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Abstract

This thesis presents the characterisation of oxide-confined vertical-cavity surface-emitting

laser (VCSEL) devices, with circular and elliptical oxide apertures, for miniaturised atomic

clock (MAC) applications. The use of elliptical oxide apertures, which doesn’t require additional
processing steps or electron-beam lithography, as an alternative to surface gratings for polarisation
control was investigated. Additionally, the measured power-current, emission wavelength, and

beam characteristics of the VCSEL devices were compared to the requirements of the MAC.

2.5 nym diameter circular oxide aperture VCSEL devices met most of the requirements. However,
with the epitaxial structure considered in this thesis, the small oxide aperture sizes required

to achieve side-mode suppression ratios (SMSR) of 30 dB, resulted in a mean divergence

angle of 51.6 £ 0.8°; more than twice the maximum allowed value of 25°. There was also a

large variation in the measured orthogonal polarisation suppression ratio (OPSR).

1.5x3.7 pm elliptical oxide aperture VOCSEL devices had measured SMSRs that were greater
than 30 dB up to 0.5 mW. The mean maximum OPSR was 14.2 £+ 0.3 dB, for optical powers
between 0.2-0.5 mW, the minimum differed from the maximum by less than 0.4 dB for all

the measured devices.

The segmented contact stripe-length method was applied directly on VCSEL material to
measure the transverse electric (TE) polarised modal gain spectra, as a function of current

density and temperature. The cap thickness was varied to reduce the mirror reflectivity and



suppress lasing in the vertical direction. The TE-polarised modal gain was converted into a
material gain by calculating the confinement factor and effective index of the mode. For the

Lat

structure considered, the threshold material gain was determined to be 14404140 cm™
30 °C. To demonstrate the usefulness of this technique in the optimisation of VCSEL structures,
the measured gain-peak wavelength, and its temperature dependence is compared to the

lasing wavelength.
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Chapter 1

Introduction

This thesis contains a description of the characterisation of vertical-cavity surface-emitting

lasers (VCSELs) for application as the pump source in miniature atomic clocks.

1.1 Motivation

Many applications rely on global navigation satellite systems (GNSS) to provide a precise
timing reference. As well as navigation and positioning systems, communication networks

often require high synchronisation and are also reliant on GNSS. However, the GNSS timing
signal is vulnerable to disruption, and failure over a 5 day period is estimated to cost the

UK economy £5.2 billion [1]. The miniaturised atomic clock (MAC) is effectively a compact
version of the atomic clocks that are used as the time standard by measurement standards
laboratories, but with a timing performance that’s two or more orders of magnitude poorer

[2]. However, it can maintain an accurate clock signal over several days [2] and has the potential
to be mass produced and used in everyday applications, thus providing an alternative timing

reference during prolonged GNSS outages.



1.2 Atomic Clocks

To the best of our knowledge, the properties of atoms, including their energy levels, are time
and space invariant, making them the ideal frequency standard. Atomic clocks, which operate
by tuning to the natural resonances of an atom, can keep time with unparalleled accuracy.
There are numerous types of atomic clocks in existence. Microwave atomic clocks generate a
clock signal in the microwave regime and are generally based on alkali atoms. They include
fountain clocks [3], Cesium (Cs) beam clocks, hydrogen maser clocks, and vapor cell clocks
[4]. Of these, fountain clocks, which are currently used to define the International System of
Units (SI) second, have the highest performance, with a fractional uncertainty on the order of
10715 [5]. Recent years have also seen significant advances in optical clocks. With uncertainties
on the order of 107, they can outperform fountain clocks and are eventually expected to
replace them as frequency standards [6]. However, many applications do not require atomic
clocks with the highest accuracy and stability, and other factors such as the size, cost and
power usage can determine their suitability. Commercial atomic clocks are predominantly

vapour cell clocks and beam clocks [2].

1.2.1 Vapour Cell Atomic Clocks

Figure 1.1a shows a schematic diagram of a vapour cell atomic clock using Rubidium (Rb).

A 3"Rb discharge lamp emits light, which is filtered by a cell containing **Rb. The hyperfine
structure of ®Rb differs slightly from 8"Rb, such that the longer wavelength hyperfine component
of the emission line is more strongly absorbed [7]. The filtered light therefore pumps the

8TRb, contained in a reference vapour cell, to the upper energy hyperfine ground state, as

shown in figure 1.1b. The reference vapour cell is placed in a microwave cavity, that’s modulated
at the ground state hyperfine frequency of 6.8 GHz to induce transitions between the hyperfine
ground states [2]. This reduces the population difference between the hyperfine ground states,

increasing the absorption. The transmission is monitored by a photodiode and used to lock
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Figure 1.1: (a) Schematic diagram of a vapour cell atomic clock using Rubidium and (b)
simplified diagram showing the 3’Rb transitions in the reference cell due to the optical
emission from the discharge lamp. The solid red arrow shows excitation of the 3’Rb atoms
from the F=1 ground state to an excited state. The dashed red arrow shows an emission line
that is absorbed by the ®Rb filter cell. This leads to an increased population of Rb in the
F=2 ground state.
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Figure 1.2: Energy level diagram showing states in a A configuration, which consists of the
two ground states |1) and |1), and the excited state |3). The ground states, |1) and |1), are
coupled to state |3) by an optical field with frequencies w; and ws, respectively.

the microwave modulation frequency to the ground state hyperfine frequency to generate a

clock signal.

With the above implementation of vapour cell atomic clocks, the use of the microwave cavity
makes further miniaturisation difficult. Additionally, discharge lamps have a relatively high-
power consumption. Miniaturised atomic clocks tend to be compact versions of vapour cell
atomic clocks that use laser diodes and are based on coherent population trapping (CPT)

which does not require a microwave cavity [2].

1.2.2 Coherent Population Trapping Spectroscopy

CPT can occur when atoms are optically pumped by two coherent beams that meet certain
resonance conditions. Figure 1.2 shows a three-level system in a A configuration, which consists
of two ground states, labelled |1) and |2), and a single excited state |3). The frequency separation
between the [1) and |3), and the |2) and |3) states, are w; and ws, respectively. Two orthogonal
states, known as a dark state and a bright state, can be formed from a superposition of the

|1) and |2) states. Under illumination by two coherent optical fields, with frequencies of w;

and wsy, an atom in the bright state can be excited into the |3) state. Eventually, the excited
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Figure 1.3: Energy level diagram of the Cs D1 transition, which occurs between the 6S;/, and
6P /2 states. Shown are the fine structure, hyperfine structure, and the Zeeman structure,
which is the splitting of the hyperfine levels under a weak magnetic field. The hyperfine and
Zeeman levels are labelled with the quantum number, F', that parameterises the coupling

of the total orbital angular momentum with the nuclear spin, and its projection, mpg,
respectively. The transition wavelength of the Cs D1 transition is 894.6 nm. The hyperfine
splitting of the 6S;/, and 6P/, states are 9.1926 GHz and 1.2 GHz, respectively.

state atom will relax into either the dark or bright state via spontaneous emission [4][8]. On
the other hand, atoms in the dark state do not interact with the coherent optical fields and

are effectively trapped in this state [4][8]. Atoms accumulate into this dark state, which leads

to a reduction in the absorption .

1.2.3 Miniaturised Atomic Clocks

The VCSELs in this thesis have been designed for MACs that are based on CPT using the

Cs D1 transition. Figure 1.3 shows an energy level diagram for the D1 transition, which involve
the 65,/ and 6P, states and has a transition wavelength of 894.6 nm. The hyperfine levels

of the 65;/, ground state has a frequency splitting of 9.2 GHz, while the 6P/, excited state

has a hyperfine frequency splitting of 1.2 GHz [9].
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Figure 1.4: Schematic diagram of a miniaturised atomic clock based on coherent population
trapping. A laser diode is modulated at 4.6 GHz, half the Cs 6S;/» hyperfine splitting
frequency of 9.2 GHz, and used to interrogate Cs atoms in a reference cell. The transmission
through the cell is monitored by a photodiode, and used to stabilise the RF modulation to
generate a stable and accurate clock signal. A low frequency modulation of several kHz is
also applied to lock the lasing wavelength to the D1 transition.

The three level A system can be formed from the 63/, |F' = 1,mp = 0) and |F = 2,mp = 0)
ground states, with the 6P, [FF = 1,mp = 1) excited state; or the 6P/ |F = 1,mp = 0)
and |F' = 2,mp = 0) ground states, with the 6P, |F' = 2,mp = 1) excited state. The
selection rules are such that both AF and Amy cannot be zero [10]. Therefore, circularly
polarised light is necessary to couple the magnetic field insensitive, mp = 0, ground states to

the excited state [11].

Figure 1.4, shows a simple schematic diagram of a CPT clock utilising the Cs D1 transition.

The linearly polarised emission, of a diode laser. is converted into circularly polarised light,

by a quarter waveplate, and used to interrogate Cs atoms contained in a heated reference

cell. The diode laser is directly modulated, generating coherent sidebands. When the modulation
frequency is half the Cs 6/, hyperfine splitting frequency [4], the first order sidebands pump
the Cs atoms into the dark state. The increased transmission due to CPT is detected by

a photodiode and used to stabilise the modulation frequency to generate a 4.6 GHz clock

signal. To lock the lasing wavelength to the Cs D1 transition, an additional low frequency

modulation, on the order of several kHz, is applied to the laser, causing the emission wavelength



to dither around the transition wavelength. The transmission is detected and used to generate

a locking signal.

1.3 The VCSEL

Recent years have seen significant growth in the VCSEL market, particularly sensing applications.
Due to their short cavity, compared to standard edge emitting lasers, VCSELs have a narrow
emission spectrum and temperature-stable emission wavelength, which enables the use of a
narrow-band filter on the detector to improve the signal to noise ratio [12][13]. Additionally,

their surface emission make VCSELs ideal for fabricating large arrays, and their low beam

divergence allow the use of simple optics, and systems can be made compact [13][14].

VCSELs are also an attractive choice for MACs. A single device can have sub-mA lasing
threshold currents due their small active volume, so power consumption can be on the order

of 1 mW, especially since high optical powers are not required. The short, single longitudinal
mode cavity of VCSELS ensures operation free of mode-hops which cause the lasing wavelength
to go out of resonance with the atomic transition and leads to a loss of signal [15]. Additionally,
VCSELs can be directly modulated at GHz frequencies, at relatively low optical powers,

due to the short photon lifetimes and high photon density within its cavity, as well as a low
capacitance owning to its small area. The MAC application places particularly stringent
requirements on the VCSEL device that must be met [2][16][17][18]. The specification for the

VCSELs in this thesis is summarised in table 1.1.

A single optical frequency, resonant with the D1 transition of Cs is required, so the VCSEL
emission must be single mode, with a wavelength of 894.6 nm [2]. A current dependent wavelength
tunability provides a way to stabilise the VCSEL to the atomic transition by applying a low
frequency current modulation. However, this method of laser frequency stabilisation also

places limits on the slope efficiency. A high slope efficiency can shift the position of the optical

power minima when the current, and thus wavelength, is swept. A stable linearly polarised



Parameter (units) Min | Target | Max
Operating Current (mA) 1 2 6
Output Power (mW) 0.2 0.5

Slope Efficiency (W/A) 0.2 0.4
Emission Wavelength (nm) 894.6
Current Tuning Coefficient (nm/mA) 0.6

SMSR (dB) 30 40
Full-Width Beam Divergence (°) 10 25
3 dB Modulation Bandwidth (GHz) 4 5 10
Linewidth (MHz) 50 100

Table 1.1: MAC VCSEL Specification

optical output enables conversion into circularly polarised light with a quarter-waveplate [16].
Additionally, mode competition between orthogonally polarised modes can cause the VCSEL
optical power to fluctuate and introduce additional noise [19]. A low divergence angle simplifies
the optics used. The VCSEL must be directly modulated at 4.6 GHz, and a 3 dB bandwidth
that’s greater than 4 GHz ensures efficient conversion of radio frequency (RF) power into
modulation of the VCSEL output. Since absorption by the Cs atoms is wavelength dependent,
frequency noise in the VCSEL optical output will be converted to amplitude noise and degrade
the CPT signal. Therefore, to minimise additional amplitude noise, the linewidth should be
below 100 MHz [9]. Finally, due to their close proximity to the Cs vapour cell, the VCSEL

must be operated at a temperature close to the cell temperature of 70 °C.

One of the challenges of using VCSELs is that due to their circular symmetry there is no
strong mechanism to fix the polarisation along a particular direction, and the polarision may
switch during operation [20]. Sub-micron surface gratings have been used to produce VCSEL
devices that are linearly polarised, with no polarisation switching, at a wavelength of 894.6 nm
[21]]22][23]. However, additional processing steps are required to fabricate the surface grating,
and electron-beam lithography is necessary due to the small feature-size [20]. On the other
hand, non-circular oxide apertures do not require additional processing steps, and have the

potential to produce polarisation stable VCSEL devices [24][25][26].

To ensure the desired specifications are met, the VCSEL epitaxial structure must be tested



and verified. This can be achieved with growth calibrations such as cavity-resonance reflectance
and room temperature photoluminescence measurements, combined with the wafer-level testing

of fabricated full VCSEL structures, to obtain laser output characteristics. Making the appropriate
changes to the epitaxial structure to optimise device performance is challenging. For example,

for efficient operation, with a low threshold current, the gain-peak and the cavity resonance
wavelength should coincide. This is complicated since each of these parameters has a different
temperature dependence. A full understanding of how the optical gain spectrum varies with

temperature and current density would enable more rapid optimization at lower cost.

1.4 Previous Work

1.4.1 VCSELs for miniaturised atomic clocks

There have been a number of reports of VCSELs designed to emit at 894.6nm for MAC applications

within the literature.

The impact of detuning the gain-peak and the cavity resonance wavelength was studied in

[18]. A 3.5 pm active diameter oxide-confined VCSEL, operating at 70 °C, with a threshold
current of 0.23 mA and an output power of approximately 1.7 mW at 4 mA was demonstrated.

A side-mode suppresion ratio (SMSR) that was greater than 25 dB was achieved for temperatures

of 23-110 °C, for a drive current of 1 mA.

In [27], a VCSEL device with a 3 pm diameter surface relief and a 7 pm diameter oxide aperture,
achieved a 30 dB single-mode optical power of 0.45 mW at 80 °C, and had a threshold current

of 1.94 mA.

The characteristics of normal and inverted surface grating VCSELs were presented in [17][21][22][23].
A 3 pm active diameter, normal grating VCSEL, with a 0.7 pm grating period, operating at
80 °C, was reported in [21] to have a threshold current of 0.2 mA and a maximum output

power of approximately 0.55 mW. The average orthogonal polarisation suppression ratio



(OPSR) was 19 dB and an SMSR of 42 dB was measured at 1.8 mA. In [17], a 3.5 pm active
diameter, inverted grating, VCSEL device, with a 0.6 pm grating period, was reported to

have a full-width at half-maximum (FWHM) divergence angle of 9.6°.

VCSELs that featured a composite cavity, where a low-Q cavity was surrounded by a high-
Q cavity, and intra-cavity contacts to reduce optical losses and obtain narrow linewidths was
reported in [28]. At 90 °C, an OPSR greater than 15 dB, and an SMSR greater than 35 dB,
was measured for a device with a 2.5 pm major diameter rhomboidal oxide aperture with an
aspect ratio of 0.8-0.85. The device also had a threshold current of approximately 0.7 mA,
and a slope efficiency greater than 0.5 W/A. At 70 °C, the linewidth at 2 mA was 60 MHz.

Triangular holes were etched onto the surface of a VCSEL device to obtain a farfield beam
divergemce of approximately 10° and a SMSR of 20 dB [29]. The threshold current was 1 mA,

with a maximum optical power of 0.86 mW.

VCSEL devices have also been developed by Sandia National Laboratories, for use in their
chip-scale MAC systems [9]. The reported device had a 0.3 mA threshold current, and showed
35 dB single-mode operation with an optical power of approximately 0.4 mW, at an operating

current of 1 mA.

Commercially available 894.6 nm emitting VCSELs have also been produced by Vixar inc.
[30][31]. The typical characteristics of a device designed for operation at 80 °C and 1.4 mA
include a 0.61 mA threshold current, 0.3 mW output power, 0.37 W/A slope efficiency, 20 dB

SMSR, and a polarisation extiction ratio of 15 dB.

1.4.2 Gain Characterisation of VCSEL Material

The performance and the manufacturing of VCSELSs for application in MACs can likely be
improved further through a combination of detailed characterisation and device design. One

of the most important parameters to understand is the gain available in a VCSEL.

10



In semiconductor lasers, the active layers are where the carriers can recombine to generate
optical gain. For VCSEL structures, the gain characterisation of the active layers is not as
straightforward when compared to their edge emitting counterparts. Single-pass transmission
measurements are difficult to apply in the vertical direction, due to the highly reflective distributed
Bragg reflectors (DBR) which form the vertical cavity. The Hakki-Paoli technique [32] has
been applied in the vertical direction on a 24.5-\ cavity VCSEL [33]. However, this is not
possible with few-\ cavity VCSEL structures, which are more widely used, due to their large
free spectral range on the order of the optical gain bandwidth. As detailed in section 2.9,

the external quantum efficiency depends on the internal optical loss and the mirror loss. If
the injection efficiency and the mirror loss is known, the internal optical loss and therefore
the threshold gain can be determined from the slope efficiency. The gain-current relation for
VCSELSs have been determined from measurements of the external quantum efficiency and
threshold current, with losses varied by changing the feedback from an external mirror [34],

or by changing the internal optical loss by fabricating different area devices [35][36].

It is also possible to measure the gain through the in-plane propagation of light. Test wafers
with a nominally identical active region but without the Bragg reflectors can be grown [37][38].
However, there may be differences in the injection efficiency, and is less useful than testing on

the very same structure and wafer used for fully operational VCSEL devices.

Despite being designed for vertical emission, the in-plane propagation of light in VCSEL
material is possible [39][40][41][42]. In many cases, the separate confinement heterostructure
(SCH) effectively forms a multi-layer slab waveguide so that the in-plane mode can propagate
with low optical loss [40][41]. In-plane gain measurement techniques can therefore be applied
directly on VCSEL material. External efficiency measurements on different length stripe

lasers fabricated from VCSEL material have been used to determine the peak-gain current
density curve [41]. The in-plane Hakki-Paoli method has also been applied on VCSEL material,
although carrier pinning limited the measured gain spectra to sub-threshold current densities

[42],

11



1.5 Thesis Structure

The aim of this PhD is to characterise oxide-confined VCSELSs to determine the optimum
oxide aperture to not only meet the requirements of the MAC application, but ensure it is
tolerant to fabrication variations. Additionally, a technique to characterise the active layers
of the VCSELs is investigated, so that design changes to the epitaxial structure can be better

informed.

