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Chapter 1 Introduction

Chapter 1

Introduction

In this thesis, the intra-cavity surface engineered VCSEL with mode control and

bandwidth enhancement is proposed and demonstrated. It also provides single-mode

operation with hundred-micrometers long length. It may provide new opportunities for

high-speed transmitters in the next-generation hyper-scale data centers and fronthaul-

access 6G networks. In this chapter, the development of data center will be firstly

discussed, and then the previous work of current high speed VCSEL.

1.1 Background

In recent years, the total network bandwidth in data centers has been steadily increasing
over the years due to the growing demand for high-speed data transfer and the need to
support data-intensive applications[1-6]. Especially from 2020, The global COVID-19
pandemic has had a significant impact on the data center industry, accelerating years of
digital transformation into a matter of months. This has been driven by behavioral shifts
in businesses and consumers, including a shift to remote and hybrid work, automation of
business processes, and increased reliance on the digital economy. The pace and success
of'this digital transformation has garnered significant attention for the data center industry,
as a broader audience began to understand the mission-critical nature and the value that
data centers bring to their lives.

According to the Cisco annual Internet report from 2018 to 2023 white paper[7],

quantitative projections are given on the growth of Internet users, devices and connections.
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Chapter 1 Introduction

The total number of Internet users is rapidly growth from 3.9 billion in 2018 to 5.3 billion
in 2023 with a 6% CAGR as shown in Fig. 1-1. By 2023, the devices and connections are
growing faster than the Internet users with a 10% CAGR as shown in Fig. 1-2. Especially
for the M2M connection which is machine-to-machine connection, it will be half of the
total devices and connections with a 19% CAGR from 6.1 billion in 2018 to 14.7 billion

by 2023 as shown in Fig. 1-3.

6% CAGR

2018-20 5 5.3
. 4.7
Billions of 5 . |4
Internet B
Users ¢
1
0

2018 2019 2020 2021 2022 2023

Fig. 1-1. Global Internet user growth[7]

10% CAGR 2 Other (2.1%,3.9%)
2018-2023 30 o Tablets (4% 3%)

# PCs (7%,4%)

o " TVs (13%,11%)
Bnllloqs of . ®Non-Smartphones (13%,5%)
Devices : u Smartphones (27%,23%)
uM2M (33%, 50%)
0
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o O

* Figures (n) refer to 2018, 2023 device share

Fig. 1-2. Global device and connection growth|[7]
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Fig. 1-3. Global M2M connection growth[7]
With the development of VR, cloud storage and gaming, UHD video, the significant
bandwidth demands will be required as shown in Fig. 1-4. The bandwidth needs today is

just a sliver of the future needs.

8 UHD Cameras (Security)
Near Term

® UHD Streaming

B VR Streaming

| Sell Driving Vehicle
Diagnostics

Cloud Gaming
W UHD IP Video

| 8K Wall TV

m HDVWR

® UHDVR ot

Application requirements in Mbps

Fig. 1-4. Significant demand for bandwidth and video in the connected home of the
future [7]
With the increasing number of data-intensive users and connections, managing data
traffic has become a significant challenge in the development of the Internet. To address

this issue, data centers have upgraded their network infrastructures to support multi-
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terabit-per-second (Tbps) or even petabit-per-second (Pbps) bandwidth capabilities[8-10].
These upgrades involve the adoption of advanced technologies like high-speed optical
networking[11-14], advanced Ethernet standards[15-16], and dense wavelength division
multiplexing (DWDM)[17-20]. These technologies allow data centers to aggregate and
transmit large volumes of data efficiently over high-capacity fiber optic networks.
Furthermore, the trend towards hyperscale data centers, specifically designed to handle
massive workloads and extensive data processing, has led to an increased demand for
even higher network bandwidth.

According to the latest report from Dell'Oro Group[21], the 100G Ethernet market
remains highly active, and shipments of 100G data center switches are expected to
continue growing by more than 50 percent. While shipments of 100G port devices are
currently experiencing significant momentum, analysts at Dell'Oro predict that shipments
of 400G port equipment will also continue to increase in the coming years. As a result,
hyperscale data centers have been deploying cutting-edge networking technologies such
as 400 Gigabit Ethernet (GbE) and beyond to support their demanding requirements for
high-performance computing and storage.

According to Dell'Oro's predictions[21], by 2024, ports of 400G and higher will make
up more than 25% of total shipments, indicating significant growth in this segment.
Additionally, the development of 800G ports is expected to gain momentum, resembling
the emergence of a new technology era[21-22]. Sameh Boujelbene, Senior Director at
Dell'Oro, emphasized the continued importance of optics in the data center switch market,
highlighting that the availability of high-capacity and cost-effective optics is crucial for
driving the adoption of higher speeds.

Moreover, the increasing presence of Al-driven workloads will continue to influence

8



Chapter 1 Introduction

the development of data center networking infrastructure. As demand for faster
processing and data transfer capabilities grows, the cost of high-speed port equipment is
anticipated to gradually decline. This trend suggests that data center operators will be able
to access more affordable and efficient networking solutions, enabling them to
accommodate the evolving demands of Al and other data-intensive applications.

In order to fulfill the demand for accelerated expansion in data center bandwidth and
cope with the substantial data traffic, there is a pressing necessity to augment both the
bandwidth and transmission speed. As depicted in Figure 1-5, the data center
encompasses multiple switches interconnected by means of optical links. According to
Cisco's projections, the bandwidth of these switches is anticipated to surpass 100Tbps by
2026 as shown in Fig. 1-6[24]. However, it is noteworthy that the speed of fiber optic
interconnects lags significantly behind that of the switches.

Overall, in the face of challenging data traffic and hyperscale data centers with
transmission speeds of 400 Gigabit Ethernet or higher, as well as the substantial growth
disparity between optical switches and fiber optics, there is a greater demand placed on
the bandwidth and transmission speed of lasers, necessitating an urgent improvement in

the laser's transmission speed to 100GBd within a kilometer.

B Tronsceivers

. Opticol Mks

S Inter-cluster traffic

£
-
¥

g intro-cluster troffic

Fig. 1-5. Multi-tier tree-like data center network[23]
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Fig. 1-6. Growth gap between optical switch and optics

1.2 Previous research about high-speed VCSELSs

In general, there are two methods commonly employed for laser modulation. One
approach involves direct modulation[24-27], which offers the advantages of low cost, low
power consumption, and shorter transmission distances. The other method is electro-
absorption modulation[28-29], which integrates the laser with an electro-absorption
modulator, enabling long-distance transmission but at the expense of higher cost and
increased power consumption.

Within the context of data centers, where transmission distances are typically less than
10km, the focus of this study will be on directly modulated lasers. Extensive
investigations have been conducted on distributed feedback (DFB) lasers, distributed
Bragg reflector (DBR) lasers, and vertical-cavity surface-emitting lasers (VCSELSs).
VCSELs, in particular, have garnered significant attention due to their surface-emitting
characteristics, facilitating seamless coupling with optical fibers and the formation of
two-dimensional arrays for achieving efficient 400GBd data transmission. Additionally,

VCSELs offer advantages such as low threshold, low power consumption, cost-effective
10
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packaging, and the ability to undergo wafer-scale testing.

It is worth noting that the concept of VCSELSs was first introduced by Professor Iga in
1977, involving the design of a laser cavity perpendicular to the wafer surface. Since then,
VCSELs have gained widespread utilization, especially in optical interconnect

applications within data centers [30-33].

Marel, 22 147

Y - -
%- s$EL~F
A
rd 1-1—7\' 5
| TR <
"k—' -— [
-

Fig. 1-7. A sketch of VCSEL idea from Prof. Iga in 1977[30]

Nevertheless, the modulation speed of directly modulated lasers is constrained by the
relaxation oscillation frequency, which typically reaches around 20GHz for vertical-
cavity surface-emitting lasers (VCSELs). Extensive research has been conducted to
enhance the modulation bandwidth through the optimization of extrinsic series resistance,
active region design, and other techniques [34-38].

In the case of VCSELSs operating at the widely utilized 850nm wavelength for short-
reach interconnects in the datacom and telecom markets, the modulation bandwidth has
been increased to approximately 30GHz through multi-mode operation achieved by
adjusting the active region, employing dielectric Bragg reflectors (DBRs), and optimizing
parasitic effects [39-48]. In 2021, Yang et al[44]. introduced a high-speed 850nm VCSEL
with two Alp.9gGao.02As oxidation layers for precise mode control and four AlposGao.04As

oxide layers for reducing mesa capacitance. This design approach enabled the realization
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of amodulation bandwidth of approximately 30GHz, approaching the intrinsic limitations
of VCSEL responses, as illustrated in Figure 1-8. The notable enhancement in modulation
bandwidth paves the way for 50-100Gbps (PAM4) modulation in next-generation optical
interconnect systems. However, it is important to consider that the utilization of multi-
mode operation introduces modal dispersion, which imposes a limitation on the maximum

link length in multimode fiber (MMF) systems to below 100m.

(a) (b)

4 ——————————r—— E 5
= Light-Current-Voltage curve @ RT E
== Light-Current-Voltage curve @ 75 C ~ [}
44 o [, J— 0=
3F @ cm
S 2= X
> 8_ iy 5}
o X3
o 2t 5 o3
=] Q 2c
) 12 = S ©-10} — 3mA, f3gg=22GHz @RT
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> 1F . [ —— 5mA, f3dB = 27.3 GHz @ RT
S w  -15F . 5mA, f3qp =25.2GHz @ 75C
'g —— 7mA, f3dB = 30.0 GHz @ RT
0 A ' A A A A A A 0 o -20
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Fig. 1-8. (a) The L-I-V and (b) small signal bandwidth[44]

In 2022, Cheng et al[45]. presented a study on a single-mode vertical-cavity surface-
emitting laser (VCSEL) operating at 850nm, which was passivated using atomic layer
deposition (ALD). The research showcased a remarkable modulation bandwidth of
29GHz, as demonstrated in Figure 1-9. Specifically, a thin AI203 layer with a thickness
of 10nm was deposited on the mesa sidewalls through the ALD process. This ALD-
deposited film serves to mitigate non-radiative recombination losses, thereby enhancing
the laser's overall efficiency. Furthermore, the introduction of this layer effectively
reduces the RC parasitic component in the small-signal model, which often acts as a
limiting factor in the modulation bandwidth of VCSELs. By implementing the mesa
sidewall layer, the modulation bandwidth can be significantly increased, reaching

approximately 29GHz while ensuring single-mode operation.
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Fig. 1-9. (a) The schematic structure, (b) measured spectrum, and (c) small signal

bandwidth[45]

However, the oxidation aperture diameter was merely 2.5 1 m, and the output power
was approximately 1mW, posing a challenge for its usage in kilometer-long data
transmission due to the significant attenuation losses experienced in the fiber. In order to
facilitate long-range transmission within extensive data centers, the implementation of
long-wavelength, single-mode operation vertical-cavity surface-emitting lasers (VCSELSs)
becomes imperative. An attractive option in this regard is the utilization of 1300-/1550-
nm VCSELs with extended wavelengths.

In 2016, Kuchta et al.[46] conducted a 1500nm InP based VCSEL, featuring a buried
tunnel junction, as depicted in Figure 1-10. The incorporation of the tunnel junction
resulted in a reduced effective cavity length, thereby decreasing the photon lifetime.

Consequently, the small signal modulation bandwidth could be further increased to
13
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22GHz. However, it is important to acknowledge that the high thermal and electrical
resistance associated with this configuration imposes limitations on the static

performance of the VCSEL.

Dielectric top mirror
Gold Cathode

Hybrid dielectn
back mirror
Gold Anode

(a)

Ill]lllllllllllllllllll

dy, = 3um, I=1.6 mA
dgr, = 3pm, = 4.4 mA

° d,,,=4um, =26 mA

-15 o d,.,=4um, I=6.8 mA

Relative response (dB)
&

_18Jll?lllllllllIlllllll:‘yc
5 10 15 20 25
Frequency (GHz)

(b)
Fig. 1-10. (a) Schematic structure of InP based VCSEL with buried tunnel junction, (b)
small signal modulation response of the VCSEL with 4um tunnel junction[46]
To address the requirements of long-distance, high-speed data transmission, the
utilization of 1060nm GaAs based VCSELs emerges as an appealing prospect. This
wavelength choice is particularly advantageous due to the reduced fiber attenuation

observed at 1060nm band compared to the 850nm band. In fact, the attenuation levels at
14
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1060nm can be less than half of those experienced in the 850nm band, thus establishing
the potential for kilometer-long data transmission[47-48].

