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Abstract

This work studied the replacement of incandescent airfield lighting systems with

light emitting diodes. The focus was on the replacement of the infrared component

of the incandescent spectra. A series of LEDs with a variety of nanostructures in

different material systems were produced and tested to determine their suitability

in replacing incandescent airfield lighting systems.

Utilising quantum dashes in the active region, a surface emitting LED achieved

an output power of 1.2 mW at 1.97µm. This device had a wall-plug efficiency of

0.7%, an efficiency greater than that obtained in comparable commercially avail-

able surface emitting devices. The output power of this device was limited by the

confinement of electrons within the quantum dashes at room temperature.

Another device characterised in this study was an LED with sub-monolayer

InSb/GaSb quantum dots in the active region. The sub-monolayer InSb quantum

dots were grown at Lancaster on GaSb substrates using molecular beam epitaxy



and fabricated into surface emitting LEDs. These were investigated using x-ray

diffraction, transmission electron microscopy and electroluminescence. This is the

first reported electroluminescence from such devices. Emission was measured at

temperatures up to 250 K. Room temperature emission was from the quantum

wells in which the quantum dots where grown, output power was 80µW at a

wavelength of 1.66µm.

Further devices with InSb sub-monolayer insertions were fabricated into edge

emitting diodes. These samples were grown on GaAs using interfacial misfit arrays,

defect densities were reduced through the use of defect filtering layers. The thread-

ing dislocation density decreased by a factor of 6 from 2.5×109/cm2 to 4×108/cm2

between the bottom and top of the defect filtering layer. The edge emitting de-

vices achieved lasing up to 200 K with a characteristic temperature of 150 K. These

devices were limited by Shockley–Read–Hall recombination and weak confinement

of carriers within the InSb regions. The inclusion of AlGaSb barriers improved

room temperature operation with output power increasing from 2µW to 42µW.

In addition, increased confinement also resulted in a decrease in peak wavelength

from 2.01µm to 1.81µm.

GaInSb quantum well samples were produced on GaAs substrates utilising an

interfacial misfit array. This included the first reported instances of ternary inter-

facial misfit array interfaces with threading dislocation densities of <2×109/cm2

for an AlGaSb/GaAs interface and 5×1010/cm2 for an InAlSb/GaAs interface. By

utilising an AlGaSb interfacial misfit array it was possible to improve the con-

finement of carriers within the GaInSb quantum wells, resulting in a twenty fold

increase in room temperature photoluminescence intensity.
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1.1 Motivation

Every day thousands of planes land in situations of limited visibility, be this either low

light or inclement weather. This is achieved through the use of Enhanced Flight Visions

Systems (EFVS)[1] which use an InSb based forward looking infrared (FLIR) camera to

project an image of the environment as seen in the infrared (IR) into the cockpit. The

source of IR light is the blackbody radiation inherent in the tungsten filament bulbs

currently utilised in runway lighting. In using this light, EFVSs bypass the limitations

of visible light in cloud/fog caused by scattering. This is achieved through the use of

atmospheric transmission windows available in the mid-IR (2-4µm) as shown in Figure

1.1. Unfortunately, these bulbs are very inefficient and legislation such as the Energy

Independence and Security Act of 2007 [2] is being instigated to phase them out of service

in line with other energy efficiency drives.

The environmental impact of current runways systems can be calculated by looking

at the power requirements of a single runway. A typical runway requires 100 MWh of

electricity per annum, dependant upon length. Given the approximately 13,000 paved

and lit runways on the planet[3] this results in an energy usage of 13 TWh. This comes

with an associated CO2 release of 7×105 tonnes, showing a clear need to replace these

light systems with more environmentally friendly systems.

Replacements for the visible part of the spectrum have been sourced using 19 high

power white LEDs delivering over 400,000 cd of light with energy usage 70% less than a

comparable traditional halogen bulb[4]. Mean time to failure has also vastly improved

from 100 hours for halogen lights to 10,000 for current generation white LEDs. An

example of this light is given in Figure 1.2a. The use of LEDs as the light source has

removed the infrared component seen in traditional blackbody lighting solutions. This

means that current generation EFVS is no longer interoperable with the runway lighting,

removing a key safety component in modern commercial aviation. Oxley Developments
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Figure 1.1: Optical transmission of air as a function of wavelength.

presented me with the task of making their high power runway lighting system compat-

ible with legacy EFVSs[4]. To achieve this it was quickly decided to utilise the 2.2µm

atmospheric transmission window through the creation of light emitting diodes (LEDs),

even though these have lower output powers than laser diodes, they were chosen due to

the perceived dangers associated with lasers and plane safety.

Initial investigations indicated that to replace the emission from an incandescent

source in the 2.2µm atmospheric window would require an output of 2.7 W, a value

far greater than that currently available as will be shown in Section 3.1. The focus of

this project was the development of the means to achieve this level of output within the

footprint of the current Approach Lighting System (ALS). If we assume a similar number

of infrared LEDs in the final product as there are white LEDs, each device requires an

output in the order of 100 mW. The focus was given to the replacement of the lighting

aspect of the EFVS over the sensor component, not only due to the legislative impetus

but also logistical reasons. It is easier to change the lighting systems on a runway
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(a) (b)

Figure 1.2: (a) An example of an LED replacement for an Approach Lighting System
lamp[4]. (b) An example of the view afforded by the use of Enhanced Flight Vision
Systems[5].

when compared to the 30,000 aircraft of various types and specifications each requiring

certification and testing.

The investigation into a solution is split into two sections. Chapter 5 investigates

materials that can allow large area devices and possible future integration between the

white LED and the infrared source. This was achieved by investigating metamorphic

material growth through techniques such as interfacial misfit arrays. Chapter 6 will

investigate LEDs with active regions involving different degrees of quantum confinement,

from bulk materials to quantum dots. By necessity, to achieve 2.2µm light emission these

devices will involve different III-V material systems, but will aim to determine which, if

any quantum system has properties beneficial to applications of high power 2µm light

sources. This will include devices grown at Lancaster University using MBE, including

the first reported sub-monolayer InSb/GaSb Quantum Dot LEDs. Other samples will

come from commercial sources and Prophet network partner institutions, as in the case

of the quantum dash LEDs.
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Chapter 2

Background Theory

5



2.1 Introduction

This chapter will cover the theoretical foundations that underline the work in later

chapters. This will include the electronic structure of semiconductor materials, the

operation of light emitting diodes and how efficiency can be measured.

2.2 Band Structure of Semiconductors

When atoms or molecules form a solid, their discrete energy levels mix to form energy

bands. When this occurs, all lower energy bands are filled leaving only the outer most

bands with electrons capable of being excited to higher levels, due to this all other bands

are typically not considered.

Figure 2.1: Comparison of band structures of metals, semiconductors and insulators[6].

The two bands which are considered are known as the valence band and conduction

band. The valence band is the outer most fully occupied band, and the conduction

band the next highest. In the case of metals these two bands overlap, but in insulators

and semiconductors there is an energy gap between the top of the valence band and

the bottom of the conduction band. At 0K all electrons occupy the valence band, as

temperature increases, the thermal energy is sufficient to promote some electrons across

the narrow band gap of the semiconductor as can be seen in Figure 2.1.
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(a) (b)

Figure 2.2: (a) Band structure of gallium antimonide[7]. (b) Band structure of silicon[8].

In momentum space the band structure can be shown with a E-k diagram as seen

in Figure 2.2a. In the case of GaSb there is a direct band gap meaning there is no

momentum change between the conduction band minimum and valence band maximum,

if this had not been the case then we would have an indirect band gap for example

silicon(Figure 2.2b). Around k=0 the bands are roughly parabolic as can been seen in

Figure 2.2a and can be described by the following relations [9];

Ec = Eg +
~2k2

2me
(2.1)

Ehh,lh = − ~2k2

2mhh,lh
(2.2)

ESO = −∆− ~2k2

2mSO
(2.3)

where Eg is the band gap, me,mhh,lh,mSO are the effective masses of the electron, heavy

hole, light hole and split–off hole respectively and ∆ is the spin-orbit splitting. The spin–

orbit splitting band (SO band) is energy shifted from the other valence bands due to

Zeeman splitting caused by the interaction of the spin of the electrons with the magnetic

field produced by their orbit.

7



2.3 Temperature Dependence of Band Structure

As temperature increases the lattice spacing of semiconductors increases. This increase

in separation reduces the energy binding of the electrons, reducing the energy needed

to excite electrons to the conduction band, thus reducing the band gap. This reduction

can be described empirically using the Varshni equation[10];

Eg (T ) = Eg (0)− αT 2

β + T
(2.4)

where Eg (0) is the band gap at 0 Kelvin and α and β are fitting parameters. This

dependence is also valid for non-bulk transitions in quantum wells. Typically the Varshni

fitting overestimates the transition energy at low temperatures, this derives from the

effect of localised band minima. At low temperatures carriers have insufficient energy

(kT) to escape localised band minima - for example due to inhomogeneous alloy mixing.

This observation was made by Botha and Leitch when they noted that the deviation from

Varshni’s law was proportional to the full width half maximum of the photoluminescence

of samples, another indicator of quantum well interface roughness[11]. Another approach

to the temperature dependence of the band gap is based on the proportionality of the

shift in band gap energy and average phonon energy first reported by Vina et al. the

relation henceforth known as Vina’s relation[12];

Eg (T ) = a− b

(
1 +

2

exp
(

Θ
T

)
− 1

)
(2.5)

where a − b = Eg (0) the band gap energy at 0 K, T is temperature and Θ =
hνph
k

where νph is the average phonon frequency and h & k are Planck’s and Boltzmann’s

constants respectively. An explanation of the physical origins of this relation are not

communicated.
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2.4 Band Alignment at Heterojunctions

Where two different materials interface a difference in electron affinity and or bandgap

will cause a discontinuity in both or either of the valence and conduction bands. Electron

affinity (χ) is the separation between the conduction band and vacuum level. This causes

offsets ∆EC and ∆EV which can be determined using[13];

∆EC = χ2 − χ1 (2.6)

∆EV = (χ1 + Eg1)− (χ2 + Eg2) (2.7)

where Eg is the band gap of the material. These values are positive when there is an

increase in energy for the corresponding particle (electron in conduction, hole in valence)

between materials.

Figure 2.3: Heterojunction band alignments, (a) Type I band alignment, (b) Type II
band alignment and (c) Type II ’broken gap’ alignment.

Type–I Alignment

When both offsets are of the same sign this is known as type-I alignment. In the case

where a narrow band material is sandwiched between two wider gap layers both the

holes and electrons are confined. The InGaSb/(Al)GaSb interface discussed in this work
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Figure 2.4: Band diagram of a forward biased double heterojunction [14](adapted from
[15]).

is an example of type-I alignment. Other examples are InAs/GaAs and GaSb/AlSb.

Type–II Alignment

When ∆EC and ∆EV are of different signs then the two carriers are confined on different

sides of the interface. Recombination occurs as the wavefunctions overlap beyond the

interface. The carriers are no longer symmetric at the interface, one needs to gain energy

and the other to lose it at the interface. An extreme example of this is the ’broken gap’

alignment, where the valence band of one layer has a greater energy than the conduction

band of the other layer.

Band Bending

At the interface of two regions an electric field is formed by the diffusion of carriers to

the lower energy side of the interface. This field bends the bands as shown in Figure

2.4. Such features can cause strong localised confinement of carriers at low temperatures

similar to a quantum well. Such interfaces can result in potentials that can block carrier

transport, this can be reduced by replacing abrupt interfaces with graded ones.
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2.5 Quantum Structures

When a material is sandwiched between 2 layers of another material the carriers be-

come confined within that region. If the region is comparable in size to the de Broglie

wavelength of an electron the energies these electrons can have become quantized.

A quantum well has one dimension in which the electron is confined, in the z axis, the

direction of growth. The confined energy levels can be found by solving the Schrödinger

equation

EΨ = − ~2

2m

d2Ψ

dz2
+ V0 (z) Ψ (2.8)

where E is the energy, m is the effective mass, Ψ is the wave function of the energy state

in the z-direction and V0 (z) is the potential barrier. Due to the finite nature of the

potential in a quantum well it is necessary to consider the wavefunction both within the

well and the barriers. If we consider the well to be of width w and centred on z=0 then

~2

2m

d2Ψ

dz2
+ k2

1Ψ (z) for |z| < w

2
with k1 =

√
2mE

~2
(2.9)

~2

2m

d2Ψ

dz2
+ k2

2Ψ (z) for |z| < w

2
with k2 =

√
2m (V0 − E)

~2
(2.10)

where k1 and k2 are the wave functions of the well and barrier respectively. For the

boundary conditions to be satisfied both the wave function and its derivative must be

continuous at the interface. It can thus be shown

(
k1
w

2

)2
+
mw

mb

(
k2
w

2

)2
=

2mwV0

~2

(w
2

)2
(2.11)

and
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k2

√
mb

mw

w

2
=
mbk1

mw

w

2
tan

(
k1
w

2

)
for even solutions (2.12)

k2

√
mb

mw

w

2
= −mbk1

mw

w

2
cot
(
k1
w

2

)
for odd solutions (2.13)

where mb and mw are the particle masses in the barrier and well respectively. The

energy can be determined using equation 2.9 where k1 is found from the intercept of

2.11 and either 2.12 or 2.13.