Chapter 2 covers the key terms and concepts covered within this thesis. Chapter 3 describes

the experimental setups and techniques used in this thesis. In chapter 4, the device characteristics
of oxide-confined VCSELSs designed to emit at 894.6 nm are presented. The effect of the oxide
aperture dimension on the optical power, wavelength, beam profile is shown and the optimum
dimension that meets the specification is discussed. Chapter 5 presents segmented contact
measurements that were performed on VCSEL material. Chapter 6 summarises the key results

of this thesis and suggests future work.

12



Chapter 2

VCSEL Fundamentals

This chapter reviews the key terms and concepts that are covered in this thesis.

2.1 Electronic States in a Semiconductor

The key features of the electronic states of a semiconductor crystal arise from its periodic
structure. Bloch’s Theorem states that solutions to the Schrodinger equation, with a periodic

potential, have wavefunctions of the form
u(k, 7) ek (2.1)

where 7 is the position, k is the wavevector of the electron and is related to its momentum,
and u(E, 7) is a Bloch function which has the same translational symmetry as the crystal
lattice [43]. Bloch’s theorem tells us that the electron wavefunction can be described by a

plane wave which is modulated by the periodic potential of the ions on the crystal lattice.

Figure 2.1 shows a simplified diagram of the electronic band structure of a direct gap semiconductor.

The highest energy bands that are almost fully occupied in thermal equilibrium are known

as the valence (V) band and include the light-hole (LH), heavy-hole (HH), and split-off (SO)

13
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Figure 2.1: A simplified diagram of the electronic band structure, which describes the allowed
electron energies, F, as a function of its wavevector, k. Shown are the conduction band and
the three valence bands - the heavy-hole, light-hole, and split-off band. The energy difference
between the conduction and valence band edge is known as the band gap energy, E,.

band. The LH and HH bands are usually degenerate at the band-edge, although the degeneracy
can be broken by strain or by confinement (e.g in a quantum well (QW)) [44][43]. The next
highest energy band is known as the conduction (C) band. The energy difference, E,, between

the edge of the conduction and valence band is known as the band gap energy.

An electron in the valence band can be excited into the conduction band, where it is able to
conduct. This leaves behind a vacant state in the valence band known as a hole. Holes are
also mobile and carry a positive charge. The complicated interaction of electrons and holes

with the crystal lattice can be described using the concept of an effective mass m*

1 1 d*°E
— = (2.2)

m*  h* dk?
Under the parabolic band approximation, the effective mass is treated as being constant with
the wavevector. This is typically a reasonable approximation to make close to the band edge.
Additionally, in most semiconductors, the band structure is anisotropic so that the curvature

will be different along different directions in k-space. This means the effective mass will differ

depending on the direction.
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Figure 2.2: The density of states, p, as a function of energy, F, for 3 (red dots and dashes),
2 (blue dashes), 1 (green dots), and 0 (black solid) dimensional semiconductors. Ej is the
band-edge energy.

The density of states, p, describes the number of modes at a given energy, E, per unit volume.

Figure 2.2 shows the density of states as a function of energy for different dimensional materials.

For a bulk semiconductor, the three dimensional density of states is given by

pon(F) = (Qm*)g (F — Byt (23)

2m2 \ K2
where Ej is the band-edge energy.

For a quantum well, the k-vector along the confined direction becomes quantised, so that the
conduction and valence bands are split into sub-bands, and the density of states become step-

like. The two dimensional density of states for a single sub-band is given by

*

m

pan(E) = O(F — Eu) (2.4)

Thdow

where dqw is the width of the quantum well, E,, is the band-edge energy for a particular sub-

band, and ©(...) is the Heaviside step function.
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For a quantum wire, carriers are confined along two of the dimensions (in this case, along the

x and y direction). The one dimensional density of states is given by

2 [2mr\: s
E) = E—-FE,) 2 2.
po(E) =2 () (BB 25)

where d, and d, are the width of the wires.

For a quantum dot, carriers are confined along all dimensions, and the zero dimensional density
of states is given by

pop(E) = 26(E — E,) (2.6)

where §(...) is the delta function.

2.2 Carrier Distribution

In thermal equilibrium, the probability distribution of electron occupation follows the Fermi-

distribution given by

1
f(E)=——FG%7 (2.7)
14+e T

where Fr is the Fermi energy, E is the energy of the state, £}, is the Boltzman constant and

T is the temperature. The function gives the occupation probability of an electron at a particular
state with energy FE. The Fermi energy is defined as the energy where the occupation probability
is 50% and is determined by the carrier density. Holes are unoccupied electron states, so its
probability distribution is given by 1 — f(FE). In certain situations, such as under electrical
injection, the system will not be in thermal equilibrium. The distribution in quasi-equilibrium

can be described using separate Fermi energies for the electrons and holes.
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2.3 Optical Gain

Optical gain occurs through a process known as stimulated recombination. An incident photon
with a particular energy interacts with an excited state, inducing a transition to a lower state
that emits a photon with the same energy and phase. In a bulk semiconductor and along the
plane of quantum wells, transitions occur between states with the same wavevector due to
momentum conservation. This is known as the k-selection rule [43]. The optical gain at a

particular photon energy hw is given by

g(hw) = | Mz pe(hw) [fo(Ba(hw)) = f1(Ey(hw))] (2.8)

where Ey(hw) and Ej(hw) are the electron and hole energies, respectively, for a given transition
energy. |Mr|® is the transition matrix element defined below in section 2.3.1. p,(fiw) is the
reduced density of states and gives the density of transition pairs at a given transition energy.
Assuming the k-selection rule, p, for transitions between a valence band and the conduction
band can be expressed in terms of the conduction band, p., and valence band, p,, density of
states

1 1 1

(7))~ pe(Ba(h)) | pel(En (h)

(2.9)

2.3.1 Transition Matrix Element

The transition matrix element |My|* describes the strength of the interaction of the field

with the states involved in the transition [43].

| Mel* = [{uc & - pluy)* [(Fo| F1) | (2.10)

where |<F2|F1>|2 is the overlap integral of the envelope functions, and for bulk semiconductor,
this leads to the k-selection rule. é the polarisation direction of the light, and |(uc |é - p| uy)|”

is the momentum matrix element. The dependence of the transition matrix element on the
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] L
C-LH | 12| 2/
C-HH |15 | 0

Table 2.1: C-LH and C-HH momentum matrix element relative to the bulk momentum
matrix element |M|*, for light polarised parallel (||) or perpendicular (L) to the quantum
well plane.

electric field polarisation, comes from the symmetry of the valence and conduction band Bloch

functions.

In bulk material, there is no preferred direction for the electron wavevector, so that averaging
over all directions leads to no polarisation dependence. For a particular polarisation, for both
the C-LH and the C-HH transitions, the transition strength is 1/3|M|?, where | M| is the bulk

momentum matrix element [43][44].

In QWs, confinement leads to a non-zero wavevector component along the confined direction,
which leads to a polarisation dependence. Depending on whether the light is polarised parallel
or perpendicular to the QW plane, the C-LH and C-HH transition strengths are different.
Table 2.1 gives transition strengths, at the band edge where there is no valence band mixing,

relative to the bulk momentum matrix element [43][44].

2.4 Non-radiative Recombination

Within the gain region, the carriers can recombine radiatively or non-radiatively. Non-radiative
recombination processes are detrimental to device performance, as they do not contribute to

the optical emission, and instead, facilitate the conversion of energy into heat.

2.4.1 Shockley-Read-Hall Recombination

The presence of defects and impurities in the crystal lattice can produce an electronic state
with an energy level that is within the energy gap of the semiconductor. This electronic state

is known as a trap state and is localised at the defect or impurity. As shown in figure 2.3, it
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Figure 2.3: Diagram showing the Shockley-Read-Hall recombination pathway. A conduction
electron is captured by a trap state located within the energy gap, before being released into

the valence band where it recombines with a hole. Energy from the transition is dissipated as
heat.

provides a transition pathway where carriers recombine non-radiatively in a process known as
Shockley-Read-Hall (SRH) recombination [45][46]. An empty trap state captures an electron
from the conduction band before being released into the valence band where it recombines

with a hole. Instead of photon emission, energy is transferred to lattice phonons and is dissipated
as heat. Trap states that have energy levels close to the centre of the energy gap are known

as deep traps, and have particularly high recombination rates.

In the high injection regime, which typically applies to semiconductor lasers, the recombination

rate Rgpy is given by
N

Tp+ Tn

Rsri = (2.11)

where N is the carrier density, and 7,, and 7, are the electron and hole SRH recombination
lifetimes, respectively. 7,, and 7, are given by ﬁ and ﬁ, respectively, where NNV, is the trap
density, ¢, is the electron capture rate, and ¢, is the hole capture rate. The SRH recombination
rate increases approximately linearly with carrier concentration and is proportional to the

trap density, which is dependent on the quality of the crystal grown. The crystal quality can
be very high with modern growth processes, so the SRH recombination rate can be relatively

low [43].
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2.4.2 Auger Recombination

Auger recombination is an impact ionisation process where the recombination energy of an
electron hole pair is transferred to another electron or hole [43]. The excited carrier eventually
relaxes, and the energy is dissipated as heat. Figure 2.4 shows three possible Auger recombination
process. The CCCH process involves the collision of two conduction electrons, where one

electron is excited up the conduction band and the other recombines with a heavy hole. For

the CHSH process, a conduction band electron recombines with a heavy hole, and the energy

is transferred to an electron in the split-off band, which is excited into the heavy hole band.

For the CHLH process, a conduction band electron recombines with a heavy hole, and an

electron in the light hole band is excited into the heavy hole band.

The recombination rate is proportional to N?P for the CCCH process, and proportional to
NP? for the CHSH and CHLH process. Here, N is the electron density, and P is the hole
density. At high injection rates commonly seen in diode lasers, N =~ P, and the Auger recombination
rate is proportional to N? [43]. Auger processes have an associated activation energy due

to energy and momentum conservation, and the recombination rate increases exponentially
with temperature [43]. The activation energy for the CHSH Auger process is proportional

to the energy difference between the bandgap and split-off band energies. Therefore, the
CHSH process severely limits the radiative efficiency in materials with a band gap energy
comparable to the split-off energy. For the CCCH and CHLH processes, the activation energy
is proportional to the bandgap energy, so the recombination rates are high for narrow bandgap
material. In wide bandgap materials (below 1 pm), the band-to-band Auger recombination
rate is reduced, and instead, phonon assisted Auger recombination, which has lower rates,

tends to dominate [44].
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Figure 2.4: Diagram showing three possible Auger recombination process, where (a) the
CCCH process involves 3 conduction states and a heavy hole state, (b) the CHSH process
involves a conduction state, two heavy hole states, and a split-off state, and (c) the CHLH
process involves a conduction state, two heavy hole states, and a light hole state. The
conduction (C), heavy hole (HH), light hole (LH), and split-off (SO) are shown. Bands that
are relevant to a particular Auger process are blue, while the rest are grey.
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2.5 Carrier Injection

Optical gain requires population inversion where the carriers are more likely to be in the
conduction band rather than the valence band so that an incident photon is more likely to
induce stimulated emission rather than absorption. This cannot occur in thermal equilibrium,
but it is possible to move the system away from thermal equilibrium by the electrical or optical

injection of carriers.

Diode lasers typically employ a p-i-n diode structure to inject electrons and holes into the
conduction and valence band, respectively. A p-i-n structure is formed by sandwiching intrinsic
semiconductor material between p-doped and n-doped semiconductor material. The majority
carrier population in p-doped semiconductor is holes, while for n-doped semiconductor the
majority is electrons. The dopant determines whether a semiconductor becomes p- or n-type.
Group IV elements can act as both a donor or acceptor for III-V semiconductors, depending

on whether the dopant replaces the group III or V element [47].

Figure 2.5 shows the energy band diagram of an n-doped and p-doped semiconductor of the
same material, before (figure 2.5a) and after (figure 2.5b) being combined to form a p-n
homojunction. In p-doped semiconductor, the majority carrier population is holes, while for
n-doped semiconductor the majority is electrons. The dopant determines whether a semiconductor
becomes p- or n-type. Group IV elements can act as both a donor or acceptor for I1I-V
semiconductors, depending on whether the dopant replaces the group III or V element [47].
The Fermi-level is close to the conduction band in the n-doped material and the valence band
in the p-doped. Figure 2.5b shows the resulting energy band of an unbiased p-n homojunction,
formed by combining the two pieces, under thermal equilibrium. In thermal equilibrium,

the Fermi-level is the same for both holes and electrons, and line up across the junction.
Electrons and holes recombine at the junction, depleting carriers across a region known as

the depletion region, leaving behind negatively and positively charged ions on the p- and n-

side, respectively. Due to the charged ions in the depletion region, there is an inbuilt electric
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Figure 2.5: Diagram showing the spatial variation of the conduction (£.) and valence (E,)
band-edge energies, and the Fermi energy (Er) for (a) spatially separate p- and n-doped
semiconductor of the same species, and (b) the resulting unbiased p-n homojunction that
forms after combining the two. The solid lines show the band-edge, while the dashed lines
show the Fermi level.
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Figure 2.6: Diagram showing the spatial variation of the conduction (E.) and valence (E,)
band-edge energies, and the Fermi energy (Er) for (a) spatially separate p-type, intrinsic,
and n-type semiconductor, and (b) the resulting unbiased p-i-n double heterostructure that
forms after combining the three. Here, the p- and n-doped material are of the same species,
while the intrinsic material is a semiconductor with a narrower bandgap. The solid lines show
the band-edge, while the dashed lines show the Fermi level.

field that causes the bands to bend, effectively acting as a potential barrier.

Figure 2.6 shows the energy band diagram of an unbiased p-i-n double heterostructure (DH),
which consists of a smaller bandgap intrinsic material sandwiched by a larger bandgap p- and
n-doped material. There is an electric field across the p-i and i-n interface, where the carriers
recombine. Misalignment of the energy bands leads to band discontinuities at the interface.
The DH has significant advantages over simple p-n junctions for optoelectronic devices. Due
to the narrower bandgap energy, electrons and holes are confined to the intrinsic material,
when forward biased, improving the recombination efficiency. Additionally, the refractive

index is typically higher for narrow band gap material, and as will be explained in section
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Figure 2.7: Diagram showing the spatial variation of the conduction (E.) and valence (E,)
band-edge energies for a forward biased separate confinement heterostructure (SCH). Here,
the SCH is formed by surrounding a narrow bandgap intrinsic layer, with a wider bandgap
intrinsic layer on each side. The intrinsic region is then sandwiched by wide bandgap, p- and
n-doped layers on the the left and right side, respectively. The SCH is forward biased and
not in thermal equilibrium. The electron and hole population are described by the separate
quasi-Fermi energies Er. and Ep,, respectively. Electrons (closed circles) are injected from
the n-doped semiconductor, while holes (open circles) are injected from the p-doped semicon-
ductor.

2.7, this confines light to the intrinsic material, where optical losses due to doping are reduced,

and improves the overlap with the gain generating layers.

Figure 2.7 shows the energy band diagram of a simple p-i-n separate confinement heterostructure
(SCH) under forward bias. The SCH is similar to a DH but contains separate active layers

(such as quantum well or quantum dot layers) within the intrinsic region. The application of

a forward bias reduces the barrier height due to carrier depletion at the interface, allowing a
current to flow. Under forward bias, the Fermi-levels of the electron and hole population are

no longer the same, and separate quasi-Fermi levels are used instead.

2.6 Free carrier absorption

In conductors, optical losses can occur when free carriers that are driven by an oscillating
electric field are scattered by impurities. Free carrier absorption (FCA) can be significant in

semiconductor material with high doping densities.
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Equation 2.12 gives the absorption coefficient for FCA, apca, derived from classical Drude

theory [48]
Ned\?

- 2.12
472 pm*2negc? (2.12)

QFCA =

where N is the free carrier density, e is the charge of an electron, A is the wavelength, p is
the carrier mobility, m* is the effective mass of the carrier, n is the refractive index of the
material, g is the dielectric constant and c is the speed of light in free space. Equation 2.12
shows a linear and quadratic dependence on the carrier density and wavelength, respectively.
Experimental measurements show that the FCA is proportional to the doping concentration
[36][49][50][51]. However, in the near-infrared region, a very weak A dependence has been

observed for n-doped GaAs, while a A*> dependence has been observed for p-doped GaAs [36].

2.7 Waveguides

A dielectric waveguide is formed by surrounding a high refractive index core with a low refractive
index cladding and uses total internal reflection to guide light along the waveguide with low
optical loss. As a result of the confinement, the electromagnetic (EM) wave solutions within

the waveguide are discretised. These solutions are known as optical modes.

2.7.1 Slab Waveguides

One of the simplest types of waveguides is the slab waveguide, and figure 2.8 shows an example
of a symmetric 3-layer slab waveguide, where the refractive index varies along the y-axis only
and the propagation direction is along the z-axis. The guided modes of a slab waveguide can
be categorised into transverse electric (TE) and transverse magnetic (TM) polarised modes.
The TE mode has a non-zero Ey, with £, = FE, = 0. The TM mode has E, = 0 with a non-

zero Ey and E,, although typically E, is small compared to Ej [52].

The propagation of light is altered within the waveguide, as the confinement introduces a

wavevector component that’s perpendicular to the direction of propagation. The components
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Figure 2.8: (a) Schematic diagram of a 3-layer slab waveguide and (b) the refractive index
profile along the y-axis. The dashed line shows the effective index n.g of a single guided
mode.

of the wavevector in a given layer i of the slab waveguide have the relation

niks = k% + 3 (2.13)

where n; kg gives the magnitude of the wavevector in a particular layer with a refractive index
n;. ko = 2w/ is the wavevector in free space, and A is its wavelength in free space. k; is the
transverse component of the wavevector, along the direction perpendicular to the plane of the
slabs. [ is the component of the wavevector along the propagation direction, and is known as
the propagation constant. It describes the phase relationship as the mode propagates. Modes
can also be described by an effective index neg, which is related to the propagation constant
by

B = nerrko (2.14)
Guided modes have an effective index value between the cladding and core refractive index
value. The number of guided modes in a 3-layer slab waveguide depends on the core width

and the refractive index contrast of the core and cladding material. There are fewer guided

modes when the core width is reduced and the refractive index contrast is lower.