In 2018, Larsson et al.[49] introduced a 1060nm vertical-cavity surface-emitting laser
(VCSEL) that operates in a single-mode configuration and incorporates two primary
oxide apertures, as illustrated in Figure 1-11. These primary oxide apertures serve the
purpose of both transverse optical confinement and current confinement, while an
additional four secondary apertures are implemented to reduce the capacitance associated
with charge storage over the oxide layers. This innovative design enabled the attainment
of a small signal modulation bandwidth of 22.5GHz, allowing for 40Gbps (NRZ) data
transmission over a single-mode fiber (SMF) spanning a distance of 2km, as
demonstrated in Figure 1-12. However, it should be noted that achieving single-mode
operation necessitated the use of a relatively small oxidation aperture of only 4 1 m.
Therefore, it is of utmost importance to prioritize the development of a 1060nm single-
mode VCSEL that ensures stable single-mode operation, high modulation bandwidth, and

a larger oxidation aperture.

p-contact
——— p-AlGaAs/GaAs DBR
e —— Secondary oxide layers
—— ——— P[IMary oxide apertures

Fig. 1-11. Schematic structure of the 1060nm SM-VCSEL[49]

InGaAs/GaAsP QWs
—n-contact
—n-AlGaAs/GaAs DBR

—n-AlAs/GaAs DBR

— GaAs substrate
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Modulation Response (dB)

0 5 1‘0 1‘5 2‘0 25
Frequency (GHz)
Fig. 1-12. Small signal modulation bandwidth[49]

To expand the modulation bandwidth and overcome the limitations imposed by the
relaxation oscillation frequency of VCSELs, the phenomenon of photon-photon
resonance holds promise. Photon-photon resonance has found extensive application in
distributed feedback (DFB) lasers and distributed Bragg reflector (DBR) lasers. In 2014,
Ibrahim et al.[50] introduced a bow-tie-shaped transverse coupled cavity (TCC) VCSEL,
as depicted in Figure 1-13, which showcased a substantial enhancement in the modulation
bandwidth, reaching up to 27GHz, as demonstrated in Figure 1-14. The bow-tie-shaped
oxide aperture incorporated in the design served as a passive feedback cavity, enabling
the occurrence of photon-photon resonance between the original optical frequency,
devoid of feedback, and the modulated frequency subsequent to feedback. This photon-
photon resonance (PPR) effect facilitated the customization of the modulation transfer
function, thereby extending the frequency response to levels surpassing the relaxation
oscillation frequency. However, it is important to note that the augmentation in bandwidth

was exceptionally sensitive to the injection current within the laterally integrated
16
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feedback cavity. Furthermore, the injection current contributed to additional power
consumption. Additionally, the presence of multiple modes in operation resulted in a
broad spectral width, which significantly compromised the transmission bandwidth, even

when employing high-bandwidth multi-mode fibers.

Passive Feedback
Cavity
. . Reflection
b e d

P-electrode :

"’

22 ir pA
\ Ton-implantation 26 pair p-DBR

Alo'ggGaAS
InGaAs/GaAs QWs

41 pair n-DBR

Fig. 1-13. (a) Schematic structure and (b) top view of the TCC VCSEL[49]
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Fig. 1-14. Measured small-signal modulation response of the TCC VCSEL with and
without optical feedback[50]

Recently, our research team presented a 1060nm VCSEL with a metal aperture that
demonstrated an improved bandwidth of 22GHz and enhanced control over transverse
modes by leveraging the transverse coupled cavity effect [51-54], as depicted in Figure
1-15[53]. The incorporation of an intra-cavity metal aperture facilitated the establishment
of transverse coupled cavities, where the oxidation boundary and the metal boundary
interacted to induce transverse resonance, as illustrated in Figure 1-15(b). Notably, the

transmission exhibited a clear eye opening up to 46Gbps across a Skm single-mode fiber.
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Fig. 1-15. (a) Schematic structure and (b) the physical picture of the transverse

resonance[53]

While achieving stable single-mode operation is feasible, it remains a challenge to

further augment the modulation bandwidth. A critical aspect in accomplishing this is the

mitigation of extrinsic parasitic effects. Nonetheless, despite the attainment of stable

single-mode operation, the potential for bandwidth enhancement remains constrained.

1.3 Research purpose

Given the escalating data traffic, substantial growth disparity in relation to optical

switches, and the demand for 400GbE data transmission, the need for high-speed lasers

19



Chapter 1 Introduction

has become more pronounced. VCSELs, known for the surface-emitting properties

facilitating effortless fiber coupling, have emerged as pivotal light sources in data centers,

particularly for short-reach applications. The objective of this thesis is to advance the

development of a high-speed VCSEL beam by focusing on the following areas:

Designing and fabricating intra-cavity metal-aperture VCSEL;

Improving the modulation bandwidth of intra-cavity metal-aperture VCSEL by
introducing polyimide layer to reduce parasitics;

Realizing the km-long data transmission by intra-cavity metal-aperture VCSEL;
Simulating the surface grating loaded VCSEL for mode control and bandwidth
enhancement;

Designing and fabricating surface grating loaded VCSEL with single mode operation

and high-speed data transmission.

1.4 Organization of the thesis

Chapter 1: The application of high-speed lasers and previous work about VCSEL
were introduced.

Chapter 2: The principle and theoretical analysis of bandwidth enhancement and
mode control method by surface engineered process will be demonstrated..
Chapter 3: The fabrication process and electrical and optical characteristics of intra-
cavity metal-aperture VCSEL will be proposed and demonstrated. The parasitic
optimization will also be demonstrated.

Chapter 4: The experimental result of intra-cavity metal-aperture VCSEL for data
transmission will be proposed and demonstrated.

Chapter 5: The principle and simulation results of surface grating VCSEL will be

demonstrated.
20
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*  Chapter 5: The fabrication and simulation results of surface grating VCSEL will be
demonstrated.
*  Chapter 6: The prospective and potential of intra-cavity surface engineered VCSEL

will be discussed and the thesis will be concluded.

[ Chapter 1 Introduction }

( Chapter 2 Mode control and bandwidth
enhancement of VCSELs

| |
Chapter 3 Metal-aperture and surface relief
for short-cavity high speed VCSELs

[ Chapter 5 Design of surface grating VCSELs J

|

‘ Chapter 4 Intra-cavity metal-aperture VCSEL Chapter 6 Characterization of
for data transmission surface grating VCSELs

{ Chapter 7 Conclusion and Prospective

Fig 1-36 Organization frame of the thesis
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Chapter 2

Mode control and bandwidth enhancement of VCSELSs

In this chapter, the details about operation principle, optimized design of mode control

and bandwidth enhancement will be discussed. The previous work of surface engineered

will also be shown.

2.1 Dynamic characteristics and mode control of VCSEL

2.1.1 Rate equation and modulating response of VCSEL

The utilization of VCSELSs in data transmission is contingent upon their dynamic behavior
and modulation characteristics. These attributes are typically derived from rate equations,
which encapsulate the temporal evolution of electrons and photons within the laser cavity
and their reciprocal interactions. The analysis of rate equations serves as a highly valuable
means of scrutinizing the static, spectral, and dynamic properties of lasers. For a single-
mode laser stimulated by direct current, the rate equations elegantly express the time

derivatives of electrons and photons as follows[1-5]:

AN 7y N 2-3
(0 : I'GS + fy (t) (2-3)
as {m _i} S+IR, + . () 2-4)
dt 7,
de 1 a
E=E(ar\7(N - Nth)j+ fy(t) (2-5)

Where N is the electron density, S is the photon density, n; is the injection efficiency, I is
the confinement factor, ts and 1, are the carrier lifetime and photon lifetime, respectively.

Rsp is the spontaneous emission factor, Nu is the electron number at threshold. G is the
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optical gain as:

G=2(N-Ny)@-:5)
v (2-6)

where a is the tangential gain of the active region with the volume of V, Nt is the electron
numbers at transparency, and € is the gain suppression coefficient. The fx(t) fs(t), and fo(t)

are Langevin forces which are responsible for laser noise.

2R__I'S(t)

f (t)=,/L.xS

> At 2-7)
o /ZRSpS(t)

fN(t)_ z-SAt Xn — Xg

R_ T
fp= __sb Xy (2-9)
2S (D) At

(2-8)

From the rate equation, with the fluctuation of the current, there is a fluctuation of the
photon density which as a function of the modulation frequency v. The modulation
transfer function relates the photon density fluctuations to the modulating current is

obtained as:

HO) = Sova = st 2-10
where A is the amplitude factor as:
= MWVerlraNo (2-11)
Vp(1+€Ng)
where v; 1s the resonance frequency as:
V= JAZ—: 1+ tspv;rrz) 2-12)
where vy is the damping coefficient as:
V=K +— (2-13)
sp
K = 4n?(t, + V;rra) (2-14)
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The maximum 3-dB modulation frequency can be calculated as[3]:

Vinax = V22 (2-14)

which indicates the limitation of the intrinsic modulation of around 20GHz[6].
Minimizing the K factor provides guidance for determining photon lifetime, group
velocity, optical confinement, gain suppression coefficient, and differential gain
coefficient in high-speed designs. It appears that a smaller gain compression and photon
lifetime, along with larger optical confinement and group velocity, result in a reduced K
factor and increased bandwidth. Additionally, the overall 3-dB modulation bandwidth
encompasses the extrinsic modulation, represented by the parasitic modulation transfer
function Hp(v), given by[3]:
1

Ho (V) = <‘*’) o (3-1)

——+——+1
w% wpQ

where 1, 1s the current in the intrinsic diode, and vs is the drive voltage. In total, the

measured small-signal modulation response of the VCSEL is approximately by the fit

function Hy(v) as[4]:
TN . LE—— 31
V) = G wanr Ty G-1)
where v; 1s the characteristics parameter expressed as:
Vv, = 1/(21RC) (3-1)

The series resistance and parasitic capacitance will cause a serious frequency limit which
should be considered.

In the investigation of lasers, a large-signal model is employed through the numerical
integration of rate equations. This comprehensive analysis encompasses the evaluation of
modulation performance, which is contingent upon factors such as signal power and the

quality of the eye diagram. To construct the eye diagram, the modulated laser waveform
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is divided into segments of varying bit lengths and subsequently superimposed. Within
the domain of data communications systems, the non-return to zero (NRZ) modulation
format has gained substantial popularity due to its inherent ease of generation.
Consequently, its adoption has become widespread. The rate equations governing the
behavior of VCSELs under large signal conditions are derived from the rate equations
with modulating currents exhibiting levels of "1" or "-1".
2.1.2 Mode control and optical confinement of VCSEL

For long-distance data transmission utilizing single-mode fiber, achieving a single-
mode condition is of utmost importance. An effective approach to obtain enhanced beam
characteristics and increased single-mode power is by employing the oxide confinement
process. This technique has been successfully implemented in GaAs-based VCSELs,
where partial oxidation of a high Al-content layer within one of the AlGaAs-based DBRs,
situated close to the active region, establishes an aperture for efficient current and optical
confinement, as depicted in Figure 2.1[3]. The adoption of a small-aperture, oxide-
confined VCSEL[7-8] results in improved beam quality and stability. This is attributed to
the intrinsic index guide, which mitigates the impact of thermal lensing and carrier-related
effects on the transverse mode. However, the small oxide aperture also lead to higher

series resistance and low output power.

small oxide aperture
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Fig.2-1. Schemes of oxide-confined VCSEL [3]

Some other solutions like buried heterostructure[9-10], photonic crystal structure[11-
12], metal aperture[13-14], and surface relief[15-16] are investigated for mode selective
and optical confinement.

By utilizing a photonic crystal structure, depicted in Figure 2-2[3], it is possible to
establish a single-mode condition by carefully adjusting parameters such as depth,

diameter, and refractive index.

photonic crystal structure

oxide aperture

Fig.2-2. Schemes of photon crystal VCSEL [3]

Furthermore, the implementation of a metal-aperture structure combined with oxide
confinement has yielded successful outcomes in attaining single-mode emission. This
configuration effectively suppresses higher-order modes through a phase-mismatched
reflection at the metal/semiconductor interface. As a result, cavity losses are increased
within the metalized region, where the field intensity of higher-order modes exceeds
that of the fundamental mode. Surface relief etching applied to the top DBR layer
emerges as another efficacious method for achieving single-mode VCSELs. The
introduction of shallow surface modifications has a substantial impact on the modal

characteristics of VCSELs equipped with low-reflectivity top-DBR structures.
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2.2 Modulation bandwidth enhancement method of photon-

photon resonance effect

2.2.1 Principle and previous research of photon photon resonance effect
The intrinsic modulation speed of Directly Modulated Lasers (DMLs) faces limitations
imposed by factors such as the RC time constant, damping effects, and the relaxation
oscillation frequency[17-20], as exemplified in Chapter 2.1. The relaxation oscillation
frequency, typically within the range of several GHz, represents an intrinsic limitation
determined by the carrier-photon resonance. While modifying the laser's structure, such
as employing multiple quantum wells, may enhance this frequency, there are still inherent
constraints.

