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Abstract

This thesis details material and device characterisation in the volume MOVPE production
of VCSELSs, with a focus on understanding and minimising variation in the manufacturing
process as the wafer diameter is increased.

The development of a Quick VCSEL (QuickSEL) process as a fast, efficient, and reliable
quality control method in production settings is presented. Devices are fabricated within
24 hours and produce output characteristics which are comparable to that of standard
planarised structures, intended for use in rapid prototyping of epitaxial designs and for
the assessment of epi-wafer quality and uniformity in volume settings.

From post-growth material characterisation and wafer-scale device-level testing, the qual-
ity and uniformity of generic MOVPE-grown 6-inch GaAs substrate VCSEL wafers is
assessed. Variation of the oxide aperture across wafers processed whole is shown to have
a significant effect on the uniformity of device performance. Even when accounted for,
some residual variation in device performance remains, which is attributed to the vari-
ation in the properties of the epi-layers, specifically, a spatially varying detuning of the
gain peak and cavity resonance wavelengths, and mirror reflectivity.

The first in-depth comparative experimental study on the performance of 940 nm VC-
SELs on GaAs and Ge substrates is also presented. Parity in performance between GaAs
and Ge substrate VCSELs in terms of key figures of merit is demonstrated. The thermal
resistance is measured to be within error despite a smaller oxide aperture and thicker
substrate of the Ge VCSELs under test. It is concluded that potential enhancements are
to be found in the thermal performance of VCSELs on Ge.

The advantage of improved oxidation uniformity associated with the reduced wafer bow
of large diameter Ge wafers is demonstrated. The variation of the material properties
represented by the photoluminescence and Fabry-Perot cavity resonance wavelengths are
found to be equivalent, showing that radial variations which are generally observed are
not driven by wafer curvature. This study demonstrates that high-performance epitaxial
structures can be grown on Ge substrates with wafer-scale uniformities equivalent to that

of structures grown on GaAs.
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Chapter 1

Introduction

1.1 Motivation

In recent years, the increase in demand for VCSELSs in consumer applications has driven
manufacturers to scale-up production with growth on larger diameter substrates. For
VCSELs, production on 150 mm (6-inch) wafers is still relatively new, whilst work is
already being done to facilitate the move to 200 mm (8-inch) production. VCSELs are
complex optoelectronic devices and performance is highly sensitive to both the properties
of the constituent epitaxial stack and the specific application-dependent wafer processing.
This makes the scale-up to high-volume production challenging, and the trade-off between
performance and yield must be fine-tuned. Today, VCSEL development is a very often a
market driven endeavour and much of the cutting-edge research involves heavy involve-
ment from the private sector. Yield, reproducibility, and reliability are hugely important
at every stage of the production cycle, from early R&D to product qualification, and the
understanding and minimisation of variation in the manufacturing process is imperative.
Further, the timescale of the product design cycle, from design readiness to final release,
is typically on the order of months and, as a result, quality control methods which are

fast, efficient, and reliable at every stage of the development cycle are paramount.
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Table 1.1: Timeline of VCSEL commercialisation.

H Year ‘ A (nm) ‘ Market Who? ‘ Ref. ‘ Production H
1996 850 Datacom Honeywell 2] 2-inch
2001 850 Computer Hewlett 3] 2/3-inch

Mouse Packard
2003 | 780 8x4 array Laser Printer Fuji Xerox [4] 2-inch
2003 850 Datacom Honeywell 3] 3-inch
2005 850 Computer Emcore 5] 3-inch
Mouse
2007 980 Array Industrial/Fibre Princeton 6] 3/4-inch
Pump Optronics
2007 850 10G Datacom Emcore [7] 3-inch
2013 850 25G Datacom Chalmers 8] 4-inch
2017 940 3D Sensing Lumentum 9] 6-inch
2021 940 on Ge 3D Sensing & IQE [10] 6-inch
LiDAR
2021 | 13xx on GaAs LiDAR IQE [11] 3/4-inch
2022 | 940 on GaAs & | 3D Sensing & IQE [12] 8-inch
Ge LiDAR
2023 | SWIR on InP 3D Sensing & Trumpf [13] < 4-inch
LiDAR

1.2 Historical Context and Future Outlook

Research on VOSELs stems from the first demonstration of the surface emitting laser in
1979 at the Tokyo Institute of Technology [1] after its conception by Iga in 1977. Since
then, there have been thousands of research articles, dozens of review articles and several
books dedicated to the subject. Compared with the initial demonstrations where cryo-
genic temperatures were required, VCSEL technology today is mature. Devices which
reliably offer sub-mA threshold currents, narrow beam divergence, low power consump-
tion, as well as stable single-mode operation, modulation bandwidths beyond 25 GHz, and
array-fabrication capability are readily available. For these reasons, VCSELs are the de
facto laser source for many applications including short-reach datacom, facial recognition
and other 3D sensing technology, LiDAR, miniature atomic clocks and magnetometers,
computer mice, and laser printers. A timeline of VCSEL commercialisation is shown in

Table 1.1.
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Commercialisation began in the 1990s with Honeywell’s 850 nm emission wavelength VC-
SELs designed for datacom applications [2], [14]. Whilst that work sought to produce
high-performance lasers which met all requirements for short-reach data communication,
there was also a critical focus on yield, reproducibility, and reliability. It was this aspect
that made the work stand out from previous research and which marked a seminal mo-
ment for the VCSEL industry. Uniformity, both wafer-scale and run-to-run, was a critical
concern early on, with efforts over a three-year period to reduce the wavelength non-
uniformity by an order of magnitude [2]. In the paper, Tatum explains the importance
of “rapid and continuous feedback of production information” to foster the continual im-
provement needed — this was the catalyst for commercialisation.

Since the early 2000s, VCSELs have been employed in computer mice [3] due to their ad-
vantages over LED illumination [15]. This constituted the first application of VCSELs in
consumer markets. Around the same time, Fuji Xerox, introduced VCSEL arrays to their
laser printers [4], [16], [17]. Meanwhile, the increase in internet traffic in the early 2000s
and the inclusion of a multimode fibre solution utilising short wavelength lasers in the
Gigabit Ethernet standard (IEEE802.3z) [18] drove demand for 850 nm VCSELSs for local
area networks. Significant advances were made in this period, including the development
of the oxide-confined VCSEL [19] and so the dynamic properties of the devices produced
were able to keep step with fibre channel data rates. The standards were defined for 10
Gbit/s (IEEE802.3ae) in 2002 and 100G (IEEE802.3ba) in 2011 and VCSEL capability
improved in turn [20]-[22].

Around 2007, researchers at Princeton Optronics developed VSCEL arrays operating at
980 nm for fibre laser pumping applications [6], [23]. Before this, VCSELs were only
employed in low-power applications, and this signified a different approach which utilised
the array-capability of VCSELSs to boost the optical power. Up until 2013, VCSEL pro-
duction was confined to 3-inch wafers, however, the market of VCSELSs for datacom saw
an expansion. Highly reliable devices with 25 GHz 3 dB bandwidths were produced, and
manufacture was scaled to 4-inch wafers [11].

The use of VCSELSs in optical sensing applications accelerated towards the end of the



4 Chapter 1. Introduction

2010s, with 2017 marking the scale-up to 6-inch wafer production [11] to meet the de-
mand for 940 nm VCSELSs for face ID in the Apple iPhone X. This demand was main-
tained as Apple released new iPhone and iPad models in 2020 which included world-facing
scanning-LiDAR chips [3].

To provide context for this thesis, a quote from the seminal work on VCSEL commercial-
isation [2]: “the future for VCSEL technology is bright, with [new] volume applications
emerging. .. Each new market will have its own set of design criteria, its own perfor-
mance trade-offs, its own statistical requirements. But every new introduction will face
similar challenges, and each will build on the history of the millions of VCSELs that came
before.” This still rings true today. The future for VCSEL technology is now centred on
applications in 3D sensing, automotive LiDAR, and AR/VR, where the volumes are much
higher. Work has already begun, such as growth on germanium [10], [24]-[26], to facilitate
the scale-up to 8-inch wafer production [12], [27]. These markets are driving innovation in
the production of higher power VCSELs utilising multi-junction active regions [28]-[30],
array addressability [31], and the move to longer wavelength emission with SWIR, emit-
ting VCSELs (> 1300 nm) developed for high-power eye-safe use [32]. In 1996, VCSELSs
were grown on 2-inch diameter substrates. Today, hundreds of millions of VCSELs have
already been produced on 6-inch diameter wafers to meet the demand in 3D sensing. If,
as some have predicted, VCSELSs have a strong presence in automotive LiDAR solutions,
the global volume will step up further [33]. Many VCSEL players still operate at lower
volumes on 4-inch wafers or smaller, and it is likely that some of these markets will also
move to larger wafer production. The question of wafer size is a matter of economics,
which relates to chip footprint, cost of scaling up growth/processing capability, and mar-
ket demand. There are benefits to be found in scaling up production, and the desire to
push towards 8-inch stems from the potential access to silicon and LED foundry tools
[34], just as the scale-up to 6-inch provided access to more advanced systems in the estab-
lished 6-inch RF GaAs fabs [35]. The scale-up itself creates new research questions and
challenges for producing reproducible, highly uniform wafers and ultimately a high de-

vice yield. The experimental studies and development of processing and characterisation
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techniques in this thesis are intended to assist in enabling the future scale-up of VCSEL

production, be that transitioning to 6-inch production or beyond.

1.3 Thesis Scope

The importance of a rapid and continuous flow of production information has already
been emphasised in this chapter, and the first section of this thesis seeks to facilitate this
in product development cycles and in volume production. A typical timeline for a VCSEL
product development cycle is given in [36]. The total lead time is made up of 1) epitaxial
growth, 2) device architecture and photomask design, 3) front- and back-end processing,
4) on-wafer testing, 5) packaging, 6) chip-level testing, and 7) reliability testing. The total
development cycle is on the order of months, with the first four stages taking at least 8-10
weeks. In a production setting, one of the main concerns is optimising these cycle times
to reduce cost. DOE studies are usually carried out for the development of epi-structures
but often vital information on the material quality is only ascertained down the line via
on-wafer testing at the device level. If the time taken for the subsequent stages of wafer
processing and on-wafer testing are minimised, this cycle can be performed in-house at
epi-foundries to more quickly optimise epi-design and growth recipes. This enables rapid
feedback to epitaxy which minimises development time. The challenge for today’s char-
acterisation is that the current processes do not provide adequate information. Therefore,
what wafer manufacturers require is a process for rapid VCSEL fabrication, but which
also preserves device performance to provide representative information on both material
quality and final chip-level device performance. The development of a QuickSEL process
is intended to be of use in studies in the early stages of VCSEL product development and
also as a method of continuous feedback during production campaigns.

This technique has utility as an ongoing quality control method for assessing on-wafer,
wafer-to-wafer, and run-to-run variation, which is of vital concern for manufacturers as

the wafer diameter is increased. As such, the fabrication and characterisation of VCSEL
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devices during these cycles can be used to assess the propagation of non-uniformities from
the properties of the constituent epi-layers through to the resulting VCSEL performance,
and this is the focus of the second section of this thesis. To do this effectively, the varia-
tion of the material properties, fabrication parameters, and device performance are each
assessed. The properties of the epitaxial layers arising from growth and the properties of
the processed device structures arising from fabrication can both have a significant im-
pact on device performance. By careful choice of experiments and analysis, the effects of
each are disentangled from the measured device performance. A comprehensive analysis
of on-wafer variation in 6-inch MOVPE VCSEL production is given.

Finally, with the scale-up to 6-inch VCSEL production, growth on alternative substrates,
such as germanium (Ge), has received attention and been shown to offer some advantages
over gallium arsenide (GaAs). However, a detailed experimental comparison of device per-
formance is still needed. Rapid VCSEL fabrication and characterisation is used to also
compare the performance of GaAs and Ge substrate VCSELs and to assess the advantages
of growth on Ge in terms of uniformity and yield. One of the key focusses is the potential
enhancement in thermal performance resulting from the higher thermal conductivity of
Ge. This experimental work carried out on GaAs and Ge substrate structures forms the
first in-depth study into the performance of VCSELs grown on Ge, adding to the recent

work which showed the potential advantages of Ge in large diameter wafer production.

In summary, this thesis seeks to address three research questions pertaining to yield,
reproducibility, and variation in MOVPE VCSEL production which arise from the scale-

up to large diameter wafers:

1. Can a method of rapid VCSEL fabrication be designed to streamline feedback in
manufacturing, such that processing time is sufficiently reduced but device perfor-
mance is preserved?

2. What wafer-scale non-uniformities arise in VCSEL production by MOVPE as the

walfer size is increased?
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3. Does growth on alternative substrates, such as Ge, provide any net advantages over

growth on GaAs?

It is not within the scope of this thesis to produce state-of-the-art VCSEL devices, nor
to explicitly modify the designs of epitaxial structures for improvement of device per-
formance or yield. Likewise, there are no explicit recommendations of modifications to
growth reactor conditions. Instead, typical wafers with generic epitaxial structures are
considered and the conclusions drawn are predicted to apply generally to MOVPE VCSEL

growth on large diameter substrates.

1.4 Thesis Structure

Chapter 2 provides a review of the background information which underpins the method-
ology, results, and discussion presented in this thesis. Firstly, the background theory and
principles of VCSEL operation are presented, then attention is given to the typical output
characteristics of VCSELs. Chapter 3 firstly provides an overview of VCSEL production,
with focus on MOVPE growth and standard processing techniques. A description of
the sources of variation in the production process and critical tolerances is given. Then,
the methodology used for the studies performed is discussed, with descriptions of the
experimental setups and of the physics underpinning the material and device character-
isation methods provided. Chapter 4 focusses on the development of a Quick VCSEL
(QuickSEL) process. Specific fabrication methods are presented for QuickSELs and stan-
dard planarised devices and the experimental qualification of the QuickSEL is presented.
Chapter 5 focusses on characterising the on-wafer non-uniformities which arise from the
scale-up of VCSEL production to 6-inch diameter substrates and beyond. Post-growth
material characterisation is considered alongside assessment of fabrication parameter non-
uniformity and the wafer-scale measurement of VCSEL performance. Chapter 6 provides

the first detailed experimental comparison of GaAs and Ge substrate VCSELs. Addition-
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ally, the advantages of growth on Ge to mitigate variations are shown from the assessment

of on-wafer device performance. Finally, a summary and conclusion is given in Chapter

7, along with avenues for future investigations.

1.5 Publications

The material in this thesis is based mostly on work reported in the following journal

articles and conference presentations:

Journal Articles:

J. Baker, C. P. Allford, S. Gillgrass, R.Forrest, D. G. Hayes, J. Nabialek, C.
Hentschel, J. 1. Davies, S. Shutts, and P. M. Smowton. “Quick fabrication VC-
SELs for characterisation of epitaxial material,” Applied Sciences 2021, Vol. 11,
Page 9369

J. Baker, S. Gillgrass, C. P. Allford, T. Peach, C. Hentschel, T. Sweet, J. I. Davies,
S. Shutts, and P. M. Smowton. “VCSEL Quick Fabrication for assessment of large

diameter epitaxial wafers,” IEEE Photonics Journal 2022, Vol 14, Issue 3, Page 1-10

S. Gillgrass, C. P. Allford, T. Peach, A. D. Johnson, J. Baker, J. I. Davies, A. M.
Joel, S. Shutts, P. M. Smowton, “Impact of thermal oxidation uniformity on 150 mm
GaAs- and Ge-substrate VCSELSs,” Journal of Physics D: Applied Physics, Focus

on Future Compound Semiconductor Manufacturing 2023, Vol 56, Number 15

J. Baker, C. P. Allford, S. Gillgrass, T. Peach, J. Meiklejohn, C. Hentschel, W.
Meredith, D. Powell, T. Sweet, M. Haji, J. I. Davies, S. Shutts, P. M. Smowton,
“VCSEL quick fabrication of 894.6 nm wavelength epi-material for miniature atomic

clock applications,” IET Optoelectronics 2022, Vol 17, Issue 1, Page 24-31
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Conference Presentations:

J. Baker, D. G. Hayes, T. Peach, J. I. Davies, S. Shutts, and P. M. Smowton,
et. al. "Quick fabrication of 940nm emitting VCSEL arrays for commercial wafer

characterization,” SPIE Photonics West, Vertical-Cavity Surface-Emitting Lasers
XXV (2021)

D. G. Hayes, T. Peach, J. Baker, S. Gillgrass, C. P. Allford, J. I. Davies, S. Shutts, P.
M. Smowton, et. al. "150mm full wafer fabrication and characterization of 940nm
emitting VCSELSs for high-volume manufacture,” Vertical-Cavity Surface-Emitting
Lasers XXV (2021)

J. Baker, S. Gillgrass, C. P. Allford, C. Hentschel, J. I. Davies, S. Shutts, and P.
M. Smowton. ”Sub-mA Threshold Current Vertical Cavity Surface Emitting Lasers

with a Simple Fabrication Process,” IEEE Photonics Conference (2021)

J. Baker, C. P. Allford, S. Gillgrass, T. Peach, J. I. Davies, S. Shutts, and P. M.
Smowton. “Sub-mA threshold current quick fabrication VCSELs for characterisa-
tion of epitaxial material over 150 mm wafers,” SPIE Photonics West, Vertical-

Cavity Surface-Emitting Lasers XXVI (2022)

J. Baker, S. Gillgrass, T. Peach, C. P. Allford, A. D. Johnson, A. M. Joel, S. W.
Lim, J. I. Davies, S. Shutts, P. M. Smowton. “Impact of strain-induced wafer-bow
on the performance of VCSELs grown on 150 mm GaAs and Ge substrates,” SPIE

Photonics Europe, Semiconductor Lasers and Laser Dynamics X (2022)

J. Baker, S. Gillgrass, T. Peach, C. P. Allford, A. D. Johnson, A. M. Joel, S. W. Lim,
M. Geen, J. I. Davies, S. Shutts, P. M. Smowton. “Impact of strain-induced wafer-
bow on the manufacture of VCSELs grown on 150 mm GaAs and Ge substrates,”

International Conference on Compound Semiconductor Manufacturing Technology

(2022)
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S. Gillgrass, C. P. Allford, T. Peach, J. Baker, J. I. Davies, T. Sweet, A. D. Johnson,
A. M. Joel, S. W. Lim, S. Shutts, P. M. Smowton. “Manufacture of 940 nm VCSELSs
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ics Conference (2022)
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(2022)
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(2022)
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Finally, listed here are related publications, the content of which is not explicitly included

in the thesis:

Journal Articles:

C. Hentschel, C.P. Allford, S-J. Gillgrass, J. Nabialek, R. Forrest, J. Baker, J.
Meiklejohn, D. Powell, W. Meredith, M. Haji, J.I. Davies, S. Shutts and P.M.
Smowton. “Gain Measurements on VCSEL Material Using Segmented Contact
Technique,” Journal of Physics D: Applied Physics, Focus on Future Compound

Semiconductor Manufacturing 2023, Vol 56, Number 7

Conference Presentations:

J. Baker, D. G. Hayes, T. Peach, J. I. Davies, S. Shutts, and P. M. Smowton.
“Performance-mapping for characterisation of 150mm VCSEL wafers in industry,”
Semiconductor and Integrated Optoelectronics Conference (2021) (Poster Presenta-

tion)

C. Hentschel, C. P. Allford, S. Gillgrass, Z. Li, J. Nabialek, R. Forrest, J.Baker,
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Contact Technique,” IEEE Photonics Conference (2021)
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S. Shutts, C. Hentschel, S. Gillgrass, J. Meiklejohn, C. P. Allford, J. Baker, J. Nabi-
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Chapter 2

VCSEL Fundamentals

2.1 Semiconductor Laser Principles

2.1.1 Radiative Transitions in Semiconductors

In a direct bandgap semiconductor, like that shown in Figure 2.1, there are three basic
radiative transitions: (a) stimulated absorption, (b) spontaneous emission, and (c¢) stim-
ulated emission. When a photon of energy Fy, > F, = E.— E,, where E, is the bandgap
energy, impinges on the system, a valence electron can be promoted to the conduction
band by stimulated absorption. Conversely, an electron in the conduction band may un-
dergo a downward transition at any time, emitting a photon of energy hv > E. — E, by
spontaneous emission. Spontaneous emission events are characterised by a radiative life-
time which accounts for the average time taken for an electron in the conduction band to
recombine with a hole in the valence band, which is typically on the order of nanoseconds.
The third process, stimulated emission, is fundamental to the operation of lasers and oc-
curs when an incident photon perturbs a conduction band electron to emit a photon of the
same frequency, phase, and direction as the original photon. It is then possible for the co-

herent photons generated to produce further stimulated emission events, thus amplifying

13
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(a) (b) (c)

Figure 2.1: Radiative transitions occurring in a semiconductor material; (a) stimulated
absorption, (b) spontaneous emission, and (c) stimulated emission.

the incident optical intensity. The timescale for stimulated emission events is dependent
on the electron and photon populations, however, under the correct conditions, stimu-
lated emission events occur near instantaneously in comparison to spontaneous emission.
These conditions must be met for the rate of stimulated emission to dominate and for

laser action to occur.

2.1.2 Laser Action

The amplification of light by stimulated emission is fundamental to laser action. For the
rate of stimulated emission to dominate, a population inversion of carriers is needed, such
that the number of electrons in the excited energy state is greater than the number in the
ground state. However, once a conduction band electron is stimulated to emit a photon,
the electron subsequently transitions to the valence band, thus depleting the degree of
inversion. To achieve steady-state lasing, the population inversion must be maintained,
and, in a diode laser, this is most often achieved by electrical pumping. Charge carriers are

injected into the gain medium, ensuring a sufficient supply of electrons in the conduction

VAVA
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band and holes in the valence band. Furthermore, to create a sufficiently high photon
density, feedback is required and this is achieved by placing reflective mirrors at the ends
of the gain medium, forming an optical cavity.

The light inside the cavity is subject to loss, a component of which is internal (relating
to the material) and a component of which is external (relating to the reflectivity of the
cavity mirrors). For laser action to occur, the gain (amplification) in the cavity must
balance the total loss. The single-pass intensity variation of light propagating through a

medium with gain, g, and internal optical loss, «;, can described by

I = Iyexp[(g — ;) L], (2.1)

where [ is the initial intensity and L is the cavity length. Both ¢g and «; are usually
expressed in units of cm~!. As the light of intensity, Iy, propagates along the cavity and,
after being partially reflected by one end mirror, completes a round trip to the second

mirror, the intensity is described by

I = IyRyReexp[2(g — i) L], (2.2)

where R and R, are the reflectivity of the mirrors. For a steady state solution, the

intensity after a round-trip must equal the initial intensity, therefore

gth = @ 27, n R1R2 ) .

where gy, is the threshold gain of the laser, that is, the gain required to balance the total
loss. The first term on the right-hand side of Equation 2.3 represents the internal loss
of the gain medium and the second term represents the mirror loss. From Equation 2.3,
a relation between the cavity length and the mirror reflectivity can be obtained which,
for typical values of gy, and o; demands that to reduce the cavity length to the order of
1 pm the product Ry Ry must exceed 0.99. This is important for vertical cavities which

are necessarily produced by epitaxy and, due to the practical limitations of the technol-



16 Chapter 2. VCSEL Fundamentals

ogy, cannot be very large (total thickness of whole epi-structure is several micrometres).
Hence, for a vertical-cavity laser, the mirror reflectivity is required to exceed 99%. The
short cavity length thus leads to a photon lifetime in the cavity on the order of ps for
VCSELs. Conversely, the reflectivity of the cavity mirrors in an EEL is approximately
30%, determined by the refractive index contrast at the semiconductor-air interface. As
such, cavity lengths range from 10s to 100s of micrometres and photon lifetime is often
longer, ranging up to nanoseconds.

The feedback provided by the mirrors causes the light to travel back and forth along the
cavity, constructively interfering to form standing waves, and optical modes correspond-
ing to the fundamental and higher order harmonic frequencies of the standing waves are
formed. For a mode to be supported, the round-trip distance must equal an integer

number of wavelengths:
mA

oL = 2 (2.4)

n

where n is the refractive index of the material in the cavity and m = 0, 1, 2... etc.
Equation 2.4 can be used to find the spacing of allowed longitudinal modes. Assuming
that dispersion in the material can be ignored, this is written as

)\2

which for a typical VCSEL operating at ~ 900 nm with a A-thick inner cavity is approx-
imately 120 nm. For this reason, higher order longitudinal modes are not amplified by
the quantum wells as they lie outside the bandwidth of the gain spectrum and as a result

VCSELs are inherently single longitudinal mode lasers.