In the case of quantum wires and quantum dots additional degrees of confinement

require consideration of the potentials in additional dimensions. This requires a solution

to the Schrödinger equation in more than one dimension.

2.6 Density of States

Because electrons are bound by Pauli’s exclusion theorem they cannot all occupy the

lowest energy at the band edge and are distributed in a number of available states. The

energies of these states can be determined by calculating the Density of States (DOS)

The DOS describes the number of states per unit energy per unit volume such that the

carrier density , N , within an energy interval, dE, is given by [16];

N (E) = g (E) dE (2.14)

where g (E) is the DOS with units of per unit volume per unit energy .
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Figure 2.5: Density of States for bulk, quantum wells, quantum wires and quantum
dots[17].

The derivations of the DOS for bulk, wells, wires and dots can be found in many

textbooks [13]. The results are compiled below:

Dimension DOS

3 1
2π2

(
2m∗

~2
) 3

2 (E − Eg)
1
3

2 m∗
π~2
∑
i

H (E − Ei)

1
√

2πm∗

h2
1√

E−Emin

0 2δ (E − Emin)

The probability of an electron being in a given energy level is given by the Fermi-

Dirac distribution. The Pauli exclusion principal, which states that fermions – such as

electrons – must each occupy an individual state and as such will fill up the available

states in the energy band up to the maximum energy at zero Kelvin. In an intrinsic

semiconductor this level, the Fermi level is in the middle of the band gap. As the

temperature increases the electrons become thermally excited increasing in energy until

it is possible to be promoted to the conduction band leaving holes in the valence band.

Thus by multiplying the DOS and Fermi-Dirac distribution it is possible to show the

distribution of electrons in a semiconductor and thus the theoretical emission spectra

(Figure 2.6). For example, in the bulk case electrons should statistically be most likely
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Figure 2.6: Theoretical emission spectra in; (a) bulk semiconductor and (b) quantum
wells, (c) wires and (d) dots.[18]. y-axis indicates the number of carriers at a given
energy in arbitrary units. For (a) and (b) the FWHM of the spectra is included in units
of kT.

found at the band edge, but due to the density of states their are few available states at

this energy with more found at higher energies. Because of this the most likely energy

of electrons and thus the peak of the emission spectra is approximately 0.6kT above the

band edge for a bulk semiconductor.

G. Rainò et al. proposed a fitting function for quantum wells based upon this theo-

retical distribution [19];

IEL(E) = A

[
erfc

(
Eg − E
σ
√

2

)
exp

(
−E − Eg

kBT

)]
(2.15)

where IEL(E) is the intensity of light at a given photon energy (E), erfc is the compli-
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Figure 2.7: Plot of complimentary error function (erfc(x)).

mentary error function (Figure 2.7), this has values of;

erfc(−∞) = 2

erfc(0) = 1

erfc(∞) = 0

This function represents the step function seen in the 2D DOS, only giving values above

the band edge(Eg < E). σ is a fitting parameter to take into account inhomogeneous

broadening, the smaller this value the closer to a flat band edge the DOS has. Eg is the

energy minima of the DOS. The exponential function considers the thermal distribution

of carriers above Eg where T is the lattice temperature and kB is Boltzmann’s constant.

Quantum structures are thus beneficial with LEDs as the number of available states

in the ground state increases as we reduce the dimensionality of the system. It also

causes the spacial confinement of the carriers to a specific locality. Both lead to a

superior performance for the LED. The use of quantum structures also increases the

degree to which the device can be engineered. Emission wavelength can be tuned by

varying not only the composition of the device, but also the size of the quantum region

and thus the confinement. The options for material also increase, as due to their small
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size they are less constrained by strain limitations opening more material systems to

exploitation.

2.7 Recombination

When a forward voltage is applied to a diode, excess carriers are introduced, electrons

in the n-type side and holes in the p-type. These carriers diffuse to the depletion region

at the interface of the p and n regions where they recombine. This can occur via several

processes, in the case of LEDs the desired recombination is radiative, where the relaxing

electron emits a photon equivalent to the amount of energy it has lost. This need not

be a band to band transition, it can also occur to and from donor and acceptor states

close to the band edge as seen in Figure 2.8.

Figure 2.8: Various possible radiative transitions, solid lines indicate radiative processes
and dashed lines non-radiative where: (a) is band-to-band transition, (b) donor to va-
lence band, (c) conduction band to acceptor, (d) donor to acceptor and (e) excitonic
recombination.

As well as radiative recombination there are undesirable recombinations which do

not produce light such as Shockley-Read-Hall (SRH) and Auger recombinations. When

the carriers are generated electrically at a rate of I(n) then it can be assumed that;

I (n) = An+Bn2 + Cn3 + Ileak (2.16)
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where n is the excess carrier concentration, A, B and C are the rates of SRH, Radiative

and Auger recombination respectively. Ileak is the leakage current, carriers that due to

defects does not contribute to recombination but bypasses the junction. Auger recom-

bination is a three carrier process in which an interband transition causes the excitation

of an additional carrier. This becomes more prevalent as the band gap decreases due

to a decrease in activation energy and an increase in Auger coefficient in narrow band

materials.

2.7.1 Shockley–Read–Hall(SRH)

SRH occurs in the presence of a state deep in the band gap, caused by a native lattice

defect or impurity atom, where carriers relax into this state and are thus “trapped”.

This relaxation can occur through the emission of multiple phonons or a photon, even

when a photon is emitted it is considered non-radiative as the energy is much lower than

the band gap and thus outside the desired emission.

The rate of SRH (A) is defined as;

ASRH =
1

τSRH
(2.17)

where τSRH is the carrier lifetime. This lifetime is temperature dependent[20];

τSRH = τ0

(
1 + cosh

Etr − EFi
kT

)
(2.18)

where τ0 is the lifetime at zero Kelvin, (Etr − EFi) is the difference in energy of traps

from the Fermi energy, k is Boltzmann’s constant and T is temperature.

2.7.2 Radiative Recombination

Radiative recombination occurs when an electron hole pair recombine across the band

gap producing a photon with energy equal to the transition. Typically these transitions
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are at or above the band gap energy though it is possible to get some sub-band gap

energy emission due to shallow donor/acceptor states or to excitonic binding of the

electron hole pair.

The energy of the emitted photon depends upon the process involved but for band

to band transitions (Figure 2.8(a)) the average photon energy, hν is given by;

hν = Eg (T ) +
1

2
kT (2.19)

where Eg(T ) is the band gap energy as a function of temperature, T is temperature and

k is the Boltzmann constant.

In the presence of shallow donor or acceptor states, at low temperatures carriers can

be trapped in these sites and recombine via them (Figure 2.8(b) and (c)) this results in

transitions defined by;

hν = Eg (T ) +
1

2
kT − Ei (2.20)

where Ei is the binding energy of the acceptor or donor state. These states are

a result of defects or impurities in the material. These effects are only seen at low

temperatures because as temperature increases carriers have sufficient energy to escape

to either the conduction or valence band suppressing transitions involving donors and

acceptors.

If recombination occurs via both an acceptor and a donor state then an additional

term is required;

hν = Eg (T )− (ED + EA) +
e2

4πε0εrr
(2.21)

where e is the electron charge, EA and ED are the acceptor and donor binding

energies respectively, ε0 & εr permeability of free space and relative permeability of the

18



semiconductor and r is the spatial separation of the two carriers. The final term in the

equation is due to the coulomb interaction between the two carriers (d).

Coulomb interaction is also present in the formation of excitons - bound electron

hole pairs which lowers the energy of the transition(e) given by;

hν = Eg (T )− EXf (2.22)

where EXf is the free exciton binding energy. Excitons in semiconductors are of the

Wannier-Mott type, due to the screened Coulomb interaction and small effective masses

the radius of these excitons is large at 10 nm with a binding energy of the order 10 meV

EXf can be calculated using

EXf = 13.6
µ

nε0εr
eV (2.23)

where µ is the reduced mass

µ =
memh

(me +mh)
(2.24)

and ε0 and εr are the permittivity of free space and relative permittivity of the semiconductor[21].

2.7.3 Auger Recombination

Auger recombination is a process by which the energy released by a recombination

across the band gap is used to excite another carrier instead of the generation of a

photon. There are several different modes of Auger recombination, dependant upon

which carriers are excited. The naming convention for Auger recombination takes the

form of a four letter acronym; the first two letters indicate the movement of the relaxing

carrier and the second two the movement of the excited carrier. C represents electrons, H

heavy holes and L light holes. The key ones in III-V semiconductors are CHCC (energy

of recombination excites an electron up the conduction band) and CHSH (recombination

excites an electron from the SO band to the heavy hole band) which are shown in Figure
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Figure 2.9: Auger recombination methods: (a) CHCC, energy of recombination excites
an electron up the conduction band. (b) CHSH, energy of recombination excites an
electron from the SO band to the heavy hole band. (c) Intervalence Band Absorption,
a process similar to Auger recombination, the initial energy is provided by an absorbed
photon.

2.9.

The rate of Auger recombination (C) is determined by,

C =
∑
i

Cie

(
−Eai

kT

)
(2.25)

where Ci is the rate for each Auger process at zero Kelvin with Eai being the acti-

vation energy associated with that process as outlined below.

In CHCC the recombination provides the energy for another electron to be excited

higher up the conduction band. The activation energy for this process is[22];

ECHCCa =

(
mc

mc +mh

)
Eg (2.26)

where mc is the electron effective mass, mh is the heavy hole effective mass and Eg is

the transition energy. It can be seen that the activation energy decreases with increasing

wavelength (as Eg ∝ 1
λ) which corresponds to an increase in CHCC recombination in

longer wavelength devices.
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In CHSH the recombination excites a carrier from the SO band into the heavy hole

band with an activation energy of;

ECHSHa =

(
ms

2mh +mc −ms

)
(Eg −∆so) (2.27)

where ms is the effective mass of SO band holes and ∆so is the energy gap between

the heavy hole and SO bands. In practical terms this means that if ∆so > Eg then the

CHSH process is effectively suppressed but when ∆so = Eg resonance is achieved and

the CHSH rate is greatly increased.

2.7.4 Intervalence Band Absorption

Inter valence band absorption is a key loss mechanism in narrow band gap materials. An

emitted photon is reabsorbed promoting an electron from the SO band to the heavy hole

band. Similar to Auger processes the activation energy of the process can be defined as;

EIV BAa = ms
(~ω)

(mh −ms)
(2.28)

where ω is the frequency of the absorbed photon.

2.7.5 Surface Recombination

The surface of a semiconductor is a substantial source of non-radiative recombinations.

By their very nature these surfaces are an extreme perturbation to the periodicity of

the lattice, which modifies the band diagram at the surface allowing additional states

in the forbidden gap. Chemically the surface also differs from the main bulk of the

semiconductor, where not all valence orbitals can achieve a chemical bond. This results

in partially filled electron orbitals, known as ‘dangling bonds’ which are electrical states

that can be located within the forbidden gap and act as recombination centres. Depend-

ing on the charge state of these bonds they can also act as donor-like or acceptor-like
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states. As recombination occurs in this region it is depleted, and as a result, additional

carriers from the surrounding higher carrier density regions flow into the depleted region.

This means that the surface recombination is limited by the rate at which the carriers

arrive at the surface. This parameter is known as the surface recombination velocity,

given units of cm/s. If there is no recombination at the surface, carriers will not move

to the surface so the surface recombination velocity is zero. If surface recombination

could happen infinitely fast recombination would be limited by the maximum velocity

the minority carriers could achieve typically of the order 107cm/s in semiconductors.

To reduce surface recombination the surface can be treated in a process known as

passivation. This is done by introducing to the surface an additional material which does

not form part of the semiconductor but which bonds to the dangling bonds. In GaSb

two possible passivation methods are treatment using sulphur containing chemicals or

deposition of hydrogenated amorphous silicon[23, 24]. The deposition of hydrogenated

silicon has the added benefit of diffusing hydrogen up to 3µm into the semiconductor,

reducing bulk defects as well.