The relationship between the frequency (or angular frequency w) and the propagation constant

in a waveguide is known as its dispersion relation. The group velocity of a mode is related to
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Figure 2.9: Basic structure of a Bragg reflector waveguide formed by highly reflecting DBR
mirrors. The components of the wavevector of the mode in the core layer are shown, where 3
is the propagation constant, k; is the transverse component, and £ is the magnitude.

the 1st derivative of the dispersion curve and is given by

dw c
Vgroup = % =

(2.15)

Ngroup

2.7.2 Bragg Reflector Waveguide

Bragg reflector waveguides are a multi-layer slab waveguide where highly reflective mirrors

are used to guide the light. At wavelengths just below the vertical cavity resonance wavelength,
these waveguides are highly dispersive and the modes can have a significantly reduced in-plane
group velocity [53][54]. As such, these modes are sometimes referred to as slow light modes.

Figure 2.9 shows the typical structure of a Bragg reflector waveguide.

The structure is similar to that of a vertical-cavity surface-emitting laser (VCSEL) and effectively
forms a vertical cavity. The transverse component of the wavevector in the core layer of the

waveguide, ki, is determined by the vertical resonance condition so that

27“-7/”'301’6
e = = (2.16)




where \, is the vertical cavity resonance wavelength. Neglecting material dispersion, the
transverse wavevector component is constant with wavelength. Using equation 2.16 and 2.14

in equation 2.13, a dispersion relation for the slow light waveguide can be derived [53]

2
Neft A
=¢\/1—-|— 2.17
Necore ( /\V ) ( )

It can be seen that real values for n.g are only possible for wavelengths shorter than the

cavity resonance wavelength. Since the transverse component is fixed in size and determined
by the vertical resonance condition, for wavelengths longer than the vertical cavity resonance,
the transverse component is larger than the total wavevector and the propagation constant is

purely imaginary.

2.7.3 Material and Modal Gain

The modal gain can be defined as the fractional increase in energy, contained within an optical
mode, per unit length. The material gain is a material property and is the gain experienced
by a mode confined entirely within the gain medium and whose propagation is not affected

by guiding [44]. The per unit length material gain, g and the per unit length modal gain G is
related by

G =Ty (2.18)

where I' is known as the confinement factor, which is the ratio of the modal and material

gain. In a dielectric waveguide the confinement factor can be expressed as [55]

_ %5ocnact ffactive |E'|2 dx dy
L[] Re(E x H*) - 2dx dy

(2.19)
where n,. is the refractive index of the active layer, E is the electric field and H is the magnetic

field. The denominator is an integral of the component of the Poynting vector along the propagation

direction, over the cross-section of the waveguide, and gives the total power flow of the mode.
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For the TE polarised mode in a multi-layer slab waveguide, this can be expressed as

B
2wt

=

Ol (2.20)

- 1 — -

This expression is valid when there is material dispersion. Here, it is important to note that
the propagation constant or effective index relates the power flow to the electric field. By
definition, the group velocity relates the power flow to the internal energy of the mode. Using

equation 2.20, equation 2.19 simplifies to [43][52]

= Tactp (2.21)
Nefr

where 'y is the conventional confinement, which is the electric field overlap with the gain

material. For a multi-layer slab waveguide, this can be expressed as

v [E@)2d
FO: factlvel (y>| Yy (222)

Jonode [EW)I? dy

2.8 VCSEL Structure

Unlike edge emitting lasers (EELs), VCSELs have a vertical optical cavity, so that emission

of the lasing mode is perpendicular to the wafer surface [56][57]. Figure 2.10 shows a schematic
diagram of a typical oxide-confined top-emitting VCSEL structure, similar to the devices
presented in this thesis. Due to its vertical structure, the cavity can be defined epitaxially,
with top and bottom distributed Bragg reflectors (DBRs) forming the mirrors. Optical gain

is typically generated by QWs that are positioned at the anti-node of the standing wave profile
within the cavity (as shown in figure 2.11), so that coupling to the optical mode is maximised.
Ring contacts are used for current injection in the top DBR so that light can be emitted out

of the top mirror.

DBRs consist of alternating layers of high and low refractive index material that each have
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Figure 2.10: Schematic diagram of a typical oxide-confined top-emitting VCSEL structure.
The inner cavity containing the active layers are sandwiched between top and bottom
distributed Bragg reflectors. A high Aluminium concentration AlGaAs layer is positioned
just above the cavity, and can be oxidised to form an oxide aperture. A bottom planar
contact, and a top ring contact provide current injection, and optical emission is via the top
surface from within the ring.
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Figure 2.11: Refractive index profile (black solid) of a 1-A cavity VCSEL, showing the inner
cavity, containing three quantum well (QW) layers, and two distributed Bragg reflector pairs
on either side. For the purposes of simulating the electric field, the graded regions have been
discretised. The electric field profile (black dashes) is superimposed and shows the central
anti-node positioned at the QW layers. The horizontal grey dashed line corresponds to |E | =
0, and the red dotted lines mark the boundaries of the cavity.
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a 1/4-) optical thickness. Due to the short length of the gain material, a very high mirror
reflectivity is necessary to ensure mirror losses are low enough for low threshold current lasing
to occur [58]. By having a large number of mirror pairs, a mirror reflectivity > 99% can be
obtained, with the maximum achievable reflectivity limited by internal optical losses. The
bottom DBR has a higher number of DBR layers compared to the top, so that light is emitted

from the top and reflections at the substrate contact interface don’t affect the VCSEL characteristics.

As the VCSEL cavity is defined epitaxially, the cavity length can be made very short (as

short as 1/2-A). The longitudinal mode spacing can be of the same order as the gain and

DBR reflectivity bandwidth so that only a single longitudinal mode lases. Unlike EELs, the
lasing wavelength is determined by the vertical cavity rather than the gain-peak wavelength.

The cavity-resonance wavelength has a lower temperature dependence compared to the gain-
peak wavelength, determined largely by the temperature dependence of the refractive index

and bandgap, respectively. Therefore, the emission wavelength of a VOCSEL is typically considered
to be more temperature stable. On the hand, the threshold current has a strong temperature

dependence due to the detuning of the cavity resonance and gain-peak wavelength.

The large number of interfaces contained within the DBR mean the series resistance of a
VCSEL is higher than EELs. The mirrors are highly doped to reduce the series resistance

of the device, but this can also increase the optical losses due to FCA. Modulation doping

of just the interface can reduce the barrier potential, and thus the resistance, while keeping
optical losses low [59][60]. The use of a double mesa structure with intracavity contacts can
lower the device resistance by reducing the number of interfaces traversed by the current.

This also reduces FCA in the DBR layers, as a high doping concentration is no longer necessary

to ensure the series resistance stays low.

The oxide aperture is formed by oxidising a thin, high Al concentration, AlGaAs layer, located
just above the active layer, in a humid HyO/Ny mixture [61][62]. The resulting AlO, material

has a lower refractive index and is an insulator, so that the aperture provides both optical
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and current confinement for improved transverse overlap of the mode with the gain region.

2.8.1 Transfer Matrix method

The transfer matrix method is commonly used to describe the propagation of an EM wave
through a one-dimensional (1D) multilayer structure, and can determine the key characteristics
of VCSEL structures, such as its cavity resonance wavelength and mirror reflectivity [43]]20][63].
The electric field of a linearly polarised EM wave, in a homogenous medium in 1D, can be

written as a superposition of the forwards and backwards propagating solutions.

E(z) = ET exp(Bz) + E~ exp(—f2) (2.23)

where ET and E~ are the complex electric field amplitudes of the forwards and backwards
propagating wave, z is the position along the propagation direction, and 3 is the complex
propagation constant. In a homogeneous medium, no guiding is present so that B can be

expressed using the complex refractive index of the material n

B = nko (2.24)

The real part of n is the refractive index of the material, while the imaginary part of n is

related to the Beer-Lambert law, per unit length, absorption coefficient «. of the material by

I(7) = j—i (2.25)

The imaginary part of n is defined so that a positive « leads to the electric field of the forward
propagating wave decaying along the positive z-direction. A negative «, instead, leads to

amplification and describes a material gain (i.e g = —a).

For light propagation across an interface, the relation between the fields, in each material at
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Figure 2.12: Diagram showing the forwards and backwards propagating electric field in layers

m and m—+1 described by the matrix equation 2.28. It is assumed the layers are stacked along
the propagation direction, and are invariant in the transverse direction.

the interface, can be determined from the standard interface conditions for EM fields [64]
A x (Ey — Ey) =0 (2.26)

A x (Hy — Hy) = J, (2.27)

where J; is the surface current density, with the subscript denoting the material. n is a unit
vector along the direction normal to the plane of the interface, so that these conditions are
for the field components tangential to the interface. Similar interface conditions exist for the
components of the electric and magnetic field vectors that are normal to the interface. Since
only dielectric material is being considered, the surface current density is zero. Then, for the
1D, linearly polarised, EM wave considered here, when the wave propagation is normal to the
interface, both the electric and magnetic field is tangential to the interface. From equations
2.26 and 2.27, this leads to both the electric field E and its 1% derivative %to be continuous

across the interface [20].

The relation between the complex electric-field amplitude of the forwards and backwards

propagating waves in adjacent layers m and m+1, as shown in figure 2.12, can be expressed
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in matrix form as

By, By
=T, (2.28)
B E,
with
l 1 + ﬁ_m eiémLm l 1 _ ~7~7fm e—i6~1nLln
T = 2l "i““) ~ o "f’“) . (2.29)
%<1 - T”L::L )elﬁmLm %(1 + ﬁ:L )eilﬁmLm

where L is the thickness of a layer, and the subscript denotes the layer. To describe propagation
through multiple layers, the transfer matrices can be multiplied as below

B | _ T Ty ... To- T, = (2.30)

B By
The reflection coefficient of the multi-layer structure, at the interface between layer m and
m+1, can be defined as the ratio of the electric field of the forwards and backwards propagating
EM wave

_— % (2.31)

with E" = 0. The reflectivity is given as R = r*r. With the matrix defined as in equation
2.29, the reflection coefficient for the structure at the interface between layer 1 and 2 requires
layer 1 to have zero thickness, and £ ,; = 0. The lasing wavelength, threshold gain, and
electrical field profile are determined by the boundary condition [63]

Ef =E; ., =0 (2.32)

m

which simply states that there is no incoming light in layers 1 and m+1 which surround the
VCSEL structure. Solutions which satisfy this condition are only possible when there is gain

within the structure [63].

Equations that describe the lasing wavelength and threshold gain conditions for the VCSEL

structure can also be derived. Here, the VCSEL structure is split into top and bottom sections,
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and the complex reflection coefficient at the split is calculated separately for each section.

For sustained laser oscillation, the electric field after one round-trip must be the same as the

initial electric field Ey. This requirement is expressed by

TtoprbotEO = EO (233)

where 7o, and 7,04 is the reflection coefficient of the top and bottom mirror. Gain can be
included implicitly via the imaginary part of the refractive index in the gain layers, in which
case, equation 2.33 is a restatement of the boundary condition 2.32. Alternatively, we can

include the gain of the active layers, g..t, explicitly so that we get the approximate equation

TtopTbot exp(renhgactLact) =1 (234)

where the exponential term describes the round-trip gain due to the active layers which have
a total thickness of L,.. The factor of 2 due to the light traversing the active layers twice is
cancelled by a factor of % that appears as the gain term is from the Beer-Lambert law which
describes the change in intensity. ['ey, is an enhancement to the coupling of the active layers

with the electric field due to standing wave effects and is given by

factive |E+(Z) + E_<Z>|2 dz
factive |E+(Z)|2 + |E_(Z)|2 dz

Conn = (2.35)
Taking the argument of equation 2.34, gives the phase condition at the lasing wavelength

arg(reopTbot) = 2Mm (2.36)

where m is an integer. From the modulus of equation 2.34, the threshold condition can be

found [44]

1
Fenhgac Lac =In| —m—— (237)
' ' ( \V/ Rtoprot)
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2.9 Power-Current Characteristics

The optical power-current (P, — I) relationship, above the threshold current, I, is given
by|[20][43]

hw
Popt = next?(j - ]th) (238)

where the external efficiency, 7ey, gives the fraction of the current above threshold that’s
converted into photons which are coupled out of the cavity. The external efficiency multiplied

by " /e is known as the slope efficiency. The external efficiency is given by

O

ext — T/ 2.39
et = M- (2.39)

where 7; is the injection efficiency that gives the fraction of current that is converted into
photons inside the cavity, «; is the internal optical loss and «y, is the mirror loss. This expression
assumes that the number of photons extracted out of the cavity is significantly higher on one
side of the cavity. For VCSELs, size dependent losses, such as scattering due to the oxide

aperture, are often written separately to a;. The mirror loss can be written as

1 1
i — 2.40
@ L n(rl’l"g) ( )

where r; and ry are the reflection coefficients of the mirrors, and L is the length of the cavity.
In VCSELs, an effective cavity length is used due to an additional wavelength dependent
phase shift by the DBRs [20][43].

For edge emitters, it is possible to vary the mirror loss by fabricating multiple devices with
different cavity lengths. Using equations 2.39 and 2.40, the inverse external efficiency can
plotted as a function of cavity length to determine the injection efficiency and internal optical
loss. Some considerations that can impact the measurement are discussed in [65]. A brief

overview of this method applied to VCSEL structures is given in section 1.4.2.
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2.10 Thermal Effects in a VCSEL

A VCSEL device under continuous wave (CW) operation, will see its internal temperature
increase due to the power dissipated within the device. The total dissipated power Pyissipated

can be expressed as [20]

Pdissipated =1V — Popt - ]% + ]2Rseries - Popt (241)

where V is the voltage across the top and bottom contacts of the VCSEL, V; is the voltage

across the diode, and Reies 1S the series resistance of the device. The total electrical power,

1V | supplied to the device can be separated into the power dissipated by the series resistance,

I? Ryeries, and the power transferred to recombination processes in the diode, IV;, which have

a quadratic and linear dependence on current respectively. A portion of the power transferred

to recombination process is converted into useful optical power that is emitted out of the

VCSEL, and therefore, does not contribute to the heating. For devices with a low series resistance,

at low currents, the dissipated power will have an approximately linear dependence on current.

The internal temperature increase AT for a given dissipated power can be described by a
thermal resistance Ripermal|20]

AT
Rthermal = = (242)

Plissipated

The thermal resistance is higher for smaller oxide aperture devices as the AlO, is a poor

thermal conductor and the temperature increase is larger for smaller oxide aperture devices.

It is possible to determine the thermal resistance through experimental measurements of the
wavelength. The temperature dependence of the refractive index causes the cavity resonance
wavelength to shift with the operating temperature and dissipated power. The thermal resistance
can be determined by measuring the wavelength shift with heat-sink temperature, where the
power dissipation is negligible (e.g by operating the VCSEL in pulsed-mode at low injection

current), and the wavelength shift with power dissipation, keeping the heat-sink temperature
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constant.

At high injection currents, the leakage current and non-radiative recombination increases,

due to the high internal temperature, which reduces the injection efficiency. Additionally, the
gain-peak and cavity resonance wavelength can become detuned. Higher current densities are
required to maintain the threshold gain, reducing the slope of the P-I curve. When the slope

efficiency becomes negative, this is known as thermal rollover.

2.11 Transverse Modes of Oxide Confined VCSELs

The oxide aperture can have a significant effect on the transverse modes of a VCSEL. The
degree of guiding by the oxide aperture depends on the overlap of the oxide layer with the
electric field profile of the vertical mode. The refractive index of the oxide layer is lower than
that of the AlGaAs, so typically leads to the vertical cavity resonance wavelength being lower

in the oxidised region. As explained in section 2.7.2, in-plane propagation of slow light modes,
that occur in the VCSEL structure due to the vertical cavity-resonance, can only occur for
wavelengths shorter than vertical cavity-resonance wavelength. Therefore, at wavelengths
between the cavity-resonance wavelength in the oxidised and unoxidised region, the in-plane
component of the wavevector will be real in the unoxidised region, and imaginary in the oxidised

region. As a result, this leads to confinement of the mode within the unoxidised region.

2.11.1 Effective Index Method

A number of models exist to calculate the optical modes of a VCSEL, and a comprehensive
comparison of these methods can be found in [66]. Of these, the effective index approximation
for VCSELs [67][68] is a simple method routinely used to calculate the transverse modes of
oxide confined VCSELs. In the effective index approximation, it is assumed that the optical
modes of the VCSEL cavity are linearly polarised and are therefore solutions of the scalar

wave equation. When the aperture size is large, this is usually a reasonable approximation [69].
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The electric field solutions E(p, ¢, z) are assumed to have a separable form
E(p,¢,2) = EoF(p, ¢)G(z)e™" (2.43)

where F(p, ¢) and G(z) are normalised functions that contain the transverse and longitudinal
dependence respectively. For each region i, they each satisfy their own eigenvalue equation as

shown below

(% + a(z)ki) Gi(z) =0 (2.44)
(Vi + k%) Fi(p,¢) = 0 (2.45)

where k; and k, are the transverse and longitudinal components of the k-vector respectively.
Equation 2.44 is routinely solved using the transfer matrix method described in section 2.8.1.

The transverse and longitudinal k-vector components have the relation
= (5 - 2) (2.40

In the case of a circular oxide aperture VCSEL, the transverse modes of a VCSEL can be
approximated by the linearly polarised (LP) modes [68], which are the approximate modes of
an optical fibre with circular symmetry. They are a superposition of the HE and EH modes

when ngaq & Neore [70].

2.11.2 Single-mode VCSELSs

Many applications require single mode emissions, and generally the degree of side mode suppression

and the optical power that’s coupled into a single mode are used as measures of single-modeness.

To achieve single-mode emission with an oxide aperture VCSEL, the higher order modes
must have high radiation loss, with only the fundamental mode guided. This can be achieved
by positioning the oxide aperture layer close to a node, which reduces the guiding; and by

making the oxide diameter small, pushing higher order modes beyond cut-off, further reducing
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the number of modes that are guided. Through careful optimisation, an approximately 3.5 pm
oxide aperture diameter VCSEL, emitting at 840 nm, was reported to have a single-mode

(>30 dB) optical output power of 4.8 mW [71]. For VCSELs emitting at 894.6 nm, >30 dB

of single-mode emission at an optical output of 0.6 mW has been demonstrated with an oxide
aperture diameter of 3.5 pm. This design also featured an extended cavity for linewidth reduction
[72]. Single-mode emission >35 dB, and a maximum optical output power >2 mW was also
reported with a 2.5 pm diameter rhomboidal oxide aperture. This design also utilised a composite

Bragg mirror for higher output coupling while obtaining a relatively narrow linewidth of

20 MHz at 20 °C [28].

However, there are number of disadvantages associated with this approach. The weak guiding
by the oxide aperture means the optical modes are more susceptible to thermal lensing, where
the guiding of the mode is affected by temperature induced refractive index increase. The
small diameter oxide aperture diameter also increases the thermal and electrical resistance

of the VCSEL and leads to greater current induced self-heating. Thermal rollover occurs at
lower currents, limiting the maximum optical output power. Additionally, at the dimensions
required for single-mode emission, the fundamental mode wavelength becomes quite sensitive
to the oxide aperture size [66]. Variations in the oxidation rate across a wafer due to changes
in the composition or temperature during the oxidation process will contribute to poorer
uniformity of the emission wavelength. Where there are stringent wavelength requirements,
such as the case with VCSELSs for atomic sensors, this will reduce the yield. Diffraction losses
will also be higher for the fundamental mode, and will increase the threshold current density,

further shifting the lasing wavelength.