2.2 VCSEL Structure

The focus of this thesis is on commercialised VCSEL technology, which generally utilises

the InAlGaAs material system. Within this material system the laser emission is between
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~ 800 and 1000 nm with a GaAs or InGaAs gain medium. Most VCSELs take the form
of a PIN-diode structure with an undoped multiple quantum well (MQW) active region
embedded in a separate confinement heterostructure (SCH). The cavity mirrors are formed
by two distributed Bragg reflector (DBR) mirrors one of which is p-doped with the other
n-doped. A cross-sectional diagram showing a typical oxide-confined VCSEL is shown
in Figure 2.2. Epitaxial growth of AlGaAs is used to form DBR mirrors for VCSELs
emitting from the red to the short-wave infrared [32], [37], [38]. The composition of
the constituent layers determines the number of mirror pairs needed to achieve the high
reflectivity required for laser action, as discussed in section 2.1.2, usually resulting in a
structure in excess of 100 layers. Given the large number of layers, the resistance at each
heterointerface is an important design consideration. Several approaches for limiting the
resistance have been demonstrated and these are described in more detail in section 2.5.
Furthermore, although, the binary compounds GaAs and AlAs are generally considered
to be lattice matched, there is a slight mismatch of approximately 0.16%, the strain of
which is non-negligible for AlGaAs-based VCSELs grown on GaAs. The effect of the small
lattice mismatch can compound and result in a bowing/warping of the epitaxial wafer.
This becomes particularly important as the diameter of the growth substrate is increased.
The significance of the GaAs-AlAs lattice mismatch in volume VCSEL production is
discussed in more detail in Chapter 3.

For the remainder of section 2.2 the key structural features of VCSELs are described in
more detail and the theory underpinning the design of epitaxial structures and device

architecture is discussed.

2.2.1 Distributed Bragg Reflector Mirrors

Distributed Bragg reflector mirrors are structures that consist of layers of alternating high
and low refractive index material. When the layers are formed such that they are each
a quarter material-wavelength thick, constructive interference of the partial reflections

occurring at each boundary results in a high reflectivity of light at the Bragg wavelength.



18 Chapter 2. VCSEL Fundamentals
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Figure 2.2: Typical structure of a top-emitting VCSEL device consisting of an MQW ac-
tive region sandwiched between upper (p-type) and lower (n-type) DBR mirrors. Current
is injected though an Ohmic ring contact and is confined to the centre of the active region
by a selectively oxidised highly resistive layer above the inner cavity. Carriers take a path
through the device shown by the curved black arrows.
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From [39], the Bragg wavelength can be expressed as
Ap = 2nA, (2.6)

where n is equal to the sum of the refractive indices within a DBR pair, n; + ns, and
A is the period of the grating, equivalent to the sum of the thicknesses of the pair. The
stacking of many DBR pairs leads to the formation of a high-reflectivity stopband, the
width of which relative to the Bragg wavelength can be approximated by [39]

P an
~ B

AN (2.7)

The power reflectivity of the mirror is dependent on the refractive index contrast of the
constituent layers and the total number of periods. For a Bragg stack consisting of N

pairs of low and high index layers, n; and no, the reflectivity, R, is

R= () . (2.8)

Under this approximation it is assumed that the stack is clad on each end by air. To
illustrate the dependence on material composition, the power reflectivity as a function of
the number of mirror pairs is shown in Figure 2.3 for different refractive index contrasts
based on Equation 2.8.  The cases considered are for Al,Ga;_As/Al,Ga;_,As DBR
layers, where x and y are the the Al mole fractions in each layer of the DBR pair. As
the refractive index contrast is reduced, the number of mirrors pairs required to achieve a
given reflectivity increases. This is equivalent to decreasing the Al mole fraction of the low
index layer (thus increasing the refractive index) whilst increasing the Al mole fraction of
the high index layer (thus decreasing the refractive index). This is detailed in the legend
of Figure 2.3. Figure 2.4 displays a measured reflectivity spectrum for a VOSEL showing
a 103.4 nm wide stopband, centred at 942.0 nm, resulting from the Bragg mirrors. The

Fabry-Pérot dip occurs at 942.6 nm, which indicates the presence of a cavity resonance.
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Figure 2.3: Power reflectivity as a function of the number of DBR pairs for different
refractive index contrasts. The terms z and y refer to the Al mole fraction in the high
and low refractive index layers of the constituent DBR pairs, respectively.
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Figure 2.4: VCSEL reflectivity spectrum measured from post-growth reflectometry char-
acterisation. Here a 103.4 nm wide stopband is formed which is centred at 942.0 nm. The
dip in the spectrum corresponding to the Fabry-Pérot (FP) cavity resonance wavelength

occurs at 924.6 nm.
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The reflectivity spectrum of the full VCSEL structure is the cumulative result of the sep-
arate DBR stopbands and the inner cavity. The materials used in the top and bottom
DBRs may be different, for example, AlAs is often employed in the bottom DBR due to
its high thermal conductivity [40], but most often cannot be used in the top DBR due to
the need for the mirror stack to have a different Al content to the selective oxidation layer
(see section 3.3.3). Therefore, it is common for the mirrors of a given VCSEL structure
to be made up of different compositions despite being designed to produce equivalent
reflectivity characteristics. This is managed by tuning the layer thicknesses for a given
composition to produce the same stopband characteristics, as per Equations 2.6 and 2.5.
To achieve the very high reflectivity required due to the short amplification length (Equa-
tion 2.3), there are typically in excess of 20 Bragg pairs in each DBR mirror for VCSELSs
emitting in the 800-1000 nm range. As the wavelength range shifts towards the red, low Al
content AlGaAs becomes absorbing and Alg g5Gag g5As/Alg5GagsAs layers must be used.
This decrease in index contrast necessitates a larger number of DBR pairs, typically in

excess of 45.

2.2.2 Active Region and Cavity Design

As stated above, the standard configuration for VCSELSs is to employ a multiple quantum
well (MQW) active region, with GaAs or InGaAs the material of choice for the QW layers.
When grown with AlGaAs barriers, the strain present in an InGaAs quantum well must
be considered. This limits the thickness of the layer which can be grown without misfit
locations for a given In composition to roughly 100 A per 1% of strain [41]. This translates
to critical thickness of approximately 70 A for Ing.GagsAs grown on GaAs which has a
strain of 1.4%. A lower In mole fraction in the QW reduces the strain which in turn
increases the critical layer thickness, although this also affects the range of wavelengths
available. The compressive strain for layers below the critical thickness has been shown to
boost the differential gain in VCSELSs, and this is utilised in the design of high-modulation

bandwidth VCSELs emitting at 850 nm [42]. The thickness and composition of the QW
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layers determine the optical transition energies and, therefore, the spectral dependence of
the gain. The energy corresponding to ground state electron-hole recombination in the
QW layer is given by

Eyp = Ee + Eg+ Epy (2.9)

where E,; is the electron confined state energy, Fy is the semiconductor bandgap energy,
and Ej; is the hole confined state energy. This is illustrated in Figure 2.5. The properties
of the QW layers can be probed by measuring the emission spectrum resulting from the
recombination of optically excited carriers (see Chapter 3), however, some assumptions
must be made when relating the observed wavelength to the layer thickness or composi-
tion.

Most VCSELSs employ a A-thick inner cavity, and to maximise the amount of stimulated
emission, the overlap between the active layers and the intensity of light should be max-
imised. For this, the QWs are placed at an antinode of the electric field. From Equation
2.4, in the resonant condition the cavity length is an integer number of half-wavelengths
and typically electric field antinodes are positioned at both ends of the inner cavity. There-
fore, in this configuration, the shortest cavity length which centres the active region in a
field antinode is one wavelength thick, equivalent to m = 2 [43].

To account for the overlap of the gain layers with the electric field profile, the relative

confinement factor can be introduced:

_ &fda |E(2)|*d=

"= e L B G (2.10)

which represents the average intensity in the QW layers, normalised to the total intensity
in the inner cavity. Approximating the field profile in the in the centre of a A-thick cavity
by

(2.11)

9
E = Eycos ( Wndd)

where d, is the total thickness of the active layers, the result is I', = 2, demonstrating

that the gain provided can be enhanced by exploiting the overlap of the standing-wave



2.2. VCSEL Structure 23

E
T _::ﬁ:_—___¢E ‘
| - - el
: tot
i o
i i RVAVAYS
: :E i Eph_
iEg'b i 9 | By +Ey+Ey
| o
| I |
I v : ____;
: e !—;———Eh,l
} ~——" [ 1

Figure 2.5: Conduction and valence band edge profiles (E, and E,) of a quantum well.
The narrow bandgap (E,) quantum well layer is clad by wider bandgap (E,;) barrier
layers. The confined state energies for electrons and holes are F.; and Ej;, respectively.
Recombination between the electron and hole confined states results in emission of a
photon with energy E,, = Eei + Ey + Ej;.

pattern with the active material. Historically, this has also been achieved with resonant
periodic gain [44], [45], where each QW of the active region is placed at a field antinode,
spaced by A/2, however it was found to be inferior to a simple MQW arrangement with
thin barriers like that described here. It should be noted that a A-thick inner cavity is not
always optimum. For some designs, it is advantageous to minimise the photon lifetime
[46], [47] and this is often done by reducing the cavity length to A/2. In this case, nodes

of the electric field are placed at the ends of the cavity.

2.2.3 Optical and Electrical Confinement

The realisation of low threshold (sub-mA) VCSELs can be attributed to the advances in
selective oxidation of AlGaAs (see section 3.3.3), and the electrical and optical confine-
ment that was afforded by the oxidised layers buried in the epitaxial structure. For an

etched mesa, the oxidation of the buried layer (or layers) produces a low effective index
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Figure 2.6: Electrical and optical confinement in an etched-mesa VCSEL. The oxidation of
a high-Al content AlGaAs layer creates a low-effective-index high-resistivity outer cladding
layer which funnels current through the central high-effective-index low-resistivity core
region and confines the optical mode.

region defined by the oxidation front which results in the confinement of the optical mode
to the central high-index region [48]. The central region is commonly referred to as the
VCSEL aperture. Further, the oxidised layer is highly resistive which has the simulta-
neous effect of funnelling current through the aperture thereby also providing electrical
confinement. This is shown in the diagram of Figure 2.6. The advances in selective
oxidation of AlGaAs enabled the production of microcavities with small active volumes
which, in turn, lowered threshold currents and enhanced output characteristics [49]-[51].
On the other hand, reduction of the aperture diameter to less than approximately 4 pm,
scattering and diffraction effects at the aperture interface result in an increased optical
loss, which leads to an sharp increase in threshold current density. [52], [53]. For larger

device diameters, oxide-related scattering and diffraction is negligible.
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2.3 VCSEL Threshold

2.3.1 Threshold Current

At threshold, the gain and the losses of the laser are equally balanced. The loss coefficients
of the laser can be divided into that of the passive and active layers, «; and «a, and that
due to partial transmission through the mirrors «,,. Differentiating between the loss in the
active and passive regions is a result of the of contrast in the rate of free carrier absorption

transitions occurring. From [43], by considering the round-trip condition, Equation 2.3 is

modified to give the VCSEL threshold gain as

| 1
= a _— iLe _da l 212
Jth = Qat (O‘( g5 = da) + ”( RtRb>> (2.12)

where R; R, is the product of the top and bottom Bragg mirror reflectivity and Ly is
the effective cavity length which accounts for the penetration depth into the DBRs [43],
[54]. The loss coefficient a; is made up of scattering and diffraction losses in addition to
absorption via free carriers. To achieve the required gain threshold the laser needs to be
electrically pumped to reach threshold carrier density, which is dependent on the active

material. The threshold current density can be expressed as

. dq
Jin = 2, (2.13)

i Tsp

where 7; is the internal quantum efficiency, ¢ the elementary charge, 75, is the carrier
spontaneous recombination lifetime, and ny, is the threshold carrier density. Often, the
internal quantum efficiency exceeds 90% [43] and the reduction of 7; is found to be one
of the limiting factors for high current VCSEL operation, due to thermal leakage of
carriers. The spontaneous recombination lifetime characterises the rate of carrier loss to

spontaneous radiative and non-radiative recombination events, and is itself carrier density
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dependent and given by

1 1 1
= + = An + Bn* 4+ Cn®. (2.14)

Tsp 7-Sp7 n TSp T

The terms A, B, and C represent the contribution of non-radiative (surface and interface,
as well as via trap states resulting from impurities and defects), radiative, and Auger
recombination, respectively. Assuming a uniform distribution of j;, over the active area,

the threshold current can be expressed as

. V.
Ly = jmA = Lop2 (2.15)

i Tsp

hence the threshold current increases linearly with the device active volume.

2.3.2 Gain Peak - Cavity Resonance Detuning

The threshold current of a VCSEL is also dependent on the alignment of the gain spec-
trum with the Fabry—Pérot cavity resonance wavelength. This is because, unlike EELSs,
VCSELs do not necessarily lase at the gain peak as they intrinsically operate with a sin-
gle longitudinal mode [39], [43], [55]. As such, the available gain at the cavity resonance
wavelength is strongly dependent on the alignment with the gain spectrum, which results
in a wavelength dependence of the threshold carrier density. This is illustrated in Figure
2.7, where gain spectra corresponding to different carrier densities are shown for a fixed
gain threshold. Sweeping through the wavelength range, it is evident that the minimum
threshold carrier density occurs when the cavity resonance wavelength coincides with the
gain peak.

This property of VCSELs has important implications for the temperature dependence
of threshold current. The shift with temperature of the gain peak and cavity resonance
wavelengths differs significantly. The gain peak shift, A\, is ~ 0.3 nm/K, driven by

the temperature coefficient of the bandgap [56]-[58], whereas the cavity resonance shift,
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Figure 2.7: (top) typical gain spectra of a VCSEL and the change with increasing carrier
density - the horizontal dashed line corresponds to the fixed gain threshold; and (bottom)
spectral dependence of threshold carrier density for a fixed gain threshold. The vertical
dashed lines correspond to different cavity resonance wavelengths.

Aeay, s typically ~ 0.07 nm/K, resulting from change in refractive index [57], [59], [60].
This difference means that the available gain at the longitudinal cavity resonance wave-
length also varies non-linearly with temperature. This is illustrated in Figure 2.8. As the
temperature is increased, the gain spectrum shifts to longer wavelength and simultane-
ously, for a fixed carrier density, the peak gain also decreases. The resonance wavelength
is relatively stable in comparison to the gain spectrum, therefore, if beginning on the
long wavelength side of the gain spectrum, the available gain at the cavity mode wave-
length increases with temperature, is maximum when coinciding with the gain peak, and
finally decreases with further increases in temperature [61], [62]. Assuming the optical
losses are constant throughout the temperature sweep, the threshold carrier density, and
hence threshold current, tracks the available gain, and is minimised when the cavity mode
coincides with the gain peak. This is shown in Figure 2.9 from experimentally deter-

mined threshold currents as a function of temperature, where the alignment of the cavity
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Figure 2.8: Gain spectrum shift with temperature. The gain spectrum shifts according
to the temperature coefficient of the bandgap (~ 0.3 nm/K), whereas the cavity mode
shifts according to the refractive index shift of the constituent layers (~ 0.07 nm/K). The
solid circles indicate the available gain at the cavity mode wavelength throughout the
temperature sweep.
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Figure 2.9: Experimentally measured VCSEL threshold current as a function of tempera-
ture. A minimum occurs at ~ 30°C which corresponds to the alignment of the gain peak
and cavity resonance wavelengths.
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mode and the gain peak occurs at ~ 30°C. Therefore, by designing the room temperature
gain peak wavelength to be blue-shifted relative to the cavity resonance wavelength, the
VCSEL threshold current can be optimised for high temperature performance. The tem-
perature dependence of threshold current can provide valuable information on the VCSEL
epitaxial structure. From [63], the change in threshold current with temperature can be
fit with

Ith(T) =a+ /B(T - Tmin>27 (216)

where « is the minimum achievable threshold current, § is a term which characterises
the rate of change with temperature, and 7,,;, is the temperature at which the threshold
current minimum occurs. If there are no significant differences in the gain spectrum, the
quantity « is representative of the total optical loss of the particular VCSEL and can also
be indicative of epitaxial layer variations when considering equivalent device architectures.
The term [ is not determined by the specific VCSEL design, rather it is driven by the
shape of the gain spectrum and the cavity mode wavelength, hence it can offer information

on the quantum well layers and the inner cavity length.

2.4 Power-Current Characteristic

A typical CW VCSEL power-current (P-I) characteristic is shown in Figure 2.10. Much
can be ascertained from the P-I curve and labelled in Figure 2.10 is the threshold current,
I, external differential efficiency, 74, peak optical power, P,,.., and the corresponding
current, Ine.. The point (Ipnae,Pnaz) is referred to as the thermal rollover and this
represents the current at which a further increase results in a drop in optical power. In

this section, these features of the P-I curve will be described.
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Figure 2.10: Typical VCSEL power-current (P-I) characteristic between 25 and 75°C.
Labelled is the threshold current (Iy,), external differential efficiency (74), and thermal
rollover point (7,42, Praz)-

2.4.1 External Differential Efficiency

The external differential efficiency, sometimes referred to as the slope efficiency, 74, is a
measurable quantity given by the ratio of the optical output power of the VCSEL to the
total injected current and is calculated as the gradient of the P-I curve. Multiplication
of ng by (q¢/hv), where hv is the photon energy and ¢ is the elementary charge, gives
the external differential quantum efficiency, that is, the ratio of the number of photons
produced by stimulated emission which are coupled out of the VCSEL to the number of
carriers injected above threshold. The external differential efficiency is defined as [39],

[64], [65]

hv Oy

ext — Tli { — 5 2.17
e = (1) 0 217
where n; is the internal quantum efficiency from Equation 2.13, a; is the internal optical

loss, and «,, is the mirror loss. Here «; accounts for loss in both the active and passive

layers. From this, and assuming the internal quantum efficiency and internal loss are
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Figure 2.11: External differential efficiency as a function of bias current in in the range
25 to 75 °C (left) and dependence of the peak external differential efficiency on ambient
temperature (right).

constant, it can be seen the differential efficiency increases as the mirror loss increases, that
is, when the DBR reflectivity is reduced. Hence, one method to improve the differential
efficiency is to remove some mirror pairs from the VCSEL stack, however, there is of
course a trade off with the resulting increase in the threshold gain.

With Equation 2.17 the optical power above threshold can be written as

hv
POpt = nd(I - Ith) = nd,q?(l - Ith)7 (2‘18)

where 74, is the external differential quantum efficiency, which quantifies the number of
photons emitted to the number of carriers injected above threshold. It is evident from
Figure 2.10 that the differential efficiency varies with current, and this is shown explicitly
in Figure 2.11 (left). The point at which 7, is maximum occurs in the linear region of
the P-I curve above threshold, with further increases yielding a drop in efficiency. As the
VCSEL approaches thermal rollover, ny drops rapidly. This is understood as a decrease
in n; due to increased carrier thermalisation and leakage associated with the increasing
internal temperature [66], as well as an increase in the optical loss. The effect of increasing

temperature can be seen explicitly in Figure 2.11 (right).
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Figure 2.12: Power conversion efficiency as a function of bias current in the range 25 to 75
°C (left) and dependence of the peak power conversion efficiency on ambient temperature
(right).

2.4.2 Power Conversion Efficiency

The fraction of total electrical power which is converted into optical power is quantified

by the power conversion efficiency, 7,, which can be expressed as

_ Popt _ nd(I - ]th>
TV T IV + PRy

(2.19)

where V} is the kink (turn-on) voltage and Ry is the differential resistance. The differen-
tial efficiency has a significant impact on the conversion efficiency which necessitates an
appropriate epitaxial design which balances a low absorption loss with a high transmis-
sion through the outcoupling mirror. Figure 2.12 shows the dependence of 77, on the bias
current for a typical VCSEL, where the shape of the plot is determined by the change
in 73. On the other hand, assuming an equivalent epitaxial structure and a constant
N4, the maximum achievable conversion efficiency is achieved when the ratio Vi /I, Ry is
maximised [67]. The kink voltage is principally determined by the junction material and
so can be assumed to be constant. Therefore, 7, is maximised when threshold current
and electrical resistance are minimised. These quantities are determined by the specific

device architecture of the VCSEL.
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2.4.3 Thermal Rollover

Self-heating in VCSELs in CW operation leads to a saturation of the optical power at
high bias currents which is referred to as thermal rollover. This is shown for the P-I
curves in Figure 2.10. The mechanisms of thermal rollover on the microscopic scale are
numerous and complex. Baveja, et al., [66] combine an empirical model with experimental
measurements to understand the origins from a viewpoint of macroscopic VCSEL param-
eters and find that, for an AlGaAs-based 850 nm VCSEL, at any ambient temperature,
the linear power dissipation exceeds the quadratic power dissipation as the bias current
is increased. That is, the effects of carrier leakage, carrier thermalisation, spontaneous
recombination, and internal optical loss contribute more to the total power dissipation
than the effects of the electrical resistance (Joule heating). They find that the saturation
of the optical power is driven by a rapid decrease in the internal quantum efficiency (7;)
driving a sharp increase in the power dissipation associated with carrier leakage. Joule
heating nonetheless makes a significant contribution to the internal temperature increase
with bias current and its reduction can help delay the onset of carrier leakage-induced
power dissipation. Summers, et al, [68] also showed that thermally-activated leakage and
carrier broadening is the dominant factor in the power saturation of VCSELSs.

The current at which rollover occurs, I,,.., is strongly dependent on the thermal re-
sistance, and hence the specific device architecture. The internal temperature of small
devices increases more rapidly with increasing current, and therefore power saturation oc-
curs at a lower current density. As such, [,,,, scales with the aperture diameter. Further,
the optical power at rollover, P,,.., increases with device size due to the reduced thermal
resistance (internal temperature) at a given current density, and this can be seen in the

linear relation of peak optical power and corresponding current density of Figure 2.13.



34 Chapter 2. VCSEL Fundamentals

Peak Optical Power (mW)
s = 5 5] 2 ]

w
]

5 10 15 20 25
Current Density (kA/cm?)

Figure 2.13: Peak optical power and the corresponding current density for devices of
increasing aperture diameter.

2.5 Current-Voltage Characteristic

The current-voltage (I-V) characteristic of a VCSEL reveals important information on
the electrical performance, related to the diode junction and the series resistance. A
typical VCSEL I-V characteristic is displayed in Figure 2.14 (left), with the kink voltage,
Vi, and differential resistance, Rgs¢, labelled. The kink voltage is determined by the
bandgap at the junction, which is ~ 1.4 V for GaAs. The differential resistance is given
by the gradient of the I-V curve (dV/dl). Figure 2.14 (right), shows the corresponding
change in Rg¢y with bias current for the I-V curves. As the bias is increased beyond V,
the differential resistance begins to plateau, although, as the device approaches thermal
rollover, R, drops off due to the high junction temperature as the device is operated CW.

Above Vj, the voltage can be approximated by
V=Vi+R,I (2.20)

where Ry is the series resistance, and V; is the junction voltage given by the Shockley ideal
diode equation [69]. The series resistance is both voltage and temperature dependent and,
in this thesis, is characterised by the differential resistance at a fixed voltage.

Given that current is injected through the DBR layers, VCSELs can have considerable
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Figure 2.14: VCSEL I-V characteristics between 25 and 75 °C (left) and differential
resistance as a function of current (right). Labelled on the I-V characteristic is the kink
(turn-on) voltage and the differential resistance derived from the slope of the curve. The
differential resistance decreases with increasing ambient temperature resistance is also
seen to decrease above approximately 25 mA which corresponds to the thermal rollover
current.

series resistances due to the large number of heterointerfaces. Additionally, the layers
cannot be too highly doped as this increases the rate of free carrier absorption, which is
most significant in the p-type layers due to high rates of inter-valence band absorption.
Therefore, there is a trade-off between absorption loss and series resistance in the mirror
layers. To combat this, the interfaces of the DBR layers are usually graded in composition
which reduces the voltage offset [70], [71] and thus the interface resistance. Additionally,
delta-doping schemes may also be employed whereby the doped regions are placed at
electric field nodes, thus minimising the absorption loss [72]. The resistance is also sen-
sitive to the specific device geometry and processing. The contact resistance resulting
from the formation of Ohmic contacts to the mesa/substrate will also contribute to the
total measured resistance. In general, the p-type metallisation will have a higher specific
contact resistance, related to the alloying process (discussed further in 3.3.5). Most often
the resistance contributions from the metal contacts are negligible in comparison to the
contribution from the DBRs. There is a strong dependence on the device size which,
from the simplest approximation, arises due to the proportionality of the resistance to
the inverse of the active area. As such, R, is high for small oxide aperture devices and

plateaus for large devices, tending to a value determined by the mirror stack.
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Figure 2.15: VCSEL single-mode (left) and multi-mode (right) emission spectra. The
side-modes are suppressed by 35 dB for the single-mode VCSEL. The peaks on the short
wavelength side of the multi-mode spectrum correspond to supported transverse modes.