2.8 Light Emitting Diodes

At the abrupt interface of p-type and n-type material, with donor concentration ND

and acceptor concentration NA, we can consider all the dopants ionised such that the

free electron concentration is given by n = ND and the free hole concentration is given

by p = NA. At the unbiased p-n junction, free electrons supplied by the donor atoms

diffuse over to the p-type region where they recombine with a hole, a corresponding

process occurs with holes diffusing into the n-type region. With the free carriers near the

junction depleted the ionised donors and acceptors produce spatially separated electrical

charges. The separated charges result in an electric potential known as the diffusion
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Figure 2.10: (a) An unbiased p-n junction showing the diffusion voltage (VD) and deple-
tion region width (WD). (b) The same p-n junction under a forward bias (V ) electrons
are light grey and holes are hollow circles[14].

voltage (VD) which stops further diffusion and has a value which is given by[13];

VD =
kT

e
ln
NAND

n2
i

(2.29)

where NA and ND are the acceptor and donor concentrations, respectively, k is the

Boltzmann constant, T is the temperature, e is the charge of an electron and ni is

intrinsic carrier concentration. These properties are illustrated in Figure 2.10. Between

the two regions there are no longer free carriers, this region is known as the depletion

region. The width of this region (WD) is given by[14];

WD =

√
2ε

e
(VD − V )

(
1

NA
+

1

ND

)
(2.30)

where ε is the permittivity of the semiconductor and V is the bias voltage. This can

be seen in Figure 2.10.
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Figure 2.11: The effect of series and parallel (shunt) resistances in the current voltage
relation of an LED[14].

Under forward bias the depletion region is injected with electrons and holes, electrons

in the n-type and holes in the p-type. They diffuse through to the depletion region before

eventually recombining once spatially close enough and producing a photon. As the bias

voltage is increased the current flow increases. The diode equation (2.31) was first

developed by Shockley and is thus known as the Shockley equation[25]:

I = Is

(
ee(V−VD)/kT − 1

)
(2.31)

where Is is the reverse bias saturation current.

In real diodes there are several deviations from an ideal diode equation, these are

shown in equation 2.32. An ideality factor nideal is required. In a perfect diode all

current would be due to diffusion, this would give an ideality factor of 1, the presence

of recombination and generation of carriers results in a value of 2. A typical diode

has values of nideal = 1.1 − 1.7 being a combination of diffusion and carrier generation
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and recombination. The ideal diode equation also doesn’t take into account any un-

wanted resistances, these can either be series or parallel resistances. Series resistances

are caused by excessive contact resistance or the neutral regions of the device. Parallel

resistances occur when a current can bypass the p-n junction either through defects such

as threading dislocations or surface imperfections. The effects of these resistances on

the IV characteristics of an LED are shown in Figure 2.11, including these gives us a

relation;

I − (V − IRs)
Rp

= Is

(
ee(V−IRs)/nidealkT

)
(2.32)

2.8.1 Efficiency

Not all of the power supplied to an LED produces useful light. Not all carriers recom-

bine to produce photons and not all photons escape the semiconductor before being

reabsorbed. The prevalence of these two processes is indicated by the values of efficiency

used when discussing LEDs, internal and external. The internal quantum efficiency of

an LED is defined as the number of photons produced divided by the total injected

carriers.

ηinternal =
photons emmitted in active region

carriers injected into active region
(2.33)

Not all light that is produced within the LED is emitted, due to the difference in refrac-

tive indices between the semiconductor and air. Only a small fraction of produced light

is usable, this is known as the extraction efficiency.

ηextraction =
photons emmitted into free space

photons emitted in active region
(2.34)

Extraction efficiency is limited by two refractive index dependant processes, the critical

angle and the internal reflection of light. The critical angle is when the emitted light

reaches the surface at such an angle (φc) that it is diffracted back into the semiconductor
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(Φ = 90◦). Using Snell’s law for materials of different refractive indices this gives,

ns sinφ = nair sin Φ (2.35)

sinφc =
nair
ns

sin 90° =
nair
ns

(2.36)

thus;

φc = arcsin
nair
ns

(2.37)

where ns is the refractive index of the semiconductor.

The light emitted within the critical angle is also subject to reflection as defined by the

Fresnel equation,

R =

∣∣∣∣nair − nsnair + ns

∣∣∣∣2 (2.38)

where R is the reflection coefficient.

By combining equations 2.37 & 2.38 we get the extraction efficiency and by combining

the internal quantum efficiency and the extraction efficiency we get the external quantum

efficiency,

ηexternal = ηinternalηextraction =
photons emmitted into free space

carriers injected into active region
(2.39)

Wall plug efficiency (ηwall) has been taken as a figure of merit in this work. It is

calculated as the output power of the LED divided by the supplied power (adjusted for

duty cycle);

ηwall =
Pout
IV Dc

(2.40)

where I is the supplied current, V the voltage and Dc duty cycle. This was chosen

because, in interest of energy efficiency, it is the total power supplied that is important.

This measure allows the effective comparison of cascading devices and other devices
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which utilise carrier recycling.

2.9 Strain

When a semiconductor film is deposited on a substrate to which it is not lattice matched

the deposited layer is deformed to conform with the substrate. When the lattice con-

stant of the film (afilm) is greater than the substrate lattice constant (a0) then there

is compressive strain which reduces the lattice constant perpendicular to the growth

direction and increases it in the growth direction. If afilm < a0 then the opposite occurs

and it is known as tensile strain.

2.9.1 Dislocations

Figure 2.12: Example of the Burgers vector of edge and screw dislocations[26].

Dislocations are abrupt changes in the regular ordering of atoms along a dislocation

line. Dislocations are mostly due to the misalignment or vacancy of atoms. These can

be caused by impurities and strain deforming the lattice structure. Two such types of

dislocation are edge dislocations (~b⊥) and screw dislocations (~b‖). These dislocations

are defined by their Burgers vector ~b which indicates the slip distance of the lattice in

terms of magnitude and direction (Figure 2.12). An edge dislocation is perpendicular to
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the Burger vector and a screw dislocation is parallel to it. In real crystals however most

dislocations are of a mixed edge/screw nature.

2.9.2 Critical Thickness

As the epitaxial layer increases in thickness the strain energy density increases until it is

in coincidence with the interfacial energy allowing the generation of dislocations at the

interface. There have been several attempts at calculating the critical thickness (hc) at

which this occurs.

Firstly Frank and van der Merwe stipulated in 1962 [27] that critical thickness could

be calculated using;

hc ∼=
1

8π2

(
1− ν
1 + ν

)
a0

f
(2.41)

where a0 is the lattice constant of the substrate, f is the lattice mismatch and ν =

C12/(C11 + C12) is Poisson’s ratio, where C11 and C12 are the elastic constants of the

epitaxial layer.

This was further developed by Matthews and Blakeslee [28] who took into account

the slippage of the lattice when a defect is formed, the Burgess Vector (b) resulting in;

hc ∼=
(
b

f

)[
1

4π(1 + ν)

] [
ln

(
hc
b

)
+ 1

]
(2.42)

People and Bean [29] considered the case where the dislocations were not produced at

the interface but isolated within the epitaxial layer. To this end they considered screw

dislocations due to their low formation energy compared to other dislocations resulting

in;

hc ∼=
(

1− ν
1 + ν

)(
b2

16π
√

2a(x)f2

)[
ln

(
hc
b

)]
(2.43)

where a(x) is the lattice constant of the epitaxial layer.
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2.9.3 Strain Induced Band Shift

The effects of compressive strain as seen in GaInSb/(Al)GaSb quantum wells and InAs/InGaAs

quantum dashes can be seen in Figure 2.13. In a quantum well compressive strain would

occur in the growth direction and thus across the quantum well. In this case the heavy

hole band is lifted in energy, separating it from the light hole band.

Figure 2.13: Effect of strain on the band structure of a material (a) Unstrained band
structure (b) Under bi-axial compressive strain[30].

Krijn [31] calculated the change in band offsets, starting with strain inherent lattice

mistamched growth - biaxial strain ε‖ parallel to the interface and uniaxial strain ε⊥

perpendicular to it:

ε‖,⊥ =
a‖,⊥

a
− 1 (2.44)

where

a‖ = a0 (2.45)

and

a⊥ = a

[
1− 2

C12

C11

(a‖
a
− 1
)]

(2.46)
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where a0 is the lattice constant of the substrate, a is the equilibrium lattice constant of

the epitaxial layer and C11 and C12 are the elastic constants of the epitaxial layer.

The shift in the conduction band is taken as

∆Ec = ac(2ε‖ + ε⊥) (2.47)

where ac is the conduction band hydrostatic deformation potential. For the valence band

the energies are shifted not only by the hydrostatic component,

∆Ehyv = av(2ε‖ + ε⊥) (2.48)

where av is the valence band hydrostatic deformation potential, but also a shear contri-

bution which splits the valence band energies by;

∆Eshhh = −1

2
δEsh (2.49)

∆Eshlh = −1

2
∆0 +

1

4
δEsh +

1

2

[
∆2

0 + ∆0δE
sh +

9

4

(
δEsh

)2
]1/2

(2.50)

∆Eshso = −1

2
∆0 +

1

4
δEsh − 1

2

[
∆2

0 + ∆0δE
sh +

9

4

(
δEsh

)2
]1/2

(2.51)

where

δEsh = 2b(ε⊥ − ε‖) (2.52)

is the shift due to strain, b is the tetragonal shear deformation potential and ∆0 is the

spin-orbit splitting in the absence of strain. The total shift in the valence band can thus

be shown to be :

∆Ev(hh,lh,so) = ∆Ehyv + ∆Eshhh,lh,so (2.53)

The strain induced shift in the SO band energy can be used to suppress the CHSH

process by increasing the activation energy and thus reducing the rate. Compressive
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strain also reduces the effective mass in the valence band, and this modifies the disper-

sion relation for the valence band reducing the rate of both Auger recombination and

intervalence band absorption[32].

2.10 High Lattice Mismatch Growth

Despite the increased probability of dislocations, it is possible to grow structures on

substrates with a high degree of lattice mismatch. One way to achieve this has been to

gradually change the lattice constant of the deposited layer in a series of graded steps

between the original lattice constant and the desired final one[33, 34]. This is known as a

metamorphic buffer layer, growth of this layer can be time consuming and its thickness,

which is typically several microns can be undesirable.

Figure 2.14: Atomic arrangement at IMF interface, with dangling bond indicated by
dashed line.

Another method pioneered by D Huffaker et al.[35] at University of New Mexico,

known as Interfacial Misfit (IMF), involves growing an abrupt interface between the

substrate and a compressively strained epilayer. This growth technique has been shown

to relieve 98.5% of strain at the interface of GaAs/GaSb. Defect densities of < 105/cm2

have been achieved on 5µm GaSb layers. This allows for high quality GaSb based devices

on GaAs.

An IMF is achieved by first growing a buffer of GaAs. The growth is then paused

without an As flux which results in a Ga terminated surface. An Sb flux is then intro-
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duced and growth of GaSb follows. Due to the difference is lattice constant between

GaSb and GaAs every 13 GaSb latticesites there is a dangling bond as 13 GaSb units

have the same separation as 14 GaAs units as demonstrated in Figure 2.14. Investigation

of these interfaces using High Resolution Transmission Electron Microscopy (HR-TEM)

indicate that the Burger’s vector lies along the interface, indicating that the defects are

in fact 90°with respect to the growth direction.
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Chapter 3

Literature Review
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3.1 Introduction

This chapter examines the various material systems that can be utilised to achieve emis-

sion in the 2µm region. This includes bulk heterostructures; often grown by Liquid Phase

Epitaxy (LPE) and quantum well, quantum dot and quantum dash samples grown my

Molecular Beam Epitaxy (MBE) and Metalorganic Vapour Phase Epitaxy (MOVPE).

Also included is a discussion of the use of metamorphic epitaxy as a means of increasing

the degrees of freedom in device design.

Figure 3.1: A comparison of LED devices with their absolute output power as reported in
the literature, open points are quasi-CW(50% duty cycle 1 kHz[qCW]) and filled points
are CW[36, 37, 38, 39, 40, 41, 42, 43, 44].

It is typically found that there is a decrease in output power as wavelength is extended

(Figure 3.2), this is due, in part, to increased Auger recombination rates which increase

by 3 orders of magnitude between GaAs (870 nm) and InSb (7.2µm) due to reducing

effective masses of carriers[45]. This results in the decreased efficiency of the LED. Even if

efficiency remained constant at longer wavelengths, the reduced energy per photon would

decrease the output power for devices with equal drive currents. Light extraction is also
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more challenging at longer wavelengths, epoxy encapsulation to gradate the refractive

index and reduce reflection (as outlined in Equations 2.37 & 2.38) no longer works as

the epoxy is not transparent to Mid-IR and more exotic glasses are needed.