A number of alternative techniques exist, to produce single-mode devices. A surface relief
can introduce an additional mode dependent loss, and allows the oxide aperture to be made
larger, despite it being able to support multiple modes [73]. If the reflectivity of the mirror is
low enough, etching off material from the top layer, so that reflections at the semiconductor

air interface are in anti-phase, will significantly increase the mirror loss (see section 5.7.1).
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Since different modes have different intensity profiles, if the surface relief is of the right dimensions,
this will selectively increase the loss of higher order modes, while keeping the loss of the fundamental
mode low enough to ensure preferential lasing. The thickness range of the anti-phase layer to

achieve higher mirror loss is rather narrow, and a more tolerant design is the inverted surface

relief [74]. Since the layer thickness can be defined more accurately epitaxially, the initial top

layer is grown such that the reflections are in anti-phase, and a core region is etched so that
reflections are in-phase. With this approach, using a 3 pm diameter surface relief, and a 5 pm

oxide aperture diameter, a maximum power of 6.5 mW with >30 dB of higher order mode

suppression has been reported for an 850 nm VCSEL [75].

2.11.3 Polarisation

Most circular oxide aperture VOSELSs have transverse modes that are (almost) linearly polarised
[20]. However, due to the circular symmetry, there is no strong mechanism to fix the polarisation
along a particular direction, and switching between orthoganally polarised states can occur

during operation [20].

For VCSELSs grown on (100) substrates, there is a tendency for the polarisation of the modes

to align along or close to the [011] and the [011] axis [76][77]. It was shown in [76], that due

to anistropy in the elasto-optic tensors, residual strain causes the principle axes of the refractive
index ellipsoid to be orientated close to the [011] and the [011] axes. This birefringence breaks

the degeneracy of the orthogonally polarised modes, so that they have slightly different frequencies
[78].

A number of approaches such as anisotropic cavity geometries [79], photonic crystal air holes

[80], and elliptical surface reliefs [26][81] have been reported in the literature to improve the
polarisation stability of VOSELs. Surface gratings, which are etched onto the topmost semiconductor
layer and introduce a polarisation dependent loss, are widely used for polarisation control in

VCSELs [82][83]. The grating performance depends on the grating depth and period, and
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whether the initial cap thickness produce reflections that are anti-phase (inverted design) or
in-phase (normal design) relative to the DBR reflection. Grating periods that are larger than
the emission wavelength causes diffraction, which increases the optical losses and introduce
side lobes in the far-field profile. It was reported in [84], that inverted grating designs have
improved tolerance to grating depth variations, and reduced power in side lobes. When the
grating period is much smaller than the VCSEL emission wavelength, the grating acts like a
birefringent material and there is no significant increase in the optical losses or degradation
of the beam quality [85][86], However, electron beam lithography is typically required to

define the grating due to its small feature size [20].

Elliptical and non-circular oxide apertures have also been used as a method to produce stable,
linearly polarised VCSEL devices [24][25]. It was shown in [26] that elliptical oxide apertures
introduce a birefringence, that increases with the aspect ratio, and leads to a difference in
gain between the two orthogonally polarised modes. The birefringence is larger for smaller

oxide aperture sizes.

2.11.4 Beam Profile

The beam emitted by a VCSEL device (and lasers in general) diverges in free space. When

the beam is emitted from the device the wavefronts are approximately planar, and this regime

is known as the near-field. The point where the beam is narrowest is known as the beam

waist. As the emitted beam diverges, the wavefronts develop a curvature which become spherical
in the far-field [43]. In the paraxial approximation, the near-field and far-field beam profiles

are related by a Fourier transform [43]. The variance o2 of the spatial intensity profile of an
arbitrary beam at difference positions along the propagation direction z has a simple relation
[37](88]

0? = op + No2(z — 2)? (2.47)

where o2 and 2, are the variance of the spatial intensity profile and the position, respectively,

at the beam waist. o2 is the variance of the angular intensity profile, where s is related to the
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emission angle 6 by s = sin(0)/\ ~ 6/, and the paraxial approximation is typically assumed.
oo and og have a reciprocal relationship. The exact relation depends on the beam profile,
so that a real beam can be characterised by the beam propagation factor (BPF), which is
commonly known as M?

M2

000s — E (248)

The ideal Gaussian beam has the minimum M? = 1, and has the lowest divergence angle for

a given beamwidth.

2.12 Conclusion

This chapter covered the key concepts required to understand the basic design and operating
characteristics of VCSEL devices. An important part of any laser is the generation of optical
gain within its active region. This depends on the electronic states and carrier distribution
within the semiconductor, and the interaction strength between the optical field and the
electronic states. A population inversion is also required, and this can be achieved with a
p-i-n structure, although doping can introduce additional optical losses due to free carrier
absorption. Additionally, non-radiative recombination processes are also present in the active

layers, and this can effect the radiative efficiency.

In this thesis, an in-plane technique is used to characterise the optical gain within the VCSEL
material. The in-plane propagation of light in Bragg reflector waveguides and slab waveguides

were described, and the relation between the material gain and modal gain was given.

VCSELSs are a type of semiconductor laser where optical emission occurs perpendicular to
the wafer surface. To achive this, a short, vertical cavity can be defined epitaxially using top
and bottom DBRs. Most VCSEL devices also feature an oxide aperture, which is formed

by oxidising a high Al concentration AlGaAs layer, and used for lateral current and optical
confinement. The oxide aperture has a major impact on the optical power, wavelength, and

polarisation characteristics of a VCSEL device. Simple methods to calculate key VCSEL
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characteristics were also outlined. The threshold gain and longitudinal modes can be determined
using the transfer matrix method, while the transverse modes can be approximated using the

effective index method.
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Chapter 3

Measurement Setup

3.1 Introduction

In this thesis, vertical-cavity surface-emitting laser (VCSEL) devices, and the epitaxial material
the devices were fabricated from, are characterised. In chapter 5, the optical gain generated

by the active layers within the VCSEL material are characterised using a stripe length method
known as the segmented contact technique. The first part of this chapter introduces the relevant
background theory and the experimental set up for the segmented contact method. In chapter
4, the impact of the oxide aperture dimensions on the device performance, for a given epitaxial
material, is investigated. The application place requirements on the threshold current, optical
power, emission spectrum, polarisation, and beam divergence of the VCSEL device. The
remaining parts of this chapter describe the experimental setups and methodology used to

measure these characteristics.
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Figure 3.1: Diagram showing (a) how the spontaneous emission coupled into the mode

is amplified across the stripe, and (b) the orientation of the stripe relative to the wafer.

The x — z plane corresponds to the wafer plane, and the growth direction is along the
y-axis. L and w is the length and width of the pumped stripe, respectively. Rgpon is the
spontaneous emission rate from a small length element Az, and Sypon gives the fraction of
the spontaneous emission that’s coupled into the slab waveguide mode propagating along the
negative z direction. GG is the modal gain, and «; is the internal optical loss. The front facet
of the stripe is positioned at z=0. For (b), the size of the stripe is not to scale and has been
enlarged for clarity.
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3.2 Segmented Contact Technique

3.2.1 Stripe-Length Gain Measurement Theory

Variable stripe-length methods, where the single-pass amplified spontaneous emission (ASE)
over known lengths is measured, offer a direct way of determining the optical gain coefficient.
Figure 3.1 shows the ASE, measured at the facet, from a small length element in a uniformly
pumped stripe of length L. The stripe can be pumped either optically or electrically. Typically,
the stripe utilises a slab waveguide structure so that a fraction, Bson, of the spontaneous
emission generated is coupled into the guided mode, which is then amplified as it propagates
along the stripe to the facet. An expression for the ASE rate, I, at the facet due to a small

length element Az at position z is given by [44]
I1(2) = (Bspon Rspon Az) exp|[(G — o) 2] (3.1)

where Sgpon is the fraction of the spontaneous emission coupled into the guided mode, Rgpon is
the spontaneous emission rate, and (G — ;) is the net modal gain where G is the modal gain
due to the active layer, «; is the internal optical mode loss due to absorption by free carriers

and scattering by irregularities at interfaces.

By integrating equation 3.1 over the entire length of the stripe, the total measured ASE intensity
(equation 3.2) can be found where C accounts for back reflection at the front facet and any

coupling losses

L
I(L) = C(ﬁsponRspon/O eXp[(G - Oéi)Z] dz

exp[(G — o;)L] — 1
G — Q4

(3.2)
= CﬁsponRspon

By measuring the ASE of different length stripes, the modal gain at a given current density

can be found by fitting equation 3.2 to the data. For long lengths, the photon density will
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become high, and the stimulated emission rate comparable to the electrical injection rate, so

that the gain will start to saturate.

The segmented contact technique is a variation of the standard stripe-length method [89][90].
Instead of multiple stripes of different lengths, a single stripe with multiple segments is fabricated
so that the effective length can be altered by changing the number of sections that are pumped.

This has the advantage that the stripe only needs to be aligned once.

For the two-section measurement, two adjacent sections are electrically pumped individually
and then simultaneously which effectively doubles the stripe length. The in-plane ASE spectra
is measured and the net modal gain can be calculated using equation 3.3 [90]

1 (eas(142)
G—@j—zln(m—l) (33)

where L is the length of a single segmented contact section, and Ijeas(...) is the measured
ASE with the pumped section denoted within the brackets. The zero-bias modal absorption

due to the active layers A can be calculated using equation 3.4 [90]

At o= % 1n<§z—8) (3.4)

Electrical isolation should be high enough to ensure sections adjacent to the pumped section
are not pumped. Otherwise, this can alter the length of the pumped stripe. The intercontact
resistance can be increased by etching the highly doped cap layer between sections. The gaps
between the sections should be large enough so that the sections can be driven independently,
but small enough so that current spreading can ensure the current density profile is uniform.
Alternatively, ion implantation could be used to increase the resistivity of regions between

the sections, but is not the method used for the devices fabricated in this thesis.
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3.2.2 Current Compensation

When the electrical isolation between each section is poor, regions beyond the pumped section
may be pumped. To prevent this, adjacent sections can be grounded so that carriers are
drawn to the contacts rather than pumping adjacent sections. Additionally, light travelling

in the reverse direction will be absorbed by the grounded section and this can prevent round-

trip amplification from occurring.

However, to ensure each section is pumped with the correct current, it is necessary to compensate
for the leakage current [91]. By fitting a linear curve below turn-on, the resistance of the

leakage path can be determined, so that for a given voltage, the leakage current can be calculated
and accounted for. It is important to minimise (or correct for) the series resistance of the

cables in the measurement setup which can increase the measured voltage and otherwise lead

to the leakage current being overestimated.

3.2.3 Collection GGeometry

Opmax = tan™" (%) (3.5)

The collection geometry can have a significant impact on the measured gain spectra. Collection
of light that has passed through unpumped regions should be avoided, by collecting ASE

from a narrow region at the centre of the stripe. Additionally, as shown in figure 3.2, due to
the finite width of the stripe, the path length of light rays with internal angles greater than
Omax, given by equation 3.5, cannot be increased by increasing the stripe length [92]. The
intensity of a double length stripe is underestimated and leads to a downward shift in the

gain spectra. The downward shift increases with increasing optical gain and can therefore
cause a compression of the measured gain. Although the difference in shift can be reduced

when the intensity is measured across the entire stripe width, this also reduces ©,,,y.

50



————————
______
——————————

SWI w

A
v

L max

Figure 3.2: Top-down view of a simplified double-length segmented contact showing the
maximum internal angle, ©,,,., for a collected ray to have been able propagate over the
entire length of the double-section stripe. w is the stripe width, ew is the collection width,
Lynes 18 the length of the double-section stripe, and © is the internal angle of a ray that is
unable to propagate the entire length.

3.2.4 Segmented Contact Setup

The experimental setup was set up as shown in figure 3.3. The sample was mounted onto a
copper mount that was fixed to a 6-axis stage which has three translational and three rotational
degrees of freedom. A lens was then used to couple light into the Andor Kymera spectrometer
by imaging the front facet of the segmented contact stripe onto the slits. To reduce the collection
of partially amplified light, an aperture was placed in front of the lens, limiting the full width
collection angle to approximately 4°. A linear polariser was positioned between the lens and

the spectrometer slits to select the TE polarised light. The ASE spectra was measured using

a 256x1024 pixel Andor iStar charge-coupled device (CCD) camera, which features an image
intensifier. The camera software allows selection of particular tracks and was used to ensure

the collected ASE was from a narrow region at the centre of the stripe. The camera was

gated with the ASE measured between 500-850 ns of the 1 ps pulse.

Figure 3.4 shows a schematic diagram of the segmented contact stripes. Fabrication of segmented
contact samples was carried out by Dr. Sara-Jayne Gillgrass. The samples featured Cr/Au

(20/300 nm) p-contacts, 292 pm long and 100 pm wide with an 8 pm spacing, that was patterned
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Figure 3.3: Schematic diagram showing the setup used for the segmented contact technique.
The in-plane emission from the segmented contact stripe is free-space coupled into a
spectrometer with a lens. An aperture is placed before the lens to limit the collection angle,
and a polariser is used to select the TE polarised light.
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Figure 3.4: Schematic diagram of a segmented contact stripe fabricated on VCSEL material,
showing three individual sections, defined by segmented p-contacts that are 292 pm long
and 100 pm wide, with an 8 pm spacing. For the gain measurement, sections are electrically
pumped with a current source. A switch box allows individual or multiple sections to
pumped, and ensure any unpumped section are grounded. Light propagation occurs along
the plane of the wafer and optical emission occurs at the facet of section 1. Figure from [93].



and annealed on GaAs cap layer. The cap and several Bragg layers were then wet etched,
using the contacts as the mask, to increase the electrically resistance between each section.
AuGe/Ni/Au contacts were deposited on the n-side, followed by a second annealing step.
Wafer sections containing 2 or 4 stripes, that were 10 sections long, were cleaved and mounted
onto a copper block on a gold 16-pin TO-header. The front 4 sections were each wire-bonded
to separate pins, to allow them to be electrically driven independently. For the back 6 sections,

multiple sections were wire-bonded to a single pin to allow for grounding as required.

3.3 VCSEL Device Characterisation

3.3.1 Temperature dependent measurements

For temperature dependent measurements, a copper mount was put into thermal contact

with a ceramic heater plate using thermal paste, so that the sample could be heated from

room temperature up to 80 °C. A thermistor, that was covered in thermal paste, was embedded
in a hole within the copper mount, in close proximity to the sample. The heater plate was
controlled by a Thorlabs proportional-integral-derivative temperature controller. 3D-printed
washers, fabricated from a material with poor thermal conductivity, were used to thermally
isolate the temperature mount from the translation stages. To eliminate any temperature

offset due to the separation of the sample and the thermistor, the setup was calibrated using
two calibrated platinum resistance thermometers (PT100) that had been epoxied onto a gold

16-pin TO-header.

3.3.2 Power-Current-Voltage

The optical power was measured using a Thorlabs Integrating sphere. The VCSEL devices
were electrically driven with either a CW2401 Keithley or a low current, in-house current
source that could be operated in either pulsed or continuous wave (CW) mode. The minimum

pulse width the in-house current source could reliably output was 10 ps. The voltage was
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only measured when the Keithley was used.

Multi-section devices were pumped with an in-house pulsed current source using a 1 s pulse
width and with either a 1 kHz or 5 kHz repetition frequency. This current source could output
pulses with peak currents on the order of 1 A, and is different to the current source used to
drive VCSEL devices. Due to the impedance mismatch, a large voltage spike was present at
the start of the pulse. To avoid this spike, voltage and current values are taken after 500 ns,

averaged over a 250-300 ns window.

The threshold current was determined from the peak position of the 2nd derivative of the P-I

curve after smoothing the data with a linear Savitzky-Golay filter.

3.3.3 Wavelength

The emission wavelength of VCSEL devices was measured using an Ando optical spectrum
analyser. An AR-coated lens was used to couple light into a multi-mode fibre with a graded

62.5 pm core which provided a minimum wavelength resolution of 0.1 nm.

3.3.4 Side-Mode Suppression-Ratio

An integrating sphere with an output port was used to collect the light and remove any spatial
dependencies. The light output from the integrating sphere was free space coupled into the
spectrometer with a CCD camera. Assuming the width of the modes are the same, the height

will be proportional to the mode power. Due to broadening of the mode-widths by the spectrometer,
this is likely to be a reasonable assumption. Ideally, single-mode VCSELs will lase at the
fundamental transverse mode. A side mode suppression ratio (SMSR), defined as the logarithm

of the ratio of the highest mode power and the 2nd highest mode power, was used to evaluate

the single-mode performance of the device. With the settings used, a maximum SMSR of

approximately 35 dB could be detected due to noise.
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3.3.5 Polarisation

An anti-reflection (AR)-coated lens with a numerical aperture of 0.5 was used to collimate

the VCSEL optical emission into an integrating sphere. A linear polariser was then positioned
between the lens and the integrating sphere. The polariser was aligned so that the transmission
was maximised at a given current, and a P-I curve was taken. The polariser was then rotated
90° and and a P-I curve was taken again. The orthogonal polarisation suppression ratio (OPSR)
was defined as the logarithm of the ratio of the measured optical power, for the two orthogonal
polarisations at a given current. The linear polariser had an extinction ratio of 30 dB, so that

an OPSR of 20 dB would have an error of 0.4 dB.

3.3.6 Near-field

The near-field was obtained by using a microscope objective to project an image onto a GXCAM-
U3-5 CMOS camera. The camera response is split into 256 levels. At levels above 150, the
camera response becomes significantly non-linear, so ND filters were used to limit the maximum
intensity of the near-field imaged onto the camera. A 50x microscope objective, with a numerical
aperture of 0.42, was used to measure the nearfield of VCSEL devices. A 4x microscope
objective, with a numerical aperture of 0.1, was used to image the vertical spontaneous emission
profile of the multi-section devices (see section 5.4), that was used to estimate the current

density profile at low current density.