2.6 Emission Spectra

2.6.1 Transverse Modes

Although VCSELSs operate intrinsically with a single longitudinal mode, there can be
many modes supported in the lateral plane, which can result in a large number of peaks
seen in the emission spectra, as in Figure 2.15. The transverse modes of an oxide-confined
VCSEL can be described by the linearly-polarised cylindrical waveguide approximation
with the low-index (oxidised) cladding region and the high-index (un-oxidised) core. In the
simplest case, the VCSEL operates with a single fundamental mode where the intensity
profile is approximately Gaussian. Higher-order modes are then supported when the
lateral dimensions of the VCSEL is increased. In Figure 2.15 (left) the spectrum of a
3 pm aperture VCSEL just above threshold is shown. Although higher-order modes
are present, they are heavily suppressed with a side-mode suppression ratio of ~ 35
dB. Therefore, this VCSEL is considered to be single-mode. Higher-order modes suffer
from increased losses for small apertures due to the lack of guiding, which results in the
mode suppression seen in the spectrum. When the aperture diameter is increased, this
loss reduces and number of side modes increases, along with the optical intensity of the

modes, which is evident in the multi-mode spectrum in Figure 2.15 (right).
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2.6.2 Wavelength Tuning

2.6.2.1 Wavelength Shift with Temperature

In contrast to EELs, the lasing wavelength of a VCSEL is relatively stable with changes
in temperature. The difference is due to the fact that the VCSEL emission wavelength
is determined solely by the longitudinal cavity resonance wavelength, as opposed to the
wavelength corresponding to the peak gain as in EELs. Hence, the shift in wavelength is
driven by the change in optical path length of the cavity with temperature. In this respect,
both the refractive index and thickness of the cavity layers change with temperature,
although the effect of thermal expansion is negligible [73]. Therefore, the wavelength
shift is principally driven by the refractive index change, which for GaAs/AlGaAs in the
300-400 K range varies linearly by ~ 0.07 nm/°C [73].

The emission spectra of a VCSEL measured at 4 mA between 25 and 70 °C is shown
in the Figure 2.16 (left). The spectra can be seen to shift to longer wavelengths as
the temperature is increased. Additionally, the light output firstly increases and then
decreases with increasing temperature and this is due to the change in threshold current
as the gain peak detuning changes. The extracted lasing wavelengths are plotted as a

function of temperature in Figure 2.16 (right) with the slope is measured as 0.069 nm /°C.

2.6.2.2 Wavelength Shift with Current

The shift of the emission wavelength is determined by the temperature change in the
VCSEL stack and, as such, varies for different devices depending on the thermal resistance.
Small aperture VCSELs have a high thermal resistance, Ryj, thus, for a given increase
in current, the wavelength shift is greater than that of a large aperture (lower thermal
resistance) device. Differences in the epitaxial structure can also contribute to different
rates of self-heating for equivalent geometry VCSEL devices. For instance, a VCSEL

produced from an AlAs-based epi-stack will have a lower thermal resistance than that
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Figure 2.16: Single-mode emission spectra in the range 23 to 80 °C (left) and extracted
fundamental mode wavelength as a function of ambient temperature (right). The slope
of the linear fit is ~ 0.07 nm/°C and corresponds to the refractive index shift of the
constituent epitaxial layers.

of an AlGaAs-based stack due to the higher thermal conductivity of AlAs. Further, the
electrical resistance is important. Epi-structures with doping configurations designed to
minimise resistance at the heterointerfaces will suffer less from Joule heating than a device
with abrupt interfaces. However, for devices produced from equivalent epi-structures, it
is the specific device geometry which determines the electrical resistance. To enable
representative comparisons, it is useful to extract Rp, which can be determined from
measurements of the emission spectrum as a function of temperature and consideration

of the dissipated power.

2.6.2.3 Thermal Resistance

The thermal resistance represents the temperature change for a given heat flux and can

be expressed as

(2.21)

where AT is the temperature shift and APy, is the change in dissipated power. As men-
tioned, the redshift of the fundamental mode wavelength depends solely on the internal
temperature of the VCSEL and as such can be used to quantify AT. From the technique

used in [74], it is possible to determine the VCSEL thermal resistance from CW measure-
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ments of the wavelength shift with temperature and dissipated power. The dissipated
power is taken as the total power supplied minus the optical power, Py, = IV — Py,

therefore, Equation 2.21 can be rewritten as

AT AN APy,

Ry — —
T APuss  ANAT

(2.22)

From section 2.6.2.1, the wavelength shift of the fundamental mode is determined by the
refractive index shift of the constituent layers of the stack and is ~ 0.07 nm/°C. In [75], a
method for calculation of the thermal resistance of VCSELs from CW laser measurements
is presented. By measuring the wavelength shift as a function of dissipated power at a
range of ambient temperatures, the temperature-dependence of Rpp is accounted for.
From this, a component of Ry, which is determined by the device structure only can be
extracted which allows comparison between different device designs. By determination of
the wavelength shift as a function of CW dissipated power, the thermal resistance can be
extracted. Therefore, it is also possible to calculate and estimated a temperature increase
per unit current, which can be used to compare the thermal performance of different

device architectures and epitaxial structures.

2.7 Summary

The key details from this chapter are summarised here. There are three fundamental
features of a laser: a pump source, a gain medium, and optical feedback. VCSELs are
most often electrically pumped, and the optical feedback is typically provided by epitax-
ially grown distributed Bragg reflector mirrors. The thickness and composition of these
layers, as well as the total number of Bragg pairs, determine the spectral-dependence of
the mirror reflectivity. The VCSEL gain medium is buried epitaxially between two Bragg
mirrors to form a resonant cavity. The thickness of the cavity is typically an integer multi-
ple of half the material wavelength and this determines the VCSEL emission wavelength.

Due to the short cavity length, VCSELs are inherently single longitudinal mode. Shifts
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in the optical path length of the cavity (driven by changes in the thickness or compo-
sition of the constituent epi-layers) result in shifts of the lasing wavelength. The active
medium for a VCSEL is typically a multiple-quantum well, the thickness and composition
of which determines the photon energy resulting from electron-hole recombination in the
well. This determines the spontaneous emission spectrum of the VCSEL and ultimately
the spectral dependence of gain. The quality of the active layers can be probed by PL,
however, the link between the PL peak and gain spectrum peak is non-trivial and, as such,
the PL wavelength is most often used as a growth calibration parameter. Both optical
and electrical confinement in VCSELSs are realised by the selective oxidation of high-Al
composition layers buried in the DBR mirrors. By oxidising these layers, a low index
region forms, confining the optical mode to the central, high-index region of the VCSELSs.
Further, the oxidised region is also highly resistive, which funnels current through the
centre of the device. The employment of this processing strategy has led to the reduction
of the active volume of VCSELs, facilitating sub-mA threshold currents. The threshold
carrier density of a VCSEL is dependent on the alignment of the gain spectrum with the
cavity resonance wavelength. This leads to a temperature-dependent threshold current,
with a minima occurring when the resonance wavelength aligns with the spectral peak of
the gain.

A VCSEL can be well-characterised by measurement of the power-current-voltage curves
and the emission spectra. The differential resistance is determined from the slope of the
[-V curve above turn-on and decreases with increasing bias current and temperature. The
threshold current is the current that flows at threshold gain, and this is extracted form
the P-I curve as the turn-on point at which the optical power increases dramatically. If
there is low self-heating, the optical power above threshold depends linearly on the bias
current. The external differential quantum efficiency is derived from the slope of the P-I
relation and this characterises the ratio of the number of photons coupled out of the de-
vice to the number of carriers injected in above threshold. This depends on the internal
quantum efficiency, the internal optical loss, and the transmission through the mirrors.

The power conversion efficiency is the ratio of the optical power (P) to the total electrical
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power (I*V) and this is dependent on both the differential quantum efficiency and the
electrical resistance. VCSELs are generally operated CW, which results in a 'thermal
rollover’ whereby the optical power saturates due to self-heating. The current (density)
at which this occurs can be used to assess the thermal performance of devices. Although
operating with a single longitudinal mode, many modes can be supported in the lateral
plane. Often the emission spectra of a VCSEL will contain many peaks corresponding to
the separate transverse modes. The lasing wavelength shifts by ~ 0.07 nm/°C which is
determined by the refractive index shift of the constituent layers. The thermal resistance
can be evaluated from measurement of the wavelength shift with dissipated power, using
the known shift with temperature to calibrate the internal temperature increase for a
given increase in power dissipation.

In summary, this chapter presented the fundamentals of VCSELs, including laser princi-
ples, the typical structure of VCSELSs and their output characteristics from power-current-

voltage and spectral measurements.
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Chapter 3

VCSEL Wafer Production &

Characterisation Techniques

3.1 Introduction

In this chapter, the background and underlying principles of volume VCSEL wafer pro-
duction including epitaxial growth and wafer processing is presented. The first section
provides information on the MOVPE growth of VCSELSs, including an overview of the
MOVPE process, reactor conditions, and sources of variation, as well as a description
of the epitaxial structures produced for this thesis. The next section describes the fun-
damentals of wafer processing, including photolithography, dry etch, selective oxidation,
dielectric planarisation, and metallisation, as well as a description of the specific process-
ing used to fabricate devices for this thesis. Finally, descriptions of experimental methods

are given.

43
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3.2 MOVPE Growth of VCSEL Wafers

3.2.1 Why MOVPE?

Metal-organic vapour-phase epitaxy (MOVPE) is the commercial-standard growth tech-
nique used for the production of VCSEL wafers. MOVPE as a technology has been greatly
refined since the early research [76], [77] and the work carried out in the late 1970s demon-
strated that MOVPE could be used to produce the high-quality epitaxial layers required
for the growth of diode laser structures [78]-[80]. The time of this work coincided with
the conceptualisation and realisation of surface emitting lasers, but it was not until the
late 1980s that MOVPE was used to produce a VCSEL [81], [82]. As of today, commercial
MOVPE reactors are mature, with the capacity of growing 8x6-inch or 5x8-inch VCSEL
wafers with a high-degree of layer uniformity. The attraction of MOVPE, and the reason
for it being the growth technology of choice for VCSEL production is its suitability to
volume production. For a market-driven technology like VCSELSs, large-scale production
is more economical, and the high growth rates and material yields afforded by MOVPE

offer comparatively lower production costs.

3.2.2 The MOVPE Process

3.2.2.1 Overview

The process of MOVPE involves the injection of organometallic precursor gases into a
reactor chamber at moderate pressures. As opposed to physical deposition techniques
like MBE, the growth of epitaxial layers in MOVPE occurs by chemical reaction at the
semiconductor substrate surface. For the growth of InAlGaAs alloys, the precursor gases
used are most often trimethylindium (TMI), trimethylaluminium (TMA), trimethylgal-
lium (TMG), and arsine. As the precursor gases approach the substrate surface, pyrolysis

occurs, and the subspecies adsorb onto the semiconductor surface. Subsequent surface
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Figure 3.1: Diagram of a Planetary Reactor MOVPE mass production system. Metalor-
ganic precursors are injected through the centre of the reactor, creating a horizontal radial
gas flow over rotating substrates. Reproduced with permission from [85].

kinetics result in the formation of crystalline epitaxial layers, whilst by-products are des-
orbed and evacuated from the chamber. The temperatures required for MOVPE growth
are usually between 550 and 750°C [83], with the chemical bond of the precursor gas

determining the required temperature.

3.2.2.2 Reactor Design

Historically, there have been several approaches to MOVPE reactor design [83], but the
focus here will be the Planetary Reactor marketed by Aixtron [84]. These reactors rely
on horizontal laminar flow, with the metal-organic precursor gases entering the chamber
through a gas inlet in the centre of the reactor, with the group III and V precursors
injected through separate flow channels to prevent premature reactions. The gas flows
radially from centre to edge, passing over the heated semiconductor substrates which are
seated in a graphite susceptor. Both the susceptor and each individual wafer rotates
during growth to ensure a uniform gas flow rate over the wafers. The reactor temperature
is controlled by an RF inductive heater. A simple schematic for the reactor described is

given in Figure 3.1.
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Figure 3.2: Growth rate variation across a rotating and non-rotating substrate.

3.2.3 Growth Conditions

The MOVPE process is complex and high-quality growth relies on the precise control
of many conditions within the reactor; growth temperature, reactor pressure, gas flow
rate, V-III precursor ratio. These conditions determine the properties of the deposited
material (layer thickness, composition, doping concentration, defect density), some of
which are monitored in-situ. A high growth rate (between 4 and 20 A/s) can introduce
defects and dislocations [36], which will degrade the performance of laser devices. Several
experimental and modelling studies into MOVPE growth reactor conditions for VCSEL
production have been performed. From [86] and [87], the importance of substrate rotation
is evident. There is a significant non-uniformity in growth rate across the wafer resulting
from the gas inlet at the centre of the reactor, however, rotation of the individual wafers

in the satellites results in an averaging of the growth rate, as first described in [88]. In
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[89], the temperature of wafers during growth in an Aixtron 8x6 Planetary Reactor is
measured and shown to vary radially. Also measured is the curvature for each wafer
in the reactor and some correlation with the temperature distribution is seen, with the
lowest curvature wafer resulting in the highest average temperature, although some high
curvature wafers are still seen to have uniform temperature distributions. The subject of
wafer bow/curvature will be covered in the next section. Even with a uniform temperature
distribution across the wafer, a horizontal variation of growth rate within the reactor can
still result in a radial variation of the properties of the wafer, and this is illustrated in

Figure 3.2.

3.2.4 Wafer Bow

The lattice constants of GaAs and AlAs are shown in Figure 3.3. There is a finite mismatch
of ~ 0.14% which, for a VCSEL structure with > 100 layers, results in a large compressive
strain. This is particularly an issue for structures containing AlAs layers (which is common
in the bottom DBR for improved thermal performance). The compressive strain translates
into a significant wafer bow which increases as the wafer diameter is increased. Growth
on Ge has received attention recently due to its favourable properties [90], including a
lattice constant closer to AlAs, and the growth of VCSEL epi-structures on Ge have been
shown to result in negligible wafer bow [10], [91]. A comparison of the height variation
of a 6-inch GaAs and Ge substrate VCSEL wafer is reproduced from [91] and shown in
Figure 3.4. The maximum height variation of a Ge wafer is ~ 25 pm, compared to ~
130 pm for the GaAs wafer. The GaAs wafer displays a convex bow relative to the z = 0
plane with the maximum height at the centre of the wafer. As a rule of thumb, the bow of
a GaAs VCSEL wafer is approximately 0.1% of the wafer diameter; that is, ~ 100 pm for
a 4-inch (100 mm) wafer and ~ 200 pm for 8-inch (200 mm). The Ge wafer shows a slight
concave warp which is an artifact of the surface height variation of the Ge substrate. The
impact of the strain-induced bow of GaAs VCSEL wafers adds complexity and time to

the processing of wafers which worsens as the wafer diameter increases. As such, growth
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Figure 3.4: The height variation of a 6-inch Ge and GaAs substrate VCSEL wafer. The
radial bow for the GaAs wafer is the result of the compressive strain resulting from the
growth of AlAs DBR layers on GaAs. The height variation of the Ge wafer is thought to
be related only to the height variation of the substrate. Reproduced from [91].
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on Ge provides a potential route to facilitate the scale-up of VCSEL production to 200
mm. A detailed description of the advantages of Ge is given in [91]. All epitaxial wafers

used in this thesis were designed and grown by IQE.

3.2.5 Epitaxial Structures for this Study

The epitaxial structures used in this thesis are grown with a generic p-i-n layout, de-
signed for 940 nm emission wavelength. This consists of an InGaAs MQW active region
sandwiched between an upper p-doped Al,Ga;_xAs/Al,Ga;_yAs DBR mirror and lower
n-doped AlGaAs/AlAs DBR mirror, grown on a 6-inch n-type GaAs substrate. A A-thick
inner-cavity is formed between the DBR mirrors, consisting of the MQW layers and Al-
GaAs SCH layers. A buried AlygsGaggoAs layer is included between the active region and
the upper DBR mirror stack, which is used to provide electrical confinement and optical
guiding following selective wet oxidation (section 3.3.3). Nominally equivalent epitaxial

structures are also grown on 6-inch Ge substrates.

3.3 Wafer Processing

Processing of VCSEL epitaxial material varies greatly depending on the intended applica-
tion. In the most general case, VCSEL fabrication includes the definition of a cylindrical
mesa, formation of the lateral geometry of the optical cavity, passivation and planarisa-
tion of the mesa sidewalls, and definition of electrical contacts to the p and n sides of the
epitaxial structure. The devices produced for this work were fabricated using standard
techniques at the Institute for Compound Semiconductors (ICS) cleanroom at Cardiff
University. The tools in the ICS cleanroom were acquired to match industry standards
and, as such, the processing techniques used are similar to those employed in commer-
cial settings. Acknowledgement for wafer processing and development work is gratefully

given to my colleagues Dr Sara Gillgrass of Cardiff University and Dr Tomas Peach of the
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Institute for Compound Semiconductors.

3.3.1 Optical Lithography

For all the devices characterised in this thesis, optical lithography is used to transfer a
mask pattern to the epitaxial material for definition of the individual VCSEL structures
via dry-etching (described below in section 3.3.2). A single layer coating consisting of the
positive-tone resist AZ10XT is spin-coated on the wafer at 3000 rpm for 45s to achieve
a thickness of ~ 7 pm. The mask pattern is then transferred to the resist by exposure
to UV light and subsequent development in AZ400K and this is used as the etch mask.
Lift-off processes are used for patterning metals. In this case, a single layer coating of the
negative-tone resist AZ2070 is spin-coated at 4000 rpm for 45s resulting in a thickness
of ~ 5 pm. The pattern is exposed onto the sample and the resist is baked at 110°C
before development in AZ726 to open up the regions for metal deposition. When the
remaining un-developed resist is removed, the unwanted metal is removed with it, leaving

the intended metal pattern deposited on the semiconductor surface.

3.3.2 Mesa Etch

The formation of vertical mesa sidewalls is an important consideration which requires a
highly anisotropic and directional etch. The simplest and fastest method - ‘wet’ etching
(submerging the sample in a chemical etchant) - is inherently isotropic with an etch rate
dependent on the crystal orientation. This results in an undercut of the etch mask by
a distance comparable to the depth of the etch when a deep etch (several microns) is
required [45]. As such, dry etch techniques, which utilise mechanisms of both chemical
reaction and physical bombardment, are favoured. For this thesis, an Oxford Instruments
PlasmaPro 100 Cobra Plasma Etch Tool is used for mesa isolation by ICP-RIE etching
with a Cl-based gas chemistry. The ICP tool is equipped with a laser interferometer for

in-situ monitoring of the etch into the VCSEL epi-structure, enabling depth control to
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Figure 3.5: A SEM image of a VCSEL mesa. The deep etch and vertical sidewalls are
achieved by ICP-RIE etch with a Cl-based gas chemistry.

individual layers in the stack. The etch is typically 3-5 pm, depending on the particular
structure, deep enough to expose the high-Al oxidation layer (section 3.3.3) and the active
region. For a typical top-emitting 940 nm VCSEL, there is a tolerance of + 0.2 pm beyond
which the AlAs layers in the bottom DBR are exposed. These layers oxidise rapidly during
the selective oxidation process which can severely limit yield. Under-etching of the mesa
can be detrimental to device performance if either the active region or oxidation layer are
not exposed. The etch depth uniformity for the 6-inch VCSEL wafers processed by the
Institute for Compound Semiconductors for this thesis is ~ 2% and which results in a

100% device yield. An etched VCSEL mesa is shown in Figure 3.5.

3.3.3 Selective Oxidation of AlGaAs

One of the major advances in the performance of VCSELs came from the electrical and
optical confinement afforded by the incorporation of selectively oxidised AlGaAs layers
in the epitaxial stack [19], [51], [74], [92], [93]. The lateral formation of Al-oxide funnels
carriers through the centre of the VCSEL mesa [50], whilst the low refractive index [94]
provides index-guiding, thus also confining the optical mode to the centre of the VCSEL
mesa [49]. The principle of selective oxidation of AlGaAs is based on the exposure of

high Al composition layers to a water vapour saturated inert gas environment (N2/H2)
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Figure 3.6: The dependence of AlGaAs oxidation rate on temperature. Reproduced with
permissions from Choquette, et al. (1997) [95] IEEE (©)

at an elevated temperature. To achieve reproducible results requires tight control of the
variables which affect the oxidation rate. This includes the gas composition, flow rate,
ambient and substrate temperature, as well as the Al mole fraction of the AlGaAs layer
and its thickness - the latter variables being determined by the epitaxial growth. Much
work has been done to characterise the impact of these variables on the oxidation rate,
some of which is reproduced here from [96]. Figure 3.6 shows the exponential dependence
of the oxidation rate on temperature for different Al mole fractions. As such, a relatively
small temperature variation of the substrate in the oxidation furnace (a few °C) can lead
to significant variations in the oxidation rate across the wafer. The wafer-scale variation of
the oxidation extent is examined in detail in Chapter 5. Furthermore, from the same plot,
it is evident that the oxidation rate is also highly sensitive to the layer composition, with a
higher Al mole fraction yielding a faster oxidation. This can be understood from Figure 3.7
where the oxidation activation energies and resulting oxidation rates of different AlGaAs
compositions are shown. The oxidation rate at 420 °C is demonstrated to change by three

orders of magnitude as the Al mole fraction is changed from 0.82 to 1.00. This sensitivity
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Reproduced with permissions from Choquette, et al. (1997) [95] IEEE (©)

to compositional change is what makes the process highly selective and perfectly suited
for VCSELs where the oxidation layer is buried in the epitaxial structure. The thickness
of the layer also impacts the oxidation rate, as shown in Figure 3.8 for an AlAs layer clad
by GaAs. The rate is greatly reduced for thin layers and is stable for thicknesses greater
than ~ 60 nm — it should also be noted that the composition of the surrounding layers
also affects the oxidation rate. Therefore, in conjunction with the furnace conditions,
any compositional and layer thickness variations across the epitaxial-wafer will, therefore,
also result in variation in the oxidation rate (hence VCSEL oxide aperture). For this
thesis, oxidation was performed on both an Aloxtec (conduction-based) Wet Oxidation
Furnace and a Tystar (convection-based) High Temperature Oxidation Furnace. The
former handles individual wafers up to 6-inch diameter with the substrate temperature
controlled by thermal contact with a heated chuck. The Aloxtec furnace is equipped
with an infrared camera for in-situ monitoring allowing real-time measurement of the

oxidation extent with an error of + 0.5 pm and, as such, is well suited for research &
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development. The Tystar furnace has capacity for multiple wafers up to 8-inch diameter
with the substrate temperature determined by the furnace ambient temperature. This
furnace requires a calibration run on sacrificial material and is most often used for volume
production. These furnaces will be subsequently referred to as conduction-based (Aloxtec)

and convection-based (Tystar), respectively.

3.3.4 Planarisation

One drawback of the buried nature of the oxidation layers in a VCSEL is the non-planarity
that results from the mesa etch. Early on, this challenge was overcome by subsequently
planarising the VCSEL mesa using polyimide [70], [97], and, since then, benzocyclobutene
(BCB) [98], [99] or SiNy. For this thesis, the focus is on devices planarised with BCB due
to its relatively simple processing, that is, in comparison to PECVD-based SiNy (despite
Nitride deposition being more highly favoured for volume applications [100]). A descrip-
tion of the advantages of BCB for VCSELs is given in [101]. It has also been reported
that BCB works to passivate the mesa sidewalls [102] by reducing the number of dangling
bond surface states [103], and hence the rate of non-radiative surface recombination.