A direct comparison of infrared LEDs can prove difficult as literature reported values

have no commonly agreed parameters. For example there are large deviations in emission

area, drive current, operating temperature, duty cycle and integrated area. This is

because the varied uses of MIR-LEDs prioritise different figures of merit dependent on the

intended application. Some applications, such as gas sensing require narrow linewidth.

Night vision compatible lighting needs high efficiency and output power. Where space

is a factor or out-coupling to optical fibres is important, such as telecommunications,

high brightness is a priority. Test conditions are selected to maximise favoured figures

of merit. However, in some cases the operating parameters may not be suitable for

real-world application. Reports of relatively high power may in large part be due to

larger area devices. Similarly, relatively high efficiencies may be reported at lower than

practical currents, before non radiative processes such as Auger recombination become

major factors.

With an aim to more accurately compare output power of devices, light intensity

was normalised against test conditions (Figure 3.2). Light intensity is integrated over a

hemisphere and scaled to a constant emitting area and drive current. The dashed red line

indicates the theoretical limit of an LED with 100% external efficiency. This theoretical

maxima cannot be achieved due to extraction efficiency and non-radiative processes such

as Auger recombination. Devices beyond the trend line are cascade devices in which

carriers are recycled, boosting the apparent efficiency. However, this is not the actual

case as the wall plug efficiency remains unchanged compared to single stage devices; this

is due to the increased drive voltage required to operate cascade devices.

The comparison of devices is not typically an issue with visible LEDs as they have

much higher luminosity, higher efficiency and standardised photometric definitions which
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Figure 3.2: A comparison of LED devices from Figure 3.1, normalised to current and
emitting area and integrated over 2π steradians. The dashed red line indicates the
theoretical limit of the 100% conversion and extraction of LEDs. A trend line in included
to guide the eye.

can easily be converted to radiometric values[46]. Infrared LEDs also use radiometric

measurements but lack comparable photometric definitions.

3.2 Bulk Alloy LEDs

Using Liquid Phase Epitaxy (LPE), a collaboration between the Ioffe Institute and

the Quantum Nanotechnology group at Lancaster University, conducted an in depth

and wide ranging study into LEDs based on GaSb alloys in the spectral range of 1.6-

4µm [47, 48, 49, 50, 51, 52]. The currently commercially available devices of this type,

produced by IBSG[36], Roithner[38] and MIRDOG[37] are included in Figure 3.1.

A.A. Popov et al.[51] presented an example of an LED device operating at 2.2µm.

This device was based on an InGaAsSb alloy. The composition was chosen to ensure

it remained lattice matched to the GaSb whilst also selecting an appropriate band gap.
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Heterojunctions in the system result in type I confinement of both carriers. Testing

indicated that band symmetry around the active region (barrier layers on both sides

of the active region) is important in achieving the maximum output power whilst also

reducing the width of emission spectrum. Optimum active region design in these double

heterojunctions LEDs has a thickness of a 2-3µm. This thickness is comparable to the

carrier diffusion length. As indium content increases in GaInSb, the carrier lifetime

decreases reducing the required active region thickness.

(a)

(b) (c)

Figure 3.3: (a) Schematic of a ‘flip-chip’ LED as used by the Ioffe Institute. The arrow
indicates the direction of light emission.
(b) Spectra of a flip-chip LED (dashed line) compared with a top bottom contacted LED
of the same material (solid line) with the calculated spectra (dotted line) for reference.
(c) Output power (1-3) and external quantum efficiency (4-6) as a function of pump
current at 77 K (1,4), 297 K(2,5) and 453 K (3,6)[53].
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To reduce the reabsorbtion by the p-type region, a ‘flip-chip’ design was investigated

by Zotova et al.[53]. The schematic of one such device is shown in Figure 3.3a.

By flipping the chip, the heat generating active region is closer to the heat removing

casing, reducing the effect of Joule heating with increased current. Additionally, the

light is extracted through the wider gap n-type region, decreasing reabsorption. This

coupled with patterning of the surface with conical pyramids resulted in external quan-

tum efficiencies of 6% and output powers of 2 mW at 1.94µm [54]. Increased output

from this device was limited by the CHCC Auger process.

Due to the limitations of LPE, it is not possible to produce GaInAsSb with In content

from 25-70%. This is due to what is known as the miscibility gap: from 25-70% indium

the alloys of GaInAsSb do not form a homogeneous solution, precluding the controlled

grown of homogeneous semiconductors. Subsequently LPE grown heterostructures made

from alloys of GaInAsSb are limited to wavelengths of 1.6-2.4µm and 3.4-4.4µm.[55, 56]

It is also possible to implement macroscopic structural improvements to the device that

improved light output; these include the use of parabolic reflectors which collimated the

light into an angle of ∼12°. Encapsulation with an epoxy compound, further improved

extraction efficiency by reducing internal reflection and increasing the light emission

cone by reducing the refractive index mismatch at the interface. Such encapsulates are

of limited use at wavelengths greater than 2µm however, as the availability of optically

transparent epoxies at or beyond this region is limited and the improved extraction

efficiency realised by this technique will be offset by increased absorption. It is possible

to use glasses such as zinc sulphide but these are particularly difficult to achieve[57].

The development of pentanary or quinternary alloys has allowed for the production of

improved LED designs[58, 59, 60, 61, 62]. The addition of a further element to the alloy

gives further degrees of freedom when selecting a specific bandgap. For example, for a

given bandgap or lattice constant, it become possible to independently vary factors such

as the band alignment (electron affinity), refractive index and spin-orbit valence band
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splitting[63]. This enables the independent control of the confinement, both optically

and of the carriers, along with suppression of intervalence band absorption and Auger

recombination[64].

3.3 GaIn(As)Sb/(Al)GaSb Multi Quantum Wells

Whilst possible to grow quantum scale structures with LPE[65], MBE is more suited to

the growth of nanometre scale epilayers. The use of quantum wells has many benefits

over bulk materials; as the carriers are confined spatially by the potential of the barrier

material, they are physically close to one another, increasing the likelihood of recom-

bination. The controlled introduction of strain can also be used to engineer the band

alignment and suppress undesired Auger recombination by shifting the relative positions

of the bands (as outlined in Section 2.9.3) and decreasing the hole effective mass [32].

Examples of GaInSb/GaSb quantum well LEDs can be found in the work of A.N.

Baranov et al.[66], achieving electroluminescent emission at wavelengths up to 2.17µm

at room temperature from a single quantum well. In this work Al0.5Ga0.5Sb barriers

were used to improve the confinement of the carriers. As both the barriers and the wells

are lattice mismatched the number of wells is limited before critical thickness is reached.

This is calculated using the methods outlined in Section 2.9.2.

At a high indium content, the critical thickness is reduced such that any reduction in

band gap from additional indium incorporation is offset by the increased energy of the

confined states due to the smaller quantum well size. To illustrate this nextnano®was

used to simulate a series of quantum wells with indium compositions from 15% - 45%.

Well widths were chosen up to the critical thickness, calculated using the People & Bean

method[29]. Those that showed carrier confinement less than kT are excluded. This

can be seen in Figure 3.5. At high indium concentrations (45% and higher) the wells

need to be wider than the critical thickness to maintain confinement of the carriers. It
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(a)

(b) (c)

Figure 3.4: (a) Schematic diagram of LED reported by AN Baranov et al.[66]. The
quantum well consists of 6 nm of Ga0.65In0.35Sb. (b) Room temperature emission spec-
trum of LED) with a drive current of 50 mA qCW. (c) Activation energy of LED showing
quenching is due to thermionic emission of the carriers from the QW ground state.

should be noted that the People & Bean estimate of the critical thickness is regarded as

generous and there is no evidence of GaInSb quantum well devices with more than 35%

indium. This is in contrast with the Matthews & Blakeslee[28] estimate which calculates

a critical thickness well below the value at which quantum wells have been shown to grow

without relaxing. An investigation into the critical thickness of Ga(1−x)InxSb (x < 0.2)

grown on GaSb specifically was conducted by T.A. Nilsen et al.[67]. This work found

critical thicknesses approximately 2.5 times greater than those predicted by Matthews

& Blakeslee, but well below those predicted by People & Bean. Using the thickness

limit suggested by Nilsen et al., a 35% indium quantum well would be limited to around
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2.25µm emission.

Figure 3.5: Simulated emission wavelengths of Ga(1−x)InxSb quantum wells of varying
thickness. Data is plotted for well thickness between where carriers are confined up until
the critical thickness as calculated using the method prescribed by People & Bean[29].
Data from the work of Baranov et al. [66] is also included as open points.

To extend beyond 2.25µm, it is necessary to increase the indium content further.

Arsenic is incorporated to compensate for the increased strain and allow quantum wells

below the critical thickness to have confined states. Typically this is around 2% arsenic

and helps to reduce the lattice mismatch between the barriers and wells[68]. The addition

of arsenic also strongly reduces the hole confinement within the quantum wells [44].

This is problematic as it increases the rate of thermal quenching due to loss of carrier

confinement, which is needed for room temperature operation.

S. Suchalkin et al.[69] considered two different approaches to compensate for the

reduced confinement. First was the use of Al0.5Ga0.5Sb barriers to increase the overall

confinement. It was realised that reducing the Al content of the barriers from 50% to
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35% further improved the confinement. Despite a lesser total barrier offset, the increased

electron affinity of the reduced Al barriers improved the valence band offset. Secondly,

the use of quinternary AlGaInAsSb gave the additional degree of band gap freedom to

adjust strain and valence band offset independently. The quinternary material produced

an emission of 3.3µm, superior to the AlGaSb barriers. Although the authors do not

elaborate on the cause of this, it is possible it is due to the difficulty of producing high

quality high aluminium content materials.

The introduction of mixed group-V alloys in MBE presents a challenge. During MBE

growth it is possible for the group-V flux to vary, as can the substrate temperature. This

is not a concern in mixed group-III materials, as there is an excess of group-V it does

not influence the composition or thickness of the alloy. In mixed group-V alloys the two

group-V species compete to incorporate; the rates at which they do so are dependant

upon multiple factors including the relative fluxes and the substrate temperature. This

can result in graded compositions as the substrate temperature varies with deposition

thickness. To eliminate the complexity and calibration required to achieve the desired

group-V ratio, a growth technique known as Digital Alloying or Modulated MBE was

developed[70, 71, 72, 73]. This involves the rapid shuttering of the different binary

compositions that constitute the desired alloy. This in effect produces a short period -

typically less than 10 ML - superlattice which has a composition intermediate to the two

component layers. This provides for greater control of the composition of the epilayers

and also allows for the controlled gradating between compositions, which is useful in

reducing discontinuities in the band profile.

GaSb is not the only substrate on which 2µm light emission can be achieved[75, 76].

M.C. Amann et al.[77, 74] have produced several devices on InP substrates. These de-

vices utilise the type-II band alignment seen in GaAs0.51Sb0.49/Ga0.25In0.75As to produce

a superlattice. The devices were grown using MOVPE and processed as micro-cavity

LEDs, the emission can be seen in Figure 3.6a along side the emission power (Figure
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(a) (b)

Figure 3.6: (a) Spectra of type-II GaInAs/GaAsSb LED with emission of 2.6µm grown
on an InP substrate. (b) Room and high temperature current power curves for type-II
GaInAs/GaAsSb LED[74].

3.6b). The distortions on the spectra at 2.7µm are due to water absorption.

The use of a type-II superlattice proved advantageous for high current density oper-

ation as there was no indication of type-I transitions in either layer in the superlattice

even at current densities of 1 kA/cm2. Additionally the use of type-II transmission was

shown to suppress Auger recombination as evidenced by the CW drive operation up to

a temperature of 80�. This is a higher temperature than seen in other CW devices[74].

3.4 Quantum Well Cascade LEDs

To further increase the output power of quantum well devices S. Jung et al. applied

the principles of cascading multiple active regions within a single device with 12 nm

In0.2Ga0.8Sb quantum wells [39]. All layers in the device were lattice matched to GaSb,

excluding the quantum wells which were compressively strained to increase the valence

band offset. The InGaSb wells were contained within Al0.3Ga0.7As0.024Sb0.976 spacers,

which together, comprise the active regions. Carriers were confined to these regions by

Al0.85Ga0.15As0.068Sb0.932 barriers. These devices also utilised a ‘flip chip’ design. The
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(a) (b)

Figure 3.7: (a) Band diagram of a two stage quantum well cascade laser as reported
by Jung et al. [39]. (b) Power output of the single stage device and two stage cascade
device showing the more than doubled output power of the 2-stage device.

substrate was lapped to reduce the thickness and the devices were mounted on copper

blocks for thermal anchoring.