To surpass this limitation, one viable approach is to leverage the photon-photon
resonance (PPR) effect[21-25], which can be achieved by incorporating an optical
feedback cavity. Fig. 2-3 depicts the mechanism of the PPR effect, involving an active
region accompanied by a passive external optical feedback cavity. The lasing light is
coupled into the cavity, reflected by the oxidation aperture, and forms feedback. Photon
photon resonance occurs between the original optical frequency without feedback and the
modulated frequency after feedback. Through the utilization of the PPR effect, the 3-dB

cut-off frequency can be significantly expanded, as illustrated in Fig. 2-4.
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The PPR effect has found widespread use in DBR lasers and DFB lasers. In 2016,
Finisar[26] showcased a distributed reflector (DR) laser with a short cavity configuration,
comprising a DFB laser integrated with a DBR section, as illustrated in Figure 2-5. By
utilizing a 5S0pm gain length for the DFB section and a 200pm DBR section, a remarkable
3-dB modulation bandwidth of 55 GHz was achieved under a bias condition of 36.2 mA,

as depicted in Figure 2-6.
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Fig.2-5. Schematic structure of DR laser [26]
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Fig.2-6. Small signal response of DR laser [26]

Yamaoka[27] demonstrated a lateral-current-injection membrane DR laser in 2020,
featuring a DFB section, DBR, and output waveguide. The intricate structure is depicted
in Figure 2-7. By harnessing the PPR effect, this configuration achieved an impressive
3dB modulation bandwidth of 108GHz at a bias current of 30mA, as illustrated in Figure
2-8. The utilization of a high-thermal-conductivity SiC substrate, with its capacity to
support high values of bias current and possessing a high I' factor, combined with the
mitigation of damping effects and the incorporation of the PPR effect, enabled the
expansion of the 3dB bandwidth to exceed 100GHz. This breakthrough offers a promising

solution for low-power-consumption and high-capacity optical interconnects surpassing
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the capabilities of 400GbE. However, it is important to address the complexities
associated with the structure and fabrication process, as well as the issue of mode
instability, which arises from the precise control required for the passive feedback cavity

in order to achieve single-mode operation.

n-InP
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Fig.2-7. Schematic structure of membrane DR laser [27]

o

Current (mA)

—_
o o
| 1

S,, response (dB)
I
=

Frequency (GHz) — 30

Fig.2-8. Small signal response of membrane DR laser [27]

2.2.2 Dynamic characteristics of VCSEL with PPR effect

A schematic structure of the VCSEL with the lateral optical feedback is shown in Fig. 2-
9, where the VCSEL is laterally coupled with a TCC of length Lc through a bow-tie oxide

aperture [22].
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VCSEL Slow light cavity

E[)Et-r)

(1) (b)
Fig.2-9. Schemes of (a) theoretical model and (b) TCC VCSEL [22]

The light is confined between the top and bottom mirrors of the VCSEL, resulting in a
lateral zigzag propagation of the guided light. The coupling of light from a VCSEL to a
Bragg reflector waveguide is achieved through a narrow oxide, leading to the
perpendicular ambulation of light in the lateral direction, thereby inducing a slowing
effect. For single-mode VCSELSs, the group velocity (vg) is significantly reduced by a
factor exceeding 20. Specifically, light travels perpendicularly within the laterally
coupled waveguide, exhibiting a slower group velocity (vg) given by vq = ¢ / ng, where ¢
represents the speed of light in vacuum, ng corresponds to the group index calculated as
the product of the average material refractive index n. The delay time (1) accounts for the
optical feedback. During each round trip within the transverse coupled cavity (TCC), the
slow light experiences a loss factor and a phase delay factor, denoted by exp(-2acLc) and
exp(-2jBcLce)[5], respectively, where ac= fom and Bc= 2nn/(fA)[5]. Here, am signifies the
material loss, and A represents the emission wavelength. Following each round trip, the
slow light is injected into the VCSEL cavity with a coupling ratio 1. The Optical Feedback
(OFB) is considered as a time delay of the electric field associated with the slow light
within the TCC, involving multiple round trips.

The rate equations of the TCC-VCSEL are as follow[5]:
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dN 7, N
— = ({t)-— -TGS+ f(t 1
= (t) . + f,, (t) (1)
dS 1.V
m :{IG—Z+WgIn|U|:|S+FRSp+fs(t) (2)
de 1 a C
dt 2(“ v( o) ngW(D}L o) ®

Due to this slow-light feedback, the threshold gain Gu of the VCSEL is modified to[5]:

c

Gen = Gino — In|U(t — 1)l

nplLp
where U(t-1) is represented the time-delay function. By applying modulated current, we
can obtain the small signal response of the TCC-VCSEL. In Fig. 2-10, the small signal
response of the TCC-VCSEL with a 20um coupled cavity and different coupling
efficiency is compared to that of the conventional VCSEL. When modulation is applied,
a peak corresponding to carrier-photon resonance (CPR) emerges at approximately
14GHz, and the 3-dB modulation bandwidth is around 23 GHz, as shown in curve a.
When strong optical feedback is introduced, leading to photon-photon resonance (PPR),
the small signal response can be extended to approximately 51GHz with a coupling
efficiency of 96%. This PPR arises from modulation frequencies close to the beating
frequencies of oscillating modes in the external cavity. Besides, the bandwidth

enhancement is related to the coupling strength as shown in Fig. 2-11.
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Figure 2-10. Small-signal modulation response of the TCC VCSEL when LC =20
when n= 0.7 (curve b), n=0.96 (curve c) and n=0.77 (curve d). The IM response of

the VCSEL, n= 0 (curve a) is plotted for comparison[4].

45

L =7um L _ =8un oY
a0{ © = AT

354 © PPRInhencment
204
R Inhancment
25+
20+

1.594"

Banawicth BEnhanocsment Factor
»
.

Q1 Q2 Q3 Q4 QS Q8 Q7 a8 ae
CouplingSrencth

Figure 2-11. Bandwidth enhancement factor changed by coupling strength[4]
39



Chapter 2 Mode control and bandwidth enhancement of VCSELs

2.3 Principle of mode control and bandwidth enhancement

process

2.3.1 Towards small oxide aperture VCSEL

As illustrated in Chap 1.2, Hameeda[28] demonstrated a metal-aperture half-cavity
VCSEL, showcasing its ability to achieve 60Gbps PAM4 and 40Gbps NRZ modulations.
The metal aperture within the cavity serves as transverse coupled cavities, enabling both
single-mode operation and enhanced bandwidth in the modulation response. The spacing
between the metal electrode and oxide aperture serves as an ultrashort external cavity, as
depicted in Figure 2-12(a). The small signal response was analyzed using the rate
equation model with optical feedback, considering both the presence and absence of the

coupled cavity effect [29].
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Fig. 2-12. Calculated small signal response of coupled-cavity VCSEL with external
cavity length of (b) 0.5um and (¢) 1pum including conventional VCSEL (C-VCSEL) for
comparison.[29]

The calculated results for different cavity lengths are depicted in Figures 2(b) and (c).
Due to the coupled cavity effect, the modulation bandwidth increases by more than
threefold compared to conventional VCSELs. Coupled cavities with dimensions smaller
than 2um facilitate stable bandwidth enhancement and enable single transverse mode

operations, as illustrated in Figure 2-12.
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Fig. 2-12. Calculated small signal response of coupled-cavity VCSEL with external

cavity[29]
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2.3.2 Towards large oxide aperture VCSEL

For achieving transverse coupled cavity and mode control in short cavity VCSELSs, the
utilization of a metal-aperture surface process proves to be promising. However, when it
comes to long cavity VCSELs, Hassan et al.[30] demonstrated the effectiveness of a
surface grating VCSEL for achieving single mode operation, as depicted in Figure 2-13.
The stability of the single mode is maintained even with increased cavity length, as
illustrated in Figure 2-14. Notably, unlike DFB lasers, the grating in VCSELs can be
fabricated directly on the surface. In 2021, Hassan et al.[31] conducted a successful
demonstration of stable single mode operation in a full-cavity VCSEL incorporating a
surface grating with a length of 6 mm as shown in Fig. 2-15. This achievement also
enabled high power applications with an output power exceeding 6 W. However, the
investigation of surface grating VCSELs with cavity lengths of less than a hundred
micrometers remains unexplored, potentially offering new possibilities for high-speed

applications.
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Fig. 2-13. Surface grating loaded VCSEL
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of 50ns pulse[31]

With the aim of achieving high-speed applications, our intention is to design a half-
cavity VCSEL loaded with a grating and coupled cavity configuration. This design will
allow for higher output power and modulation bandwidth. Furthermore, the incorporation
of a half-cavity structure brings the surface grating closer to the active region. By
carefully adjusting various grating parameters, such as grating height and depth, we can

effectively control the lateral coupling strength.
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Fig. 2-16. Spectrum of VCSEL with and without the surface grating
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Chapter 3
Metal-aperture and surface relief for high speed

VCSEL

In this chapter, the details about principle, surface design, fabrication process and

experimental characteristics of metal-aperture and surface relief VCSEL will be discussed.

The introduction of parasitic optimization process will also be shown.

3.1 Intra-cavity metal-aperture VCSEL

3.1.1 Principle of intra-cavity metal-aperture VCSEL

The schematic of intra-cavity metal-aperture VCSEL is shown in Fig. 3-1. It was
fabricated based on the half-cavity VCSEL wafer. In my study, I chose to use the epi wafer
with resonance wavelength of 1060nm. The half-cavity VCSEL wafer used was deposited
by metal-organic chemical vapor deposition (MOCVD) on the GaAs substrate. The
AlxGaixAs layers with different x and thickness are repeatedly deposited to form the top
and bottom distributed bragg reflector (DBRs). The 4 pairs of 5-nm/10-nm
Ino.25Gao.7sAs/GaAs quantum wells (QWs), which is compatible for 1060nm-band lasing,
are sandwiched by the 4-pair of top DBRs and 30-pair of bottom DBRs. By increasing
the number of quantum wells and decreasing their thickness, the effective confinement
factor (I'=0.0406) can be improved, thereby increasing the modulation bandwidth. Since
the half-cavity VCSEL with insufficient top reflectivity, a Ta205/SiO2 top dielectric
DBRs, consisting of 5 pairs, is deposited on the surface to achieve sufficient top
reflectivity which is around 99%. A ring-shaped p-contact metal is evaporated on the

surface of the half-cavity VCSEL with a different diameter and line width. Subsequently,
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a shallow-wet etching process is carried out at the center of the metal-ring. The round-
oxidized mesa is formed via dry etching. The top view of the mesa is shown in Fig. 2-
1(b). The CMin and CMout represent the inner and outer diameter of p-contact metal ring.
Respectively. The semiconductor surface relief enables transverse resonance in intra-
cavity metal-aperture VCSELs, resulting in bandwidth enhancement and transverse mode
control [27, 29]. Because the surface relief region has a shorter resonance wavelength
than the un-etched region, lasing light can laterally travel into the oxidized region and is
reflected by the metal-aperture boundary [27], resulting in transverse resonance. To
achieve single-mode operation and bandwidth enhancement via transverse coupled cavity
effect, the distance between the metal electrode and oxidation aperture should be no more

than 1pum.

Wet etching
.
[ P electrade ring

Mesa

Metal ring

Oxidation aperture (OA)
Surface relif (SR)

Oxidized length

Fig. 2-1. The schematic of intra-cavity metal-aperture VCSEL

3.1.2 Fabrication process of full 3-inch wafer based intra cavity metal-
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aperture VCSEL
The fabrication process of intra-cavity metal-aperture VCSEL is compatible with standard
VCSEL massproduction process. It will go through wafer growth, p-contact metal
evaporation and wet etching for surface relief region (just these two steps surface
engineered process difference), SiO» protect layer deposition, inductively coupled plasma
(ICP) dry etching for mesa form, wet oxidation, polyimide passivation, wet etching for
n-contact window, SiO; protect layer etching to expose p-contact metal, n-electrode and
p-clectrode evaporation, dielectric DBRs deposition. In my study, the process of wet
etching and dielectric DBRs patterning will be finished. The wafer growth and other
processes were finished by external foundry. The fabrication process flow is shown in Fig.
3-4. The parameter of p-contact metal, surface relief (SR), and oxidation aperture (OA)
diameter are shown in Table 3-1. There are 4 types of the mesa diameter ranges from
15um to 18um, and the oxidation length should be S5pum, which means the oxidation
aperture are Sum, 6pm, 7um, 8um, respectively. The surface relief diameter are 2 types:
-1um and +Opm based on the oxidation aperture diameter. For each mesa design, there
are 4 types of contact metal ring: +1um, +2um, +3pum, and +4um based on the oxidation
aperture diameter with the distance between oxidation aperture and CMin of 0.5um, 1pum,

1.5pum, and 2um, and with 3.5pum, 3um, 2.5pum, and 2.5pum line width, respectively.
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Fig. 3-4. Fabrication process flow of intra-cavity metal-aperture VCSEL

Table 3-1. Parameter of p-contact metal, surface relief, and oxidation apertrue

Diameter Value(pum)
Mesa 15 16 17 18
OA 5 6 7 8
SR 4/5 5/6 6/7 7/8

CMin 6 | 781971891089 10|11] 9 [10|11]]12

CMout |13 13 (13|14 |14 |14 |14 | 15|15 1515|1616 |16]| 16|17

(D The 3-inch half-cavity VCSEL wafer was finished by MOCVD. Since the fabrication

process of intra-cavity metal-aperture VCSEL is almost same as the standard
fabrication process. Full 3-inch fabrication process can be realized and with good
uniformity. This could be benefit for massproduction and application.