In this work, the planarisation is carried out by first spin-coating BCB at 4000 rpm for
45s resulting in a layer of 6-7 pm on the wafer surface after curing at 210°C for 40 mins.
A second layer of BCB is spin-coated at 2000 rpm to result in a 10 pm thick covering
on the surface after curing. The BCB is subsequently etched-back to the height of the
mesa by RIE at a rate of ~ 0.25 pm/min. Across a 6-inch wafer, a significant variation
of either the mesa etch depth or the BCB etch-back can limit device yield. A step height
greater than the thickness of the metal between the mesa height and BCB (in this case
0.3 pm) results in discontinuity between the ring contact and metal feed.

Reproducing from [104]; the need for planarity in VCSEL fabrication adds complexity to
the processing and the planarisation process itself can be quite time consuming. There
have been attempts to produce planar VCSELs by utilising the electrical isolation pro-

vided by the selective oxidation process. One approach, used in [105], produces an array
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of individually addressable oxide confined VCSELs. The performance of these devices is
both electrically and optically uniform, although a deep oxidation is required for simul-
taneous definition of the laser aperture and electrical isolation of the contact pad. In
[106] and [107], via holes are etched to expose the high Al-content oxidation layer for
definition of the VCSEL aperture/isolation of the contact pad, however, in both cases
ion-implantation is also required. A high-density VCSEL array is produced in [108] by
selective oxidation, with the apertures defined by a hexagonal grid of etched via holes,
although this process requires a transparent p-metal. Definition of the VCSEL mesa by
continuous and non-continuous ring trench etching is studied in [109] and it is shown that
favourable thermal properties can be achieved. However, with this design there is still the
need for deposition of a dielectric layer to electrically isolate the interconnect and contact
pad. In Chapter 4, the development of a method to rapidly produce VCSELs without
the need for planarisation is described, whereby the device architecture is designed to

minimise the processing time at all stages.

3.3.5 Ohmic Contact Formation

To facilitate electrical pumping of the VCSEL it is necessary to form electrical contacts
to the highly p-doped and n-doped layers. In the simplest case, one contact is deposited
on the top surface of the mesa and a global contact is deposited on the substrate side.
This ceases to apply for structures grown on semi-insulating substrates, in which case
both contacts are deposited on the emission side and, as such, the contact configuration

Y

is referred to as ‘co-planar.” For most of the purposes of this thesis, devices employ an
emission side (p-type) ring contact deposited on the p* doped GaAs cap of the mesa and
a global (n-type) contact deposited on a n™ doped GaAs substrate.

Two key considerations are taken for the formation of electrical contacts to GaAs: the
contacts must be Ohmic (non-rectifying) and there must be adequate adhesion to the

surface. For an Ohmic contact to p-type GaAs, the deposited metal most often consists

of a thin-layer deposition of Ti and Pt or Cr followed by a thick layer of Au. After
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thermal annealing, the alloying of the Ti/Pt or Cr atoms into the doped GaAs reduces the
potential barrier at the interface and facilitates an Ohmic semiconductor-metal junction.
For a contact to n-type GaAs, the deposited metal is usually a three-layer deposition
of AuGe, Ni, and Au and, similarly, after annealing the Ga and Ge inter-diffuse. Ni
is included to aid this process and to improve surface morphology [110]. For efficient
injection of carriers into the VCSEL, the contact resistance must be minimised (typically
< 107° Qem? [34)).

For this work, deposition of p- and n-type metal contacts is performed using a Kurt J
Lesker PVD tool, equipped with both thermal and e-beam sources for evaporation of the
source material. Some device designs (detailed in Chapter 4) require a dielectric layer
for electrical isolation and for this SiOs is deposited by e-beam evaporation. Contacts
to p-type GaAs are made by deposition of Ti/Au or Cr/Au to a thickness of 10/300
nm. Contacts to n-type GaAs are made with AuGe/Ni/Au to a thickness of 100/28/300
nm. Patterning of the metal contacts is done via a lift-off process described in section
3.3.1. Figure 3.9 shows the contact resistance variation for emission-side p-contact metal
across a 6-inch wafer processed at the Institute for Compound Semiconductors. These
measurements are derived from wafer-scale mapping of C-TLM [111] structures. A low
contact resistance is achieved across the the entirety of the wafer, with values kept below

2x107% Q/cm?.

3.4 Epi-Wafer and Device Characterisation

The measurements performed for this thesis can be divided into two groups: post-growth
material characterisation and VCSEL device characterisation. Material characterisation
refers to measurement of un-processed epitaxial material and this constitutes the stan-
dard metrology carried out by the wafer manufacturer in line with the production pro-
cess. Credit for post-growth characterisation (PL and reflectivity) is gratefully given to

colleagues at IQE. Device characterisation refers to measurement of processed VCSELs
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Figure 3.9: Contact resistance variation on a 6-inch VCSEL wafer measured by C-TLM.
The contact resistance of the p-contact metallisation is below 1 x 107%Q/cm? across the
entire wafer.

(see Chapter 4 for device structures), which, in the context of this thesis, are standard
characterisation practises, so as to be compatible with commercial settings. As such, the
principal measurements carried out are of the power-current-voltage characteristics and
of the emission spectra. The experimental setups and procedures for each are described

in the remainder of this chapter.

3.4.1 Reflectometry

One of the most powerful characterisation techniques for VCSELs is the measurement
of the reflectivity spectrum, which provides information on the FP cavity resonance and
characteristics of the DBR stopband. One of the main advantages is that this technique
is non-destructive and can be performed on as-grown epi-structures [45], [112]. Hence, in
a VCSEL wafer foundry setting, these measurements can be carried out at thousands of

locations on every wafer produced to form detailed wafer-maps. This is routinely used
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Figure 3.10: Simplified schematic of the mapping setup used for measurement of VCSEL
photoluminescence and reflectivity spectra.

as a method of assessing material quality and uniformity, tracking drift from run-to-run,
and evaluating epi-structure designs and growth recipes.

The stopband shape, width, and centre wavelength can be compared to pre-growth simu-
lations to assess the quality of the growth, with deviations from the simulated reflectivity
spectra indicating mismatches between the top and bottom A/4 layers and the cap/sub-
cap layer thickness which affects the phase condition.

For this study, measurements are carried out on whole unprocessed wafers on a Nano-
metrics RPM PL Wafer Mapping System equipped with an integrated broadband light
source. The measurements for this work were performed by IQE as part of standard ma-
terial characterisation methods, in-line with the foundry-process. A simplified schematic
of the reflectance mapping system is shown in Figure 3.10. There are some drawbacks to
the measurement system, for example, the use of a parabolic mirror to focus the beam
at the wafer introduces angular incidence which limits the information provided by the

depth and linewidth of the FP resonance.
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3.4.2 Photoluminescence

Photoluminescence (PL) is a technique widely employed to measure the properties of QWs
and, for VCSELs, is used to assess the quality of the growth of the active region. The
PL spectrum provides information on the transition energies of the QW confined states,
as well as the radiative efficiency in the well [45]. Spatial mapping of the PL intensity
can inform on the defect density, with defect states producing lower intensity responses
due to the increase in non-radiative recombination centres. Under the correct conditions,
information about the impurity density can also be extracted from the PL linewidth
(modifications to the crystal potential (hence transition energies) resulting from charge
capture at defect states). The downside of PL is that it cannot be performed on as-grown
VCSEL structures. The PL spectra from QWs sandwiched within a full VCSEL structure
is significantly influenced by the effects of the DBRs and, as such, light only exits the
structure at wavelengths corresponding to the FP cavity resonance or regions of reduced
reflectivity outside the stopband [41]. Therefore, for a representative assessment of the
QW layers, PL measurements are performed on calibration structures grown without the
top DBR, and this is the case for the wafers characterised in this thesis.

Similar to measurement of the reflectivity spectra, the PL is carried out on whole (cal-
ibration structure) wafers on a Nanometrics RPM PL Wafer Mapping System with 532
nm wavelength laser source used to excite electrons into high energy states in the con-
duction band. The emitted light from the subsequent recombination events is guided
with the same optics as for the reflectance measurements and directed to a spectrome-
ter. Unlike the information extracted from the reflectivity spectrum, the characteristics
of the PL spectrum are not angular dependent, hence the excitation laser beam can be
angled towards the wafer, as shown by the blue ray in Figure 3.10. The measurements for
this work were performed by IQE as part of standard material characterisation methods,

in-line with the foundry-process.
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3.4.3 VCSEL Characterisation

The characterisation of VCSEL devices for this thesis was performed both on-wafer and
on optical-bench setups, both of which are described here.

Measurements on an optical bench were performed on cleaved samples mounted on a
TO-8 header. Up to 15 devices were wire-bonded and electrical contact with a Keithley
2401 current source was made via the header pins. The headers were fixed in place by a
copper mount, thermally isolated from the translation stage. A Thorlabs PID temperature
controller was used to heat the device from room temperature up to 80°C. The VCSEL
optical output power was measured with a Thorlabs integrating sphere connected to a
Thorlabs PM100USB power and energy meter, with the sample in close-proximity to
the aperture of the sphere to ensure maximum light collection. This is shown in Figure
3.11. Devices were mounted in an equivalent way for the measurement of the emission
spectra, with a lens used to collect the diverging beam into a multi-mode fibre, as shown
in Figure 3.12. The spectrum was measured by an ANDO optical spectrum analyser
with a resolution of 0.1 nm. On-wafer measurements were performed using an MPI
semi-automated wafer prober, an image of which is shown in Figure 3.13. Both cleaved
samples and whole wafers were mounted on a thermal chuck facilitating temperature
control from room temperature up to 200 °C (measurements were only carried out up to
80°C). Samples were fixed in position by vacuum. The chuck also forms the ground for
samples with a substrate-side Ohmic contact. Electrical contact to the VCSEL devices
was made via tungsten needle probes with a footprint of 2 or 5 pm, as shown in Figure
3.14. Acknowledgement for the production of an in-house LabView automation software
is gratefully given to Dr. Richard Forrest and Dr. Craig Allford. The current source
was a Keysight B2910BL precision source/measure unit which enabled 4-wire voltage
measurements. The light output is collected by an Ophir integrating sphere mounted
above the sample and connected to a Newport 1936-R calibrated power meter for optical
power measurements. An optical fibre tap from the sphere coupled some light into an

Ocean Insight HR4000 CCD spectrometer for measurement of the VCSEL spectra. The
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Figure 3.11: Image of optical-bench setup for measurement of VCSEL optical power. Light

is directly coupled to a calibrated integrating sphere. A heater controls the temperature
up to 80 “rcC.
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Figure 3.12: Image of optical-bench setup for measurement of VCSEL emission spectra.
Light is coupled into a multi-mode fibre via a focussing lens which is connected to an
optical spectrum analyser.
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Figure 3.13: Image of wafer-mapping setup. Wafers are mounted on a temperature-
controlled chuck which also forms the ground contact for substrate-side contact. Optical
power is measured with a calibrated integrating sphere with a fibre-tap connected to a
spectrometer for spectral measurements.

Figure 3.14: Image of a loaded VCSEL wafer. Needle probes with a footprint of 2 or 5
pm are used to contact devices for electrical pumping and 4-wire voltage measurements.
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Figure 3.15: Schematic of the on-wafer VCSEL power and wavelength measurement setup.
From [113].



3.5. Summary 65

fibre core used was 550 pm to provide sufficient signal to noise. The spectrometer had a
fixed slit width of 10 pm which set the resolution to 0.3 nm. A schematic of the setup

used for on-wafer P-I-V-\ measurements is given in Figure 3.15.

3.5 Summary

This chapter provided background on the MOVPE growth of VCSEL epi-structures in-
cluding the reactor design and growth conditions affecting wafer uniformity. Attention
was given to the strain-induced bow of VCSELS grown on large diameter GaAs substrates
and the potential advantages of growth on Ge. The specific epitaxial structures grown for
this study were described in section 3.2.5. Additionally, the processing techniques used for
the production of VCSEL devices in this thesis was described and the standard processing
techniques used for the realisation of VCSEL devices were outlined. A description of the
sensitivity of the selective oxidation process to temperature (as well as layer thickness
and composition) was given, which has important ramifications relating to uniformity,
which is further explored in Chapter 5. The procedures used for the characterisation
of wafer material quality and uniformity was presented. Further, the experimental se-
tups for the characterisation of VCSEL devices, both on an optical bench and on-wafer,
were described. The key details from this chapter are summarised here. Metal-organic
vapour-phase epitaxy (MOVPE) is the commercial-standard growth technique used for
the volume production of VCSEL epitaxial wafers. The epitaxial layers are adsorbed onto
the semiconductor substrate due to pyrolysis occurring in the precursor gases typically
between 550 and 750 °C. Control of the growth rate is non-trivial and depends on the
composition of the precursor (V/III ratio), injection mechanism, gas flow rate, substrate
temperature, and pressure, among other factors relating to the reactor design. Rotation
of the substrate during epitaxy is crucial, and has resulted in dramatic improvements in
wafer uniformity, however, lateral variation in the growth rate may still result in a radial

on-wafer variation.
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The growth of AlAs and high-Al composition AlGaAs DBR layers on GaAs substrates
results in a compressive strain which translates into a significant wafer bow (~ 150 pm
for a 150 (6-inch) mm wafer. This needs be accounted for in the both the growth condi-
tions and in wafer processing, which adds complexity to the manufacturing process. Due
to its mechanical robustness, zero-defect crystal quality, and favourable lattice constant,
germanium has received attention as a potential route to 8-inch+ VCSEL production.
The maximum height variation across a 6-inch Ge-substrate VCSEL wafer is measured to
be around only 20 pm, related to the surface height variations of the Ge substrate. That
is, the bow resulting from growth of high-Al layers on GaAs is becomes negligible with
growth on Ge.

The epitaxial structures of the wafers produced for this work are grown with a generic
p-i-n layout, designed for 940 nm emission wavelength. This consists of a bottom n-doped
AlAs/AlGaAs DBR and upper AlGaAs/AlGaAs p-doped DBR. The active region is an
InGaAs MQW structure embedded in a material-wavelength thick SCH, forming the op-
tical cavity. A buried 98% Al composition layer is included in the top DBR for definition
of the oxide aperture. This structure is grown on both GaAs and Ge substrates.

All wafer processing for this thesis was carried out at the Institute for Compound Semi-
conductors cleanroom at Cardiff University. For this study, optical lithography is used to
transfer the mesa and contact geometry from the mask to the samples, with an alignment
tolerance of ~ 1 pm across a 6-inch wafer. ICP-RIE etching is used for the definition of
the mesa. The etch must be deep enough to expose high-Al oxidation layer and the active
region, with a tolerance of + 0.2 pm. The uniformity of the etch depth for the 6-inch
wafers processed for this study is within 2%. The selective oxidation of the buried high-Al
composition layer has an exponential dependence on temperature. As such, temperature
gradients across a 6-inch wafer can lead to a large variation in oxide apertures. The pro-
cess is also highly dependent on the thickness and composition of the AlGaAs layer, which
can also drive variation in the oxidation rate. The definition of the VCSEL mesa results
in a non-planarity which typically requires extra processing steps to overcome. Often a

dielectric (BCB) is deposited on the sample to the height of the mesa before the depo-
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sition of the contacts. It has also been reported that BCB works to passivate the mesa
sidewalls, reducing the rate of non-radiative surface recombination. To facilitate electrical
pumping, Ohmic contacts must be made to the p+ and n+ layers of the VCSEL. In the
simplest case, one contact is made on the top surface (emission-side) of the mesa and a
global contact is deposited on the substrate side. An exception comes when structures are
grown on semi-insulating substrates, in which case both contacts must be deposited on
the emission side. The contact metals are typically Ti/Au or Cr/Au for p-contacts and
AuGe/Ni/Au for n-contacts. Through measurement of C-TLM structures, it is found that
low contact resistance (< 1.2x107% Q) metallisation is achieved across an entire 6-inch
wafer with high uniformity.

Characterisation of VCSEL epi-wafers is divided into two categories; post-growth mate-
rial characterisation and device-level testing. Measurement of the reflectivity spectrum
is performed to provide information on the FP cavity resonance and characteristics of
the stopband. This is carried out at thousands on locations across a 6-inch wafer on a
Nanometrics RPM PL wafer mapping system using a broadband optical source. Further,
wafer-scale mapping of the photoluminescence spectrum is performed on the same system,
using a 532 nm wavelength laser source. This is performed on calibration structures grown
without a top-DBR and provides information on the active region quality. Reflectometry
and PL measurements were carried out by IQE in-lin with the foundry process.

The characterisation of VCSEL devices was performed on both an optical bench and
semi-automated wafer-mapping setup. In both cases, the optical power is measured via a
calibrated integrating sphere. For the bench setup, spectral measurements are performed
by coupling light into an optical fibre to an optical spectrum analyser. For the wafer-
mapping setup the optical fibre is tapped off the integrating sphere and light is coupled
to a CCD spectrometer. The temperature is controlled from room temperature up to 80
°C.

In summary, this chapter provided information on the practical realisation of VCSELSs,
from MOVPE growth to device fabrication. The epitaxial structures produced for this

work were described and the standard wafer processing techniques which were used were
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introduced. Details on the characterisation techniques and experimental setups for mea-

surement of the VCSEL output characteristics were also given.



Chapter 4

Quick VCSELs (QuickSELs)

4.1 Introduction

The importance of rapid and continuous feedback of production information in the com-
mercial manufacture of VCSELs was detailed in Chapter 1. Here, the development of
a Quick VCSEL (QuickSEL) fabrication process which minimises processing time whilst
preserving device performance is presented. The motivation being to facilitate efficient
and reliable feedback from on-wafer VCSEL testing within both product development and
volume production settings. As detailed in section 1.3, the VCSEL product development
cycle is on the order of months and reduction of this cycle time can provide sizeable cost
reductions. The QuickSEL has the potential to significantly reduce the time taken in
the development of VCSEL epitaxial structures. Further, in already-established volume
production, the QuickSEL also finds use in routine quality control methods for assessing
material variation, tracking drift throughout a growth campaign, and quantifying impact
on device performance. The QuickSEL has since become a process that has been in-
dustrially adopted, in use by commercial entities in the early stages of VCSEL product
development.

In section 4.2, a description of the architecture and processing steps is first given for

69
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dielectric-planarised standard VCSELs. These devices are used as a performance bench-
mark against which QuickSEL device performance is qualified. In sections 4.3 and 4.4,
work is reproduced from [114] and [104] which focusses on the design, processing, and char-
acterisation of two different approaches to Quick VCSEL fabrication. In both cases, the
performance of QuickSEL devices are compared to that of standard device architectures.
In section 4.5, the different approaches are compared in terms of processing complexity

and device performance, and the optimised QuickSEL device design is presented.

4.2 Standard VCSEL

Firstly, a description of the processing steps for standard BCB-planarised VCSELSs is
given. Standard VCSELs are used as a benchmark of device performance for the qual-
ification of the QuickSEL design. Any deviations in performance from standard device
performance are then accounted for when using the QuickSEL process to assess epitaxial
quality. Fabrication followed standard processing techniques which were introduced in
section 3.3. For the standard VCSEL structures the process was as follows: definition of
the mesa by inductively coupled plasma (ICP) etch through the oxidation layer and active
layers, a depth of ~ 3 pm. Wet thermal oxidation of the samples at 400 °C to form the
oxide apertures with an oxidation depth of 5.5 + 0.5 pm. The samples were spin-coated
with benzocyclcobutane (BCB) and subsequently etched-back to planarise the material
to the height of the mesas. Ti/Au (10/300 nm) p-metal ring contacts and were deposited
on the mesa surface before the etch to improve alignment tolerance. The deposition of a
Ti/Au (10/500 nm) feed metal is then performed after the planarisation step, followed by
a standard AuGe/Ni/Au deposition for the global substrate-side n-metal contact. Figure
4.1 is a SEM image of a processed standard VCSEL; labelled is the surface of the mesa,

p-contact ring, feed metal, and the planarising BCB.
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Figure 4.1: SEM image of BCB-planarised standard VCSEL device. The mesa is fully
isolated by an open-area etch. BCB is used to facilitate a planar deposition of the ring-
contact and feed metal.

4.3 Bridge-Mesa Approach

The initial QuickSEL approach was based on an etched-trench bridge-mesa design, whereby
the central cylindrical VCSEL cavity is only partially isolated from the surrounding planar
material. The remaining material is referred to as the bridge and this facilitates deposi-
tion of a bond pad in the same plane as the p-metal ring contact without the need for
a planarisation process step. However, deposition of a dielectric is needed to electrically
isolate the contact pad. A SEM image of a bridge-mesa VCSEL is shown in Figure 4.2.
Labelled is the partially isolated mesa, p-contact ring and feed metal, and the insulating
SiN layer. The region referred to as the bridge is also indicated.

This device design resulted in a significant reduction in processing time but this was also at
the expense of device performance. Other variations on this design which further reduced
the processing time (with/without substrate thinning and with/without oxidation) were
also produced to assess the impact on device performance. These device suffered from
leakage along the bridge which resulted in high threshold currents. A near-field image of
light emission along the bridge due to the leakage path is reproduced here and shown in
Figure 4.3. The resulting impact on threshold current for the different processing varia-

tions is reproduced in Figure 4.4. As seen in the same figure, the issue was exacerbated
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Figure 4.2: SEM image of bridge-mesa VCSEL. The mesa is partially isolated from the
surrounding planar material by a trench etch. The bridge facilitates a planar p-contact,
with a SiN layer deposited to isolate the feed metal.

Figure 4.3: Near-field images of (left) oxidised QuickSEL bridge mesa device, showing light
emission along the bridge due to leakage current, and (right) a standard-BCB planarised
VCSEL. The light emission along the bridge of the QuickSEL is the result of the partial
mesa isolation.

for devices which were not oxidised. The emission wavelength was mostly unaffected and
found to be determined principally by the material cavity resonance, with some redshift
related to self-heating. The thinning of the substrate was observed to produce improved
thermal performance, measured as a reduced wavelength redshift and improved mode

stability. This work was reported in [114].



4.4. Oxide-Via VCSEL 73

12 | ' | i I i I i | ' I I I I
u Standard A /"
0L ®  QuickSEL - Oxidised v |
A QuickSEL - Thinned Substrate ) 2

~~ P
E ¥V  QuickSEL - Full Substrate A
— 8 |- X -
+~>
=]
) 3 i
g
5 6 | v \ .
= A Y Un-oxidised
=~ P74
= | ° ]
§ 4
= i
H p \

2 | ® .. i

Oxidised
l/
.,,,I"
0 I— N | L l L l L | L | | L l L l

0 100 200 300 400 500 600 700 800 900
Active Area (um2)

Figure 4.4: Best (lowest) measured threshold currents as a function of active area for
QuickSEL and standard device types. For bridge-mesa VCSELSs, the active area is calcu-
lated from the nominal aperture diameter. Oxidised and un-oxidised devices are labelled.

4.4 Oxide-Via VCSEL

In efforts to further reduce the fabrication time and improve QuickSEL device perfor-
mance, another approach was developed and tested. With the oxide-via VCSEL design,
the complete removal of the current leakage path was achieved, whilst the need for de-

position of any dielectric was also circumvented (unlike for the bridge-mesa or standard

VCSEL design).

4.4.1 Oxide-Via Processing

For these devices, the entire fabrication can be broken down concisely into 7 steps: two
lithography; two metallisation; single etch; oxidation and one annealing step. Initially,
optical lithography is used to define the geometry of the structures which includes, in
a departure from the full process, both the mesa and the contact pad regions. The

structure is then etched to expose the high Al-content oxidation layers. Upon wet thermal
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Contact pad

Interconnect

VCSEL
aperture

Figure 4.5: Infrared camera image of an oxide-via QuickSEL structure taken in-situ during
selective-oxidation. A quasi-circular aperture is formed due to the geometry of the mesa
and interconnect.

oxidation, in addition to the aperture formation in the VCSEL mesa, via-holes are utilised
to provide complete electrical isolation under the contact pads, ensuring that current flows
only through the aperture region. An oxidation length of 13.5 + 0.5 pm is sufficient to
fully isolate the contact pad and generate the desired VCSEL apertures. This length is
intrinsically linked to the dimensions of the device design and therefore can be further
reduced but this is at the expense of alignment tolerance. The second lithography step
is used to define the p-contact which is then deposited using Ti/Pt/Au PVD. The final
two steps are a blanket backside AuGe/Ni/Au metallisation for a global n-contact and
annealing of the metal contacts. The significant departures of the QuickSEL process from
the previously described standard VCSEL are the elimination of the requirement for BCB
planarisation and the utilisation of only a single top-side metallisation step. Thus, the
total fabrication time reduces by ~ 60%. A top-view image of a QuickSEL after thermal
oxidation is shown in Figure 4.5. The quasi-circularity of the VCSEL aperture (resulting

from the mesa-interconnect geometry) can also be seen in Figure 4.5.
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4.4.2 Comparison with Standard Structure

Next, the performance of the oxide-via VCSELs is compared to that of standard struc-
tures. The devices were produced on 12.5 x 12.5 mm tiles of equivalent epitaxial material
taken from the centre of the same 6-inch wafer. To achieve the same oxide aperture diam-
eter, a deeper oxidation extent is required for the QuickSELs due to the geometry of the
mesa. As such, these samples were oxidised in different runs and definition of precisely
equivalent aperture devices was not achieved. When comparing typical performance for
each device type, the behaviour of larger aperture diameter devices (7 —9 pm) is assessed
to minimise the effects of scattering and diffraction associated with small apertures, as well
as the higher uncertainty of the aperture diameter resulting from the increasing oxidation

rate [115].

