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Abstract

The aim of this work is to establish the feasibility of designing and producing telecoms-
wavelength vertical-cavity structures using GaSb quantum rings (QRs) embedded in
GaAs - Al,Gaj_,As resonators. Additionally, various methods of characterising the
optical and material properties of the produced samples are assessed, to determine the
most suitable techniques in terms of accuracy, ease of use, cost, and measurement time.
Extensive optical modelling is carried out to design and optimise vertical-cavity surface-
emitting lasers (VCSELSs), and single-photon light-emitting diodes (SPLEDs). Optical
models are used to check sample growth quality, and provide sample selection crite-
ria when used in conjunction with measured material parameters and optical trans-
mission spectra. Various measurement techniques are compared for the quantification
of Al,Gaj;_,As in many-layered structures, including secondary-ion mass spectroscopy
(SIMS), X-ray photoelectron spectroscopy (XPS), and electron energy-loss spectroscopy
(EELS). SIMS proves to be effective for thick samples, particularly in terms of measure-
ment speed and layer clarity, with XPS and EELS more suited for thinner samples, or
where high resolution over a small area is required.

Distributed Bragg reflectors (DBRs) grown at IQE using metalorganic vapour-phase
epitaxy (MOVPE) are successfully combined with the QR active region and upper DBR
overgrowth using molecular beam epitaxy (MBE) at Lancaster University. The graded
IQE DBRs are shown to be very consistent their optical properties, and reduce the elec-
trical resistance and growth time for the remainder of the optical device. SPLED devices
are shown to emit light, operating around 1310 nm and 1550 nm. At this time no single-
photon emission was observed. VCSEL devices are shown to operate at around 1270 nm,
demonstrating the telecoms-wavelength capabilities of the system, while device perfor-
mance is limited by high resistance and other potential factors. Further improvements
are discussed, including reducing device resistance, as well as processing the devices in

the Lancaster Quantum Technology Centre cleanrooms.
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1.1 Motivation

The use of vertical-cavity surface-emitting laser (VCSEL) technologies has increased
dramatically since their development around the 1980s[1], due to their low cost, low
power, efficiency, and ease of production. A recent valuation and report estimates the
total market value of VCSEL technologies to be at $1Bn as of 2020, and projects an
increase to $5Bn by 2027 [2]. The gallium arsenide material system dominates, with
GaAs - Al,Ga;_,As VCSELs making up a total of 65% of the 2020 market share.
Currently, short wavelength (850 - 950 nm) devices are the primary type of VCSEL
in use, with applications in datacoms, laser printing, sensing (including smartphone

technology), chip-to-chip optical interconnects, and more.

O-band
E-band
L-band

850 nm

~ Attenuation (dB/Km)

B

1 1 1 1 1
00 800 900 1000 1100 1200 1300 1400 1500 1600
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Figure 1.1: Sketch of attenuation over distance for a standard optical fibre showing
the short-wavelength datacoms region (850nm), and the longer-wavelength telecoms
bands.[3]

While these shorter wavelengths are widely produced and utilised, there remains a
opportunity for devices in the telecoms O-band, shown around 1300 nm in figure 1.1, with
reduced transmission loss compared to the datacoms band used in data centres. Less loss
over distance means lower power consumption, less error correction required, and longer
possible transmission distances. A VCSEL that can compete with the current GaAs-
based VCSEL devices in cost and performance, could easily be seen as a viable alternative
to reduce energy usage within data centres. If a telecoms VCSEL can match or beat
current telecoms O-band devices, primarily distributed feedback lasers (DFBs), they
may then find application in mid-range fibre to the premises in commercial broadband.
The UK government has expressed its desire to implement optical fibre to the premises
(FTTP) to 15M sites by 2025, and all UK premises by 2033. To meet these targets an
upstream laser needs to be placed in every premises, meeting the requirements of the
XGS-PON standard[4]. This standard centres on an upstream wavelength of 1270 nm, a
power output of 2.5 to 7.9mW, and a speed of 10 Gbs™![5]. Given that the standard is
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international, the market for broadband customer-end devices stretches beyond the UK.

With the rise in smartphone-based sensor technology, built-in VCSEL sensors are
set to become a large part of the international market. Current consumer devices hold
multiple VCSEL arrays to support advanced camera operation, with more than 400
individual cavities per handset. Current VCSELs in smartphone camera applications
are sub-1pm in wavelength, but moving forward >1.4pum ‘eye-safe’ devices would be
greatly preferred. An active region capable of emitting in the telecoms O-band could
potentially be utilised to emit at 1.4pm or above with a suitable cavity selection.

The two main goals of this work are as follows. Firstly, to determine both the feasibil-
ity of a telecoms wavelength GaAs-Al,Ga;_,As VCSEL, as well as assess the possibility
of mass production using IQE plc’s metalorganic vapour-phase epitaxy (MOVPE) re-
actors. Secondly, to assess and refine the models and analytical techniques used in the
design of optical devices such as these, and use them to reduce the time and cost normally

associated with semiconductor characterisation.

1.2 Vertical-Cavity Surface-Emitting Lasers vs Other Laser

Technologies

Compared to the conventional semiconductor edge-emitting laser (EEL), VCSELSs hold
a number of important advantages that have led to their widespread use in datacoms
and consumer electronics. Firstly, the top-bottom arrangement of the mirrors allows
for a larger number of devices to be fabricated from a single wafer. Since the size is
limited only by the mesa and contacts, rather than the end facets and gain length of a
strip laser, a device count in the hundreds of thousands can be produced from a single
6” wafer. The vertically stacked optical resonator also allows for the inclusion of dis-
tributed Bragg reflector (DBR) dielectric mirrors, consisting of alternating layers of high
and low refractive index material[6]. The mirrors can be utilised to produce a reflectivity
of 99.9 %, compared to an EEL end facet reflectivity of around 30 %. Reflective coatings
can be applied to the end facets of an edge emitter to improve performance, with the
drawback of additional processing steps. The primary effect of having high reflectance
mirrors is that the gain volume can be drastically reduced, so the cavity can be a micron
or less, rather than the hundreds of microns in an edge emitter. Being able to confine
the current to the centre of the mesa, through oxidation, proton bombardment, or struc-

tural methods, reduces the volume of the cavity and forces the current to travel through
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the centre of the active layers|[7]. The small cavity volume also lends itself to ultra-low
threshold operation [8, 9, 10, 11] and high power conversion efficiency[12]. The shorter
cavities and vertical emission allow for easy butt-coupling to multimode optical fibres,
as well as high efficiency coupling to single mode fibres with some additional optical
components[13]. The small device size directly leads to high speed data transmission
with devices reaching over 40 Gbs™! with on-off keying[14], with standard commercial
devices operating at 25 Gbs™! or more[15]. The transmission speed is limited by ther-
mal heating, parasitic resistance, and capacitance. Due to the cavity selected output
and short cavity length, VCSELs also display excellent temperature stability in both
wavelength and threshold[16]. The vertical nature of the devices means that arrays can
be easily processed [17], with such arrays being applicable to high-power systems, 3D
sensing, optical interconnects and more[18].

In terms of extending GaAs VCSEL technology to the telecoms O-band, the cur-
rent primary competitors are DFBs. These devices incorporate the Bragg reflector into
a lithographically-defined waveguide. The active region has a material with a certain
refractive index grown above it, which is then processed into a grating. More material
is deposited to produce the index contrast of a Bragg reflector, and the electrode lay-
ers are deposited over the device. These edge-emitting single-mode devices have been
demonstrated at high-speeds, with precise cleaving required to set the length of the
cavity[19]. In order to produce perpendicular beam emission, particularly for integra-
tion into arrays, DFBs must be incorporated with a mirror/lens structure requiring yet
more high-precision processing[20]. The VCSELs on the other hand, require one single
growth, and a straightforward process of mesa definition, current confinement, passiva-
tion, and contact deposition. Additionally, the single-epitaxy nature of the structure
allows for non-destructive optical testing of the growths before processing has occurred,
so that poor samples can be rejected without wasting time and money on a non-viable
batch. Fully processed VCSELs can also be tested on-wafer before dicing and packag-
ing, unlike EELs and DFBs, simplifying quality control and reducing the likelihood that

non-functional devices are packaged or sold.

1.3 GaAs - Al,Ga;_,As Material System

The GaAs - Al,Gaj_,As material pairing was implemented early in the development of
the VCSEL, producing high-efficiency 850 nm devices at room temperature [21]. The

close to lattice matched nature of GaAs and AlAs allow for monolithic growth of struc-
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tures consisting of various compositions of Al,Gaj_,As. The difference in refractive
index between the alloy compositions mean that DBRs can be directly grown around a
suitable active region using an epitaxial technique such as MOVPE or molecular beam
epitaxy (MBE). Doping the DBRs during growth provides the diode behaviour of the
VCSEL, and a combination of active region, cavity thickness and DBR centre wavelength
select the output wavelength. Short wavelength (800 - 950 nm) emission in a typical VC-
SEL is generally with GaAs - Al,Ga;_,As quantum wells within the cavity[22], so that
the entire structure is simple and straightforward to grow using as few materials as
possible. Utilising the advantages of the GaAs - Al,Ga;_,As DBR system, while push-
ing the output wavelength into the telecoms region, requires a change in active region.
1.3 pm emission has been achieved with InAs - In,Ga;_,As quantum dots [23], however
the low emission power ~330 pW demonstrated in this instance reduces suitability for
longer-range applications, particularly the XGS-PON standard discussed in section 1.1.
Having another semiconductor alloy in the device also increases growth complexity and
calibration factors, and increases the complexity of any optical simulations of the de-
vice. In this work the active region being assessed incorporates GaSb quantum rings into
a GaAs - Al,Ga;_,As quantum well structure previously demonstrated by Lancaster
University[24]. The advantages of this system include reduced material complexity, im-
proved lattice matching with all bulk layers consisting of GaAs or Al,Gaj;_,As, and

improved optical simulations due to the reduced number of alloy types.
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2.1 Optical Modelling

2.1.1 Transfer Matrix Method

The optical transfer matrix method (TMM) is a calculation technique by which the re-
flection and transmission coefficients of a multilayer system can be numerically obtained.
Widely used across the field of optics, the method assumes homogeneous and optically
isotropic layers and smooth interfaces to combine the entire stack into a set of propaga-
tion and interface matrices. The end result is a so-called system matrix, from which the

Fresnel coefficients of the structure can be obtained.[25, 26, 27]

2.1.1.1 Notation

Notation can vary greatly across field of waves and optics, so the notation used here
will be outlined for the benefit of the reader. An electric field is defined as oscillating
in the y (up-down) direction and propagating in the x (left-right) direction. The field
on either side of an interface will have the current layer subscript, the direction denoted
using a superscript + or — for rightwards and leftwards, respectively, and the prime
notation marks the side of the interface, with prime on the right and non-prime on the
left. A single interface example is shown in figure 2.1. The complete form of a single

right-bound component on the left of an interface for example is

Er = Eteike (2.1.1)
for any layer m.
—*—_}*
Ej | BT
-
Ey |E-
Ny "
m=0 m=1

Figure 2.1: A typical interface between two layers of complex refractive index n,, ex-
plaining the electric field propagation notation in this work.

2.1.1.2 The Propagation Matrix

Propagation though a single, homogeneous layer of material can be calculated using the

wavevector dispersion relation k; (w) = w/v for a wave of frequency w and phase velocity
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v. The dispersion relation for a homogeneous medium is

i = = = = (2.1.2)

where k?Z is the wavevector in the medium, n; the complex refractive index of the ma-
terial, and A\g the vacuum wavelength. The complex refractive index n,, in layer m is
represented as

N = Nyn + 1Km, (2.1.3)

where n,, is the refractive index and k,, is the extinction coefficient. The standard
equation for a wave propagating in one dimension through a homogeneous medium can

be written in matrix form as follows:

Bo(z) = Ef eiF* 4 By e~k (2.1.4)
E(x)* ez g ET

q( e p ° 1. (2.1.5)
E(z)~ 0 e " E;

P = . (2.1.6)

2.1.1.3 The Interface Matrix

At the interface between two layers the fields must be continuous, i.e.

E, = E}, (2.1.7)
E = (0, E,,0), (2.1.8)

and
H, = H},. (2.1.9)

With right-moving (+) and left-moving (-) components equation (2.1.7) becomes

Ef + Ep, = Eyf + E} . (2.1.10)

From this we can immediately obtain the matrix relation
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Ef. ESF
(1 1) ME (1 1) . (2.1.11)
— ) —
Ely E2y
Using Faraday’s law of induction
-~ . OB
VXxE+—=0 2.1.12
e (2.1.12)
and that B = uﬁ , it follows that
(2.1.13)

o _ oOH
VxE — =0.
T
Substituting the plane waveform H (r,y,2) = ﬁoeigﬂiwt, where 7 is the position vector,

into equation (2.1.13) we find that

V x E + iwpH = (2.1.14)
The curl of E is then calculated:
Ty Z

Vx F—|0 98 2

VxE=|g 2 8| (2.1.15)
0 E, O

i (2); (2.1.16)
-\ Oz o
Combining equations 2.1.14 and 2.1.16 gives
(2.1.17)

il O Y

L= iwp Ox

. 1 0 /u =
i (£, + £,
of the electric field as shown in equation (2.1.1) gives

then rewriting the full form
A (B + Bpyeie) 5 (2.1.18)
iwp Oz \ 1Y ly ’
thus
- 1 o o
B = (z’klEfyezklx - z‘klE;ye*’klﬂ . (2.1.19)

W
We know that the imaginary part of n,, only affects propagation since it is a measure

of absorption over distance so cannot have an effect on the behaviour at the interface

As such equation (2.1.2) becomes
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— w 21N,
k=== , 2.1.2

where n,, is the real refractive index in layer m. Substituting equation (2.1.20) into
equation (2.1.19) we obtain
= 1

i :—( Bt — E‘*): 92.1.21
1= ey \mEy —mEy, ) 2 ( )

and similarly for the right hand side of the interface

. 1 . .
jF— ( Bt _ E’—) :. 2.1.22
2 Lco n2 2y n2 2y < ( )

We therefore know from equation (2.1.9) that

(nlE_:ﬂ/ — nlE'fy) == (TLQE'Z; - TLQEEE) . (2123)

Equation 2.1.23 can be written in matrix form as

Ej, Ey,
(m —nl) _)_y = (TLQ —n2> _»/i . (2.1.24)
Ey, Es,

Combining equations 2.1.11 and 2.1.24 results in the interface relation

! ! EE = ! ! Eg : (2.1.25)
ny —ng Eﬂ; na  —ng Eé;
D1 D2
So, for the field on either side of the interface
ot o+
?“’ - D;'D, E}y (2.1.26)
By Eay
We can thus define the interface matrix Ty 2 as follows:
1 1 1 1 nitng ni—ng
T,,=D;'D, =|° ™ e (2.1.27)
bor) \moon) e g
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m=1 m=2 m=... m=N-1 m=N
- > e e
Ef |EY EY BN
- -
Ey | By Ey |Eyy

m=1 m=2 m=3 m=N-1 m=N m=N+1

Figure 2.2: Propagation of the electric field components through a full system of N
layers and N + 1 interfaces.

2.1.1.4 The System Transfer Matrix

Given a multilayer system as shown in figure 2.2 with N coherent layers and N + 1

interfaces, a system matrix, S can be constructed by multiplying each matrix in sequence:

o N ot
| =gt [H D,, P;}D;}] Dy, | TV (2.1.28)
L o
Eoy m=! E(N+1)y
S
or alternatively in terms of the interface matrix T
Bt N B
Y _ (N+1)
.| =Tox I P T N Y (2.1.29)
Eqgy m=1 E(N+1)y
S
The system matrix will be a 2x2 matrix of the form:
S11 Si2
S = . (2.1.30)
So1 S22

Using this matrix the reflection and transmission coefficients can be calculated by first
analysing the ratios between the various field components in equation (2.1.28). It can be
seen from the diagram in figure 2.2 that the total reflection and transmission coefficients

rs and tg are

_ I+
_ By (N+1)y

TS — + and tS == 74"» .
Eq, Eq,

(2.1.31)

At this point, equation (2.1.29) can be rewritten as
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o+ /4
Egy ) [Su Siz) [ E(xin, 2132
E(Ty S91 S22 E_:EN_H)ZJ

which, when expanded, creates the following equations
P+ g B —
Eg, = SuE(y, 1, + S12E 5,1y, (2.1.33)
Egy = SnE{ 1y, + S2E(y, 1, (2.1.34)

By once again referring to figure 2.2, it is evident that if the final layer is assumed to be

/—

(N+1)y must be zero. Doing so immediately reveals that

infinite, the field component E

the expression for t; becomes

Eg, = SuE} ), (2.1.35)
Et
(N+ly _ 1
ES;/ S11 ( )

Finally, one can take the ratio of equations 2.1.34 to 2.1.33 to obtain

_ Boy _ Sn (2.1.37)
Ey, Su

Ts

Considering the interface matrix T ; in equation (2.1.27) for a single boundary

m,m-+

using equation (2.1.36) and equation (2.1.37), the reflection and transmission coefficients

take the form

Nm — Nim+1
T ==, 2.1.38
mantl = ( )
and
2nm
t = 2.1.39
mantl = e ( )

which are equivalent to the Fresnel coefficients. The interface matrix Tm’m 41 Can now

be simplified to become

1 1 m,m+1

Tonmi1 = (2.1.40)

t
mm+1 "'m,m+1 1

The reflectance, R, and transmittance, T', are found by taking the square of the magni-

tudes of 5 and ts respectively:
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So1
Ry = |rs|* = |3711’27 (2.1.41)

and

1
T, = |t = yS—HP. (2.1.42)

The transmission in equation (2.1.42) must also be normalized with respect to the phase
velocities of the originating and exit mediums. In an optical system this ratio directly

translates to a ratio of the real part of the refractive indices,

Negit 1 2
T, ied = — |~ 2.1.43
normalized norigin ‘ Sll ’ ( )

2.1.1.5 Incoherent Substrate Reflection

A major limitation of the basic form of the transfer matrix method is its inability to
handle incoherent layers, i.e. layers with a thickness above the coherence length of the
travelling light. This becomes an issue when a substrate underneath the layers of interest
(the sample) has a low extinction coefficient, resulting in light emerging from the rear of
the device. Light is therefore reflected from the interior of the substrate’s back surface,
which in turn interacts with the overall sample spectrum. An extension to include partial
coherence and incoherence was attempted using analytical expressions, but was limited
to a multilayer on a single thick substrate[28]. While this version would be suitable for
most of our samples, a more complete version with full matrix formulation has been
developed|29].

For a thick layer, the back reflectance and transmittance coefficients also need to be
included to account for backwards propagating light within the layer. These are simply

the mirror images of r; and t,:

E/—‘,— Ei
= Esfiﬂ)y and t, = %' (2.1.44)
(N+1)y (N+1)y

Using equation (2.1.33) and equation (2.1.34) and setting E@ it is straightforward to

show that
E'T g
rl = My _Sﬁ, (2.1.45)
En iy H
and )
Ey, Det(S)
#o=—"0 2.1.46
S El— Sll ? ( )
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where Det(S) = 511522 — S125921. By substituting the above coefficients into the system

matrix, a more general form can be written as

1t

Sgeneral =

2.1.47
- (21.47)

/
S

rs tsth —rer

To now include a thick incoherent layer into the multilayer stack, the system matrices
of the multilayers on either side of the thick layer must be calculated, and the generic
intensity matrix found for each side. In order to create an incoherent layer, the gen-
eral matrix is replaced with its square-amplitude counterpart, thus removing the phase
information and preserving the intensity of the propagating light. For example, if the

thick layer is layer m, then all the layers from the surface to the interface with m would

be combined into a single system matrix

1 1 o m”

Sincoh _ E (2.1.48)

(0,m) — ‘ts

(0;m) ’Ts(o,m)P |ts(0,m)t;(o7m)’2 - ‘Ts((),m)7';(07771)|2

Similarly, the layers from m to the back of the sample would be calculated as

/

2
1 1 _|Ts(m,N+1)‘

Sincoh —
(m,N+1) Hfs(m,N+1)|2 Ir 2 |t 4 2| ! 2
s(m,N+1) s(m,N+1)"s(m,N+1) s(m,N+1)" s(m,N+1)
(2.1.49)
The next stage is to take into account the light propagation within the thick layer.
The same process used above is used to remove the phase information, and thus the
interference effects, from the propagation matrix in equation (2.1.6). The resulting
matrix
’eil;x’2 0

incoh __
| adaly =

2.1.50
0 ’efil;‘x|2 ( )

preserves any attenuation due to a non-zero extinction coefficient. Finally, the incoherent
system matrices for each of the coherent layer stacks can be multiplied along with the

incoherent propagation matrix for the thick layer itself,

Stotat = S{gamy Pin St 1) (2.1.51)

Since the amplitudes of the Fresnel coefficients are already incorporated into this matrix,
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the total reflectance and transmittance are calculated as

R, = @ _ @
ES;J Si’
and s
/
E(N+l)y 1
T, = = =g
EOy 11

15

(2.1.52)

(2.1.53)

Using this extended form of the TMM, it is possible to simulate samples with a thick

substrate that is transparent enough for light to reach the back surface. To demonstrate

the difference the coherence consideration makes, a plain GaAs substrate with a thickness

of 350 pm, suspended in air, was simulated with both the original and extended versions

of the TMM. The results are shown in figure 2.3. It is immediately clear that the

upper simulation is suggesting a huge amount of interference, which would make any

transmission measurement unintelligible. Once the phase information is removed from

the substrate, as in the lower simulation, the model loses the artificial interference and

matches the real behaviour of a substrate.
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Figure 2.3: Top: The simulated transmittance of a transparent 350 pm GaAs substrate
in air with no corrections for incoherence. Bottom: The same substrate corrected for

incoherent reflections inside the thick material.



CHAPTER 2. BACKGROUND 16

2.1.1.6 Programming Requirements

MATLAB was chosen to implement the TMM due to its inherent ability to handle
matrix manipulation and complex numbers. The resultant function requires the focus
wavelength, an array of layer thicknesses, and an array of complex refractive indices,
corresponding to the individual layers of the sample. The function then returns the
normal reflectance and transmittance at the focus wavelength, meaning that simulating
a full spectrum is a matter of looping the function over the desired range of wavelengths.
Support functions were also made to simplify the implementation of the method, mainly

to find the matrices P,,, and T The full code can be seen in chapter 8.

m,m-+1-

2.1.1.7 Advantages and Disadvantages of the TMM

The transfer matrix method is simply a numerical calculation, however long the matrix
multiplication may be. The result of this is that it can be incorporated into any program
as a stand-alone function, allowing for almost limitless freedom in automation and iter-
ative design. This functional nature also allows complex simulations to be built around
systems with varying layer properties. One example that is examined later in this work
is the optical monitoring of semiconductor etching process, where the reflectance of a
sample is measured as material is removed. The time-varying intensity can be used to
very accurately predict the end point for the process. However, the TMM is computa-
tionally intensive and the basic function is limited to the reflectance and transmittance.
While it is possible to get the electric field profile, it adds a great deal of complexity and
running time to the program. Additionally, any statistical analysis requiring many small
changes to the structure would be extremely time intensive, and these kind of analyses
are essential for optical design and optimisation. It was decided that for intensive design

work a commercial piece of software should be used for speed and accuracy.

2.1.2 TFCalc Modelling Software

The pre-made software TFCalc from Software Spectra Inc. was selected for more in-
depth optical modelling and design. TFCalc has several advantages over the TMM as
well as a small number of drawbacks:

Some examples of TFCalc’s more advanced features are described below.
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Advantages Disadvantages

Fast. Manual refractive index entry

Self-contained (no programming needed). (one file per material).