Devices with one and two active regions (design shown in Figure 3.7a) were tested

over a range of injection currents. A power output of 5 mW was achieved from the single

stage device. The two stage device achieved more than double that of the single stage

device, 11 mW, at the same current (Figure 3.7b). At 4 mW, the wall plug efficiency

(total power emitting divided by electrical power supplied) of each device was calculated

as 0.36% and 0.51% for the single and two stage devices, respectively. The improved

efficiency of the two stage device was attributed to the reduced carrier density in each

quantum well resulting in a lower Auger recombination rate. J.P. Prineas et al. at

University of Iowa have shown similar results further supporting cascade devices as a

strong contender for producing high power output[78].
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Figure 3.8: Spectrum of 2 stage cascade LED with a drive current of 50 mA with 5%
duty cycle. The feature at 1.9µm is due to a gallium mismatch between the 2 active
regions[39].

3.5 InSb/GaSb Quantum Dots

InAs/GaAs quantum dots (QDs) have been comprehensively researched due to their ease

of growth and useful emission for optical communication systems. The use of dots in

active regions possess desirable properties, such as high temperature stability. However,

it is not possible to extend the wavelength of InAs/GaAs QDs to 2µm. To achieve

longer wavelength emission, it is necessary to utilise a narrower gap material such as

InSb. The properties of InSb dots are less well explored for two reasons. Firstly, the

optimum growth temperatures of InSb and GaSb are greatly different making optimised

growth difficult. Secondly, indium has a high mobility on antimony terminated surfaces.

This results in the rapid formation of threading dislocations to relax the strain, reducing

optical quality and increasing defect related non-radiative processes [79]. MBE growth

of InSb/GaSb QDs by the standard Stranski-Krastanow (SK) method is seen to begin at

1.7 ML of InSb coverage[80, 81]. This growth method resulted in a wide distribution of

heights, up to 15 nm (Figure 3.9(a)) with densities of 4×109 cm-2 and diameters ranging

from 40-80 nm. Given the large dimensions of these dots, the probability that they will

contain a defect is increased. Defect containing dots are undesirable as they confine
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Figure 3.9: AFM images of (a) 2.6ML InSb QDs grown by SK mode and (b) two stage
deposition and annealing. Insets show histograms of the dot heights[79].

carriers to a region with increased non-radiative recombination. Defects are prevalent in

SK mode InSb/GaSb dot formation as this has been shown to involve total relaxation

concurrent with the transition between 2D-3D growth [82].

Ya. A. Parkhomeenko et al. at the Ioffe Physical-Technical Institute have also

achieved the growth of InSb quantum dots on GaSb using LPE[83]. These dots were

grown on a surface of GaSb and not capped but this provides further insight into the

growth of InSb dots. The growth temperature of InSb dots is independent of the growth

technique and instead determined by the lattice mismatch between the materials. The

InSb/GaSb dots formed by LPE are significantly flatter than those seen in the InSb/InAs

when also produced using LPE. The InSb/GaSb dots have a height to diameter ratio

almost a third of that of InSb/InAs[84]. The dependence of the InSb dot formation on

the epilayer they are deposited on and the variance in shape between InAs and GaSb

surfaces, opens the possibility of control of the morphology of the quantum dots by

varying the composition of the surfaces. Such morphology control has previously been

shown in the InSb/InAs(Sb,P) system[85].

MOVPE growth of InSb/GaSb quantum dots by E. Alphandéry et al. indicates SK
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Figure 3.10: 90 K PL emission spectra of InSb/GaSb QDs. Peaks at 360 meV and
500 meV are due to the ground and first excited states of the QDs. The higher energy
peak is due to recombination in the GaSb[79].

mode formation of dots at 2-5 ML of InSb[86]. Thicker InSb deposition results in further

extension of wavelength but a rapid decrease in photoluminescence intensity, this is

attributed to the introduction of dislocations. Dot dimensions from the optimal growth

conditions in this work were heights of 4 nm and aspect ratios of 0.08 as confirmed by

Magneto-PL. AFM images show dot with heights ranging from 0.6 nm to 11 nm with

dots becoming flattened at 7 nm indicating they have become relaxed.

As SK mode growth depends upon strain for dot formation, the combination of

substrate and dot material is limited to materials with sufficient lattice mismatch. There

is also a minimum dot size below which only a wetting layer is formed. To overcome

these limitations and achieve high density growth of uniform dots, non-standard growth

methods are required.

One such novel method is the MBE growth of InSb below the condensation temper-

ature of antimony. This produces a polycrystalline layer a few monolayers thick, which

is then annealed, resulting in a much smaller dot, (13±3) nm wide with a height of 1-

3 nm but with far greater uniformity than those seen in SK mode MBE growth (Figure

3.9(b)). Capped with further GaSb, these samples achieved PL emission at 3.5µm. A

four fold decrease in intensity between 4 K and 300 K indicates good thermal stability.
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Another method of growing QDs is the so called submonolayer QD (SML QD). This

involves depositing less material than is required to produce a single monolayer which

results in the formation of islands of the dot material which can then be encapsulated

[87]. SML QDs are desirable as they allow ultra-high densities of dots to be produced[88].

Because strain is not required to produce the dots this method can be used to achieve

defect free QDs. High density defect free QDs are desirable because reduced defects

reduce SRH recombination and higher densities of dots decreases the carrier density

in each dot, reducing the Auger rate increasing luminous efficiency. SML QDs have

also been shown to produce narrower emission compared to SK mode growth indicated

improved homogeneity in composition and size[89]. There is however, some disagreement

as to the nature of submonolayer QDs with some groups considering them localised

indium rich QD-like regions within disordered InGaAs quantum wells[90]. Nevertheless,

they still offer an effective system of utilising the benefits of QDs, especially in systems

where SK mode growth is not possible.

Currently there are no published accounts of devices utilising InSb/GaSb QDs, with

studies focusing on the growth, mechanical characterisation and PL analysis as shown

in Figure 3.10. In Chapter 5 LEDs using SML InSb/GaSb QD active regions will be

developed and their properties explored.

3.6 Quantum Dashes

When InAs quantum dots are grown on In0.53Ga0.47As (lattice matched to InP), they

become elongated, maintaining a dot like cross section in the (11̄0) plane, but extending

in the order of 100’s of nanometres. This kind of structure has been labelled a Quantum

Dash (QDash). Typical dimensions are 20 nm wide, 5 nm high and 300 nm long.

Initial work on InAs dots focused on growth on GaAs substrates, here the lattice

mismatch of 7.2% limits the number of monolayers of InAs that can be deposited before

48



relaxation occurs limiting the size of the dots and restricting them to shorter wavelength

applications [91, 92]. By embedding the quantum dots in In0.4Ga0.6As quantum wells J.

Tatebayash et al.[93] reduced the band gap energy due to a relaxation of the compressive

strain and reduced effects of quantum confinement. Moving to InP as a substrate allowed

for an increased indium content in the InGaAs layer, In0.53Ga0.47As is lattice matched

to InP. By increasing the indium content to 53%, extended emission wavelength was

achieved. The lattice mismatch is reduced by a factor of more than 2 to 3.2%, this

reduced strain allows for thicker dots to form before relaxing, extending the wavelength.

With strain of ∼ 3% the elongation of the dots to dashes is noted[94].

QDashes are relatively new systems and as such the mechanism of growth is cur-

rently not well understood, one theory suggested by R.H. Wang et al.[95] notes that

the growth only occurs on InGaAs(lattice matched to InP). This is in contrast to dot

formation seen in InAs grown on lattice matched AlInAs as reported by S. Fafard et

al.[96]. Fafard also noted similar dot formation resulting from direct growth on InP. Dot

formation on AlInAs was also reported by J. Brault et al.[97], who attributed this to the

reduced diffusion length on AlInAs when compared to GaInAs, this was supported by

surface roughness measurements. The dependence of InAs morphology on surface com-

position, along with AFM observations of dashes preferentially elongating in the [11̄0]

direction. From these observations Wang suggests the theory that the dashes are formed

due to the step edges of InAs orientated on a (001) surface. Step edges along [11̄0] are

cation terminated and thus less reactive than the step edges along [110] which being

anion terminated are more reactive with indium, increasing the growth rate along this

axis. InAs dashes have also been shown to form when grown on high index InP(311)A

substrates [99, 100, 101]. Q. Gong et al. attributed dash formation in this instance to

strain induced growth instability. These samples were designed for the fibre communica-

tion at 1.55µm and whilst InP(311)A substrate does provide another method of growing

dashes, the difficulties presented in the processing make this a less favourable approach.
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Figure 3.11: AFM scans of InAs QDashes (a) compared with InAs(Sb) QDashes (b)
grown under identical growth parameters[98].

Quantum dashes grown on InP(100) have the benefit of accessing the mature processing

techniques already developed for telecommunications applications.

Dash growth is favourable as it allows for improved coverage compared to dots. Mul-

tiple layers of dashes have been shown to result in inhomogeneous dimensions resulting

in broadening of the emission spectrum[102].

Emission wavelength is determined by the confinement in the direction of growth

and the composition of the barrier. To extend this wavelength it is necessary to deposit

more InAs though this is limited by the ending of dash growth and the proceeding 2D

growth, though modelling by K. Papatryfonos indicated 2.5µm is achievable[103].

Another solution to extended emission wavelength is the addition of Sb into the

dashes[98]. This extended the PL emission of the wells out from 2µm to 2.15µm,

with limited reduction in intensity or FWHM of emission(Figure 3.12b). Antimony

incorporation can be achieved in two ways. Firstly, by subjecting the InAs dashes to Sb

flux once formed. Whilst this did extend the emission wavelength, it also greatly reduced

the emission intensity. Alternatively, it can be achieved by direct growth of InAsSb,

this resulted in better intensity and further extension of wavelength. Structurally it

also resulted in a more uniform, flatter dashes with greater length as can be seen in
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(a) (b)

Figure 3.12: (a) PL Spectra of InAsSb QDashes produced by soaking InAs dashes in
antimony flux prior to capping. (b) InAsSb QDashes produced by InAsSb deposition[98].

Figure 3.11, a result also seen by K. Keawaguchi et al.[104]. This morphology change is

attributed to the surfactant properties associated with antimony[100, 101]. The ground

state energy suggests that antimony incorporation was between 2 and 4%. The antimony

incorporation was controlled by decreasing the growth temperature, this increases the

time antimony remains on the surface thus increasing the incorporation and extending

the wavelength. By reducing the growth temperature emission wavelength was extended

as far as 2.25µm as shown in Figure 3.12. The introduction of antimony is a preferred

method of extending the wavelength, the increased InAs deposition required to produce

the same red shift as the introduction of 2% antimony produces an order of magnitude

less intense PL emission.

Similar experiments by the LENS-UMR FOTON group at INSA de Rennes also

showed the validity of extending the wavelength of InAs nanostructures with antimony,

where direct deposition of InAsSb is superior to a antimony soak prior to capping[105].

Theoretical calculations indicate that whilst remaining a type-I transition the use of

InAs(1−x)Sbx should provide emission at wavelengths up to 3.5µm, though IVBA (Sec-

tion 2.7.4) will become resonant, requiring the introduction of phosphor to the barriers

[106].
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As part of the EU funded PROPHET network[107], K. Papatryfonos profiled the

DOS of quantum dashes and determined them to be one dimensional in nature[108].

With the aim of apply quantum dash derived devices to gas sensing applications, ridge

lasers operating at 2.07µm with a pulsed output power of 11 mW were developed[109].

In Chapter 6, light emitting diodes will be produced from quantum dash material

provided by the Laboratory in Photonics and Nanostructures, CNRS, France.

3.7 Metamorphic Epitaxy

The first LEDs were homoepitaxial materials doped to form pn junctions but emission

was limited by the intrinsic band gap of the material. Heteroepitaxial devices followed,

these were layers of alloyed materials with lattice constants within a narrow range of the

lattice constant of the substrate used. This allowed for the emission wavelength, con-

finement offsets, carrier mobility and other characteristics to be tailored to requirements

within the confines of approximate lattice matching.

The next logical step is the growth of highly lattice mismatched materials beyond

their critical thickness. Doing so causes them to relax, when this is done intentionally

to grow on the resultant relaxed material, it is known as metamorphic epitaxy[110].

Once no longer constrained by the limits of lattice matched growth of epilayers

with the substrate the degrees of freedom in device design vastly increases opening new

solutions to technological challenges. This can be beneficial in many systems, for example

the growth of GaSb on GaAs substrates. Such a system allows the more mature contact

development of GaAs to be used. It also becomes possible to design devices requiring

semi-insulating substrates, useful in several device designs. However, as to date it has

not been possible to produce semi-insulating GaSb. GaAs substrates also offer superior

heat sinking ability, improving the efficiency of the device under higher loads. Larger

substrates are available for GaAs which along with the reduced cost of the substrate
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improves the commercialisation prospects of devices.