4.4.2.1 Series Resistance

A comparison of the dependence of series resistance on oxide aperture diameter, extracted
from the slope of the [-V curve at 2.5 V, is shown in 4.6, for both QuickSEL and standard
devices. The mean series resistance of the standard VCSELs is found to be approximately
25 © higher than that of the QuickSELS in the range 7—9 pm and is likely associated with
the p-contact metallisation. For the standard VCSELs, there is a contact resistance related
to the deposition of the feed metal onto the p-contact ring which is not present for the
QuickSEL devices given that the contact pad and feed metal are deposited simultaneously
and directly onto the semiconductor surface. Further, the metal thickness and width of
the p-contact ring is also reduced for the standard structures. Although there is a slight
difference in active area for nominally equal oxide apertures (due to the quasi-circularity of
the QuickSELSs) the effect on series resistance should be small given that the active area is
only ~ 7% larger. This higher series resistance in the standard VCSELs thus contributes

to increased Joule heating in those devices and hence a higher internal temperature.
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Figure 4.6: Box plots of series resistance as a function of oxide aperture for QuickSEL
devices (plain black boxes) and standard VCSEL devices (red striped boxes). Resistance
is extracted from the [-V characteristic as the slope at 2.4 — 2.5V.

4.4.2.2 Power-Current Characteristic and Threshold Requirement

In Figure 4.7, the dependence of threshold current on aperture diameter for both device
types is shown. It can be seen that the QuickSEL design approaches the performance of a
standard VCSEL, producing values of I;;,, which closely match that of standard structures.
However, there is a small increase of approximately 0.3 mA in the mean threshold current
for the 7 — 9 pm QuickSEL devices relative to the standard devices. This difference is
shown to be partly the result of temperature effects associated with a difference in thermal
mass of the QuickSEL and standard structures, amongst other contributing factors which
are also discussed below. The temperature dependence of Iy, for standard and QuickSEL
devices is shown in Figure 4.8 (top). Based on the analysis of [63] (as discussed in section
2.3.2), the threshold current minimum, «, and the temperature at which the threshold
current minimum occurs, 71,,;,, are extracted. This minimum is observed to occur at
approximately 45 °C within a range of +5 °C for all the devices measured, whether
standard or QuickSEL designs. Therefore, the gain peak-to-cavity resonance detuning

is taken to be equivalent for both device types. The standard VCSELs have increased
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Figure 4.7: Box plots of measured threshold currents for a range of oxide aperture di-
ameters for both QuickSEL (plain black boxes) and standard (red striped boxes) VCSEL
devices.

thermal resistances due to the shorter oxidation lengths used (smaller thermal mass).
Hence, for equivalent active areas, the thermal impedance of a standard VCSEL is higher
than that of a QuickSEL. Additionally, the series resistance is higher which leads to a
greater degree of Joule-heating. Thus, for any given bias current, a standard VCSEL
operates at higher internal temperature than a QuickSEL device. Therefore, from Figure
4.8 (top), at room temperature the standard VCSELSs operate closer to T, due to the
higher rate of internal heating. This results in a decrease in threshold current relative to
the QuickSELs. Additionally, it is also likely that there is an increased rate of surface
recombination at the exposed mesa sidewalls of the QuickSEL devices relative to the BCB-
passivated standard devices, which contributes to a higher threshold current [102], [116],
[117]. Also, as already mentioned, the QucikSEL design results in quasi-circular aperture
shapes, owing to the interconnect region of the device, which increases the active area
by ~ 7% relative to the circular aperture of a standard device. Given that the threshold
current of a VCSEL scales with active volume, this also contributes to increase in threshold

current for QuickSELs relative to a standard device. Although devices are processed from
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similar regions of the wafer, some spatial variation in the DBR layers may also contribute
to a difference in threshold gain [103], [118]. The typical output optical power-current
(P-I) characteristics of the standard and QuickSEL device types, measured up to thermal
rollover are shown in Figure 4.8 (bottom). In general, the maximum output power is
higher for the standard VCSELs, with some 8 pm aperture devices reaching up to 27.5
mW. However, the onset of thermal rollover occurs at significantly lower currents than for
the QuickSEL devices (up to 10 mA for a given aperture diameter). Again, this is a result
of the difference in electrical and thermal impedance. The power conversion efficiency, 7,
is extracted at a fixed current of 6 mA and is found to be highest for the standard devices,
although there is good agreement for the maximum power conversion efficiency at ~ 30%
but occurring at lower currents for standard devices. The mean 7, for a 7 and 8 pm
QuickSEL and standard VCSEL is measured as 30.2 + 4.2 and 32.5 + 5.9 %, respectively,
with the error given by the standard deviation across all devices measured. The mean
current corresponding to 7, e is then measured as 3.5 £ 0.7 and 5.0 £ 0.4 mA for a 7
and 8 pm aperture standard and QuickSEL device. The slope efficiency, 7y, measured
between 5 and 10 mA is consistently higher for the standard VCSELs, with a value of
0.89 W/A for an 8 pm aperture standard device, compared to 0.65 and 0.77 W/A for a 7
and 9 pm aperture QuickSEL, respectively. The reduction in 74 of the QuickSEL device
could be related to the lack of sidewall passivation leading to a higher rate of non-radiative
recombination at locations away from the lasing mode if the carrier density is not pinned.
However, given that the stimulated recombination process is much faster than the surface
recombination processes, it is likely that the decrease in 7, is driven by a difference in

optical loss related to the epi-layers.

4.4.2.3 Emission Spectra

The emission spectra for devices produced by QuickSEL processing are comparable to
that of standard device structures. Single mode emission for oxide aperture diameters <

3 pum up to 2 mA injection current is achieved in QuickSEL devices, the spectra for which
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Figure 4.8: Temperature dependence of the threshold current fitted with a second order
polynomial (top) and L-I characteristic at room temperature up to thermal rollover (bot-
tom) for QuickSEL and Standard VCSEL devices. The gain-peak detuning is found to
be equivalent for both device types, with the threshold current minima occurring at ~
45 °C. The onset of thermal rollover occurs at a lower current for the standard structure
due to the reduced thermal mass.
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are shown in Figure 4.9. The number of lasing modes in larger aperture devices is also
comparable, shown in the multi-mode spectra in Figure 4.10. However, the wavelength
of the fundamental mode is longer in the standard VCSELs. This is seen more clearly for
the 8 pm aperture devices in Figure 4.11, where the extracted wavelengths for all devices
are plotted. The cavity resonance wavelength extracted from post-growth reflectometry
measurements is shown by the dashed line corresponding to a value of 941.4 nm for both
device types. Comparing the mean values to the resonance wavelength, the standard
devices are found to be more redshifted, again indicative of greater self-heating.

Assessing the effects of self-heating on the wavelength further, the shift with current above
threshold for an 8 pm aperture standard and 9 pm aperture QuickSEL device is measured
as 0.5 and 0.1 nm/mA, respectively. A temperature shift per unit current, AT, is then
calculated as 7.2 and 1.1 °C/mA for the standard and QuickSEL devices, respectively.
Here, it has been demonstrated that the performance of oxide-via QuickSEL devices is
representative of standard devices and that the observed disparities can be explained by
consideration of device thermal properties, the limitations imposed by the un-passivated
mesa sidewalls, and the quasi-circular aperture shape. The difference in room temperature
threshold current is understood by considering the temperature dependent detuning of
the gain peak and cavity resonance wavelength. Further, the difference in threshold
lasing wavelength is understood by comparing the difference in operating temperatures
at a given current which is driven by the difference in thermal resistance. An enhanced
rate of surface recombination likely limits the best achievable threshold current, but this
effect is small and does not significantly hinder the utility of the information provided
by characterisation of QuickSELs. The key quantities discussed and used to compare

QuickSEL and standard device performance are summarised in Table 4.1.
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Figure 4.9: Single-mode emission spectra at 2 mA for 1-3 um aperture QuickSEL and
standard devices (labelled). The blueshift observed for the 1 pm aperture device is

associated with confinement effects of the oxide layers.
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Figure 4.10: Multi-mode (right) emission spectra for 7-9 um aperture QuickSEL and
standard devices. The redshift in the fundamental mode wavelength of the 8 um aperture
standard device is associated with a higher power dissipated resulting from the reduced
thermal mass.
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Figure 4.11: Box plots for the measured fundamental mode wavelengths of QuickSELs
(plain boxes) and standard VCSELs (striped boxes). The FP cavity resonance wavelength
is indicated by the horizontal dashed line. A redshift in the mean emission wavelength of
the 8 um standard VCSELs is related to the reduced thermal mass.

Table 4.1: Comparison of key figures of merit for standard and oxide-via QuickSEL
devices. The quantities provided are the mesa diameter (d,,), the oxide aperture
diameter (d.y), series resistance (R), threshold current (Iyy), threshold current density
(Jtn, internal temperature increase (AT), threshold current minima («), power
conversion efficiency (7,), and external differential efficiency ( 74).

Device dp dox R Ly Jin AT o

Mp Na
(pm) | (pm) | () | (mA) | (kA/em?) | (°C/mA) | (mA) | (%) | (W/A)
QuickSEL 34 7 56 1.0 2.2 1.1 0.7 | 28.2 0.65
Standard 26 8 77.2 0.8 1.8 7.2 1.0 36.4 0.89
QuickSEL 36 9 45.0 1.2 2.0 1.1 1.4 | 32.7 0.77
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4.5 Optimised QuickSEL Design

4.5.1 Comparison of Approaches

In sections 4.3 and 4.4, the performance of bridge-mesa and oxide-via VCSELSs relative
to standard devices structures was assessed. For bridge-mesa devices, the leakage current
resulting from the partial mesa isolation limited performance. With the oxide-via design,
the VCSEL mesa is fully isolated whilst also not requiring planarisation, which greatly im-
proves performance with respect to the bridge-mesa design, with some limitations arising
from the aperture quasi-circularity and surface recombination at the un-passivated mesa
sidewalls. From the experimental comparison it is clear that the oxide-via device produces
the most representative device performance. However, another important consideration
is the fabrication complexity and processing time. Figure 4.12 compares the process flow
for each processing method, with standard processing on the left, bridge-mesa in the mid-
dle, and oxide-via to the right. Not only is the performance of oxide-via devices closer
to standard structures, but the fabrication complexity is also reduced relative to bridge-
mesa devices. The reduction in fabrication complexity is accompanied by a reduction in
processing time, which is shown in Table 4.2.

The oxide-via device achieves the greatest reduction in fabrication complexity and pro-
cessing time, whilst resulting in only slight differences in performance relative to standard
VCSELs. Therefore, it is found that this is the optimum approach for producing Quick-
SELs. Hereafter, any reference to a QuickSEL device will be a reference to an oxide-via

device.

4.5.2 Design Variants and Optimisation

Some variations and modifications to the QuickSEL design are employed to accommodate
different epitaxial structures and to maximise the tolerance of the alignment and oxidation

extent over large diameter wafers. For 940 nm high-power applications, the epitaxial
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Figure 4.12: Comparison of process flow for standard VCSELs (left), bridge-mesa VCSELSs
(middle) and oxide-via VCSELs (right).

Table 4.2: Comparison of QuickSEL approaches relative to a standard VCSEL process.
Dielectric refers to the requirement for any dielectric deposition in the process.

Confinement refers to the electrical and optical confinement afforded by the oxide

aperture in standard VCSELs.

Device Dielectric Confinement Fab Time Performance
(Hours)

Standard Yes Full 60 Optimum
Performance

Bridge Mesa No Partial 38 Significant
deterioration

oxide-via No Full < 24 Minor

deterioration
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structures are grown on doped substrates which allows a global substrate-side n-contact.
However, for 850 nm high-speed applications, the structures are grown on semi-insulating
substrates and a global n-contact is not possible. In this case, the n-contact must be
deposited on a highly n-doped layer which is only exposed after etching. This design
variation is referred to as a co-planar QuickSEL to keep with the nomenclature used for
standard VCSELSs and refers to both the p-contact and n-contact being on the emission
side of the wafer. A microscope image of a co-planar QuickSEL is presented in Figure 4.13.
The QuickSEL design was modified such that, after an extra etch step, a AuGe/Ni/Au
deposition forms a contact to the n-DBR on the emission-side of the device. The P-I-V
performance of the co-planar QuickSEL structure is shown to be equivalent to QuickSEL
devices with a substrate-side n-contact in Figure 4.14. The sample has both substrate-
and emission-side contacts, meaning that the comparison is made for the same device. The
P-I and I-V characteristics are within error for both contact arrangements. Key figures
of merit extracted from the P-I-V data are presented in Table 4.3. These quantities are
all within error, thus demonstrating that the co-planar design provides representative
information, and therefore is a viable solution for semi-insulating substrate wafers.

Additionally, as is evident in Figure 4.13, small modifications to the original QuickSEL
design are made, with the aim of relaxing the fabrication tolerance over large areas. Each
etch pattern is designed such that the oxide-via widths are equal. This removes differences
related to aspect-ratio-dependent etching and improves the overall etch depth uniformity
across a full wafer. Also seen in Figure 4.13 are notches added to the contact pad geometry.

These are added to relax the oxidation extent tolerance and prevent under-oxidation.
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Figure 4.13: Microscope image of a co-planar QuickSEL. The via etch, p-contact and
aperture (labelled) are all equivalent as for the oxide-via devices discussed in this chapter.
An extra etch step is made after which the n-contact is deposited on the emission-side of
the wafer. The isolation un-etched material is also labelled.
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Figure 4.14: Comparison of substrate-side and emission-side QuickSEL contact arrange-
ments. Devices were patterned with both types of n-contacts, enabling the comparison of
performance for the same device.
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Table 4.3: Comparison of key figures of merit for a 38 pm co-planar and standard
substrate-side n-contact QuickSEL device. The quantities included are the threshold
current (Iyy,), series resistance (R), peak optical power (Ppay), thermal rollover current
(Lmax), peak differential efficiency (74 peak), and peak power conversion efficiency (1, peax)-

Contact Ith R Pmax Imax Tld,peak Tlp,peak
(mA) (€) (mW) (mA) (W/A) (%)
Substrate- 0.54 74.0 14.68 21.0 1.01 40.97
Side
Emission- 0.54 72.8 14.81 21.05 1.00 40.82
Side

4.6 Summary

In this chapter, approaches for producing Quick VCSELs (QuickSELs) were presented.
These devices were designed to minimise the processing time such that VCSELSs can be
rapidly produced for use as feedback within product development cycles, epi-structure
DOEs, and in quality control in volume settings. The performance of devices fabricated
by each approach was compared to that of standard BCB-planarised VCSELs.

The initial QuickSEL approach was a bridge-mesa, whereby the VCSEL is partially
isolated from the surrounding planar material. This design did not require the time-
consuming step of BCB-planarisation by allowing deposition of the contact pad and in-
terconnect along the bridge. However, deposition of a dielectric was needed to electrically
isolate the contact pad. These devices suffered from a leakage current along the bridge
which resulted in high threshold currents, which was exacerbated for devices which were
not oxidised.

In efforts to further reduce the fabrication time and improve QuickSEL device per-
formance, another approach was developed and tested. The oxide-via VCSEL design,
whereby etched vias expose the buried high-Al content oxidation layer, made it possible
to circumvent the need for deposition of any dielectric (unlike for the bridge-mesa or stan-
dard VCSEL design). Atypical mesa geometries were patterned such that the contact pad
and interconnect regions are electrically isolated by the selective oxidation process due to

the exposed high-Al layers in the vias. This resulted in planar, electrically-isolated, and
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optically-confined VCSEL devices without the need for any dielectric. These QuickSEL
devices closely approach the performance of standard BCB-planarised VCSELSs. The se-
ries resistance was found to be slightly lower for the QuickSELSs, which was related to
the definition of the top contact. Higher threshold currents were observed for the Quick-
SEL devices which was attributed to surface-recombination at the un-passivated mesa
sidewalls, the quasi-circular aperture, and larger thermal mass (coupled with the effect of
gain-peak detuning). The emission wavelength was shown to be principally determined
by the cavity resonance. Comparable differential and power conversion efficiencies were
observed. The calculated internal temperature increase per unit current was shown to be
lower for a QuickSEL due to the larger thermal mass.

Comparing the approaches, the oxide-via VCSEL structure was shown to be superior in
terms fabrication simplicity, processing time, and device performance. QuickSELs can be
produced in under 24 hours and provide representative information on epitaxial material
quality and of standard device performance. Hence, this approach was chosen to be car-
ried forward for the subsequent work described in this thesis.

Furthermore, modifications and optimisations to the QuickSEL structure were presented.
To accommodate growth on semi-insulating substrates, a co-planar QuickSEL design was
developed. This involved a second etch step and the deposition of the n-contact on
the emission-side of the wafer. Devices were produced with both a substrate-side and
emission-side n-contact and P-I-V measurements showed no deviation in the device per-
formance. Additionally, to improve tolerance when processing whole wafers, features of
the mesa pattern were modified. Notches were included on the contact pad to prevent
under-oxidation, and the thickness of the contact was reduced to provide an improved
alignment tolerance. The QuickSEL has since become a process that has been industri-
ally adopted and is used by commercial entities for optimisation of epitaxial designs in
early stages of VCSEL product development.

In conclusion, a design and fabrication process was developed such that VCSEL devices
with performance close to that of standard BCB-planarised structures can be produced

within 24 hours. In the following chapters, the utility QuickSELS in product development
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cycles for both the assessment of material quality and uniformity and for the prediction

of standard device performance is demonstrated.



Chapter 5

Assessment of Wafer Quality and

Uniformity

5.1 Introduction

As described in Chapter 1, VCSEL performance is highly sensitive to both the properties
of the constituent epitaxial material and the specific application-dependent wafer process-
ing. In volume production, target yields are of critical concern and are usually expected
to exceed 90%, hence it is important to understand the sources of on-wafer and wafer-to-
wafer variation. Conversely, this is not necessarily the case in small-scale settings where
it is understood that yields will be low. As described in section 3.2, the simultaneous
control of many conditions are needed to achieve a uniform deposition throughout the
reactor chamber. Comprehensive characterisation techniques are thus required to assess
material uniformity relative to target specifications and critical tolerances. This is crucial
for both the development of reproducible growth recipes and as ongoing quality control
in volume manufacture, especially as the wafer diameter is increased.

In this chapter, the material and device characterisation methods previously described

are applied to full 6-inch VCSEL wafers for the assessment of material quality and unifor-

91



92 Chapter 5. Assessment of Wafer Quality and Uniformity

mity. In section 5.2, the characterisation of wafer quality via standard industry methods
is shown. Data from reflectometry measurements are presented, from which the material
cavity resonance wavelength, as well as other important parameters relating to the reflec-
tivity of the DBR mirrors, are extracted. Further, measurements of photoluminescence
spectra on calibration material are shown, from which information on the active region is
derived. Then, in section 5.3, the impact of oxidation length non-uniformity on QuickSEL
device performance is assessed. This oxide variation is shown to be temperature-driven,
associated with both furnace temperature gradients and the bow of large diameter GaAs
substrate wafers. Finally, in section 5.4, the wafer-scale variation of QuickSEL device
performance on 6-inch diameter GaAs substrate wafers is characterised. The threshold
current, threshold current density, lasing wavelength, series resistance, optical power, and
device efficiencies are all spatially mapped. Performance at elevated temperature is mea-
sured to assess the variation of the gain-peak and cavity resonance wavelengths. The
variation in QuickSEL performance is assessed against the non-uniformities arising from

both growth and processing.

5.2 Post-Growth Material Characterisation

5.2.1 Reflectometry

Measurement of the VCSEL reflectivity spectrum provides many useful insights into ma-
terial quality and has the benefit of being able to be performed rapidly on as-grown epi-
material. The Fabry—Pérot (FP) cavity resonance wavelength — the dip in the stopband
caused by the resonance of the cavity — can be directly extracted from the reflectivity
spectrum, and this provides the expected lasing wavelength of processed devices. The
height of the stopband provides an indication of the relative reflectivity. However, for the

measurements performed here, the magnitude is un-calibrated and so cannot be used to
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Figure 5.1: VCSEL reflectivity spectrum measured at the centre of a 6-inch wafer. A
103.4 nm wide stopband is formed which is centred at 942.0 nm. The dip in the spectrum
corresponding to the FP cavity resonance occurs at 942.6 nm.

compare absolute power reflectivity. The centre-wavelength and width of the stopband
can also provide information on deviations in layer thickness and composition from the
target structure. An example VCSEL reflectivity spectrum is shown in Figure 5.1, with
some of the values of the quantities mentioned labelled in the plot. The reflectivity spec-
trum of Figure 5.1 is taken from the centre of a 6-inch wafer designed for 940 nm emission
wavelength. As seen in the plot, there is good alignment of the FP dip and stopband cen-
tre (942.0 and 942.6 nm). The stopband width is found to be ~ 100 nm which is typical
for a 940 nm emitting AlGaAs-based VCSEL, as discussed in section 2.2.1. The mirror
reflectivity, representative of the refractive index contrast of the DBR layers (Equation
2.8), is extracted as the height of the stopband. In the following sections, contour plots

resulting from the wafer-scale mapping of each of these characteristics are presented.

5.2.1.1 Fabry—Pérot Cavity Resonance

For a VCSEL, the material cavity resonance wavelength is one of the most critical pa-

rameters for device performance as this determines the lasing wavelength. Wavelength
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tolerance varies between applications depending on the target specification. In some cases,
very tight control of wavelength (< 0.1 nm accuracy) is needed [113], [119], [120], whereas
for others a & 5 - 10 nm range is acceptable [121], [122]. In either case, assessing the
variation in emission wavelength across a wafer is a critical part of the manufacturing
process. This is initially done by mapping the FP dip wavelength from the reflectivity
spectra as shown in Figure 5.2. The variation in the cavity resonance wavelength is ra-
dial, with longer wavelengths in the centre and shorter wavelengths at the edge. The
wavelengths range from ~ 935 nm at the edge to ~ 945 nm at the centre, with a standard
deviation of 1.9 nm. The variation of the cavity resonance wavelength is determined by
changes in the optical path length of the inner cavity layers, which comprise the QW
active layers and the SCH. Therefore, the combined effect of the shift in layer thickness
and composition across the wafer is to reduce the optical path length towards the edge
by ~ 0.5 %. This is consistent with a decrease in refractive index and thickness. The
former would be the result of a decreasing Al mole fraction and the latter a reduction in
layer thickness. A relative shift of 1% in the Al incorporation results in only a 0.4 nm
shift in the FP wavelength. Conversely, a 1% variation in the layer thickness results in
~ 10 nm shift. Hence, it is likely that the observed decrease of the FP cavity resonance

results from a layer thickness variation across the wafer.

5.2.1.2 Characteristics of the Stopband

Properties of the DBR stopband are primarily determined by the thickness and compo-
sition of the constituent DBR layers. From Equation 2.8, the number of pairs and the
refractive index contrast of the high and low index layers determines the peak reflectivity
of the mirror. Figure 5.3 shows the variation of the stopband height (combined DBR
reflectivity) which is mostly uniform over the wafer with some regions of lower reflectivity
towards the edge and a range of < 5% from the maximum. Assuming no substrate side
transmission (R, = 1), the stopband height is taken to represent the top DBR reflectivity.