P-contact metal: The resist patterning should be realized to form the selective region.
The region that we want to deposited the metal should be exposed, and the other
region should be protected. We use PMGI and AZ5200NJ for the photoresist and
coating it on the whole wafer by spin coating. The photoresist should be baked to
solidify the material. Then, the photomask applied to form the shape we wanted, the
photoresist of exposed region could be easily removed by AZ developer after
exposure. The coating, exposure, and developing condition are shown in table 3-1.
The ring-shaped p-contact metal should be firstly deposited for the transverse
resonance by evaporation. The evaporation composition and thickness are shown in
table 3-2. The Ti need to be alloyed with contact layer to decrease the resistance by

annealing. After metal evaporation, the resist can be removed by PMGI, and the
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electrode on the unintended region could be lift off.

Table 3-2. Coating, exposure, and developing condition for p-contact metal patterning

Process Condition
Spin coating Speed: 4000rpm for 30s
Baking Time: 90s
Exposure Time: 7.6s
Developing Time: 35s

Table 3-3. Evaporation composition and thickness for p-contact metal

Metal Thickness
Ti 3nm
Au 1000nm

(3 Surface relief etching: The photoresist of surface relief patterning is AZ 1500, the
patterning condition is shown in table 3-4. The surface relief is formed by applying
wet etching with 80ml H>O + 8 drops H20O> + 1 drop H2SOs. The depth of surface
reliefis 15, 20, and 30nm. With this shallow etching depth, the speed of etching need
to be reduced. By changing the H>O> and H>SO4 from ml to drop, the etching speed
can be down to around 30nm/min. The surface relief pattern should be located at the
center of the ring contact metal.

Table 3-4. Coating, exposure, and developing condition for surface relief

Process Condition
Spin coating Speed: 3000rpm for 20s

Baking Time: 90s

Exposure Time: 3.9s
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Developing Time: 5s

(@) SiO; sputtering: The surface wafer is very sensitive and easy to be defected during
the remining process. It’s important to protect the surface by SiO; layer with 100nm
depth by sputtering.

(® ICP mesa etching: The ICP dry etching is used to form the round-shaped mesa pattern
which with the same circle center as metal ring and surface relief to enable round-
shaped and center-located oxidation aperture. The mesa etching will etch down to
the n-type bottom DBR region. Since the surface is covered by SiO», we need to first
coat the photoresist of OAP to stick the AZ 5200NJ with SiO, and then coat the
resist AZ 5200NJ. The AZ developer is used to remove the resist after exposure. The
spin coating and exposure condition are shown in table. 3-5. After patterning, the
S10; at exposed region need to be removed to enable ICP dry etching by using BHF.
After ICP dry etching, we use the Acetone, 502A, and oxygen plasma etching to
remove the resist. Since sometimes the resist could be hardly to remove, it’s better to
use 502A solution and oxygen plasma etching to remove completely.

Table 3-5. Coating, exposure, and developing condition for mesa patterning

Process Condition
Spin coating Speed: 4000rpm for 20s
Baking Time: 90s
Exposure Time: 6.7s
Developing Time: 60s

(6 Oxidation: There is an oxidation layer buried in the wafer with AlAs, and this layer

can be oxidized with flooding water carried by nitrogen at high temperature. Since
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the oxidized length is just Sum which is rather small, the speed needs to be controlled
and the temperature need to be reduced. In my study, the temperature was at 340°C
to reduce the oxidation speed to around 0.085um/min.

(D Polyimide passivation: The polyimide layer should be formed to protect the side wall
of the mesa and support the p-electrode pad and n-electrode pad. The polyimide can
be formed by spin coating as the photoresist. The difference is that the unexposed
region will be developed. The spin coating, exposure, and developing condition is
shown in table 3-6. After exposure, the post exposure bake is needed to stabilize the
material. After developing, the height could be around 5um. The height can be
adjusted by the speed of spin coating. Then, the polyimide is still in an uncured state
and requires further curing to enhancing the stability and optimizing the properties.
It processed at 340°C by nitrogen atmosphere for S0min. After cure, the height of
polyimide could be around 2um reduced which is almost the mesa height. If the
height of polyimide is higher or lower too much than the mesa height, the electrode
may disconnect at edge of the mesa.

Table 3-6. Coating, exposure, and developing condition for polyimide

Process Condition
Spin coating Speed: 4000rpm for 30s
Baking Time: 4min
Exposure Time: 30s
Post exposure bake Time: 60s
Developing Time: 1min 40s

N-contact etching: To open the window of n-contact region, wet etching process is
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used to etch down to near the substrate about several micrometers. With this deep
etching depth, the etching solution should be: 80ml H2O + 8ml H2O2 + 1ml H2SO4
to realize the faster etching speed around 1.2pum/min.

N-electrode and P-electrode evaporation: Since the p-contact and n-contact metal
have been deposited. The n electrode and p electrode can be formed simultaneously
by 500nm Au. The photoresist and exposure condition is same as the contact metal
ring process. Before the electrode evaporation, the SiO; on the surface of the p-
contact metal should be removed by BHF solution. The etching time is around 1min.
Dielectric DBR: For half-cavity VCSEL, the dielectric DBR is formed on the mesa
to ensure sufficient reflectivity. The photoresist is same as electrode evaporation
patterning process. The spin coating speed is 3000rpm for 30s, the exposure time is

10s. Then, 5 pairs of Si02/ Ta2Os are deposited on the surface of the mesa.

3.2 Characteristics of intra-cavity metal-aperture VCSEL

3.2.1 Electrical and optical characteristics of intra-cavity metal-aperture

VCSEL

The photo of full 3-inch processed wafer and the fabricated device is shown in Fig. 3-4.

The device length is around 200nm. The p-contact metal ring and surface relief feature

can be seen in the Fig. 3-4(b). The exact length of the metal ring, surface relief, oxidation

aperture, and mesa are shown in table 3-1. The depth of surface relief is 15nm. The first

assessment of the intra-cavity metal-aperture VCSEL is the electrical and optical

properties including the threshold current, voltage, optical power, and lasing spectrum.
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Fig. 3-4. Photo of 3-inch processed wafer and fabricated device

The electrical and optical characteristics could be measured by VCSEL laser tester as
shown in Fig. 3-5. Fig. 3-5 shows the relation of voltage versus injected current with Spm
oxidation aperture diameter and different CMin parameter. Because of the high p-doping
level and the fabrication process, the voltage is around 2.9V at 6mA bias current. This
high voltage can be avoided by modify the n-electrode contact window to reduce the
series resistance and reduce the p-doping level, the voltage can be reduced to around 2.2V
at 6mA bias current as shown in Fig. 3-6. With larger contact metal ring CMin, the metal

ring linewidth reduced which lead to higher voltage.
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Fig. 3-5. Measured voltage versus injected current with Sum oxidation aperture

57



Chapter 3 Metal-aperture and surface relief for short-cavity high speed VCSEL

O 1 1
0 2 4 6

Current(mA)

Fig. 3-6. Measured voltage versus injected current with Sum oxidation aperture
Fig. 3-7 shows the optical power - injected current. The threshold current is around
0.7mA. The output power is around 2.5mW at 6mA with 47% slope efficiency. With the
larger CMin, the metal absorption could be reduced and the power has a slighly increased

as shown in the figure.
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Fig. 3-7. Measured output power versus injected current with Sum oxidation aperture
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Fig. 3-8 shows the comparison of lasing spectrum with conventional VCSEL and intra-
cavity metal-aperture VCSEL of Sum oxidation aperture. These devices are all fabricated
on the same wafer, the difference is the contact metal ring. Compared to the conventional
VCSEL as shown in Fig. 3-8(a), multi-mode operation can be seen even at 4mA with less
than 5dB SMSR, the stable single mode can be realized at the entire current range of intra-
cavity metal-aperture VCSEL as shown in Fig. 3-8(b). Stable single mode operation can
be realized at the entire current range with larger than 40dB SMSR. These are because of

the transverse mode control thanks to the surface relief and metal aperture process.
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Fig. 3-8. Spectrum of conventional VCSEL and intra-cavity metal-aperture VCSEL with
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Sum oxidation aperture
There are two designs of surface relief depth: 15nm and 30nm. By changing the grating
depth, the transverse mode control can be changed. Besides, the spectrum is fitting to the
changes of surface relief depth at 6mA bias current as shown in Fig. 3-9. These are
fabricated on the same wafer, the only difference is the depth of the surface relief. With

30nm depth, the lasing wavelength will have a 2nm deviation of the 15nm depth.
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Fig. 3-9. Spectrum of intra-cavity metal-aperture VCSEL with 15nm and 30nm surface
relief depth

In general, the grating depth with 30nm which means stronger coupling strength
shows better single mode condition. The spectrum comparison of Sum oxidation aperture,
+1um and +2um of contact metal CMin, with 15nm and 30nm depth of surface relief are
shown in Fig. 3-10. With 15nm depth of surface relief as shown in Fig. 3-10(a) and Fig.
3-9(b). Single mode operation can be realized with +1pum of contact metal because of the
metal absorption. When the CMin increased to +2pum, although the single mode operation

with larger than 40dB SMSR can be obtained at low current, high order mode will appear
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at 6mA with 10dB SMSR. The weak coupling strength can just maintain the single mode
operation at very low current. When increasing the depth to 30nm as shown in Fig. 3-9(c)
and Fig. 3-10(d), single mode operation with larger than 30dB SMSR at entire current
range can be obtained for Sum oxidation aperture with +1pum and +2pm contact metal
CMin. Therefore, by increasing the depth of surface relief is an effective way to increase
the transverse mode control.
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Fig. 3-10. Spectrum of intra-cavity metal-aperture VCSEL with 15nm and 30nm surface
relief depth

Besides, for 30nm depth, even with larger contact metal CMin of +3pum and +4pm

can realize the single mode operation as shown in Fig. 3-11. Single mode operation can

be realized at 3mA to 7mA with larger than 30dB SMSR. When continue increasing the

bias current to 8mA, although the multi-mode operation, still larger than 25dB SMSR can

be obtained. However, the yield of single mode condition of +4um contact metal is not
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good just around 20% because of the not enough transverse mode control. As illustrated
in chap. 2.3.1, the distance between the oxidation aperture and contact metal should be
less than 1pum to observe transverse coupled cavity effect. With the 30nm depth of surface
relief which provide higher coupling strength, even with +3um and some of +4um of

CMin which means the distance are 1.5pum and 2pm can realized transverse resonance.
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Fig. 3-11. Spectrum of intra-cavity metal-aperture VCSEL with (a)+3um, (b)+4um
contact metal CMin
Thanks to the large coupling strength, the intra-cavity metal-aperture VCSEL with

6pm and 7pm oxidation aperture can also realized single mode operation as shown in Fig.
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3-12. These are all with +1pm contact metal CMin. Stable single mode in the entire
current range could be realized for 6um oxidation aperture. Even for 7um oxidation
aperture, single mode can also be obtained at 8mA with larger than 25dB SMSR. Thanks

to the large coupling strength, single mode operation can be realized even for 6pum and
7um oxidation aperture VCSEL.
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Fig. 3-12. Spectrum of intra-cavity metal-aperture VCSEL with (a)6um, (b)7um

oxidation aperture
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The near-field pattern (NFP), far-field pattern (FFP) are also measured as shown in Fig.
3-12. For Sum oxidation aperture diameter devices, the mode field diameter is around
4.2um which is corresponding to the oxidation aperture. The divergence angle is around

13° which is reasonable for the Spum oxidation aperture diameter.
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Fig. 3-12. (a) NFP and (b) FFP of intra-cavity metal-aperture VCSEL with Sum
oxidation aperture diameter
3.2.2 Small signal modulation response of intra-cavity metal-aperture

VCSEL

The small signal measurement of the intra-cavity metal-aperture VCSEL will be
demonstrated. The measurement setup was shown in Fig. 3-13. The metal aperture
VCSEL is directly modulated by adding a RF signal with SHF BT45A bias tee. The output
power is coupled into the multimode fiber towards the RXM42AF photo detector with a
bandwidth of 42GHz. Then the digital signal is analyzed by the 40GHz vector network

analyzer. The measurement setup is suitable for the high speed VCSEL.
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DC current

Device stage

Photo detector

Fig. 3-13. Measurement setup of small signal measurement
The small signal modulation response of the intra-cavity metal-aperture VCSEL with
Sum oxidation aperture diameter and the four different contact metal diameter CMin at
bias current of 6mA were shown in Fig. 3-15. For the devices with CMin: +2um and
+3um are shown with higher modulation bandwidth. Which means the stronger coupled
cavity effect is realized when the distance between the oxidation edge and the contact

metal is around 1 to 1.5um, which is consistence with the simulation results illustrated in

Chap.2.
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Fig. 3-15. The small signal response of intra-cavity metal-aperture VCSEL with Sum
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oxidation aperture diameter and the four different contact metal diameter CMin at bias
current of 6mA
Figure 3-16 shows the small signal modulation response of the intra-cavity metal-
aperture VCSEL with Sum oxidation aperture diameter and +2um CMin under different

bias current which with highest modulation bandwidth. The highest bandwidth is around

23GHz at bias current of 7mA.
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Fig. 3-16. The small signal response of intra-cavity metal-aperture VCSEL with Sum

oxidation aperture diameter and CMin of +2um
3.3 Parasitic optimization of intra-cavity metal-aperture VCSEL

3.3.1 Theoretical model of parasitic optimization process

The parasitic optimization of intra-cavity metal-aperture VCSEL will be demonstrated.
Figure 3-17 depicts the small signal model with the driving source, the extrinsic parasitic
response, and the overall electrical modulation frequency response [1-3]. Rm denotes the
combined resistance of sheet resistance, contact resistance, and mirror resistance. Ra

represents the diode junction resistance. Cm includes mesa and junction capacitance. We
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aim to reduce the pad capacitance, which is represented by Cp. We use Rm, Cp, Cm, and
Ra to represent the VCSEL. The extrinsic parasitic response can be computed using the
transfer function in Eq. (1) [2], which is the injection ratio, Hext():

o "
Hoye(w) = l IE:U) x (0?2 (3-1)

+1
w(zj woQ

where 1, is the current in the intrinsic diode, and v is the drive voltage.