The disadvantage of metamorphic growth is that the lattice mismatch is accom-

modated via misfit dislocations. Early studies noted that these misfits were likely to

generate threading dislocations, which are problematic as they do not terminate within

the crystal unless they loop[111]. Thus they can only be removed by reaching the sur-

face, because they typically travel in the growth direction they are unlikely to terminate

in the material and therefore the effect is cumulative. Once produced unless deliberately

engineered out they will effect all subsequent layers. The threading dislocation density

(TDD) is a key figure of merit in metamorphic epitaxy as threading dislocations act as

non-radiative centres reducing the devices efficiency and mean time to failure[110].

There have been three methods adopted to reduce the TDD; abrupt interfaces, buffer

layers and structured interfaces. In the GaAs/GaSb system the most successful process

has been that of an atomically abrupt interface where the XRD rocking curve FWHM

of the deposited GaSb is 22” compared to that of the GaAs substrate at 15” indicating

high quality material[112]. It was noted early on in the study of this system that at the

interface the misfit was relieved by a periodic array of 90° dislocations [113, 114]. These

dislocations form during the island growth stage of deposition, when the islands start to

coalesce these periodic dislocations will meet at the interface. When coalescence occurs,

if the dislocations are shifted by a half period then 60° dislocations can form. These are

less desirable as twice as many are required to relieve the equivalent amount of strain as

90° dislocations[115]. They can also cause the bending of the GaSb layer, or the GaSb

epitaxial layer can become tilted off the growth axis as shown in Figure 3.13b.

D.L. Huffaker et al.[35, 116, 117, 118, 119] have reported that by optimising the

growth conditions it is possible to ensure that the interface dislocations are entirely of the

90° species (Figure 3.13a). Resulting in dislocation densities of <105 cm-2 within 100 nm

of the interface, only 100 times greater than those seen in GaSb substrates [120]. There

is disagreement on which method of growth of the GaAs/GaSb interface is superior.
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(a) (b)

Figure 3.13: (a) TEM image of optimised IMF interface showing periodic misfits[35].
(b) TEM image showing the results of 60° dislocations, note the tilt of the GaSb layer
relative to the GaAs[115].

Richardson et al. suggests that following a period of GaAs growth the arsenic valve

should be closed allowing the arsenic on the surface to disorb. Once the RHEED indicates

that the surface is no longer arsenic rich, gallium and antimony should be deposited

simultaneously at a Sb:Ga ratio of 1.75 and a growth rate of 1µm/h[112, 121]. Huffaker

et al. use a similar system, growing the GaSb slower and at a higher temperature (560�

compared to the 505� of Richardson). The key difference though is a use of an antimony

‘soak’ (subjecting the gallium rich surface to an antimony flux) by Huffaker[117]. This

occurs after the surface becomes gallium rich, proceeded by the growth of GaSb, it is

not evident from the literature which is most effective.

Electrically, the dangling bonds of the Ga at the interface produces a large discontinu-

ity of 0.7 V though this can be overcome by introducing a n-type δ-doping in the region

within the interface[119]. This supplies an excess of carriers in this region to counteract

the dangling bonds. Reverse breakdown currents are also higher than in comparable de-

vices grown on GaSb suggesting the greater presence of threading dislocations indicating

that the interface is never entirely defect free.
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Chapter 4

Experimental Details
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4.1 Introduction

This chapter will outline the techniques used to produce and characterise LEDs and

the semiconductor materials they are produced from. Specifically their growth using

molecular beam epitaxy and the processes involved in cleanroom processing into LEDs.

Characterisation tools will include x-ray diffraction, photoluminescence and electrolumi-

nescence.

4.2 Molecular Beam Epitaxy (MBE)

The use of molecular beam epitaxy produces high quality single crystal semiconductor

materials from a range of solid and gas sources. This mode of growth is slow compared

to the other growth techniques such as liquid phase epitaxy. With growth rates which

are typically a few Å per second, this allows for precise control of layer thickness and

abrupt interfaces, both necessary attributes when growing quantum structures such as

wells and dots. High quality crystal structures ideally need to be impurity free. To

reduce impurities and reduce scattering within the growth chamber it is kept at ultra

high vacuum of the order 10−10 mbar.

MBE Machine

The MBE system used in the growth of samples for this research is a VG-V80H MBE

system composed of two chambers, one for growth and another for preparation of the

substrates. The latter includes load locks for loading and storage of wafers and a heater

for outgassing, to remove hydrocarbon and water vapour deposits.

The growth chamber is pumped using a combination of a cyropump cooled to 10 K,

ion pump and a titanium sublimation pump. The pressure is measured using a tungsten

filament ion gauge. Further pumping is supplied by cryopanels inside the chamber, these

also provide thermal shielding between effusion cells(see Fig 4.1).
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Figure 4.1: Schematic of MBE machine growth chamber, showing the location of the
substrate holder, effusion cells and RHEED gun and screen[122].

Molybdenum holders are used to mount substrates in the growth chamber on the

substrate manipulator. The samples are grown on 2 inch wafers and quarters of 2 inch

wafers. The manipulator rotates the substrate during growth to reduce non-uniformity

in the sample surface. There is also a heating element built into the manipulator behind

the substrate which can be used to heat the substrate, this is calibrated using known

transition points for the substrate material, such as the oxide desorption point. The

oxide desorption process is the point at which the surface oxide on the substrate is fully

removed. At this point the reflection high energy electron diffraction (RHEED) pattern

changes (see below), because this transition occurs at a fixed known temperature it can

be used to determine the real substrate temperature[123].

The sources available on the machine are aluminium, gallium, indium, antimony and

arsenic. For doping, beryllium (p-type) and GaTe (n-type) are used. The group III

elements and dopants use thermal effusion K-cells; aluminium and gallium use so called

’hot-lip’ cells while the indium has 2 independently controlled filaments, the dopants use
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Figure 4.2: RHEED oscillations produced Frank-van der Merwe mode growth (layer-by-
layer) used to determine growth rate [124].

single filament cells. The group V elements use cracker cells, the solid source material -

for example arsenic - is heated in a crucible to form a flux beam, this is channelled into

an independently heated cracking zone which allows either As4 or As2 beams dependent

on the cracker temperature.

Growth rate is calibrated using the RHEED gun. This fires electrons at a glancing

angle onto the substrate which are reflected onto a fluorescent screen. Operational

parameters are a filament current of 1.4A with a beam voltage of 14kV.

The resultant electron beam is diffracted with the pattern dependent on the surface

morphology and orientation. Surface smoothness results in a streaky image whilst 3D

features result in a spotty image. This can be used to observe the growth mechanism of

structures and provide indication of successful 2D or 3D growth as it occurs.

The intensity of a single spot on the RHEED pattern varies in intensity during the

deposition of a monolayer, it is brightest when a smooth surface exists, as more material
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is deposited the surface becomes less smooth as shown if Figure 4.2. This rough surface

reduces the intensity of the reflected electron beam. Further deposition begins to smooth

out the surface again, until a full monolayer of material is deposited and the intensity

maximises again. This oscillation in intensity can be used to determine the growth rate

of different materials at different cell temperatures.

4.3 Structural Characterisation

4.3.1 High Resolution X-Ray Diffraction

High Resolution X-Ray Diffraction (HRXRD) is a non-destructive method of determin-

ing the lattice constant of a crystal, because of this it can be used to determine the

composition of epitaxial layers of semiconductors. From the scan it is possible to de-

termine the thickness, strain and composition of a material as well is its homogeneity.

HRXRD is based upon Bragg’s Law for the scattering of X-rays by a crystal,

nλ = a0 sin(θ) (4.1)

where n is an integer, λ is the wavelength of the incident X-rays, a0 is the lattice constant

and θ is the angle between the lattice planes and the incident X-rays. From this equation

it is possible to determine at which angles (θ) constructive interference occurs when a

lattice spacing (a0) and X-ray wavelength (λ) are known. A BEDE QC200 machine was

used in this work with fitting utilising RADS Mercury software (Jordan Valley).

The X-ray source is a filament that produces electrons which are accelerated by a

35 kV potential towards a copper target, this produces X-rays with a wavelength of 1.54 Å

from the Kα transition. The X-rays then pass a collimator before being conditioned on a

reference crystal angled such that the reflected beam satisfies the Bragg condition. This

produces a beam of highly monochromatic X-rays. A schematic of the system is shown

in Figure 4.3. The sample is placed on a table that can rock through ω and the scan is
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Figure 4.3: Schematic of the BEDE x-ray diffraction machine showing ω - the angle
between the X-ray source and the sample and 2θ - the angle between the incident beam
and detector angle.

taken by a detector which moves through 2θ. Most often these scans are taken about

the (004) Bragg reflection as this provides insight into the lattice constant in the growth

direction.

High intensity peaks with very small Full Width Half Maxima (FWHM) are indicative

of high crystal quality as seen in homo-epitaxial growth (Figure 4.4). The position of

peaks relative to the substrate can be used to determine their composition ((a) in the

figure). Thickness can be determined by fitting of the data using simulation software.

When the sample contains multi quantum wells (MQWs) the separation of the satellite

peaks (b) indicates the period of the well and barrier combined[125]:

tw + tb =
(n1 − n2)λ

2 (sinω1 − sinω2)
(4.2)

where tw and tb are the thickness of the well and barrier respectively, n1 and n2 are

the peak numbers with respective angles of ω1 and ω2 ((b) in Figure 4.4).
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Figure 4.4: Example rocking curve of five 6 nm In0.3Ga0.7Sb quantum wells grown on
GaSb with 30 nm GaSb barriers. Well composition is determined by the spacing denoted
as (a) and periodicity of the Quantum wells as denoted by (b).

4.4 Device Fabrication

The majority of the samples presented in this work were processed in the class 1000

and 100 cleanrooms at the Quantum Technology Centre of Lancaster University Physics

Department. Additional processing was undertaken at the EPSRC National III-V Centre

in Sheffield, namely that of the Quantum Dash LEDs. The following section will outline

the method used to fabricate the LEDs tested in this study, using the GaInSb quantum

well LEDs as an example. Proceeding sections will provide details for additional samples

where they deviate from this method. For example in the change of etching solution

needed for different materials.
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4.4.1 GaInSb Quantum Well LEDs

To prepare the Quantum well samples for processing they are cleaned by boiling in n-

butyl acetate for 2 minutes then rinsing in acetone and isopropyl alcohol (IPA) before

being dried using compressed nitrogen gas. This removes any organics and water vapour

present. The back contact is first applied using a Moorfield Minilab thermal evaporator

Figure 4.5: Step by step LED fabrication. The semiconductor is grey, the red and blue
are LOR and photoresist respectively with the lighter shades denoting exposed sections.
The orange represents the gold contacts.

for the deposition of metal films. Samples are fixed to an aluminium mounting plate

using Kapton tape. This plate is then inserted into its holder at the top of the evaporator

such that the sample surface is facing the crucibles. The metals to be evaporated are

cleaned using acetone and IPA then baked at 200� to remove any organics and water

vapour. They are then placed into a ceramic coated tungsten or pure tungsten crucible.

The system is then pumped down to 10−6 mbar to prevent oxidation and increase the

mean free path of the metal atoms beyond the dimensions of the system. For GaSb,

62



Ti-Au contacts are used. The titanium crucible is heated until a pressure drop is noted

in the chamber, this indicates that the titanium has evaporated and begin condensing on

the surfaces of the chamber. A shutter is then moved to expose the sample to the metal.

Deposition thickness is measured with a quartz crystal thickness monitor (typically for

Ti this rate was 2 Å/s). The process is then repeated for the Au. The crucible is heated

to a known drive current beyond which point it is known the metal is evaporating. At

this point the shutter is opened until the desired thickness is achieved. The sample is

then allowed to cool before being brought back to atmospheric pressure and removed

from the evaporator, as seen in Figure 4.5(1).

To produce the top contacts for the LEDs the sample is mounted on to the vacuum

chuck of the spinner (SU̇SS Microtech Labspin) and fully covered in Microchem LOR-3B

ensuring the entire sample is coated using an eye dropper. The sample is then spun at

a rate which gives the LOR a thickness greater than the thickness of the metal to be

deposited, typically this was 4000 rpm for 30 s which provided a thickness of 300 nm of

LOR. To harden the resist the sample is baked at 170� for 3 minutes. A further coat of

Microposit S1805 photoresist is applied to the sample and spun at 4000 rpm for 30 s to

achieve a even layer 500nm thick. The photoresist is then baked at 110� for 2 minutes

to harden using a hotplate (Figure 4.5(2)).

The chosen contact or mesa pattern is applied using a SU̇SS Microtech MJB4 mask

aligner with a 365 nm UV lamp with power supply control achieving constant light

intensity. For surface emitting LEDs the mask pattern has circular mesas of different

diameters (see Figure 4.6a) is used. For edge emitting LEDS (ELEDs) the mask has

strips with widths of 25µm and 50µm capped with a gold strip 25µm wide, these are

shown in Figure 4.6b. Once the mask is aligned with the substrate the resist is exposed

to UV light for 2.5 s (3) and then developed using Microposit MF-CD-26 developer for

30 s (4). The sample is then rinsed in deionised water and blown dry using nitrogen gas.