Since the number of DBR pairs is constant at all locations on the wafer, the variation
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Figure 5.2: Wafer-scale variation of the FP cavity resonance wavelength across a 6-inch
wafer. A radial decrease towards the edge is observed, which is consistent with a decreasing
optical path length of the cavity layers.

in reflectivity is indicative of changes in refractive index contrast, that is, changes in the
Al mole fraction in the AlGaAs layers. The combined thicknesses and refractive in-
dices of the DBR pairs determine the Bragg wavelength, that is, the stopband centre, as
detailed in section 2.2.1. For the full VCSEL structure, the overall stopband is a result
of the combined reflectivity spectra of the top and bottom DBRs. In Figure 5.4, the
stopband centre is shown to vary radially with a centre-to-edge range of ~ 14 nm. The
formation of a high finesse VCSEL cavity relies on the alignment of the stopband centre
with the FP cavity resonance [45] and in Figure 5.5 (bottom) this variation is presented.
A deviation from FP-stopband centre alignment indicates a drift between the separate
reflectivity spectra of each DBR. Over the majority of the wafer, the alignment is within
5 nm, which results in the cavity resonance being located centrally within the ~ 100 nm
stopband. For these characteristics of the stopband, there is a radial variation with an
abrupt shift around 20 mm from the wafer edge which forms a radially symmetric band.

This an artifact of the measurement system and data acquisition and does not represent
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abrupt shift 20 mm from the wafer edge is related to the appearance of high-reflectivity
sidebands in the measured spectra.
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6-inch wafer. A high-reflectivity sideband is observed on the short wavelength side of the
edge spectrum, which results in a 10 nm increase in the stopband width and reduces the
stopband centre wavelength.

an abrupt shift in the properties of the epitaxial layers, as explained below. The growth
and decay of high reflectivity side bands outside the stopband can occur even with the
gradually-varying layer thickness and composition across the wafer. Figure 5.7 shows two
reflectivity spectra, measured at the wafer centre and edge. A side band is seen to form
on the short wavelength side of the stopband of the edge spectrum, and this results in a
12 nm larger stopband width compared to the centre spectrum. The abrupt shifts seen in
Figures 5.4, 5.5, and 5.6 occur at the locations at which the sideband reflectivity exceeds
the threshold specified in the automated analysis. The sideband in Figure 5.7 (bottom)

also results in the shift of the stopband centre to shorter wavelengths seen in Figure 5.4.
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5.2.2 Photoluminescence

Measurement of the photoluminescence spectrum is a valuable method for characterisation
of the active layers. If performed on a full VCSEL stack, light would only be emitted
at the wavelengths corresponding to low reflectivity (the FP resonance wavelength and
regions outside the stopband). As such, PL characterisation is performed on calibration
wafers grown without the top DBR. The PL peak wavelength is an important parameter
specified in the design of the epitaxial structure and its wafer-scale measurement provides
information on the properties of the QWs. A PL spectrum measured at the centre of a
6-inch wafer is shown in Figure 5.8. From the spectrum, the PL wavelength, intensity,
and linewidth (FWHM) can be extracted. In this case, the PL wavelength is 923.3 nm
and the linewidth is 20.3 nm. Similar to the stopband height, the intensity of the PL
spectrum is un-calibrated so can only be used to assess relative changes across a wafer.
The integrated signal quantifies the area under the curve of the spectrum which thus
accounts for both the intensity and linewidth (as well as other features present). The
PL wavelength is representative of the photon energy corresponding to recombination
in the QW layers, which is given by Equation 2.9. Assuming the QW width is known,
the material composition can be estimated from the PL wavelength. For this structure,
the QW layers are In,Ga;_,As and, from the spectrum in Figure 5.8, the indium mole
fraction, x, is calculated to be approximately 0.12 at the centre of the wafer. This epi-
structure is designed for 940 nm emission wavelength, however, the QW layers must be
grown to ensure that the PL wavelength is significantly shorter than this to account for
pumping-related self-heating effects, as well as bandgap renormalisation and the quantum-
confined Stark effect. Furthermore, the relation between the PL wavelength and the peak
gain wavelength is non-trivial and, for a given VCSEL, is influenced by the specific device
design and processing. As a result, the gain peak wavelength is not easily ascertained from
the PL wavelength. The spatial variation is again found to follow a radial distribution
with a range of < 1.5 nm centre-to-edge and a standard deviation of ~ 0.4 nm. The

uniformity of the PL wavelength is much better than that of the FP resonance due to
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Figure 5.8: Photoluminescence spectrum for VCSEL active region calibration structure
measured at the centre of a 6-inch wafer. The PL wavelength is a 923.3 nm and the
linewidth (FWHM) is 20.3 nm, corresponding to ~ 30 meV.

the sensitivity of the cavity resonance to layer thickness variation. As an example, a
5% variation in layer thickness for a 6 nm Ing12GagggsAs QW with Aly3Gag7As barriers
results in just a 3 nm (< 0.5%) shift in the el-hl transition wavelength. Conversely,
the same % thickness variation for a cavity designed for 1000 nm emission wavelength
results in a 50 nm shift in the resonance wavelength. As such, when subject to typical
changes in layer properties, the PL wavelength is significantly more uniform across the
wafer, and this is shown in Figure 5.9. The layer thickness can be controlled to within
approximately 0.5% for modern commercial reactors and this has a negligible impact on
the QW transition energy. From simple calculations of the ground state QW transition
energy, a decrease of 0.2% in the In content would result in the observed wavelength shift
(Zeentre = 0.12, Zegge = 0.010). Therefore, the observed shift in PL wavelength is likely
mainly driven by an increasing bandgap energy associated with a decreasing indium mole
fraction towards the wafer edge with the thickness variation having only a small impact.

In addition to the PL wavelength, the integrated signal can also provide relative

information on the quality of the QWs if it is assumed the alignment and collection is the
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Figure 5.9: Wafer-scale variation of PL peak wavelength. A radial decrease towards the
edge is observed, with a centre-to-edge difference < 1.5 nm.

80

1.9x10*
60 1.9x10*
P
=4
40 1.9%10" 3
=
=
20 | 0}
. 1.8x10* s,
£ [ -
E o 1.8x10* £
S . <2
R
—20 | 1.8x10* B
=2
—40 | 1.8x10% E
=)
—60 |- 1.7x10*
—80 . 1 . ] A ] . 1 R ] A ] . L . 1.7x10!
—80 —60 —40 —20 0 20 40 60

X (mm)

Figure 5.10: Wafer-scale variation of the integrated PL signal. The integrated signal
accounts for both the intensity and linewidth of the peak.



102 Chapter 5. Assessment of Wafer Quality and Uniformity

- 16.90

- 16.85

- 16.80

ot

wu) WHMA 1d

- 16.77

- 16.70

~—~

- 16.65

(

- 16.60

16.55

X (mm)

Figure 5.11: Wafer-scale variation of PL peak linewidth (FWHM). No discernible variation
across a 6-inch wafer is observed.

same for each case. The integrated signal accounts for both the intensity and linewidth of
the peak, and so can highlight regions with a high density of defect states. As discussed
in section 3.4.2, a strong PL peak indicates a high QW radiative efficiency. Further, the
linewidth of the PL peak, given by the FWHM, can also provide qualitative information
on the defect density, with a narrow linewidth indicative of a low density of recombination
centres. Here, the measured linewidths are ~ 30.0 meV across the whole wafer, which is
slightly larger than that expected thermal broadening from at ~ 300K (~ 26.0 meV). This
suggests no unintended effects arising from growth. Note: for quantitative information
on the defect density, most often surface scanning and/or x-ray diffraction techniques are

employed, but this is beyond the scope of this thesis.

5.2.3 Sheet Resistance

From from C-TLM measurements of the p-contact metallisation, a radial variation of
the sheet resistance, Rgneet, is Observed. The sheet resistance is representative of the

conductivity in the uppermost layers of the top DBR, and is dominated by the p+ doped
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Figure 5.12: Wafer-scale variation of the sheet resistance measured by C-TLM. The radial
decrease indicates a spatial variation in the doping concentration in the p+ GaAs cap
layer.

GaAs cap and sub-cap layers. Rgneey decreases from ~ 63 to 58 Q (12%) towards the
wafer edge, which suggests a lower doping concentration at the wafer centre. The acceptor
concentration in GaAs has been shown to be strongly dependent on temperature [123],
hence it is possible that this is indicative of a slight growth temperature gradient across
the wafer - lower at the centre. If so, then the spatial variation of the doping concentration
is likely to be systematic through the layers of the top DBR. In which case, it would be
expected that the rate of free carrier absorption would vary according to the doping profile.
Further investigation would be needed to calibrate the variation of the sheet resistance
with the doping profile and to study the effect on the internal optical loss, but this is

beyond the scope of the investigation here.
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Figure 5.13: oxidation extent variation of a 6-inch GaAs substrate wafer oxidised in a
conduction-based furnace. The radial variation is the result of temperature gradients
driven by the bow of the wafer.

5.3 Oxidation Non-Uniformity

One of the most critical parameters in the processing of VCSELs is the oxide aperture
diameter. Variation in the device active volume, determined by the oxidation extent, can
result in a significant variation in performance characteristics, particularly the threshold
current, series resistance, and optical power, although the beam quality and lasing spectra
can also be affected. As such, maximising the wafer-scale uniformity of the oxide aperture
is an important concern. The variation in oxidation extent on a 6-inch GaAs wafer is
shown in Figure 5.13. The oxidation extent increases approximately radially from the
centre to the edge, with a linear component from the furnace (see below). The total
range across the wafer is ~ 6 pm, which results in a variation of up to ~ 12 pm in
oxide aperture. As described in section 3.3.3, the oxidation rate is highly sensitive to
temperature therefore any temperature non-uniformity drives oxidation non-uniformity.
The furnace and wafer temperatures are measured in-situ and the resulting contour plots

are shown in Figure 5.14. From Figure 5.14, the origins of the oxidation variation can be
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The effects of wafer bow are removed where fabrication is done on

small cleaved samples. A decrease in oxidation rate towards the wafer edge is observed,
the opposite effect of when processed as a whole wafer.
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clearly seen. The furnace temperature varies linearly by 2 °C. However, more significantly,
the wafer temperature is seen to vary radially with a maximum centre-to-edge difference
of 6°C, and this is attributed to the strain-induced bow which results from the growth of
the bottom (AlAs-containing) DBR mirror on a GaAs substrate (as described in section
3.2.4) and the resulting varying contact with the heat source in the furnace. Given that
the relationship between oxidation rate and temperature is exponential, the wafer bow
drives the radial variation of oxidation extent that is seen in Figure 5.13.

When the effects of wafer bow and temperature variation are removed by fabrication on
small cleaved samples from the edge and centre of a 6-inch wafer, the opposite result is
observed. The material cleaved from the edge of the wafer is found to oxidise more slowly
than that of the centre. This is shown in Figure 5.15. From the information presented
in section 3.3.3, this is indicative of a decrease in Al mole fraction and thickness in the
oxidation layer towards the wafer edge. These layers are thin (< 50 nm), and therefore the
oxidation rate is also sensitive to layer thickness shifts. For an assumed 0.2% variation in
the Al fraction (based on the analysis in section 5.2.2), the effect on the oxidation rate is
likely not sufficient to produce the observed centre-to-edge difference in oxidation extent

alone.

5.4 Device Performance

5.4.1 Lasing Wavelength

In section 5.2.1.1, the material cavity resonance wavelength was shown to vary radially
across the wafer, indicative of a radial variation in thickness/composition of the inner
cavity layers. In Figure 5.16, the peak lasing wavelength is shown to follow the same
trend. When confinement effects are negligible, that is, when the oxide aperture is larger
than ~ 4 pm, the lasing wavelength is principally determined by the material cavity

resonance. However, as the QuickSEL devices are driven CW, there can also be a com-
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Figure 5.16: Wafer-scale variation of the peak wavelength measured for 38 pm mesa
devices (8-9 pm aperture at centre) at 2mA.

ponent of the measured wavelength that is driven by self-heating. A variation in oxide
aperture complicates matters further, as this results in different internal temperatures for
a given bias current. To account for this, large aperture devices are mapped, and spectral
measurements are performed at currents close to threshold. The result of these consid-
erations is seen in Figure 5.17 with the comparison of the measured peak wavelength of
38 pm mesa (8-9 pm aperture at the centre) devices at 2mA and the cavity resonance
wavelength along a central horizontal line profile. Clearly, the values closely match the

FP resonance wavelength and are thus representative of the properties of the epi-layers.

5.4.2 Threshold Requirement

VCSEL threshold current, Iy, is highly sensitive to the oxide aperture diameter. As such,
if there is a significant on-wafer variation of oxidation extent, the measured threshold
currents track with this variation. This can be seen in Figure 5.18 for a wafer oxidised in

a conduction-based furnace with a 3-4 pm oxidation extent variation, which translates to
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Figure 5.17: Comparison of FP resonance wavelength and peak lasing wavelength just
above threshold of 38 pm mesa devices (8-9 pm aperture at centre). The data points
represent a horizontal line profile across the 6-inch wafer of Figure 5.2 and 5.16.

a 6-8 pm oxide aperture variation. The origin of the non-uniformity in oxidation extent is
the bow of the wafer, as described in section 5.3. This results in factor of 6 variation of Iy,
from the wafer centre, with values for 38 pm mesas ranging from ~ 0.2 mA at the edge
where apertures are small to ~ 1.2 mA at the centre where apertures are large. This is
compared to a wafer oxidised in a convection-based furnace with < 1 pm oxidation extent
variation, for which the threshold current is plotted in Figure 5.19 and which results in a
narrower spatial distribution.

To de-couple these effects from device performance, the oxidation extent is measured at
locations across the wafer, from which the threshold current density, J;;,, can be mapped.
This is less sensitive to aperture variation so long as scattering and diffraction losses
are negligible (apertures > 4 pm). The resulting plot is shown in Figure 5.20. It can
be seen that, even after accounting for the impact of oxide aperture, there remains a
radial variation in threshold current density. This is shown to be driven by the detuning

of the gain peak and cavity resonance wavelengths. In Figure 5.21, the temperature
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dependence of threshold current density for devices at the wafer centre and edge are
compared. The minima correspond to the alignment of the cavity resonance with the
spectral peak of the gain, and this occurs just above room temperature at the edge,
compared to ~ 50 °C at the centre. Non-uniformity in the gain-peak detuning is to be
expected given the different sensitivities of the cavity resonance and photoluminescence
peak wavelengths to epi layer variations presented in this chapter. One consequence of
this spatial variation of the detuning is that the threshold current uniformity increases
at elevated temperatures (closer to the intended temperature of operation ~ 50 °C).

The room temperature gain peak wavelength can be calculated by applying the analysis
introduced in section 2.3. The temperature corresponding to gain peak alignment, 7},
is extracted as ~ 50 and ~ 29 °C for the wafer centre and edge, respectively. Using
the fact that the shift of the gain peak with temperature is ~ 0.3 nm/°C (assuming the
gain-peak wavelength changes according to the temperature coefficient of the bandgap),
the room temperature gain peak wavelength is then calculated as 935.6 and 935.1 nm at
the wafer centre and edge, respectively. This difference is of the same order as that of the
measured PL wavelength from Figure 5.9. Further, these values can be directly compared
to initial design simulations, which has utility as feedback to epitaxy. From section 5.2.2,
the PL peak wavelengths are measured as 923.3 and 923.9 nm for the centre and edge,
respectively, thus the calculated room temperature gain peak wavelengths are within the
expected 10-15 nm redshift relative to the PL. This analysis assumes that any wavelength
shift resulting from the difference in threshold requirement (hence carrier density) at
different temperatures is negligible. With the impact of the on-wafer variation of oxide
aperture de-coupled from device performance and the alignment of the gain peak with the
cavity mode wavelength accounted for, the measured threshold current density provides
a representative measure of the properties of the epitaxial layers. Again, applying the
methods presented in section 2.3.2, it is possible to extract values relating to the optical
loss of the devices. The fitting coefficient « is the minimum achievable threshold current
(density) and this value is reached when the device is operated at T},;,. The value of «

is determined by the DBR mirror loss and the internal optical loss. Given the relative
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Figure 5.18: Oxidation extent variation from a conduction-based furnace (top) and thresh-
old current variation for 38 pm mesa VCSELs (~ 12 pm aperture at centre) (bottom).
The 5 pm oxidation extent variation results in a factor of 6 centre-to-edge variation in
threshold current.
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the highly uniform oxidation extent, a sizeable centre-to-edge variation in threshold cur-
rent remains.
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Figure 5.20: Wafe-scale variation of threshold current density for 38 pm mesa VCSELs
(8-9 pm aperture at centre) across a wafer oxidised in a convection-based furnace. The
residual variation is derived from the properties of the epi-layers.

1.80 T T T T T T T T T T
[ & Edge
A Centre

=

>3

ot
I

=
=
T
1

=
2]
ot
T

1

=
=
T
1

—_
[
[
I
1

1.45 -
1.40 | —

1.35 | =

Threshold current density (kA /cm
1

1.30 | -

1.25 [ L | L | 1 | L | L |

20 30 40 50 60 70 80

Temperature (°C)

Figure 5.21: Threshold current density as a function of ambient temperature for ~ 8 pm
aperture VCSELs at the wafer edge and centre. The 20 °C difference in T\, indicates a
spatial variation in the gain peak detuning.



5.4. Device Performance 113

80

- 27.9
60 - 24.7

e,

@

40 - 214 B

@)

20 L 182 2

g S

g 0 - 15.0

= o

. o

—20 - 11.7 §

@

—40 - 8.5 %
—60 5.2
—80 2.0

—80 —60 —40 —20 0 20 40 60 80
X (mm)

Figure 5.22: Wafer-scale variation of the peak optical power for 38 pm mesa VCSELs (~
12 pm aperture at centre), from a wafer oxidised in a conduction-based furnace.

increase in DBR mirror reflectivity at the wafer edge, shown in Figure 5.3, it is likely
that the variation in « is influenced by the change in the mirror loss. Values for « are
extracted as 1.51 and 1.28 kA /cm? at the centre and edge, respectively, the difference of

which is on the same order as that observed for the reflectivity (~ 20%).

5.4.3 Optical Power and Efficiency

The wafer-scale variation in oxide aperture also translates into a variation in optical power,
and this can be seen in Figure 5.22. The measurements shown in the figure are performed
on the same wafer as that of Figure 5.13, which is oxidised in a conduction-based furnace.
The spatial variation matches that observed for the threshold current, producing greater
than a factor of 6 change in the measured peak optical power. This is contrasted
with Figure 5.23 where the maximum output power of a wafer oxidised in a convection-
based furnace with an oxidation extent variation of < 1 pm is mapped. For this case,

the range in measured optical power is ~ 3 mW (decrease of 20% from optical power at
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Figure 5.23: Wafer-scale variation of the peak optical power for 38 pm mesa VCSELSs
(8-9 pm aperture at centre), from a wafer oxidised in a convection-based furnace.
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Figure 5.24: Wafer-scale variation of the peak optical power density for 38 pm mesa
VCSELSs (8-9 pm aperture at centre), from a wafer oxidised in a convection-based furnace.



115

5.4. Device Performance
. 0.99
60 0.98
40 0.97
=
20 0.96 =
—~ @
= =
@ 0 0.95 %\
> ~
—20 0.94
—40 0.94
—60 0.93
0.92
—40 =20 0 20 40 60

—80 .
—80 —60

X (mm)
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wafer centre) although, over most of the wafer, the variation is closer to 1 mW (~ 10%
drop from wafer centre). To account for residual oxide aperture variation, the optical
power density can instead be considered, and this is shown in Figure 5.24. Similar to the
threshold current density, the optical power density, is a quantity which better represents
the properties of the epi-layers as opposed to the geometry of the device measured. There
is a decrease in power density of ~ 10% towards the edge of the wafer. Similarly, in
Figure 5.25, the external differential efficiency is also found to decrease by a similar degree
towards the wafer edge. This is seen more clearly in the line profile of Figure 5.26. It
is possible that the decrease in differential efficiency and optical power density is derived
from the increasing mirror reflectivity, as characterised by the stopband height in Figure
5.3. From Equation 2.17, nq is also dependent on the internal optical loss, a4, and the
internal quantum efficiency, 7. From the spatial variation of the sheet resistance (Figure
5.12), it is likely that the doping concentration (hence rate of free carrier absorption) is
lower at the wafer centre. Assuming absorption by free carriers is the dominant source
of internal optical loss, this would result in a decrease of «;. Furthermore, the internal
quantum efficiency is dependent on the rate of carrier leakage out of the QWs. If the
Al composition of the barriers were to decrease towards the wafer edge, the QW barrier
height would be reduced, thus increasing carrier leakage and reducing 7; and, as a result,
nq. This is a possibility, given that the In mole fraction was deduced to decrease towards
the edge. Further investigation would be required to fully understand what drives the
variation in the external differential efficiency and optical power density across the wafer,

however, this is outside the scope of this thesis.

5.5 Summary

In this chapter, the quality and uniformity of generic MOVPE-grown 6-inch GaAs sub-
strate VCSEL epi-wafers designed for 940 nm emission wavelength was assessed. These

assessments were based on post-growth material characterisation, mapping of the oxide
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aperture, and through on-wafer testing of QuickSEL devices. In volume production, tar-
get yields are expected to be in excess of 90% and, as such, the control of many growth
conditions are needed to ensure a uniform deposition throughout the reactor chamber. A
radial variation of both the properties of the epitaxial material and QuickSEL device per-
formance is attributed to the spatially non-uniform growth rate in the reactor chamber, as
previously illustrated in Figure 3.2. The rotation of the substrate during growth produces
a spatial averaging of the deposition rate across individual wafers. This, coupled with the
the non-linear decrease from the central gas inlet to the edge of the reactor, leads to a
higher deposition rate at the wafer centre, resulting in thickness variation which decreases
towards the wafer edge. This was observed to drive the non-uniformity in key parameters,
which are summarised here.

From reflectometry measurements, the FP resonance was found to shift to a shorter wave-
length towards to the edge of the wafer, which was attributed to a 0.5% decrease in layer
thickness. An abrupt shift in the stopband characteristics (width and centre wavelength)
20 mm from the wafer edge was observed and this was shown to result from the gradual
appearance of sidebands in the reflectivity spectra. The FP resonance wavelength was
shown to align centrally to the stopband centre (within 5 nm) across the whole wafer.
Furthermore, the PL wavelength was demonstrated to vary by < 1.5 nm across the wafer,
with a radial decrease towards the wafer edge - consistent with an increasing QW transi-
tion energy. Simple calculations showed that layer thickness variations have only a small
impact on the QW transition energy, even for sizeable shifts. Therefore, it was explained
that the variation in the PL wavelength is most likely derived from an increase in the
bandgap energy in the QW, that is, from a decrease in the indium mole fraction. High
uniformity in the PL intensity was shown, consistent with a high QW radiative efficiency
across the wafer. Similar for the integrated PL signal and linewidth, which was observed
to be on the order of that expected from thermal broadening across the whole wafer.

It was also shown that, when oxidised as a whole wafer in a conduction-based furnace,
there can be a significant variation in the oxide aperture for a GaAs substrate wafer.

The oxidation extent was shown to vary radially, increasing towards the edge, which is
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the result of temperature gradients during the oxidation process. The radial variation
was observed to be directly related to the bow of a 6-inch GaAs substrate wafer, which
resulted in a lower temperature at the wafer centre. The contribution of the furnace
non-uniformity was also described. The effect of wafer bow was removed by considering
cleaved samples from different regions of a 6-inch wafer. Oxidising samples taken from
the centre and edge of the wafer, the oxidation rate was found to be slower at the wafer
edge - the opposite effect from what is observed for a whole wafer. This result indicated
that the Al composition and/or layer thickness decreases towards the wafer edge, which
was consistent with the findings from the FP and PL variation. Furthermore, this demon-
strated that the influence of the wafer bow dominates that of the epi-layer variation.

As expected from the variation of the FP wavelength, the lasing wavelength was also
shown to vary radially on the wafer, decreasing towards the edge. By assessing < 8 pm
aperture devices at currents close to threshold, confinement effects associated with the
oxide aperture and effects due to self-heating were negligible. This resulted in the VCSEL
emission wavelength tracking very closely with the measured FP resonance wavelength.
The VCSEL threshold current was shown to vary in conjunction with the variation of
the oxide aperture across the wafer. The wafer oxidised in a convection-based furnace
produced superior oxidation uniformity compared to a conduction-based furnace, which
resulted in an improved threshold current uniformity. Wafer-scale mapping of the ox-
idation extent allowed the variation in threshold current density to be measured, and
assessing large diameter devices reduced the impact of oxide aperture variation on the
measured performance. Despite this, a radial variation in threshold current density re-
mained. Measurement of the dependence on temperature (and specifically the tempera-
ture corresponding to the threshold current minima) revealed a spatial variation in the
detuning of the gain peak and cavity resonance wavelengths - which is present due to
the different sensitivities of the FP and PL wavelengths to shifts in the properties of
the epi-layers. From the known shift of the gain peak wavelength with temperature, the
room temperature gain peak wavelength was calculated. One benefit of the variation of

the gain peak detuning means that the threshold current uniformity improves at elevated
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temperatures, close to the intended temperature of operation (~ 50°C).

