

spacing) to facilitate on-wafer VCSEL and VCSEL array testing. 

 

To determine the impact of array geometry on the static and dynamic array performance, I 

characterize six different 19-element arrays named array A0 to A5. The mesa and oxide 

aperture diameters are 22 and 7.5 µm for arrays A0, A1, and A2, and 25 and 10.5 µm for arrays 

A3, A4, and A5, respectively. The six arrays A0 to A5 are identical except for: 1) the top mesa 

diameters and oxide aperture diameters (ϕ); 2) the inter-VCSEL pitch (see the values in Table 

7.3.1); and 3) the (regular hexagon) bottom mesa areas (see the values in Table 7.3.1). 

 

7.2 Static testing 

I perform on-wafer continuous wave (CW) light optical output power (L), current (I), and 

voltage (V) characterization at room temperature (RT ~23 °C). The emitted light is collected 

with an integration sphere containing a calibrated photodetector – I estimate a coupling 

efficiency of 100 %. 

 

For both oxide aperture diameters ϕ of 7.5 and 10.5 m my arrays with the largest bottom mesa 

area and simultaneously the largest inter-VCSEL distance achieve the highest maximum 

optical output power (Lmax). For the two given ϕ both the rollover current and Lmax slightly 

decrease with decreasing inter-VCSEL distance and decreasing bottom mesa area. The Lmax for 

an array with ϕ ~10.5 m is 230 mW (array A3) and decreases by 13 % to 200 mW (array A5) 

when the inter-VCSEL distance is reduced by 10 µm and the bottom mesa area is reduced by 
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~43 %. By dividing Lmax by the number of emitters, I obtain the average Lmax per VCSEL. The 

average Lmax per VCSEL is ~8.2 to 8.9 mW for the arrays with the smallest (32 m) and largest 

(42 m) inter-VCSEL distance with ϕ ~7.5 m. The Lmax per VCSEL ranges from ~10.5 to 

13.7 mW for the arrays with ϕ ~10.5 m. For comparison (on a twin sister wafer from the same 

epitaxial growth run) I achieve Lmax ~10 mW for a single ϕ ~7.5 m VCSEL and Lmax ~16 mW 

for a single ϕ ~10.5 m VCSEL, suggesting my top-emitting 19-element arrays suffer some 

undesired ohmic losses as current spreads from the GSG contacts pads through all 19 oxide 

apertures. The larger bottom mesas likely improve heat dissipation and the larger inter-VCSEL 

distances reduce thermal crosstalk thus enabling higher optical output power before the LI 

rollover. In my previous work on single VCSELs I observed that Lmax increases as the bottom 

mesa diameter increases (see Figure B.1.1). 

 

I plot the LIV curves of the arrays A0, A2, A3, and A5 in Figure 7.2.1 (top). To reduce clutter, 

I do not include the A1 and A4 results (I show the A4 results in Chapter 2) – but as expected 

the LIV curves for array A1 lie between those for arrays A0 and A2, and the curves for array 

A4 lie between those for arrays A3 and A5. 

 

My inter-VCSEL distance (see Table 7.3.1) decreases (in 5 m steps) when moving from array 

A0 to A1 to A2 with ϕ ~7.5 µm, and from array A3 to A4 to A5 with ϕ ~10.5 µm. I anticipate 

the resultant change in the ridge connector area reduces the net oxide capacitance and thus 

slightly increases the electrical array bandwidth (see the results in Section 7.3). A larger top 

mesa 1 area may serve to help improve each array’s ability to dissipate heat – but I expect in 

my current array design the (bottom) mesa 2 area dominates the temperature performance of 

my arrays (especially because I do not use heat sinking). 

 

In Figure 7.2.1 (bottom) I plot the same data in Figure 7.2.1 (top) replacing I with the current 

density J = I/(19·π·(ϕ/2)2). I include the LJ results for two reference single VCSELs processed 

on the same quarter wafer piece as my 19-element VCSEL arrays. As expected, the arrays and 

the reference VCSELs exhibit about the same threshold current density (Jth ~0.9 kA/cm2). My 

Ka’anapali triple and septuple VCSEL arrays (presented in Chapter 4) processed on twin sister 

980 nm VCSEL wafers from the same epitaxial growth run exhibit this same threshold current 

density. 

 

The emitting area (A) of the reference single VCSEL with ϕ ~33.5 m (A = 881.4 m2) is 

roughly the same as the total emitting area of each of the arrays A0 to A2 with ϕ ~7.5 m (A = 

839.4 m2). A perfect match would require a single VCSEL with ϕ ~32.69 m – thus my 

reference VCSEL is slightly too large, and I see in Figure 7.2.1 (bottom) the LJ curve is a little 

above the LJ curves for arrays A0 and A2 (as expected). Analogously the emitting area of the 

reference single VCSEL with ϕ ~43.5 m (A = 1486.2 m2) is the closest I have available to 

my arrays A3 to A5 with ϕ ~10.5 m (A = 1645.2 m2). A perfect match would require a single 

VCSEL with ϕ ~45.77 m – thus this second reference VCSEL is slightly too small, and the 

LJ curve for this reference VCSEL is slightly below the LJ curves for arrays A3 and A5. I 

observe in Figure 7.2.1 (bottom) a significantly higher (~4 times) maximum optical output 

power with my A0, A1, and A2 arrays compared to the single reference VCSEL with ϕ ~33.5 

m for J > 10 kA/cm2. The optical output power of the 33.5 m reference VCSEL decreases 

for J > 8 kA/cm2 and decreases for current densities larger than 6 kA/cm2 for the 43.5 m 

reference VCSEL. I limit the bias current to 70 mA for the 33.5 m reference VCSEL and to 

80 mA for the 43.5 m reference VCSEL to avoid excessive joule heating and to avoid 

damaging the metal neck regions of my large ϕ single (experimental) VCSELs. 
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Figure 7.2.1: (top) Measured CW optical output power (L) versus bias current (I) at room temperature 

(RT ~23 °C) for 980 nm 19-element electrically parallel VCSEL arrays; and (bottom) the same data – 

but including two reference, single VCSELs and plotted versus the bias current density (J). 
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From the static LIV curves, I extract the static wall plug efficiencies as a percent, using WPE 

= 100·L/(I·V). In Figure 7.2.2 I plot the WPE versus J for the arrays and for the reference single 

VCSELs. The maximum WPE for the arrays is ~30 to 38 % at J ~4 to 6 kA/cm2, and peaks at 

~28 to 32 % at J ~4 kA/cm2 for the two, reference single VCSELs. My 19-element arrays 

achieve significantly larger Lmax and larger rollover currents than their reference single 

VCSELs most likely because my arrays experience less current crowding. 

 

 
Figure 7.2.2: Wall plug efficiency (WPE) versus current density (J) at room temperature (RT) for 

980 nm single reference VCSELs and 19-element electrically parallel 980 nm VCSEL arrays. 

 

 

In Figure 7.2.3 I plot the array spectral emission at a bias current below threshold (I = 5 mA), 

and at J ~10 and 15 kA/cm2. I collect the array emission in a cleaved end OM1 MMF that I 

place a few millimeters above a given array to collect a representative mixture of the light 

emitted from the 19 VCSELs (see Section 2.3.2, Chapter 2). I extract the mean wavelength (λm) 

and the root mean square spectral width (λ) for the emission spectra (above threshold) using 

Equation 2.1 in Chapter 2 (see also [4]). For array A0 (Figure 7.2.3 (top)) I find λm = 984.9 nm 

and λ = 0.54 nm at J ~10 kA/cm2, and λm = 986.0 nm and λ = 0.56 nm at J ~15 kA/cm2. 

Analogously for array A3 (Figure 7.2.3 (bottom)) I find λm = 986.7 nm and λ = 0.80 nm at J 

~10 kA/cm2, and λm = 989.3 nm and λ = 1.13 nm at J ~15 kA/cm2. 
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Figure 7.2.3: Measured room temperature (RT) CW optical emission spectra (electroluminescence) 

below threshold and at J ~10 and 15 kA/cm2 for two of the 19-element VCSEL arrays with: (top) ϕ 

~7.5 m (array A0); and (bottom) ϕ ~10.5 m (array A3). 
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7.3 Dynamic testing 

To determine the trade-offs in CW optical output power and modulation bandwidth of my 19-

element VCSEL arrays I perform small-signal modulation frequency response experiments 

using the on-wafer probing technique I describe in Chapter 2 for 980 nm triple and septuple 

VCSEL arrays. I measure the standard 2-port S21 scattering parameters from 0.05 to 40 GHz 

using a Hewlett-Packard 8722C Vector Network Analyzer, a standard (cleaved end) OM1 

multiple-mode optical fiber, and a New Focus Model 1434 photodetector (PD) with a 

bandwidth of 25 GHz. I correct the raw |S21| data for the known PD frequency response then 

fit the corrected data to the standard theoretical rate equation model for laser diodes (see the 

fitting Equation 2.2 in Chapter 2). From the fitting I obtain – for each CW bias current – the 

relaxation oscillation resonance frequency (fR), the damping parameter (γ), the parasitic 

frequency (fp), and a constant c (in dB) I use to set each |S21| response curve to 0 dB at 0 GHz. 