The sample is then viewed under a microscope to ensure all photoresist is removed from
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(a) (b)

Figure 4.6: (a) Schematic of device test set of surface emitting LEDs. The mesa diam-
eters are (1) 800µm, (2) 400µm, (3) 200µm and (4) 100µm. Note the developer check
marks above the largest mesa and the transmission line model pads at the bottom (5).
(b) A graphic representation of an ELED, gold represents the top stripe contact and red
the active region.

the desired areas and the edges are well defined. This is helped by the use of developer

check features included in the mask (see Figure 4.6a between (1) and (2)). The LOR is

removed at a faster rate by the developer creating an undercut, this provides a break in

the metal coating facilitating the lift off process. Metals are then deposited using the

thermal evaporator as described previously (5). Once deposition is complete the sample

is placed into a beaker of MicroChem PG Remover for approximately 1 hour until all

excess metal has lifted off. Then sample is then rinsed in IPA and dried (6).

The next stage is to etch the mesas producing individual devices. Prior to etching

the samples are coated in a layer of S1805 photoresist and patterned and developed

as outlined above(7). Mesas are etched using a mixture of hydrochloric acid, hydrogen

peroxide and deionised water at a ratio of 1:1:5 (8)[126]. Initially the etch rate is approx-

imately 1µm/min and the etch depth is measured using a KLA Tencor Alpha-Step IQ

surface profiler. After etching the samples are rinsed in deionised water to stop further
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etching. The remaining photoresist was removed using acetone and cleaned with IPA(9).

For testing the sample wafer is scribed into individual chips using a Karl SU̇SS RA-

120M scriber and these chips are mounted onto TO-39 headers using solder. A TPT

HB05 wire bonder is used to bond the top contact to the header pin. The header is placed

in the chuck and heated to 100�. Suitable values for the force, time and ultrasonic power

are selected, a ball bond is produced on the contact pad on the device and a second bond

connected to the header pin.

4.4.2 InP Quantum Dash LEDs

Using the mesa mask shown in Figure 4.6a and methods outlined previously, SPR350

photoresist was exposed and developed. The sample was etched to a depth of 2.5µm

using a mixture of 47% hydrobromic acid, 100% acetic acid and potassium dichromate

solution at a ratio of 1:1:1. The potassium dichromate solution (KCr2O7) was produced

by dissolving 14.7 g of crystalline KCr2O7 in 100 ml of H2O. The top contact was laid

down using a plasma sputterer and consisted of 50 nm of titanium, 120 nm of platinum

and 200 nm of gold; this was annealed at 420� for one minute using a rapid thermal

annealer. The back contact was produced by thermal evaporation on 20 nm of indium-

germanium at a ratio of 1:1 by weight and then 200 nm of gold; this was rapid thermal

annealed at 360� for 30 seconds.

4.4.3 InSb SML Quantum Dot LEDs

The InSb SML quantum dot samples were processed into edge-emitting LEDs (ELED).

This consisted of ridges 25µm wide and 600 nm high. The ridge length was approxi-

mately 1500µm. The top p-type contact consisted of 20 nm of titanium and 200 nm of

gold, which extended 150µm to each size of the ridge. The bottom n-type contact was

achieved with 20 nm of 1:1 indium-germanium by weight and 200 nm of gold, which was

rapid thermal annealed at 400�. Both contacts were deposited using thermal evapora-
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tion.

One sample was processed into surface emitting LEDs using the mask shown in

Figure 4.6a. The mesas were etched to a depth of 3µm using a solution of phosphoric

acid (H3PO4), citric acid, hydrogen peroxide and water at a 1:10:5:40 ratio. This etch

resulted in a high quality mirror finish, superior to that seen with the HCl etch, there

was however some trenching. Given the top-bottom nature of the contacts used and the

thickness of the AlGaSb layer that the etch stopped in, this trenching was considered

inconsequential. It should however be taken into account if top-top contacts are used in

future.

4.5 Optical Characterisation

4.5.1 Photoluminescence

Photoluminescence (PL) is a non-destructive method to probe the energy structure of

a semiconductor. A laser provides a source of photo-excited carriers in the sample

which decay to the band edge before recombining. If the recombination is radiative the

resultant photons can be collected and the spectra analysed to determine the energy

transitions and band structure of the material. A schematic of the system is shown in

Figure 4.7.

In this work laser excitation was provided by a 514 nm argon ion laser (Spectra

Physics Stabilite 2017) with an output power which can be varied between 0.1 W and

1.4 W. Given the optical set-up used in the system this results in a irradience of 10 W/cm2

at the sample surface at 1 W laser power. The laser is chopped at ∼220 Hz to remove

interference from the mains etc. The light from the sample is collected and focussed into

a monochromator using CaF2 lenses.

The monochromator (Bentham M300) has a 300 lines/mm grating this provides a

spectral resolution of 10 nm/mm slit-width (Slits can be adjusted to 0.05 mm accuracy).
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Figure 4.7: Schematic of photoluminesence system, the red line indicates the emission
from the sample, green the laser beam line.

To remove higher orders diffraction modes created by reflected laser light being included

in the spectra, a Si filter is inserted at the entrance aperture in this work the cut off

wavelength of the filter was 1.04µm (Bentham OS1250). A liquid nitrogen cooled InSb

detector (Judson Technologies) is placed at the aperture of the monochromator on an

xyz stage.

The signal from the detector first goes through a pre-amplifier before being picked

up by the lock-in amplifier (Standford Research Systems SR810) which references the

chopper frequency. The signal produced by the lock-in amplifier is then transferred to a

PC utilising Labview from National Instruments, This program also controls the stepper

motor in the monochromator.

The cryostat (Oxford Instruments) uses continuous flow liquid helium which allows

it to operate from 4 K to 300 K. The sample is mounted on a copper plate using sil-

ver Electrodag to provide a thermal connection, this copper plate is then screwed to a

cold finger which is placed into the sample chamber of the cryostat. The chamber is

then evacuated and filled with helium gas to provide a heat exchange. A temperature

controller is used to control a heater in the helium gas flow, the stability of the tem-
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perature at the sample is monitored using a silicon diode mounted next to the sample,

the voltage of which is measured using a Keithly 2400 source meter calibrated at known

temperatures. Spectra were taken with laser powers starting at 1.4 W and reducing in

intensity until the signal was lost. The range of temperatures for this work were 4 K to

300 K or until signal was lost. To compare absolute intensity between samples a second

calibration sample is included on the reverse of the cold finger and used to calibrate the

system with each use.

4.5.2 Electroluminescence

To characterise LEDs and lasers a similar set up to photoluminesence can be used. A

schematic of the system used in the work is shown in Figure 4.8. The electron-hole

pairs are no longer produced by photoabsorption but direct injection across the junction

using a pulse generator (Agilent B114A) at 1-5 kHz and a duty cycle of 0.1-50%. The

pulse generator also produces a reference signal which is sent to the lock-in amplifier

(Bentham PSD 496). Current to the device is measured with a induction loop connected

to an oscilloscope. The device is mounted on a TO header which in turn is fitted to a

copper cold head.

Figure 4.8: Schematic of electroluminesence system, the red line indicates the emission
from the device.
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The light produced is collected and focused using CaF2 lenses into a monochromator

(Bentham TM300) with a 300 lines/mm grating before the intensity is measured by a liq-

uid nitrogen cooled InSb detector (EG & G Optoelectronics) This is relayed via a preamp

to the lock-in amplifier, the processed signal is sent to a PC using BenWin+ software

(Bentham) this software also controls the monochromator grating and slit width.

The cyrostat (Oxford Instruments OptistatDry) uses closed cycle refrigeration to

achieve a temperature range of 4 K to 300 K. The device is clamped to a copper holder

designed to present either the edge or top surface to the window depending to if the device

is surface or edge emitting. Temperature is monitored using a four wire rhodium-iron

resistance temperature sensor which is connected to a temperature controller (Mercury-

iTC) which can control a heater to adjust the temperature.

4.6 Electronic Characterisation Techniques

4.6.1 Current-Voltage (I–V) Characteristics

A Keithly 2400LV SourceMeter controlled by a Labview program was used to measure

the current-voltage (I-V) characteristics of the devices. The voltage is stepped in 20 mV

increments and the corresponding current measured. There is a built in current limiter

to protect the device from damage the value of this was chosen with the dimensions of

the device taken into consideration. These scans were taken between 77 K and 300 K.

This technique can be used to determine if leakage current is caused by surface states

or defects within the semiconductor. By measuring the shunt resistance as a function of

mesa diameter if R ∝ 1
d then surface recombination is dominant, if R ∝ 1

d2
then defect

states within the diode such as threading dislocations dominate.
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4.6.2 Transmission Line Method (TLM)

The transmission line method (TLM) is a measurement used to determine the contact

resistance (Rc) of the device as well as the sheet resistance (Rsh) of a semiconductor

layer. To determine these values an additional feature is added to the device mask. It

includes a series of 75µm wide contact pads spaced 5, 10, 20, 30 and 50µm apart (dn)(as

shown in Figure 4.6a). The semiconductor around the contact pads is isolated from the

rest of the sample by etching. The resistance across each pair of pads is then measured

using the Keithly 2400 SourceMeter. The resistance of the probe to contact (Rcct) is

taken into account by taking a measurement with both probes on the same pad. It is also

assumed that the metal contact has a much lower resistance than the semiconductor.

The total measured resistance can thus be expressed as [127].

RTL = (2Rc +Rcct) +
Rsh
W

d (4.3)

where W and d are the width of the pad and pad separation, respectively. Thus by

plotting the total resistance against d
W one can determine the contact resistance from

the y intercept and the sheet resistance from the gradient.
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Chapter 5

Growth and Characterisation of

GaInSb/(Al)GaSb Multiple

Quantum Wells
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5.1 Introduction

GaSb/InGaSb quantum wells are an established material system for the emission of

light in the 2µm region. Due to the lack of semi-insulating (SI) GaSb substrates and the

relatively high cost of substrates there have been limited applications in broad area LEDs.

Since the work of Huffaker one possible solution is the incorporation of an Interfacial

Misfit Array (IMF)[35]. This has allowed low defect density growth of GaSb on GaAs

substrates, opening traditionally GaSb based systems to large area array designs such

as detectors and making multiple element LEDs more cost effective[128, 129, 130, 131].

This chapter examines the structural and optical properties of GaInSb/GaSb samples,

evaluates their suitability as 2µm LEDs and discusses what effect of the addition of an

IMF has.

5.2 Quantum Well Design and MBE Growth

Theoretical modelling was undertaken to determine the desired composition of well to

achieve 2µm emission. A MATLAB®based finite well Schrödinger solver was used to

find the energies of the carriers within the wells and subsequently the emission wave-

length. The effective masses, band gaps and alignments were calculated using a Excel

spreadsheet containing the equations outlined in Section 2.4. The equations incorporated

strain and band bowing parameters taken from the comprehensive work of I. Vurgaftman

et al. [132] and material data from the Ioffe Institute [45].

Modelling suggested that quantum wells with an indium content of 35% would emit

light in the target region around 2µm without reaching the strain limit and with suitable

carrier confinement. To validate this a series of samples were grown on n-GaAs(100)

substrates, this was facilitated by the introduction of an IMF. The IMF was achieved by

firstly removing the oxide layer from the substrate. 100 nm of GaAs was then grown at 1

Monolayer per second (ML/s) with a substrate temperature of 575�. Gallium flux was
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then interrupted and the sample was left in a excess of arsenic for 1 minute. The arsenic

flux was then switched off for 15 s allowing arsenic atoms to desorb, leaving the growth

terminated on gallium atoms. This process was confirmed through observation of the

RHEED pattern as it shifted from an As-rich (2×4) to a Ga-rich (4×2). This pause

without flux, allowed for an abrupt gallium terminated interface to be achieved without

As-Sb intermixing. The antimony valve was then opened for 4 minutes as the substrate

was cooled to 515�. Once the substrate temperature had stabilised the gallium shutter

was opened and the growth continued with 400 nm of GaSb to create a buffer layer.

The quantum wells were grown onto this, with a composition of Ga0.65In0.35Sb and well

widths as outlined in Table 5.1.

The quantum wells were grown at a rate of 1 ML/s. The composition was confirmed

by the deposition of a bulk layer on a separate test wafer which was analysed by XRD.

A 50 nm barrier of GaSb was grown between each quantum well. So that the GaSb cell

temperature remained constant throughout the growth, the barriers were deposited at

a rate of 0.65 ML/s. The quantum wells were then capped with 10 nm of GaSb.