Automatic optimization to targets. Manual layer variations (see etch simulation).

Electric field modelling.
Design sensitivity modelling (Monte Carlo).
Refractive index interpolation.

2.1.2.1 Example: Cavity Optimisation

One of the more powerful tools within the software is the ability to optimize to a target.
In the following example, a resonator is constructed using a pair of GaAs/AlAs dis-
tributed Bragg reflectors (DBRs) and an AlAs cavity with the aim to create a resonance
at 1550 nm. TFCalc will automatically calculate the quarter-wave thickness required
for the DBRs and the cavity was given a starting thickness of 200 nm. The starting and

resulting spectra are shown in figure 2.4(a) and figure 2.4(b) respectively.
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Figure 2.4: (a) The simulated reflectance of an example GaAs/AlAs 1550 nm resonator
with an estimated AlAs cavity thickness of 200nm showing the Fabry-Perot dip at
1498 nm. (b) The simulated reflectance of the same resonator after the TFCalc optimi-
sation of the cavity thickness, with the Fabry-Perot dip now at the correct (1550 nm)
wavelength.

Figure 2.4(a) shows the stop band is correctly centred and the cavity resonance is
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around 50 nm too short. It would be possible to change the layer thickness by hand
and until the correct position is achieved but the process is both inaccurate and time-
consuming. Instead, TFCalc’s native optimisation can be utilised by giving the software
the target of minimising reflectance at 1550 nm, and selecting the cavity layer for opti-
misation. The cavity will be iteratively varied until a closest match is found. TFCalc
determined that the cavity should be 268 nm thick to produce a resonance at our desired
wavelength. The optimised spectrum can be seen in figure 2.4(b), clearly showing the
cavity at 1550 nm. The process took a few seconds, making it an obvious choice for

designing optical structures with specific wavelength goals in mind.

2.1.2.2 Example: Sensitivity Analysis

Another useful tool from the software is the sensitivity analysis. This utility takes
a structure and varies the layer thicknesses according to a specified distribution and
number of trials. By overlaying the result of each trial the user gains insight into how
real layer thickness variations, for example due to growth inconsistencies, affect the final
product. In the case of a resonator it can tell us whether the cavity resonance is tolerant

to an imperfect design.

Laver Thickness Digtribution: Refractive Index Distribution:

& Uniform  © Mamal ¢ Uniform ¢ Maomal |
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" Woarst-possible

0k | Cancel

Figure 2.5: TFCalc window for assigning the sensitivity parameters to the model. Both
layer thickness and refractive index can be varied, with distribution type determining
whether the values are varied depending on a fixed uniform value, or by a normal dis-
tribution of thicknesses within the range set by the user. The type of variation can be a
relative percentage, or by a fixed thickness. The number of trials can be set, as well as
the type of Monte Carlo analysis to run. A worst-possible analysis will set all parameters
as far from specification as possible within the set parameters to determine the outcome.

The parameters used to assess the tolerance of a design are entered as shown in fig-
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ure 2.5. Most are self explanatory: the thickness variation can be a relative percentage,
or a maximum value. The absolute value can either be in the physical thickness (nm),
or the optical thickness in units of quarter-wavelengths with respect to the target wave-
length (set during structure entry). In the case of our MBE machine, 5% is a reasonable
value. A larger number of trials will result in a smoother output trace, but will take
longer to run. It is worth noting that in the case of a sample with a large number of
layers, 1000 trials may take around 30 minutes to run. A Monte Carlo technique was

used rather than the worst-case.
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Figure 2.6: (a:)The simulated reflectance from figure 2.4(b) after 1000 randomised thick-
ness variation trials using a uniform distribution of +5%. The red lines show the su-
perposition of every trial. (b:) An identical trial performed on a design with a much
stronger resonance due to a larger number of DBR repeats on either side of the cavity.

Figure 2.6(a) shows the tolerance of the sample design in figure 2.4b after 1000
randomised thickness trials. The red curves show the maximum combined variance of
every trial and can show us the level of tolerance the design has to variations in thickness.
Cavity sensitivity is low, which is evidenced by the large amount of white space beneath
the red curve around 1550 nm. As a comparison, a similar resonator with a much larger
number of DBR repeats, and thus a stronger resonance, is shown in figure 2.6(b) after
the same analysis. It is clear that the structure in figure 2.6(b) is much more sensitive to

small changes, so while one may think that a stronger resonance may make it a better
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design, lack of tolerance would likely make it difficult to produce a working device.

2.2 Vertical-Cavity Surface-Emitting Lasers

Light Output

Top Contact

Upper Bragg reflector

Cavity Spacer

Active Region High Al-content

B e
(GaSh/GaAs A(')th?(l-v)?s
Quantum Rings) t [epricnal)
Cavity Spacer
GaAs Lower Bragg reflector
Al Gay ,As ¥

Substrate (GaAs)

Bottom Contact

Figure 2.7: Schematic showing the primary components of a GaAs - Al,Ga;_,As VCSEL

A VCSEL consists of three primary components: a lower DBR, the active region em-
bedded in a cavity, and the upper DBR. The diagram in figure 2.7 shows a cross-section
of a typical GaAs - Al,Ga;_,As device, with top-bottom contacts and top surface light
emission. The active region is embedded within Al,Ga;_,As spacer layers to provide
the necessary thickness of material for a cavity resonance at the chosen wavelength, and
to act as a well containing the carriers around the active region. More detail on the
active region and cladding layers is provided in section 2.2.2. The high Al-content layers
provide the option to perform wet oxidation, creating an insulating ring of AlOy with
an unoxidised central window. The purpose of this step is to force the carriers into the
centre of the device, increasing current density and reducing carriers lost around the

edge of the mesa.

2.2.1 Distributed Bragg Reflectors

An essential component of many vertical cavity resonators is the pair of DBRs tuned to

create a band-stop mirror around the desired wavelength of the outgoing light. DBRs
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are simple in design, comprising quarter-wave-optical-thickness layers with alternating
high and low refractive index material to create an interference mirror. Two types of
GaAs - Al,Ga;_,As DBRs will be used in this work, one grown at Lancaster by MBE
and one at IQE by MOVPE. For the purposes of this discussion, the primary difference
between the two methods is the nature of the layer interfaces. An MBE system can
produce very abrupt interfaces between materials due to the low growth speed and fine
source control. MOVPE, on the other hand, is a much faster chemical-based process,
and as such lacks the ability to change sources quickly. To ensure quality growths while
maintaining speed, the sources switch to the new layer settings over some thickness ¢,.
This additional thickness will certainly impact the optical behaviour of the mirrors, and

will be discussed in the following sections.

2.2.1.1 Square-Interface Distributed Bragg Reflectors

The core physics of a DBR system will be discussed using the assumption that the layer
interfaces are perfectly abrupt. Therefore, it will be assumed that the interfaces can
be described using standard Fresnel expressions outlined above in section 2.1.1.4. To
demonstrate the interference effect in a DBR system we will look at the path difference
between a wave reflected from the first interface, and one reflected by pair of layers with

differing refractive indices.
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Figure 2.8: Schematic showing paths a and b travelling through a structure with two
layers on a substrate, where ny = ngs > no > ng. All interfaces produce a reflected
and transmitted component, so other paths through the structure are neglected for this
example. Additionally, the paths are drawn at an angle for clarity, all paths are normal
to the surface of the structure.

To compare the two paths in figure 2.8 the path length in each layer must be found.
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The straight-line optical path length A in a homogeneous medium is

A =nd, (2.2.1)
where n is the refractive index in the medium and d is the geometric length of the path.
The other factor to be considered is the phase change upon reflection, for which there
are three cases:

Case 1: n1 = no,
Case 2: ni > ng,
Case 3: n1 < ns.

Each of these cases can be easily interpreted using the Fresnel reflection coefficient from

equation (2.1.38) and the field relation

E, =r12FE;, (2.2.2)
giving
— nl — n2 —
E,. = E; 2.2.3
=T (223)

where E; is the incident electric field and E, the field upon reflection. In Case 1, ry 2 is
zero, resulting in no reflection. This is consistent with a uniform refractive index across
a boundary. Case 2 results in a positive reflection coefficient, and thus no change in
phase upon reflection. However, Case 3 will produce a negative r; 2, which is equivalent

to the following:

Er = —|7“1,2‘E_:i. (2.2.4)

It is easily determined from equation (2.2.4) that the reflected electric field is inverted.
Thus, any time a wave reflects from an optically denser medium, it undergoes a phase
change of m or an optical path difference of \/2.[25] The optical path difference in

figure 2.8 can now be calculated:

D, =2, (2.2.5)
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and

A
P, = 2(n1d1 + ngdg) -+ 5 (2.2.6)

By choosing to give each layer an optical thickness of A\/4 equation (2.2.6) becomes

A A A 3

So the path difference between ®, and ®; is given as

Oy — D, = — — = = \. 2.2.
b -2 (2:238)

A path difference of lambda means the two waves are in phase, and thus construc-
tively interfere, reflecting light of that wavelength. Therefore, for a DBR with N pairs
of repeating layers, the reflected light always constructively interferes producing a high-

reflectivity band-stop mirror centred around some wavelength Ag.

2.2.1.2 Reflectivity of a DBR

It can be shown ([25]) that for N pairs of layers, the overall reflectivity R at Ag is

2N
i ()
1 . ne (m)ZN
ng \ n2

where ng is the refractive index of the originating medium, ny and ng the high and low

2

R= : (2.2.9)

refractive indices of the DBR respectively, and n, the refractive index of the substrate,
all at the centre wavelength A\g. For a GaAs - Alg9Gag.1As DBR at a centre wavelength
of 1550 nm (telecoms C band) the following reflectivity is produced [30, 31, 32].

Figure 2.9 demonstrates the effect of increasing the number of quarter-wave repeats in
a typical DBR. While the reflectance initially increases rapidly, it soon becomes evident
that to achieve an extremely high reflectance a much greater number of layers is required.

Equation (2.2.9) is not sufficient to understand the wavelength dependent behaviour
of the DBR, as only the peak reflectivity is calculated. A simulation based on the TMM
in section 2.1.1 is required, which in turn means that the full wavelength dependent
refractive indices are needed for each layer of the structure. The results of a full wave-
length TMM simulation of the same DBR from figure 2.9 are shown in figure 2.10. These
demonstrate the effect of adding more layers to the DBR on the peak reflectivity, and
to both the width and shape of the stop band.
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Figure 2.9: Calculated peak reflectance of a GaAs - Aly 9Gag.1As DBR with an increasing
number of quarter-wave pairs. The inset shows a zoomed view of the high (greater than
99 %) reflectivity behaviour as the number of repeats increases.

2.2.1.3 Graded-Interface Distributed Bragg Reflectors

MOVPE is desirable for mass-production of VCSELs due to its growth speed and scal-
ability. With the chemical nature of the process, along with the rapid growths, abrupt
interfaces are replaced with a gradual change between the two material compositions.
For our GaAs - Al,Ga;_,As system this presents an additional challenge, since the alu-
minium source needs to be shut off entirely for the GaAs layers. To ensure consistency
between layers, the IQE DBR instead uses Alg12GaggsAs- AlggGag.1Aswith the layer
change occurring over a t, of 20nm. In order to model the new system, alterations need
to be made to the structure used in the simulations. By dividing the 20 nm region by
the average monolayer thickness of the two DBR layers, utilising the fact that GaAs-
Al,Ga;_,As are almost lattice-matched, the linear grading is replaced with a digitally
graded staircase as seen in figure 2.11.

To correct for the additional thickness of the graded layer, the optical path length of
the entire staircase Ay, must first be calculated. This is the sum of the refractive indices
n,, multiplied by the average monolayer thickness t,,onolayer for a total number of steps

M, where

t .
M = —grading (2.2.10)

tmonolayer
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Figure 2.10: Simulated reflectance spectra of a GaAs - Algg9Gag.1As DBR with an in-
creasing number of quarter-wave pairs.

for a grading total thickness tgrqding (20nm in figure 2.11. The optical thickness can

then be written as

M
Ag = tmonolayer Z Nm - (2211)
m=1

The thickness of the fixed material (flat) section of the DBR layer then becomes:

1
7flayer = (i\ - Ag> s (2212)

Nayer
where t,er is the physical thickness of the layer, njye, the refractive index of that
layer, and X is the target reflected wavelength. Using the structure generated by this
method, the optical simulation can be carried out as normal. The major disadvantage
of this technique is the large increase in the number of layers that the model has to
handle, since each step in the grading layer becomes its own layer with interface and
propagation matrices. More layers means increased computation time, and the potential

for the build-up of errors if there are inaccuracies in the refractive index data.

2.2.2 GaSb Quantum Rings in Quantum Well Active Region

Long wavelength emission has been achieved with multiple active regions on GaAs,
including InAs quantum dots and GalnNAs quantum wells. InAs quantum dots demon-
strate low-threshold and low resistance devices at the target wavelength, however the

output power is very low and thus not suitable[33]. GalnNAs quantum wells perform
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Figure 2.11: Digital-monolayer approximation of the graded interface for a

Alp.10Gag ggAs - AlggGag.1As DBR showing the changes in composition and refractive
index.[30, 31, 32]

well at 1.18 ym, with high temperature operation and output powers above 5 mW, but
have difficulty in reaching the 1.3 pm target wavelength. Additionally the incorporation
of nitrogen can increase the number of defects, affecting device performance[34, 35]. Fol-
lowing on from the work of P.Hodgson[24], GaSb quantum rings (QRs) embedded inside
a GaAs - Al,Ga;_,As quantum well were selected to determine their suitability as the
active region to produce 1.3pm laser emission. A small number of GaSb monolayers
deposited on GaAs will form quantum dots (QDs) via the Stranski-Krastanov method,
due to the large (78 %) lattice mismatch between the two materials (5.654 A for GaAs
versus 6.096 A for GaSb) [36][37]. By then capping the GaSb with a layer of GaAs, the
increased strain in the centre of the QD will lead to the Sb diffusing away, forming a
ring-like structure[38][39]. Through further investigation it has been determined that
ring formation can be improved by first capping with a thin, lower-temperature GaAs
layer, then a second GaAs layer with a temperature increase of approximately 100 °C[40].
The type-1I system serves to deeply confine the holes within the GaSb layer[41], while
the electrons remain unconfined. However, the Coulomb interaction binds electrons to
the ring [42][43]. To complete the active region, the GaSb QRs are grown inside a GaAs
- Al,Gaj_zAs quantum well (QW)[24]. The schematic of the active region is shown in
figure 2.12(a), demonstrating the confinement of the holes in the GaSb and the electrons

held by the Coulomb interaction. The well may serve to confine electrons that are fur-
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ther away from the ring and prevent them escaping the active region, and allows the

system to be more easily incorporated into a cavity.
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Figure 2.12: (a): A schematic of the type-II GaAs - GaSb - GaAs structure showing the
confined holes and unconfined electrons. (b): Typical room-temperature light emitting
diode (LED) emission from a QR active region measured by P. Hodgson.

Dr. P. Hodgson grew several of these active regions with varying well widths, doping,
number of quantum ring layers and they were processed by CST to produce a set of
LEDs[44]. A typical room-temperature emission is visible in figure 2.12(b) showing that
light is emitted from 1 - 1.5 um, the implication of this is that with the right wavelength-

selective cavity, any wavelength within that range could be generated in a VCSEL device.

2.2.3 Cavity Design

At the core of a VCSEL design is the active region embedded in an optical cavity
resonator. While high-reflectivity mirrors are obtained via the use of DBRs, the interface
between the active region and the mirrors must be taken into consideration. As discussed
in section 2.2.1, when light is incident on an optically denser medium its reflection
undergoes a change of phase. This is essential for the production of the standing wave
required to resonate at whichever wavelength the designer has chosen[25]. Therefore, in
a GaAs - Al,Ga;_,As system such as ours, the higher-index GaAs is needed to form the
boundary of the cavity and ensure that the resonant frequency is consistent with the
designer’s expectations.

If the active region was simply the GaSb QRs in bulk GaAs, the optical design would
be challenging, as there would need to be a material with an even higher refractive index
to provide the phase change required. By incorporating the QRs into a quantum well
as shown in figure 2.12, the Al,Ga;_,As barrier layers can be extended to make up the

majority of the cavity. Their thickness can then be tuned to select the wavelength and
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the order of resonance within the cavity itself, and their index contrast with GaAs can
be exploited to interface the cavity with the last layer of the upper and lower DBRs.
The next task in the design of a cavity is to set the optical length of the resonator.
In our case, this is achieved by changing the thickness of the two Al,Gaj_,As spacers on
either side of the active region. Since the electric field has a certain penetration depth
into the DBRs, the actual cavity resonance will not be exactly equal to the optical length
of the actual cavity. By using TFCalc’s optimization as outlined in section 2.1.2, the
spacer layers can be varied to produce a cavity resonance at the target wavelength. The
electric field can then be calculated to confirm the presence of an antinode centred over
the active region to provide maximum coupling between the carriers and the field. The
final consideration is to adjust the position of the ring layers to correspond with an
antinode of the electric field through the device to ensure that the field couples with the

carriers to the fullest extent.
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Figure 2.13: Left: Overlay of the normalised electric field profile and the refractive
index profile of the cavity inside a simulated VCSEL at a target wavelength of 1270 nm.
Right: The modelled transmittance spectrum of the VCSEL containing the optimised
cavity.

The left of figure 2.13 shows an antinode of the electric field inside a simulated
A/2 VCSEL cavity with 24 and 30 upper and lower DBR pairs, respectively. The field
clearly aligns with the GaSb quantum ring layers to provide maximum coupling between
the field and the carriers. The right of figure 2.13 shows the simulated transmittance
spectrum with a clear peak at the target wavelength of 1270 nm.

With the simulated VCSEL design optimised, the next stage in the process is to
grow the structure and optically test it to ensure the growth meets design specifications.
In the event that it does not, characterisation methods are required to determine the

cause of any discrepancies and match the measured transmission to the modelled values.
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The following chapters detail the methods used to characterise semiconductor material

to determine its physical and optical properties, allowing for more accurate models and

future growths.
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Optical methods are extensively used in semiconductor resonant cavity characteri-
sation due to their speed and non-destructive nature[16, 45, 46, 47, 48]. Measuring the
optical reflectance or transmittance spectrum of a sample and comparing it to the mod-
elled spectrum allows for the determination of growth parameters and overall quality.
For a VCSEL the Fabry-Perot dip and the alignment of the DBRs can be measured with-
out the need for cross-sectioning or processing. Being able to non-destructively measure
the deviation from specification can prevent a researcher or manufacturer from wasting

time and resources processing a sample which had little chance of functioning.

3.1 Reflectance and Transmittance Measured By Cary 5000

Spectrophotometer

3.1.1 Spectrophotometry - Transmission

Spectrophotometry is a technique used to determine the optical properties of a material
or structure by sending a beam of monochromatic light through the sample and measur-
ing the intensity of the exiting beam. Generally this is done using a white light source,
which is then collimated and passes through a monochromator before hitting the sample.
The beam intensity is measured on the far side of the sample by a detector. A general

schematic of a spectrophotometer is shown in figure 3.1.

—> chromator
> || Detector
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—>»( Mono 5 5 -
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Figure 3.1: Schematic of a spectrophotometer.

A Cary 5000 spectrophotometer from Agilent Technologies was used to measure the
optical properties of our samples. A halogen lamp is used to produce the light and
is coupled to the rest of the spectrophotometer via a set of Schwarzchild optics. The
wavelength is selected using an out-of-plane double Littrow monochromator intended to

reduce noise and stray light. Beam measurement is via an Agilent ‘PbSmart’ detector.
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To increase precision, the Cary 5000 uses a dual-beam system whereby the intensity of
the sample beam is compared to a rear reference passing through a control sample. It
is therefore possible to measure at extremely low light levels, as long as the reference is
suitably attenuated. A key advantage of the Cary system is the large sample chamber
allowing for a large number of accessories to be used, each with their own specific func-
tions. For a simple transmission measurement on a piece of semiconductor, the solid
state sample holder was used. The empty chamber and the solid sample holder are

visible in figure 3.2.

Figure 3.2: Left: Cary 500 sample chamber showing the parallel sample and reference
beam paths. Right: Sample chamber with solid state sample holder fitted. a: Sample
holder arm. b: Sample beam aperture plate. c: Reference beam aperture plate. d:
Adjustable mount for sample arm (with optional motorisation).

Setting up a transmission measurement is straightforward: mount the sample by its
edge in the holder arm (figure 3.2a), select a beam aperture of the desired size if required
ensuring both beams are set equally (figure 3.2b and c), and position the sample using

the adjustable mount (figure 3.2d).

3.1.2 Reflectance

In order to measure the reflectance of a sample, the reflected beam must be directed
towards the detector. This is difficult to achieve if a normal incidence is required and is
normally approached with redirecting optics or an integrating sphere. Optics are required
to direct the beam to the sample, and then to detector, often requiring beam splitting,

multiple mirrors, or optical fibres. The drawback of an optical system like this, while it
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may approach normal incidence, is the loss occurring from interaction with the various
components in the system. Absolute reflectance measurements are therefore difficult to
obtain without extensive calibration and pre-made standard samples. An integrating
sphere collects all of the reflected light using an extremely reflective coating, allowing
it to be collected onto a detector. Since the sphere collects the majority of the light,
finding the absolute reflectance is possible with appropriate baseline measurements. A
useful feature of many integrating spheres is the ability to isolate the specular and diffuse
components of the reflection, thus qualitatively characterising the surface of the sample.
For example, a poorly grown surface will be more diffuse than a perfect crystalline finish.
Figure 3.3a shows a sphere with the sample at an angle 6 to collect all components of the
reflection while figure 3.3b demonstrates how a normally oriented sample can re-reflect
the incident beam, removing it from the sphere and isolating the diffuse components.
By measuring a sample in both orientations and then subtracting one from the other,

the specular component can be isolated as well.

Detector Detector
| |
Baffle
Component 0 Specular Sample
Component
Incident Incident -
Beam Diffuse Beam Diffuse

Components Components

Figure 3.3: An integrating sphere collecting reflected light from a sample with a: all
components included and b: the specular component removed thus collecting only the
diffuse reflections.

An integrating sphere was used for reflectance measurements primarily because there
was already one with the system, and buying a mirror-based reflectance accessory would
have been expensive and unnecessary. The Agilent diffuse reflectance accessory (DRA
1800) can measure reflectance up to 1800 nm in wavelength, and comes with calibration

standards for achieving accurate baselines.

3.1.2.1 Reflectance Baselines

Measuring absolute reflectance at normal interface is challenging due to the difficulty in

collecting the reflected light without allowing the incident light to affect the measure-
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Baffle

Reference
Port

Figure 3.4: Left: the integrating sphere with cover removed, showing the reflective
coating and access ports. Right: The sphere with cover in place, showing the port used
for measurements.

ment. To calibrate the integrating sphere correctly, the sample port must be covered
with one of the standards shown in figure 3.5. These samples are made from the same
material as the inside of the sphere, and as such behave similarly to an ideal, highly
diffuse reflector. Placing the large standard (figure 3.5(a)) over the sample port provides
an accurate representation of an ideal but diffuse reflector. As shown in figure 3.5(c), the
thickness of the chamber wall means that when light is reflected at a very high angle, it
will hit the sides of the port and be terminated. When a sample is highly specular, such
as the semiconductor wafers used in this work, virtually all of the light will be reflected
according to the angle of incidence. In this case, no light would be lost to the sample
port wall and the calibration would be inaccurate. To combat this, a second protruding
reference is used as shown in figure 3.5(b). Figure 3.5(d) explains how a diffuse surface
emulates a specular one, by sitting flush inside the chamber allowing all reflected light
to be collected.