 

In Figure 7.3.1 I plot the small-signal modulation frequency response (|S21|) versus frequency 

(f) at RT for arrays A0 and A2 and for arrays A3 and A5 at J ~10 kA/cm2. I observe |S21| 

peaking of ~3dB (near f = 12 GHz) for array A0, whereas the frequency response for all other 

arrays is more damped and the |S21| peaking is < 2 dB. Starting near 0 GHz and moving higher 

in frequency the |S21| curves initially dip to roughly -1 dB then rise above 0 dB – then roll off 

as f increases from ~12 GHz (arrays A0 and A2) or from ~15 GHz (arrays A3 and A5) to 20 

GHz. The |S21| dipping at low frequencies is likely due to thermal lensing and spatial 

nonuniformity of the transverse modes as described in [5]. In Table 7.3.1 I list the |S21| fitting 

parameters for my arrays (at the reference current density J ~10 kA/cm2) and for the two, 

reference single VCSELs (at J ~6 and 5.4 kA/cm2). I include f3dB and selected geometric 

parameters of interest. 

 
 

 

 

TABLE 7.3.1 

GEOMETRIC AND EXTRACTED |S21| PARAMETERS FOR SINGLE AND NOVEMDECUPLE VCSELS AT J 

~10 kA/cm2 (ALL AT ~23 °C) UNLESS INDICATED 

 

Type ϕ (µm) 

each 

VCSEL 

inter-

VCSEL 

distance 

(µm) 

bottom 

mesa 

area 

(µm2) 

emission 

area 

(µm2) 

fR 

(GHz) 

fp 

(GHz) 

γ 

(GHz 

or  

ns-1) 

f3dB 

(GHz)  

L 

(mW) 

CW  

x1 A0-

A2 ref. 
33.5 - 10,936 881.4 12.1 15.8 26.9 16.7 a 45.2 a 

x19 A0 

7.5 

42 34,360 

839.4 

12.5 6.9 28.9 14.9 71.9 

x19 A1 37 25,981 12.7 7.2 37.1 15.0 71.9 

x19 A2 32 18,771 13.6 7.5 42.7 15.3 74.2 

x1 A3-

A5 ref. 
43.5 - 12,868 1,486.2 13.9 9.9 32.6 15.2 b 61.0 b 

x19 A3 

10.5 

45 38,987 

1,645.2 

15.3 7.4 38.7 17.2 158.8 

x19 A4 40 30,024 15.3 7.6 42.1 17.3 157.3 

x19 A5 35 22,230 15.2 9.0 44.4 17.7 154.0 
a J ~6 kA/cm2 (I = 53 mA); b J ~5.4 kA/cm2 (I = 80 mA) 
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Figure 7.3.1: (top) Small-signal modulation frequency response (|S21|) at RT and curve fits (thick lines) 

for 19-element VCSEL arrays A0 and A2 with ϕ ~7.5 µm for bias current densities J close to 10 kA/cm2; 

and (bottom) the same but for arrays A3 and A5 with ϕ ~10.5 µm.  The CW bias currents are given. See 

Figure 7.2.1 (bottom) for the corresponding RT LJ characteristics of these VCSELs. 
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I plot in Figure 7.3.2 (top) f3dB versus I for my 19-element arrays. In Figure 7.3.2 (bottom) I 

plot f3dB versus J. The f3dB increase with I and J and reach maximum values of ~18 GHz for 

array A2 and A5, and about ~16 to 17 GHz for arrays A0 and A3. The larger ϕ ~10.5 µm arrays 

(A3-A5) reach f3dBmax at about J = 10 kA/cm2 while the ϕ ~7.5 µm arrays (A0-A2) reach f3dBmax 

over the wide range J ~15 to 30 kA/cm2. For comparison, the reference single ϕ ~33.5 and 43.5 

m VCSELs achieve f3dBmax at 17.7 GHz (at J ~6 kA/cm2) and at 15.6 GHz (at J ~5.7 kA/cm2), 

respectively. I achieve nearly the same f3dBmax for the VCSEL arrays and their corresponding 

single reference VCSELs, but the optical output powers at f3dBmax are far greater for the arrays. 

The arrays exhibit a superior combination of optical output power, bandwidth, and WPE. 

 

I extract the D factors and the modulation current efficiency factors (MCEFs) for my arrays. 

These figures of merit are the slopes of fR and f3dB versus (I - Ith)
0.5, where Ith is the threshold 

current – but at low bias currents where the plots are linear. I determine Ith by plotting I (on the 

y-axis) versus (fR)2 (on the x-axis) and extrapolating the linear portion of the data to the y-axis 

intercept. In Figure 7.3.3 I plot fR and f3dB versus (I - Ith)
0.5 for arrays A0 and A2. I obtain a 

similar plot for A1, where the maximum fR are about 2 to 3 GHz lower than the maximum f3dB. 

In Figure 7.3.4 I plot fR and f3dB versus (I - Ith)
0.5 for arrays A3 and A5 (I plot the same data for 

array A4 – see Figure 2.3.5.1). I determine the slopes and list these values (the D factors and 

the MCEFs) in Table 7.3.2 for my six 19-element arrays and for the two, reference single 

VCSELs. 

 

The D factor and MCEF slightly increase as the inter-VCSEL spacing decreases (moving from 

A0 to A1 to A2, and from A3 to A4 to A5). One possible explanation is the small change in 

oxide capacitance for my arrays. The oxide capacitance [6] – proportional to the oxidized top 

mesa area (Aox) – decreases as the inter-VCSEL pitch decreases. Taking Aox for array A0 as a 

reference, the percent decrease in Aox for array A1 and array A2 (relative to A0) is 10.4 and 

23.3 %, respectively. Similarly, the percent decrease in Aox for array A4 and array A5 (relative 

to A3) is 9.1 and 20.1 %, respectively. 

 

I combine the f3dB (extracted from the |S21| data) versus I data for my A3, A4, and A5 arrays – 

see Figure 7.3.2 and Figure 2.3.5.1 in Chapter 2 – with the LI data for the same arrays – see 

Figure 7.2.1 and the A4 LI data in Figure 2.3.5.1. In Figure 7.3.5 I show the result, a plot of 

f3dB versus L. While this room temperature plot does not include the corresponding laser array 

wall plug efficiencies, emission spectra, and far field patterns (optical power versus angle off 

the normal) [7], I find this novel plot insightful for comparing the bandwidth-power trade off 

of my VCSELs and VCSEL arrays. To compare the two, reference single 980 nm VCSELs to 

their corresponding 19-element 980 nm VCSEL arrays I first gather the LI and f3dB versus I 

data for the two, reference single VCSELs. 

 

In Figure 7.3.6 I plot the LIV and f3dB versus J for the two reference VCSELs with ϕ ~33.5 and 

43.5 m. Note the LI have multiple rollover humps – an indication of optical mode switching 

due (typically) to nonuniform current injection in large ϕ VCSELs. In Figure 7.3.7 – to 

complete the entries in Table 7.3.2 – I plot fR and f3dB versus (I - Ith)
0.5 for the two, reference 

single 980 nm VCSELs. In Figure 7.3.8 (top) I plot f3dB versus L for the A2 array and its 

reference single VCSEL, and in Figure 7.3.8 (bottom) the same data for the A5 array and its 

reference single VCSEL – halting the bias current a little past the first LI (rollover) hump. The 

A2 array at J = 10 kA/cm2 emits twice the L (~80 mW) compared to the 33.5 m single VCSEL 

at J ~6 kA/cm2 – both exhibit a maximum f3dB ~18 GHz. The A5 array at J = 10 kA/cm2 emits 

~2.5 times the L compared to the 43.5 m single VCSEL at J ~5 kA/cm2 (i.e., at the first 

rollover), and the corresponding f3dB is ~18 GHz compared to ~14 GHz for the single VCSEL. 
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Figure 7.3.2: Small-signal modulation bandwidth (f3dB) versus the CW bias current (top) and versus the 

bias current density (bottom) at RT for 19-element arrays A0, A2, A3, and A5. 
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Figure 7.3.3: (top) Small-signal modulation bandwidth (f3dB) and relaxation oscillation resonance 

frequency (fR) at room temperature versus the square root of (I - Ith) for: (top) array A0 (ϕ ~7.5 m); 

and (bottom) array A2 (ϕ ~7.5 m). 