Rm
© 4VAVAY |

Vs —Cp ——Cm ial?Ra

Fig. 3-17. Small signal model with the driving source
In my study, another polyimide layer will be added under the p-electrode pad as shown
in Fig. 3-18. the extrinsic parasitic response with changes in pad capacitance Cp is shown
in Fig. 3-19. The dielectric constant of the polyimide material used is 3.2. By increasing
the height of the inserted polyimide layer from 0.1pum to 3um when changing the pad
capacitance from 2pF to 0.1pF, the extrinsic response can be significantly improved.

However, further reduction of capacitance will not improve the response.
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P-contact ring

Metal aperture

Fig. 3-18. Schematic structure of intra-cavity metal-aperture VCSEL with parasitic

optimization process

Injection ratio(dB)

1b 2b 3l0 4‘0 50
Frequency(GH2z)
Fig. 3-19. Schematic structure of intra-cavity metal-aperture VCSEL with parasitic
optimization process
3.3.2 Characteristics of intra-cavity metal-aperture VCSEL with parasitic
optimization process
The photo of the fabricated intra-cavity metal-aperture VCSEL with parasitic

optimization process is shown in Fig. 3-20.
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Polyimide

Fig. 3-20. Photo of intra-cavity metal-aperture VCSEL with parasitic optimization
process

Figure 3-21 demonstrates the V/I and L/I characteristics and lasing spectrum of the
low-parasitic metal aperture VCSEL under continuous wave excitation at room
temperature. Figures 3-21(a) and 3-21(b) illustrate the results of the low-parasitic metal-
aperture VCSEL with a Sum oxidation aperture. At a bias current of 6mA, the single-
mode power is 2.5mW, and the voltage is 2.9V. The slope efficiency is around 0.48W/A.
Stable single-mode operation with SMSR over 50dB can be observed throughout the
current range, as demonstrated in Fig. 3-21(b). Furthermore, we performed the low-
parasitic metal-aperture VCSEL with a 6pm oxidation aperture and a 3.5um width of p-
contact metal ring, and the optical characteristics are presented in Fig. 3-21(c) and 3-21(d).
Thanks to the transverse mode control due to the intra-cavity metal-aperture structure,
single-mode operations over 40dB can still be observed. The high voltage of this wafer
could be attributed to the high p-doping level and metallization process, which can be

resolved by optimizing the fabrication process.
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Fig. 3-21. (a) Measured V/I & L/I, and (b) lasing spectra of the metal-aperture VCSEL
with Sum oxidation aperture, (c) measured V/I & L/I, and (d) lasing spectra of the
metal-aperture VCSEL with 6um oxidation aperture.

Figure 3-22 presents the small signal modulation bandwidth of conventional VCSELSs,
metal-aperture VCSELSs with and without a polyimide layer under back-to-back at a bias
current of 6mA. All devices are fabricated from the same wafer and process. The metal-
aperture process and inserted polyimide layer with 3.5um height are the only differences.
The small signal bandwidth of the conventional VCSEL is 18GHz. An increase in
bandwidth is caused by the 4-pair Snm-thick InGaAs quantum wells (QWs) compared to
the 3-pair 7nm-thick QWs described in Ref. 29. The 3-dB modulation bandwidth for the
metal-aperture VCSEL is increased to 24GHz with the same wafer structure due to the
TCC effect from the metal aperture and surface relief process. Additionally, by inserting

the polyimide layer under the p-pad to reduce parasitic capacitance, the bandwidth can be
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further improved to 29GHz. By improving the VI characteristics, higher modulation

bandwidth can be expected.
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Fig. 3-22. Small signal modulation response of conventional VCSEL, metal aperture
VCSEL with and without polyimide.

Figure 3-23 shows the small signal modulation characteristics at the bias current from

6mA to 8mA at room temperature. The record modulation bandwidth of over 31GHz at

bias current of 8mA was obtained for 1060nm single-mode VCSELs.
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Fig. 3-23. Small signal modulation bandwidth under different bias current at room

temperature
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3.4 Uncooled operations of intra-cavity metal-aperture VCSEL

The uncooled operation of parasitic optimization intra-cavity metal-aperture VCSEL will
be demonstrated. Figure 3-24 shows the L/I and V/I characteristics of the fabricated metal
aperture VCSEL at 25°C, 55°C, and 85°C. The single-mode power at 7mA is 3.2mW at
25°C and 2.8mW at 55°C, respectively. A reduction in output power is as small as -0.6dB
thanks to highly strained InGaAs quantum wells for 1060nm wavelengths band [11].
Stable single mode operations can be seen with SMSR over 30dB in the entire current

range even for 5-6um oxide apertures thanks to the transverse mode control as shown in

Fig. 3-25.
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Fig. 3-24. L/I and V/I characteristics of intra-cavity metal-aperture VCSEL at 25°C,

55°C, and 85°C.
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Fig. 3-25. Lasing spectra of intra-cavity metal-aperture VCSEL at (a) 25°C, (b) 55°C,
and (c) 85°C.
The heat plate is added on the measurement stage for small signal test system as shown

in Fig. 3-24.

Fig. 3-26. Hot plate under device

Figure 3-27 shows the small signal modulation characteristics at the bias current from

6mA to 8mA at 55°C. As shown in Fig. 3-27, when the temperature increased to 55°C,
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the modulation bandwidth could reach at 27GHz. Just 4GHz reduced compared to which
at the room temperature. When the temperature continues increase to 88°C, the small
signal modulation bandwidth will reduce to around 20GHz. The parasitic optimization
intra-cavity metal-aperture VCSEL shows good temperature stability at 55°C, however,
the modulation bandwidth will be reduced larger than 10GHz at 88°C. Further

modification of the structure to increase the temperature robustness should be concerned.
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Fig. 3-27. Small signal modulation bandwidth under different bias current at (a) 55°C,
and (b) 85°C.
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Chapter 4
Intra-cavity metal-aperture VCSEL for single-mode

fiber data transmission

In this chapter, high speed data transmission of intra-cavity metal-aperture VCSEL will

be demonstrated. Small signal response and large signal measurement through single

mode fiber with different fiber length will be illustrated.

4.1 Small signal modulation analysis through single-mode fiber

transmission

The small signal modulation response through back-to-back, 2km, 5km, 10km single
mode fiber transmission will be demonstrated. Figure 4-1 shows the small signal
modulation of the low parasitic VCSEL with back-to-back, 2km, 5km, and 10km
transmission through standard 1300nm-SMF (G652). The device used is the low parasitic
intra-cavity metal-aperture VCSEL with Sum-long oxidation diameter and +2um CMin,
which shows 29GHz modulation bandwidth at 6mA bias current under multi-mode fiber
transmission as illustrated in Chap. 3.3.2. To analysis the km-long data transmission, the
small signal modulation response is measured through different km-long SMF. The fiber
are shown in Fig. 4-1. For the back-to-back transmission, the output power will be
coupled in the single mode lens fiber with a 48% coupling efficiency. For longer
transmission, the 2km, Skm, 10km single mode fiber can be connected with the single
mode lens fiber. The fiber attenuation is approximately 1dB/km at 1060nm[1]. Through

the km-long single mode fiber, the pulse compression takes place due to the fiber negative
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dispersion and frequency chirp[2-5]. The modulation bandwidth can be increased to
36GHz and 32GHz through 2km and Skm SMF, respectively, thanks to the frequency
chirp and negative dispersion of the fiber. Figure 4-2 shows the transfer function of
different fiber lengths, which is consistent with the calculated transfer function with a
chirp parameter of 2.5. The result demonstrates the potential for 50Gbps (NRZ) and
100Gbps (PAM4) transmission up to Skm. For 10km transmission, the modulation
bandwidth is reduced to around 25GHz, which also shows the possibility for over 40Gbps

(NRZ) transmission.
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Fig. 4-1. Small signal modulation bandwidth through back-to-back, 2km, Skm, and

10km SMF
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Fig. 4-2. Transfer function of SMF with different fiber length

4.2 Large signal modulation analysis through single-mode fiber

transmission

The large signal measurement of the intra-cavity metal-aperture VCSEL will be
demonstrated. The measurement setup was shown in Fig. 4-3. The arbitrary waveform
generator (AWG) M8194A is responsible for generating the different types of electrical
waveforms, such as NRZ and PAM4 signal. Then, the simulated signal is loaded through
the bias tee with the amplifier which ensures that the generated electrical signals have
sufficient power to drive the laser effectively on the tested device. The output power is
coupled into the single mode lens fiber towards the DCA-M N1092A oscilloscope. Then,
we use the software Keysight 1Qtools to generate the desired signal, the Keysight

Oscilloscope to show the eye pattern waveform.
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Oscilloscope Device stage

# Single mode lens fiber
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Fig. 4-3. Measurement setup of large signal measurement

High-speed large signal modulations at a 8mA bias current were measured. A test
pattern of PRBS9 NRZ modulation signal was generated by the Keysight M8194A pattern
generator. The results of NRZ eye pattern with different bit rates through back-to-back,
2km, 5km, and 10km SMF transmission without pre-equalization are shown in Figure 4-
5. For back-to-back transmission, an output optical coupling in the lens fiber with a 48%
coupling efficiency around 1.4mW can be achieved. A clear eye-opening up to 55-Gbps
NRZ with an extinction ratio of 4dB can be observed under back-to-back transmission.
The bit error rate (BER) could be less than 2E-14. Eye-closing can be seen at 60-Gbps
due to the limit of the modulation bandwidth. Up to a clear eye-opening of 60-Gbps after
2-km SMF transmission without pre-equalization is shown in Figure 4-5(b) due to the
high modulation bandwidth brought by the negative fiber dispersion. For longer
transmission, the optical power through 5km and 10km SMF transmission is around
0.7mW and 0.3mW, respectively, since the fiber attenuation is approximately 1dB/km at
1060nm. Eye-opening up to 55-Gbps NRZ through Skm SMF transmission and 40-Gbps
through 10km SMF transmission without pre-equalization can be observed, as shown in

Figures 4-5(c) and 4-5(d).
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Fig. 4-5. Eye diagrams of large signal modulation NRZ without pre-equalization

through (a) back-to-back, (b) 2km SMF, (c¢) Skm SMF, and (d) 10km SMF.

By utilizing 5-Taps pre-equalization, the outcome can be further enhanced with a 4dB
extinction ratio, as demonstrated in Fig. 4-6. The results show clear eye-openings of up
to 65-Gbps under back-to-back conditions, with a BER less than 1E-6, 75-Gbps through
2km SMF with a BER less than 3E-4, 70-Gbps through 5km SMF with a BER less than
3E-3, and 45-Gbps through 10km SMF with a BER less than 2E-4, demonstrating a
bandwidth-distance product of 450 Gbps-km. The BERs are estimated from the waveform
analysis software. The high modulation bandwidth and output power exceeding 3.2mwW

enable data transmission over a distance of 10km.
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Fig. 4-6. Eye diagrams of NRZ modulation with pre-equalization through (a) back-to-
back, (b) 2km SMF, (c¢) Skm SMF, and (d) 10km SMF.

Additionally, the eye diagrams of PAM4 modulation with 5-taps pre-equalization were
measured and presented in Figure 9. The findings indicate eye-openings of up to 110-
Gbps under back-to-back conditions with a 4.2dB transmitter and dispersion eye closure
(TDECQ), 110-Gbps through 2km SMF with a 5.1dB TDECQ, 80-Gbps through 5km
SMF with a 4.6dB TDECQ, and 40-Gbps through 10km SMF with a 3.5dB TDECQ
transmission. TDECAQ is called the Transmitter and Dispersion Eye Closure which is am
important value to evalute the optical emission communication quality for PAMA4. While

the maximum TDECQ penalty for 50 GBd PAM4 Ethernet links is not defined yet, the
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maximum allowed for 26GBd PAM4 links is 4.5dB[]. The results show above are almost
near the limit. TDECQ could be improved by increasing the modulation speed and
linearity of the device. The device is capable of transmitting data at a speed of up to 110-
Gbps, making it suitable for short-reach data centers and 6G network applications. The
intra-cavity metal-aperture structure with low parasitics, stable single-mode, and high
modulation bandwidth make mass production for high-speed data transmission possible.
Additionally, modeling predicts that a lower chirp parameter could improve eye patterns,
which could be achievable in coupled cavity VCSELSs [28]. By increasing the output

power, higher modulation speeds for 5km and 10km SMF transmission could be expected.