Finally, a zero baseline must be taken to complete an accurate background measure-
ment. Simply leaving the sample port uncovered and allowing the beam to terminate
against the matt black surface of the sample chamber is sufficient for a low-noise zero

baseline.

3.2 Wafer Mapping

A benefit of the Cary 5000’s large sample chamber is the possibility to add various

accessories to aid and enhance sample measurements. A particularly useful application is
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(c) (d)

m— —

Figure 3.5: (a): The flat calibration standard used to calibrate for diffuse samples. (b):
The protruding calibration standard used to emulate highly specular samples. (¢): The
flat calibration standard in position showing how high-angle reflections are lost to the
sample port wall. (d): The protruding standard allows all of the reflected light to be
collected, thus behaving more as a specular surface.

the potential to measure the transmission of a sample at different points on the surface,
thus giving an idea of the consistency of the growth and how it affects the optical

properties.

3.2.1 Wafer Mapper Hardware

An in-house automated system was designed to map samples up to 60x52mm in size
and is shown in figure 3.6.

The wafer mapper uses a precision linear rail for the horizontal x-axis, moving in-
plane and perpendicular to the sample beam, and rod-mounted slide bearings for the
vertical y-axis. Stepper motors allow for precise sub mm positioning, with the smallest
aperture producing a spot size of 0.5 mm. The system is automated with a custom user
interface for the adjustment of scanning parameters, while the sample mounting system
allows different arms to be used for different sample shapes and sizes. Manual position

selection is also available, allowing for specific targeting of areas of interest.

3.2.2 Automatic Data Analysis

While a human can immediately identify the features of a transmission spectrum, a

computer must follow a fixed program, making it very difficult to automatically isolate
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Figure 3.6: Automated sample mapper compatible with the Cary 5000’s rail mounting
system produced in-house at Lancaster University. The sample arm mount (circled),
allows for the use of machined or 3D printed parts to suit the sample being measured.

the same desired parameters. However, a wafer map could have thousands of individual
spectra, making manual analysis unfeasible. In order to produce a useful visualisation
from the large amount of data the mapping produces, an automated analysis must
be developed. Ideally, this would include feature detection (specific to the sample in

question), point selection/rejection, and automatic scaling of heatmap data.

3.2.2.1 Single Feature Detection

Often it is useful to map a single peak or trough on a spectrum in order to determine the
uniformity of a sample growth. In practice the automation of this is very straightforward,
with the only consideration being for rejected measurements. Generally, a scan point
would be dismissed for not being on the sample, characterised by a very low (hitting
the sample holder) or very high (missing the sample) transmittance. Sometimes the
beam can clip the sample giving a trace with a small contrast between the maximum
and minimum values. These cases are often poor measurements with little useful data,
and are filtered using a simple comparison to a pre-selected minimum amplitude range.
Figure 3.7(a) gives an example of a basic feature detection on a calibration sample, along

with a rejected scan from the same wafer (b).
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Figure 3.7: (a): An example peak detection from a calibration sample showing the
maximum value of the transmittance. (b): A rejected scan from the same wafer map,
due to the range being smaller than some pre-set value. In this case the low amplitude
is due to the sample beam clipping the edge of the wafer.
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Figure 3.8: An example wafer map of the sample in figure 3.7

3.2.2.2 VCSEL Analysis

Compared to a simple peak detection, automatically finding and measuring the parame-
ters of a VCSEL spectrum presents much more of a challenge. The stop-band must first
be identified in order to determine the width and check the alignment of the two mir-
rors. Once found, the stop-band can then be swept to find the cavity peak (if present).
These tasks are made much more complicated by the presence of the periodic side-bands
characteristic of any DBR based system, since they rule out using a slope detection al-
gorithm. A customised algorithm was developed to detect a stop-band and thus isolate
it from the rest of the spectrum. The basis of finding the stop-band is to first take the
derivative of the dataset, followed by finding all sections of the derivative that are less

than a specified value (usually noise limited but close to 0.1 nm~!). The actual selection
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of the stop-band can become difficult at this point, the ‘ideal’ case is to simply take the
largest, and second largest flat sections and use their outer limits as the stop-band edge.
The drawback of this occurs when a stop-band has no cavity, thus the flat section is a
single piece, or when there are multiple peaks inside the stop-band. In the case of the

latter, the model is modified so that several flat sections are used.
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Figure 3.9: Top: An example VCSEL transmission spectrum with easily visible stop-
band and cavity resonance. Bottom: The derivative of the same spectrum, showing
the section of near-zero differential

An example of the automatic detection is shown in figure 3.9. Once the stop-band
has been found, it is then a simple matter of peak detection to find the cavity resonance.
Theoretically this method can be applied to any DBR based structure’s transmission
spectrum allowing for massively reduced data analysis time for large sample maps. In
the event of the upper DBR being misaligned with the lower DBR, this detection method
would give a very large value for the stop-band width. An example analysis of a mis-
aligned growth is in figure 3.10, showing the misaligned DBRs in the upper portion of
the figure. The lower section of figure 3.10 shows the two sections of near-zero differen-
tial, with a set of peaks between the two. The program has difficulty distinguishing this
from a normal stop-band, and additional filters need to be implemented to identify it as
a ‘bad’ growth.

In addition to the increased width, it is likely that multiple peaks would be detected
within the stop-band, corresponding to the overlap of DBR side-bands causing a drop
in reflectivity. For a misaligned VCSEL the map could indicate areas of the wafer that

are more, or less aligned, giving an idea of the changes needed to improve the accuracy
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Figure 3.10: Top: An example VCSEL transmission spectrum with misaligned stop-
bands. Bottom: The derivative of the same spectrum, showing two sections of near-
zero differential, with multiple peaks between them.

of the growth.

3.3 Optical Process Monitoring

Another potential application for the optical modelling in chapter 2 is to optically mon-
itor an etch or growth process by measuring the intensity of a laser beam reflected from
the surface of the sample during the process. As the thickness changes with the removal
or addition of material, the reflectivity will also change, and can potentially be predicted

using the TMM.

3.3.1 Etch Process Monitoring

A common first step in the processing of a semiconductor device is the definition of the
device mesa. This is an essential step as it forms the basis of the rest of the device, and
it is often useful to know the progress of the etch within the structure. Accuracy is of
particular importance with structures that have multiple mesa definitions, as an over-
or underetch can result in the wrong layer being contacted[49][50]. Figure 3.11 depicts
a basic monitoring setup, whereby a laser is incident on the sample though a viewport,
and the reflected beam is collected by a detector. As the etch progresses and material
is removed, the interference pattern generated by the sample layers can be plotted and

compared to a simulation of the reflectance.
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Figure 3.11: A basic process monitoring setup utilizing a viewport on the chamber to
measure the interference generated by the sample.

3.3.1.1 Lancaster’s inductively coupled plasma (ICP) System

Lancaster’s QTC cleanroom has an Oxford Instruments ICP etching machine to provide
highly uniform and controllable etch rates. The ICP is fitted with a 670 nm laser
reflectometer system to provide endpoint detection and to assess the etch rate during the

process. This information is displayed on-screen during the etch, as shown in figure 3.12.

Figure 3.12: An example of the ICP reflection intensity vs time measurement showing
the periodic nature of the DBR sample being etched.

If the pattern in figure 3.12 can be predicted, then the etch can be halted at a precise

location based on the amplitude of the reflection.
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3.3.1.2 Etch Simulation

In order to effectively use the information in figure 3.12, a simulation of the structure

must be carried out. The format of the model is fairly straightforward:

1. Simulate the reflectance at the laser wavelength using one of the models in sec-

tion 2.1
2. Remove some preset thickness from the front of the top layer
3. Repeat 1 and 2 until the layer is fully removed

4. Repeat until the substrate is reached

The TFCalc software is fast and powerful, so would be the ideal choice for an accurate
etch simulation. However, while material can be interactively removed, it must be done
manually. When a sample has many layers each around 100 nm, removing material by
hand would be unreasonably time-consuming. Fortunately, since the wavelength of the
laser is above the band gap for our material system, the TMM can be utilized. The
key factor is that since photons above the band gap in energy will be absorbed, the
substrate can be treated as infinite and thus will produce no incoherent reflections. It
is now a matter of integrating the TMM into an iterative piece of code so that any
structure with known refractive indices can be accurately modelled and etched. Once
written, this program was compiled so that it could be deployed onto a computer inside
the cleanroom for users to model their own structures to make their etch processes more
accurate and repeatable.

Making the software easy to use and reliable was of key importance, so simplicity
was the main design requirement. Figure 3.13 shows the software user interface with
straightforward sample selection, material addition, and data manipulation. Initially
the entire code was written in MATLAB, since the native handling of matrices and
complex numbers produced short, simple code. However, MATLAB is fundamentally a
slow language and for a large optically graded structure (nearly 3000 layers) the etch
would take over 5 minutes to be simulated. By converting the transfer matrix calculation
to ¢ code and interfacing it with the other MATLAB functions, that time was reduced
to a little over 20 seconds. Having a code that runs at this speed means that in-situ

simulation of etches and growths is much more feasible.
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Figure 3.13: A screen shot of the implemented etch simulation software showing an

example DBR structure similar to the one in figure 3.12.
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In order to produce the most accurate simulations possible, the material properties
of the system must be known to a high degree of accuracy. The composition, layer thick-
nesses, and dopants all have the potential to alter the behaviour of the model and reduce
its accuracy when compared to measured data. Some material data can been measured,
others have to be calculated from theoretical models due to difficulties in measurement
[30, 31, 32]. For example, it is challenging to measure the refractive index and extinc-
tion coefficient of Al,Gai_,As due to the rapid oxidation of the aluminium altering the
optical properties. One could perform ellipsometry on samples capped with GaAs, but
the addition of more layers increases the complexity of the measurement analysis, and
increases the uncertainty on the measurement itself. Alternatively, ellipsometry could
be performed in a vacuum, but such equipment is complex and expensive.

The techniques used to characterise our samples needed to be accessible, scaleable
to mass-production levels, and not prohibitively expensive. While some characterisation
could be performed in Lancaster’s Physics and Chemistry Departments, others needed
to be carried out by our collaborators off-site. The following details the processes or

methods used in each form of material analysis.

4.1 Beam-Exit Cross-Sectional Polishing (BEXP)

To maximise the accuracy of an optical stack model, the thicknesses of each layer in the
system must be known. Variations in thickness change the path lengths of the layers,
in turn affecting the phase difference between the layer interfaces. In a DBR based
system, a change in the reflected phase can change the operating wavelength, and have
an impact on performance. The thickness of a layer also determines how much light is
absorbed, impacting the intensity of reflected and transmitted components|25, 26, 27].
With a device that has many layers, cross-sectioning and the subsequent analysis has the
potential to be extremely time-consuming, with additional difficulty if the structure has
thin layers (less than about 100nm). While mechanical polishing can be used for this
purpose[51], the technique generally favours thicker layers as the possibility of sample
chipping exists, damaging layers near the surface. It is more appropriate therefore to
use an ion-beam method. Focused ion beam (FIB) is one such technique, often used to
prepare areas for transmission electron microscopy (TEM)[52, 53]. However, FIB has
a small beam area making it generally unsuitable for use on a vertical-cavity structure
with many layers. Ar-ion beam based cross-sectioning is used to prepare samples for

various types of electron microscopy[54, 55, 56], placing the layers of interest against a
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mask so the beam is at a normal incidence. Unfortunately, due to the proximity of the
mask, the first section of the sample often has a poor quality surface, making nanoscale
characterisation difficult or impossible. To successfully cross-section the numerous thin
layers in the QR devices, modifications can be made to prepare a suitable surface for
atomic force microscopy (AFM) imaging.

BEXP, performed by Dr Alex Robson of Lancaster Material Analysis (LMA), is
a patented Ar-ion milling technique[57], by which the layers of a sample are exposed
at a shallow angle, producing a larger surface area for imaging and measurement as
shown in figure 4.1. As well as broadening the area of interest, the angle distances
sample layers from the mask producing a measurable surface with a much lower overall
roughness. Combining this milling with AFM allows for a detailed analysis of a many-
layered structure to assess layer thickness, interface quality, and material defects [58, 59].
Figure 4.2 is a composite AFM image of a cross-sectioned VCSEL prepared using this

technique, showing each layer of the DBR along with the cavity region.

%

Layers of interest

\

Cross-section

Figure 4.1: Diagram of the BEXP process showing the angled sample, mechanically
polished to some shallow angle 0, serving to broaden the cross-section and distance the
layers of interest from the effects of the mask during Ar-ion milling.
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Figure 4.2: Composite AFM image of a cross-sectioned VCSEL prepared using BEXP
clearly showing the upper DBR, cavity region, and lower DBR.
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4.2 Substrate Calibration

The substrate of an optical semiconductor device is often ignored, its large thickness in
comparison to the device itself means that it can be frequently treated as semi-infinite.
When light is above or close to the band gap energy, this is an accurate assumption, as
no light will reach the back wall of the substrate and thus no reflected light will return
to affect the device. In the case of telecoms wavelengths on pure GaAs, it is possible for
light to reach the back of the substrate due to the low extinction coefficient[60]. While
this is useful in that it allows for on-wafer transmission measurements, extra steps are

needed in order to include the thick (hundreds of microns) layer in any models.

4.2.1 Modelling a Substrate
4.2.1.1 Coherence

A plain substrate can be modelled either as a single coherent layer suspended in air,
or as a thick incoherent layer with two substrate-air boundaries. To determine which
model should be used, the coherence length of the measurement’s light source must
be estimated. The quartz-iodide lamp in the Cary 5000 can be approximated as a
blackbody emitter operating at approximately 3000K[61], and the coherence length, I,

of a blackbody spectrum with temperature 7" is given as

loo~ —— (4.2.1)

resulting in a coherence length of 1.2 pm[62]. This is far less than the thickness of GaAs
substrates, all of which are several hundred microns thick. However, monochromation
within the spectrophotometer must be taken into account. The monochromator produces
a Gaussian emission profile with a certain spectral bandwidth (SBW), A\, which is much
narrower than the lamp’s emission profile. It can be shown for a slab of thickness dgy

and refractive index n, the minimum bandwidth to ensure incoherence is

A

AN > ——
o 2’/T7’Ldsub7

(4.2.2)

where )\ is the centre wavelength of the light source[63]. For a 2 inch GaAs wafer
with a nominal thickness of 350 pm, a centre wavelength of 1.3 pm, and an average
refractive index of 3.4 the resultant minimum SBW is approximately 0.2 nm. The

spectrophotometer has an operating range of 0.01 - 20 nm SBW, so care must be taken to
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avoid the lower bandwidths so that the transmission is not affected by partial coherence

and can be modelled as a thick slab.

4.2.1.2 Doped GaAs Substrate Simulation

Full refractive index data for doped substrates can be difficult to obtain. The data could
be dependent on material, dopant, doping level, and wavelength. As such the most
straightforward means of gathering the required information is to measure a substrate
from the same batch as those being used for device growth. An additional assumption
that can be made is that the real part of the refractive index is not significantly affected
far from the band gap edge[64]. In effect, this means that the free carrier absorption is the
only parameter that needs to be determined. To simulate the optical properties of a thick
single material substrate, three factors need to be accounted for: the air-semiconductor
interface, the propagation through semiconductor with a certain thickness dg,p, and the
semiconductor-air interface on the back of the sample. These three events will repeat

until the internally propagating light is fully absorbed.
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Figure 4.3: A schematic of the propagation of light within a thick substrate. With inci-
dent light of intensity Iy, reflected and transmitted components R; and 7T;, respectively,

and the upwards and downwards internally propagating components Py; and Pp;, re-
spectively. (Paths are angled for clarity, all components are normal to the surface.)

The model uses the Fresnel interface equations as derived in section 2.1.1.4, and

obtains the reflected and transmitted intensities by squaring their respective coefficients:

2
Nm — Nim+41
R = =7 , 4.2.3
m,m—+1 (nm + nm+1> ( )
_ 4Anm N4
Tmsr = —mlimsl (4.2.4)

(nm + nm+1)2
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Additionally, the expression
I = Ihe %, (4.2.5)

which describes the intensity of a propagating wave through an absorbing medium, where
« is the absorption coefficient of the substrate, is included to determine the loss due to
each pass inside the substrate. The simulation iterates over many internal reflections NV,

summing the externally reflected and transmitted components

N

N
Rp=Y R, Tr=>» T. (4.2.6)
=1

i=1
It can be shown that for infinite internal reflections in a thick slab of material sus-

pended in air at normal incidence the summations above can be written as

Rair,sub [1 — e 20deus (2Rair,sub - 1)]

RT B 1- Rzi’r sube_zadsw ’ (427)
and
1— Ry 2 o—adgup
R (4.2.8)
1— Rair sub® 2adsup

where dg,;, the substrate thickness, and Ry sup is the Fresnel reflection at the air-
semiconductor boundary as calculated using equation (4.2.3)[63].

Using equation (4.2.7) and equation (4.2.8) the absorption coefficient, «, of a thick
layer of material can be determined using a sweeping iteration algorithm until the calcu-
lated R and T match the measured value to within a pre-determined amount depending
on the desired number of significant figures. The extinction coefficient k of the substrate

can then be calculated using the relation

a=—. (4.2.9)

Any batch of semiconductor substrates will have some range of thicknesses as mea-
sured by the manufacturer, giving an uncertainty value for the thickness of the wafer.
Incorporating this uncertainty will give a range of values for k£ reducing the precision of
the result.

The calculated extinction coefficient for a particular wafer batch can then be incor-
porated into the optical models, providing additional information about the intensity of

reflected or transmitted light.
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4.3 Al,Ga; ,As Compositional Analysis

There are multiple techniques to determine the fractional composition, x, of Al,Gaj_,As.
Some common methods include: high-resolution x-ray diffraction (XRD) [65, 66, 67, 68],
TEM [65], photoluminescence (PL) [65, 66, 68], Raman spectroscopy [66, 67], secondary-
ion mass spectroscopy (SIMS) [69, 70], and XPS [71]. The main limitation with XRD,
PL, and Raman is that they work well on bulk samples, or with single layers on or near
the surface, but cannot analyse many-layered structures; especially if the structure has
multiple layers with similar compositions. Most also require complex fitting analyses, and
there are often discrepancies between techniques [68]. Devices that use DBRs are usually
relatively thick, with many thinner layers. For example, a typical VCSEL can have ~ 100
layers, each of the order of 100 nm, making compositional analysis of individual layers
with these techniques very difficult or even impossible. To find a suitable means of
characterising the composition of our devices, an up-to date comparison of methods was
required. Each technique would need to be able to measure each layer of a many-layered
sample independently, while avoiding surface damage or loss of information. Unlike some
of the older techniques, current methods are all destructive by nature and so it is accepted
that a piece of material be sacrificed for the measurement. By collaborating with groups
at other universities, as well as with material analysis companies, the following techniques

were chosen:

Technique Performed by
X-ray photoelectron spectroscopy B. Gong
(University of New South Wales,

Australia)

Magnetic sector secondary-ion mass spectroscopy  Loughborough Surface Analysis
Time-of-flight secondary-ion mass spectroscopy B.Gong (UNSW, Australia)
Electron energy-loss spectroscopy M. Delamata, S. Molina

(University of Cadiz, Spain)

4.3.1 Secondary Ion Mass Spectroscopy (SIMS)

Secondary-ion mass spectroscopy (SIMS) is a technique used to determining the elemen-
tal makeup of a sample by first bombarding the surface with primary ions, for example
Ar-ions, which in turn triggers the release of secondary particles. The ejected parti-
cles can be atoms or clusters of atoms, both charged and uncharged. The uncharged
species are of little use, but by applying some electric field, the charged secondary ions

can be accelerated away from the surface and transferred to a mass spectrometer for
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analysis[72]. While the general process for obtaining the sample ions is the same, mul-
tiple variations of mass spectrometer exist for the analysis of those ions. Two of the
more commonly used variations were used in the study, and their operating principles

are discussed below.

4.3.1.1 Magnetic Sector SIMS (MS-SIMS)

Magnetic sector, dual sector, or simply sector SIMS uses the primary ion beam as both
the etchant and to probe the sample. Sputtered material is removed from the sample
area and accelerated using a system of transfer ion optics to the first deflection sector.
While there are many arrangements and combinations of electrostatic and magnetic
deflection sectors, the example given here is a basic version of the CAMECA IMS 4f tool
used to analyse our sample. The main selection mechanism consists of an electrostatic

sector and a magnetic sector to separate the ions by energy and then mass respectively.
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Figure 4.4: A simplified schematic of the MS-SIMS tool’s energy and mass selectors. (a)
is the electrostatic sector, where the radius of curvature r, depends on the ion kinetic
energy E and the electric field |E|. (b) is the magnetic sector, where ions enter with
selected energy FE7, so that the radius of curvature becomes dependant on the mass m
and magnetic field strength B.

Figure 4.4 displays a simplified schematic of the selection sectors in the spectrometer.
The electrostatic sector uses parallel plates with a circular curvature and a potential
difference to produce an electric field E. The deflection radius for an incident ion is
then dependant on the kinetic energy E; and charge g of the particle, as well as the
strength of the field. Once the energy of the ions is selected with a slit, they enter the

magnetic sector. Since the ions now have equal energy, the deflection radius will only
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depend on the strength of the magnetic field B, and the mass of the ion. This allows for
the separation of different elements by atomic mass, and can again be selected using a
movable slit. The energy- and mass-selected ions then proceed to the detection part of
the spectrometer, not shown, to determine the amount of the chosen elemental ions. A
relative sensitivity factor, determined by calibration standards, is then used to find the
elemental composition of the sample under investigation.

Magnetic-sector SIMS depth profiling was carried out for our study using a CAMECA
IMS 4f secondary-ion mass spectrometer by Loughborough Surface Analysis Ltd. The
analysis conditions used a Cs' primary ion beam with an impact energy of 5.5 keV
and beam current of 30 nA. The beam was rastered across the sample surface with an
area of 125nm x125um and positive secondary ions collected from an analysis area of
approximately 80 pm?. The CsAlt, CsGa™t and CsAs™ polyatomic species were detected
as these are reported to be relatively free of SIMS matrix effects, where the chemical
statte of the surrounding material affects the elemental ion yield. The relative levels of
gallium and aluminium were then calculated using a correlation plot of the CsAl* /CsAs™

and CsGa™/CsAs™ signals [73][74].

4.3.1.2 Time-of-Flight SIMS (ToF-SIMS)

As the name suggests, time-of-flight secondary-ion mass spectroscopy (ToF-SIMS) uses
a time-of-flight mass analyser to isolate and identify the various secondary ions ejected
from the sample surface. The mass analyser uses a linear electrostatic section to ac-
celerate the ions, and their velocity is dependant on their mass to charge ratio. The
time of arrival at the end of the flight region is therefore also dependant on this ratio.
The schematic in figure 4.5 shows the main sections of a ToF mass analyser with an
incorporated reflectron.

Secondary ions enter the acceleration region with mass m and charge q. The energy,
E7, gained by the ion when accelerated though the potential difference, V; is calculated

as

E; =qV. (4.3.1)

Assuming that the initial drift velocity of the ions is much smaller than the final accel-

erated velocity, the ions enter the flight region with the approximate velocity

(S U@. (4.3.2)
m
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Figure 4.5: A simplified schematic of an example time-of-flight secondary-ion mass spec-
troscopy (ToF-SIMS) mass spectrometer section. The ejected ions are accelerated by an
electric field into the flight region. The ions are then redirected and energy-separated
by a reflectron before hitting the detector.