Ka’anapali SW1 UC33 A0 

Ka’anapali SW1 UC33 A2 
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Figure 7.3.4: (top) Small-signal modulation bandwidth (f3dB) and relaxation oscillation resonance 

frequency (fR) at room temperature versus the square root of (I - Ith) for: (top) array A3 (ϕ ~10.5 m); 

and (bottom) array A5 (ϕ ~10.5 m). 
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TABLE 7.3.2 

D FACTOR AND MCEF FOR SINGLE AND NOVEMDECUPLE VCSELS AT RT 
 

Type ϕ (µm) 

each 

VCSEL 

D factor 

(GHz/(mA)0.5) 

MCEF 

(GHz/(mA)0.5) 

x1 A0-A2 

reference 
33.5 1.86 2.62 

x19 A0 

7.5 

1.45 1.70 

x19 A1 1.46 1.71 

x19 A2 1.53 1.78 

x1 A3-A5 

reference 
43.5 1.56 1.79 

x19 A3 

10.5 

1.27 1.45 

x19 A4 1.27 1.48 

x19 A5 1.30 1.58 

 

 

 

 

 

 

Figure 7.3.5: Extracted bandwidth f3dB versus static optical output power (L) for 980 nm 19-element A3 

(blue triangles), A4 (black circles), and A5 (red triangles) VCSEL arrays with ϕ ~10.5 m. The green 

circles indicate the point where the bias current density J = 10 kA/cm2. 
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Figure 7.3.6: (top) Measured static LIV at room temperature (RT ~23 °C) for 980 nm reference single 

VCSELs with ϕ ~33.5 and 43.5 m; and (bottom) the f3dB versus J for the same VCSELs. 
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Figure 7.3.7: (top) Small-signal modulation bandwidth (f3dB) and relaxation oscillation resonance 

frequency (fR) at room temperature versus the square root of (I - Ith) for: (top) the single reference 980 

nm VCSEL with ϕ ~33.5 m; and (bottom) the single reference 980 nm VCSEL with ϕ ~43.5 m. 
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Figure 7.3.8: (top) Extracted bandwidth f3dB versus static optical output power (L) for a reference 980 

nm single VCSEL with ϕ ~33.5 m (olive circles) and a 980 nm 19-element VCSEL array with ϕ ~7.5 

m (black triangles). (bottom) The same f3dB versus L for a reference 980 nm single VCSEL with ϕ 

~43.5 m (magenta circles) and a 980 nm 19-element VCSEL array with ϕ ~10.5 m (red triangles). 
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I investigate the potential of my VCSEL arrays as optical sources for high bit rate 

communication by performing room temperature (RT) digital data transmission experiments – 

as I explain in Chapter 2, Section 2.3.4. I use standard non-return to zero (NRZ), 2-level pulse 

amplitude modulation with a pseudorandom binary sequence (PRBS) of word length 27-1 with 

peak-to-peak modulation voltage values Vpp up to 2.5 V. I couple the optical output of my 

VCSEL arrays to a cleaved-end OM1 MMF patch cord with a core diameter of 62.5 µm. I 

position the MMF ~1 mm above an array to collect a representative mix of light emission from 

all VCSELs in the array under test. For each array I determine the CW bias current, Vpp, and 

arrangement of individual amplifiers and attenuators (together with my photoreceiver which 

includes a built-in limiting amplifier) that yield the best eye pattern. I keep these driving 

conditions and vary the bit rate – then I tweak the decision level and fiber position and transmit 

the digital test pattern for at least 120 seconds before recording the BER. At 25 Gb/s with a 27-

1 PRBS I transmit > 23.6 billion PRB sequences with zero errors for a BER < 10-12. 

 

In Figure 7.3.9 and Figure 7.3.10 I plot the BER versus received optical power for arrays A0 

and A2 (with ϕ ~7.5 µm), and for arrays A3 and A5 (with ϕ ~10.5 µm), respectively at 20 and 

25 Gb/s (I obtain analogous results for arrays A1 and A4 – see the A4 data in Figure 2.3.4.2). 

With the variable optical attenuator removed (between the OM1 MMF and the photoreceiver) 

I measure zero errors for a measurement time of at least 30 seconds as mentioned above and 

set the BER to 10-13. When I insert the variable optical attenuator, even at its lowest attenuation, 

the BER increases significantly (to > 10-12). I find arrays A2 and A5 operate at 20 and 25 Gb/s 

with a smaller received optical power compared to their sister arrays. Of special note is array 

A5 which operates error free at 20 and 25 Gb/s at J ~8.9 kA/cm2. For array A5, operating at I 

= 146 mA corresponds to L ~ 150 mW, WPE ~33 %, and f3dB ~ 18 GHz. I have different 

numerical apertures and thus different coupling efficiencies for my arrays with different inter-

VCSEL distances, which is likely one of the reasons for differences in received optical power. 

However, it is possible to optimize the numerical aperture for a given optical link configuration 

by employing micro-lenses on top of each emitter. I was unable to achieve error free operation 

at 20 and 25 Gb/s for my reference single VCSELs with ϕ ~33.5 and 43.5 m, possibly due to 

difficulty coupling the heavily multiple mode emission into my OM1 MMF and the high 

peaking of the |S21| response which increases noise [8].  
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Figure 7.3.9: Bit error ratio (BER) versus received optical power at RT for: (top) 19-element VCSEL 

array A0; and (bottom) 19-element VCSEL array A2 (both with ϕ ~7.5 µm). Insets: optical eye diagrams 

at BERs of ~10-13. 
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Figure 7.3.10: Bit error ratio (BER) versus received optical power at RT for: (top) 19-element VCSEL 

array A3; and (bottom) 19-element VCSEL array A5 (both with ϕ ~10.5 µm). Insets: optical eye 

diagrams at BERs of ~10-13. 
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7.4 Summary Chapter 7 

Novemdecuple (19-element) VCSEL arrays in a 2D quasi honeycomb pattern with an oxide 

aperture diameter ϕ ~10.5 m exhibit Lmax ~200 mW operating optical output power, f3dBmax 

~18 GHz maximum bandwidth, and WPEmax ~35 % at room temperature. Sister 19-element 

2D quasi honeycomb arrays with smaller ϕ ~7.5 m (per each VCSEL) exhibit about the same 

f3dBmax and WPEmax but an operating Lmax ~150 mW. At a conservative operating bias of J ~8.9 

kA/cm2 with the 19-element array A5 (where L ~150 mW) I achieve error free data 

transmission at 20 and 25 Gb/s across OM1 MMF. I find a slight, ~2 GHz decrease in f3dBmax 

(comparing design A2 to A0, and A5 to A3) as I decrease the inter-VCSEL spacing. I attribute 

this primarily to a decrease in top mesa (pillars plus ridges) oxide capacitance. I find a decrease 

of ~20 mW (A0 to A2) and ~60 mW (A3 to A5) in Lmax as I decrease the area of mesa 2 (the 

bottom mesa) which I attribute primarily to reduced heat dissipation and increased thermal 

crosstalk between the 19 emitters. I thus expect I have still plenty of room to optimize my array 

designs. 
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Chapter 8 

 
 

Contributions and Recommendations 

 

 
 

 list my top ten dissertation research contributions and ten recommendations for follow-on 

work. As is typical in any scientific endeavor, there is immeasurably more knowledge I wish 

to pursue and uncover – in both fundamental and applied VCSEL physics. I started my research 

at an amazing time – just as we approached the midst of a vertical cavity surface emitting laser 

(VCSEL) renaissance. A renaissance due to an explosion of new and emerging optical sensing 

applications – fueled concurrently by the continuing quest for ever faster, versatile, compact, 

low cost, and efficient light sources. Such light sources are a key enabler for ubiquitous optical 

communication links in support of fifth generation (5G) and (yet to be imagined) next 

generation (Next G) technologies. As multitudes of free-space VCSEL beams send data and/or 

generate sensory data – across cities, along roadways, high above difficult terrains, to/from 

space, between fixed and mobile Internet of Things gadgets, and in many other applications 

not yet conceptualized – I hope my work herein inspires others to explore and employ the 

VCSEL and related photonics technologies in ways far beyond what I now imagine is possible. 

 

8.1 Top ten contributions 

Ten key (top) contributions of my dissertation include: 

 

1. novel simplicity 980 nm (and 940 nm) VCSEL epitaxial designs leading to record 

combinations (for single VCSELs and for arrays) of optical output power, bandwidth, 

and efficiency – see Sections 2.2 and 2.4; 

 

2. a novel (simple) method for the characterization of selective thermal wet oxidation rates 

involving double cleaved surfaces – see Figures 3.3.1 through 3.3.7; 

 

3. novel inter-VCSEL (ridge connector) geometries for top-surface-emitting electrically 

parallel VCSEL arrays, and the impact on array performance of the ridges and variable 

bottom mesa areas – see the mask set and processed VCSEL images in Chapter 3 and 

Appendix A, and the plotted data in Appendix B; 

 

4. a record 35.5 GHz (small-signal modulation) bandwidth for a single 980 nm VCSEL – 

see Figure 4.2.3; 

 

5. record bandwidths and static optical output powers for a range of large aperture single 

VCSELs at any wavelength – specifically 21.2 GHz at 31.8 mW for ϕ ~ 23.5 m to 

14.1 GHz at 60.1 mW for ϕ ~ 43.5 m – see Figure 4.6.1; 

 

I 
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6. novel plot of optical output power versus bandwidth for the rapid characterization and 

comparison of performance trade-offs of VCSEL arrays – see for example Figures 

2.3.3.4, 2.3.3.5, 4.6.12, 7.3.5, and 7.3.8; 

 

7. proof VCSEL arrays have superior bandwidth-power performance compared to single 

VCSELs with equal total emission area – see Figures 5.3.2, 5.3.3, and 7.3.8; 

 

8. record power-bandwidth-efficiency combinations for triple (3-element), septuple (7-

element), and novemdecuple (19-element) VCSEL arrays – for example f3dBmax ~18 

GHz, Lmax ~200 mW, and WPEmax ~35 % for 19-element arrays with ϕ ~ 10.5 m; and 

for the same 19-element array f3dBmax ~18 GHz (the same maximum bandwidth), Lmax 

of ~150 mW, and WPEmax ~30 % at the conservative bias current density of J ~8.9 

kA/cm2 – see Figures 7.2.2, 7.3.2, and 7.3.5; 

 

9. record data transmission rates across OM1 multimode optical fiber, at a bit error ratio 

(BER) below 1 x 10-12 for VCSEL arrays at any wavelength – specifically bit rates of 

40 Gb/s for triple and septuple arrays, and 25 Gb/s for novemdecuple arrays – see 

Figures 5.3.7, 5.3.8, 7.3.9, and 7.3.10; and 

 

10. increased damping in the small-signal modulation frequency response of VCSEL arrays 

compared to single VCSELs processed on the same epitaxial (wafer) material with 

equal total emission areas, despite the relatively low number of top coupling DBR 

periods to boost L – compare for example the |S21| versus f curves in Figures 4.3.2, 

4.3.3, 4.4.4, 4.5.3, 6.3.1, and 7.3.1. 