(a) w» - -
| = o O

Back-to-back ack

80Gbps PAM4

10km

Fig. 4-7. Eye diagrams of PAM4 modulation with pre-equalization through (a) back-to-

back, (b) 2km SMF, (¢) 5km SMF, and 10km SMF.
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Besides, the large signal measurement under uncooling operations will be
demonstrated. The heat plate is put on the stage as same as small signal measurement

setup.

The eye diagrams of NRZ modulation with 5-taps pre-equalization at 55°C were
measured and presented in Figure 4-9. When the temperature increased to 55°C, the
power is a little reduced from 3.2mW to 2.8mW. Also, the modulation bandwidth is
around 4GHz reduced as described in Chap. 3.4. The findings indicate eye-openings of
up to 55-Gbps under back-to-back conditions with a BER less than 8E-7, 70-Gbps
through 2km SMF with a BER less than 9E-4, 50-Gbps through 5km SMF with a BER
less than 5E-4, and 40-Gbps through 10km SMF with a BER less than 8E-3 transmission.
Although the temperature increased, still up to 70Gbps NRZ transmission can be realized.
Up to 50Gbps for 5km long and 40Gbps for 10km long transmission are achieved. In
addition, the eye diagrams of PAM4 modulation with 5-taps pre-equalization through
2km SMF transmission at 55°C are shown in Figure. 4-10. We observe eye-openings of
up to 90-Gbps with a 4.7dB TDECQ and 100Gbps with a 5.6dB TDECQ for 2km SMF
transmission. Uncooling operations at 55°C of intra-cavity metal-aperture single mode
VCSELSs were obtained up to 100Gbps which shows a good temperature robustness up
to 55°C. Further extensions on link lengths and higher bit rates could be expected by chirp
reduction and bandwidth enhancement in transverse coupled cavity VCSELs. A large-
scale 2D array of transverse coupled cavity VCSELSs could offer a potential for increasing

aggregate bandwidths of over Thps.
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Fig. 4-9. Eye diagrams of NRZ modulation with pre-equalization through (a) back-to-

back, (b) 2km SMF, (c) 5km SMF, and (d) 10km SMF at 55°C.
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Fig. 4-10. Eye diagrams of PAM4 modulation with pre-equalization through back-to-
back at 55°C.
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Chapter 5
Design of surface grating VCSELSs

In this chapter, principle of surface grating loaded VCSEL will be demonstrated. The

coupled mode theory of surface grating VCSEL will be shown. The simulation of grating

loaded VCSEL with short cavity and long cavity length will also be discussed.

5.1 Principle of surface grating loaded VCSEL

Grating structures have been widely used in such as distributed feedback (DFB) lasers [1-
3]. The grating structure provides narrow passband filtering and single-mode operations
of semiconductor lasers. The wave propagation in periodic waveguide structures has been

studied [4-7]. Former studies provided the theoretical calculation of coupling modes
including the calculation of refractive index perturbation [8] and coupling coefticient ( k)
[9-10]. These analyses discuss the lasing condition and mode selectivity for DFB lasers
with different coupling constants ( k L) by applying the coupling mode theory [9-16] and

discuss the influence of phase shift and AR-coated facet on the lasing condition [17-24].
To figure out the lasing condition of the grating loaded VCSEL structure and the

limitation of the device length, we should model the grating loaded VCSEL structure. In
contrast to DFB lasers with guided modes, the light travels as “Zigzag” format in

VCSELSs which leads to slow-wave. As a result, the group index and phase index largely
changed [25]. In our preliminary work [28], the reflection spectrum and threshold
conditions of grating loaded VCSELs were presented.

Figure 5-1 shows the schematic structure of the grating loaded VCSEL, where the
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grating is formed by shallow etching on the surface of a conventional 850nm GaAs
VCSEL. The layer structure is the same as conventional 850 nm VCSELs with three
quantum wells (QWs) sandwiched by top and bottom distributed Bragg reflectors (DBRs).
The reflectivity of both ends are p1 and pr, respectively. If an oxide aperture is formed at
an end, the reflectivity pi, is nearly unity, and also a tapered shape could offer pi; —0 at
an end [31]. Since light travels laterally in the VCSEL structure as a slow wave, the output
light radiates through the surface. The surface grating makes a small perturbation of the
phase refractive index which provides the feedback mechanism as same as DFB lasers.
We have seen the unique features in the surface grating VCSEL. The phase refractive
index of a slow light is below unity as shown later. Thus, this unique feature makes the
fabrication of surface gratings easy. A grating depth of ~ 30 nm on the surface of the mesa

is large enough to select a single mode since the field of a slow wave penetrates to the
surface. The coupling strength « between forward and backward waves is large enough

for mm long cavities. Fabrication steps are the same as those for conventional 850 nm
VCSELs except making the surface grating. Also, we confirmed that the 2nd-order
grating can be made by a standard stepper lithography, which could be suitable for mass-
production.

Forward wave

Fig. 5-1 Schematic structure of grating loaded VCSEL.
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We assume that a grating-loaded VCSEL has 19 pairs of top DBR, 30 pairs of bottom
DBR, and the grating depth is 20 nm. We chose 19 pairs of a top DBR for high-power
operations, which was experimentally demonstrated in ref. 26. Proper pairs of top-DBR
are needed to enable low thresholds and high slope efficiencies as optimized for
conventional VCSELs. This figure is one example of grating loaded VCSELs, the pairs
of top-DBR could be changed to meet the demands of different applications. The
refractive index of the high index and low index regions in grating are simulated by the
film mode matching method [29]. The refractive index of this periodic structure can be

solved by Fourier expansion in the following equations [13,15,24],

n(z) = ny + (An)cos(2mtmz/A) (1)
ng = ny(1—-D)+n,D (2)
An = %sin(an) 3)

where n, is the average phase index, D is the duty cycle of the surface grating, A is the
grating pitch, m is the grating order, n; is the refractive index of the high index region, n»
is the refractive index of the low index region according to rectangular grating grooves.
Figure 5-2 shows the calculated average phase index no of this grating-loaded structure.
It is noted that the phase index of slow light is below unity thanks to a large waveguide
dispersion, thus the 1st-order grating pitch is as large as 500 nm at 830 nm of wavelength,

which makes the grating fabrication easier.
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Fig. 5-2 Calculated phase index of grating loaded VCSEL.
A key parameter of the coupled-mode theory is the coupling coefficient K which can

be calculated by the following equation [24],

An . Aa 2(nq{—ny)sin(mtDm
K=——+l—% ( 1 2) ( ) (4)
2 n 2 mA

where [3 is the propagation constant, Ad is the gain perturbation, A is the lasing wavelength.
In the present simulation, the imaginary part is assumed much smaller than the real part
which could be ignored.

By changing the grating depth from 10 to 40 nm, and the pairs of top-DBR from 19 to
5 pairs, the grating order from 1% order to 8™ order, the coupling coefficient K can be
changed from 1 ¢cm™ to more than thousand cm™ as shown in Fig. 5-3. Higher grating
depth, fewer pairs of top DBR, and lower grating order lead to larger coupling coefficients.
In brief, a wide range of coupling coefficients can be controlled in various device lengths

from 10um to cm long cavities for low threshold and high-power operations, respectively.
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Fig. 5-3 Calculated coupling coefficient of grating loaded VCSEL.

Figure 5-4 shows the comparison of the calculated reflection spectra from gratings for
the slow-wave and conventional guided-wave with a coupling coefficient k of 20 cm™and
center wavelength of 830 nm. The grating pitch of a slow wave is assumed as 500nm for
the 1st-order grating. While both of the coupling coefficients are 20cm™, the 3dB
reflection bandwidth of the slow-wave is 0.06nm which is much smaller than the guided-
wave as shown in Fig. 5-4. The group index is as large as 17. A shallow surface grating

provides strong optical feedback and a narrow stopband. These unique features come

from slowing light.
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Fig. 5-4 Reflection spectra of grating for slow wave and guided wave.

5.2 Simulation of grating loaded VCSEL

With the small perturbation of the phase refractive index, the coupled mode theory could
be applied for lasing condition analysis. The electric field is written as [2]:

E(z) = B, (z)e'fo? + B_(z)e~tho? (5)
where B+(z) and B-(z) are the forward and backward slow waves. Considering the

boundary conditions, B-(L)=0 and B+(0)=0. The reflection coefficient is [2]

__B_(0) _ —k*sinh(yL) 6
" B4(0)  ABsinh(yL)+iycosh(yL) (6)
Y2 =i — Ap? (7)

where « is the coupling constant, AP is the deviation of propagation constant from the
Bragg wave vector. To analysis the lasing condition, the threshold gain and radiation loss
need to be considered. And y changes to follow [2]:
v: = (a —iAB)? + k2 ®)
where o is the total net gain.
The threshold gain and lasing mode could be calculated by solving the following lasing

condition [2]
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G e 2sinh(yL)) + (e~ — 1) sinh? &) =0 ®)

According to the coupled mode theory, kL could determine the total net gain: alL and

flsg—f

bragg wave deviation: oL, where a = 5 -} g is material gain and [g is modal gain.

Then, typical simulation for mm-long grating loaded VCSEL and hundred micrometers
long grating loaded half-cavity VCSEL will be discussed.

5.2.1 Grating loaded VCSEL with long-cavity length

With shallow grating depth and large grating pitch, the slow-wave structure provides a
wide range of coupling coefficients which enables various cavity lengths from 10um to
lem. The lasing condition of a surface grating loaded VCSEL is simulated by solving the
coupled-mode equations [4]. For high-power operations, the device length needs to be
increased to mm long which requires a low coupling coefficient. To simulate the grating
loaded VCSEL with asymmetric reflections at each end, we simplified the reflectivity of
the right end of the grating loaded VCSEL as 0. To reduce the coupling coefficient, we
choose the grating loaded VCSEL structure with a grating depth of 10nm and 19 pairs of
a top-DBR. We show the threshold gain for each resonant mode with different
reflectivities at other end in Fig. 5-5(a), its different reflection phase in Fig. 5-5(b), and
different coupling coefficients in Fig. 5-5(c). Figure 5-5(a) shows the lasing condition
under three different reflectivity: 1, 0.95, 0.75, and 0.5 with a fixed xL=1. When a
reflectivity is down to 0.5, the normalized threshold gain difference AaL is as small as
0.09 which makes it difficult to get single-mode operations. Through the figure, by
increasing the reflectivity, we could get lower threshold gain with higher gain difference
which means more stable single-mode operations. When the reflectivity is equal to 1e™2,

the normalized threshold gain difference is 0.674 and hence the threshold gain difference
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can be over 6 cm™! for a 1 mm long device, thus the single-mode operation can be expected.
Please note that the lateral propagation of slow light could be cut-off in an oxidized region.
Thus, the reflectivity could be nearly 100% at an oxidized facet, which is based on the
principle of the oxide confinement structure of VCSELSs. Figure 5-5(b) shows the lasing
condition under different reflection phases: 0, n/2, w, and 3n/2 with a fixed kL=1. The
figure shows that when the phase is equal to 0, /2, and &, the normalized threshold gain
difference AaL is over 0.5, and hence single-mode operation with a reasonable large gain
difference can be expected. Therefore, there is a phase tolerance of more than 50% which

is feasible for the fabrication process.
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Figure 5-5 (a), (b) and (c) show the lasing condition with different reflectivity,
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reflection phase, and coupling constant, respectively; (d) shows the threshold gain
difference versus device length with different «.
Figure 5-5(c) shows the lasing condition under different coupling coefficients kL with

an end reflectivity of 1e™?

. When the coupling coefficient changes from 0.25 to 4, the
threshold gain is reduced while the threshold gain difference decreases. The figure shows
that when kL=1, the threshold gain difference gets the largest value around 0.67 which
means we could get the highest threshold gain difference when kL=1. When the device
length is determined, we could find an optimal coupling coefficient k that could provide
the highest threshold gain difference as shown in Fig. 5-5(d). We assumed that the
reflectivity is 1e™2, the grating depth is 10nm, and 19 pairs top-DBR. By changing the
grating order from 1% order, 2" order to 8" order, corresponding to the grating pitch
raging from 500nm, 1pum to 4pm, the coupling coefficient can be controlled from 8cm
to lem™. Even for a 10mm long device, k=Icm™ provides a higher threshold gain
difference of 1.4cm™'. For a 2.5mm long device, k=4cm™' could get a higher threshold
gain difference of 5.4cm’!. For a few mm-long grating-loaded VCSEL, we could expect
single-mode operation, which is supported by experiments [26,27]. Also, we calculated
the power ratio between the forward wave and backward wave, which provides two
directional beams. A unidirectional output characteristic can be seen with a power ratio
of over 10, which could be due to the asymmetry in the reflections as the right and left
edges. Most of output power can be radiated in the direction of the non-reflective end
side, which is also supported by experiments [27].
5.2.2  Grating loaded half-cavity VCSEL with short-cavity length

Short cavity devices enabling low-power consumptions could be useful for datacom

applications. To realize a short-cavity grating loaded VCSEL structure, the coupling
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coefficient needs to be increased. As shown in Fig. 6, different from the long cavity
grating loaded structure, the pairs of top-DBR need to be reduced. We chose 5 pairs of a
semiconductor DBR and 6 pairs of a dielectric DBR in the modeling. As shown in Fig. 5-
6, a S5-pair semiconductor top-DBR offers a large grating coupling coefficient of over
1,000 cm-1, enabling us to reduce a cavity length of below 20mm. By adding 6 pairs of
dielectric DBR, the overall reflectivity could be around 99%, which is typical in low
threshold VCSELSs. According to the calculation of the coupling coefficient shown in Fig.
5-3, the coupling coefficient could be increased to more than 1000cm™ with different
grating depths. For short cavity devices, both end facets are formed by wet-selective
oxidation process. We assumed that the reflectivity of the left end facet is unity, and the

right side is changed from 0.5, 0.7 to 0.95 for a lasing wavelength of 830nm.