The VCSEL peak optical power was also shown to track with the oxide aperture on the
wafer. The optical power was observed to vary significantly on a wafer with poor oxida-
tion uniformity. The variation was greatly reduced with a uniform oxidation. Similar to
the threshold current density, the optical power density was calculated from the mapping
of the oxidation extent across the wafer, and large devices were assessed to account for
residual oxide aperture variation. When this quantity was mapped, the variation over
most of the wafer was small but a drop off towards the edge was observed. This was com-
pared to the measured height of the stopband for the same wafer, and found to correlate
with an increase in reflectivity. The effects of this were also seen in the measured peak
external differential efficiency, which was similarly observed to reduce towards the wafer
edge.

In conclusion, the quality and uniformity of generic MOVPE-grown 6-inch GaAs substrate
VCSEL wafers has been assessed. A decrease in the In mole fraction in the quantum wells
was deduced to occur radially towards the wafer edge. This was found to also coincide
with a decrease in the thickness of the epitaxial layers. Variation of the oxide aperture
across wafers processed whole was shown to have a significant effect on the uniformity
of device performance, particularly the threshold current and output power. Even when
the oxide non-uniformity was corrected for, some residual variation in device performance
was found to remain, which was attributed to the variation in the properties of the epi-
layers, specifically, a spatially varying detuning of the gain peak and cavity resonance

wavelengths and a variation in the mirror reflectivity.
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Chapter 6

VCSELs on Germanium

6.1 Introduction

In Chapter 5, the sizeable wafer bow/warp of AlGaAs-based VCSEL structures grown
on 6-inch (150 mm) diameter GaAs substrates was shown to significantly impact the
uniformity of on-wafer device performance. As discussed in Chapter 3, this results from
the non-negligible strain present in the DBR layers, which originates from the lattice-
mismatch of AlAs and GaAs. The bowing issue becomes more significant as the wafer
diameter is increased and, as such, the further scale-up of volume VCSEL production to
8-inch diameter substrates looks unlikely to occur on GaAs. As a result of this, work
has been done to produce high-quality VCSEL structures on Ge as an alternative growth
substrate for future scale-up. There are several reasons as to why Ge is a good candidate
for a VCSEL substrate which are briefly summarised here. The lattice constant of Ge
lies between that of GaAs and AlAas and is more closely matched to AlAs than that of
GaAs, which provides a reduction in strain (roughly 0.08% for Ge compared to 0.14% for
GaAs). In addition, Ge has a higher fracture toughness than GaAs so should also benefit
from fewer wafer breakages during fabrication. The mechanical robustness combined

with the reduced strain is also likely to lead to improvements in material and device
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yields. Furthermore, Ge substrates can be produced defect-free (zero etch-pitch density)
which will reduce the number of threading dislocations formed during growth which is
advantageous for both yield and device reliability. Finally, the thermal conductivity of
Ge is ~ 5% higher than GaAs and, therefore, it may be possible to produce lower thermal
resistance VCSELs. There are of course drawbacks, for example, the inability to cleave
these structures and the need for a buffer at the interface of the Ge substrate and the
epitaxial layers. However, these challenges can be overcome. As an alternative to cleaving,
for other photonic components grown on Ge (photodetectors and solar cells), laser/plasma
dicing techniques are generally used to produce individual chips. Further, MOVPE-grown
transition layers can be employed at the Ge-epi interface to reduce electrical resistance
and ensure a clean growth surface free from anti-phase domains [26]. Despite this, for Ge
to be considered as a viable alternative to GaAs for VCSEL production, it is necessary
to show, at a minimum, parity in the performance of devices grown on each material.
This requires the assessment of the electrical, optical, and thermal characteristics of like-
for-like VCSELSs grown on both GaAs and Ge. So far, the reports on the performance of
VCSELSs on Ge has not been extensive and work has focussed on the material properties
and advantages over large diameters wafers. Here, the techniques of the previous chapter
are applied to whole 6-inch wafers of nominally identical epitaxial structures designed
for 940 nm emission high-power operation grown on both GaAs and Ge substrates. In
section 6.2, the performance of VCSELs grown on Ge is assessed experimentally and
qualified against that of VCSELs on GaAs. This includes the series resistance, threshold
requirement, spectral properties, efficiency, and thermal performance. In section 6.3, work
is reproduced from [91] which focusses on the impact of the substrate on material/device
uniformity. Throughout the discussion, the VCSELs grown on GaAs and Ge substrates
will be referred to as GaAs VCSELs and Ge VCSELs.
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6.2 Comparative Study of GaAs and Ge VCSELs

6.2.1 Series Resistance

The VCSEL series resistance is extracted as the slope of the I-V characteristic between
2.4 and 2.5 V. Plotting this against device aperture in Figure 6.1, it is evident that the
resistance of the Ge VCSELs is slightly higher. Considering large apertures to minimise
the impact of aperture size dependence, an approximate difference of 10 €2 is found. It
should be noted that the Ge substrate is approximately 75 pm thicker than the GaAs
substrate. From C-TLM measurements, it was found that the contact resistance on
the substrate side of the wafer (n-doped) is significantly lower for AuGe/Ni/Au on Ge
than for GaAs. Therefore, it is most likely that the observed difference is derived from
the properties of the epitaxial layers, this is considered further in section 6.3.2.1. At a
minimum, it can be said that the electrical properties are comparable for GaAs and Ge
VCSELSs, but future investigations may be dedicated to ascertaining whether the difference

observed here is non-negligible and towards understanding its origin.

6.2.2 Threshold Requirement

The dependence of threshold current and threshold current density on oxide aperture
is very similar for the GaAs and Ge VCSELSs, as can be seen in Figures 6.2 and 6.3.
Comparable performance is observed with very similar dependence on oxide aperture for
both device types. As the aperture is increased, the threshold current density plateaus
at ~ 2 kA/cm? with a slightly higher value in the Ge VCSELs (5% increase). This is
most likely associated with a difference in optical loss in the different epitaxial structures
and unrelated to the growth substrate. This is considered in more detail throughout
this chapter. Similarly to the series resistance discussion, it is shown that comparable
threshold current densities can be achieved for 940 nm emitting VCSELs with Ge as a

drop-in substrate replacement.
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Figure 6.1: Series resistance as a function of oxide aperture diameter for

VCSELs.
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Figure 6.3: Threshold current density as a function of oxide aperture diameter for GaAs
and Ge VCSELs. The error bars represent the effect of a 0.5 pm uncertainty in the oxide
aperture.

6.2.3 Lasing Wavelength

The room temperature emission wavelength close to threshold closely matches the FP
cavity resonance wavelength observed in reflectometry measurements and there is very
little difference (< 0.5 nm) between the GaAs and Ge VCSELs for similar aperture sizes.
Emission spectra for a 5.5 pm GaAs and 6.0 pm Ge VCSEL are shown in Figure 6.4.
The wavelength of the fundamental mode is extracted from the long-wavelength edge of
the spectrum. This has an error of + 0.3 nm related to the resolution of the spectrometer.
These wavelengths are plotted against bias current in Figure 6.5. The quadratic depen-
dence on bias current reveals that the dominant source of internal temperature increase
is Joule-heating [124], [125]. The rate of increase in wavelength is highest for the GaAs
VCSELSs at both 30 and 70 °C. A greater rate of self-heating is to be expected given the
slightly smaller oxide aperture (0.5 pm) and mesa diameter (2 pm), although, also seen
in Figure 6.5, the difference in the rate of wavelength shift remains when larger device

apertures (5.5 and 6 pm) are considered (lower curves).
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Additionally, the shift in wavelength with ambient temperature, shown in Figure 6.6,
is found to be ~ 0.07 nm/°C for both substrate types which is within the 0.01 nm/°C
error in the literature value expected from the refractive index shift of the AlGaAs-based

cavity.

6.2.4 Self-Heating

6.2.4.1 Thermal Resistance

Extending the treatment of the previous section, the self-heating can be quantified by
measuring the wavelength shift as a function of the dissipated power, as introduced in
section 2.6.2.3. The dissipated power is taken as the total electrical power (IV) minus the
optical power. Fig. 6.7 shows the resulting plot of wavelength as a function of dissipated

power for 34 pm mesa devices, corresponding to a 6.5 pm GaAs VCSEL and 5 pm
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Ge VCSEL. The method used to calculate the thermal resistance is that of [75]. The
dependence of Ry, on temperature is accounted for by measurement of dRy,/dT. The
ratio of the slope of these curves to the slope of the wavelength shift with temperature
at zero dissipated power gives the device thermal resistance. Thermal resistances are
calculated as Ry gaas = 1.54 £ 0.38 °C/mW and Rryge = 1.49 £ 0.32 °C/mW. The
large error in the calculated values stems from the lines of worst fit of the curves in Figure
6.7, accounting for the 0.3 nm resolution of the spectrometer. Therefore, it can be said
that despite the 1.5 pm smaller oxide aperture and 75 pm thicker substrate, the device
thermal resistances are within error. Hence, parity in the thermal performance of VCSELs
on GaAs and Ge is shown, with some promise that thermal performance of Ge VCSELSs

can be enhanced relative to GaAs.
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6.2.4.2 Thermal Rollover

The current at which thermal rollover occurs can be used as another indication of the
thermal performance of the devices. Figure 6.9 shows the optical power as a function of
bias current for large aperture GaAs and Ge devices and the rollover current is similar in
both cases with a difference of 1.2 mA. The difference in oxide aperture (13.5 pm GaAs
vs 14.0 pum Ge) contributes to the difference in the onset of thermal rollover, and Figure
6.10 shows the dependence on both ambient temperature and oxide aperture diameter.
Thermal rollover occurs at a lower current as the ambient temperature is increased due
to a reduction in internal quantum efficiency and increases in carrier leakage, carrier
thermalisation, spontaneous recombination, and internal optical loss [66]. The difference
in rollover current for the ~14 pm GaAs and Ge devices increases by just 0.2 mA in
the range 25 to 70 °C demonstrating no difference in the rollover-producing mechanisms.

From Figure 6.10 (right), it is evident that the disparity is explained by the difference in
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Figure 6.9: Light-current-voltage characteristics up to thermal rollover for a 13.5 pm and
14.0 pm aperture GaAs and Ge VCSEL, respectively.

oxide aperture, and from the slopes of the plot, the expected shift in rollover current due
to a 0.5 pm aperture shift in oxide aperture is calculated to be ~ 1.5 mA, which agrees
well with observation. This further supports the demonstration of parity in the thermal

properties of Ge VCSELSs described in the previous section.

6.2.5 Optical Power and Efficiency

The maximum output power of a VCSEL is determined by how efficiently the input elec-
trical power is converted into optical power and the degree of self-heating. For small
aperture devices, the high thermal resistance results in the early onset of the thermal
rollover and, as such, the peak optical power is low. As the device aperture is increased,
the onset of thermal rollover moves to higher current and the peak optical power increases.
Figure 6.11 shows a linear dependence between peak optical power and device aperture
at 30 °C. Both the GaAs and Ge VCSELs follow the same dependence on aperture with

a constant offset of ~ 0.5 mW which is likely related to epi-layer variation, that is, a
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difference in mirror or absorption loss.

The dependence of the peak power on aperture becomes sublinear as the ambient temper-
ature is increased to 70 °C. In Figure 6.12, it can be seen that this sublinear relationship
arises from the difference in sensitivity to temperature for small and large aperture de-
vices. For the small aperture devices (3.5 and 4.0 pm), the internal temperature is
dominated by the effects of self-heating, whereas the larger devices (13.5 and 14.0 pm)
are comparatively more sensitive to changes in ambient temperature due to their low
thermal resistance.

Similar to the dependence on oxide aperture, it is found that the rate of decrease of
peak optical power with temperature is equivalent for the GaAs and Ge VCSELSs, and
the offset is likely derived from epi-layer variation. Again, here parity in the optical out-
put power characteristics between GaAs and Ge VCSELs has been demonstrated. Further
(destructive) characterisation would be needed to fully isolate the effects of epitaxial layer

variation. The dependence of the peak external differential efficiency, 74 peak, On oxide
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aperture for ~ 8 pm GaAs and Ge VCSELs is shown in Figure 6.13. From Equation
2.17, the external differential efficiency is dependent on the internal quantum efficiency,
n;, the internal optical loss, and the mirror loss. Assuming n; is constant for both device
types, the higher 74 peak Observed for the GaAs VCSELs suggests a variation in optical
loss between the samples. The difference is ~ 5%, which is comparable to the increased
Ge threshold current density seen in Figure 6.3. Therefore, it is likely that this difference
is the result of variation of the internal optical loss (reducing Ji, and increasing 7q).
The power conversion efficiency is dependent on both the differential efficiency and the
series resistance. The dependence on oxide aperture for GaAs and Ge is shown in Figure
6.14, with values measured to range between 35 to 42% for all device sizes. 7, peax is found
to be consistently higher throughout the temperature range for the GaAs VCSELs. In
both cases there is a decrease in 7, for small oxide apertures, which corresponds to an in-
crease in series resistance, as well as increased loss due to the confinement of the aperture
as the device size is reduced. A decrease for larger apertures is also observed which is
typical for VCSELSs and relates to the non-uniform current distribution [6]. Additionally,
a decrease is observed at elevated temperature which is attributed to thermally-activated
carrier leakage. Given that the GaAs VCSELs have a lower resistance and higher 1q peax,
the increased conversion efficiency is expected.

For both the differential and conversion efficiencies, there is an ~ 8% decrease in the
peak values of the Ge substrate devices. Further work will be devoted to understanding
whether this difference is statistically significant relative to expected epitaxial variation.
Destructive characterisation could therefore be employed to quantify differences in the

properties of the epi-layers and assess how this contributes to the observed disparity.

6.2.5.1 Summary

The key findings from the experimental comparison of GaAs and Ge VCSELSs are sum-
marised here. In general, parity in the output characteristics of 940 nm VCSELs grown on

GaAs and Ge is observed. There is a difference of 5% in the threshold current density for
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Table 6.1: Comparison of key figures of merit for ~ 10 pm aperture GaAs and Ge
VCSELs. The quantities included are series resistance (R), threshold current (Iy,), peak
optical power (P .x), thermal rollover current (Ionover), peak external differential
efficiency (74 peak), and peak power conversion efficiency (7, peak)

Substrate| Aperture R Lin Pax Liollover 7)d,peak Tlp,peak
(‘um) (€2) (mA) | (mW) | (mA) | (W/A) (%)
GaAs 9.5 45.7 0.96 22.2 31.1 0.89 41.6
Ge 10.0 54.6 1.14 224 32.8 0.86 38.5

large aperture devices in the favour of GaAs. The emission spectra and lasing wavelengths
are found to be equivalent. The electrical resistance of the Ge VCSELSs is slightly higher
than that of the GaAs VCSELs, however, this may be derived from properties of epitaxial
layers. The shift in emission wavelength with temperature and current is comparable for
both device types when accounting for oxide aperture differences. From measurement of
the wavelength shift as a function of the dissipated power, the thermal resistance of large
diameter devices is found to be within error, despite a smaller oxide aperture and thicker
substrate for the Ge VCSELs. This result is attributed to the higher thermal conductivity
of Ge, from which it is predicted that an enhancement in the thermal performance can
be achieved by growth on Ge substrates. The differences in the observed thermal rollover
points are associated with a variation in oxide aperture. The peak external differential
efficiency is lower in the Ge VCSELSs, likely driven by a difference in the internal optical
loss in the different samples. This reduced differential efficiency, as well as the increases
electrical resistance, drives a lower power conversion efficiency in the Ge VCSELs. A

comparison of key figures of merit for GaAs and Ge VCSELs is given in Table 6.1.

6.3 Wafer-Scale Analysis

6.3.1 Wafer Bow and Oxidation Uniformity

One of the main advantages for growing VCSELs on Ge substrates is the reduction of

wafer bow/warp. Figure 6.15 shows the vertical height variation across a 6-inch Ge and
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GaAs VCSEL wafer already presented in section 3.2.4. The centre-to-edge height differ-
ence measured for a GaAs wafer is larger by a factor of 5 compared to the Ge case. The
wafer bow for GaAs substrate VCSELSs has a sizeable impact on wafer uniformity, which
is measured and presented here. One of the key processes for the production of VCSELs
is the definition of the oxide aperture. From section 3.3.3, small temperature variations
during the selective oxidation process can result in a significant difference in oxidation
rates and, therefore in this case, oxidation extent across the wafer. As demonstrated
throughout this thesis, key operating characteristics of VCSELs are highly dependent
on the lateral dimensions of the active volume, hence a deviation from the desired ox-
idation length can result in a significant variation in device performance. The impact
of oxidation rate non-uniformity of GaAs and Ge substrate VCSEL wafers was reported
in [91]. For conduction-based oxidation furnaces, which rely on thermal contact with a
heated chuck for temperature control, the bow of a GaAs substrate wafer leads to an
appreciable difference in temperature between the centre and edge of a 6-inch wafer, as
presented in section 5.3. The height variation for a 6-inch GaAs and Ge substrate wafer
is reproduced in Figure 6.15 and the resulting oxidation extent variation for wafers ox-
idised in a conduction-based furnace is shown in Figure 6.16. In Chapter 5, the GaAs
wafer non-uniformity was shown to drive the variation in device performance for wafers
oxidised in a conduction-based furnace. In contrast, improved uniformity for a Ge wafer
is observed. This is a result of the uniformity of the Ge oxidation, seen in Figure 6.16.
Further, the oxidation extent is found to decrease towards the wafer edge. The impact on
the uniformity of threshold current and optical power for 38 pm mesa devices is shown in
Figures 6.17 and 6.18. There is an increase in both threshold current and optical power
at the regions with shorter oxidation extents (hence larger apertures) close to the wafer
edge. This can be seen more clearly in the line profile plot in Figure 6.19. It should be
noted, though, that excellent oxidation uniformity is achieved with a convection based

furnace both for Ge and GaAs.
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Figure 6.15: Height variation of a 6-inch Ge and GaAs substrate VCSEL wafer. The
centre-to-edge difference is ~ 20 pm and 130 pm for the Ge and GaAs wafer, respectively.
Reproduced from [91].
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Figure 6.16: Oxidation length variation on a 6-inch GaAs (left) and Ge (right) substrate
wafer. The uniformity is improved by a factor of 2 for the Ge wafer due to the lack of
bow.
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Figure 6.17: Wafer-scale variation of threshold current for 38 pm mesa diameter VCSEL
devices across a 6-inch Ge wafer oxidised in a conduction-based furnace.
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Figure 6.18: Wafer-scale variation of peak optical power for 38 pm mesa diameter VCSEL
devices across a 6-inch Ge wafer oxidised in a conduction-based furnace.
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Figure 6.19: Threshold current variation along a horizontal line profile for 38 pm mesa
VCSELs from a 6-inch GaAs and Ge wafer. Both wafers are oxidised in a conduction-
based furnace.

6.3.2 Properties of the Epitaxial Layers

6.3.2.1 Sheet Resistance

From C-TLM measurements of the emission-side metallisation (as discussed in section
5.2.3 for a GaAs substrate wafer), a radial variation in the sheet resistance is observed.
Again, this variation indicates a change in conductivity of the p+ doped GaAs cap of the
top DBR. The centre-to-edge difference measured for the Ge wafer is twice as large as that
of the GaAs wafer. This reveals a spatial variation in the doping concentration. In Figure
6.20, it can be seen that the centre of the Ge wafer has a higher sheet resistance, associated
with a lower doping concentration in the GaAs cap. This likely contributes to the higher
electrical resistance of the Ge VCSELSs presented in section 6.2.1. The higher Rgpeet at
the wafer centre indicates a possible radial increase in temperature during growth across
the Ge wafer, resulting in an increase in the acceptor impurity concentration towards the

edge. With growth on Ge there is negligible bowing, and so it is more likely that the
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Figure 6.20: Wafer-scale variation of the sheet resistance for a Ge substrate wafer, mea-
sured by C-TLM. The radial decrease indicates a spatial variation of the doping concen-
tration in the p+ GaAs cap layer.

temperature uniformity is improved relative to GaAs. Given that Ge is used as a drop-in
replacement for GaAs in this study, it is possible that the spatial variation is simply due

to the growth recipe being optimised for a bowed GaAs wafer.

6.3.2.2 FP Cavity Resonance Wavelength

Figure 6.21 shows the variation of the FP cavity resonance wavelength extracted from
reflectometry measurements for a 6-inch GaAs and Ge substrate wafer. Despite the dif-
ference in wafer bow, the same radial decrease is observed for both wafers. This suggests
that the origins of the radial variation which is generally seen in MOVPE growth of 6-inch
VCSEL wafers does not result from the wafer curvature as has been suggested elsewhere.
This gives weight to the argument that the the variation is driven by the non-linear

gas-flow rate in the reactor and not temperature.
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Figure 6.21: FP cavity resonance wavelength of GaAs (top) and Ge (bottom) wafers

extracted from reflectometry measurements. A radial variation is observed in both cases
despite the lack of bow for the Ge wafer.
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6.3.2.3 Photoluminescence - Cavity Resonance Detuning

From Chapter 5, the detuning of the gain peak and cavity resonance wavelengths is known
to vary spatially on the wafer. Although the PL peak is not directly representative of
the gain peak wavelength, the gain peak detuning can be assessed by considering the
spatial variation of the FP cavity resonance and the PL wavelengths. This is shown in
Figure 6.22 (top) for the GaAs case. The QWs are grown such that the PL wavelength
is shorter than the cavity resonance wavelength across the whole wafer. Clearly, though,
the difference in PL and FP wavelengths decreases towards the wafer edge. This is due
to the radial decrease in the thickness of the cavity layers. The same radial trend in the
detuning is observed for the Ge substrate wafer as is shown in Figure 6.22 (bottom), and
this is expected given the equivalent variation of the cavity resonance wavelength (Figure
6.21). The magnitude of the detuning is slightly lower for the Ge wafer (~ 8 nm vs ~
10 nm) which is the result of the sharper drop in FP wavelength close to the edge of
the GaAs wafer. In both cases, therefore, the detuning of the FP and PL wavelength
(and by extension the gain peak wavelength) is found to be greatest at the wafer centre
and decreasing towards the edge. The VCSEL threshold current density as a function of
temperature is measured on-wafer and a comparison of two locations (labelled A and B
in the wafer maps of Figures 6.22) is shown in Figure 6.23. For the regions examined,
the PL-FP detuning is -18.6 and -16.0 nm for the GaAs wafer and -18.4 and -16.2 nm
for the Ge wafer. The GaAs and Ge VCSEL oxide apertures are 9.5 and 10.0 + 0.5 pm,
respectively. Lower threshold current densities are found at the wafer edge and 7,,;, is
also observed to decrease. The decrease in T,,;, is expected from the analysis of the PL-
FP detuning where the wavelength difference was seen to drop towards the wafer edge.
This means that the temperature-induced shift in the gain peak wavelength required to
align to the cavity resonance is reduced, hence occurring at a lower temperature. The
difference in T,,;, at the two locations is measured as 7 and 6 °C for the GaAs and Ge
wafers, respectively, which, from section 2.3.2, corresponds to a gain peak shift of 2.1 and

1.8 nm. These calculated gain peak shifts are close to that expected from the difference
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Figure 6.22: Detuning of the photoluminescence peak and FP cavity resonance wavelength
across a 6-inch GaAs (top) and Ge (bottom) wafer.
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in PL-FP detuning at each location on the wafers, and this, therefore, reveals that the
room temperature QW transition wavelength is ~ 14 — 16 nm shorter than the room
temperature spectral peak of the gain for both wafers. This value can be quickly checked
against simulations of the epitaxial design to assess the quality of growth. As described
in Chapter 5, this spatial dependence of the gain peak detuning works to improve the
threshold current uniformity at elevated temperatures, closer to the intended operation
temperature, and this is the casse for both the GaAs and Ge wafers.