 

8.2 Recommended follow-on research 

I recommend the following, follow-on research: 

 

1. investigate bottom (substrate) emitting versions of my VCSEL arrays – with and 

without inter-VCSEL ridge connectors; 

 

2. perform thermal-electrical-optical array modeling, backed by experiments, to further 

optimize the array geometry, inter-VCSEL spacing, metal contact placement, and 

thermal management, including flip-chip packaging schemes for substrate emitting 

VCSEL arrays; 

 

3. investigate versions of my VCSEL arrays emitting at other peak emission wavelengths, 

from the ultraviolet and visible to 1550 nm and beyond 2000 nm; 

 

4. compare array performance (power, bandwidth, efficiency, bit rate, far field pattern, 

etc.) versus the number of electrically parallel elements (4, 5, 13, . . ., 37, 61, 91, 127, . 

. . to hundreds or thousands) in various square, hexagonal, and random or patterned 

string or worm (narrow and long, curved, spiraled, straight) configurations; 

 

5. investigate oxideless and other novel epitaxial and geometric VCSEL array designs – 

such as via epitaxially regrown heterojunction blocking layers, implanted regions, 

buried tunnel junctions, fused layers, non-semiconductor mirrors, and new materials; 
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6. investigate array – optically coupled and uncoupled – near and far field patterns, and 

arrays with in situ etched or hybrid lenses and/or beam shaping and steering schemes;  

 

7. perform free space optical link measurements with my (and other) single VCSEL and 

VCSEL arrays – both across short (meters) and long (kilometers) distances and 

including point to point and point to multipoint links, the development of driver and 

receiver circuits, studies of high order/advanced modulation and multiplexing schemes, 

and investigations of scintillation, speckle, and enhanced link performance via receiver 

arrays; 

 

8. investigate novel VCSEL array fabrication schemes (including simplified, low-cost 

steps) and high-volume wafer production methods; 

 

9. investigate the near and far field optical intensity patterns for my VCSEL arrays, and 

methods (such as adding lenses) to combine, shape, and otherwise steer the array beams 

– compare with optically coupled versions of the arrays; and 

 

10. investigate hybrid integration and direct epitaxial growth of VCSEL arrays on Si, Ge, 

GaN, sapphire, or other substrates – and novel assembly methods, 3D geometries, and 

exotic materials for light emitting arrays. 
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Appendix A 

 
 

VCSEL Fabrication Steps 

 

 

 
 present in Chapter 3 my vertical cavity surface emitting laser (VCSEL) and VCSEL array 

mask set, cross section diagrams of my corresponding fabrication sequence, and example 

scanning electron microscope images of my VCSEL epitaxial wafers after I perform selective 

thermal wet oxidation tests. In Appendix A I provide a list of my typical processing steps, in 

adequate detail to enable outsiders and colleagues to follow (and if desired copy and/or repeat 

with similar methods) my work – I thus provide a VCSEL processing plan and guide. 

 

I break my VCSEL quarter wafer piece processing into 7 blocks, starting with p-metallization 

and ending with GSG pad metallization. I include example microscope images of my VCSELs 

and VCSEL arrays – from random locations on my wafer pieces – at various stages of 

fabrication. I include measured (while etching the mesas) optical power reflectance plots.  

 

A.1 P-metallization 

I perform a standard p-metal lift off by spinning on a negative photoresist (PR), exposing the 

PR to ultraviolet (UV) radiation (through my p-metal contact mask), developing the exposed 

PR to form my p-metal shapes, thermally evaporating thin metal layers of Au and Zn onto the 

(p+)GaAs surface and patterned PR, then removing the PR (see Figure A.1.1). 

Step Comment 

Clean wafer piece(s) 

(3-inch diameter wafers pre-

cleaved into quarters by hand via 

a diamond-tip scribe tool) 

• 5 min acetone RT immersion with agitation 

• 5 min isopropanol (IPA) RT immersion with agitation 

• 10-20 s low pressure N2 blow dry (henceforth N2 dry) 

Coat with negative tone 

photoresist 

• 30 s spin on MaN 1420 photoresist (PR) at 3000 rpm 

• remove the PR edge bead via a cleanroom Q-tip dipped 

in isopropanol (henceforth PR EBR with IPA) 

• 120 s soft bake on a hotplate at 100 °C 

• 10 min cool down to RT 

Expose negative tone 

photoresist 

(p-metal mask – via Süss MA6) 

• 20 s UV exposure in “hard contact” mode 

• 5 min wait (mask not in contact – in alignment mode) 

Develop photoresist (PR) 

• 70 s PR development in premixed MaD 533s solution 

• 10 s in a beaker of H2O (de-ionized water – DIW) 

• 20 s in a second beaker of H2O 

• 120 s H2O rinse (or longer to reach pH = 7) 

• N2 dry 

I 
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O2 plasma descum 

(remove/incinerate PR residues) 
• 3 min O2 plasma clean at 150 W  

  

Strip surface oxides 
• 15 s dip in RT HCl:H20 (1:5) solution 

• N2 dry 

P-metal deposition 

• via VEECO metal vapor (thermal) deposition system 

• deposit 20 nm Au 

• deposit 50 nm Zn 

• deposit 300 nm Au 

P-metal lift off 

• 20 min N-methyl-2-pyrrolidon (NMP) soak at 70 °C 

• 15 min soak in isopropanol at 70 °C (remove NMP) 

• 15 min soak in isopropanol at 25 °C (remove NMP)  

• N2 dry 

O2 plasma descum • 5 min O2 plasma clean at 600 W 

Visual inspection 

(microscope – via Leica 100) 

• inspect p-metal 

• optional - photograph p-metal patterns (open anode 

rings, interconnected rings, alignment marks) 
 

                 
 

                 
 

Figure A.1.1: Microscope images after p-metallization – of random wafer piece locations. 

p-metal 

p-metal        
(3.5 m wide) 
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A.2 Top mesa etching 

I pattern, expose with UV radiation, and develop a positive photoresist (PR). The PR pattern 

typically extends 3 m around my p-metal as shown in Figure A.2.1.  The PR serves as a dry 

etching mask. I etch primarily AlxGa1-xAs DBR layers through the active optical cavity via 

inductively coupled plasma reactive ion etching (ICP-RIE) with Cl2 + BCl3. 

Step Comment 

Clean wafer piece(s) 

• 5 min acetone RT immersion with agitation 

• 5 min isopropanol RT immersion with agitation 

• N2 dry 

Coat with HMDS 

(hexamethyldisilazane) PR 

adhesion promoter 

• 120 s bake on hotplate at 90 °C (dry surface) 

• 30 s spin on HMDS adhesion promoter at 2000 rpm 

• 180 s bake on a hotplate at 90 °C 

Coat with positive tone 

photoresist 

• N2 dry 

• 40 s spin on AZ MIR 701 photoresist at 3000 rpm 

• PR EBR with IPA; 60 s wait 

• 120 s soft bake on a hotplate at 100 °C 

• 5 min wait 

Expose positive tone 

photoresist 

(top mesa mask) 

• 35 s UV exposure in “hard contact” mode 

• 5 min wait (in alignment mode) 

Develop photoresist (PR) 

• 35 s PR development in AZ351B:H2O (1:5) solution 

• 10 s in a beaker of H2O (de-ionized water – DIW) 

• 20 s in a second beaker of H2O 

• 120 s H2O rinse (or longer to reach pH = 7) 

• N2 dry 

O2 plasma descum • 3 min O2 plasma clean at 150 W  

Visual inspection • inspect; optional - photograph PR mesa patterns 

  

Etch top mesa 

• via a SENTECH SI 500 ICP-RIE system 

• place wafer piece(s) on Santovac oil coated AlOx 

chuck (to improve thermal contact) 