3.3.7 Far-field

The far-field was characterised by a turn-table set-up originally built by Dr. Stella Elliot and
refurbished by Dr. Richard Forrest. A VCSEL device is positioned at the centre while an

integrating sphere with a 150 pm wide slit rotates around the device.

From the measured far-field profile, the variance o3, and thus the 40y beam divergence, was

calculated using a converging 2nd moment method [94]. For a Gaussian far-field profile, the
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409 beam divergence is equivalent to the 1/e? full-width beam divergence.

3.3.8 Semi-automatic Wafer Prober

Some device measurements were performed using a semi-automatic wafer prober. A wafer or
wafer piece is held in place by a vacuum, on a thermal chuck that can heat the sample from
room-temperature to 200 °C, and acts as the ground for bottom n-contact devices. Tungsten
tipped probes are used to power individual devices. The prober can translate the wafer in
the x — y direction, so that once aligned, different devices can be probed automatically. An
integrating sphere can be installed for calibrated optical power measurements, with an output

port that can be fibre coupled to a CCD spectrometer for wavelength measurements.

3.4 Conclusion

In this chapter, the experimental techniques that were used to characterise VOSEL material
and devices were described. The segmented contact technique which is used to measure in-
plane modal gain, and the experimental setups used to measure the power-current-voltage,

wavelength, near-field and far-field were presented.
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Chapter 4

Characterisation of VCSEL Devices for
MACs

4.1 Introduction

This chapter characterises oxide-confined vertical-cavity surface-emitting laser (VCSEL) devices
that were designed for use in miniaturised atomic clocks (MACs) that utilise Cesium (Cs)
vapour cells. The MAC application has stringent requirements which are summarised in table
1.1. The VCSEL emission must be single-mode and linearly polarised, with no polarisation
switching. While this has been achieved with surface grating VCSELs [17][21][22], they require
additional processing steps and electron-beam lithography due to the small feature-size of

the gratings. Non-circular oxide apertures, which require no additional processing steps, can
introduce an anisotropy to ensure preferential lasing of a particular polarisation direction
[24][25][26][28]. Here, by varying the shape and size of the VCSEL mesa, the shape and size

of the oxide aperture is varied, and its influence on device performance is studied. The measured
characteristics of the devices are compared to the requirements of the application to determine

the optimum oxide dimension.
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The cavity-resonance wavelength of the VCSEL epitaxial structure was shorter than intended
by approximately 4-6 nm. While this might be acceptable for typical VCSEL applications
which don’t require such a tight specification on emission wavelength, for MAC applications,
multiple calibration runs and systematic changes are required to meet the target wavelength.
Although the intended device operating temperature for this application is 60-80 °C, alignment
with the gain peak wavelength was predicted to occur below 0 °C, as shown in figure 4.7.
Therefore, to evaluate the device performance with different oxide aperture geometries, unless
otherwise specified, measurements are typically performed at room temperature (23 £+ 1 °C)

which was the lowest temperature that was convenient to access with the measurement tools.

4.2 Sample

The epitaxial structure was designed by Dr. Sam Shutts and wafers were grown by Compound

Semiconductor Centre (CSC) Limited. Devices were fabricated by Sivers Photonics.

In this chapter, devices that were grown on a GaAs substrate, with a 1-\ thick cavity that
contained three 5 nm thick InggaGag.g1sAs quantum well (QW) layers within a graded AlGaAs
separate confinement heterostructure (SCH), are considered. 20 and 34 Aly10GaggsAs/AlgoGag1As
distributed Bragg reflector (DBR) pairs, with graded interfaces, formed the p-doped top and
n-doped bottom mirrors respectively. A 30 nm thick AlygsGagg2As layer, which could be

oxidised to form an oxide aperture, was positioned just below the top DBR.

Devices had either a circular or an elliptical shaped mesa, to determine the impact of elliptical
oxide apertures on the polarisation stability of the VCSEL optical output. Elliptical mesas
had aspect ratios of 1.1, 1.3 and 2 (with circular mesas having an aspect ratio of 1). The
minor diameter was varied from 20-30 pm in 1 pm steps. For elliptical mesa devices, the
minor and major diameters were orientated along the [011] and [011] axis. Over the wafer,

the designs were repeated multiple times.
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Figure 4.1: Microscope image showing a wafer section of fully fabricated VCSEL devices with
a variety of mesa shapes and sizes. The leftmost column shows 25 pm diameter circular mesa
devices. The remaining columns show elliptical mesa devices with minor diameters ranging
from 20-28 pm, increasing in 1 pm steps from left to right. The bottom two rows show
elliptical mesas with an aspect ratio of 2, and the top two rows show elliptical mesas with

an aspect ratio of 1.3. For each aspect ratio, there are two rows, with the mesa orientated
orthogonally.

Figure 4.1 shows a microscope image of a section containing 25 pm diameter circular mesa

devices and 20-28 pm minor diameter elliptical mesa devices with aspect ratios of 1.3 and 2.

4.2.1 Oxide Aperture Geometry

Figure 4.3 shows the series conductance (or the reciprocal of the resistance) determined from
[-V curves obtained by Dr Dave Hayes. The voltage was swept up to 2.5 V with a current
compliance limit of 10 mA. The series conductance was found from the slope calculated using
3 datapoints at the highest measured voltages below the current compliance limit. Therefore,
for the smallest and largest oxide aperture devices, the conductance values obtained may

not have converged to the value at infinity, as either the voltage or current limit had been
reached. The series conductance dependence on oxide aperture area A.q. Was described

using an equation of the form [95]

1 1

Rseries RDBR + Toxide / onide

Gseries = (4 1 )

where Rgeies 1S the series resistance, and Rpgr and roqe are fitting parameters. For large

oxide aperture areas, the conductance is no longer limited by the oxide aperture but rather
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Contact m

Figure 4.2: Microscope image of a 20 pm minor diameter, elliptical mesa device with an
aspect ratio of 2. The mesa is defined by a trench etch. Ring contacts on the top surface are
used to pump the device. A metal strip connects the ring contacts to the bond pad (out of
frame) on the left. The device can be seen in figure 4.1 with co-ordinates (x=86, y=178).
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Figure 4.3: Series conductance plotted as a function of minor mesa diameter for mesa aspect
ratios of 1 (blue circle), 1.1 (orange cross), 1.3 (grey triangle), and 2 (open circle), and
corresponding fits to the data using equation 4.1.
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Figure 4.4: Schematic diagram showing the mesa and oxide aperture dimensions, where Lyiqe
is the oxidation extent, @yesa and byesn are the mesa major and minor diameters, respectively,
and doxige and boyige are the oxide aperture major and minor diameters, respectively.

by the contact area and the material, and tends to 1/Rpgg.

For 1.3 and 2 aspect ratio mesa devices, the conductance goes to approximately zero when
the minor mesa diameter is 20 pm due to a fully closed oxide aperture. This indicates the
oxidation extent is 10.3 + 0.3 pm, and is the value used to determine the oxide aperture
diameter in the following chapter. On the other hand, for 1 and 1.1 aspect ratio mesa devices,
this occurs when the diameter is 21 pm. It has previously been reported that the oxidation
rate increases slightly, when the oxide aperture is about to close up [96][97][98]. For small
oxide apertures with aspect ratios close to 1, this may mean the actual oxide aperture is
smaller than the nominal value. Despite this, a reasonable fit to the data in figure 4.3 could
be obtained with equation 4.1, where an oxidation extent of 10.3 pm was an input to the fit,

and fitting parameters of Rpgr = 37 €0, Toxige = 1058 Qum? were used.

Figure 4.4 is a schematic diagram showing the oxide aperture dimensions of an elliptical mesa
device. For a given mesa dimension, the oxide aperture dimension is determined by the oxidation
extent. Neglecting devices with closed or almost closed oxide apertures, the oxidation extent

is approximately the same for all devices on the wafer. Therefore, apart from circular oxide
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Figure 4.5: Oxide aperture aspect ratio as a function of mesa diameter for mesa aspect ratios
of 1 (solid blue), 1.1 (short dash orange ), 1.3 (dot/dash grey), and 2 (long dash grey). The
oxide aperture aspect ratio was calculated for a given mesa diameter, using an oxidation
extent of 10.3 pm

apertures, the aspect ratio of the oxide aperture differs from that of the mesa, and varies
with the mesa diameter. This can be seen in figure 4.5, which shows the calculated oxide
aperture aspect ratio for a given mesa diameter, assuming an oxidation extent of 10.3 pm.
For smaller devices, the oxide aperture aspect ratio becomes significantly larger than the

mesa aspect ratio.

A geometric mean oxide aperture diameter, doyqe, given by equation 4.2, is used in this chapter.

doxide =V aoxideboxide (42)

where aoxiqe and byyige are the major and minor diameters of the oxide aperture, respectively.
The geometric mean diameter is proportional to the square root of its area, so devices with
differing aspect ratios can be compared whilst accounting for any size dependent scaling of

device characteristics.
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Figure 4.6: Threshold current as a function of geometric mean oxide aperture diameter for
mesa aspect ratios of 1 (blue circle), 1.1 (orange cross), 1.3 (grey triangle), 2 (open circle)

4.3 Lasing Threshold

Figure 4.6 shows the measured threshold current as a function of geometric mean oxide aperture
diameter. The minimum threshold value of 0.12 4+ 0.01 mA was measured for a nominally
2.5 nym and 3.5 pm oxide diameter device. For large oxide apertures, the threshold current
scales with the pumped area and increases quadratically with the geometric mean diameter.
However, when the oxide aperture diameter is on the order of a few microns, self-heating and
higher optical losses increase significantly, and the threshold current increases as the oxide
aperture diameter is reduced. Regardless of the aspect ratio, within the scatter, the threshold
current appears to have the same dependence on the geometric mean oxide aperture for the
majority of datapoints. This suggests that for a given oxide aperture area, optical losses

don’t vary significantly with the oxide shape. Additionally, for larger area devices that are
multi-mode, the overlap of the mode with the active area is likely to be close to one regardless

of the aperture shape.

Figure 4.7 shows the temperature dependence of the threshold current for two circular mesa

devices. Typically, there is a temperature where the the threshold current is a minimum due
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to alignment of the vertical cavity mode with the gain-peak. However, for both devices, the
threshold current monotonically increases with temperature and no minima can be seen.

This suggests that either the alignment of the gain-peak wavelength and cavity resonance
wavelength occurs at temperatures below room temperature, or that non-radiative recombination
processes, which have a strong temperature dependence, dominate the threshold current.

Given that the emission is below 1 pm, it is likely to be the former.

Figure 4.8 shows the measured threshold current density as a function of the geometric mean
oxide aperture diameter. The active area is taken to be equal to the oxide aperture area and

it is assumed that current spreading is negligible due to the proximity of the oxide layer with
the active layers. There is a much greater uncertainty for smaller devices where fluctuations

in the oxide diameter have a proportionally much larger effect on the area. With increasing
oxide aperture diameter, the threshold current density tends to a value of approximately

0.6 kA /cm?. For oxide aperture diameters below 4.5 pm, the threshold current density increases

significantly. It is likely that the increase is due to greater scattering losses and self-heating.

4.4 Optical Power

Figure 4.9 shows a power-current curve of a 21 pm minor diameter, elliptical mesa device
with an aspect ratio of 1.1. Thermal rollover is when the optical output power ”rolls over”
due to the self-heating. It was evaluated by taking the maximum measured optical power,

and for the device shown, the thermal rollover power was 0.53 mW and occurred at 3.85 £ 0.05 mA.

Figure 4.10 shows the optical output power at thermal rollover. Devices with mesa aspect
ratios of 1, 1.1, and 1.3 appear to lie on the same linear curve. On the other hand, devices
with a mesa aspect ratio of 2 do not lie on this curve, and have lower optical powers due to
the ring contacts blocking the emission. A linear curve with a slope of 1.05 + 0.05 mW /pm
was obtained from an empirical fit to the 1, 1.1, and 1.3 mesa aspect ratio device data. The

fit indicates that devices with geometric mean oxide diameters of 2 pm have maximum optical
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Figure 4.9: Power-current curve for a 21 pm minor diameter, elliptical mesa device with
an aspect ratio of 1.1. The nominal oxide aperture dimension is 1.5x3.7 pm, which
corresponds to a geometric mean diameter of 2.1 pm. The device had a threshold current
0.15 £ 0.05 mA. The thermal rollover power (horizontal red dashes) was measured to be
0.53 mW, and occurred at a current (vertical black dashes) of 3.85 £ 0.05 (mA).
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Figure 4.10: Optical output power at thermal rollover as a function of geometric mean oxide
diameter for mesa aspect ratios of 1 (blue circle), 1.1 (orange cross), 1.3 (grey triangle), 2
(open circle). The solid black line is an empirical fit, with a linear curve, to the 1, 1.1, and
1.3 mesa aspect ratio device data.
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Figure 4.11: Slope efficiency as a function of geometric mean oxide aperture diameter for
mesa aspect ratios of 1 (blue circle), 1.1 (orange cross), 1.3 (grey triangle), 2 (open circle).
The slope efficiency values shown are the maximum measured value just above the threshold
current. Devices were operated continuous wave.

powers of 0.2 mW.

Figure 4.11 shows the slope efficiency as a function of geometric mean oxide aperture diameter.
Assuming constant injection efficiencies and mirror losses, the slope efficiency gives an indication
of the additional optical loss, with higher optical losses leading to lower slope efficiencies

(see section 2.9). Since these devices were operated in continuous wave (CW), self-heating
effects will also reduce the slope efficiency. For circular oxide apertures, it is clear the slope
efficiency increases with increasing aperture size, and the mean slope efficiency is 0.18 + 0.02 W/A
for a nominally 1.5 pm oxide diameter, and 0.56 + 0.01 W/A for a nominally 4.5 pm oxide
diameter. The rate at which the slope efficiency increases reduces with increasing oxide aperture
diameter, and the mean slope efficiency value is 0.64 + 0.01 W/A for a nominally 9.5 pm
circular oxide diameter. For 2.5 pm and 3.5 pm oxide diameters, there appears to be two
distinct distributions which correspond to devices from two different regions. Devices from

one region has mean slope efficiencies of 0.424 £ 0.004 W/A and 0.520 £+ 0.001 W/A, for

2.5 pm and 3.5 pm oxide diameters, respectively, while devices from the other region have
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values of 0.287 £+ 0.006 W/A and 0.477 4+ 0.009 W/A, for 2.5 pm and 3.5 pm diameter oxide
apertures, respectively. Devices from one region have a lower slope efficiency than the other,
and this is likely due to a slightly smaller oxide aperture diameter. The fact that the mean
slope efficiency values lie at around the mid-point of values of smaller and larger devices from
the other region suggests it is smaller by approximately 0.5 pm which is within the expected
uncertainty. For all other circular oxide diameters, devices are from the region with a higher

external efficiency.

The figure appears to indicate that the 1.3 mesa aspect ratio devices have slightly lower slope
efficiencies. Devices with a mesa aspect ratio of 2 have much lower slope efficiencies that
tends to a value of 0.38 £+ 0.01 W/A, as the metal contact is partially blocking the emission

(as shown in figure 4.12).

Figure 4.12: Sub-threshold near-field of a 25 pm minor diameter, elliptical mesa VCSEL
device with an aspect ratio of 2. The nominal oxide aperture dimensions are 4.5x29.5 pm.
The outline of the elliptical mesa can be seen due to light scattered out of the edge of the
mesa. Spontaneous emission from the pumped region, determined by the elliptical oxide
aperture. An annular shadow can be seen due to the metallic ring contact partially blocking
the emission. The contrast has been increased.

As shown in table 1.1, a slope efficiency below 0.2 W/A is desirable, with a maximum limit

of 0.4 W/A. For this epi-structure, this can be achieved with a geometric mean oxide aperture
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Figure 4.13: Fundamental mode wavelength as a function of current for an elliptical mesa
VCSEL with a 26 pm minor diameter and an aspect ratio of 2.

diameter of 3 ym. The slope efficiency will reduce with increasing current as it approaches
thermal rollover, so depending on the operating conditions, a slope efficiency of below 0.4 W/A

could be achieved with a larger aperture.

4.5 Emission Spectra

Figure 4.13 shows the fundamental mode wavelength as a function of injection current for a

26 pm minor mesa diameter elliptical device. Below threshold, the wavelength shifts due to

a combination of self-heating induced refractive index change and carrier induced refractive

index change. The blueshift indicates the carrier induced refractive index effect is dominant.

At the lasing threshold and above, the carrier density in the active region clamps, and only

the temperature induced redshift is seen. The current tuning coefficient was determined from

the slope of a linear fit to the measured wavelength above threshold. The y-intercept should

give the fundamental mode wavelength without the presence of self-heating effects, at 23 °C.

As mentioned in section 2.10, the temperature shift (and thus the wavelength shift) is proportional

to the power dissipated by the device. For small injection currents, the total power dissipated
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Figure 4.14: Wavelength of the fundamental mode as a function of the minor mesa diameter
for mesa aspect ratios of 1 (blue circle), 1.1 (orange cross), 1.3 (grey triangle), 2 (open
circle). The wavelength was determined from the y-intercept of a linear fit similar to that
shown in figure 4.13. The horizontal dotted lines show the cavity-resonance wavelengths of
884.4 nm and 888.4 nm in the oxidised and unoxidised regions, respectively. The wavelength
shift of 4 nm due to the oxidation of the AlygsGagg2As layer was calculated using the
transfer matrix method. The LP01 fundamental mode wavelength was calculated using the
effective index method (see section 2.11.1). The solid black line shows the calculated LP01
mode wavelength if only the AlygsGagg2As layer was oxidised, while the dashed black line
shows the calculated LP01 mode wavelength if an adjacent Algg9Gag 10As layer was also
oxidised.

will be dominated by recombination at the diode junction and the wavelength will vary linearly
with current. For smaller devices, which have higher series resistances, the resistive power
dissipation will increase at a faster rate, so that the current dependent wavelength shift will

become non-linear at lower currents.

Figure 4.14 shows the fundamental mode wavelength as a function of the minor oxide aperture
diameter. For the circular oxide aperture devices, the lasing wavelength appears to tend to

a value of 888.2 £ 0.1 nm at large aperture diameters, and the wavelength blueshifts with
decreasing oxide aperture diameter. For a 1.5 pm diameter oxide aperture, the fundamental
mode wavelength is 879.3 £ 0.1 nm, a blueshift of almost 9 nm. The acceptable tolerance

for the emission wavelength is much larger (e.g. £5-10 nm) in typical VCSEL applications
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compared to atomic sensors where the atomic transitions are probed. To ensure the target

lasing wavelength of 894.6 nm is obtained, this blueshift needs to be compensated for by

shifting the vertical cavity-resonance wavelength of the epitaxial structure to a longer wavelength
(in addition to correcting for the wavelength shift due to the growth). For small oxide aperture
diameters, a large variation in the lasing wavelength might also be expected, reducing the

yield.