Since the velocity, and therefore the flight time, is dependant on the charge to mass ratio,
heavier ions will take longer to reach the detector. In addition to this mass selection, the
TOF.SIMS5 from IONTOF GmbH, utilised in this comparison uses a reflectron, which
is a series of parallel plates utilising a potential gradient to redirect the ions towards the
detector. Ions with a higher energy will penetrate further into the reflectron, and will
have a longer flight time as a result. The effect of the redirection is that ions with the
same charge to mass ratio will be separated by energy as well. Ions are detected using
a single channel-plate photomultiplier combination detector.

The surface is sputtered by a lower-energy ion beam to etch deeper into the material,
while a higher power, more focused beam is used to probe a point on the surface. With
this interlaced approach it is possible to create a 3D compositional map of the sample
under investigation. However, to reduce measurement time and since our devices are
uniform in the x-y plane, this feature was not used at this time. The depth profiling
measurements were conducted by Dr Bill Gong (University of New South Wales, Aus-
tralia) on a TOF.SIMS 5 instrument (ION-TOF GmbH) using a Bi cluster ion source as
the analysis projectile at 15 keV in Bi;r mode. The field of analysis was 100 x 100 pm
for both the positive and negative polarities. Sputtering was performed using a Cs™
beam of 1keV and 109nA in interlaced operation to produce a crater of 300 x 300 pm.
The analysis was conducted to a depth of 5um over 6500s. Sample rotation was not

used [75].
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4.3.2 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique used to analyse
the surface composition of a target material. By irradiating the surface with an X-ray
beam, electrons are ejected that carry compositional information within their respective
kinetic energies. Quantitative analysis of the chemical makeup of the surface can then
happen by measuring the energy of the emitted electrons. While XPS has a penetration
depth of approximately 10nm, suggesting poor performance for thick or multilayered
samples, the technique can be combined with an etch process to allow for full depth

profile measurement.

Sputter Ion Source

X-Ray Source '
\ Ion Beam%

Detector

jected Photoelectrons

Sample

Figure 4.6: A simplified schematic of an example XPS system. The energy of the ejected
photoelectrons is dependent on the element and orbital they were released from. The
ion beam sputters the surface while the X-ray beam is focused at the bottom of the etch
crater to create a depth-based measurement.

The kinetic energy of the electrons to be measured depends on both the element that
the electron is ejected from, and the binding energy of the electron itself. In turn, the
binding energy is effected by specific orbital that it occupies, so that an XPS spectrum
may consist of many peaks, each corresponding to a different electron orbital from the
varying elements that make up the sample. Each orbital peak in a spectrum will have
a specific relative sensitivity factor, which will allow for the conversion from number
of ejected electrons at that energy to the amount of the corresponding element in the
surface under scrutiny. Standard reference spectra are used to identify and quantify the
elemental orbitals present in the sample [76]. Selecting orbitals with distinct peaks, as
well as good contrast with the scattered background electrons, allows for the fractional

composition of the material to be determined. The XPS used in our comparison was
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conducted on an ESCALAB 250Xi instrument (Thermo Scientific) by Dr Gong using
a monochromated Al K« source with a 500 pm spot and a 3keV Ar+ sputter beam

scanning over an area of 2.5 x 2.5 mm.

4.3.3 EELS

It is possible to use a transmission electron microscope operating in scanning mode
(STEM) to determine the compositional makeup of a given sample. To perform electron
energy-loss spectroscopy (EELS), the region of interest on the sample is first cross-
sectioned using an ion-beam polishing technique, then subjected to a small focused
electron beam, which in turn produces a selection of elastically scattered electrons as
a result of the electron-matter interaction. The composition of the sample has a great
effect on the amount of energy lost by the incident electrons, so it is therefore possible
to determine the chemical constituents of the material by collecting and analysing these
scattered electrons[77]. It is also possible to assess certain information about the opto-
electronic properties of the sample, such as bandgap and plasmon resonances [78, 79]. To
determine the energy loss, a spectrometer is used, grouping electrons by their final en-
ergy. Energy losses above 50€V, also known as the core-loss spectral region, are caused
by interactions between the scanning electrons and the core electrons of the atomic
species of the sample. This region holds the characteristic signals needed to determine
the chemical composition of the sample, along with information on the electronic state
and fine structure of the sample.

In the measurement performed by Dr Maria Delamata (University of Cadiz, Spain),
the window method employed for the chemical quantification requires subtracting a
background and fitting the signal cross-sections, which is carried out in one step with
the DigitalMicrographTM commercial software. In the analysis, a power law function
has been used for the background subtraction, and integrated signals over 50 eV energy
windows. Importantly, as plural scattering events influence the spectral shape, especially
for thick samples, we quantify the deconvoluted EELS signal for regions thicker than
0.3 times the inelastic mean free path. The relative thickness of the areas studied is
extracted from the zero-loss spectra. All the data have been filtered before quantification
to increase the signal-to-noise ratio by applying singular value decomposition routines,
implemented using the Hyperspy Python package. The STEM-EELS experiments were
performed in a FEI Titan Cube G2 60-300 kV operated at 200 kV and equipped with

a Gantan DualEELS™ spectrometer, using an energy dispersion of 0.5 eV /channel. The
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equipment was set-up to achieve convergence and collection semi-angles of 20.5 and

41 mrad, respectively.
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5.1 Short-Period Characterisation Sample

In order to test the results of each stage of the characterisation process, a short-period
DBR was grown and the optical transmission measured. The sample consisted of a 6-
period GaAs - AlpgGag.1As DBR on an n-doped GaAs substrate grown using a Veeco
GenXplor MBE machine. A target centre wavelength of 1.55 ym was selected to coincide
with the telecoms C band, as well as being roughly in the centre of the 1 - 2 pm
measurement range of the spectrophotometer. A schematic of the structure is shown in
figure 5.1. An initial simulation of the design was performed which uses the assumptions
that all layers are grown to specification and that the substrate is transparent, thus
requiring the inclusion of back side internal reflections. The result of the initial design
model is shown alongside the measurement in figure 5.2, displaying a clear shift in

wavelength and a higher transmission than expected.
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Figure 5.1: A schematic of the structure of
the DBR, where layers A are GaAs with a
target thickness of 115.0nm and layers B

Figure 5.2: Measured and simulated (de-
signed) transmission of the calibration
sample incorporating a transparent sub-

nominally consist of AlpgGag1As with a  strate and backside reflection.

target thickness of 130.7 nm.

5.1.1 Beam-Exit Cross-Sectional Polishing

While BEXP was used extensively in developing the models and devices in this project,
an example will be given here to show the usefulness and accuracy of the technique.
The model used in figure 5.2 makes the assumption that the sample was grown exactly
to specification. This particular sample was grown in an unconditioned chamber with
minimal calibration, and as such is expected to vary from the ideal design. In order to
produce a more accurate picture of the sample the actual thickness and condition of the

layers must be determined. Combining BEXP with AFM allows the precise measurement
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of the layer thicknesses[59], as well as providing an idea of the interface quality.

Layer Target Thickness BEXP Thickness Difference
No. Material (nm) (nm) (nm)
1 GaAs 115 108 £ 4 -7
2 Alo.gGao,lAS 131 122 £ 5 -9
3 GaAs 115 107 £ 4 -8
4 Alo.gGao,lAS 131 122 £ 5 -9
5 GaAs 115 110 £ 4 -5
6 Alo_gGa(),lAS 131 125 £ 5 -6
7 GaAs 115 112 £ 4 -3
8 Al 9Gag 1As 131 121 £ 5 -10
9 GaAs 115 112 £ 4 -3
10 Al(),gGao.lAS 131 123 £ 5 -8
11 GaAs 115 113 £ 4 -2
12 Alo,gGa()_lAS 131 128 + 5 -3
Substr. GaAs - - -

Table 5.1: Table comparing target layer thicknesses to those acquired using BEXP.

4.0 um

Figure 5.3: AFM image of the cross-
sectioned sample showing clear layers and
interfaces.
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Figure 5.4: Updated model using the layer
thicknesses from table 5.1 compared to the
measured transmission. The shaded area
marks the uncertainty in the model.

Figure 5.3 clearly shows the sample layers, with the darker being GaAs and lighter

Alp.9gGag1As. The cross-section also indicates that the interfaces are of a high qual-

ity, and so there should be little impact on the transmitted light. From the measured

layer thicknesses shown in table 5.1 it is clear that overall the layers were thinner than

the thickness targets. Thinner DBR layers would suggest a shift towards shorter wave-

lengths, which agrees with the measured data in figure 5.2. Introducing the measured

layer thicknesses into the model from figure 5.2 produces the transmission shown in
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figure 5.4. The stop bands now align, showing good agreement with the shape of the
measured data. The remaining difference in transmission appears to be uniform across
the wavelength range, implying that the cause is either due to an unresolved property

of the substrate, or due to some systematic effect in the measurement/equipment.

5.1.2 Substrate Calibration

To test the effect of the substrate on the overall sample transmission, its absorption
needed to be measured. The sample being used so far in this characterisation was grown
on the same type of Si-doped (n-type) GaAs as the majority of the GaSb QR devices. As
well as using a wafer from the same batch, two more 2” wafers were selected for testing:
an undoped GaAs wafer, and a Zn-doped (p-type) GaAs wafer for comparison purposes.
The specifications for each are shown in table 5.2. By measuring the transmission of

each wafer, and following the procedure in section 4.2, the extinction coefficient was

calculated.
Wafer Dopant  Carrier Concentration (cm~3) Thickness (nm)
n-type Silicon (1.21 - 3.69)x10'8 352 - 370
Undoped - (0.74 - 1.56)x 107 369 - 370
p-type Zinc (1.00 - 1.10)x 10" 362 - 370

Table 5.2: Stated batch specifications of the wafers used in this calibration as provided
by Wafer Technologies Ltd.

5.1.3 Characterisation Results

The measured transmission of the substrates is shown in figure 5.5(a). Using this data,
alongside the mean thickness measurement from table 5.2 and equation (4.2.8), the
extinction coefficient was calculated for each substrate. The results are displayed in
figure 5.5(b). The undoped wafer has, as expected, a very low extinction coefficient.
As the energy approaches that of the band-gap, the extinction coefficient begins to
increase, and may have a small impact on the measured transmission for growths on these
substrates at shorter wavelengths. For the n type wafer approximately 10 percent more
of the incident light is absorbed than the undoped sample, visible in figure 5.5(a), leading
to a significant extinction coefficient. As the substrates for the QR devices are generally
n-type, it is likely that there will be a noticeable effect on the device transmission
measurements. Finally, the p-type substrate, with the highest carrier concentration,

only allows a small fraction of light to pass through at shorter wavelengths before the



CHAPTER 5. MATERIAL CHARACTERISATION RESULTS 60

100 \
Q (a) n doped (Si)
< 80 Undoped ||
3 —p doped (Zn
g 60 - p doped ( )7
8
‘€ 40 =
(7]
[
© 20+ :
}_

0 L L

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

102% f f L o TR ol 4

S 100k

5107

£10%;

= 9L ! ! ! ! ! ! ! i

w 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Wavelength (nm)

n doped (Si) |

Undoped 3

——p doped (Zn) | £
L

Figure 5.5: (a) Measured transmittance of three GaAs substrates with different doping
types. (b) Calculated extinction coefficients of the GaAs wafers as a function of wave-
length.

transmission hits the noise floor making the wafer opaque above ~1.4pum. This can be
seen on the graph in figure 5.5(b) by the noise increase and the value for k& becoming
constant. However, the extinction coefficient is likely to be inaccurate here, as the value
calculated equates to the minimum k required to absorb all light, without a thinner
substrate more accurate measurements are not possible. The high carrier concentration,
coupled with the highly absorbing free-carrier effects[80], make p-type GaAs a poor
choice of substrate when transmission measurements are desired. The p-type absorption
should also be noted when designing optical structures such as VCSELs, as thick p-DBRs

could be detrimental to the output of a device.

5.1.3.1 Uncertainty in Results

The primary source of uncertainty in the substrate calibrations is from variation in the
wafer thickness during manufacture. Each batch of crystals has a range of thicknesses
as measured by the producer, as seen in table 5.2, which can be used to provide a range
of extinction coefficients during the calculation step. A more accurate model could
be produced if each wafer’s thickness was known individually, however equipment with

suitable precision to do so was not available during this work. A zoomed view of each
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dataset can be seen below in figure 5.6.
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Figure 5.6: The shaded areas indicate the range of possible k values for: (a) n doped
(Si), (b) undoped, and (c) p doped (Zn).

Uncertainty
. Extinction Coefficient Extinction Coefficient
Wafer Thickness (Absolute) (Percentage)
n Type + 9pm 2.4x1076 2.5%
Undoped # 0.5pm 7.4x10710 0.1%
p Type + 4pm 3.1x107° 1.1%

Table 5.3: Batch thickness uncertainty (table 5.2) and the corresponding average uncer-
tainty in the extinction coefficient for each wafer as calculated from the data in figure 5.6.
Percentage error uses the average k value and uncertainty for each substrate.

Comparing the uncertainties in figure 5.6 to the thickness uncertainties in table 5.3
it is clear that the undoped and p-doped batches benefit from a very small range of
thicknesses. However, when the percentage uncertainties are compared in table 5.3,
it becomes clear that the high absorptance of the p-type wafer dominates the small
variation in thickness, leading to a 1.1% error in the k values. The n-doped substrate
has a larger variation in thickness across the batch, which in turn produces a noticeable
2.5% uncertainty in the extinction coefficient. Finally, the batch of undoped wafers has
an unusually precise thickness range. Pairing this with the low absorption level of the

intrinsic material results in a precision of 0.1%.
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5.1.4 Simulation

The device from figure 5.1 can now be simulated using the extinction coefficient from
figure 5.6a, as well as the improvements from earlier characterisation (substrate reflec-
tions and layer thicknesses). The resultant TFCalc transmission model can be seen
in figure 5.7. The error range was produced by varying the layer thicknesses within
their respective uncertainties, as well as varying the thickness and extinction coefficient
according to the data in table 5.3, to produce a worst-case maximum and minimum
transmission. The modelled and measured data now agree within the combined error
of the various characterisation methods. The somewhat extensive characterisation is
time consuming, with these measurements occuring over several days, but the results
are a striking example of how essential it is to rerun theoretical models with up to date
system parameters. By understanding the effect of layer thickness, dopant absorption,
and other parameters being outside specification, it is possible to provide more accurate

estimations of device performance and errors in the production process.
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Figure 5.7: An up-to-date model of the short-period characterisation sample showing
clear agreement with the measured transmission. The shaded region represents the
cumulative error in the model.

While it would be incredibly useful to be able to model a doped device using the data
from this section, the absorption data is only useful for a substrate with a known doping
level. Without knowing the effect of varying carrier concentration on the extinction
coefficient, it is extremely difficult to include absorbing GaAs layers in the device. In
addition to this, it is impossible to know if the dopants behave the same way in the
Al.Ga;_,As layers. Since uncapped Al,Gaj_,As oxidises much more readily than GaAs,

it is not possible to measure a solid piece in the same way as above. Until further
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investigation can take place, the model will use only the substrate absorption, with the
analytical understanding that too many doped layers will have a detrimental impact on

device output.

5.1.5 Aluminium Content of Al,Ga;_,As Layers

One of the material parameters yet to be obtained is the actual composition of the
Al,.Ga;_,As alloy layers. Since the refractive index of Al,Gaj_,As is dependent on the
alloy fraction, x, it is reasonable to suggest that if the sample is grown out of spec,
the optical properties would be affected. The composition of every layer in the sample
was measured using magnetic sector secondary-ion mass spectroscopy (MS-SIMS) by
Loughborough Surface Analysis. The depth profile visible in figure 5.8 shows clear and
consistent layers down to the substrate, with only slight rounding of the layer interfaces,

likely due to the speed the material was sputtered at.

N0 0=

-nnnnann =
UMUUEY

i) \

! ‘
0 500 1000 1500 2000 2500
Sputter Time (s)

(o2
o
T
L

Alloy Fraction (%)
N
o

Figure 5.8: Depth profile performed using magnetic-sector SIMS with the top layer on
the left and the substrate on the right.

The average Al content, calculated using the data in figure 5.8, is 88.0 & 0.3%.
While this value is a little lower than the target (90 %), it is still within a reasonable
margin of the specifications. A simulation was performed using the reduced Al content,
and showed only marginal changes. The closeness of the agreement of the measured
data and simulation in figure 5.7, despite the slightly low Al,Ga;_,As composition,
implies that the optical properties of the structure are relatively tolerant to variations

in composition.
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5.2 Al,Ga;_,As Compositional Analysis

Alongside the parameters that were investigated in the previous section, knowing the
alloy composition of the Al,Gaj_,As layers can provide a useful insight into the accuracy
of a device growth. In order to compare the various methods available, a staircase sample
was grown to the target specification in table 5.4. This section should be prefaced with
the fact that the actual composition of the layers cannot be known without extremely
precise calibration of all MBE growth rates and the flux of each molecular beam in
use. Alternatively, an atom-by-atom post-growth characterisation such as atom probe
tomography could be used, but is expensive and time consuming. These calibrations are
next to impossible on a tool that is in regular use. As such this will be a comparison
of each method as a whole, any pros/cons they may have, as well as how well they
agree with one another. A 2” undoped GaAs wafer provided the substrate, and a GaAs
buffer layer was used between each Al,Gaj_,As layer. The buffers aimed to prevent
layer mixing, and to improve contrast on the layers of interest. Each layer had a target
thickness of 100 nm, making the total thickness of the epilayers approximately 2.9 um.
The sample was cleaved in half for optical characterisation, and then into quarters to be
sent to each collaborator for measurement.

Note: All following figures and tables refer to the aluminium percentage with respect
to the AlAs-GaAs alloy. In other words, x in Al,Ga;_,As is represented as a percentage

and not a decimal.

5.2.1 Layer Average Definition

For each analysis except EELS, the average Al composition of each Al,Ga;_,As layer
was determined using a layer detection algorithm. The layer interfaces were identified
using a peak in the first differential of Al fraction vs sputter time, while the points within
the layer were then filtered using 95 % of the maximum value. The value of 95% was
chosen to ensure that the points included in the average were well within the layer of

interest.

5.2.2 Optical Analysis

To assess the uniformity of the sample, a position-dependant transmission map was
performed on half of the wafer. The sample transmission spectrum, visible on the top of
figure 5.9, had an interference peak that could be easily measured and was sharper than

the adjacent trough. This was selected for the mapping parameter. The resultant plot
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Layer No Material Al % (estimated) | Layer No Material Al % (estimated)
1 GaAs 16 Al,Gaj_,As 50
2 AlL,Gaj_;As 100 17 GaAs

3 GaAs 18 Al,Gaj_ As 40
4 AL, Gaj_As 99 19 GaAs

5 GaAs 20 Al,Gaj_ As 30
6 Al,Gaj_,As 95 21 GaAs

7 GaAs 22 Al,Gaj_,As 20
8 Al,Gaj_;As 90 23 GaAs

9 GaAs 24 AlL,Gaj_,As 10
10 Al,Gaj_,As 80 25 GaAs

11 GaAs 26 Al,Gaj_,As 5
12 AlL,Gaj_,As 70 27 GaAs

13 GaAs 28 AlL,Gaj_,As 1
14 Al,Gaj_,As 60 29 GaAs

15 GaAs 30 GaAs Substrate

Table 5.4: The target structure to be used in comparing the methods of compositional
characterisation. GaAs layers between the Al,Gaj_, As layers provide a buffer to prevent
mixing, as well as make it easier to view the layers of interest in a depth profile.

is shown on the bottom of figure 5.9. A radial wavelength variation of approximately
20nm is evident in the peak position, indicating a variation in thickness across the
sample. Given the large number of layers it is not possible from this data to determine
how much the thickness varies, but it is reasonable to suggest that the centre of the wafer
has a greater optical thickness than the edge. Using this information, the collaborators
were instructed to take their measurements from as close to the centre of the wafer as

possible. Thus reducing the layer variation between the different techniques.

5.2.3 Secondary Ion Mass Spectroscopy (SIMS)

As discussed in section 4.3.1, two variants of SIMS were used to produce compositional
depth profiles of the sample structure. Both techniques use a Cs™ primary ion beam
to remove material from the sample, but use different methods to isolate the secondary

ions.

5.2.3.1 Magnetic Sector SIMS

MS-SIMS measured the entire structure of the characterisation sample by sputtering
away the surface with a 5.5keV Cs™ primary ion beam and characterising the secondary
ions using sequential electrostatic and magnetic deflection. Relative levels of gallium

and aluminium were then calculated using a correlation plot of the CsAl™/CsAs™ and
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Figure 5.9: Top: An example transmission spectrum from the centre of the sample wafer
showing the transmission peak at around 1395 nm. Bottom A map of the transmission
peak’s wavelength in respect to the position on the sample wafer.

CsGa™ /CsAs™ signals. The composition could not be directly compared to the depth
within the structure, due to variable sputter speeds in the different layers of the device,
but plotting the alloy percentage against the sputter time gives a clear depth profile.
The whole structure was characterised in a little under an hour. Figure 5.10 displays
the profile of the structure in table 5.4, with clear GaAs layers between the layers of
interest. The GaAs layers appear thinner, with more rounded interfaces. It is likely
that these layers sputter more quickly, thus reducing the number of data points and
lowering the definition of the interfaces. A plot of the sputter time for each layer of
the sample, displayed in figure 5.11, clearly demonstrates the difference in sputter rate
between GaAs and Al,Gaj_,As. With that being the case, it is also expected that as
the Al fraction, x, decreases, the sputter rate will increase and approach that of GaAs.
Once again figure figure 5.11 agrees with this prediction, implying that later layers
in the analysis contained fewer data points per layer. While slowing the sputter rate
would remedy this, that would increase the overall characterisation time, and simply

seeing that there appears to be no Al contamination in the GaAs layers is good enough
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Figure 5.10: MS-SIMS alloy percentage for aluminium and gallium against the sputtering
time. Actual depth in the device is not stated as the sputtering rate varies by material
and is not accurately known.

for the current work. Alternatively, the etch power could be reduced in line with the
expected Al fraction in order to maintain a constant etch and avoid loss of data. The
larger uncertainties in layer sputter time stem from the sloped interfaces, making the
identification of the true layer boundaries more difficult.

A slight rounding at the start of each Al,Gaj_,As layer could be due to layer mixing,
where some of the previous layer remains as the etch front reaches the new material,
but this is difficult to avoid without again slowing down the etching. By taking an
average of each peak in the Al,Ga;_,As layers using the definition in section 5.2.1, the
difference from the target value for each layer was calculated and is shown in table 5.5.
The average values in table 5.5 show fairly good agreement with the targets, with the
middle values having the greatest deviation. Combining this with the low deviation on
the end points, it is possible that the fitting parameters used to extract the percentage
values from the SIMS data have an incorrect curvature, and that more bowing needs to
be accounted for. Alternatively, the sample may have been grown out of specification
due to incorrect MBE calibration. However, it is more likely that a combination of both

factors contribute to the deviation from target values.
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Layer No Material Al % (Target) Average Al %
2 Al,Gaj_,As 100 99.5 £ 2.2
4 Al,Gaj_,As 99 979 £ 2.1
6 Al,Gaj_,As 95 93.8 £ 2.1
8 Al,Gaj_;As 90 87.1 £ 1.9
10 Al,Gaj_ As 80 75.0 &= 1.6
12 Al,Gaj_;As 70 643 £ 14
14 Al,Gaj_,As 60 04.7 £ 1.2
16 Al,Gaj_;As 50 46.3 + 1.1
18 Al,Gaj_,As 40 384 +£ 0.7
20 Al,Gaj_;As 30 29.8 £ 0.6
22 Al,Gaj_,As 20 21.6 £ 0.3
24 Al,Gaj_,As 10 11.8 £ 0.2
26 Al,Ga;_,As ) 6.1 £0.2
28 Al,Gaj_,As 1 1.1+£0.1

Table 5.5: Averaged MS-SIMS results compared to target values.