• set Cl2 flow to 2.5 sscm; set BCl3 flow to 12.5 sscm 

• set chamber pressure to 0.33 Pa 

• set RF power to 15 W; set ICP power to 500 W 

• stop etch ~4 DBR periods below the optical cavity 

(monitor etch depth via optical power reflectance at λo 

= 632.8 nm using a HeNe laser source) 

Clean wafer piece(s) 

• 20 min soak in NMP at 70 °C (remove PR and oil) 

• 15 min isopropanol immersion at 70 °C 

• 15 min isopropanol immersion at 25 °C 

• N2 dry 

O2 plasma descum • 5 min O2 plasma clean at 600 W 

Visual inspection • Inspect; optional - photograph p-metal on top mesas 
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Figure A.2.1: Microscope images after top mesa etching – of random wafer piece locations. 

top 

mesa p-metal 
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Our ICP-RIE system includes components and software to perform laser interferometry end 

point detection. We direct a laser emitting at λo = 632.8 nm onto a random spot on a wafer piece 

(typically near the wafer center). We measure and monitor the reflected signal while etching at 

near normal incidence, which varies sinusoidally as I etch through the top DBR, optical cavity, 

bottom DBR, and into the GaAs buffer layer. In Figure A.2.2 I show (the red curve) an example 

monitor signal – which I use to stop the mesa etching at an approximate depth about ~2 to 4 

DBR periods into the bottom DBR. For comparison I show (the black curve) the simulated 

optical power reflectance versus etch depth for my Ka’anapali 980 nm VCSEL structure, and 

for reference I include (the blue curve) the real refractive index profile. Note my simulation is 

versus distance, whereas the measured signal is versus time. I use a constant etch rate to match 

the measured data to the index profile. 
 

 

 
 

 
Figure A.2.2: (top) One-dimensional (1D) simulated (black curve) optical power reflectance (R) versus 

etching distance (etch depth from the surface) into the Ka’anapali 980 nm VCSEL structure; and 

(bottom) measured (red curve) optical power reflectance during ICP-RIE etching of the top mesa. The 

real refractive index profile (blue curve) serves as a reference. I match the measured R to the index 

profile by tweaking the x axis scale – setting the start of the etching to time 0 and aligning the end of 

the etching (at time ~664 s where the red curve concludes its large sinusoidal swings) to the third 

(n)GaAs DBR layer beneath the optical cavity. 
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A.3 Selective thermal wet oxidation 

I perform selective thermal wet oxidation at 420 °C at 50 mbar in our university-built system 

as I describe in Section 3.3 (see Chapter 3). I convert exposed (to water vapor plus a nitrogen 

carrier gas) portions of my conducting Al-rich layers – the Al0.98Ga0.02As layers in my VCSELs 

– into nonconducting dielectric layers that confine current and facilitate optical waveguiding. 

I concurrently thermally wet oxidize my exposed AlxGa1-xAs DBR layers, where x = 0.9 and 

0.92 albeit at a slower oxidation rate (due to their lower AlAs content).  

Step Comment 

Remove surface oxides 

• 5 min RT soak in AZ 726 MIF developer 

• 10 s in a beaker of H2O (de-ionized water – DIW) 

• 20 s in a second beaker of H2O 

• 120 s H2O rinse (or longer to reach pH = 7) 

• N2 dry 

Selective thermal wet 

oxidation of AlxGa1-xAs 

• via a university-built system (a high vacuum stainless 

steel chamber with a viewport, resistive heater under 

the Si wafer (chuck), etc. – under computer control) 

• open main N2 line flow into reaction chamber at 3 

liters/minute (l/min) 

• place wafer piece(s) on the 4-inch diameter Si wafer 

chuck (chamber is under low N2 back pressure) 

• perform 3-itertion N2 (fill gas) pump-purge at RT 

• set chamber pressure to 50 mbar 

• open N2 (into bubbler) and H2O + N2 valves 

• set N2 flow (into bubbler) to 0.8 l/min 

• set H2O vapor + N2 (bubbler) output flow to 0.8 l/min 

• set main N2 line flow to 0.8 l/min 

• set heating tape (H2O + N2 line wrap) to 200 °C 

• run computer program; chuck heater ramps to 80 °C 

• 3 min hold at 80 °C; ramps to 100 °C 

• 3 min hold at 100 °C; ramps to 120 °C 

• 3 min hold at 120 °C; ramps to 420 °C; start oxidation 

timer at the start of the ramp to 420 °C – it takes ~2 

minutes to reach 420 °C 

 

• set bubbler flows to 0 sccm; stop oxidation timer 

• close N2 (into bubbler) valve and H2O + N2 valve 

• turn off heaters – chamber cools under N2 flow 

• when T < 100 °C (after ~45 min), backfill the chamber 

with N2 (slight overpressure) and open the chamber; 

remove wafer pieces 

• close chamber; perform 3-itertion N2 pump-purge 

• close N2 line into chamber; system now in idle mode 

Visual inspection • Inspect; optional – photograph surface structures 
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A.4 Bottom mesa etching 

After performing the selective thermal wet oxidation I repeat the top mesa etching process 

using the bottom mesa mask – see example results in Figure A.4.1. The bottom mesa etching 

process is generally the same as the top mesa etching process, however I use a thicker positive 

photoresist (PR) since the wafer surface starts with patterned p-metal and etched top mesas – 

topological features with heights of ~3 m.  

Step Comment 

Clean wafer piece(s) 

• 5 min acetone RT immersion with agitation 

• 5 min isopropanol RT immersion with agitation  

• N2 dry 

Coat with positive tone 

photoresist 

• 30 s spin on AZ 4562 photoresist at 4000 rpm 

• PR EBR with IPA; 5 min wait 

• 420 s soft bake on a hotplate at 100 °C 

• 10 min wait 

Expose positive tone 

photoresist 

(bottom mesa mask) 

• 150 s UV exposure in “hard contact” mode 

• 10 min wait (in alignment mode) 

Develop photoresist (PR) 

• 140 s PR development in AZ 351B:H2O (1:5) 

• 10 s in a beaker of H2O (de-ionized water – DIW) 

• 20 s in a second beaker of fresh H2O 

• 120 s fresh H2O rinse (or longer to reach pH = 7) 

• N2 dry 

O2 plasma descum • 3 min O2 plasma clean at 150 W  

Visual inspection • inspect; optional - photograph PR mesa patterns 

  

Etch bottom mesa 

• via a SENTECH SI 500 ICP-RIE system 

• repeat the procedure as for the top mesa – but etch 

down through the (n)DBR into the (n+)GaAs 

Clean wafer piece(s) 

• 20 min soak in NMP at 70 °C (remove PR and oil) 

• 15 min isopropanol immersion at 70 °C 

• 15 min isopropanol immersion at 25 °C 

• N2 dry 

O2 plasma descum • 5 min O2 plasma clean at 600 W 

Visual inspection • Inspect; optional – photograph both mesas 
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Figure A.4.1: Microscope images after bottom mesa etching – of random wafer piece locations. 

bottom 

mesa 
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In Figure A.4.2 I show (the red curve) an example monitor signal for the bottom mesa etching. 

This second ICP-RIE etching step continues the top mesa etching – thus starting in the (n)GaAs 

layer of the third DBR beneath the optical cavity. For comparison I show (the black curve in 

Figure A.4.2) the simulated optical power reflectance versus etch depth for my Ka’anapali 980 

nm VCSEL structure. For reference I include (the blue curve) the real part of the refractive 

index profile (note in general the refractive index is a complex number). As in Figure A.2.2 

(top), my simulation is versus distance, whereas the measured signal is versus time. 
 

 

 

 
 

 
Figure A.4.2: (top) One-dimensional (1D) simulated (black curve) optical power reflectance (R) versus 

etching distance (etch depth from the surface) into the Ka’anapali 980 nm VCSEL structure; and 

(bottom) measured (red curve) optical power reflectance during ICP-RIE etching of the bottom mesa 

(after etching the top mesa – see Figure A.2.2). The real refractive index profile (blue curve) serves as 

a reference. I match the measured R to the index profile by tweaking the x axis scale – setting the start 

of the etching to the (n)GaAs within the third DBR beneath the optical cavity and aligning the end of 

the etching at a point well into the (n+)GaAs buffer layer. 
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A.5 N-metallization 

I perform a standard n-metal lift off via a thick negative photoresist (PR), analogous to the p-

metallization sequence. I pattern the PR into horseshoe shapes and thermally evaporating thin 

metal layers of Ni, Au, and Ge onto the exposed (n+)GaAs surface beneath the bottom DBR 

and onto the patterned PR. I then remove (dissolve) the PR (which lifts away excess metal). In 

Figure A.5.1 I show example microscope images of my VCSELs and VCSEL arrays after 

completing an n-metallization step. 