Also shown are wavelengths simulated using the effective index method (see section 2.11.1).
The horizontal dotted lines show the vertical cavity resonance wavelengths that were used in
the effective index method. When just the 30 nm thick, 98 % Al concentration, AlGaAs layer
was oxidised, values of 888.4 nm and 884.4 nm were used for the unoxidised and oxidised
region, respectively. The transfer matrix method outlined in section 2.8.1 was used simulate
the cavity resonance blueshift due to oxidation. A vertical cavity resonance wavelength of
886.0 nm and 882.0 nm was calculated for the unoxidised and oxidised region, respectively,

at room temperature, giving a blueshift of 4 nm. This simulated room temperature vertical
cavity resonance wavelength, for the unoxidised region, did not give good agreement with the
measured wavelength values for large oxide aperture diameter devices. This is expected as
deviations of several nm in the cavity resonance wavelength, due to composition and thickness
variations, are typical. Therefore, the simulated vertical cavity resonance wavelengths were
shifted by +2.4 nm, and it was assumed that the 4 nm blueshift due oxidation of the 98 %

Al concentration layer remained the same. The black solid line shows the fundamental LP0O1
mode wavelength that was then calculated using the effective index method. If the mode is
simply guided by an oxide aperture that’s formed by partial oxidation of the AlygsGagg2As
layer, 4 nm would be the maximum expected blueshift. However, the measured blueshift

for the smallest device is much larger, and this is attributed to the additional oxidation of

an adjacent 30.5 nm thick AlygoGag.10As layer. The transfer matrix method gave a vertical
cavity resonance wavelength of 872.4 nm (before applying the +2.4 nm shift), giving a blueshift

of 13.6 nm. The black dashed line gives the corresponding LP01 mode wavelength, and better
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Figure 4.15: Current tuning coefficient (left axis) as a function of the geometric mean oxide
aperture for mesa aspect ratios of 1 (blue circle), 1.1 (orange cross), 1.3 (grey triangle), 2
(open circle). Also shown is the corresponding internal temperature increase (right axis) with
current.

agreement with the measured fundamental mode wavelengths for the circular oxide aperture

devices is seen.

A similar blueshift of the fundamental mode wavelength with decreasing aperture size is also
seen for the elliptical mesa devices. However, the blueshift is smaller, as the major aperture

diameter is larger for a given minor diameter, so the mode is less confined.

Figure 4.15 shows the current tuning coefficient of the fundamental mode wavelength. The
plot indicates that the aperture shape does not have a significant effect on the current tuning
coefficient. For a geometric mean oxide aperture diameter of 13.2 pm, which corresponds to
a 5.5x31.5 pm aperture, the temperature tuning coefficient is 0.13 nm/mA. This increases
with decreasing oxide aperture size, and a value of 1.72 nm/mA is seen for a circular oxide
diameter of 1.5 pm. The plot suggests that a geometric mean oxide aperture diameter of

approximately 3 pm would give the ideal current tuning coefficient of 0.6 nm/mA specified

in table 1.1.
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Pulsed temperature dependent wavelength measurements give a temperature tuning coefficient
of 0.06 nm/°C. For a 1.5 pm oxide aperture device, the internal temperature increase with
current is approximately 28 °C/mA. Therefore, for the smallest devices, the self-heating is

quite severe which limits the performance.

Figure 4.16 shows the measured side-mode suppression ratio (SMSR). At 0.2 mW, the 1.5x3.7 pm
devices show greater than 30 dB single-mode operation. When the major diameter is increased

to 8.1 pm, the device no longer exhibits single mode behaviour. The sample did not contain

any devices with a major diameter between 3.7 pm and 8.1 pm so the dimensions at which

point the devices no longer operate in single-mode can’t be resolved in more detail. There

was also no circular 1.5 pm oxide diameter devices that could have their SMSR characterised
before device failure. For the 2.5 pm minor diameter devices, all but one of the 8 measured
2.5%2.5 nm aperture devices had an SMSR greater than 30 dB. For the 3.5 pm minor diameter
devices, out of the 12 3.5x3.5 nm devices measured, only one exhibited an SMSR that was

greater than 30 dB, with a minimum value of 26 + 3 dB

Some of the 2.5x2.5 pm and the 1.5x3 pm aperture devices could not output 0.5 mW before
reaching thermal rollover. However, those that could had an SMSR that was greater than
30 dB. The 3.5x3.5 pm circular oxide aperture devices showed a large variation in the measured

SMSR, with values between 11 + 3 dB and 29 4+ 3 dB.

There were no devices that exhibited greater than 30 dB SMSR that could output optical

powers of 1 mW. There is still a large variation in the SMSR of the circular 3.5 pm devices,
which had measured values between 9 + 3 dB and 28 + 3 dB, and suggests 3.5 pm is at the
boundary of circular oxide diameter values where single-mode performance can be obtained.

All other devices characterised were multi-mode.

Table 1.1 specifies that a SMSR greater than 30 dB, with a minimum optical power of 0.2 mW,
is required for the MAC application. This could be achieved with 2.5 pm and 3.5 pm diameter

circular oxide apertures and 1.5x3.7 pm elliptical oxide apertures, although some of the 2.5 pm
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Figure 4.16: Side-mode suppression ratio (SMSR) as a function of major oxide aperture
diameter for optical output powers of (a) 0.2mW, (b) 0.5mW, and (c¢) 1.0mW. Devices had
minor oxide aperture diameters of 1.5 nm (orange cross), 2.5 pm (blue circle), and 3.5 pm
(grey triangle). As mentioned in section 3.3.4, the maximum measurable SMSR was limited
to approximately 35 dB due to the noise level
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and 3.5 pm diameter circular oxide aperture devices had an SMSR below the required 30 dB.
At the target optical power of 0.5 mW, 2.5 nm diameter circular oxide aperture devices and
1.5x3.7 pm elliptical oxide aperture devices could achieve greater than 30 dB single-mode

operation.

4.6 Beam Quality

Figures 4.17 a and b shows the measured divergence angle along the minor and major axis of
the aperture respectively. From figure 4.17a, it can be seen that the divergence angle along

the minor axis is mostly independent of the major axis diameter, although when the major

axis is small, the minor axis divergence appears to increase slightly for the 1.5 pm and 2.5 pm
minor oxide diameter devices. This might be a result of thermal lensing reducing the beamwidth
of the mode slightly. The mean full-width divergence angle was 73 4 3°, 47 + 2°, and 33 £ 0.5°
for 1.5 pm, 2.5 pm, and 3.5 pm minor diameter oxide apertures, respectively, and shows that

the divergence angle decreases with increasing oxide aperture diameter.

Figure 4.17a shows the divergence angle along the major axis. The general trend is that the
divergence angle decreases with increasing oxide diameter. However, once the apertures are

large enough, the device will no longer be single mode, and higher order modes with non-
Gaussian profiles will also be lasing, which will increase the beam divergence. Figure 4.18

shows the near-field of a 1.5x23.5 pm oxide aperture device at 0.2 mW. Multiple peaks are
present along the major axis due to the lasing of higher order modes. Additionally, for oxide
aperture diameters of around 10 pm and larger, the beam is cut off at the edge due to the

10 pm diameter apertures of the metal ring contacts and the divergence angle is further increased.
None of the devices characterised here have the required divergence angle of below 25°. Assuming

an ideal Gaussian beam profile, this would require a near-field beamwidth of 2.6 pm.

It can be seen from figure 4.19a that the minor axis beam propagation factor (BPF) appears

to remain constant with a changing major axis diameter. For the 3.5 pm minor diameter
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Figure 4.17: Measured divergence angle measured along the (a) minor and (b) major axis of
the oxide aperture, for optical output powers of 0.2 mW. For circular oxide apertures, the
minor and major axis was arbitrarily assigned. Devices had minor oxide aperture diameters
of 1.5 ym (orange cross), 2.5 pm (blue circle), and 3.5 pm (grey triangle).
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Figure 4.18: Near-field of a 22 pm minor diameter, elliptical mesa VCSEL device with an
aspect ratio of 2. The oxide aperture dimensions are 1.5x23.5 pm

apertures, the mean measured BPF is 1.09 + 0.02, and indicates it is close to an ideal Gaussian
beam. The 2.5 ym and 1.5 pm minor diameter devices have a mean BPF of 1.35 4+ 0.03 and
1.98 £ 0.08, respectively. With decreasing minor oxide aperture diameter, the mode profile

along the minor axis deviates from the ideal Gaussian profile.

From figure 4.19b it can be seen that the major axis BPF generally increases with increasing
major oxide diameter due to the presence of higher order modes with non-Gaussian profiles.
Single mode devices with major oxide aperture diameters below 4 pm have a BPF of around
1-1.5. The 1.5x8.1 pm device also has a comparatively low BPF of 1.5, as compared to the
fundamental mode, the higher order mode with the next highest optical power is 10 times
weaker, so the beam profile is still predominantly Gaussian. The 3.5x 3.5 pm circular aperture

devices have the lowest measured BPF with a mean value of 1.10 £ 0.02.

4.7 Polarisation

Figure 4.20 a and b shows the minimum and maximum orthogonal polarisation suppression

ratio (OPSR) measured between optical output powers of 0.2 mW and 0.5 mW, or up to
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0.5 mW, the OPSR was measured up to the rollover power
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the thermal rollover power for devices that could not output 0.5 mW. Both the 2.5 pm and

3.5 pm circular aperture devices show a large variation in the measured OPSR which indicates

some sensitivity to random variations. For the 2.5 pm circular aperture devices, the maximum
measured OPSR varied between 6.4 + 0.5 dB and 15.8 + 0.5 dB with a mean value of 10.6 4+ 1.4 dB,
while for the 3.5 pm circular aperture devices, it varied between 10.9 + 0.5 dB and 17.5 £+ 0.5 dB
with a mean value of 15.6 + 0.6 dB. For the 2.5 pm circular diameter devices, the minimum
measured OPSR was on average 1.3 dB lower than its maximum value. For the 3.5 pm diameter
devices, the minimum OPSR was lower by around 2.7 dB on average, with some values lower

by up to 6.2 dB due to appearance of higher order modes. For both the 2.5 pm and 3.5 pm

minor diameters, when the major oxide diameter is increased, there is no obvious improvement

in the maximum OPSR and instead appears to decrease.

For the 1.5 pm minor aperture diameter device, when the major aperture diameter is 3.7 pm,
the maximum OPSR varied between 13.6 & 0.5 dB and 14.5 £ 0.5 dB with a mean value

of 14.2 + 0.3 dB. The small variability would suggest this aperture dimension is tolerant

to small variations. Additionally, the minimum OPSR differs from the maximum values by
less than 0.4 dB for all the devices, indicating polarisation stability over this range. For a

23.5 pm major diameter, the maximum OPSR varied between 5.8 + 0.5 dB and 14.7 + 0.5 dB
with a mean value of 11.6 £ 2.9 dB. Again, the overall OPSR seems to worsen when the

major diameter becomes very large.

Increasing the oxide diameter along one dimension does not necessarily improve the OPSR.
For many of the devices here, the major axis diameter is large enough that the devices become
multi-mode, where some higher order modes, with an orthogonal polarisation, are preferable
for lasing which complicates things. If the major axis is short enough that the device remains

single mode it is likely to have a positive impact on the polarisation stability.
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4.8 Optimum Oxide Aperture Geometry

For the epi-structure considered in this chapter, devices with 2.5 pm diameter oxide apertures
met most of the requirements. The optimum circular oxide aperture diameter appears to

be approximately 3 pm. From figure 4.6, a minimum threshold current of 0.12 + 0.01 mW
was measured for 2.5 pm and 3.5 pm circular oxide aperture diameter devices. To meet the
minimum power requirement of 0.2 mW, figure 4.10 shows that an oxide aperture diameter of
2.0 + 0.5 pm or larger is necessary. An empirical linear fit indicates that the optical output
power for a 3 pm device will be 1.4 4+ 0.3 mW. The application requires the power to be
stable with current, at the operating point, and a maximum slope efficiency of 0.4 W/A is
specified. Figure 4.11 shows that an oxide aperture diameter of approximately 3 pm and
lower would give a slope efficiency that is less than 0.4 W/A. Figure 4.15 indicates that a

3 pm oxide aperture device might have a current tuning coefficient of approximately 0.6 nm/mA,
which is the specified target value. Smaller oxide aperture diameters give larger current tuning
coefficients due to greater self-heating. Figure 4.16 shows that devices with circular oxide
aperture diameters of 3.5 pm and less are able to output the minimum required optical power
of 0.2 mW, with single mode performance that’s greater than 30 dB, although the single-
mode yield of 3.5 pm diameter devices is low. At the target optical output power of 0.5 mW,
the SMSR of 3.5 nm oxide aperture diameter devices becomes less than 30 dB. 2.5 pm oxide
aperture diameter devices still have the required SMSR, but are unable to output optical
powers of 1 mW. Devices with elliptical oxide aperture dimensions of 1.5x3.7 pm also exhibit
greater than 30 dB single-mode performance up to 0.5 mW. Figure 4.17 shows that none of
the measured devices have a beam divergence, along both the major and minor axis, that’s
lower than the maximum allowed value of 25° at 0.2 mW. Due to the lasing of higher order
transverse modes, the divergence angle typically increases at higher optical powers. Devices
with a 3.5x27.5 pm oxide aperture dimension had a mean divergence angle of 24 4+ 2° along
the major axis. For circular oxide aperture devices, the mean divergence angle was 34.1 £ 2°

for a 3.5 pm diameter. The specification did not specify a minimum OPSR, but polarisation
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stability is required. Figure 4.20 shows that for circular oxide apertures, devices with an

OPSR greater than 15 dB were measured. However, there is a large variation in the measured
OPSR between different devices, so a low yield would be expected. Devices with oxide aperture
dimensions of 1.5x3.7 pm appear to have a high OPSR of approximately 14 dB, with little

variation between devices.

4.9 Conclusion

In this chapter, the optical output power, emission spectra and beam profile of oxide confined
VCSELSs designed for MACs were characterised and compared to the specification. The dimensions
of elliptical and circular oxide aperture were systematically varied to identify an optimum

oxide aperture for the given epitaxial structure, and determine possible alterations to the

epitaxial structure to improve performance.

It was found that the vertical cavity resonance wavelength of the VCSEL epitaxial structure
was shorter than intended by 4-6 nm, and did not align with the gain-peak at the intended
operating temperature close to 70 °C. Therefore, the devices considered in this chapter were
characterised at room temperature. For circular oxide apertures, characterisation of 2.5 pm
and 3.5 nm oxide aperture diameter devices indicate that (with small changes to the epitaxial
structure so that the cavity resonance wavelength meets the specification) 2.5 pm oxide aperture
diameter devices meet most of the requirements. However, the mean divergence angles of
51.6 £ 0.8° and 34.1 £+ 0.2°, for 2.5 pm and 3.5 pm oxide aperture diameters, respectively,
are larger than the maximum allowed value of 25°. The small oxide aperture dimensions,
required for single-mode emission, produce optical modes with narrow beamwidths that lead
to large divergence angles. Additionally, for the small oxide aperture diameters required for
single-mode operation, there is a large blue shift in the fundamental mode wavelength. The
MAC application requires VCSELs with an emission wavelength that matches the atomic

transition wavelength exactly, so this blueshift must be compensated for in the epitaxial structure.
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For a 2.5 nm oxide aperture diameter there was an approximately 4 nm blueshift. The internal
temperature is also higher for small oxide aperture devices due to increased self-heating.
Usually this increased self-heating is detrimental to device performance, as thermal rollover
occurs at lower currents, limiting the maximum optical power. However, this also provides a
way to lock the VCSEL emission wavelength to the atomic transition, as the wavelength can
be varied by modulating the current. Here, the temperature increase was 13.3 °C/mA for a

2.5 nm oxide aperture, which corresponds to a current tuning coefficient of 0.8 nm/mA.

To manufacture oxide-confined VCSEL devices that fully meet the requirements of the MAC
application, further changes to the epitaxial structure are required. One possibility is to move
the position of the high Al concentration AlGaAs layer to reduce the overlap of the longitudinal
mode profile. This would reduce the guiding so that single-mode operation is possible with
larger apertures, and it may be possible to obtain a narrower divergence angle. The sensitivity
of the mode wavelength to the aperture size will also be reduced, and could potentially lead

to yield improvements. In [17], a 3.5 pm active diameter, inverted grating, VCSEL device

had a FWHM divergence angle of 9.6°, which corresponds to a full-width 1/e* divergence

angle of 16.3°. This is narrower than the mean divergence angle of 34.1 £ 0.2°, for the 3.5 pm
diameter oxide aperture VCSELs in this work, and it may be due to a weaker waveguiding by
the oxide aperture. Alternatively, surface reliefs could be used to obtain single-mode operation
with larger oxide aperture devices. In [17], a 5 pm active diameter VCSEL, with a 3 pm
diameter surface relief, had a Gaussian-like far-field profile with a full-width 1/e? beam divergence

of 17.6°.

VCSELs for MACs are required to have a stable, linear polarisation. For circular oxide aperture
devices, there was a large variation in the measured OPSR which would mean a low yield.
While surface gratings have been used to reliably control the polarisation of the MAC VCSEL
emission, with OPSRs of up to 21 dB reported [21], they require additional processing steps
and electron-beam lithography due to the small feature size. Elliptical oxide apertures can

introduce an anisotropy [24][25][26], to ensure devices have a stable, linear polarisation, without
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additional processing steps. Here, 1.5x3.7 pm oxide aperture devices appeared to show an
OPSR greater than 10 dB, with little variation. In [28], an OPSR greater than 15 dB was
obtained with an approximately 2.5x2 pm rhomboidal oxide aperture. This suggests that
with further optimisation, a higher OPSR could be obtained. However, for larger elliptical
oxide apertures, it was found that the OPSR reduced, despite higher aspect ratios. This is
likely due to the lasing of higher order modes, which suggests that elliptical oxide apertures

can be effective for polarisation control only when the VCSEL emission is single mode.
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Chapter 5

Characterisation of VCSEL material

using Segmented Contact Technique

5.1 Introduction

In chapter 4, it was shown that for the small oxide aperture diameters required for single-

mode emission, self-heating can cause the internal temperature of a vertical-cavity surface-
emitting laser (VCSEL) device to increase significantly, which can affect the alignment of the
cavity-resonance wavelength with the gain-peak wavelength. This alignment is important

as it affects the threshold current of the device, and also determine whether polarisation
switching occurs. Additionally, the use of surface reliefs and gratings, to improve the single-
mode performance and polarisation stability, can also increase the optical losses, and alter

the gain requirement of the VOSEL. An understanding of how the gain profile varies with
temperature and current would help determine how the active layers could be altered to improve

the VCSEL efficiency and yield, reducing the time and cost of optimisation.