Figure 5-6 Short-cavity grating loaded VCSEL structure.

The lasing condition is calculated as a function of the reflectivity at the end as shown
in Fig. 5-7(a) and on the coupling coefficient in Fig. 5-7(b). Figure 5-7(a) shows that the
threshold gain aL and the gain difference are dependent on the reflectivity of the right
end facet at a fixed kL of 1. With increasing the reflectivity, the threshold gain and

threshold gain difference are reduced.
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Figure 5-7 (a) and (b) show the lasing condition with different reflectivity and
coupling constant, respectively.

With 5 pairs top-DBR, 6 pairs dielectric DBR, and 500nm grating pitch where the
lasing wavelength is 830nm, the coupling coefficient k of short cavity grating loaded
VCSEL structure could be more than 1000cm™. Figure 5-8 shows the threshold gain as a
function of a device length with different grating depths. Through the figure, larger
grating depth leads to a larger coupling coefficient, enabling a short cavity length of 10pm.
When the grating depth is 30nm, the coupling coefficient could reach 2035cm™ for a
device length of 10um with the threshold gain of 82cm™. Correspondingly, the threshold
current density could be around 1.8kA/cm? for 10pum long devices.
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Figure 5-8 Threshold gain versus device length.
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Chapter 6
Fabrication and characterization of surface grating

VCSEL

In this chapter, the details about fabrication process and experimental characteristics of

surface erating loaded coupled cavity VCSEL will be discussed. The simulation of 2"

order grating loaded VCSEL with vertical emission will also be shown.

6.1 Surface grating loaded coupled cavity VCSEL

6.1.1 Principle of surface grating loaded coupled cavity VCSEL

The schematic of surface grating loaded coupled cavity VCSEL is shown in Fig. 6-1. It
was also fabricated based on the half-cavity VCSEL wafer. The half-cavity VCSEL wafer
used was almost same as the metal-aperture VCSEL’s epi-wafer, which includes 6 pairs
of top-DBRs, 3 pairs of 7-nm/10-nm Ino.25Gao.7sAs/GaAs QWs, and 33-pair of bottom
DBRs. Since we only have this half-cavity VCSEL epi-wafer stocked, and this is the first
time realize the surface grating coupled cavity VCSEL, this epi-wafer could be enough
for present experiment. Since the half-cavity VCSEL with insufficient top reflectivity, a
Ta205/Si02 top dielectric DBRs will also be deposited on the surface to achieve
sufficient top reflectivity which is around 99%. Since for surface grating VCSEL, the
slow wave will be applied, so the lasing wavelength will be around 1040nm, and the
deflection angle could be around 50 degree. Therefore, we considered change the
thickness of dielectric DBR at 1040nm band to as shown in Fig. 6-2. After dry-etching
for first order surface grating, a ring-shaped p-contact metal is evaporated on the surface

of the half-cavity VCSEL with a different diameter and line width. Subsequently, the
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standard VCSEL fabrication process will be followed. The top view of the mesa is shown

in Fig. 2-1(b).

Surface

P-contact grating

metal

Fig. 6-1. The schematic mesa of surface grating VCSEL
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Fig. 6-2. The structure of dielectric DBR
Since the phase index of slow light is below unity as demonstrated in Chap. 5.1, the
first order grating pitch is as large as 560 nm at 1040 nm. In my study, I chose 580nm,
600nm, 630nm of grating pitch. Also, we include metal-aperture for surface grating
VCSEL to realize coupled cavity effect. Also to further increase the PPR effect, the 20nm

longer passive coupled cavity is included. Also, to realize single mode operation, the
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reflection of one side should be reduced, and it realized by applying a taper-shape cavity
as shown in the Fig. 6-3. Also, the length of the taper cavity changed from 30nm to 60nm.
The length of oxidation aperture changed from 20um, 40pum, 60um, 80um, 100um, to
120pum. The width of oxidation aperture changed from 3pm, 4pm, to Spum, with 6pm
oxidation length. Thus, the mesa length was changed from 32um to 132um, and the mesa
width changed from 15um to 17um. Besides, the CMin and CMout represent the inner
and outer diameter of p-contact metal ring, respectively. The distance between the
oxidation aperture and CMin is changed from 2um to 3um. The linewidth of contact metal
will be 3um. The parameters are shown in Table. 6-1. With the surface grating, the lasing
wavelength can be selected and realize single mode emission. Also, the coupled cavity
could provide PPR effect to increase the modulation bandwidth.

Table 6-1. Parameter of grating pitch, oxidation width, and cavity length

Value
Grating pitch 650nm 686nm 714nm
Oxidation width 3um 4pum Sum
Cavity length 20pm, 40pm, 60pum, 80pm, 100um, 150pum, 200um,

6.1.2 Fabrication process of surface grating loaded coupled cavity VCSEL

The fabrication process of surface grating coupled cavity VCSEL is compatible with
intra-cavity metal-apertrue VCSEL. Since the wafer have been prepared by FujiFilm, the
other process will go through dry etching for surface grating, SiO, sputtering, p-contact
metal evaporation, ICP for mesa, oxidation, wet etching to reveal n-contact layer,
polyimide passivation, n-contact metal evaporation, p-electrode and n-electrode

evaporation, and dielectric DBR deposition. These processes were completed in our
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laboratory, except ICP and dielectric DBR deposition. The photoresist will be finished,

then the samples were send to the company to accomplish the ICP etching and dielectric

DBR deposition. The critical fabrication processes will be discussed as follow:

(D The 3-inch half-cavity VCSEL wafer shown in Fig. 6-3 was finished by the foundry
outside the university. Since the process machine in our laboratory only permits the
sample of 2mmx2mm, the sample used will be cut from the 3-inched wafer with
2mmXx2mm.

(2 Surface grating: The surface grating is formed by outside foundry, since the grating
pitch is around 500nm, which is too small to process in our laboratory. The schematic
structure and photo of surface grating are shown in Fig. 6-3 and Fig. 6-4, respectivily.
After the sample send back with surface grating, the SiO; should be sputtered to

protect the grating and surface.

pDBRs

Quantum wells {

nDBRs

Fig. 6-3. The schematic structure of surface grating
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Fig. 6-4. The photo of surface grating
(@ P-contact metal: The surface grating coupled cavity VCSEL also include the metal
aperture process which same as the intra-cavity metal-aperture VCSEL. Since the
oxidation length is 6um, and there is 1pum left between the mesa edge and CMout,
the distance between oxidation aperture and CMin could be 1pum and 2pm with 4um
and 3pm linewidth, respectively. The details about the process is demonstrated in

Chap. 3.1.2. Figure 6-5 shows the photo of the surface after surface grating and

contact metal process.

Fig. 6-5. The photo of metal aperture and surface grating

@ ICP for mesa: Then, the ICP for mesa formed. The ICP process is also finished by

foundry. The photo in Fig. 6-6 shows the mesa with a taper side. According to the
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simulation, stable single mode operation realized when one side reflectivity is small
enough. The taper side could effectively reduce the reflectivity of the right-side wall
which could contribute to mode control. The following process will same as the intra-

cavity metal-aperture VCSEL.

Fig. 6-6. The photo of the mesa with taper side
(® Oxidation: After ICP etching for mesa, oxidation process was followed. Since the
oxidation layer is AlAs, the oxidation temperature is 340°C, the photo of oxidation
aperture is shown in Fig. 6-7. The oxidation length can be detected by the microscope
during the oxidation process. After 61min oxidation, the color of oxided region will

change to white.

Before Oxidation After Oxidation
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Fig. 6-7. The photo of the oxidation mesa
(6 N-contact etching and polyimide passivation: Following the oxidation process, it is
necessary to expose the n-contact layer through wet etching. The etching depth
should be approximately 4pum, and the bottom-DBR should be completely etched to
minimize resistance. The wet etching window can be observed in Figure 6-8.
Subsequently, polyimide passivation is carried out. To ensure complete removal of
the polyimide in the n-contact window, the polyimide window must be larger than
the contact etching window. Furthermore, the polyimide passivation process should
occur after the wet etching. The passivation height, once cured, is approximately 3 um.
The clear delineation of the polyimide window indicates the thorough elimination of
polyimide in the n-contact window. Moreover, the side walls of both the n-contact
and polyimide windows exhibit a U-shaped configuration. By applying polyimide
around the outer region of the n-contact window, the side walls can be made flatter,
facilitating the connection of the n-contact metal. Additionally, to ensure complete
removal of the polyimide and reduce its height on the mesa, a plasma treatment of
300W for 20 minutes can be utilized to gently eliminate the polyimide on the surface.
Finally, the n-contact metal, comprising a 70nm layer of AuGe, a 30nm layer of Ni,

and a 100nm layer of Au, is deposited.

N-contact window

Polyimide window
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Fig. 6-8. The photo after n-contact metal process
(@ Last, the 300nm of Au was evaporated for n-pad and p-pad. The 6 pairs of SiO; /
Ta,0s dielectric DBR were deposited. The photo after the whole process is shown in

Fig. 6-9.

Fig. 6-9. The photo of the oxidation mesa

6.1.3 Characteristics of surface grating loaded coupled cavity VCSEL
Figure 6-10 displays the lasing spectrum of a surface grating VCSEL with a grating
pitch of 650nm, an oxidation width of 4pum, and a cavity length of 200um. The figure
illustrates the achievement of single-mode slow light lasing, with the lasing wavelength
centered around 1045nm. The emitted light exhibits an angle of approximately 60 degrees
from the horizontal, consistent with the simulation. However, there is still evidence of
vertical lasing within the 1060nm range. This occurrence can be attributed to the
excessively high reflectivity of the dielectric DBR in the 1060nm range, resulting in a
low threshold current. In order to realize single-mode slow light lasing, it is necessary to

further decrease the reflectivity of the 1060nm range.
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Fig. 6-10. 200um long surface grating VCSEL.

Figure 6-11 illustrates a comparison of the lasing spectra between a surface grating
VCSEL with a grating pitch of 714nm and one without a grating pitch. In both cases, the
cavity length remains constant at 200um, and the oxidation width is 4pm. When compared
to the VCSEL without a surface grating, which exhibits multi-mode operation, the
introduction of a surface grating enables the realization of quasi-single mode lasing at
1059nm. The implementation of the surface grating ensures transverse mode control,
thereby achieving single-mode operation in VCSELs with lengths on the order of
hundreds of micrometers. Additionally, this VCSEL with a 714nm grating pitch exhibits
an emission angle of approximately 8 degrees, indicating fifth-order emission. This
observation can be attributed to the high threshold of the slow light band induced by the

dielectric DBR, whereby the 1060nm band may exhibit a lower threshold.
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Fig. 6-11. Lasing spectra of 200um long surface grating VCSEL.
Besides, the 2™ order grating VCSEL with 600um of cavity length, 1.56pm of grating

pitch, and 3um of oxidation width is achieved as shown in Fig. 6-12. It fabricated on the

full cavity VCSEL.

Fig. 6-12. The photo of the 2™ order grating VCSEL

Fig. 6-13 shows the LIV characteristics of 2" order surface grating VCSEL. Larger
than 160mW output power can be realized at 350mA with low voltage around 2.8V. The

spectrum is shown in Fig. 6-14. Stable quasi-single mode operation from 60mA to 300mA

can be obtained thanks to the surface grating.
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Fig. 6-14. The spectrum of the 2™ order grating VCSEL
Figure 6-15 presents the FFP and intensity distribution of each mode in a 2nd order
surface grating VCSEL. The application of the 2nd order grating enables vertical emission.
However, two additional modes also emerge, deviating by approximately 30 degrees from
the vertical. The intensity of the vertical emission accounts for only one third of the total
intensity. In order to achieve pure vertical emission, it is crucial to eliminate the TO and

T-2 modes.
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Fig. 6-15. The FFP of the 2" order grating VCSEL

6.2 Simulation of 2" order surface grating VCSEL for vertical

emission

The study of surface emission DFB lasers and DBR lasers with second-order gratings has
been ongoing since 1970 [1-5]. In the case of surface grating-loaded VCSELSs, the emitted
beam deviates from the vertical direction by an angle of approximately 50 degrees, which
may pose challenges for fiber alignment. In this chapter, we introduce a vertical emission
structure for surface grating-loaded VCSELSs using a second-order grating. The angle and
intensity of each deflection mode are determined using the Rigorous Coupled Wave
method (GSolver).