As in Chapter 5 for the GaAs wafer, the minimum achievable threshold current, «, is
observed to be higher at the wafer centre than at the edge. This was shown to be
correlated with the change in mirror reflectivity (from the stopband height). Similarly,
then, it would be expected that a should vary less on the Ge wafer given the uniformity of
the stopband height in most regions. In section 6.3.2.3, between regions A and B on the
wafer, the minimum threshold current density was observed to decrease by ~0.2 and 0.1
kA /cm? for the GaAs and Ge wafer, respectively. Between these locations, the stopband
height is found to increase by ~3% for the GaAs wafer and to remain approximately
constant for the Ge wafer. This suggests that a change in the optical absorption loss
drives the observed variation in Jy, mn for the Ge wafer, and also likely has a sizeable

effect for the GaAs wafer.

6.3.2.4 Stopband Height

As discussed in Chapter 5, mapping of the stopband height can be used to assess the
variation of the DBR reflectivity across a wafer. In Figure 6.24 the wafer-scale variation
is shown to differ for the GaAs and Ge wafers, with a more uniform distribution on the
Ge wafer. For the GaAs wafer there is sharp increase in reflectivity observed towards the
edge. The isolated low-stopband-height pocket at the region labelled C on the Ge wafer is
likely a measurement issue and not representative of the DBR reflectivity. These pockets
were present on all wafers from this particular growth run which were measured together,

and in later runs of different epitaxial structures measured with the same tool.
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Figure 6.23: Threshold current of ~ 10 pm aperture VCSELSs as a function of temperature,
measured at two locations on a 6-inch GaAs and Ge wafer. In both cases, there is a
decrease of T, towards the edge, indicating a reduced detuning of the gain peak and
cavity resonance.

The centre-to-edge difference in the stopband height (15% increase from the wafer cen-
tre value) suggests a spatial variation in the mirror loss which, from Equation 2.17, is
expected to affect the external differential efficiency. From device measurements at the
locations A and C indicated in Figure 6.24, g peqr is found to decrease from 0.99 to 0.94
(~ 6%) for the GaAs wafer and from 1.05 to 0.91 W/A (~ 13%) for the Ge wafer. Given
that the reflectivity increases for the GaAs wafer, a drop in n4 is expected. The magni-
tude of the drop is lower than may be expected assuming the mirror loss is the dominant
factor. For the Ge wafer, location C is in an isolated pocket of low stopband height and
so an increase in 1y would be expected. The opposite is observed, which supports the
argument that the pocket is an artifact of the measurement and not representative of the
mirror reflectivity. The wafer-scale variation of the peak differential efficiency and peak
power density for a GaAs and Ge wafer is shown in Figures 6.13 and 2.13. These wafers
were oxidised in a convection-based furnace and the oxidation extent variation across the
wafer is < 1 pm. In both cases the differential efficiency is highest at the wafer centre.

There is a radial decrease for both wafers, but this is more pronounced for the GaAs
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Figure 6.24: Stopband height variation for GaAs (top) and Ge (bottom) 6-inch wafers.
The magnitudes are un-calibrated and therefore can only be used to assess variation within
the wafer and not to compare the mirror reflectivity between the two wafers.
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Figure 6.25: Wafer-scale variation of the peak differential efficiency of 38 pm mesa
VCSELs across a 6-inch GaAs (top) and Ge (bottom) wafer. Both wafers were oxidised
in a convection-based furnace and the oxidation extent variation is < 1 pm.
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Figure 6.26: Wafer-scale variation of the peak power density of 38 pm mesa VCSELSs
across a 6-inch GaAs (top) and Ge (bottom) wafer. Both wafers were oxidised in a
convection-based furnace and the oxidation extent variation is < 1 pm.
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wafer. For the GaAs case, both the differential efficiency and peak optical power drop
near the wafer edge, which suggests that the increase in mirror reflectivity (stopband
height) plays a role. For the Ge wafer, the variation is observed despite the constant re-
flectivity measured from the stopband height. This suggests that a change in the optical

absorption loss is the dominant contribution to the observed effects on device performance.

6.4 Summary

A detailed experimental comparison of AlGaAs-based 940 nm emission wavelength VC-
SELs grown on GaAs and Ge substrates has been presented in this chapter. Equivalence
in the threshold current and threshold current density was demonstrated, as well as the
emission spectra and lasing wavelength. The electrical resistance of the Ge VCSELs was
found to be slightly higher than that of the GaAs VCSELs and this has been attributed
to a difference in sheet resistance observed from the mapping of C-TLM structures. The
shift in emission wavelength with temperature and current was demonstrated to be com-
parable for both device types. From measurement of the wavelength shift as a function of
the dissipated power, the thermal resistance of ~ 6 pm devices was measured and found
to be within error (£ 0.32 °C/mW) despite the smaller oxide aperture and thicker sub-
strate of the Ge VCSELs. The thermal properties were further probed by assessment of
the rollover point of the devices, with the observed differences associated with a variation
in oxide aperture. The peak external differential efficiency was seen to be lower in the
Ge VCSELs, likely driven by a difference in the overall optical loss in the structures and
unrelated to the growth substrate. This reduced differential efficiency, as well as the in-
creased electrical resistance, was shown to drive a decrease in power conversion efficiency
(~ 8%) in the Ge VCSELs.

The reduced wafer bow and resulting improved oxidation uniformity of structures grown

on Ge was presented, which has been previously demonstrated to improve the uniformity
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of critical device performance characteristics, including electrical resistance and threshold
current. The wafer-scale analysis of material properties was performed, demonstrating
that the quality and uniformity of the VCSEL epitaxial structure is unaffected by growth
on a Germanium substrate. The same wafer-scale variations as that of growth on GaAs
were observed in the QW and active region layers, with highly uniform PL and FP wave-
lengths. Very similar behaviour in the detuning of the gain peak and cavity resonance
results from this and leads to improved uniformity in the VCSEL threshold current density
at elevated temperatures. The wafer-scale variation in the DBR reflectivity was assessed
from the height of the stopband measured by reflectometry, however the impact on the
external differential efficiency was shown to be minimal, suggesting some spatial varia-
tion in the internal optical loss. It should be noted again that Ge was used as a drop-in
replacement for GaAs in this study, that is, the growth conditions used were optimised
for a GaAs wafer. Subsequent optimisation must take place to account for the un-bowed
Ge wafer to further assess the effect on material uniformity and yield.

In conclusion, parity in the performance between GaAs and Ge substrate VCSELSs was
demonstrated, with potential enhancements in the thermal properties of Ge VCSELs
over their GaAs counterparts. The advantages of improved oxidation uniformity associ-
ated with the reduced wafer bow of large diameter VCSELs was demonstrated. It was
shown that high-performance epitaxial structures can be grown on Ge substrates, with

the wafer-scale uniformities equivalent to that of structures grown on GaAs.
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Chapter 7

Conclusion

This thesis set out to address three research questions relating to the assessment of uni-
formity, yield, and reproducibility which arise in the volume production of VCSELs by
MOVPE:

1. Can a method of rapid VCSEL fabrication be designed to streamline feedback in
manufacturing, such that processing time is sufficiently reduced but device perfor-
mance is preserved?

2. What wafer-scale non-uniformities arise in VCSEL production by MOVPE as the
wafer size is increased?

3. Does growth on alternative substrates, such as Ge, provide any net advantages over

growth on GaAs?

7.1 Conclusions

In Chapter 4, the question of whether a method for rapid VCSEL fabrication which pre-
serves device performance was addressed. A QuickSEL process was developed such that
devices can be produced within 24 hours using standard processing techniques. The key

findings of that experimental study are summarised here.
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The initial approach employed a bridge-mesa design, however, these devices were found
to suffer from large leakage currents which resulted in high threshold currents. The per-
formance of un-oxidised devices was assessed, and the threshold current was shown to
further increase as a result of increased leakage and optical loss at the mesa sidewalls.
It was concluded that QuickSELSs should retain an oxide aperture to ensure performance
better represented that of standard device architectures.

The next generation approach, utilising atypical mesa geometries for the definition of
oxide-vias, achieved full electrical isolation and the definition of the VCSEL aperture si-
multaneously by selective oxidation of buried high-Al content AlGaAs confinement layers.
This removed the need for the time-consuming processing step of dielectric-planarisation
and required only two metal-deposition steps for the definition of the emission-side and
substrate-side contacts (as opposed to three or more in a standard process). Additionally,
careful design of the mesa geometry allowed both direct probing and, if required, wire
bonding to the top contact as well, whilst the total oxidation length required for full
electrical isolation remained reasonable (< 15 pum). These design attributes resulted in a
60% reduction in processing time relative to a standard BCB-planarised structure.

The performance of these QuickSEL devices was shown to be representative of that of
standard structures with some limitations. The impact on lasing wavelength was negligi-
ble and shown to be determined by the material cavity resonance wavelength with some
redshift due to Joule heating for both QuickSEL and standard devices. A difference in
the degree of redshift was observed, related to the difference in thermal mass of the de-
vices. This impact of the larger QuickSEL thermal mass was also seen in the wavelength
shift with bias current. A calculated internal temperature increase per unit current re-
sulting from a greater degree of self-heating was shown in standard structures. As the
oxide aperture is preserved for the QuickSEL, only a small increase in threshold current
(~ 10%) was found, which was attributed to surface recombination at the un-passivated
mesa sidewalls. The difference in maximum output power was found to be within error of
that expected due to oxide aperture variation, and the mean maximum power conversion

efficiency was within the standard deviation for that of all devices measured.
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In summary, a device design and fabrication process was developed such that VCSEL de-
vices with performance close to that of standard BCB-planarised structures are produced
within 24 hours. This is of use in VCSEL product development cycles and for assessment
of wafer-scale, wafer-to-wafer, and run-to-run quality, and in the assessment of uniformity
in volume manufacture where minimising operation time is imperative.

In Chapter 5, the quality and uniformity of generic MOVPE-grown 6-inch GaAs sub-
strate VCSEL epi-wafers designed for 940 nm emission wavelength was assessed. These
assessments were based on post-growth material characterisation, mapping of the oxide
aperture, and through on-wafer testing of QuickSELs.

From reflectometry measurements, the FP resonance was found to shift to a shorter wave-
length towards to the edge of the wafer, which was attributed to a 0.5% decrease in layer
thickness. An abrupt shift in the stopband characteristics (width and centre wavelength)
20 mm from the wafer edge was observed and this was shown to result from the gradual
appearance of sidebands in the reflectivity spectra. The FP resonance wavelength was
shown to align centrally to the stopband centre (within 5 nm) across the whole wafer.
The PL wavelength was demonstrated to vary by < 1.5 nm across the wafer, with a ra-
dial decrease towards the wafer edge - consistent with an increasing QW photon energy.
Simple calculations showed that layer thickness variations have a negligible impact on
the QW transition energy, even for sizeable shifts. Therefore, it was explained that the
variation in the PL wavelength is most likely derived from an increase in the bandgap
energy in the QW, that is, from a decrease in the indium mole fraction. Furthermore,
excellent uniformity in the PL intensity was shown, consistent with a high QW radiative
efficiency across the wafer. Similar for the integrated PL signal and linewidth, which was
observed to be on the order of that expected from thermal broadening across the whole
wafer.

It was also shown that, when oxidised as a whole wafer in a conduction-based furnace,
there can be a significant variation in the oxide aperture for a GaAs substrate wafer.
The oxidation extent was shown to vary radially, increasing towards the edge, which is

the result of temperature gradients during the oxidation process. The radial variation
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was observed to be directly related to the bow of a 6-inch GaAs substrate wafer, which
resulted in a lower temperature at the wafer centre. The contribution of the furnace
non-uniformity was also described. The effect of wafer bow was removed by considering
cleaved samples from different regions of a 6-inch wafer. Oxidising samples taken from
the centre and edge of the wafer, the oxidation rate was found to be slower at the wafer
edge - the opposite effect from what is observed for a whole wafer. This indicated that the
Aluminium composition and/or layer thickness decreases towards the wafer edge, which
was consistent with the findings from the FP and PL variation. Furthermore, this demon-
strated that the influence of the wafer bow dominates that of the epi-layer variation.

As expected from the variation of the FP wavelength, the lasing wavelength was also
shown to vary radially on the wafer, decreasing towards the edge. By assessing > 8 pm
aperture devices at currents close to threshold, confinement effects associated with the
oxide aperture and effects due to self-heating were negligible. This resulted in the VCSEL
emission wavelength tracking very closely with the measured FP resonance wavelength.
The VCSEL threshold current was shown to vary in conjunction with the variation of
the oxide aperture across the wafer. The wafer oxidised in a convection-based furnace
produced superior oxidation uniformity compared to a conduction-based furnace, which
resulted in an improved threshold current uniformity. Wafer-scale mapping of the ox-
idation extent allowed the variation in threshold current density to be measured, and
assessing > 8 pm aperture devices reduced the impact of oxide variation on the mea-
sured performance. Despite this, a radial variation in threshold current density remained.
Measurement of the dependence on temperature (and specifically the temperature corre-
sponding to the threshold current minima) revealed a spatial variation in the detuning
of the gain peak and cavity resonance wavelengths - which is present due to the different
sensitivities of the FP and PL wavelengths to shifts in the properties of the epi-layers.
From the known shift of the gain peak wavelength with temperature, the room tempera-
ture gain peak wavelength was calculated. One benefit of the variation of the gain peak
detuning means that the threshold current uniformity increases at elevated temperatures,

close to the intended temperature of operation (~ 50°C).
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The VCSEL peak optical power was also shown to track with the oxide aperture on the
wafer. The optical power was observed to vary significantly on a wafer with poor oxida-
tion uniformity. The variation was greatly reduced with a uniform oxidation. Similar to
the threshold current density, the optical power density was calculated from the mapping
of the oxidation extent across the wafer, and large devices were assessed to account for
residual oxide aperture variation. When this quantity was mapped, the variation over
most of the wafer was small but a drop off towards the edge was observed. This was com-
pared to the measured height of the stopband for the same wafer, and found to correlate
with an increase in reflectivity. The effects of this were also seen in the measured peak
external differential efficiency, which was also observed to also reduce towards the wafer
edge.

Overall, the quality and uniformity of generic MOVPE-grown 6-inch GaAs substrate VC-
SEL wafers was assessed. A decrease in the In mole fraction in the quantum wells was
deduced to occur radially towards the wafer edge. This was found to also coincide with
a decrease in the thickness of the epitaxial layers. Variation of the oxide aperture across
wafers processed whole was shown to have a significant effect on the uniformity of device
performance, particularly the threshold current and output power. Even when the oxide
non-uniformity was corrected for, some residual variation in device performance was found
to remain, which was attributed to the variation in the properties of the epi-layers, specif-
ically, a spatially varying detuning of the gain peak and cavity resonance wavelengths and
a variation in the mirror reflectivity.

In Chapter 6, a detailed experimental comparison of AlGaAs-based 940 nm emission
wavelength VOCSELSs grown on GaAs and Ge substrates was presented.

Equivalence in the threshold current and threshold current density was demonstrated, as
well as the emission spectra and lasing wavelength. The electrical resistance of the Ge
VCSELs was found to be slightly higher than that of the GaAs VCSELs and this has been
attributed to a difference in sheet resistance observed from the mapping of C-TLM struc-
tures. The shift in emission wavelength with temperature and current was demonstrated

to be practically equivalent for both device types. From measurement of the wavelength
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shift as a function of the dissipated power, the thermal resistance of ~ 6 pm devices
was measured and found to be within error (£ 0.32 °C/mW) despite the smaller oxide
aperture and thicker substrate of the Ge VCSELs. The thermal properties were further
probed by assessment of the rollover point of the devices, with the observed differences
associated with a variation in oxide aperture. The peak external differential efficiency was
seen to be lower in the Ge VCSELs, likely driven by a difference in the overall optical loss
in the different structures and was not thought to be related to the difference in growth
substrate. This reduced differential efficiency, as well as the increases electrical resistance,
was shown to drive a decrease in power conversion efficiency (~ 8%)for the Ge VCSEL:s.
The reduced wafer bow and resulting improved oxidation uniformity of structures grown
on Ge was presented, and was demonstrated to improve the uniformity of critical device
performance characteristics, including threshold current and the peak optical power. The
wafer-scale analysis of material properties was performed, demonstrating that the quality
and uniformity of the VCSEL epitaxial structure is unaffected growth on a Ge substrate.
The same wafer-scale variations as that of growth on GaAs were observed in the QW and
active region layers, with highly uniform PL and FP wavelengths, and a similar spatial
variation in the FP-PL detuning. This demonstrated that the radial variation across the
wafer is not related to the wafer curvature. The wafer-scale variation in the DBR reflec-
tivity was assessed from the height of the stopband measured by reflectometry.

In summary, parity in the performance between GaAs and Ge substrate VCSELs was
demonstrated, with potential enhancements in the thermal properties of 940 nm VCSELs
on Ge substrates. The advantages of improved oxidation uniformity associated with the
reduced wafer bow of large diameter VCSELs was also shown. It was also shown that
high-performance epitaxial structures can be grown on Ge substrates, with the wafer-scale

uniformities equivalent to that of structures grown on GaAs.
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7.1.1 Summary

To summarise, in this thesis, the development of a QuickSEL process was presented, such
that devices can be produced within 24 hours using standard processing techniques with-
out the need for planarisation or deposition of a dielectric. These electrically-isolated and
oxide-confined VCSELs produce output characteristics comparable to that of standard
BCB-planarised structures. This is intended to be of use in VCSEL product development
cycles for the assessment of epi-wafer quality and uniformity, and in mapping wafer-scale,
wafer-to-wafer, and run-to-run device performance in volume production settings.

From post-growth material characterisation and wafer-scale device-level testing, the qual-
ity and uniformity of generic MOVPE-grown 6-inch GaAs substrate VCSEL wafers was
assessed. A decrease in the In mole fraction in the quantum wells was deduced to occur
radially towards the wafer edge. This was found to also coincide with a decrease in the
thickness of the epitaxial layers. Variation of the oxide aperture across wafers processed
whole was shown to have a significant effect on the uniformity of device performance, par-
ticularly the threshold current and output power. Even when the oxide non-uniformity
was corrected for, some residual variation in device performance was found to remain,
which was attributed to the variation in the properties of the epi-layers, specifically, a
spatially varying detuning of the gain peak and cavity resonance wavelengths and a vari-
ation in the mirror reflectivity.

A comparative experimental study of the performance of 940 nm VCSELs on GaAs and
Ge substrates was performed by processing and characterising QuickSEL devices. Parity
in performance between GaAs and Ge substrate VCSELSs in terms of threshold current,
threshold current density, series resistance, emission spectra, and wavelength tuning was
demonstrated. The thermal resistance was measured to be within error despite a smaller
oxide aperture and thicker substrate for the Ge VCSELs under test. Therefore, there may
be potential enhancements to be found in the thermal performance of VCSELs on Ge.
The advantages of improved oxidation uniformity associated with the reduced wafer bow

of large diameter Ge wafers was demonstrated. Improvements in the threshold current
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and peak optical power uniformity was shown. The variation of the material properties
represented by the photoluminescence and Fabry-Perot cavity resonance wavelengths, and
the stopband characteristics were found to be equivalent, showing that the radial varia-
tion which is generally observed is not driven by the GaAs wafer curvature. This study
demonstrated that high-performance epitaxial structures can be grown on Ge substrates

with wafer-scale uniformities equivalent to that of structures grown on GaAs.

7.2 Future Work

In this section future directions for this work are discussed. Further investigations will
likely centre on expanding on the experimental studies presented in chapters 4, 5, and 6.
Whilst the characterisation of QuickSEL devices presented in Chapter 4 was sufficient
to show parity with standard BCB-planarised VCSEL structures, further information on
QuickSEL device performance may be obtained. Some questions remain relating to the
quasi-circular aperture shape and how this affects the beam profile. Near-field imaging
may be employed to assess the transverse mode profile of the QuickSELs. In addition,
far-field imaging can be used to understand the beam divergence relative to standard
circular aperture VCSELs. The latter is of particular concern in studies relating to the
production of VCSELSs for sensing applications.Furthermore, to more accurately assess
the effects of sidewall passivation on device performance, it would be advantageous to
produce QuickSEL devices, through the fabrication methods presented earlier, but which
also undergo a BCB planarisation step. This would allow the suggestion that a reduction
in the rate of sidewall recombination in standard VCSELs contributes to a decrease in
threshold current to be verified.

The significant impact of oxide aperture variation on the wafer-scale non-uniformity of
device performance was demonstrated in Chapter 5. These assessments were based on
optical measurements of the oxidation extent in-situ, however, alternative methods of

mapping oxidation length via on-wafer electrical measurements of designated test struc-
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tures may also be employed!. This technique is promising for efficient and reliable oxide
aperture mapping and would benefit from studies correlating with destructive charac-
terisation (SEM) and in-situ optical measurements. Further consideration could also be
given to other variations arising in fabrication. For future investigations, a more in-depth
study on metallisation, particularly concerning the variation of specific contact resistance,
could be conducted. In similarity to the study of oxidation uniformity, this can be related
back to temperature gradients within the anneal chamber and how this translates into
electrical contact quality. Additionally, more attention to etch-depth uniformity could be
given, in particular relating to the effect of aspect ratio dependent etch rates.

To give weight to the conclusions given concerning the origins of on-wafer device per-
formance non-uniformity, future work should include focus on relating destructive char-
acterisation (SIMS, TEM and SEM) to quantify true thickness, composition, and dop-
ing concentrations variations. Correlating this information with device measurements
and physical models will help to better understand the propagation of material variation
through to device performance. In particular, in understanding whether mirror or absorp-
tion losses contribute to the observed centre-to-edge differences in the threshold current
density minima, and if the latter, assessing whether this correlates with higher doping
concentrations. Similarly this approach can be applied to the differential efficiency and
oxidation extent variation to ascertain if observations align with the expectations relating
to Al composition and layer thickness. Furthermore, the PL peak and FP resonances
should be examined to discern whether they are influenced more strongly by fluctuations
in material composition (QW In content/cavity effective index) or thickness.

In the context of wafer-scale uniform mode control, the use of an oxide aperture was
found to introduce challenges for achieving consistent mode volumes across a large wafer.
Future investigations could be employed to explore the uniformity benefits of alternative
methods, such as in-phase/anti-phase structures, which may include a cap etch or the

deposition of a dielectric layer. This research could lead to a more standardised approach

1J. Baker, C. Hentschel, C. P. Allford, S. Gillgrass, J. I. Davies, S. Shutts, P. M. Smowton, ’Charac-
terisation techniques for on-wafer testing of VCSELs in volume manufacture’, International Conference
on Compound Semiconductor Manufacturing, May 2023.
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to mode control in volume production and its comparison to that provided by oxidation
would be a valuable study.

This thesis has focussed on variation within individual wafers, however, variation wafer-
to-wafer and run-to-run is paramount in manufacturing. The fabrication and character-
isation techniques presented in this thesis can also be applied to assess variation for all
wafers in a growth run and throughout a growth campaign, characterising overall reactor
uniformity and assessing the effect of reactor drift. This study would provide useful in-
sights towards producing refined epitaxial designs and reproducible processes.

Parity in the performance of 940 nm emitting VCSELs grown on both GaAs and Ge
substrates was presented in Chapter 6. However, future work could be devoted to fur-
ther understanding the slight difference in series resistance and whether this relates to
the Ge-epi interface. Furthermore, given the higher thermal conductivity of Ge, it was
suggested that growth on Ge may yield benefits in the thermal performance of VCSELs.
Further characterisation, minimising uncertainty, is required to demonstrate an decrease
in thermal resistance. Measurements should also be performed on industry-standard VC-
SELs grown on Ge (as opposed to QuickSEL devices) to assess the benefits for high-power
and high-temperature operation. The thermal performance may also be further improved
by growth on thinned substrates, of which there is commercial availability for Ge. This
would also provide the economic benefit of using less material per growth run relative to
standard GaAs substrates. A study assessing both the performance benefits and impact
on wafer-scale variation could therefore be conducted.

Moreover, given that Ge substrates are produced with zero defects, the impact on the
reliability of VCSELs on Ge may be assessed. Defect scanning and x-ray diffraction
characterisation of VCSELs on Ge can be performed and correlated with accelerated life-
testing and failure analysis. The overall impact on yield could quantified by considering
the wafer-scale variation in defect density for GaAs and Ge VCSELs.

Despite the potential benefits of Ge in VCSEL manufacturing, there are some challenges
to overcome, one relating to chip separation. VCSELs grown on Ge cannot be cleaved

like those on GaAs and require laser/etch methods for chip dicing. A comparative study
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into different dicing methods for Ge VCSELs and their impact on device performance
would be a valuable study towards addressing one of the key technical challenges facing

the adoption of Ge for volume VCSEL production.
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