However, compared to edge-emitters, optical gain measurements are not as straightforward

on VCSEL material. External efficiency measurements of VCSEL devices [34][35][36] and
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in-plane stripe lasers fabricated from VCSEL material [41] have been used to determine the
gain at a particular wavelength. The in-plane Hakki-Paoli method has also been applied to
VCSEL material to measure the gain profile, but only up to the threshold current density of

the in-plane stripe [42].

In this chapter, an alternative in-plane gain measurement technique, known as the segmented
contact stripe-length method [89][90], is applied on VCSEL material to measure the optical
gain spectra. Using a simple technique, whereby the top mirror reflectivity is reduced by
altering the phase shift at the cap layer, lasing in the vertical direction is suppressed, and the
gain profile is characterised at current densities comparable to the threshold current density
of an actual VCSEL device. The electrical and optical characteristics of VCSEL segmented
contact devices are presented, and their impact on the gain measurement is discussed. The
modal gain of the transverse electric (TE) polarised index-guided in-plane mode is measured
and converted to a material gain by calculating its confinement factor. This is then related to

the VCSEL device performance.

5.2 Sample

Segmented contact stripes, which are described in section 3.2.4, were fabricated from two
separate VCSEL epitaxial structures. Except for differences in the growth method and cap
thickness, the epitaxial structure was nominally identical. One sample was grown by molecular
beam epitaxy (MBE) and had a 124 nm cap layer, whilst the other sample was grown by
metal organic vapour-phase epitaxy (MOVPE) and had a 62 nm cap layer. Both structures
were grown on a GaAs substrate and had a 1-\ thick cavity, which contained three 6 nm

Ing 06Gag.oaAs quantum wells (QW) with a graded AlGaAs separate confinement heterostrure
(SCH). The cavity was sandwiched between an upper p-doped and lower n-doped
Alg10GaggsAs/AlyoGag 1 As distributed Bragg reflectors (DBR) with graded interfaces. The

substrate, cap, and DBR layers were doped with C and Si for the acceptor and donor, respectively.
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5.3 I-V Characteristics

Figure 5.1a shows the raw I-V curves of segmented contact sections. Sections that weren’t
electrically pumped were grounded. Below the turn-on voltage of approximately 1.4 V, the
current increases linearly with voltage indicating the presence of a resistive leakage path in
parallel. The resistance of the leakage path (which is related to the inter-contact resistance)

is measured to be 13.7 Q, 15.3 Q, and 8.4 Q for section 1 and 2 (S152), section 1 (S1), and
section 2 (S2) respectively. Due to current spreading in the highly doped DBR layers, the

8 pm gap between each section is not large enough to electrically isolate each section. The
leakage resistance is close to half that of S1 and S152. In the case of S2, there were two leakage
paths due to adjacent sections that were grounded, whereas for S1 and S1S2 there were only

one leakage path.

Figure 5.1b shows the compensated current density — voltage curves of the segmented sections,
where the leakage current was subtracted and the injection current converted to a current
density using the contact area and a multiplicative current spreading factor(see section 5.4).
S1 and S1S2 have similar curves, so for a given voltage the current density should be the

samme.

However, S2 has a voltage offset of +0.08 £+ 0.01 V compared to S1 and S1S2. Given that S1
and S1S2 have similar curves, this may be due to S2 having two adjacent sections that are

grounded which can reduce the current density at the ends of the stripe.

5.4 Lateral Current Spreading

The current density of the pumped region below the contacts is reduced by lateral current
spreading in the highly doped mirror layers. Therefore, a lateral current spreading factor of
0.73 £ 0.02 was applied to the current density determined, by dividing the injection current

by the contact area. Figure 5.2a shows the vertical spontaneous emission profile of S1S2,
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Figure 5.1: (a) The raw current-voltage curve, and (b) the compensated current density-
voltage curve when section 1 and 2 (solid orange), section 1 (long dashed blue), and section
2 (short dashed grey) are electrically pumped.
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the metal contacts assuming no lateral current spreading is present. Figure from [93].
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imaged using a 4x microscope objective lens. The impact of lateral current spreading was
estimated from figure 5.2b, which shows a line profile of the vertical spontaneous emission
profile from the gap between S15S2. It was assumed the intensity is linearly proportional to

the current density, so that figure 5.2b gives the lateral current density profile. When compared
to a profile that assumes no lateral current spreading is present, the current density in a

20pum wide central portion is lower by 27 %.

5.5 Simulation of In-Plane Modes of a VCSEL Structure

The TE-polarised in-plane modes were calculated using a transfer matrix method, outlined

in [43]. Refractive index values from [99], [100], [101], and [102] were used. Due to a lack

of temperature dependent refractive index data for InGaAs, room temperature values were
used for InGaAs at all temperatures. Additionally, refractive index values above the bandgap
energy were not available, so the refractive index value at the bandgap energy was used instead.
To simplify the calculation of the in-plane modes, only real refractive index values were used,

so that the propagation constant to be determined would be a real value.

5.5.1 Index-guided In-Plane Modes

Figure 5.3a shows the squared magnitude of the transverse electric field profile of the fundamental
TE-polarised mode, and the corresponding refractive index profile, at 30 °C at 886.5 nm

(886.5 nm is the cavity resonance wavelength at 30 °C determined from figure 5.12). Only

a single index-guided TE-polarised mode was found over the wavelength and temperature

range of interest. This suggests that when the segmented contact technique is applied to

this structure, the results won’t be complicated by the collection of amplified spontaneous
emission (ASE) coupled into several different modes with different modal gains. However, it’s
possible radiative modes with a complex propagation constant may also be present within the
structure. It is expected that these modes will have a low overlap with the QW layers and a

high overlap with the highly doped DBR layers, and so will have a net modal gain of below
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Figure 5.3: (a) Refractive index profile of a section of the VCSEL cavity (solid grey) and the
calculated mode profile |U(y)|* (solid black) of the in-plane index-guided TE mode at the
measured cavity resonance wavelength of 886.5 nm at 30 °C. (b) and (c) shows the calculated
effective index and confinement factor respectively, over a wavelength range of 850-920 nm,
for temperatures of 30-70 °C, varied in 10 °C steps.
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zero. As such, at wavelengths close to the gain-peak where the index guided mode will have
a positive net-modal gain, their contribution to the ASE spectra will be negligible. On the
other hand, at the long and short wavelength tails, the collected ASE will be from regions

originating close to the facets and may produce an offset which affects the measured gain.

From figure 5.3c, the confinement factor at 30 °C has a maximum value of 3.99% at 858 nm.

Over the wavelength region of interest, the confinement factor does not appear to vary significantly
with wavelength and temperature. At a wavelength of 886.5 nm, assuming a 1 % deviation in

the InGaAs refractive index value, the confinement factor of the in-plane mode changes by
approximately 10 %. This would correspond to a comparatively large error of 10 %, for the
material gain values that are converted from the measured in-plane modal gain values using

equation 2.21.

Figure 5.3b shows that the effective index of the TE mode decreases with wavelength. At
30 °C, the effective index is 3.290 at 850 nm and decreases to 3.251 at 920 nm. The effective

index increases slightly with temperature and is 3.300 at 70 °C at 850 nm.

5.5.2 Slow light VCSEL Cavity In-Plane Modes

The VCSEL slow light [53][54] modes (see section 2.7.2) were calculated for a structure with

a 124 nm thick cap in air so that the mirror reflectivity was high. A high mirror reflectivity
means radiation losses are low, so that a real propagation constant could be used to find

the mode. When the cap thickness is aligned to the anti-phase thickness, this reduces the
reflectivity and increases the radiation loss of the slow light modes. It is assumed that this
introduces an imaginary part to the propagation constant, while the real part of the propagation
constant remains approximately the same (as the resonance wavelength is not significantly
affected by the changing cap thickness and addition of metal layers). It is also assumed that

the confinement factor is reduced, so that the confinement factor values given in figure 5.4c

provide an upper limit to the confinement factor values in the anti-phase structure.
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Figure 5.4 shows the squared magnitude of the transverse electric field profile of the slow

light mode, and the corresponding refractive index profile, at 860 nm at 30 °C. Compared to
the index-guided mode, the mode extends further into the DBR layers, which suggests that
internal optical losses due to free carrier absorption will be higher. Figure 5.4 shows that the
effective index decreases with increasing wavelength, until it reaches the 1D vertical cavity
resonance wavelength where Re(neg) goes to 0. For wavelengths longer than the vertical
cavity resonance wavelength, the in-plane k-vector components of the slow light mode will be
imaginary and won’t propagate along the plane of the structure. With increasing temperature,
the vertical cavity resonance wavelength redshifts, and slow light modes are present in the
structure at longer wavelengths. The dashed line shows the effective index-wavelength dispersion
curve at 70 °C, calculated using equation 2.17, so that the vertical component of the k-vector
is constant (and corresponds to a vertical cavity resonance wavelength of 889.48 nm). At
shorter wavelengths, this curve deviates from the simulated curve which includes material
dispersion. When material dispersion is considered, the effective index at 870 nm is 0.787,

which corresponds to a vertical cavity resonance wavelength of 886.38 nm.

As neg becomes small, there will be a strong enhancement to the per unit length modal gain.
However, there will also be an enhancement to the optical loss. As will be discussed in section
5.7.1, the radiation loss can be increased by altering the thickness of the cap. Neglecting
dispersion, the magnitude of the k-vector component along the vertical direction will be the
same for all wavelengths. If the lasing of the vertical mode can be suppressed by increasing
the mirror loss, this means that radiation losses of the slow light modes at other wavelengths
will also be high, so that the net modal gain will be below zero. As mentioned above, when
material dispersion is present, the vertical component of the k-vector will change, so that the
mirror losses may not be as high. Additionally, the emission angle of the in-plane slow light
modes at shorter wavelengths will be closer to the normal, and the angle may overlap with

the index guided mode, affecting the measured ASE.

Figure 5.4 shows the calculated confinement factor. The confinement factor is 2.66 % at 850 nm
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Figure 5.5: Far-field profile for the in-plane emission when section 1 (dashed black) and
section 2 (solid grey) are pumped at a current density of 0.438 kA /cm? for the 124 nm cap
device. Emission at 0° corresponds to light along the normal to the facet.

and decreases to 2.43 % at 887.3 nm. The confinement factor increases slightly with temperature,
and at 70 °C, the value at 850 nm is 2.70 %. The confinement factor of the slow light mode

is similar to that of the index guided mode, and a similar proportion of the spontaneous

emission might be expected to be coupled into the modes. At wavelengths where the net-

modal gain of the index-guided mode is negative, depending on the collection geometry, the
measured ASE of the index-guided and slow light mode may be similar, and may cause an

offset in the measured gain spectra.

5.6 Farfield

Figure 5.5 shows the in-plane farfield profile. The setup was aligned so that 0° corresponds to
an angle close to the facet normal. The far-field profile for S1 shows a peak in the intensity
close to 0° and is most likely that of the index guided mode. The FWHM width of the peak
is 20.3 £+ 0.3°. There appears to be ripples in the profile, which might be expected as ripples
can be seen in the simulated mode profile (shown in figure 5.3), as the index-guided mode

partially extends into the DBR layers with alternating high and low refractive indices. Initially,
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Figure 5.6: Simulated top mirror reflectivity (left axis) and the respective cavity resonance
wavelength (right axis) as a function of cap thickness, when air is above the cap and when
Cr/Au layers are deposited on top of the cap. The nominal cap thicknesses of the two
structures are denoted by the vertical black lines. Figure from [93].

the intensity decreases at angles further away from the normal. However, beyond 30°, a
continuous increase in the intensity can be observed. This is likely to be from light coupled
into the slow light mode. Below -25°, the intensity approximately goes to zero as the emission
is blocked by the copper mount and the TO-Header below the device. The same is observed
for S2.

For S2, the intensity at 0° is approximately 10 times lower due to absorption by S1 which

has been grounded. The high angle emission doesn’t appear to change significantly compared

to when S1 was pumped, which suggests that a significant proportion of the light originates
from the top surface, as simulations indicate these modes will be lossy. By limiting the collection
angle, and imaging the facet onto the spectrometer slits, it is possible to ensure only the ASE

of the index guided mode is measured.
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5.7 Suppression of Vertical Lasing

5.7.1 Effect of Cap on Mirror Losses

The dependence of the top mirror reflectivity on the cap thickness, due to changes in the

phase of the reflected light, is shown in figure 5.6. The reflectivity was calculated using the
transfer matrix method outlined in section 2.8.1. In air, a 124 nm thick cap is at an in-phase
reflectivity maximum, while a 62 nm thick cap is aligned to an anti-phase reflectivity minimum.
However, unlike a standard VCSEL structure, the segmented contact structures require a
metal contact that covers the top cap. With the addition of Cr/Au layers on top of the cap,
the reflectivity minimum shifts due to the complex refractive index of the metal [103]. Neither
the 62 nm or 124 nm cap thickness is aligned to the anti-phase reflectivity minimum, which

occurs at a cap thickness of approximately 93 nm instead.

Compared to the GaAs/Air interface, the addition of the Cr/Au layers enhances the in-phase
and anti-phase reflectivity. When the reflection is in-phase, a reduced threshold gain would
be expected. On the other hand, anti-phase reflections are expected to significantly increase

the threshold gain required to lase in the vertical direction.

5.7.2 P-I Characteristics

Figure 5.7 shows the in-plane and vertical emission Power-current curves for both the 62 nm
cap and 124 nm cap segmented-contact devices. To eliminate self-heating, the sections were
pumped with an in-house pulsed current source, with a 1 ps pulse width and a 1 kHz repetition
frequency. The same pulse settings were used for the gain measurements. For the vertical
emission, figure 5.2a shows that some of the light emitted from regions below the contacts

could be seen at the edge of the contacts, which was then measured with an integrating sphere.

In segmented contact devices fabricated from the sample with the 62 nm thick cap layer,

the vertical emission P-I characteristics indicate vertical amplification and possibly lasing,
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Figure 5.7: P-I curves of light emitted from section 2 in the (a) vertical and (b) in-plane
direction for in-phase 62 nm (grey circle) and anti-phase 124 nm (black square) cap
thicknesses. Figure from [93].

occurring above a current density of 0.4 kA /cm?. The corresponding in-plane P-I curve, of
the in-plane emission, shows that the slope of the curve reduces above a current density of
0.4 kA /cm?, suggesting that the carrier density is clamping in certain areas of the active
region, again indicative of amplification and possibly lasing in the vertical direction. However,
this is not observed in the device with 124 nm thick cap layer. There is no apparent threshold
in the vertical emission, nor clamping of the in-plane emission. Therefore, gain measurements
are performed on the 124 nm thick cap device, as the gain vs current density relation will not

be complicated by carrier pinning effects.

Previous work [104][105][106] has indicated that upon deposition, Cr diffuses into GaAs,
and after annealing, Ga and As are expelled from the inter-mixed Cr-GaAs interface. This
effectively reduces the optical thickness of the p-GaAs cap, and changes the in-phase and
anti-phase condition. While this effect is unlikely to align the effective cap thickness, of the
initially 124 nm thick cap, to the anti-phase cap thickness, a sufficient increase in the top

mirror loss will still allow the optical gain to be characterised, at current densities close to
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Figure 5.8: In-plane modal gain curves of the anti-phase device for a current density, J, range
of 0.417-1.147 kA /cm? in 0.104 kA /ecm? steps at a temperature of 30 °C. Figure from [93].

the threshold current density. As a result, samples with a 62 nm cap thickness are labelled as

in-phase, and samples with a 124 nm cap thickness are labelled as anti-phase.

5.8 In-plane Gain Measurement on VCSEL Structure

5.8.1 124 nm Thick Cap Anti-Phase Device

Figure 5.8 shows the TE polarised in-plane modal gain at 30 °C, measured on the material

with a 124 nm thick anti-phase cap, for injected current densities ranging from 0.417-1.147 kA /cm?.

At a current density of 0.417 kA /cm?, the peak net-modal-gain is measured to be 36 + 2 cm™*
at a wavelength of 892.6 + 0.4 nm. At 1.147 kA /cm?, the peak net-modal-gain increases

to 70 &£ 1 ecm™! and blueshifts to 887.4 4= 0.1 nm. The measured internal optical mode loss

of 8.1 &£ 0.7 cm™! is determined by taking the mean value of the plateau region, over the
wavelength range of 922.5-927.5 nm. The in-plane internal optical loss may be different to
that experienced in the vertical direction, as the overlap of the mode with absorbing regions

and scattering losses due to interface fluctuations will be different. However, it is important

here as, before calculating the material and VCSEL modal gain, it must be used to correct

99



D
o

. 0.3 kA/cm?

T L 0.4 kA/cm?

g 0.5 kA/cm?
‘E 40 + 0.6 kA/cm?
= 0.7 kA/cm?
O L 0.8 kA/cm?
g 0.9 kA/cm?
O 20+ &/ / /N N\\%  feeeee 1.0 kA/cm?
=

o

=2

2 0 -

)

o

<

_20 T T T 1
870 890 910 930

Wavelength (nm)

Figure 5.9: In-plane modal gain curves of the in-phase device at a temperature of 23 °C, for
a current density range of 0.3-0.9 kA /cm? (solid lines) in 0.1 kA /cm? steps, and at a current
density of 1.0 kA/cm? (black dashed line).

the net-modal-gain data to modal-gain.

5.8.2 62 nm Thick Cap In-Phase Device

Figure 5.9 shows the TE polarised in-plane modal gain at 20 °C, measured on the material

with a 62 nm thick cap, for injected current densities ranging from 0.3-1.0 kA /cm?. The gain
increases with increasing current density, until it reaches a current density of 0.8 kA /cm?.

Apart from a small dip at 890.6 nm, which increases in size with increasing current density,

the gain curve at a current density of 0.8 kA /cm? is identical to that at 1.0 kA /cm?. The

position of the dip corresponds to the resonance wavelength of the vertical cavity, and is due

to scattered laser light being detected by the camera and causing an offset in the measured

ASE. As shown in figure 5.10, for both S1 and S1S2, the measured ASE spectrum at 1.5 KA /cm?
show a small peak at 890.6 nm. The amount of scattered light increases with current density,
increasing the offset, and thus the dip gets larger. If the gain was actually reduced, a corresponding

dip in the ASE spectrum would be expected.
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Figure 5.10: In-plane ASE spectrum from S1 (solid grey) and S1S2 (solid black), for the in-
phase device at a temperature of 23 °C, and a current density of 1.5 kA /cm?.