5.2.3.2 Time-of-Flight SIMS

Layer No Material Al % (Target) Average Al %
2 Al,Gaj_,As 100 98.7 £ 2.2
4 Al,Gaj_;As 99 97.3 £ 2.3
6 Al,Gaj_,As 95 95.2 £ 24
8 Al,Gaj_;As 90 92.0 £ 2.2
10 Al,Gaj_,As 80 85.6 £ 2.0
12 Al,Gaj_;As 70 784+ 1.9
14 Al,Gaj_,As 60 70.6 £ 1.6
16 Al,Gaj_;As 50 62.2 £ 1.5
18 Al,Ga;_,As 40 02.8 £ 1.2
20 Al,Gaj_,As 30 41.5 £ 1.0
22 Al,Ga;_,As 20 304 £ 0.7
24 Al,Gaj_,As 10 16.8 £ 0.4
26 Al,Gaj_;As 5 8.8 £ 0.2
28 Al,Gaj_,As 1 1.7 £ 0.1

Table 5.6: Averaged ToF-SIMS results compared to target values.

The ToF-SIMS investigation also measured the entire structure of the characterisa-
tion sample by sputtering away the surface and characterising the secondary ions. Depth
sputtering was achieved using a Cs™ beam of 1 keV, while a secondary analysis beam
at 15 keV in Bi3™ was used to probe the sample surface. Analysis used time-of-flight
mass separation to isolate the ions of interest. Once again the composition could not be
directly compared to the depth within the structure, due to the variable sputter speed

in the different layers of the device, but plotting the alloy percentage against the sputter
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Figure 5.11: Sputter time for each layer of the staircase sample analysed using MS-SIMS,
with the surface on the left and the substrate on the right.

time gives a depth profile. This can be seen in figure 5.12. As with the previous SIMS
technique, a clear profile of the entire structure was produced. The first thing to note
is that the time taken for the etch is much longer, and the layers are more symmetrical.
The slower profile produces more data points and less rounding at the layer interfaces,
while the interlaced ion etching seems to result in less layer intermixing from the etch
itself. However, a small rounding is still visible at the start of the first few layers, sug-
gesting a certain amount of intermixing occurring as the next layer becomes visible to
the probing beam before the previous layer is fully etched away. The longer etch time,
combined with the more sloped layer interfaces compared to figure 5.10, indicate that
the change between layers is more gradual than when using MS-SIMS. The etch time
per layer was once again calculated, and is visible in figure 5.13. The higher Al layers
once again appear to etch more slowly, increasing in speed as x is reduced, while the
GaAs appears to slightly decrease in etch speed as the characterisation progresses. This
could potentially be due to layer intermixing, with some aluminium being pushed into
the GaAs layers, or alternatively could be due to some drift in the sputter beam power
over time.

The average alloy percentage was calculated to the parameters in section 5.2.1 and

is shown in table 5.6, along with the deviation from the expected values. The difference
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Figure 5.12: ToF-SIMS alloy percentage for aluminium and gallium against the sput-
tering time. Actual depth in the device is not stated as the sputtering rate varies by
material and is not accurately known.

from target once again appears non-linear, with a larger deviation from the target values
in the middle of the sample. This bowing, which is in the opposite direction to the MS-
SIMS, once again suggests that the fitting parameters of one or both SIMS techniques

could need some adjustment.

5.2.4 X-Ray Photoelectron Spectroscopy (XPS)

An XPS depth profile was taken using a 1keV argon-ion beam with an etch step of 30s,
followed by the X-ray measurement producing the profile in figure 5.14. A few differences
from the SIMS measurements are immediately noticeable. Firstly, the time frame over
which the measurement occurred is much larger, taking nearly ten times longer than
the MS-SIMS, and five times longer than the ToF-SIMS. Secondly, the definition of the
layers degrades as the etch gets deeper into the device, causing the final layers to be
very difficult to characterise, and the final layer cannot be distinguished from the noise.
The rounding of the layer interfaces is caused by a combination of the X-ray penetration
depth, and the impact of the etch itself. Since an etch crater is generated, and the
etched material is not accelerated away from the surface as in SIMS, material from

earlier layers can be sputtered onto the measurement surface at the base of the crater.
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Figure 5.13: Sputter time for each layer of the staircase sample analysed using ToF-
SIMS, with the surface on the left and the substrate on the right.

This leads to a blending of the layer data, loss of definition, and raising of the profile’s
baseline. Improvements could be made to the layer definition by slowing the analysis,
which would increase the time taken for the measurement even further. The average Al
fraction in table 5.7 displays much greater linearity than either of the SIMS techniques,
with a fractional positive bowing. This could imply that the more quantitative nature
of XPS produces more accurate measurements since a calibration curve is not used, thus
will not negatively affect the data. However, caution should be taken when making this
assumption, as there could be some bowing in the data that is countered by inaccuracies
in the growth, producing the appearance of linearity. Generally speaking, XPS requires
less calibration to elemental signals than SIMS, making it useful for instances where the
elements present are not already known e.g. contamination. A plot of sputter time per
layer (figure 5.11 and figure 5.13) was not made in this case, primarily due to the lack

of layer definition making that analysis essentially useless.

5.2.5 Electron Energy-Loss Spectroscopy (EELS)

EELS data was successfully gathered for the top 12 Al,Ga;_,As layers in the sample,
with the deeper layers suffering from both the thickness of the sample, and damage due to

ion-beam polishing step. Results from the measured layers, along with the measurement
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Figure 5.14: XPS alloy percentage for aluminium and gallium against the etch time.
Actual depth in the device is not stated as the sputtering rate varies by material and is
not accurately known.

errors, are shown in figure 5.15. The measured values show good agreement with what
was intended for the growth. A 2D map showing some of the sample’s upper layers can
be seen in figure 5.15, clearly demonstrating the sharp layer interfaces of the growth.

A drawback of this method is the potential for contamination due to the ion polishing
step of the sample preparation. The ion beam, while creating the surface finish required
for an electron tranparent sample, also sputters some copper from the grid that serves as
a sample support. The extent of this contamination was assessed and some data from the
lower layers of the sample is visible in figure 5.16. A low-level contamination is detected,
and appears to affect the base As concentration which will be a source of uncertainty in
the final composition data. Overall the measurement uncertainty is high, but it varies
layer by layer, indicating that layer quality may be a factor. Repeating the analysis may
reduce the size of the errors. Layer one and layer six have very low uncertainties, as the
data for those layers is from single point measurements, rather than the area-averaged
values used for the other layers. Averaging over a certain area within the layer is more
useful however, as this reduces the impact of any impurities or inconsistencies that may

be inadvertently measured.
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Layer No Material Al % (Target) Average Al %

2 Al,Gaj_ As 100 99.3 + 1.5
4 AlL,Gaj_;As 99 98.1 + 2.3
6 Al,Gaj_ As 95 9544+ 1.9
8 Al,Gaj_ As 90 90.2 + 2.2
10 Al,Gaj_ As 80 80.5 + 1.9
12 Al,Gaj_ As 70 70.5 + 1.6
14 Al,Gaj_,As 60 60.7 + 1.5
16 Al,Gaj_,As 50 51.1 £ 1.3
18 AlL,Gaj_,As 40 41.5 £ 1.0
20 Al,Ga;_;As 30 30.8 £ 0.8
22 AlL,Gaj_,As 20 21.4 £ 0.5
24 Al,Gaj_,As 10 11.1 £ 0.3
26 AlL,Gaj_,As 5.6 £ 0.2
28 Al,Gaj_ As 1 -

Table 5.7: Averaged XPS results compared to target values.

5.2.6 Comparison of Methods

Target (%) MSSIMS ToF-SIMS XPS EELS
100 99.5 £ 2.2 98.7 £ 2.2 993 £ 1.5 98.4 £ 0.3
99 979 £ 2.1 97.3 £ 2.3 98.1 + 2.3 979 £ 6.1
95 93.8 £ 2.1 95.2 £ 24 954 +£1.9 921 £+ 259
90 87.2 £ 1.9 92.0 £ 2.2 90.2 £ 2.2 90.1 £9.9
80 75.0 £ 1.6 85.6 £ 2.0 80.5 £ 1.9 84.0 = 6.1
70 64.3 £ 1.4 784 £ 1.9 70.5 £ 1.6 72.0 £ 0.1
60 54.7 £ 1.2 70.6 = 1.6 60.7 £ 1.5 60.1 &£ 16.1
50 46.3 £ 1.1 62.2 £ 1.5 51.1 £ 1.3 48.1 £ 8.0
40 384 £ 0.7 52.8 £ 1.2 415 £ 1.0 40.2 £ 14.0
30 29.8 £ 0.6 415 £ 1.0 30.8 £ 0.8 34.2 £ 5.8
20 21.6 £ 0.3 304 £ 0.7 21.4 £ 0.5 18.0 £ 8.7
10 11.8 £ 0.2 16.8 £ 0.4 11.1 £ 0.3 16.1 £ 18.1
6.2 £0.2 8.8 £0.2 5.6 £0.2 -
1 1.1 £ 0.1 1.7+ 0.1 - -

Table 5.8: Table of measured aluminium fraction for each method of analysis.

The average layer Al content for each technique is compared to the target values in

figure 5.17, with all techniques agreeing more at the end points of the measurement.
MS-SIMS shows good agreement with the targets, with a small bowing occurring in the
centre values. The ToF-SIMS displays a much larger bowing than the other methods,
implying that the fitting parameters used need to be adjusted to compensate for any
curvature. While the XPS data suffered from the depth of the etch, the data is still
relatively close to the target. The loss of definition will have pulled the Al content down

when the average was calculated, which agrees with the generally low values of the XPS.
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Figure 5.15: Top: The atomic percentages of gallium, aluminium, and arsenic for the
first 12 Al,Ga;_,As layers in the sample with empty symbols showing the desired per-
centage. Bottom: scanning electron microscopy (SEM) image and 2D maps of some of
the sample’s upper layers showing elemental concentration

EELS data could not be gathered for all layers, but the measurements that could be
taken show decent agreement with the expected Al content. Some values are further
from specification than others, but there is no general trend. This indicates that the
deviation is either due to the error range in the measurement, or simply that the layer’s
Al percentage is out of spec. The general agreement of all techniques shows that each
can be used to gain a general picture of the composition within a multilayer device,
but some may need additional calibration and corrections. The following sections give a
breakdown of each method’s positives and negatives, to detail under which circumstances

they can be used.

5.2.6.1 MS-SIMS Pros/Cons

MS-SIMS was by far the fastest technique, able to characterise the entire sample in just
under an hour. This speed is massively important when dealing with industrial and

bulk analysis, as any delay to production can be detrimental and costly. There is some
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Figure 5.16: Top: 2D elemental maps showing lower layers in the device, as well as
contamination due to sputtered copper. Bottom: graph of atomic percentages showing
the copper contamination and corresponding variation in arsenic concentration.

layer intermixing, indicated by curving at the start of the layers, which could possibly be
improved by slowing down the etching. Given the speed of the technique, slowing down
when more detail is needed is still feasible. While there is a little bowing in the measure-
ment, more time could be spent procuring and measuring a precise calibration standard,
which could then be used to correct for the variation in sensitivity to different secondary
ions. The downside to these calibrations is that a new measurement would need to be
done for every new element, and possibly each semiconductor alloy as combinations of

elements may behave differently.

5.2.6.2 ToF-SIMS Pros/Cons

ToF-SIMS shares many characteristics with MS-SIMS, with relatively fast acquisition
time and clear layers throughout the device. The obvious benefit to ToF-SIMS is the
sharpness of the layer interfaces, likely due to the lower energy interlaced Cs™ ion beams
used while sputtering. The narrower secondary beam allows for precise selection of the
sample area, reducing layer intermixing and giving the option for fully 3-dimensional
measurements. There also seems to be little degradation of the signal with depth, so

thicker devices, such as VCSELSs for example, could also be characterised. The technique



CHAPTER 5. MATERIAL CHARACTERISATION RESULTS 76

120
Target Composition
+ MSSIMS
—f— L * ToF-SIMS :
100 —& —L;;_LT S
F i EELS

o0}
o
T
e
|

H o2}
o o
T T
,L}
He L]
oo
| |

Al Alloy Fraction (%)

20 - _*~_|_# |

1
5 10 15 20 25
Layer Number

Figure 5.17: Direct comparison of the measured aluminium content of each of the
Al,Ga;_,As layers, by all four different techniques.

appears to suffer from greater bowing around the middle of the GaAs/Al,Ga;_,As stack,
but this could simply be due to the calibration having too great/small a curvature. As
above, comparison with an accurate known standard could reduce the discrepancy in

the measurement.

5.2.6.3 XPS Pros/Cons

Unlike the SIMS measurements, XPS benefits from a more quantitative approach. The
researcher does not need to know fully the elements present within the sample, and
can determine the most likely composition with a standard set of reference spectra and
sensitivity factors. This approach makes XPS incredibly useful for finding contaminants
within sample layers or surface contacts, and in particular carbon or oxygen contam-
ination can even be used to calibrate the energy detection of the spectrometer. The
downside of the technique is the layer intermixing caused by the Ar-ion etching. Since
the etched material is not accelerated away for characterisation, as in SIMS, material
from previous layers has the potential to be sputtered onto the surface under investi-
gation before it can be pumped away. The effect of this is very obvious in figure 5.14,
with an extreme loss of layer definition and baseline. Deeper etches are therefore much

less feasible with XPS, and while the process can be slowed to improve definition, the
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already long (more than 8 hours) measurement would become even longer.

5.2.6.4 EELS Pros/Cons

EELS stands out from the other measurements due to the data being gathered from
an ion polished cross-section rather than a top-down etch. This approach results in
incredibly detailed compositional data, and can produce 2D images of the distribution
of elements within the sample, as seen in figure 5.15. The other obvious benefit of
having such a small measurement area is that the quality of the layer interfaces can
be observed, showing any intermixing between the materials, and contaminants that
might otherwise be part of a general contamination level can be visualised in-situ. The
cross-sectioning makes sample preparation much more challenging, with thicker samples
being both harder to prepare and more prone to damage at the beam exit. One other
problem with the method of preparation is the possibility for contamination from the
support material during ion polishing, as it can be sputtered onto the surface of the
sample. Finally, the high precision and intensive preparation make EELS slow for multi-
layered samples, and while the detail is excellent, the long time frame makes industrial

use unfeasible.

5.3 Summary

Several techniques have been assessed to determine their suitability for use in the quan-
tification of GaAs - Al,Gaj_,As layered structures. All methods demonstrated the
ability to measure the compositional data of the staircase sample structure, with MS-
SIMS, ToF-SIMS, and XPS producing depth profiles of alloy fraction vs etch time. EELS
on the other hand was able to map the atomic composition over an area of the sam-
ple’s cross-section, allowing for the visualisation of sample uniformity and layer interface
quality, but could not reach the deepest layers in the sample due to limitations of the
technique and damage caused by cross-section polishing. In terms of ease of analysis for
a many-layered structure, both SIMS techniques produced clean layer interfaces with
relatively fast acquisition times, and allowed for easy calculation of average layer com-
position. XPS suffered from the aggressive nature of its etching process, with evidence
of layer intermixing becoming more prominent further into the sample. Slowing down
the etch and measurements would improve the layer clarity, but would increase the time
taken for an already lengthy measurement. The highly detailed nature of the EELS

analysis makes it time intensive and prone to uncertainty over an averaged area of the
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sample, and would generally be most suited to samples with few layers, where high
resolution is required. MS-SIMS and ToF-SIMS both use calibration standards for the
relative intensities of the elemental signals, and both display non-linear ‘bowing’ of the
average layer Al fraction but in opposite directions. This could indicate that the calibra-
tion curves used have an incorrect curvature, and could need adjusting. Alternatively,
the growth could be out of spec with a non-linear composition variation, affecting the
values produced in the analysis. XPS uses standard reference values for determining the
relative composition of a sample, and displays much more linear results in line with the
target layer composition. In general, the SIMS techniques are more suitable for thick,
many-layered structures where speed and layer clarity are the most important. MS-SIMS
has the higher rate of analysis, while ToF-SIMS benefits from symmetric layer interfaces
and smoother peak values. When a surface or thinner sample with some unknown com-
position or contaminant is present, the quantitative nature of XPS reduces the need for
extensive calibration. Finally, when a high level of detail of a layer and its interfaces is
needed, EELS provides high-resolution compositional maps of a cross-section, allowing

for small-scale analysis of the material quality.
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6.1 Active Region Design

Electrically-driven single-photon sources are highly desirable in the field of quantum
information technology, with room-temperature operation being a key feature [81, 82,
83]. The designs in the following section aim to use a method of confining electrons
into a single state, combined with a GaSb QR recombination layer to generate single
photons from a semiconductor device. A resonant cavity design was also implemented to
provide wavelength selection for a single photon LED (SPLED) capable of operating in
the telecoms O or C bands. By embedding a single-electron generating structure inside
a resonant cavity the emission wavelength can be tuned and amplified.

Two designs were produced to form the single-electron tunnelling structure. In both
designs at zero bias an electron confined state begins high above the conduction band
edge. Once a bias is applied, the state moves down until the highest available electron can
then tunnel into the confined state. Further tunnelling is then blocked until it proceeds
to the next stage of the process, depending on the design. Design 1 is shown in figure 6.1,
with the energy diagram shown in figure 6.3a, relies on the accumulation of charge in
both the n-type GaAs and the GaSb quantum rings, so that band bending would occur
and form a tunnelling barrier. Once the single electron is occupying the confined state,
recombination can occur with a confined hole from a quantum ring, producing a single
photon. However, monochromatic emission is very unlikely. This is due to variations in
the thickness across the layer, material quality and the presence of any defects altering

the energy levels of the confined state.

Alg.9Gag 1 As Spacer

GaAs (Undoped) ; GaSb Quantum Rings

GaAs (Undoped)

IGaAs (n - doped)

Alg.9Gag 1 As Spacer (Not to scale)

Figure 6.1: A diagram of the first version of the SPLED active region (not to scale)
showing the GaSb quantum ring layer embedded within the GaAs structure

Design 2 is shown in figure 6.2, with the energy diagram shown in figure 6.3b, employs
a GaAs quantum dot between Alg ¢Gag4As barriers to provide the confined state, as well
as an n-type Al,Gaj_,As layer to act as the electron reservoir. GaAs quantum dots were

selected for their ability to be made in Al,Ga;_,As via droplet epitaxy, which can be
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employed to produce non-uniform dots in a range of sizes. By slowly increasing the bias,
the largest QD, with the lowest energy level, should be occupied first and therefore the
occupying electron will tunnel through the second barrier for recombination first[84, 85].
Factoring the single-dot tunnelling, alongside the much smaller tunnelling area of the
device, would theoretically produce single electron tunnelling, and hence single photon

emission upon recombination.

Aly.9Gag 1 As Spacer

GaAs (Undoped) ; GaSb Quantum Rings

GaAs (Undoped)

Alg.103Gag.g97As (n - doped)

Alg.9Gag 1 As Spacer (Not to scale)

Figure 6.2: A diagram of the second version of the SPLED active region (not to scale)
showing the quantum dot layer embedded within the Alg¢Gag4As structure below the
GaSb quantum ring light-generating layer.
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Figure 6.3: (a): Design 1 band diagram showing the triangle well confined state and
carrier tunnelling. (b): Design 2 band diagram showing dual barrier structure and GaAs
quantum dot. The light emitting region is still a GaSb QR structure to the right of the
barrier structure, and is not shown.
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6.2 Optical Design

6.2.1 Design 1

The initial target wavelength for the single photon LEDs was the telecoms C-band at
1550 nm. The primary design consideration in this case was retuning the DBR layers to
the new centre wavelength. Using the refractive index generated from Adachi and Aspnes
[30, 31, 32] at 1550 nm, a GaAs-Aly9Gag1As DBR was generated. Table 6.1 shows the
embedded Design 1 single electron generation structure and the surrounding optical
cavity. The lower DBR has a large number of repeats to produce a high reflectivity,
while the upper DBR has far fewer to allow the single photons to escape the cavity.
Alp.9gGag1As spacers have been added to ensure the resonance of the cavity is at the
desired wavelength, and could potentially also be used to produce an oxide aperture if
the Al content was increased. The i-n GaAs layer below the quantum rings produces the
barrier and well region, with the undoped layer having thickness d nm, and the doped
layer has a thickenss of 65 - d nm. While the total thickness of this region remained
constant, resulting in an unchanged cavity length, the ratio of undoped to doped GaAs
was varied between samples. This was to determine the effect of changing the barrier /well

region thickness on device performance.

Composition Doping
Layer (s) Material Al Ga Type Level (cm™3) Thickness (nm)
Upper DBR Final GaAs 0 1 p++ 115.0
AlGaAs 0.9 0.1 p 4.0e+18 130.7
Upper DBRx T o A 0 1 p 2.0e+18 115
Cavity Spacer AlGaAs 0.9 0.1 p 4.0e+18 50
GaAs 0 1 p 5.0e+17 99
Hot-GaAs GaAs 0 1 i 10
Cold-GaAs GaAs 0 1 i 5
QR Layer GaSb - - 2.1ML
GaAs 0 1 i d
Gads GaAs 0 1 n 2.0e+16 65 - d
Cavity Spacer AlGaAs 0.9 0.1 n 4.0e+18 50
GaAs 0 1 n 2.0e+18 115.0
Lower DBRx 30 1 A1gaas 09 0.1 n 4.0e+18 130.7
Substrate GaAs 0 1 n - 350000

Table 6.1: Initial resonant-cavity SPLED structure for Design 1 with variable lower i-n
barrier region.

Figure 6.4 shows the simulated characteristics of the sample in table 6.1. The electric

field at 1550 nm is easily centred on the quantum rings due to the symmetric nature of
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Figure 6.4: Top: Refractive index profile of the Design 1 cavity region with simulated
electric field profile centred on the quantum ring region. Bottom: Simulated transmit-
tance spectrum of the Design 1 SPLED with stop-band and resonance both centred on
1550 nm.

the electron-generating region. The spacers combine with the electron region to produce
A/2 cavity, as demonstrated by the peak at 1550 nm in the transmission spectrum. The
peak is of a low amplitude due to the low number of repeats in the upper DBR, a
higher number of repeats would produce a stronger resonance, but would also create

more optical absorption and electrical resistance in the device.

6.2.2 Design 2

The second design used the more complex quantum-dot-based electron generation struc-
ture shown in figure 6.3b. Two wavelength variations were designed, one in the C-band
at 1550 nm and one in the O-Band at 1310 nm, as well as two quantum dot layer thick-
nesses. Table 6.2 shows the general design used for all samples, with A and B denoting
the thicknesses of the DBR layers, C'y and C5 the cavity spacer thicknesses, and [ is the
thickness of the AlygGag4As tunnelling barrier between the GaAs QD and the GaAs
with the light-emitting GaSb QR.
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Composition Doping

Layer (s) Material Al Ga Type Level (cm~3) Thickness (nm)
Upper DBR Final GaAs 0 1 p+-+ A
AlGaAs 0.9 0.1 p 4.0e+18 B

Upper DBR x 7 GaAs 0 1 P 2.0e+18 A
Cavity Spacer AlGaAs 0.9 0.1 p 4.0e+18 Ch
GaAs 0 1 p 5.0e+17 58.5

Hot-GaAsx1 GaAs 0 1 ; 7
Cold-GaAs GaAs 0 1 i 5
QR Layer GaSb - - 2.0 ML
GaAs 0 1 i 15

AlGaAs 0.6 0.4 i l

. GaAs QD 0 1 i 2.0 ML
Tunnelling Structure AlGaAs 0.6 04 : 4
AlGaAs 0.103 0.897 n 5.0e+17 42

Cavity Spacer AlGaAs 0.9 0.1 n 4.0e+18 Co
GaAs 0 1 n 2.0e+18 A

Lower DBR x 30 AlGaAs 09 0.1 n 4.0e+18 B
Substrate GaAs 0 1 n 350000

Table 6.2: The Design 2 resonant-cavity SPLED design with quantum dot-based electron
generation region.