The schematic of the second-order grating-loaded VCSEL is depicted in Figure 6-5.
Here, the second-order grating is formed on the surface of a half-cavity VCSEL with six
pairs of top DBR and thirty pairs of bottom DBR. As light propagates in the VCSEL in a
"Zig-Zag" pattern, modifying the wavelength of the slow light mode allows for

adjustment of the propagation angle, denoted as 6. This, in turn, enables control over the
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transmission mode and angle of the emitted light.

Fig. 6-5. Schematic structure of 2™ order surface grating VCSEL

In the context of slow light propagation, the grating pitch of the second order, denoted
as A, reaches a magnitude of approximately 1um. The relationship between the grating
pitch and the lasing wavelength is depicted in Figure 6-6. By maintaining a fixed grating
pitch, the lasing wavelength can be effectively controlled. Subsequently, the propagation
angle of the lasing wavelength can be determined, as illustrated in Figure 6-7. The cutoff
wavelength, located around 1070nm, corresponds to vertical lasing. As the lasing
wavelength decreases to approximately 1032nm, it experiences total reflection within the

cavity.
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Fig. 6-6. Relation of grating pitch and lasing wavelength
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Fig. 6-7. Relation of radiation angle and propagation angle with lasing wavelength

Through the utilization of GSolver, we can effectively simulate the deflection modes
within this structure. For the sake of simplicity in our simulation, we assume that the input
light corresponds to the slow light mode propagating in the active region at an angle
denoted as 0. This allows us to calculate the transmission and reflection modes, as
depicted in Figure 6-8. Figure 6-9 illustrates the various deflection modes obtained by

altering the input angle 6.

Active region

Input

Fig. 6-8. Schematic structure of simulation model
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Fig. 6-9. Deflection modes at input angle (a) 0= (b) 6=17.

At an angle 0 of 8 degrees, two transmittance modes, namely the TO mode and the T-1
mode, are observed. As the angle increases to 17 degrees (0 = 17), only the T-1 mode with
vertical emission is achieved. Hence, by adjusting the angle (which corresponds to a
change in the lasing wavelength), it is possible to attain single-mode operation with
vertical emission. Referring to the relationship between the propagation angle and the
lasing wavelength depicted in Figure 6-7, a wavelength of approximately 1030nm
corresponds to a propagation angle of 17 degrees. Considering that the grating pitch
remains fixed at approximately 1pum, we select a lasing wavelength of 1030nm with a
lum grating pitch on the surface.

Figure 6-10 showcases the simulation structure, featuring a 1 um grating pitch, a grating
duty cycle of 40%, a grating depth of 120nm, and a lasing wavelength of 1030nm,
resulting in a propagation angle of 17 degrees. The simulation model solely encompasses
the surface grating, six pairs of AlGaAs/GaAs top DBR, and the active region. The input

is set at 1030nm with an angle of 17 degrees.
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T-1

Fig. 6-10. Fabrication process flow of surface grating coupled cavity VCSEL

The simulated intensity of each deflection mode in the 1060nm half-cavity VCSEL
structure with 6 pairs of [Missing information] can be observed. Figure 4 indicates a
radiation dip at 1030nm, suggesting that lasing at this wavelength is feasible for the
structure. Additionally, the intensity of the T-1 mode reaches approximately 50%, which
is twice as high as the other higher-order reflection modes. Consequently, it is plausible
to achieve vertical emission single-mode VCSELs with extended cavity lengths, enabling
high-speed operations.

Fig. 6-4. Fabrication process flow of surface grating coupled cavity VCSEL
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Chapter 7

Conclusion and prospective

In this chapter, the thesis will be concluded, and the prospective will be discussed.

7.1 Conclusion

In this thesis, the principle of mode control and bandwidth enhancement was

demonstrated. Specifically, the achievement of single-mode operation and enhanced

bandwidth is demonstrated through the utilization of intra-cavity surface relief metal-
aperture VCSELs and surface grating loaded VCSELs. The thesis encompasses the

simulation, fabrication process, and measurements of these devices, providing a

comprehensive overview of their performance.

» The concept of mode control and bandwidth enhancement is successfully
demonstrated in this study. Previous research has established that the oxidation
process, as well as the implementation of metal-aperture and surface relief techniques,
effectively facilitate mode control and selectivity. Through simulation, it has been
observed that the metal-aperture half-cavity VCSEL allows for further expansion of
the small signal modulation bandwidth due to photon-photon resonance occurring
within a short distance (<2um) between the oxidation aperture and the p-contact
metal boundary. The transverse coupling strength plays a crucial role in achieving
bandwidth enhancement, as it provides mode selectivity and enables stable single-
mode operation. For short cavity VCSELSs, the incorporation of a metal aperture
proves to be an effective method for mode control. However, for longer cavity

lengths, on the order of hundreds of micrometers, the implementation of surface
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grating loaded VCSELs is a more effective approach for achieving single-mode
operation. To this end, a surface grating loaded coupled cavity VCSEL is introduced,
wherein the surface grating controls the transverse modes, while the coupled cavity
structure provides optical feedback, enabling the realization of the photon-photon
resonance effect and thus enhancing the bandwidth.

The fabrication process of intra-cavity surface relief metal-aperture VCSELs is
successfully demonstrated. By implementing a surface relief technique with a depth
of 30nm, stable single-mode operation is achieved across the entire current range,
utilizing oxidation apertures of Sum, 6pm, and even 7um. The output power of the
device with a Sum oxidation aperture can reach 2.5mW, which can be further
increased to over 3mW by reducing the reflectivity of the dielectric DBR.
Additionally, the small signal bandwidth is significantly enhanced, reaching 23GHz.
To further extend the small signal modulation bandwidth, an optimized configuration
is considered for the intra-cavity surface relief metal-aperture VCSELs. This
involves the insertion of a polyimide layer beneath the p-electrode pad, which helps
reduce parasitic capacitance and increases the small signal bandwidth. Remarkably,
a record-breaking small signal bandwidth of 31GHz is achieved, making it the
highest bandwidth ever recorded for a 1060nm single-mode VCSEL. Moreover, the
VCSELs exhibit excellent temperature robustness, enabling uncooled operation. This
can be attributed to the highly strained InGaAs quantum wells employed in the design.
Stable single-mode operation is maintained across the entire current range, even at
elevated temperatures up to 85°C. At 55°C, the realized small signal modulation
bandwidth reaches an impressive 27GHz.

Our device exhibits promising potential for high-speed data transmission in
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kilometer-long 100Gbaud applications. This is attributed to the pulse compression
effect resulting from fiber negative dispersion and frequency chirp. As a result, the
small signal modulation bandwidth extends to 35GHz, 32GHz, and 25GHz over
transmission distances of 2km, S5km, and 10km, respectively, through SMF.
Additionally, we have successfully demonstrated high-speed large signal
modulations, achieving 70Gbps (NRZ) and 110Gbps (PAM4) transmissions over a
2km distance using 1300nm-SMF. Notably, we extended the link length to 10km at
a 45Gbps (NRZ) rate, which is a hundredfold improvement compared to 850nm
MMF links. The achieved bandwidth-distance product amounts to 450Gbpsekm.
Furthermore, with the assistance of digital signal processing (DSP) in offline mode,
a data rate of up to 128Gbaud has been accomplished. By reducing the reflectivity of
the top mirror, it is anticipated that higher-speed transmission over a 10km distance
can be achieved through increased output power. Furthermore, we expect that further
advancements in link lengths and bit rates can be achieved by reducing chirp and
enhancing the bandwidth in transverse coupled cavity VCSELs. Additionally, we
have demonstrated the feasibility of uncooled operation for large signal
measurements. Thanks to its excellent temperature tolerance, the small signal
modulation bandwidth reaches 27GHz, enabling 70Gbps (NRZ) and 100Gbps
(PAM4) data transmissions over 2km of single-mode fiber.

In the pursuit of achieving single-mode operation in long cavity VCSELs, we
conducted modeling of surface grating-loaded VCSELs based on the coupled-mode
theory, incorporating the slow-wave effect. This approach predicts a narrower
stopband in surface grating-loaded VCSELs, facilitated by the slow-wave

propagation resulting from significant waveguide dispersion. The use of a large
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surface grating pitch, owing to the low phase index, simplifies the fabrication process
compared to conventional distributed feedback (DFB) structures. Our simulations
indicate that a wide range of control over coupling coefficients allows for long-cavity
VCSELs up to 10mm in length, as well as short-cavity devices as small as 10um, in
surface grating-loaded VCSELs. For a 10mm-long device, employing a structure
with a 10nm grating depth, 19 pairs of top-DBR, and an 8th order grating enables
single-mode operation with a low threshold. Through our modeling efforts, we
anticipate the realization of high-power and single-mode operations in surface
grating-loaded VCSELs. These devices offer distinct advantages, including the
absence of facet damages, well-established VCSEL manufacturing techniques, and
straightforward grating fabrication processes, making them suitable for high-power
and single-mode VCSEL applications. In the case of short-cavity devices spanning
around a hundred micrometers, reducing the top-DBR to 5 pairs allows for the
formation of a 10um-long grating-loaded VCSEL with a 30nm grating depth. This
design facilitates single-mode operation with a low threshold. The newly introduced
design flexibility in this study also enables the creation of single-mode VCSELs with
larger active areas. Consequently, our proposed VCSEL platform, employing surface
grating structures, offers a wide range of device lengths, from 10um to 10mm,
catering to diverse applications in VCSEL photonics.

The fabrication process of grating-loaded VCSELs with coupled cavities is
conducted. The difference is the first order surface grating formed on the wafer at the
first step. Additionally, taper sides are incorporated to reduce one-sided reflectivity.
The grating pitch varies at 650nm, 686nm, and 714nm. With a device length of

200um, slow light lasing is achieved at 1045nm, exhibiting an emission angle of 60
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degrees. However, the high reflectivity of the dielectric DBR in the 1060nm band
results in vertical emission. By implementing a 714nm grating pitch, single-mode
operation is realized at 1059nm with Sth-order emission. Furthermore, a coupled
cavity VCSEL with a 600um-long cavity demonstrates stable quasi-single mode
operation. Vertical emission is achieved through the utilization of a second-order
grating; however, two additional modes also emerge with approximately two-thirds
of the total intensity. To achieve single-mode vertical emission, it is crucial to
eliminate these two additional modes. The simulation of a second-order grating half-
cavity VCSEL is illustrated, showcasing the potential of vertical emission surface
grating VCSEL arrays for achieving data transmission rates of 1.6Tbps, 3.2Tbps,

6.4Tbps, and beyond..

7.2 Prospective

7.2.1 Towards intra-cavity surface relief metal-aperture VCSEL

Thanks to the implementation of the shallow surface relief and metal-aperture processes,
stable single-mode operation with excellent uniformity is achieved in the Sum oxidation
diameter VCSELs, as demonstrated in Chapter 3. Importantly, the fabrication process
closely resembles that of the standard conventional VCSEL process flow, allowing for
successful realization of fully processed intra-cavity surface relief metal-aperture
VCSELs on a 3-inch substrate. Moreover, the achieved modulation bandwidth of up to
31GHz enables high-speed data transmission, such as 70Gbps (NRZ) and 100Gbps
(NRZ) over a 2km distance, highlighting the potential for applications in 100G and 400G
Ethernet data center transmissions [1-3].

To address the growing demand for hyperscale data centers requiring data transmission
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rates exceeding 800G and beyond [4], it is imperative to consider the utilization of intra-
cavity surface relief metal-aperture VCSEL 2D arrays.

7.2.2 Towards surface grating loaded VCSEL

At present, the development of surface grating VCSELs for achieving single-mode
operation has been completed. However, due to factors such as the low coupling
coefficient and large grating pitch, obtaining single-mode slow light lasing with cavity
lengths shorter than 100pum remains a challenge. In order to address this issue and cater
to high-speed applications, the development of single-mode coupled cavity surface
grating VCSELs with shorter cavity lengths is of utmost importance.

To address the unintended vertical emission and low reflectivity of slow light emission,
modifications need to be made to the dielectric DBR. By increasing the deposition depth
of the first layer of Si02, the reflectivity for vertical emission in the 1060nm band can be
enhanced to approximately 97.9%, while the reflectivity for slow light emission in the
1040nm band can be improved to around 99.2%. By optimizing the dielectric DBR, it
should be possible to achieve single-mode slow light emission.

As the current single-mode operation has only been achieved with a 200pum cavity
length, primarily due to insufficient coupling coefficients, one potential approach to
increasing the coupling coefficient is by increasing the surface grating depth to 40nm.
With an enhanced coupling coefficient, it is anticipated that single-mode operation can be
achieved in VCSELs with cavity lengths ranging from 20pm to 100pum.

In the context of coupled cavity surface grating VCSELs, further investigation is
required to determine the resonant cavity length for the PPR effect. By harnessing the
PPR effect, data transmission rates of up to 100Gbaud can be anticipated.

Moreover, the vertical emission capability of surface grating coupled cavity VCSELs
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holds great potential for the realization of 2D array surface grating VCSELSs, as depicted
in Figure 7-1, enabling data transmission rates in the Tbps range, aligning with the

requirements of future 6G and hyperscale data center transmissions.

Fig. 7-1. 2D array surface grating VCSEL
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