5.9 Impact on Device Performance

5.9.1 Device Operating Point

VCSEL devices were fabricated from the same wafer using a quick fabrication process [107],

and the substrate was lapped to reduce self-heating. A large oxide aperture diameter of 13 + 0.5 pm
was utilised to reduce scattering losses by the oxide aperture. Figure 5.11 shows the mean

threshold current density of fabricated VCSEL devices at different temperatures under pulsed
operation, which indicates the threshold current density minima occurs below 30 °C. This is
consistent with the optical gain and cavity resonance measurements shown in figures 5.8 and

5.12, which shows the gain peak wavelength at a longer wavelength than the cavity resonance
wavelength, even for a current density of 1.147 kA /cm? which is above the measured threshold
current density. Due to the higher thermal redshift of the gain-peak wavelength, this would

indicate alignment of the gain-peak with the cavity resonance occurring at temperatures

below 30 °C. This is discussed further in section 5.9.3
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Figure 5.12: Photo-voltage spectra at temperatures of 30-70 °C in 10 °C steps. The cavity

resonance wavelength was determined from the peak position. Data taken by Josie Travers-
Nabialek. Figure from [93].
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Figure 5.13: The lasing threshold gain calculated using equation 2.37. (solid lines) for the in-
phase VCSEL device, and the experimentally obtained material gain at the lasing wavelength
and threshold current density (black circles). Figure from [93].

Figure 5.12 shows the surface photo-voltage spectroscopy (SPVS) spectra obtained by Josie
Travers-Nabialek, where the photo-voltage induced by light incident on the surface of the
wafer is measured [108][109][110]. At the cavity resonance wavelength, there is a sharp peak
in the photo-voltage due to a higher photon density within the vertical cavity increasing the
number of electron-hole pairs generated in the active layers. The cavity resonance wavelength
is measured to be 886.5 £ 0.1 nm at 30 °C and redshifts to 889.1 & 0.1 nm at 70 °C. This
gives a thermal tuning coefficient of 0.066 nm /K for the cavity resonance wavelength. There
is an additional uncertainty due to the difference in location on the wafer from where the
segmented contact and SPVS samples were taken and variations of approximately £2 nm

in the cavity resonance wavelength across the 4”7 wafer.

5.9.2 Threshold Material Gain

Figure 5.13 compares the lasing threshold material gain calculated from the experimentally
obtained in-plane modal gain (evaluated at the cavity resonance wavelength at the relevant
temperature and at the current densities corresponding to threshold in the VCSEL) with the

lasing threshold material gain determined using equation 2.37. To convert the modal gain

103



into a material gain, the mode properties from figure 5.3 were used. For example, at 30 °C
values of n.g = 3.268 and I' = 0.0387, evaluated at 886.5 nm, were used to convert the gain
measured at 30 °C. The combined effect of these values on the converted material gain varied

by 5 % over the temperature range of interest.

To determine the lasing threshold material gain for the vertical cavity resonance mode, values
of Fepn = 1.85, Riop = 99.42 % , and Rpot = 99.88 % were used at 30 °C. Internal optical
losses in the doped AlGaAs DBR layers (with C and Si as the acceptor and donor, respectively)
were included using equation 2.25, by adding an imaginary term to the refractive index values
according to the doping concentration. Absorption values for doped GaAs from [36] and

[50] were used, due to a lack of doping-induced absorption data for AlGaAs. In n-GaAs, the
doping-induced absorption shows a weak wavelength dependence, and values at 1000 nm were
used [36]. On the other hand, the absorption in p-GaAs (doped with Zn) is shown to have a
A3 dependence [36], and the absorption values were extrapolated to 890 nm. The structures
given within this thesis used C as the acceptor. Measurements from [50] indicate that when a
C acceptor is used, the p-GaAs absorption values are double those of when a Zn acceptor is

used.

At 30 °C, the threshold gain value was measured to be 1440 4 140 cm~!. The uncertainty in

the threshold gain values were dominated by the uncertainty in the threshold current density

due to the oxide aperture diameter. When internal optical losses due to doping-induced absorption
only are considered, the required threshold gain is calculated to be 1010 cm™! at 30 °C,
underestimating the threshold material gain by around 450 cm~'. One possibility is that

additional scattering losses are present in the n-DBR layers due to interface roughening, as

reported in [111]. A best fit is obtained when the optical loss in the n-DBR layers is increased

from 7 cm~! to 40 cm~!. This is of the same order as the estimate of the optical loss of 80 + 20 cm™*
obtained by linear interpolation of the values in [111], for a MOCVD grown n-DBR with

the same nominal doping concentration of 2 x 10'® cm™. However, due to differences in

the operating wavelength, material composition, and growth method, a direct comparison is
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Figure 5.14: Experimentally obtained peak material gain values and the corresponding
wavelength, with linear fits, at temperatures ranging from 30-70 °C in 10 °C steps. The
horizontal solid dark line indicates the experimentally obtained threshold material gain value
at 30 °C. The vertical dashed red line shows the target operating wavelength of 894.6 nm.
Figure from [93].

difficult. Scattering losses may be present in the p-DBR, and there may be other loss mechanisms,

such as increased absorption in the SCH at high current injection [36].

5.9.3 Gain Peak Optimisation

Figure 5.14 shows the measured peak material gain and wavelength. The dotted lines show
linear fits to the data, applied for each temperature. The vertical dashed red line shows the
target lasing wavelength of 894.6 nm, and the horizontal solid black line shows the mean
measured threshold material gain of 1430 + 20 cm™!. Where the (vertical dashed red and
horizontal solid black) lines cross correspond to the operating point of the intended VCSEL
structure. The figure can be used to determine changes to the the active layer that would
optimise it for a particular operating condition. For example, consider a 7 pm oxide aperture
diameter VCSEL operating CW at a current of 2 mA and a heat-sink temperature of 60 °C.
Figure 4.8 indicates that a 7 pm diameter oxide aperture VCSEL will have an optical loss

similar to what is shown by the horizontal black line. If it is operating at a current of 2 mA,
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figure 4.15 suggests that an internal temperature increase of 10 °C might be expected, so that
the temperature of the active layers would be 70 °C. The gain peak aligns with the targeted
emission wavelength of 894.6 nm at a temperature of approximately 55 °C, indicating that
for the current active region, the ideal CW heat-sink temperature is 45 °C. However, for
uncooled packaging, the VCSEL will likely operate at a higher temperature of 60 °C. To
satisfy the requirement, the 70 °C material gain peak value-wavelength line would need to be
translated by approximately 5 nm to ensure it crosses the operating point. Such a relatively
simple change could be implemented in subsequent growths by calibrating to a 5 nm blueshift

in the room temperature active region photoluminescence (PL) peak.

5.10 Conclusion

In this chapter, the optical gain was characterised on VCSEL material using the segmented
contact method, at current densities comparable to the threshold current density of an actual
VCSEL device. This information can then be used to inform changes to the active layers to
improve the efficiency and yield of VCSELS, reducing the time and cost of the optimisation

process.

Reflections from the cap layer - metal contact interface, which destructively interfered with
the DBR reflections, were utilised to suppress lasing in the vertical direction. This was to
ensure carrier pinning did not alter the gain-current relationship, so that the optical gain
could be characterised at the threshold current density of an actual VCSEL device. It was
found that after deposition of Cr/Au contacts on a p-GaAS cap, vertical lasing was observed
with an initially anti-phase 62 nm thick cap, while lasing was suppressed with an initially
in-phase 124 nm thick cap. Simulations of the top mirror reflectivity using literature values
indicated that, assuming nominal thicknesses, both samples would have similar threshold
gain values. This suggests the effective cap thickness was modified by the process steps, and

must be taken into account when applying this technique to other VCSEL epitaxial materials.
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The TE-polarised in-plane modal gain was measured on VCSEL epitaxial material, for two
different samples; one sample where lasing in the vertical direction was present, and another
sample where lasing in the vertical direction was suppressed using the aforementioned method.
2

On the lasing sample, the gain spectrum did not change above a current density of 0.8 kA /cm

due to carrier pinning.

For the non-lasing sample, the measured modal gain was converted to a material gain, by
calculating the confinement factor and effective index of the TE-polarised index guided mode.
The material gain was evaluated at the cavity resonance wavelength and the threshold current
density of 13 pm oxide aperture diameter VCSEL devices. This gave a threshold material

gain of 1440 £ 140 cm ™! for this structure at 30 °C. Using the transfer matrix method, with
doping induced absorption values from the literature, a threshold gain of 1010 cm™! was
determined from the lasing condition. This suggests the presence of a loss mechanism in
addition to the doping induced absorption. Agreement was found by increasing the optical

loss in the n-DBR layers from 7 cm™! to 40 cm™!, which is consistent with previous work

with additional scattering losses due to interface roughening in the n-DBR layers [111]. However,

this is not conclusive, and there may be additional scattering losses present in the p-DBR or

other loss mechanisms, such as increased absorption in the SCH at high current injection [36].

Alterations that would optimise the active layers, for a reduced threshold current, were determined
by plotting the experimentally obtained peak material gain as a function of the gain-peak
wavelength, and comparing with the measured threshold material gain of the VCSEL epitaxial
material and intended emission wavelength of 894.6 nm. Taking into account the internal
temperature increase due to self-heating, it was shown that for a 7 pm oxide aperture diameter
VCSEL device, a 5 nm blueshift in the active region PL peak would optimize the active layers

for CW operation at 2 mA with a heat-sink temperature of 60 °C. This has the potential to

allow more rapid optimization of the active region in VCSEL wafers, reducing the development
time and cost required to manufacture VCSEL devices with low threshold current and high

yields.
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Chapter 6

Conclusion

6.1 Summary

In this work, the impact of the oxide aperture dimension on the performance of oxide-confined
vertical-cavity surface-emitting laser (VCSEL) devices was investigated. The key aims were

to determine an optimum oxide aperture dimension, for the given VCSEL epitaxial material
which had been designed for use in miniaturised atomic clocks (MAC); and identify possible
alterations to the epitaxial structure to improve performance. Additionally, to assist with

the optimisation process, an in-plane gain measurement technique, known as the segmented
contact method, was utilised. By applying this technique directly on VCSEL material, and
carefully considering the reflections at the cap layer to suppress lasing in the vertical direction,
the gain profile was measured at current densities comparable to the threshold current density

of an actual VCSEL device.

The MAC application places strict requirements on the VCSEL characteristics - which are
strongly affected by the dimensions of the oxide aperture. To determine an optimum oxide
aperture diameter, circular oxide aperture VCSELSs with a range of diameters were characterised.

It was found that for the epitaxial structure considered in this thesis, 2.5 pm oxide aperture
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diameter VCSELs were able to meet most of the specification. Devices with this oxide aperture
diameter had a mean slope efficiency of 0.34 + 0.7 W/A, which is slightly below the specified
maximum slope efficiency of 0.4 W/A | and a current tuning coefficient of 0.8 nm/mA, which

is slightly above the target current tuning coefficient of 0.6 nm/mA. They also showed greater
than 30 dB side-mode suppression ratios (SMSR) for optical powers of 0.2-0.5 mW. However,

it was found that they had a mean divergence angle of 51.6 £ 0.8° which is more than twice

the maximum allowed value of 25°. A small oxide aperture is required to ensure the higher
order modes aren’t guided by the aperture, so that the VOSEL emission is single-mode. However,
this also reduces the beamwidth which increases the divergence angle due to to its inverse
relationship (shown by equation 2.48). Simple oxide-confined VCSEL devices that have 30 dB
single-mode operation with a divergence angle below 25° cannot be obtained on this epitaxial
material. To increase the oxide aperture size, while still ensuring the emission is single-mode,
changes to the epitaxial structure to reduce the guiding by the oxide aperture or the use of
surface reliefs are required [17], although both approaches can increase the optical losses.

There was also no strong mechanism to control the polarisation due to the circular symmetry,
so there was a large variation in the measured orthogonal polarisation suppression ratio (OPSR)

and the yield of polarisation stable VCSELs was low.

Elliptical oxide apertures, as a method to ensure the VCSEL polarisation was linear and

stable, were also investigated. While surface gratings have been successfully applied to produce
MAC VCSELs that are polarisation-stable with OPSRs of up to 21 dB [21], additional processing
steps and electron-beam lithography are required. In this work, devices with 1.5x3.7 pm

oxide aperture dimensions had measured SMSRs that were greater than 30 dB up to optical
powers of 0.5 mW. The maximum OPSR varied between 13.6 = 0.5 dB and 14.2 + 0.5 dB,

at optical powers between 0.2-0.5 mW. The minimum measured OPSR, over the same range

of optical powers, differed from the maximum by less than 0.4 dB for all the measured devices

(3 devices), and suggests this aperture dimension has good polarisation stability that’s tolerant

to fabrication variations. However, due to the coarseness in the range of elliptical oxide aperture
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dimensions, an optimum dimension could not be determined. An OPSR that was greater
than 15 dB was reported in [28], for a 2x2.5 pm rhomboidal oxide aperture, and suggests
further improvement may be possible. When the oxide aperture dimensions were large enough
so that the emission was multi-mode, despite higher aspect ratios, the OPSR was lower. This
suggests elliptical oxide apertures can be effective as a method for polarisation control, but

only when the VCSEL emission is single-mode.

The MAC application require VCSEL devices with an exact emission wavelength to interrogate
the atomic transition. It was shown that a number of factors related to the oxide aperture
dimension can affect the emission wavelength; self-heating will cause the internal temperature

of the VCSEL to rise and cause a red-shift with current, while guiding by the oxide aperture
will cause a blue-shift. Both these effects are more significant for small oxide aperture diameters,
such as those required for single-mode emission. To properly compensate for these effects

in the epitaxial structure, the operating current, temperature, and oxide aperture geometry

must be specified beforehand.

Compared to edge-emitters, optical gain characterisation is not as straight-forward for VCSEL
structures. For VCSELs with long cavities, the Hakki-Paoli method [32] has been applied
in the vertical direction [33], while for more typical VCSEL structures, external efficiency
measurements can give an indication of the optical losses within the device [34][35][36]. In-
plane techniques have also been applied on VCSEL material, such as the fabrication of in-
plane stripe lasers [41] or the Hakki-Paoli method in the in-plane direction [42]. Here, the
optical gain profile was measured directly on VCSEL material, using an alternative in-plane
technique known as the segmented contact method [89][90]. Lasing in the vertical direction
was suppressed in the VCSEL structure by utilising reflections from the cap layer/metal
contact interface, so that it destructively interfered with the DBR reflection. This allowed
the optical gain to be characterised at current densities comparable to the threshold current
density of the vertical lasing mode. The measured TE-polarised modal gain of the in-plane

index guided mode was converted into a material gain by calculating the confinement factor
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and effective index of the mode. Large diameter oxide aperture VCSEL devices were fabricated,
using a quick fabrication process [107], on the same material. The threshold current density
of these devices were measured, so that the threshold material gain could be determined by
evaluating the material gain at the threshold current density and cavity resonance wavelength.
A value of 1440 4+ 140 cm™! was obtained for this structure at 30 °C. The transfer matrix
method, with doping induced absorption values from the literature, was used to calculate a
threshold gain of 1010 ecm~!. This suggests the presence of a loss mechanism in addition to
the doping induced absorption. One possibility is scattering losses due to interface roughening
in the n-DBR layers. Agreement was found by increasing the optical loss in the n-DBR layers
from 7 cm™! to 40 ecm™!, which is consistent with previous work [111]. Understanding the
gain requirement of the VCSEL epitaxial material means the active region can be designed

to achieve a particular gain, for given operating conditions, so that the VCSEL device can

operate more efficiently.

The gain spectrum was measured as a function of current density and temperature, and it

was demonstrated how this information could be used to optimise the active layers for a
particular operating condition. By plotting the peak material gain as a function of the gain-

peak wavelength, and comparing to the threshold material gain and intended emission wavelength,
for a 7 pm oxide aperture diameter VCSEL device, it was determined that a 5 nm blueshift

in the active region PL peak would optimize the active layers for CW operation at 2 mA

with a heat-sink temperature of 60 °C.

6.2 Future Work

To ensure the VCSEL devices can operate efficiently at the desired operating temperature
close to 70 °C, changes to the epi-structure should be made so that the gain peak wavelength
and the cavity resonance wavelength coincide at the intended operating temperature, at 894.6 nm.

In addition, a small aperture diameter will cause the wavelength to blueshift due to guiding,
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which will need to be compensated for in the epitaxial structure. Due to the strict wavelength
requirement of the VCSEL device, this may mean that the epitaxial structure should be designed

for a particular oxide aperture diameter.

The position of the oxide layer within the VCSEL epitaxial structure could be altered to
reduce its overlap with the longitudinal mode profile. This would reduce the guiding by the
oxide aperture, so that single-mode operation can be achieved with a larger aperture, while
also reducing the wavelength sensitivity to the oxide aperture dimension, potentially improving
the yield. It would also increase the mode width and lead to a decreased divergence angle.
However, this may also reduce the transverse confinement factor and increase diffraction

losses, which would increase the threshold current and reduce the optical output power. The

reduced guiding may also mean the device is more sensitive to effects such as thermal lensing.

The use of sub-micron surface gratings could improve the yield of devices that have a high
OPSR [21]. This could be used in conjunction with surface reliefs [22] to improve the single-
mode performance of larger oxide aperture diameters devices, which have reduced divergence
angles. Due to the higher optical powers that can be reached, it would be possible to increase
the number of top mirror pairs to reduce the linewidth, while still meeting the optical output

power requirements.

Due to the coarseness of the elliptical oxide aperture dimensions, their impact on the polarisation
characteristics of the VCSEL could not be investigated thoroughly, and an optimum dimension
could not be determined. For future investigations, the major diameter of the elliptical mesa
should be increased in 1 pm steps, so that it doesn’t lead to highly elliptical oxide apertures

which won’t meet the specification.

In-plane gain measurement techniques have previously been applied on VCSEL material,
and to validate the gain measurements performed using the segmented contact technique,
the results could be compared with these alternative methods. For example different length

stripe lasers could be fabricated as in [41], and the peak-gain values determined from external
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efficiency measurements. Due to current spreading by the highly doped DBR layers, a deep
etched stripe was used to ensure only the region directly below the contacts were pumped.
However, this can increase the non-radiative recombination. Ion implantion or oxidation

of the high Al concentration AlGaAs layer, to define a stripe, could reduce the transverse
current spreading. The former could also be used to increase the inter-contact resistance

between segmented contact sections.
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