Parameter (nm) Design 2.1 Design 2.2 Design 2.3 Design 2.4

Target Wavelength 1550 1550 1310 1310
A 115.0 115.0 96.2 96.2

B 130.7 130.7 109.9 109.9
Cy 49.1 49.1 29.1 29.1

Co 49.1 49.1 29.1 29.1

d 13 11 13 11

Table 6.3: The parameters for each of the 4 Design 2 devices.

6.3 Key Samples

6.3.1 Design 1 - Transmission

Design 1 was produced with varying p-i-n spacing to determine the effect of barrier thick-
ness on the performance of the device. The three samples had target i-region thicknesses,
d, of 15, 20 and 25 nm but were otherwise designed to be identical. The optical transmis-
sion of each unprocessed SPLED was measured and compared to the ideal transmission,
and can be seen in figure 6.6. All three samples have shifted stop-bands when compared
to the intended spectrum, indicating that in general the structure was grown thinner
than expected. Sample 1.1 in figure 6.6a has mostly maintained the correct shape, and

is overall at a shorter wavelength, with a cavity resonance at 1477nm. Sample 1.2 has
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Figure 6.5: Top: An example refractive Index profile of the Design 2.1 cavity region
with simulated electric field profile centred on the quantum rings. Bottom: Example
simulated transmittance spectrum of the Design 2.1 SPLED with stop-band and reso-
nance both centred on 1550 nm.

a broadened, poorly defined stop-band visible in figure 6.6b, potentially indicating that
the upper and lower DBRs are misaligned. The cavity resonance for sample 1.1 was
closer to specification at 1506 nm. Sample 1.3 is mostly correct in terms of stop-band
width, shown in figure 6.6¢c, but all features are at much too short a wavelength with the
cavity occurring at 1466 nm. It is worth noting that for the following characterisations,
the specific piece of sample used was based on availability. This means that while ideally
we would have performed all measurements on the same pieces, sections being taken for
processing meant that analyses had to be performed on remaining available pieces of
wafer. This is generally not ideal as there is often variation in the growth across the

walfer.

6.3.2 Design 1 - BEXP

To determine the severity of the layer inaccuracies, BEXP was performed on sample
1.2. It is important to note that it is impossible to determine the thicknesses of the
doped GaAs layers in the active region using standard AFM so we cannot estimate the
performance of the electron confinement at this time. It can also be difficult to get a

match between model and measurement even with the BEXP, without knowing exactly
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Figure 6.6: The measured transmission spectra of the three samples compared to the
ideal (simulated) transmission, a: sample 1.1 (d = 15nm), b: sample 1.2 (d = 20 nm),
c: sample 1.3 (d = 25nm).

where on the wafer the measurement was taken.

Table 6.4 shows the results of the thickness characterisation of sample 1.2. Over-
all the layer thicknesses are lower than specified, with the GaAs layers experiencing a
much larger deviation from the intended values. The cavity region is also thinner than
expected, pushing the resonance to a shorter wavelength. The upper DBR deviates
more than the lower, giving a reason for the misaligned and broadened stop-band. Fig-
ure 6.7 shows the updated model using full individual layer thicknesses compared to the
measurement. The transmission now agrees to a good extent, with a small shift in wave-
length. It is likely that this shift is due to the BEXP and the transmission measurements
being performed on different areas of the sample. The drop in transmission compared
to the model is likely due to absorption in the DBR layers due to p-type free carrier
absorption (see section 5.1.2), which is difficult to account for. To assess the variation
in the sample growths, a piece of sample 1.1 was mapped at a low resolution. The map
in figure 6.8 shows significant variation from the centre of the wafer to the edge, with

a peak shift of around 18 nm. Given this variation, the ~9nm shift in figure 6.7 is also
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Layer Material Target BEXP Error
Thickness (nm) (nm) (nm)

Upper DBR Final x1 GaAs 115 108.7 5.1
AlGaAs 130.7 129.7 5.7
Upper DBR x7 GaAs 115 109.6 5.2
Cavity Spacer AlGaAs 50.0 47.9 3.7
Active Region GaAs 135 123.6 5.6
Cavity Spacer AlGaAs 50.0 48.5 3.8
Final DBR GaAs 115 107.1 5.1
AlGaAs 130.7 130.6 5.8
Lower DBR x30 GaAs 115 111.9 5.2
Buffer GaAs ~500
Substrate GaAs

Table 6.4: The thicknesses of sample 1.2 as measured using BEXP. For layers with
multiple repeats, thicknesses shown are the average of every repeated layer.

S
® 40 y
c
8
€20 .
% ——BEXP Model
= ——20 nm i-n Spacing
1 1 1 L 1

0 1
1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Figure 6.7: Transmission model of sample 1.2 updated with BEXP layer thicknesses
from table 6.4 compared to the measurement.

likely to be due to variation across the sample.

6.3.3 Design 1 - XPS

As part of a collaboration with Kratos Analytical, one of the Design 1 SPLED samples
was taken for compositional analysis using XPS. Sample 1.3 (25nm i-n spacing) was
measured using an Axis Nova XPS machine. The etch was performed with an Ar-ion
beam operating at 4kV, with an etch area of 2.5 x 2.5 mm. The measurement area was
110 pm wide and was with an incident X-ray power of 450 W. The results of the profile
are in figure 6.9, with a full view in the upper profile and a zoomed view in the lower.
Overall the aluminium fraction is higher than expected, with an average upper DBR
value of 92.5 + 0.2 %. The cavity spacers were very close to specification at 90.9 %
and 89.4 % for the upper and lower spacers respectively. The composition is generally

consistent, and thus could be adjusted to correct the next growths. It should also be
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Figure 6.8: Low-resolution wafer map of a fragment (1/8th of a wafer) of sample 1.2
showing cavity peak wavelength across the sample.

noted that a small variation in Al composition has little impact on the optical properties
of the structure[86].

The top profile of figure 6.9 shows the aluminium composition throughout the en-
tire device, and clearly shows how the depth of the etch starts to cause a drift in the
composition over time. This is primarily due to material from upper layers being forced
downwards by the ion beam, contaminating the measurement layer and pushing the
composition towards an average value. The sharp troughs in the GaAs layers also indi-
cates that they etch faster than Al,Ga;_,As so less data could be extracted. Both of
these issues could be improved with a gentler, and thus slower etch. However, with the
measurement already taking in excess of five hours, this would produce an unreasonably

long acquisition time.

6.3.4 Design 2 - Transmission

Four samples were grown for the second series of SPLEDs according to the parameters
in table 6.3. The first two samples had a target wavelength of 1550 nm, the same as
the previous set of devices. The transmission spectra were measured to determine the
deviation from specifcation and the potential for use in working devices, and can be seen
in figure 6.10. Both samples have stop-bands centred at too short of a wavelength, and

the weak cavity peaks are both below 1500 nm. It is reasonable to suggest that the layers
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Figure 6.9: Top: Aluminium depth profile of a SPLED showing the target Al fraction.
Bottom: Zoomed view of the upper DBR and cavity region.

are, on average, thinner than intended but the stop-band shape is generally the same as
the model implying a good alignment between the top and bottom DBRs. While both
samples have weak resonances, around 25% the intensity of the model, they are fairly
well-centred in the stop-bands, at 1496 nm and 1475 nm, which implies that the shift is
wavelength is due to a general growth rate calibration issue rather than any particular
layer being out of spec.

The second pair of samples had a target cavity wavelength of 1310nm. As above,
the transmission was measured for each sample, and compared to the theoretical ideal
transmission. Looking in figure 6.11, the features in the spectra are significantly shorter
than expected, implying that the growth layers are once again too thin. The side-bands
are unusually asymmetric, possibly indicating a misalignment or a mismatch in the
DBR pair thicknesses. The cavity resonances are off-centre in the stop-bands for these
devices, at 1260 nm and 1257 nm, so the cavity and DBR layer thicknesses could vary by
different percentages. Sample 2.4 has the most visible cavity, with a similar resonance
strength to the model while being slightly broadened. This broadening could be due to
inconsistencies in the cavity layers, or be affected by the bandwidth of the measurement

itself.
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Figure 6.10: Top: Transmission spectrum of sample 2.1. Bottom: Transmission spec-
trum of sample 2.2.

6.3.5 Design 2 - BEXP

It is evident for all samples that some characterisation would be required to determine
the exact cause of the shifted stop-bands, however, due to availability of sample pieces
only sample 2.2 was cross-sectioned. Table 6.5 details the results for that device, showing
that the majority of layers were grown too thin. To compare this to the measured data, a
new simulation was run using the updated individual layer thicknesses in figure 6.12. The
general positioning of the stop-band in figure 6.12 shows agreement with the measured
data, however there is a discrepancy in the shape and symmetry of the stop-band. It is
difficult to pinpoint a reason for this, as it could be due to a number of factors: errors in
the simulation data (refractive indices etc), the calibration of the BEXP, measurement
position on the wafer, or errors in the transmission measurement itself. So while we
cannot be exact with the model in this case, the general data agrees that the layers were
grown thinner than specification.

One of the samples was mapped to determine the variability of the growth, which
would affect how much of the sample was usable once processed. Due to material avail-
ability, a quarter-wafer of sample 2.4 was used and the cavity peak wavelength was
plotted as a function of position on the wafer. Figure 6.13 shows the extent of the vari-
ation across the sample wafer, revealing that the cavity resonance is longer in the centre

of the wafer. From this it is reasonable to suggest that the growth is thicker towards
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Figure 6.11: Top: Transmission spectrum of sample 2.3. Bottom: Transmission spec-
trum of sample 2.4.

the centre, and gradually gets thinner in the direction of the edge. The map highlights
the importance of being consistent in the locations of measurements, as well as helping

to select devices processed from areas of the sample with favourable characteristics.

6.4 Testing

6.4.1 Design 1 Testing

Some material was processed by CST to produce vertical-emitting devices with circular
mesas and top ring-contacts, with a typical mounted device shown in figure 6.15. An
I-V sweep of a processed device from sample 1.2 is visible in figure 6.14, displaying clear
diode behaviour and a turn-on voltage of around 2 V.

The emission profile of an example sample 1.2 device is also shown in figure 6.15,
demonstrating a very strong cavity enhancement of >700x at room temperature, and
good agreement between the cavity emission and the dip in the reflectance. While there
is strong cavity emission from the device, there is also a large amount of light being
produced at the peak emission wavelength of the quantum rings. It is likely that this is
escaping the device through the less reflective side-bands, and the cavity emission is not
strong enough to suppress this. It is unclear as to whether the extra light generation

would be a problem for single-photon level emission, but at this time no single-photon
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Layer Material Target BEXP Error
Thickness (nm) (nm) (nm)

Upper DBR Final x1 GaAs 115 106.5 =+ 5.6

A]U.gGao‘lAS 130.7 124.4 + 6.3

Upper DBR x7 GaAs 115 106.7 +5.6

End of Cavity Algngao,lAS 49.1 46.6 + 2.8

QR Region GaAs 85.5 79.3 £+ 35

. A10,6Ga0,4As 15 13.4 + 2.0

QD Reglon A10.103Ga0‘897As 42 45.6 + 2.5

Start of Cavity Al 9GagqAs 49.1 476 £+ 2.8

Final DBR GaAs 115 111.3 £ 5.6

A]U.gGaollAS 130.7 128.3 + 6.3

Lower DBR x30 GaAs 115 1134 +5.6
Buffer GaAs ~500 - -
Substrate GaAs - - -

Table 6.5: The averaged thicknesses of sample 2.2 as measured using BEXP. For layers
with multiple repeats, thicknesses shown are the average of every repeated layer.
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Figure 6.12: Comparison of the measured vs the simulated transmission incorporating
the measured cross-section data.

operation has been achieved with the Design 1 devices.

6.4.2 Design 2 Testing

Material from sample 2.3 was processed into devices with the same circular mesa profile
as the device on the right of figure 6.15. Sample 2.2 was also processed, however no useful
data has been obtained at this time. A room-temperature I-V sweep was performed to
check the diode properties of the SPLED, with the result plotted in figure 6.16(a). The
I-V is very similar to the Design 1 device in figure 6.14, with closely matching turn-
on and reverse breakdown voltages. The current increases more sharply in the Design 1
device, indicating a lower overall resistance. The reason for the difference in resistance is
not known, although variations in doping, as well as different contact qualities may have

an impact. The room-temperature emission of the sample 2.3 device is demonstrated
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Figure 6.13: Wavelength of cavity resonance map of sample 2.4 on a quarter wafer of
unprocessed material.

\
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Figure 6.14: I-V profile of a processed device from sample 1.2, with a turn-on voltage of
around 2V.

in figure 6.16(b), showing a weaker output than the Design 1 device. The additional
resistance could be the cause of the lower output, or alternatively variations in the
upper DBR doping could be absorbing some of the produced light. As with the previous

device, single-photon emission has yet to be observed.

6.5 Summary

Two designs of SPLED active region were incorporated into GaAs - Al,Ga;_,As vertical-
cavity resonant structures, with simulations showing resonances at target wavelengths of

1550 nm for Design 1, and at 1550 nm and 1310 nm for Design 2. Slight variations to the
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Figure 6.15: The room-temperature emission of one of the sample 1.2 SPLEDs compared
to the reflectance spectrum. Inset: An optical microscope image of a typical processed
device, with a mesa diameter of 200 pm.

active region structure were made in both cases to assess the effect of the tunnelling bar-
rier thickness on the performance of the device. In the Design 1 devices, which utilised
a n-GaAs/i-GaAs triangular well confined state for the carrier selection, all three trans-
mission spectra were shifted towards the shorter wavelengths, indicating that the DBR
layers were, on average, too thin. BEXP cross-sectional measurement on sample 1.2
confirmed this assumption, with the updated model incorporating all BEXP layer thick-
nesses matching the measured spectrum much more closely. A cavity peak wavelength
variation of around 18 nm was observed on sample 1.1, highlighting the importance of
position on the wafer when it comes to characterisation and device processing. An XPS
depth-profile was carried out to check the composition of the Al,Gaj_,As layers in sam-
ple 1.3, showing only a small deviation from specification, and an overall consistent Al
level throughout the DBRs.

In Design 2, a GaAs quantum dot layer between AlgGag 4As barriers provides the
electron selection layer, allowing tunnelling through the largest QDs first as the bias is
increased. Four different variations on Design 2 were grown, with wavelengths at 1550 nm

and 1310nm, and two different AlggGag4As barrier thicknesses were trialled for each
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Figure 6.16: (a): The I-V characteristics of one of the sample 2.3 SPLEDs. (b): The
emission of the same sample 2.3 device at room temperature, with a bias voltage of
8.2V.

wavelength. All four samples showed stop-bands and weak cavity resonances, with the
shorter-wavelength samples having an asymmetric stop-band profile. Once again, the
transmission spectrum for each sample is shifted to a shorter wavelength, indicating
that the growth rates were lower than expected. BEXP layer thicknesses agree, with
layers being too thin across both DBRs. The optical model incorporating the BEXP data
shows poor agreement with the measured transmission, possibly indicating discrepancies
in the model, layer thickness measurements, or in the measurement of the transmission.
A quarter wafer of sample 2.4 was mapped, displaying a significant (~15nm) variation
in the resonance peak wavelength.

Devices were processed from both Design 1 and Design 2 samples, with the same
200 pm mesa profile and contact design. Both devices show good diode behaviour and
similar turn-on and reverse breakdown voltages. The Design 2 SPLED displayed a higher
resistance overall, possibly due to different doping levels, or variations in growth, pro-
cessing, and contact quality. Emission was observed for both designs, with the Design
1 SPLED demonstrating a very strong (>700x) cavity enhancement at nearly 300 nm
away from the peak QR emission. This behaviour is incredibly promising for the produc-
tion of GaSb quantum ring ‘eye-safe’ devices above 1400 nm, where the QR emission is a
mere fraction of its peak value. A Design 2 device showed emission at around 1250 nm,
but was weaker than the Design 1 device despite being closer to the peak QR emission.
It is possible that the increased resistance is the cause, or that variations in upper DBR
doping are affecting the level of light absorbed by the top mirror.

Neither design demonstrated single-photon emission as of the time of writing, so
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further work must be done to improve the performance of the devices. Given that all
samples were grown thinner than expected, calibrating the growths closer to specifi-
cation for the next generation of devices is essential, as thin barrier layers within the
active region may be heavily affected by inaccurate growths. Additionally, focusing on
characterisation at each step, paying particular attention to the position on the wafer,
can help to isolate any issues with growths and/or processing. Reducing the resistance
of the devices is a possible improvement to be made, as being able to operate at lower
currents with less heating will be greatly beneficial to a single-photon emitter. Finally,
refining the processing for the devices so that they can be produced in-house is a crucial
step towards being able to iteratively improve the performance, without the long wait

times associated with external processing.
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7.1 Mk. 1 VCSELs

7.1.1 Mk.1 Design

Note: The initial VCSEL was produced before the commencement of this
PhD, and as such, all simulations and optical tests were done after the fact
and on leftover pieces of material.

The first design had an initial wavelength target of 1350 nm, within the telecoms
O-band, and used GaAs - AlggGag4As DBRs as the mirror system, with the upper
and lower mirrors consisting of 24 and 34 repeats respectively. The lower DBR was
Si doped to provide n-type behaviour, and the upper DBR was Be doped so as to be
p-type. Further details of the GaSb QRs growth has been published elsewhere[24, 40].
AlpgGag4As spacers were positioned either side of the QR active region in order to
provide a total cavity wavelength of 3A/2. Also acting as part of the cavity, as well as
providing a high-Al layer for potential oxidation, are quarter-wave layers of Aly.9Gag 1 As.
The structure and layer targets are shown below in table 7.1, with the simulated electric

field profile and transmittance visible in figure 7.1.

Composition Doping

Layer (s) Material Al Ga Type Level (cm=3) Thickness (nm)
Upper DBR Final GaAs 0 1 p++ - 99.4
AlGaAs 0.6 0.4 P 4.0E4+18 107.5
Upper DBRx24 1 0 A 0 1 p 2.0E+18 99.4
High Al Layer AlGaAs 0.9 0.1 p 2.0E18 113.4
Upper Spacer AlGaAs 0.6 0.4 - - 165
GaAs- Hot 0 1 i 10
. GaAs -Cold 0 1 i 5
Quantum Ring x5 GaSh i i : ) 9 1ML
GaAs 0 1 i 15
Lower Spacer AlGaAs 0.6 0.4 - - 165
High Al Layer AlGaAs 0.9 0.1 n 2.0E+18 113.4
GaAs 0 1 n 5.0E+18 99.4
Lower DBRx34 | A1Gans 0.6 04 n 2.0E+18 107.5
Buffer GaAs 0 1 n 5.0E+18 ~1000

Substrate GaAs 0 1 n

Table 7.1: VCSEL structure for the Mk1 design grown entirely at Lancaster.

Figure 7.1 shows both the simulated electric field profile, and the simulated trans-
mittance of the target structure. The overlaid e-field shows the 3\ /2 cavity wave having
good alignment with the quantum rings, while the transmittance model demonstrates a

cavity resonance at the target wavelength of 1350 nm.
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Figure 7.1: Upper: The simulated electric field profile overlaid with the refractive index
at the target wavelength of 1350 nm. Lower: The simulated transmittance spectrum of
the target structure, showing the cavity resonance at the target wavelength.

7.1.2 Key Samples

The design in table 7.1 was grown and a piece was sent to CST for processing into
VCSEL devices. A remaining piece was optically tested to determine the accuracy of
the growth, and quality of the optical properties. The measured transmittance is shown
in the upper part of figure 7.2, alongside the ideal modelled spectrum. It is evident from
the shifted wavelength that on average, the structure was grown too thin, and as such the
cavity resonance is around 1335 nm rather than the expected 1350 nm. Unfortunately,
the wafer mapping facilities were unavailable at this point, and much of the remaining
sample consisted of small sections, so position-based measurements were impossible to
make. However, multiple small pieces were measured to gather a rough idea of how much
the spectra shifted with varying position on the sample wafer. The 5 measurements are
shown on the bottom of figure 7.2.

Figure 7.2 clearly shows a cavity resonance in the sample, demonstrating that the
DBR system is functioning as expected, with the resonance being well positioned towards
the centre of the stop-band. While the transmission peak is not as strong as the one in the
model, it remains measurable and well placed within the telecoms O-band as targeted.

The reduction in resonance strength is likely due to uneven interfaces and unmatched
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Figure 7.2: Upper: The measured transmittance of piece 1 of the VCSEL compared
to the modelled spectrum of the ideal structure showing a shift to shorter wavelengths.
Lower: Zoomed cavity transmittance of various small pieces of sample (1-5), where the
position on the original wafer is unknown.

DBR layers, which come from deviations in the growth rate of the MBE. Additionally,
the ideal nature of the simulation will tend to over-estimate the strength of the resonance,
as scattering events at layer interfaces and imperfections are not taken into account. The
cavity peak shifts by around 10 nm, which indicates an optical thickness variation across
the wafer. While this does not push the output wavelength outside of the target telecoms
band, this variation would need to be reduced for production devices. A cross-section
was taken using BEXP to find the layer thicknesses, as well as to determine the quality

of the layers and layer interfaces.

Upper DBR p—i Lower DBR
Cavity

Figure 7.3: A composite AFM image showing a cross-section of the full device. The dark
layers are the Al,Gaj_,As with the darkest layers inside the cavity being Aly9Gag.1As
oxidation candidate layers.

The composite AFM image in figure 7.3 shows uniform DBR layers, as well as clear
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and smooth layer boundaries. Both of these factors indicate a high quality growth,
with a lower number of defects and layer roughness that would influence the optical
qualities of the device. The layer thicknesses were measured and the averaged results
are shown in table 7.2, where the overall trend is that the average layer thicknesses
are smaller than their target values. This matches with the prediction from the optical
measurement above, and the cavity thickness shift of —6.7 nm corresponds to an optical
thickness change of —59nm. When applied to the target cavity optical thickness of
3A/2 = 2025 nm, the resulting FP dip is estimated to occur at 1310.7 nm. While this is
thinner than the measured values, the impact of the DBRs will lengthen the cavity, so

a simulation with the full layer values is needed to avoid an oversimplified approach.

Layer Material Target BEXP Error
Thickness (nm) (nm) (nm)

Upper DBR Final x1 GaAs 99.4 99.9 +4.3
A10,6Ga0_4AS 107.5 107.1 +4.6
Upper DBRx 24 Gais 99.4 96.5 4.2
High Al Layer Alp9oGag1As 113.4 106.9 £4.5
Cavity Spacer Al Gag.4As 165 161.8 +6.0
Active Region GaAs 90 83.3 +3.9
Cavity Spacer AlyGag.4As 165 165.7 +6.1
High Al Layer Alp.oGag1As 113.4 110.4  +4.7
GaAs 99.4 98.7 +4.3
Lower DBR x 34 AlysGag 4As 107.5 1054 +45
Buffer GaAs ~500
Substrate GaAs

Table 7.2: The averaged thicknesses of the Mkl VCSEL as measured using BEXP.
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Figure 7.4: The updated model comprised of the full BEXP data compared to the
measured transmittance.