Step Comment 

Clean wafer piece(s) 

• 5 min acetone immersion at RT 

• 5 min isopropanol immersion at RT 

• N2 dry 

Coat with HMDS PR adhesion 

promoter 

• optional step (typically skipped) – 120 s bake on 

hotplate at 90 °C (dry surface) 

• 30 s spin on HMDS adhesion promoter at 2000 rpm 

• 180 s bake on a hotplate at 90 °C 

• 1 min wait 

Coat with negative tone 

photoresist 

• 30 s spin on MaN 490 photoresist (PR) at 3000 rpm 

• PR EBR with IPA 

• 14 min soft bake on a hotplate at 100 °C 

• 20 min wait 

Expose negative tone 

photoresist 

(n-metal mask) 

• 150 s UV exposure in “hard contact” mode 

• 20 min wait (in alignment mode) 

Develop photoresist (PR) 

• 240 s PR development in premixed MaD 532s 

• 10 s in a beaker of H2O (de-ionized water – DIW) 

• 20 s in a second beaker of fresh H2O 

• 120 s fresh H2O rinse (or longer to reach pH = 7) 

• N2 dry 

O2 plasma descum • 3 min O2 plasma clean at 150 W  

  

Strip surface oxides 
• 15 s dip in RT HCl (37 %):H20 (1:5 by volume) 

• 10-20 s low-pressure N2 blow dry 

N-metal deposition 

• via VEECO metal vapor (thermal) deposition system 

• deposit 20 nm Ni (via crystal thickness monitor) 

• deposit 100 nm Au:Ge (~88:12 weight percent) 

• deposit ~300 nm Au 

N-metal lift off 

• 20 min N-methyl-2-pyrrolidon (NMP) soak at 70 °C 

• 15 min soak in isopropanol at 70 °C (remove NMP) 

• 15 min soak in isopropanol at 25 °C (remove NMP)  

• N2 dry 

O2 plasma descum • 5 min O2 plasma clean at 600 W 

Visual inspection 
• Inspect; optional - photograph top and bottom mesas, 

and patterned p-metal and n-metal 
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Figure A.5.1: Microscope images after n-metallization – of random wafer piece locations. 
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A.6 Photo-BCB planarization 

I spin onto the wafer surface a photosensitive BCB (bisbenzocyclobutene) which functions as 

an insulating (dielectric) material that fills in the regions on and around the etched mesas and 

metals and (ideally) planarizes the processed wafer surface. I open (remove) the BCB above 

my p-metal (partially cut open) rings and n-metal horseshoe contacts and (in processing block 

7) deposit coplanar ground-signal-ground (GSG) metal contact pads directly on the open BCB 

areas and on parts of the unopened BCB. The BCB reduces VCSEL parasitic GSG pad 

capacitance – enhancing the device modulation bandwidth. In Figure A.6.1 I show example 

microscope images of my VCSELs and VCSEL arrays after completing a BCB step. 

Step Comment 

Clean wafer piece(s) 

• 5 min acetone RT immersion with agitation 

• 5 min isopropanol RT immersion with agitation 

• N2 dry 

• 90 s spin dry at RT at 4000 rpm 

Coat with HMDS adhesion 

promoter 
• 20 s spin on AP 3000 HMDS adhesion promoter at 

3000 rpm 

Coat with photo-BCB 

• 10 s at 700 rpm then continue 40 s at 3000 rpm spin on 

photo-BCB 4026-46 

• Remove ~2 mm of BCB from wafer edges with 

cleanroom (foam) Q-tip dipped in edge bead remover 

(EBR PG, Kayaku Advanced Materials Inc.) solution 

• 10 s spin dry at 3000 rpm 

• Remove residual BCB on wafer backside with a Q-tip 

dipped in Dow Chemical Company T1100 

• 90 s soft bake on a hotplate at 80 °C 

• 5 min wait 

Expose photo-BCB 

(BCB mask) 
• 50 s UV exposure in “constant power” mode 

Develop photo-BCB 

• 10 min BCB development in premixed DS3000 

solution at 35 °C 

• 90 s in DS3000 at RT (stop development, clean) 

• 60-120 s low-pressure N2 blow dry 

• 90 s spin dry at 3000 rpm 

• 60 s post development bake on a hotplate at 90 °C 

Hard cure photo-BCB 

• in a vacuum curing oven at 400 mbar filled with N2 

• 15 min ramp from RT to 150 °C 

• 15 min hold at 150 °C 

• 15 min ramp to 250 °C 

• 60 min hold at 250 °C 

• cool down, remove wafer piece(s) when T < 100 °C 

  

Etch photo-BCB 

• via a SENTECH SI 591 (RIE plasma etcher) 

• set O2 flow to 20 sscm 

• set CF4 flow to 5 sscm 

• set chamber pressure to 40 Pa 
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• set RF power to 50 W 

• stop etch, inspect wafer(s) with microscope, repeat as 

needed (etch times vary, e.g., 20 s to 2 min) 

Visual inspection • Inspect; optional - photograph patterned BCB 

 

 
 

 

developed 

BCB 
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Figure A.6.1: Microscope images after BCB etching – of random wafer piece locations. 
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A.7 GSG pad metallization 

After patterning BCB I perform a standard pad-metal lift off via a thick negative photoresist 

(PR), analogous to the n-metallization sequence. I pattern the PR into co-planar ground-signal-

ground (GSG) pads (see my mask design in Chapter 3) that electrically connect to VCSEL and 

VCSEL array p-metal anodes and n-metal cathodes. The GSG pads enable on wafer testing 

with a high frequency GSG (metal tipped) probe. In Figure A.7.1 I show example microscope 

images of my VCSELs and VCSEL arrays after completing a GSG pad metallization step. 

Step Comment 

Clean wafer piece(s) 

• 5 min acetone RT immersion with agitation 

• 5 min isopropanol RT immersion with agitation 

• N2 dry 

Coat with negative tone 

photoresist 

• 30 s spin on MaN 1440 photoresist (PR) at 3000 rpm 

• 5 min soft bake on a hotplate at 90 °C 

• 30 min wait 

Expose negative tone 

photoresist 

(GSG pad mask) 

• 24 s UV exposure in “hard contact” mode 

• PR EBR with IPA 

• 25 min wait 

Develop photoresist (PR) 

• 105 s PR development in premixed MaD 533s 

• 10 s in a beaker of H2O 

• 20 s in a second beaker of H2O 

• 120 s H2O rinse (or longer to reach pH = 7) 

• N2 dry 

O2 plasma descum • 3 min O2 plasma clean at 150 W  

  

Strip surface oxides 
• 15 s dip in RT HCl (37 %):H20 (1:5 by volume) 

• N2 dry 

GSG pad metal deposition 

• via electron beam metal deposition (university built) 

• deposit 50 nm Cr 

• deposit 50 nm Pt 

• deposit 300 nm Au 

GSG pad metal lift off 

• 20 min N-methyl-2-pyrrolidon (NMP) soak at 70 °C 

• 15 min soak in isopropanol at 70 °C (remove NMP) 

• 15 min soak in isopropanol at 25 °C (remove NMP)  

• 10-20 s low-pressure N2 blow dry 

O2 plasma descum • 5 min O2 plasma clean at 600 W 

Visual inspection • Inspect; optional - photograph completed VCSELs 
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Figure A.7.1: Microscope images after GSG pad metallization – of random wafer piece locations. 

 

 

A.8 Comments 

I summarize my VCSEL processing steps via collages of my triple, septuple, and 

novemdecuple VCSEL arrays as shown in Figure A.8.1. The key attributes of my small VCSEL 

array designs include inter-VCSEL top mesa and p-metal ridge connectors, my use of selective 

thermal wet oxidation to close current flow within the ridge connectors while forming standard 

oxide apertures within each VCSEL pillar, a single bottom mesa, and my placement of the 

array within a co-planar high frequency GSG pad layout via BCB planarization. 

 

While I most often follow my fabrication procedures, processing by hand remains an art – and 

subject to unexpected (stored) chemical, material, and equipment fits and rages (e.g., the PR 

appears to develop too slowly despite my gentle agitation, the BCB delaminates unexpectedly, 

the ohmic contacts are not ohmic, etc.). Occasionally I modify the steps for example by 

increasing or decreasing BCB and PR development times. I find difficulty – due to the 

differences in device geometry – in optimizing the processing recipe for both my single 

VCSELs (especially the smallest top mesa VCSELs in Columns 0, 1, and 2) and my arrays. I 

expect this given my wafer surface topography (via my experimental mask set), which leads to 

local variations in dry etching rates (proximity effects) and nonuniformity of BCB and PR 

coatings. I experience nonuniformity of selective thermal wet oxidation rates across my quarter 

wafer pieces of roughly 1 to 2 m. I switched from Ti/Pt/Au p-metal to Au/Zn/Au due to 

equipment availability, and I allowed my VCSEL ohmic contacts to stabilize via device static 

LIV pre-testing (rather than via a wafer piece thermal annealing step).  
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Figure A.8.1: Collage of images and schematics illustrating my VCSEL arrays. 

 



Nasibeh Haghighi dissertation (Technical University Berlin) copyright © 2021 

205 
 

Appendix B 

 
 

Mapping 

 

 

 
 perform automated, static light output power-current-voltage (LIV) measurements on my 

processed vertical cavity surface emitting laser (VCSEL) wafer pieces using a university 

designed and built LIV mapping system. By plotting selected parameters via a proprietary 

Python script – both direct parameters and extracted parameters – as a function of position I 

gain useful (general) knowledge of my processed VCSELs and VCSEL arrays including: 1) 

the approximate oxide aperture diameters; 2) spatial trends in device processing, making 

obvious areas where my processing failed or had problems; 3) spatial trends in VCSEL 

performance possibly related to epitaxial growth variations; and 4) comparative trends between 

my arrays with geometric variations. The mappings help guide my post-processing testing – 

enabling me to focus on interesting areas of my processed wafer pieces. I present in this 

appendix example wafer maps of my processed VCSEL and VCSEL array wafer pieces. 