The new version of the model, which uses the full BEXP data for each layer (not the
average values in table 1.2), shows far better agreement with the measured transmittance

spectrum, as is clear in figure 7.4. The cavity is in almost perfect agreement, and the
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stop-band has a small difference in width. The remaining deviation in the model is
likely to be caused by the variation across the wafer, or a number of other factors,
including incorrect Al,Ga;_,As composition, inconsistencies in the layer interfaces, and

inaccuracies in the model itself.

7.1.2.1 XPS Measurement

Since the model still has some deviation from the measured data, an experimental at-
tempt was made to determine the Al content of the GaAs - AlygGag4As DBR layers
using XPS at Kratos Analytical. An Axis Nova XPS machine was used, incorporating
a step-wise rotation after each etch cycle. The X-ray power was set to 300 W with an
acquisition time of 20s. All three compositional elements were measured, and the cho-
sen binding energy peaks corresponded to Al 2p, Ga 3d, and As 3d. These peaks were

chosen for their clarity and convenience due to their proximity.

T
—Al2p

T

0 2000 4000 6000 8000 10000 12000 14000 16000
Etch Time (s)

o O
T

Composition (%)
- N W A O
o O

o O
T

Figure 7.5: An XPS depth profile of the VCSEL structure shown in figure 7.3. The
profile stops partway into the lower DBR due to time constraints and layer mixing.

Figure 7.5 displays the XPS depth profile of the VCSEL down to the first few repeats
of the bottom DBR. While the layers are clearly visible, the data is noisy and generally
has few points per layer, primarily due to the speed of the etch. Even so, the total
measurement time was still over 4 hours and did not reach the substrate of the sample.
The aluminium content does not regularly reach zero, as would be expected in the
GaAs layers, and the sharp peaks also indicate a loss of data due to etch speed or low
acquisition rate. Thus the data has little quantitative use, but we can still determine
some useful information from it. Firstly, the layers are generally consistent in aluminium
content, with no drastic differences. Secondly, the high-Al content layers and the cavity
region are visible and have good contrast from the surrounding DBRs. As with most of
the compositional measurements, improvements could be made with slower etches and a

higher rate of data acquisition. Unfortunately, this was simply not feasible at the time.
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7.1.3 Processing and Testing

It should be noted that the vast majority of the testing was done by Dr Peter Hodgson,
and as such only demonstrative examples of the electrical testing of the devices will be
discussed. Detailed comparisons of very similar processed devices are outside the scope
of this work.

A portion of the sample was sent to CST to be processed into VCSEL devices.
Standard circular mesas were used with top-bottom contacts and no current confinement
was applied, with mesa sizes ranging from 50 pm to 200 pm. A typical I-V curve was
taken up to 10mA, and is shown in figure 7.6. Clear diode-like behaviour is observed,
with a visible knee voltage of around 2.3 V. This is not unreasonable for a typical GaAs-
Al,Ga;_,As VCSEL, though it should be noted that if oxidation were to be implemented,

this voltage would increase along with the general resistance of the mesa[87].
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Figure 7.6: An example I-V curve from a 200 pm diameter device, showing clear diode
behaviour and a knee voltage of 2.3 V.

The device was then driven at 30 mA, with a 100 Hz, 10 % duty cycle pulsed oper-
ation. As expected from the measured transmittance in figure 7.4, the device emits at
around 1330 nm at room temperature. The emission, plotted in figure 7.7, displays a
clear resonance peak, alongside a less intense comb of peaks seemingly centred around
1230nm. The emission power of the device is extremely low, and is not measurable
with a standard power meter. Additionally, no lasing threshold was observed during
device testing. The side emissions correspond to the room-temperature emission of the

quantum rings overlaid with the side-bands of the upper and lower DBRs. Reducing the
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unwanted emissions could be achieved either by improving the strength of the stimulated
emission, thus suppressing the non-resonating wavelengths, or by shifting the wavelength
of the laser such that the stop-band of the device blocks the majority of the unwanted
light.
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Figure 7.7: Room temperature 30 mA emission of a 200 pm diameter VCSEL device
showing resonance at 1330nm and a side emission around 1230nm. The device was
operated at 100 Hz with a 10 % duty cycle.

7.2 Mk. 2 VCSELs

The previous devices lacked a strong emission profile and generally operated with a
low efficiency. Omne possible reason for the low power performance is the relatively
low-contrast upper and lower DBRs with simulated reflectances of 94.2% and 98.6 %
respectively. A greater refractive index contrast between the GaAs and Al,Ga;_,As
would produce more reflective mirrors, so the next iteration of devices will use up to

Alp.9gGag.1As with the aim of producing a stronger resonant cavity.

7.2.1 Initial Design
7.2.1.1 IQE Lower DBR

Given IQE plc’s ability to grow high-quality VCSEL material at industrial levels, utilising
the consistency and growth speed of their DBRs is an obvious choice. While it would be
ideal to grow the entire VCSEL structure using MOVPE at IQE, the process for growing
the rings could take significant time and effort to develop on an MOVPE system. As
such the active region had to be grown using Lancaster’s MBE machine. Since it would
be unreasonable to then send the sample for a third epitaxy back at IQE, the upper
DBR was included in the MBE overgrowth.

The Mk.2 lasers were the first to be designed with the IQE lower DBR in mind, with
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a similar DBR layout to a standard mass-production VCSEL. A high number of repeats
was chosen for the lower DBR so as to maximise the reflectivity and utilise the accuracy
and repeatability of the MOVPE growths. Table 7.3 shows the calculated design for
a high-reflectivity graded interface DBR that alternates between Alg12GagggAs and
Alp9Gag1As with a smoothly graded region in-between. The benefit of having two
Al,.Ga;_,As layers rather than a GaAs - Al,Ga;_,As system is that the cell rates can
be smoothly varied during growth, and don’t have to be turned off completely. This
improves layer interfaces and reduces overall growth time. Additionally, the graded
interfaces greatly reduces the resistance of the DBR, allowing for lower threshold currents
and higher efficiencies[88]. It would be ideal to end the DBR on the final Alp12Gag ggAs
layer so that the active region could be smoothly incorporated, however due to the rapid
oxidation of Al,Ga;_,As a GaAs cap must be grown to cover the sensitive layers. A
half-layer (eigth-wave optical thickness) was chosen so that the remaining thickness of
the layer could be grown at the start of the MBE process as a buffer between the two

growth types.

Composition Doping
Layer (s) Material Al Ga Type Level (cm™3) Thickness (nm)
Cap GaAs 0 1 n 3.00E+18 47
AlGaAs 0.12 0.88 n 2.00E+18 75
AlGaAs 0.12-0.9 0.88-0.1 n 2.00E+18 20
PBRA0 | p1Gaas 0.9 0.1 n 2.00E+18 85
AlGaAs 0.9-0.12 0.1-0.88 n 2.00E+18 20
Buffer GaAs 0 1 n 3.00E+18 500

Table 7.3: One of the lower DBR designs to be grown by MOVPE with graded interfaces
and a half layer GaAs cap. The target centre wavelength for this structure was 1270 nm.

Several DBR designs were fabricated with varying stop-band centres so as to cover a
wide range of possible wavelengths. The design in table 7.3 has a target centre wavelength
of 1270 nm, and four more DBRs were designed at 1350 nm, 1433nm, 1517 nm, and
1600 nm. The simulated reflectances of the various lower DBRs are shown in figure 7.8

giving coverage of much of the standard telecoms regions.

7.2.1.2 MBE VCSEL Overgrowth

An initial simulation was performed in order to assess the interaction between a graded
lower DBR and a square upper DBR. Analysing the electric field with respect to position

is key here, as the asymmetric layout of the device could push the peak of the resonant
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Figure 7.8: Simulated transmittances of the proposed lower DBR designs with the aim
of covering the majority of the telecoms region.

field away from the quantum rings, affecting the overall efficiency. Five layers of quantum
rings are embedded inside a \/2 active region, with a single Alyg7Gag o3As layer above
the cavity to allow for the generation of an oxide aperture during processing. The buffer
layer thickness, D, was varied to determine the position and shape of the electric field
within the active region. From this point onwards, the target wavelength was selected
to be 1270 nm so as to comply with the XGS-PON upstream standard, as discussed in
section 1.1[5]. The GaAs cap on the lower DBR had an optical thickness equivalent
to one-eighth of a wavelength, so the initial buffer matched that thickness to bring the
total to a quarter-wave to match the DBR layers and minimise the impact of the buffer.
However, it is evident from figure 7.9a that this layer effectively kills the resonance in
the device and shifts the field away from the active region. Recreating the resonance
was possible, but only for a A\ cavity, which would require two sets of rings to align with
the peaks in the electric field. The simulation in figure 7.9b brings the total thickness of
the buffer layer to A\/2, creating a region of constant amplitude and allowing the half-
wavelength resonance to align exactly with the active region. While the extra thickness
may introduce some loss, it does allow the MBE to grow a smooth surface on which to
begin the active region. The design is detailed in table 7.4, with a high number of upper
repeats being chosen to produce as strong a resonance as possible.

The simulated transmittance of the design in table 7.4 is shown in figure 7.10, dis-
playing a clear cavity dip and a wide, flat stop-band. The cavity resonance is narrow,

indicating the possibility for a narrow operating bandwidth of the laser itself.

7.2.2 Key Samples and Redesigns

Initially, a piece of material from IQE was measured to observe the lower DBR, before any

overgrowth occurred. The purpose of this was to compare the growth to the simulated
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Figure 7.9: Electric field simulation centred around the active region, with the graded
lower DBR on the right and the square upper DBR on the left. (a) has a buffer optical
thickness equivalent to a quarter wavelength and (b) has a buffer optical thickness
equivalent to a half wavelength.

design, as well as to check the calibration and clarity of the transmission measurements on
the thicker substrates that IQE used. Figure 7.11 compares the measured transmittance
of the sample DBR alongside the model. The measurement is close to the ideal model,
with a slight shift in wavelength indicating that the layers may be slightly thinner on
average. A slight difference in side-band amplitude could be attributed to the doping in
the lower layers, which is not included in the model. Slight differences aside, the DBR
is very close to specification and can therefore be used for the next stage of overgrowth.

The first growth to be made using the Mk 2 design was a test to ensure that the cavity
and upper mirror could be grown onto the substrates provided by IQE. The growth is as
described in table 7.4, with the key difference being the lack of quantum rings. A bulk
layer of GaAs was used instead to reduce the overall growth time of the test sample.

Once grown and measured the sample showed good agreement with the model in
terms of DBR position and width, as well as the general shape of the side bands as
shown in the upper portion of figure 7.12. There is a very small cavity resonance visible
on the bottom of figure 7.12, with an amplitude of around 0.15 %, indicating a poor
resonance which needs to be addressed. The position of the peak is very close to the
target, which is promising for the accuracy of the cavity thickness.

The next step was to reproduce the test growth, this time adding the quantum ring



CHAPTER 7. VCSELS 108

Composition Doping Thickness

Layer (s) Material Al Ga Type Level (cm™) (nm)
Final Layer GaAs 0 1 p++ 93.1
AlGaAs 0.9 0.1 p 4.0E+18 106.4

Upper DBR x29 1 o A 0 1 p 2.0E+18 93.1
Oxidation Layer AlGaAs 0.97 0.03 p 4.0E+18 30
Upper Spacer AlGaAs 0.6 0.4 i - 12.2
GaAs - Hot 0 1 i - 10

Quantum Ring x5 | GaAs - Cold 0 1 i - 5
GaSh - - i - 2.1 ML

GaAs 0 1 i - 15

Lower Spacer AlGaAs 0.6 0.4 i - 45
Buffer GaAs 0 1 n D

IQE DBR x40 : _ -

Table 7.4: Design of the MBE section of the VCSEL growth, with 29 upper repeats,
a half-wavelength cavity, and 5 sets of quantum rings. A 30nm Algg7Gagg3As layer is
included so that an oxide aperture may be incorporated when processed.

1100 1150 1200 1250 1300 1350 1400 1450 1500
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Figure 7.10: Optical transmittance simulation of the design in table 7.4 showing a strong
resonance at the target wavelength.

layers in the active region. Ideally, the transmittance would look the same (the QR
layers have little effect on the passive optical behaviour), and cross-sectioning of the
sample would reveal any issues or inaccuracies.

It is immediately evident from figure 7.13 that there is no cavity resonance present
in the central region of the stop band. There is a small peak at the short wavelength end
around 1220 nm, but this is likely to be due to DBR overlap rather than a resonance.
The stop-band is broader than the model, which indicates that the top and bottom
DBRs are not perfectly aligned, supporting the theory that the small peak on the left
of the stop band is due to a side-band rather than the cavity. The reason for a lack of
resonance needed to be determined, so a cross section was performed using BEXP. The
averaged layer thicknesses are shown in table 7.5.

The GaAs layers in the upper DBR are generally a little too thin, while the Alg 9Gag.1 As
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Figure 7.11: Measured transmittance of a sample 1270 nm DBR grown at IQE compared
to the simulated transmittance of the design.

Layer Material Target BEXP Error
Thickness (nm) (nm) (nm)

Upper DBR Final x1 GaAs 93.1 89.3 +4.2

A]U.gGao‘lAS 106.4 106.0 +4.6
Upper DBR x 29 GaAs 93.1 96.6 4.4
Oxidation Layer Aly.97Gag g3As 30 33.2 +2.9
Upper Spacer AlyGag4As 12.2 20.7 +2.8
Active Region GaAs 90 90.3 +4.2
Lower Spacer AlyGag4As 45 48.7 +3.2
Buffer GaAs 139.1 166.9 £7.9

Lower DBR - - - -

Table 7.5: The averaged thicknesses of the sample in figure 7.13 as measured using
BEXP.

are much closer to specification. On the other hand the active region layers are propor-
tionally much more varied, with the upper spacer suffering from as much as a 70 %
difference from its intended thickness. The buffer is also thicker than intended, how-
ever it is more challenging to measure. This is due to the lack of contrast between the
GaAs cap and the Alg12Gag ggAs layer. On the whole, the spectrum is similar to the test
growth in figure 7.12, indicating that the cavity resonance may be very sensitive to small
changes in the structure of the active region. To check the accuracy of the cross section,
the values were incorporated into the model, which is shown alongside the measurement
in figure 7.14. The stop-band of the model now matches the measurement to a good
extent, with the side-bands generally agreeing as well. The model’s cavity resonance is
to the right of the target wavelength, agreeing with the assertion that the peak at the
edge of the stop-band was not a resonance, but rather due to stop-band overlap. The
lack of cavity peak in the measurement is still a major problem, and steps now need to

be taken to assess and improve the issue for the next set of growths.
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Figure 7.12: Top: Transmittance spectrum of the test growth compared to the modelled
transmittance of the ideal structure. Bottom: Zoomed view of the cavity peak showing
good positioning but poor resonance strength.

The lack of strong resonances in the previous two samples calls for an adjustment to
the design. It is distinctly possible that the high reflectivity of both mirrors is making
the cavity highly sensitive to small variations, making it extremely difficult to produce a
stable resonance. To improve tolerance to variations in the design, the number of upper
layers was reduced from 29 pairs to 24. This reduction would decrease the strength of
the resonance in the model, but could make producing a peak more reliable. The sample
was grown to the same specification as before, with the new number of upper layers.

A comparison of the measured transmittance and the idealised model is shown in
figure 7.15. It is immediately evident that the stop-band is much wider than expected,
with the right-hand edge roughly aligning with the model. The implication of this is
that the entire upper stop-band is shifted into the shorter wavelengths, and that the
peak visible around 1220 nm is not due to a cavity resonance, but rather the overlap in
the upper and lower DBRs. Further evidence to support the misalignment is visible on
the bottom of figure 7.15, with the peak aligning closely with the edge of the ideal stop-
band. It can be assumed that the IQE lower DBR dominates the model due to its higher
reflectivity and stop-band width, so the edge of the model’s stop-band corresponds to
the edge of the lower DBR. The upper DBR must therefore be shifted almost entirely

out of alignment, with the false peak marking where the two mirrors meet.
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Figure 7.13: Transmittance spectrum of the growth incorporating quantum rings com-
pared to the modelled transmittance of the ideal structure. No cavity resonance is
distinguishable from the noise floor.
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Figure 7.14: Transmittance spectrum of the growth incorporating quantum rings com-

pared to the modelled transmittance of the ideal structure using BEXP measured layer
thicknesses.

Once again it was deemed necessary to cross-section the sample to determine the
cause of the large shift in wavelength, especially if more of the error comes from a
particular material as this could point to issues within the MBE itself. The averaged
thicknesses are outlined in table 7.6.

As before, the GaAs layers are too thin on average, with the active region being
particularly outside specifications. In this sample the AlygGag.1As DBR layers are also
thinner than expected, which explains the large shift observed in the stop-band of fig-
ure 7.15. The consistently thin GaAs layers, combined with the thin Aly9Gag.1As layers
indicates either a lowered gallium volume inside the MBE cell, or a calibration issue with
the growth rates. Another possible source of variability in the layers is due to the MBE
growth drifting over time. Whether this is due to substrate temperature fluctuation, or
cell growth rate over time or a combination of both, a drift in a long growth such as a
VCSEL could have a large impact on the final device. Figure 7.16 plots the thickness

of each upper DBR layer as determined using BEXP to assess any overall trends as the
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Figure 7.15: Top: Transmittance spectrum of the growth with 24 upper DBR repeats
compared to the modelled transmittance of the ideal structure. Bottom: Zoomed view

of the stop-band showing a small transmittance peak roughly aligned with the edge of
the modelled stop-band.

growth progresses. The GaAs layers are varied but no obvious upward or downward drift
is visible. The Aly.9Gag.1As layers on the other hand display an overall downward trend,
with the final (topmost) layers being nearly 10 % thinner than the initial layers close
to the active region. It is possible that the elevated temperature of the aluminium cell
(around 300 °C hotter than the gallium) makes the material more sensitive to fluctua-
tions caused by the power supply, coolant flow, or temperature controller. Additionally,
the Al cell requires the tip to be cooler than the base to prevent the Al from creeping
out of the crucible. This is non-optimal for growth and could result in an excess of Al
wetting the crucible at the start of the growth, which burns off towards the end reducing
the growth rate. However, both materials are consistent within their own error ranges,
so while the values match the measured data, one should be cautious about drawing
detailed conclusions from the cross-sectional data.

With the individual layer thickness information for the upper DBR and active region,
a new model was produced and compared to the measurement to confirm the relationship
between the layer variation and optical properties. The updated model is shown in
figure 7.17 and displays excellent agreement with the measured data. A clear peak is
visible in the model at 1220nm is coincident with the peak in the data, confirming

that the mirrors are not aligned in wavelength. While the growth lacks the potential to
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Layer Material Target BEXP Error
Thickness (nm) (nm) (nm)

Upper DBR Final x1 GaAs 93.1 89.2 4.6

A]U.gGao.lAS 106.4 99.8 4.8
Upper DBR x 24 GaAs 93.1 883 44
Oxidation Layer Aly.97Gag g3As 30 31.1 3.2
Upper Spacer AlyGag4As 12.2 19.2 3.0
Active Region GaAs 90 72.0 4.0
Lower Spacer AlyGag.4As 45 46.3 3.5
Buffer GaAs 139.1 113.7 9.6

Lower DBR - - - -

Table 7.6: The averaged thicknesses of the sample in figure 7.15 as measured using
BEXP.

resonate, given the lack of mirror alignment, the data gained here shows that a general
picture of the device growth can be obtained simply using the transmittance, observing
misaligned DBRs and errors in thickness without the need to cross-section every sample
saving time and money. A poorly aligned growth can be discarded outright, and optically
aligned structures can be progressed to the next phase of testing.

In order to reduce the effect of any drifting in the growth, as well as to increase the
likelihood of producing a cavity, the upper DBR repeats were further reduced to 20. The
modelled resonance produced by this number is low, but if a working cavity is produced
then steps can be taken to improve performance in following growths. As before, the
same general design was used as in table 7.4 with the exception of the change in upper
layers. The growth and optical testing proceeded as normal with the transmittance and
model compared in figure 7.18.

A small shift in the stop-band is evident, with the extra width of the measured stop-
band being potentially due to a slightly misaligned upper mirror. However, a resonance
is clearly visible on the bottom of figure 7.18 at 1250 nm, and although the peak is small,
this is a promising step towards a working MOVPE-MBE hybrid device. In an attempt
to improve the cavity stability and overall resonance quality, the oxide forming layer and
the upper spacer were combined into a single layer. The new high-Al spacer still forms
part of the cavity, and serves to reduce the number of layers and interfaces. In doing so,
the hope is that less material changes and fewer interfaces will lead to more accurate and
higher quality layers. In addition to the cavity change, a 5nm Alg¢Gag4As layer was
added to allow the AFM used in cross-sectioning to determine where the MBE growth
began, thus improving the cross-sectional data.

Three samples with the exact same recipe were grown to the specification in table 7.7,
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Figure 7.16: The thickness of each layer of the upper DBR of the device in figure 7.15
showing the layer variation over the duration of the growth. The repeats are in order of
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Figure 7.17: Updated modelled transmittance of the structure using BEXP individual
layer thicknesses alongside the measured transmittance of the sample.

to check repeatability and to improve chances of a working device. The growths were as
close to each other as time would allow and with as few other samples as possible being
grown in the MBE in between. Figure 7.19 shows the optical results of all three growths
alongside the simulation of the ideal design. All three samples show excellent agreement
with the model, indicating that the growths are accurate to specification. Sample ¢ in
particular is extremely close to the simulation, with the side-bands agreeing to a good
extent.

All three samples had measurable cavity peaks, though all at a very low amplitude
(~0.15%). A zoomed view of the samples’ stop-bands is shown in figure 7.20, with each
sample being close to the target wavelength of 1270 nm. Although the resonances appear

to be quite weak, the consistency of the growths is very encouraging. It is clear that
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Figure 7.18: Top: Transmittance spectrum of the growth with 20 upper DBR repeats
compared to the modelled transmittance of the ideal structure. Bottom: Zoomed view
of the stop-band showing a small transmittance peak at around 1250 nm.

with the proper calibration, a two part MOVPE-MBE growth can be repeatable and

reliable.

7.2.3 Processing and Testing

A piece of one of the samples was sent to CST to be processed into VCSEL devices
using much the same processing design as the Mk 1 VCSELs. A range of mesa sizes was
produced, from 29pm up to 90 pm, with an example of the smallest and largest mesas
shown in figure 7.21. The VCSELs use a top-bottom arrangement with the top bond
pad connecting to a ring contact on the mesa’s surface. The thinned substrate serves as
the back contact and can be attached to the mount with either silver paste or via reflow
soldering. The chips themselves are 300x300 pim.

The largest of the devices was used in testing to aid in aligning the mesa with the
measurement fibre, maximising the collected light. An I-V profile of a 90 pm VCSEL is
shown in figure 7.22. The primary difference between the Mk 2 I-V and the one shown
in figure 7.6 is the extremely high resistance shown by the new devices. Almost 30V is
required to drive any significant current through the device, which will almost certainly
result in large amounts of heating inside the device due to the resistive nature of the

sample. There are multiple possibilities for the cause of the increased resistance, with
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Composition Doping Thickness

Layer (s) Material Al Ga Type Level (cm™) (nm)
Final Layer GaAs 0 1 p++ 93.1
AlGaAs 0.9 0.1 p 4.0E+18 106.4

Upper DBR x20° 1 0 A 0 1 p 2.0E+18 93.1
Oxidation Layer AlGaAs 0.97 0.03 p 4.0E+18 45.6
GaAs - Hot 0 1 i - 10.0

Quantum Ring x5 | GaAs - Cold 0 1 i - 5.0
GaSb - - i - 2.1 ML

GaAs 0 1 i - 15.0

Lower Spacer AlGaAs 0.6 0.4 i - 45.0
Buffer GaAs 0 1 - 139.1
Marker Layer AlGaAs 0.6 0.4 i - 5.0

IQE DBR x40 - - - - - - -

Table 7.7: Design of the MBE section of the 1270 nm VCSEL growth, with 20 upper
repeats, a half-wavelength cavity, and 5 sets of quantum rings. The upper spacer has
been replaced with a solid Algg7yGag gzAs layer and a thin marker layer has been added
to allow for the start of the growth to be identified in a cross-section.

the smaller mesa certainly having an effect. Contact resistance, poor layer interfaces,
poor processing, or issues with doping are all candidates that could negatively impact
the electrical performance of the device. However, it is most likely that the high-Al
content in the square-interfaced upper DBR is the root cause of the majority of the
resistance. While the high-Al contrast improves the optical performance of the DBRs,
the aluminium content and square interfaces will increase resistance and reduce device
efficiency|88, 89].