 

My LIV measurement set up (see Figure 2.3.1.1 in Chapter 2) includes stepper motors to move 

the platen stage in the x and y directions and a joystick (controlling another stepper motor) to 

raise and lower the ground-signal-ground (GSG) probe head. Under the automated control of 

LabVIEW [1] software coded by my university research group – arbeitsgruppe (AG) Lott – I 

measure and record the static LIV characteristics of my VCSELs and VCSEL arrays. I 

configure each mapping to correspond to a given VCSEL mask set. 

 

During the first year of my dissertation (2017) I learned VCSEL processing by producing 

VCSEL test pieces using an existing experimental VCSEL mask set created in 2010 [2]. 

Starting in late 2018 I processed VCSELs and VCSEL arrays using my new 2018 mask set (see 

my description in Chapter 3). From static LIV measurements I produce various colorized wafer 

maps of, for example: maximum optical output power (Lmax); threshold current; threshold 

voltage; maximum LI slope; maximum wall plug efficiency (WPEmax); maximum external 

differential quantum efficiency; differential series resistance; and others. 

 

B.1 VCSEL mask set 2010 

In Figure B.1.1 I show the room temperature Lmax map for a 980 nm VCSEL wafer, produced 

using a quarter Kapalua wafer piece (see my Kapalua epitaxial design in Chapter 2) and my 

research group’s older experimental 2010 VCSEL mask set. The Lmax generally increases when 

moving from the single VCSELs in Row 0 down to Row 9. I note a distinct Lmax reduction 

(compared to the other columns) for Columns 8 and 9 where the VCSELs have a single mesa 

diameter – all other VCSELs have a circular bottom mesa larger in diameter than the top mesa, 

which improves heat dissipation. Via the measured LIV data in Figure B.1.1 I produce Figures 

B.1.2 through B.1.5 – which illustrate the spatial variation in threshold current, maximum LI 

slope, maximum wall plug efficiency, and the bias voltage at LI rollover, respectively. 

I 
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Figure B.1.1: Example mapping (not to scale) of a processed Kapalua 980 nm VCSEL quarter wafer 

piece – indicating the maximum static (direct current) optical output power (Lmax) of single VCSELs 

(represented by colored squares). Each repeating unit cell (square; labeled in white text 23, 23, 24, …, 

42, 43, etc.) contains 15 columns and 16 rows of single VCSELs, plus one additional row of alignment 

marks and two additional columns of process control test structures. Each colored square represents an 

area of 600 m x 600 m, thus the area of each unit cell is 10.2 mm x 10.2 mm. Dark areas are off the 

wafer piece or nonfunctioning VCSELs. The VCSEL top mesa diameters increase from 18 to 31 m in 

+1 m steps when stepping vertically downward from Row 0 to Row F. The bottom mesa diameters 

vary by column. These are +30 m (Columns 0 to 7), + 0 m (Columns 8 and 9), +20 m (Columns A 

and B), +40 m (Columns C and D), and +60 m (Column E) larger compared to the top mesa 

diameters. See [2] for a mask set description. 

 

 

In Figures B.1.6 and B.1.7 I show the room temperature LIV curves for the 980 nm VCSELs 

in unit cell (UC) 22, Column C and in UC 32, Column 8, respectively. The Row 0 and Row 1 

VCSELs are close to the wafer edge and nonfunctioning in Column C. All 16 VCSELs in 

Column 8 achieve lasing. Based on the Lmax data and knowing the top mesa diameters increase 

in +1 m steps from Row 0 to Row F, I estimate the oxide aperture diameters (ϕ) as ϕ ~4 m 

for the Row 2 VCSELs up to ~17 m for the Row F VCSELs. I may additionally as a sanity 

check compare the measured emission spectra to oxide VCSEL mode models (as I describe in 

Chapter 2) and to my research group’s many years of measured 980 nm VCSEL data. One may 

also (destructively) cut cross sections of VCSELs and via scanning electron microscope (SEM) 

images measure the ϕ. My actual ϕ are easily ±1 m, since the selective thermal wet oxidation 

rate is spatially nonuniform and the cavity etalon and peak quantum well gain both vary radially 

across the epitaxial VCSEL wafer. These intrinsic growth variations impact the VCSEL 

performance parameters including Lmax, Ith, WPE, LI slope, and more. For example, the Lmax of 

UC 22 VCSELs in Figure B.1.1 typically exceeds the corresponding UC 24 and UC 42 Lmax. 
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Figure B.1.2: Threshold current (Ith) mapping of the same processed Kapalua 980 nm VCSEL quarter 

wafer piece shown in Figure B.1.1. 

 

 
 
 

Figure B.1.3: Extracted maximum LI slope mapping of the same processed Kapalua 980 nm VCSEL 

quarter wafer piece shown in Figure B.1.1. 
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Figure B.1.4: Maximum wall plug efficiency (WPE) mapping of the same processed Kapalua 980 nm 

VCSEL quarter wafer piece shown in Figure B.1.1. 

 

 
 
 

Figure B.1.5: Voltage at peak optical output power (at LI rollover) mapping of the same processed 

Kapalua 980 nm VCSEL quarter wafer piece shown in Figure B.1.1. 

Columns 0 to E in each unit cell 

Columns 0 to E in each unit cell 

example possible 

processing 

problem area 

Rows

0 to F 

in 

each 

unit 

cell 

Max. 

WPE 

(%) 

Rows

0 to F 

in 

each 

unit 

cell 

Voltage 

at    

Lmax  

(V) 



Nasibeh Haghighi dissertation (Technical University Berlin) copyright © 2021 

209 
 

 
Figure B.1.6: Measured room temperature LIV curves from Unit Cell 22, Column C from the wafer 

piece mapping data illustrated in Figure B.1.1. 

 

 

 
Figure B.1.7: Measured room temperature LIV curves from Unit Cell 32, Column 8 from the wafer 

piece mapping data illustrated in Figure B.1.1. 
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B.2 VCSEL and VCSEL array mask set 2018 

I map the VCSELs I produce with my new mask set in three distinct sets: 1) one or more 

columns of single VCSELs; 2) one or both columns of triple VCSELs; and 3) one or more 

columns of septuple VCSELs. This allows me to adjust the range of bias currents and to 

optimize the use of my time – since mappings can take hours to days depending on the number 

of columns to measure. I may also, for example add (when needed) a 90 % blocking neutral 

density filter onto the integrating sphere-photoreceiver when measuring my high optical output 

power arrays. I can also map selected columns in one unit cell, or in multiple unit cells. 

For illustration, in Figure B.2.1 I show the colorized Lmax map of part of a processed Koloa 940 

nm VCSEL quarter wafer piece (see Chapter 2 for a description of the Koloa epitaxial design). 

I map Columns 0 to 4 in nine (9) unit cells. Looking at UC 45 Column 0, the first VCSEL to 

lase (with detectable optical emission) resides in Row 5. In UC 45 Column 1 the first lasing 

VCSEL resides in Row 3, and so on for Columns 2, 3, and 4. From the LIV mapping data I 

produce the curves in Figures B.2.2 through B.2.6 and generate estimates for the ϕ in each row. 

 

 
 

 

Figure B.2.1: Example mapping (not to scale) of a processed Koloa 940 nm VCSEL wafer piece – 

indicating the maximum static (direct current) optical output power (Lmax) of single VCSELs 

(represented by colored squares). I show data for my single VCSELs in Columns 0 to 4 (I describe this 

mask set in Chapter 3). Dark areas are other device areas on the processed quarter wafer piece. The 

VCSEL top mesa diameters increase as follows: 1) Column 0 from 18 m (Row 0) to 18.9 m (Row 9) 

in +0.1 m steps; 2) Column 1 from 18 m (Row 0) to 19.8 m (Row 9) in +0.2 m steps; 3) Column 

2 from 18 m (Row 0) to 22.5 m (Row 9) in +0.5 m steps; 4) Column 3 from 18 m (Row 0) to 27 

m (Row 9) in +1.0 m steps; and 5) Column 4 from 18 m (Row 0) to 36 m (Row 9) in +2 m steps. 
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Figure B.2.2: Measured room temperature LIV curves for the single Koloa 940 nm VCSELs located in 

Unit Cell 45, Column 0 from the wafer piece mapping data illustrated in Figure B.2.1. 

 

 

 
Figure B.2.3: Measured room temperature LIV curves for the single Koloa 940 nm VCSELs located in 

Unit Cell 45, Column 1 from the wafer piece mapping data illustrated in Figure B.2.1. 
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Figure B.2.4: Measured room temperature LIV curves for the single Koloa 940 nm VCSELs located in 

Unit Cell 45, Column 2 from the wafer piece mapping data illustrated in Figure B.2.1. 

 

 

 
Figure B.2.5: Measured room temperature LIV curves for the single Koloa 940 nm VCSELs located in 

Unit Cell 45, Column 3 from the wafer piece mapping data illustrated in Figure B.2.1. 
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Figure B.2.6: Measured room temperature LIV curves for the single Koloa 940 nm VCSELs located in 

Unit Cell 45, Column 4 from the wafer piece mapping data illustrated in Figure B.2.1. 

 

 

In Figure B.2.7 I show the colorized Lmax map of 3-element (triple) Koloa 940 nm VCSELs on 

the same processed quarter wafer shown in Figure B.1.1. I map Columns 6 and 7 in eleven (11) 

unit cells. Focusing on the Column 7 triple VCSEL arrays, I plot example LIV mapping data in 

Figures B.2.8 through B.2.11 and label the approximate values of ϕ based on the results for the 

neighboring single VCSELs plotted in Figures B.2.2. to B.2.6. I round up to the nearest whole 

number – thus I set ϕ ~4 m for the Row 0, Column 7 triple VCSELs since the top mesa 

diameters of triple arrays are 4 m larger than the Column 3 VCSELs (my Column 3, Row 0 

top mesa diameter is -0.5 m). As I detail in Chapter 3, the top mesa diameters for the single 

VCSELs in Column 3 range from 18 m (Row 0) to 27 m (Row 9), whereas the top mesa 

diameters for the triple VCSELs in Column 7 range from 22 m (Row 0) to 31 m (Row 9). 

My room temperature (ambient) triple VCSEL LIV curves in Figure B.2.8 have a soft turn on, 

which indicates the peak quantum well (QW) gain (emission) wavelength is separated from the 

cavity etalon wavelength. I also designed the Koloa VCSEL with a relatively low top DBR 

optical power reflectance to increase the optical output power (my simulated Rtop is 0.984 for 

my Koloa design, as seen by photons in the optical cavity, whereas it is 0.990 for my Ka’anapali 

VCSEL design). This leads to a higher threshold current (Ith) – to achieve lasing I must pump 

the Koloa VCSELs harder than the Ka’anapali or Kapalua VCSELs. Despite the slow turn on 

for my Unit Cell 44, Column 7 VCSELs the Lmax reaches 75 mW (for the Row 9 array) as the 

array heats up as current increases bringing the QW emission peak and the etalon wavelengths 

into closer alignment [3]. Note the Ith decrease in Figure B.2.9 (compared to the Ith in Figure 

B.2.8) likely because in these arrays which as closer to the wafer piece edge, the QW peak 

gain-etalon wavelength offset at RT is smaller. The RT offset further decreases (and the lasing 

turn on is sharp) for my Unit Cell 45 and 54 triple arrays (Figures B.2.10 and B.2.11). 
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Figure B.2.7: Example mapping (not to scale) of a processed Koloa 940 nm VCSEL wafer piece – 

indicating the maximum static (direct current) optical output power of triple VCSEL arrays (represented 

by colored squares). See Chapter 3 for a detailed description my Column 7 triple VCSEL arrays. 
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Figure B.2.8: Measured room temperature LIV curves for 3-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 44, Column 7 from the wafer piece mapping data illustrated in Figure B.2.7. 

 

Figure B.2.9: Measured room temperature LIV curves for 3-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 35, Column 7 from the wafer piece mapping data illustrated in Figure B.2.7. 
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Figure B.2.10: Measured room temperature LIV curves for 3-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 45, Column 7 from the wafer piece mapping data illustrated in Figure B.2.7. 

 
Figure B.2.11: Measured room temperature LIV curves for 3-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 54, Column 7 from the wafer piece mapping data illustrated in Figure B.2.7. 
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In Figure B.2.12 I show the colorized Lmax map of 7-element (septuple) Koloa 940 nm VCSELs 

on the same processed quarter wafer shown in Figure B.1.1. While I map Columns 8 through 

14, I focus my dissertation on the arrays in Columns 12 and 14. My Column 8 septuple VCSEL 

arrays are identical to my Column 12 septuple VCSEL arrays with one primary exception – the 

Column 12 VCSEL arrays include top mesas and p-metal in the form of a honeycomb pattern, 

whereas the Column 8 VCSEL arrays have top mesas and p-metal in the form of a star pattern 

(see the inset in Figure B.2.13, and compare with the pattern in Figure 3.1.2 in Chapter 3).  

I plot example Lmax mapping data for Column 8 septuple Koloa 940 nm VCSELs in Figures 

B.2.13 through B.2.16. I (conservatively) limit the forward bias current to 100 mA, thus I do 

not reach Lmax for every septuple VCSEL array. As with the triple arrays from the same test 

Koloa wafer piece, I see a slow turn on for the 7-element arrays in Unit Cells 44 and 53, whereas 

I see a sharp threshold turn on for the 7-element arrays in Unit Cells 45 and 54 which are closer 

to the wafer edge. 

In Figures B.2.17 and B.2.18 I plot example mapped Lmax data for Koloa septuple arrays in 

Column 14 of Unit Cells 43 and 44. All these 7-element VCSEL arrays exhibit a sharp turn on. 

The Lmax is about 70 mW for the UC 43, Column 14, Row 0 array in Figure B.2.17. While all 

VCSELs in Column 14 have the same ϕ ~4 m, the Lmax decreases when moving from Row 0 

to Row 9 because (most likely) the inter-VCSEL spacing decreases – from 42 m (Row 0) to 

33 m (Row 9) – and the area of the hexagonal bottom mesas decreases correspondingly when 

moving from Row 0 to Row 9 (see the geometric details of my Column 14 septuple VCSEL 

arrays in Table 3.1.2 in Chapter 3) which reduces heat dissipation. The Lmax is smaller (~60 

mW) for the UC 44, Column 14, Row 0 array in Figure B.2.18, as is (correspondingly) the Ith. 

 

 

Figure B.2.12: Example mapping (not to scale) of a processed Koloa SW 940 nm VCSEL wafer piece 

– indicating the maximum static (direct current) optical output power of septuple VCSEL arrays 

(represented by colored squares). See Chapter 3 for a detailed description of Columns 12 and 14. 
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Figure B.2.13: Measured room temperature LIV curves for 7-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 53, Column 8 from the wafer piece mapping data illustrated in Figure B.2.12. Inset: 

Column 8 VCSEL geometry – the same as Column 12 less the outer ridge connectors and p-metal. 

Figure B.2.14: Measured room temperature LIV curves for 7-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 54, Column 8 from the wafer piece mapping data illustrated in Figure B.2.12. 
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Figure B.2.15: Measured room temperature LIV curves for 7-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 44, Column 8 from the wafer piece mapping data illustrated in Figure B.2.12. 

Figure B.2.16: Measured room temperature LIV curves for 7-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 45, Column 8 from the wafer piece mapping data illustrated in Figure B.2.12. 
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Figure B.2.17: Measured room temperature LIV curves for 7-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 43, Column 14 from the wafer piece mapping data illustrated in Figure B.2.12. 

Figure B.2.18: Measured room temperature LIV curves for 7-element Koloa 940 nm VCSEL arrays 

located in Unit Cell 44, Column 14 from the wafer piece mapping data illustrated in Figure B.2.12.    
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B.3 Comments 

After setting up a wafer piece for automated mapping (taking ~15 to 30 minutes), the mapping 

proceeds over tens of minutes to well over 24 hours, as the static LIV measurements can take 

30 to 60 s per device depending on the number of data points per scan. I align the GSG probe 

to a starting device, set the probe pressure (ensuring electrical contact without VCSEL 

damage), set any limits on the bias current range (and compliance current and voltage), and 

add a neutral density filter in front of the photodetector-integrating sphere system (if needed). 

 

While I may map a wafer piece at platen temperatures from RT up to ~100 °C, I more typically 

measure small groups of VCSELs or VCSEL arrays one by one (by hand). In Figures B.3.1 

and B.3.2 I show example LIV data versus platen (ambient) temperature for two, 19-element 

Koloa 940 nm VCSEL arrays (designs A0 and A3), from room temperature to 85 °C. When 

measuring by hand I gain the flexibility to repeat measurements, vary the bias current range, 

adjust the GSG probe pressure and position, adjust the photodetector-integrating sphere, and 

otherwise customize the measurements for a given VCSEL or VCSEL array. I note that 

sometimes my research group’s post-mapping Python data analysis scripts do not always find 

accurate values for Ith (see for example the various definitions of Ith in [4]) and the maximum 

LI slope, most typically when the measured LIV data contains irregularities. 

 

 
Figure B.3.1: Temperature (T) dependent LIV curves for an example 19-element Koloa 940 nm VCSEL 

array (design A0 with ϕ ~4 m) located in Unit Cell 45, measured by hand as a function of platen 

(ambient) temperature. The minimum Ith is at T ~55 °C. 

 



Nasibeh Haghighi dissertation (Technical University Berlin) copyright © 2021 

222 
 

 
Figure B.3.2: Temperature (T) dependent LIV curves for an example 19-element Koloa 940 nm VCSEL 

array (design A3 with ϕ ~7 m) located in Unit Cell 45, measured by hand as a function of platen 

(ambient) temperature. The minimum Ith is at T ~55 °C. 
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