The same 90 pm device was then driven at 1 mA with continuous (100 % duty cycle)
operation producing an extremely low intensity output at 1260 nm, which can be seen
on the top of figure 7.23. In an attempt to produce a greater output intensity, the
drive current was increased to 6 mA, requiring more than 20V to achieve. The result of
the higher current is visible on the bottom of figure 7.23, displaying a small increase in
intensity, with a dramatic increase in the side emission outside of the stop-band. This
implies that while more current is reaching the rings, the resonance is not being strongly
selected by the DBRs and cavity. This device is clearly not suitable for use, as the output
efficiency is extremely low, and the drive voltage is unreasonably high. It is likely that
any extended operation would result in the devices failing due to the high voltage and

internal heating.
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Figure 7.19: Transmittance of samples a-c compared to the simulated structure from
table 7.7.

7.2.3.1 Electrochemical Capacitance-Voltage (ECV) Measurement

One potential factor affecting the high resistance of the devices is the distribution of
dopants within the upper (MBE-grown) DBR. The lower DBR was grown by IQE under
industrial conditions to a standard recipe, and thus is unlikely to be the cause of the
electrical problems. The upper DBR was beryllium doped, with target carrier concen-
trations as shown in table 7.7.

An ECV profile was performed on the upper DBR at IQE to observe the distribution
of carriers within the MBE epilayers. This technique employs an electrochemical cell,
with the sample covering a port in the cell to act as one electrode. A bias is then applied
between the sample and another electrode to create a depletion region close to the
sample’s surface. By measuring the capacitance-voltage profile of the cell, a measurement
of the carrier concentration may be obtained. Using controlled electrochemical etching,
the sample surface is incrementally removed allowing for depth-dependant measurements
of carrier concentration. Further details can be seen in reference [90].

The ECV profile is plotted in figure 7.24, showing a low carrier concentration, with

clear diffusion between layers. The carriers appear relatively stable within the GaAs
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Figure 7.20: A zoomed view of the transmittance of samples a-c compared to the sim-
ulated structure from table 7.7. Sample a has an elevated baseline, likely due to a
calibration issue with the spectrophotometer.

Figure 7.21: Optical microscope images of the processed VCSEL devices with mesa sizes
of 29 pm (left) and 90 pm (right).

layers, but show a definite diffusion toward the layer interfaces, particularly within the
Al,Gaj_,As layers. This is consistent with work done to study the diffusion of Be
doping in GaAs-Al,Gaj_,As systems [91, 92]. This low and inconsistent doping will
almost certainly have an effect on the device performance, and should be considered in

future work.

7.3 Mk. 3 VCSELs

7.3.1 Design

From the results in section 7.2.2 it is clear that a more major design change was needed to
improve the characteristics of the VCSEL structures. The extremely high reflectance of
the bottom DBR that was meant to reduce the gain requirements and improve resonance
strength appears to only hinder the formation of a stable cavity. A more reasonable
number of lower repeats was suggested to reduce the sensitivity of the design to small

changes, and to allow for fewer upper layers to reduce growth time and complexity.
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Figure 7.22: An example I-V curve from a 90 pym diameter device with extremely high
resistance. Reverse breakdown begins to occur at —20 V.

The core of the design was identical to the Mk2 design in table 7.7, with the pri-
mary change being fewer lower DBR pairs (30 pair substrates once again provided by
IQE). The cavity spacers were adjusted to keep the target wavelength at 1270 nm as
the change in mirror reflectivity alters the effective length of the cavity resonance. The
number of upper DBR pairs was set at 15, and while this may reduce the strength of
the cavity, the added stability of a ‘softer’ design aims to make obtaining a resonance
and troubleshooting the designs more straightforward. The thinner samples should also

reduce the high resistance shown in the previous versions.

7.3.2 Key Samples

The first of these less sensitive samples was grown and optically tested after some cal-
ibration and test samples that are not shown. The measured transmittance is seen
alongside the modelled design in figure 7.25. The entire spectrum is shifted by around
20nm towards the shorter wavelengths, indicating a slightly low growth rate or other
small calibration offset. There is a clearly visible cavity peak at around 1240 nm (depen-
dant on position on wafer) with a much higher transmittance than the previous design.
For reference, the peaks in figure 7.20 are between 0.1 and 0.2%, while the sample in
figure 7.25 has a cavity peak amplitude of 4.2 %. This improvement can be attributed to
the softer mirrors that allow for greater variation from the design specification before the
resonance is lost. Since the design must be repeatable, another growth was performed to

the exact same specifications in an attempt to reproduce or improve on the clear cavity
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Figure 7.23: Top: 1 mA emission of a 90 pm diameter device operating around 1260 nm.
Bottom: 6 mA emission from the same device, showing increased intensity, particularly
outside the stop-band region.

resonance. The measured transmittance of the repeated growth, shown in figure 7.26,
once again displays a slight shift towards the shorter wavelengths and a clearly visible
cavity this time at around 1255nm. While the amplitude of the cavity peak is smaller
than the previous sample, 2.7 %, this is still significantly larger than the Mk 2 structures
and could simply be affected by slight inconsistencies in the growth or transmittance
measurements. Both samples have provided clear cavity resonances and relatively good
stop-band alignment, showing that the less reflective design is much more tolerant and
makes the production of a suitable optical profile far more reliable. Since the first of the
two samples has a higher cavity peak amplitude, it was selected to be sent for processing

into VCSEL devices.

7.3.3 Processing and Testing

Once processed to the same specifications as the Mk 2 devices, 90 pym devices were
measured for their I-V and output characteristics. The devices showed a low resistance,
albeit noisy I-V as pictured in figure 7.27. The reason for the lower resistance could be
the reduced layer count, a generally improved growth, or improved processing quality.
However, it was virtually impossible to get the devices to produce any light. All but one
had zero output, with one device having a brief emission at a drive current of 50 mA.

As expected with such an enormous current in a small device, it failed shortly after
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measured by IQE showing the carrier concentration through the upper DBR. The GaAs
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Figure 7.25: Measured transmittance of the VCSEL structure with 30 lower DBR repeats
and 15 upper repeats compared to the simulated design.

the spectrum in figure 7.28 was observed. The intensity of the brief output was very
low, indicating that the majority of the current was travelling somewhere other than the
active region. It is possible that some aspect of the growth or processing had caused a

path for current to flow around the mesa, making the devices all but useless.

7.4 Mk. 4 VCSELs

7.4.1 Design

It was decided that a full, MBE-grown VCSEL would be produced at Lancaster. The
goal of this was to avoid the inherent issues of a multi-stage growth and to keep the
design as simple and symmetric as possible. If the MBE is not fully calibrated then the
risk of the upper DBR being out of alignment with the lower MOVPE mirror is high. On
the other hand, growing the entire structure in one run on the MBE, while slow, means

that even if the thickness calibration is out, the whole device will be shifted rather than
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Figure 7.26: Measured transmittance of the repeated VCSEL structure with 30 lower
DBR repeats and 15 upper repeats compared to the simulated design. The specification
is identical to the sample in figure 7.25.
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Figure 7.27: An example I-V curve from a 90 pm diameter device, with a generally low
resistance.

just the upper mirror. The end result would be a functioning resonator at the ‘wrong’
wavelength, which is preferable to a completely non-functional device. The same GaAs
- Alp.9Gag.1As DBR system that was utilised as the upper mirror for the hybrid samples
was used for both the upper and lower reflectors in this design. Table 7.8 outlines the
design for the fully MBE VCSEL to be grown at Lancaster. The lower DBR has a total
of 30 repeats, with the upper mirror having 24 or 15 pairs of layers. The two different
amounts of upper DBR pairs is to see the difference in optical behaviour at high and
low upper reflectivity.

Table 7.8 details the growth design for the Mk 4 VCSEL. Notably, this design lacks
a high-Al layer in the cavity for creating an oxidation layer. It was decided that since

Lancaster lacks the equipment for oxidation, an attempt would be made to confine the
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Figure 7.28: The emission of a processed Mk 3 device with a drive current of 50 mA.
The device failed after the measurement was taken.

current using the geometry of the processed device. As such the oxidation layer became
superfluous and was removed. Additionally, in an attempt to reduce the high resistance

of the previous designs, two mesas will be defined as shown in figure 7.29.

Undoped
DBR Layers

Contact Contact

Back Contact

Figure 7.29: Schematic of the proposed mesa definition for the Mk 4 devices. The first
5 DBR repeats after the cavity are doped, providing the upper contacting site. The rest
of the upper DBR is undoped, providing a low-absorption section of the device.

Only the first 10 layers after the cavity are p-doped, with the rest remaining undoped
until the end of the growth. By contacting to the doped layers and not the top of the
upper DBR, the overall resistance of the device should be lower than in previous samples.
Less doped material means less optical absorption, as the p-type material displayed a
much higher extinction coefficient in section 5.1.2. Lower absorption should lead to
improved device performance and efficiency. Ideally, the end result should be both more
transmissive, and less resistive once processed. The simulated electric field of the device

is shown in figure 7.30, displaying clear alignment with the quantum ring layers. The
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Composition Doping Thickness

Layer (s) Material Al Ga Type Level (cm™?) (nm)

Upper DBR Final GaAs 0 1 i 93.1

AlGaAs 0.9 0.1 p 4.0E+18 * 106.4

Upper DBR x 24,15 1 A 0 1 D 2.0E+18 * 93.1

Cavity Spacer AlGaAs 0.6 0.4 p 4.0E+18 44.9

GaAs-Hot 0 1 i 10

. GaAs -Cold 0 1 i 5

Quantum Ring x5 GaSh i i : ) 9 1ML

GaAs 0 1 i 15

Cavity Spacer AlGaAs 0.6 0.4 n 4.0E+18 44.9

GaAs 0 1 n 2.0E+16 93.1

Lower DBR x 301 A1qaas 09 01 n 4.0E+18 106.4

Buffer GaAs 0 1 n 2.0E+16 ~500
Substrate GaAs 0 1 n

Table 7.8: VCSEL structure for the Mk4 design to be produced entirely at Lancaster.
30 lower DBR repeats is combined with either 24 or 15 upper repeats to assess both a
high and low reflectivity design. * To reduce the resistance and optical absorption of
the upper DBR, the goal is to etch the upper DBR mesa so that only the ten layers
closest to the cavity are contacted. These ten layers will be doped, while the rest remain
intrinsic.

field is also much more symmetrical than the previous designs due to both DBRs having
the same design, as well as the structure being continuous without the GaAs cap and

buffer layer inherent to the Mk 2 and 3 designs.
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Figure 7.30: Simulated electric field profile of the design outlined in table 7.8 showing
clear symmetry and alignment with the quantum ring layers.

7.4.2 Key Samples

The first growth was run using the design from table 7.8 and had an upper DBR con-
sisting of 24 pairs of GaAs - AlggGag.1As repeats. The optical transmittance of the

sample is shown in figure 7.31, with a zoomed view of the stop-band in the lower portion
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Figure 7.31: Top: Transmittance spectrum of the growth from table 7.8 with 24 up-
per repeats compared to the modelled transmittance of the ideal structure. Bottom:
Zoomed view of the stop-band showing a transmittance peak at around 1270 nm.

of the figure. In general the data aligns with the model, with a slight broadening of
the stop-band at the short wavelength end. It is possible that over the duration of the
growth, the cells have drifted causing the growth rate to drop and the layers to become
thinner. However, the effect is minimal and a resonance is clearly visible at ~1270nm,
aligning almost perfectly with the target wavelength. Most growths have had a certain
variation across the wafer which affects the entire structure, so it is likely that this exact
alignment is somewhat of a coincidence. To be certain, a line of points was taken across
the wafer, and the wavelength of the resonance peak was measured. This is displayed in
figure 7.32. The position of the cavity peak changes by as much as 15nm between the
centre of the wafer and the edge, with a symmetrical variation around the centre. It is
likely that the variation is caused by a slight change in thickness, either due to a small
temperature gradient, or due to the flux profile of the molecular beams. Whatever the
cause, it is probable that the middle of the wafer is the thickest, and that in general one
should avoid taking samples for processing from outside the central region, unless the
intention is to produce VCSELSs with varying output wavelengths.

The first Mk 4 produced a cavity resonance that while measurable, had an amplitude
of less than 1%. This is larger than the Mk 2 designs, but smaller than the Mk 3

structures that had the same number of lower DBR repeats. The next growth used
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Figure 7.32: Cavity peak amplitude with respect to position across the wafer showing
up a 15nm variation towards the edge of the wafer.

15 upper pairs instead of 24, with the aim to reduce sensitivity and produce a larger

resonance much in the same way as the Mk 3 samples.
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Figure 7.33: Transmittance spectrum of the growth from table 7.8 with 15 upper repeats
compared to the modelled transmittance of the ideal structure.

Figure 7.33 shows the measured transmittance of the latest sample with 15 upper
DBR repeats compared to the ideal simulated transmittance. A clear cavity resonance
is visible at around 1250 nm with an amplitude of approximately 3 %. This is a definite
improvement over the previous growth in figure 7.31, and is consistent with the Mk 3
samples. The stop band appears to be broadened, potentially due to drift in the growth
over time. Since a full VCSEL will have a longer growth time than the overgrowth from
previous versions, drift may be more of a factor. However, without extensive calibration
and testing it would be very difficult to confirm and mitigate these effects, and since a

cavity resonance has been achieved at this time no action will be taken on that front.
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7.4.3 Processing and Testing

A section of material from the final Mk 4 growth was processed in the Lancaster QTC
cleanroom, producing devices with a mesa diameter of 200 pm. An example I-V profile
of one of the processed devices is visible in figure 7.34, showing unusually symmetric
behaviour compared to the previous generations of devices. The lack of diode behaviour
could be due to the lower number of doped layers, or an issue with the doping throughout
the device. Unfortunately, no cavity emission was observed for these samples, indicating

either an issue with the structure or doping parameters, or problems with the processing.
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Figure 7.34: An example I-V curve from a 200 pm diameter device.
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A goal of this work was to determine both the feasibility of a telecoms wavelength
GaAs - Al,Ga;_,As VCSEL, as well as assess the possibility of mass production using
IQE’s MOVPE reactors. A second objective was to refine the models and analytical
techniques used in the design of optical devices such as these, and use them to reduce
the time and cost normally associated with semiconductor characterisation. Throughout
the iterations of the design, optical models have been used to determine layer thicknesses
and cavity layouts with a good amount of success. Deviations in the measured transmit-
tance of a sample from the ideal simulated spectrum can almost always be attributed
to variation in the growth itself, rather than inaccuracies in the model. Using a sim-
ple transmittance measurement (which is fast, cheap, and completely non-destructive),
general assertions can be made about a sample and its suitability for progression to the
next phase of processing. Misaligned mirrors, poor cavity positioning, and weak/absent
resonances are all able to be detected with this method. This allows optically poor
samples to be rejected without the need to waste time, money, and resources processing
them.

The transmission measurements themselves are a feature of the telecoms wavelength
nature of the devices, as the shorter wavelength datacoms VCSELs are too absorbing
for any transmission to be measurable. Reflectivity measurements are difficult to take
with any accuracy, as the light must be incident on the sample, and measured from the
same location (normal to the sample surface). Often requiring redirecting optics, such as
mirrors or optical fibres, absolute reflectance measurements become increasingly difficult
to achieve due to the difficulty in collecting the reflected light. Baseline calibration is
also much easier with transmission, as a perfect transmitter (empty sample holder),
and a perfect absorber (blocking the sample beam) are all that is required. Reflectance
on the other hand needs a perfect reflector to calibrate, which is incredibly difficult to
approximate across a range of wavelengths.

When looking at the transmission is not enough, utilising the in-house BEXP-AFM
cross-sectioning technique can quickly find problems such as incorrect layer thicknesses,
poor interfaces, and general material quality. BEXP-measured layer data has repeatedly
proved to be accurate and reliable when compared to the measured transmittance of a
device. Using these combined filters, processing huge numbers of devices simply is not
necessary, and paves the way for higher-level production.

Positive steps were taken towards identifying the requirements for a good cavity

resonance, with high-reflectivity mirrors serving to make the VCSEL extremely sensitive
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to small changes in the structure. A sensitive device is not desirable, as a small variation
in the layer thicknesses can completely destroy the resonance, and therefore the chances
of a functioning laser. By reducing the overall reflectivity of the top and bottom mirrors,
a more reliable resonance was achieved, displaying extremely consistent results through
multiple growths. The IQE lower DBRs were of an extremely high quality, reducing the
growth time in the MBE by a large margin. Having quality controlled mirrors meant
that the focus could be on the cavity and upper layers, reducing the number of ways
a growth could stray from the targets. Combining the MOVPE growth with an MBE
overgrowth required some adjustments, but stable cavities were produced.

Working devices proved difficult to obtain, with samples struggling with high resis-
tances and extremely low output powers. ECV measurement pointed to an issue with
the doping in the upper DBR, and a number of other factors could be contributing to
the high resistance. Fully MBE-grown devices offered little in the way of improvement,
suggesting that the issue could be in the processing, or the upper DBR itself. Fur-
ther assessment on the performance of these VCSELSs could include contact resistance,
doping profiles, Al,Ga;_,As compositions, layer interface grading, active region carrier
behaviour, cavity lengths, free carrier absorption due to layer doping, current confine-
ment, and more. Being able to reject optically poor samples is of key importance, as
all of those factors require processing, so any step that will reduce the cleanroom work
needed will save time and money.

Light output has been demonstrated, however, suggesting that with refinement a
telecoms wavelength VCSEL can be produced using the GaAs-Al,Ga;_,As material
system. It has been shown that with calibration, a MOVPE lower mirror can be com-
bined with a quantum ring active region and MBE upper mirror to produce resonant
devices. Once issues with resistance and processing have been identified and addressed,
it appears likely that a cheap telecoms VCSEL can be mass produced on a large scale.

Potential next steps for this work are wide-ranging, with the main areas including
electrical properties, processing considerations, and characterisation. A first step would
be to determine the cause of the device’s high electrical resistance, focusing on the DBR
doping levels and grading structure. The diffusion of the beryllium dopant would need
to be addressed, to ensure that each layer has the doping as specified by the design.
P-down devices, whereby the structure is ‘flipped’ to have the p-DBR on the bottom,
could avoid the beryllium issue by having a carbon-doped lower DBR grown at IQE via

MOVPE, providing a much more consistent doping profile. The flipped structure may
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also increase output intensity due to having the highly absorbing p-doped layers away
from the emitted light. However, the accurate and versatile transmittance measurements
used in this work may no longer be possible, as a thick p-type substrate would absorb
the sample beam.

Testing and refining the contacts used, particularly the composition and deposition,
will also ensure that the potential for any rogue resistance be greatly reduced, as contact
resistance will often mask the underlying behaviour of the devices. Current confinement,
such as wet oxidation, will be required to improve efficiency and reduce carrier loss, and
will need extensive calibration to ensure optimum efficiency. Once device performance
is improved, the effect of mesa size would also need to be investigated for this material
system, to assess the effect on device output. This could coincide with testing the
speed of the lasers, to determine how the quantum ring active region performs in a data
transmission capacity. The work can also be extended to array systems, allowing for
higher powers, novel emitter layouts, and sensing applications. All of these next steps
would need to be combined with the various methods of characterisation described in
this work, to ensure resources are not spent investigating poor quality material, and to

prove that the structures are scalable to mass production levels.
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MATLAB Script

=

Written in MATLAB by T.Wilson. Final Version 20/01/2021

=

Using https://doi.org/10.1364/A0.34.001678} and https://doi.org/10.1364/A0.41.003978}

% This function takes an array of complex layer refractive indices (N+iK)
% and an array of thicknesses (Array lengths must match). Lambda is the
% focus wavelength. All paramters must have the same units, but can have
% the units the user chooses (eg nm, um etc) as long as the refractive

% index data matches.

% The function is designed to be called by another script, and will return

=

the total reflectance and transmittance of the stack at the chosen

=

wavelength.

function [R,T] = TMM_Extended(N, D, Lambda)

n0 = 1; %Refractive index in incident medium (Air/Vacuum)

S = Interface(nO,N(1)); %First layer

for i = 1:length(N)-1 %All layers except substrate
P = Prop(N(i), D(i), Lambda);
T = Interface(N(i), N(i+1));
S = S*PxT;

end

if D(end) < 20000 %Check for substrate thickness, coherence length set at 20um

Ps

Prop(N(end), D(end), Lambda);

Tb = Interface(N(end), nO);

S = S*Psx*Tb;
r_TMM = S(2,1)/5(1,1);
t_TMM = 1/5(1,1);
R = abs(r_TMM)"2; %Total reflection from all layers
T = abs(t_TMM) "2; %Total transmission through all layers assuming nO = nExit
return;
else %Use incoherent correction for substrate
T_f = T_Int(S);
Tmn = Interface(N(end),nO);
T_b = T_Int(Tmn);

P = P_Int(N(end), D(end), Lambda);

S = T_f*P*xT_b;

R = 5(2,1)/5(1,1); %Total reflection from all layers
T

= 1/S(1,1); %Total transmission through all layers assuming nO = nExit
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end

end

function [r,t] = Fresnel(nl,n2) JFresnel coefficients at interface nil|n2

nl = real(nl);
n2 = real(n2);
r = (n1-n2)/(n1+n2);
t = (2*n1)/(n1+n2);

end

function T = Interface(nl,n2) %Interface Matrix

[r,t] = Fresnel(n1,n2);

T(1,1) = 1;
T(1,2) = r;
T(2,1) = r;
T(2,2) = 1;
T = (1/t)*T;

end

function P = Prop(n, d, Lambda) %Layer propagation Matrix

k = 2*pi*n/Lambda;

P(1,1) = exp(k*d*-1i);
P(1,2) = 0;
P(2,1) = 0;
P(2,2) = exp(k*d*1i);

end

function [rf, rb, tf, tb] = C_Fresnel(M) ’Complex Fresnel coefficients from system matrix M

rf = M(2,1)/M(1,1);
rb = -M(1,2)/M(1,1);
tf = 1/M(1,1);

tb = det(M)/M(1,1);

end

function T = T_Int(M) ’Incoherent interface matrix for epilayer|substrate boundary

[rf, rb, tf, tb] = C_Fresnel(M);

T(1,1) = 1;

T(1,2) = -abs(rb)"2;

T(2,1) = abs(rf)"2;

T(2,2) = abs(tf*tb) "2 - abs(rf*rb)"2;

T = (1/(abs(tf)"2))*T;

end
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function P = P_Int(n, d, Lambda) %Incoherent propagaion matrix for substrate
k = 2*pi*n/Lambda;

P(1,1) = abs(exp(-k*xd*1i))"2;

P(1,2) = 0;
P(2,1) = 0;
P(2,2) = abs(exp(k*d*1i))"2;

end
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