X-ray diffraction (HRXRD) scans were taken of each sample to confirm the structures

grew to the intended design and to give an indication of the structural quality. Two

examples are shown in Figure 5.1. All samples except QA339 showed pendellösung

fringes. Though they are less well defined than those simulated, this is consistent with

XRD of other reported IMF samples[130].

Sample Well Thickness (nm)

QA276 6

QA277 4.8

QA280 3.6

QA333 4

QA338 8

QA339 12

Table 5.1: Well dimensions of Ga0.65In0.35Sb quantum well samples grown using IMF
interfaces.
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(a) (b)

Figure 5.1: (a) XRD of QA280 consisting of 5×3.6 nm Ga0.65In0.35Sb QWs of pen-
dellösung fringes consistent with a periodicity of 51 nm (b) XRD of QA339 consisting
of 5×12 nm Ga0.65In0.35Sb QWs evidence of relaxation with several additional features
seen. The ω − 2θ axis of both samples has been zeroed to GaSb.

The periodicity of each samples’ quantum wells was calculated from the fringes using

the equation[125];

t =
(i− j)λ

2 (sinωi − ωj)
(5.1)

where t is the thickness of a combined well and barrier layer, (i− j) is the number of

fringe peaks between peaks i and j and sinω is the angle of peaks. λ is the wavelength

of the x-rays (0.1154 nm).

The resultant periods were consistently 2-3 nm smaller than the designed structures.

The offset does not scale with well width, so is attributed to a thinner barrier of around

47 nm thick. It is not believed that this will compromise the results as it is still greater

than the carrier wavefunctions penetration into the barriers. XRD simulations of QA339

(Figure 5.1b) indicate that the sample has relaxed as there are no clear fringes. Trans-

mission electron microscopy (TEM) could have been used to determine if this is the case,

but the weak photoluminescence of the sample led to it not being considered viable and

further analysis excessive. The ω − 2θ axis on each graph was zeroed to allow ease of
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Figure 5.2: 4 K photoluminscence of Ga0.65In0.35Sb QW samples grown on IMF, showing
a clear red-shift with increasing well thickness. Additional peaks are due to contamina-
tion in the system and not inherent to the QWs.

comparison with future GaSb substrates samples. The full width half maxima (FWHM)

of the GaSb peak can be used to indicate the crystalline quality of the samples. Larger

FWHM indicate poorer quality. As the well width increased the FWHM also increased.

Photoluminescence measurements were conducted with laser power densities of up to

10 W/cm2 on the sample. At temperatures from 4 K until they quenched. The 4 K

spectra have been normalised in Figure 5.2. Relative quality can be gained through

FWHM of the spectra and the intensity of the signal. Additional peaks in Figure 5.2

for QA280, QA333 and QA338 have been attributed the contamination in the cryostat

as they remained constant over several different samples, including the ones consisting

of other material systems.

The 4 K photoluminescence emission peak wavelengths are shown in Figure 5.3a and

are consistent with the MATLAB® simulations for all samples except QA339. This

further suggests that it is beyond the critical thickness and no longer has abrupt wells.

Comparing the quenching temperature of the samples in Figure 5.3b shows it increas-

ing for well widths up to 6 nm at which point a decrease in quenching temperature is
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(a) (b)

Figure 5.3: (a) A comparison of the 4 K photoluminescence emission peak wavelength
with the modelled values. The dashed line indicates the nextnano® simulated peak
emission of Ga0.65In0.35Sb wells at 4 K. (b) Figures of merit for the PL spectra of
Ga0.65In0.35Sb QW samples with integrated intensity of emission in black and tempera-
ture of PL quenching in red.

observed. Below 6 nm the reduced quenching temperature is attributed to decreasing

confinement, the energy levels are higher in the wells due to the effect of the barrier

potential. Above 6 nm the increased defects reduce the radiative efficiency and subse-

quently the quenching temperature. The superiority of the 6 nm sample is also replicated

in the integrated intensity. The full width half maxima (FWHM, ∆E) of the 4 K PL

scan can be used to further compare the inhomogeneity using the equation[133].

∆E =
~2

m∗e

∆LZ
L3
Z

(5.2)

where m∗e is the effective mass of the electron in the well, ∆LZ is the quantum well

interface roughness and LZ is the quantum well width.

The interface roughness increases with well width (Table 5.2), indicating that the

strain is affecting the interfaces. Further properties of the 6 nm sample QA276, including

the activation energy and recombination processes were also examined. These will be

discussed in the next section.
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Sample Well Thickness (nm) ∆LZ (ML)

QA276 6 1

QA277 4.8 1

QA280 3.6 0.5

QA333 4 3

QA338 8 7

QA339 12 30

Table 5.2: Composition of Ga0.65In0.35Sb QW samples grown on IMF and ∆LZ calcu-
lated from the broadening of the 4 K photoluminescence spectra

5.3 InGaSb Quantum Wells Grown on GaSb and GaAs

with Different Barrier Materials

Once the 6 nm Ga0.65In0.35Sb quantum wells in QA276 were identified as the well compo-

sition best suited to give an emission at the target wavelength, the structure was grown

on GaSb and the composition of the barriers were varied to determine the optimal de-

sign. From the activation energy of the thermal quenching of the InGaSb/GaSb samples

along with reviews of similar structures in the literature, carrier confinement was iden-

tified as a limiting factor in room temperature operation[66, 134]. To improve efficiency

it is common to include AlGaSb blocking layers to confine the carriers to the active

region[135, 136]. Due to lattice mismatch, these barriers have had to be thin, typically

a few nm’s. This means they are used to confine the entire active region, not individual

quantum wells. Placed such that electrons cannot continue beyond the active region,

they increase the recombination rate. Carriers can still recombine between the quantum

wells as the barriers here remain the lower bandgap GaSb and thermal excitement of

carriers to these layers is still possible.

To improve carrier confinement, barriers composed of AlGaSb were used in a third

sample. This sample was grown with a novel ternary AlGaSb IMF to reduce the lat-

tice mismatch. The AlGaSb IMF followed the same growth technique as the standard

GaSb IMF, but with the opening of both the gallium and aluminium shutters, with cell
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Figure 5.4: A schematic diagram showing the different structures studied in this section.
(a) QA216: InGaSb/GaSb MQW grown homoepitaxially on GaSb substrate; (b) QA276:
The same MQW structure as in (a) but grown on GaAs using the GaSb IMF buffer layer;
(c) QJ410: a ternary Al0.53Ga0.47Sb layer is used instead of GaSb for the IMF and also
in the MQW barriers for additional confinement. (The IMF is represented with a red
dashed line).

temperatures allowing for the growth of Al0.53Ga0.47Sb at a rate of 0.46 ML/s with a

substrate temperature of 515 �. A 1µm buffer of AlGaSb was grown followed by five

InGaSb quantum wells nominally the same as those previously described.

Another source of reduced optical efficiency was the choice of an IMF to make use of

more cost effective and easily processed GaAs substrates. To benchmark the samples and

quantify the effect of using IMF, a sample of five 6 nm In0.35Ga0.65Sb/GaSb quantum

wells were grown on n-type GaSb. After the native oxide layer had been desorbed,

the substrate was set to a temperature of 510�. A 200 nm buffer layer of GaSb was

deposited, followed by the quantum wells interspaced with 50 nm GaSb barriers and

capped with 50 nm of GaSb. Growth rates were 0.65 ML/s for the GaSb and 1 ML/s for

the InGaSb. A schematic of the three structures is included in Figure 5.4.

5.3.1 X-ray Diffraction

Initial analysis of the crystalline quality was completed using X-ray analysis; ω − 2θ

scans were taken of all samples. As expected, the homo-epitaxial GaSb sample (QA216)

had the best FWHM at 27 arcseconds, indicating high crystalline quality. The pen-
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Figure 5.5: XRD of InGaSb QW samples with ω − 2θ axis zeroed on lattice constant of
GaSb. The lack of defined pendellösung fringes in the IMF samples is indicative of poor
crystal quality as is the broadness of the buffer layer peak.

dellösung fringes were also clearly defined with a FWHM of 78 arcseconds and a well

defined periodicity (Figure 5.5). The GaSb IMF sample (QA276) displayed a much

broader hetero-epitaxial substrate peak with a FWHM of ∼220 arcseconds and pen-

dellösung fringes with FWHM of ∼200 arcseconds. In the AlGaSb sample (QJ410) the

pendellösung fringes have been lost in a shoulder peak similar to that of a bulk material

with poor homogeneity. An alternative reason for this could be that the sample had

non periodic wells. Fittings of the GaSb samples indicate that the quantum wells were

(6±1) nm wide with indium concentrations of 34% and 35% for the GaSb substrate and

IMF respectively. The difference between which was attributed to a change in growth

rates between the samples. The AlGaSb peak in Figure 5.5 indicates a composition of

Al0.53Ga0.47Sb for the buffer layer and barriers, the broadness of the buffer peak indi-

cates a poor crystalline quality with a FWHM of 470 arcseconds. The well composition

was taken as Ga0.72In0.28Sb from the position of the centre of the peak.
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5.3.2 Transmission Electron Microscopy

To help elucidate the composition of QJ410, TEM images were taken by Richard Bean-

land at the University of Warwick, to examine the AlGaSb/GaAs interface and quantum

well interfaces.

Figure 5.6: TEM image on AlGaSb-GaAs interface (a), with inset clearly showing ternary
IMF. (b) shows abrupt thickness changes in the QWs varying from 7 nm to 12 nm. An
overview of the sample (c) shows a overall high quality buffer layer with relatively few
threading dislocations.

As shown in Figure 5.6(a) the possibility of a ternary IMF has been verified with a

periodicity of 4 nm which represents 13 AlGaSb lattice spacings to 14 for GaAs. The

growth of the IMF likey follow the same mechanism as the GaAs/GaSb IMF with the

growth of GaAs still being Ga terminated. An antimony atom bonds to the Ga surface,

the difference in lattice constant leaving a dangling bond every 14 gallium atoms and

then the AlGaSb continuing growth on from this point. The quantum wells in this

sample had an interface roughness of ±3 nm, which is consistent with the broadness of

the x-ray diffraction and 4 K photoluminescence spectra. Comparing this result with

the values measured for the native and IMF GaSb samples of ±1 nm, it can be inferred

that the introduction of aluminium to the barriers has reduced the abruptness of the

interface. The reduced interface abruptness could be caused by the difference in optimal

growth temperatures of AlGaSb and GaInSb. The defect density after the misfit array

was determined to be 2×109 cm-2.
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5.3.3 Photoluminesence

Photoluminesence measurements were taken for all three samples at temperatures from

4 K to 300 K with a laser power of 1 W/cm2 to 10 W/cm2 at the sample surface. A

comparison of the 4 K PL is shown in Figure 5.7; the Gaussian line shape is indicative of

excitonic transitions. The spectra of the two GaSb samples are in good agreement given

the similar well design, the shift to lower peak wavelength being due to the reduced

indium content in the IMF sample.

Figure 5.7: The normalised photoluminesence at 10 K from each of the MQW samples.
The FWHM are measured as 15.4, 16.7 and 20.5 meV for GaSb, GaSb IMF and AlGaSb
respectively.

Due to the increase defect density, the luminous intensity of the IMF sample is greatly

reduced. The higher energies seen in the AlGaSb are a combination of the reduced

indium content and the increased potential in both the conduction and valence band

offsets, increasing the energies of the e1 and hh1 bands relative to the band edge. Also

of note, is the increased lower energy tail in the IMF samples. This is attributed to the

increased defect sites providing more acceptor and donor states via which recombination

can occur.
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Figure 5.8: The temperature dependence of the Z value for each of the MQW samples;
GaSb substrate – black points, GaSb IMF – red squares and AlGaSb – blue diamonds.

Using the FWHM of the 4 K scans and Equation 5.2, the well interface abruptness

was calculated for all three samples. The GaSb and GaSb IMF samples both have abrupt

interfaces calculated at 1 ML, whereas the AlGaSb has a broken interface of up to 10 MLs

which is in agreement with the TEM images and XRD scans.

The samples were then warmed to 300 K with laser excitation power (L) varied at

10 K, 75 K, 150 K and 225 K to determine the dominant recombination process in each by

comparing the photoluminescence intensity (I) with varied excitation power such that;

L ∝ I
Z
2 (5.3)

where the exponent Z = 1 corresponds to Shockley-Read-Hall (SRH), Z = 2 corresponds

to radiative recombination and Z = 3 corresponds to Auger recombination.

The results of this are shown in Figure 5.8. It is observed that recombination is

dominantly radiative, except in the GaSb IMF sample where SRH is more significant.

This is attributed to the expected higher defect densities in this sample, implying that
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Figure 5.9: 4 K PL of homoepitaxial InGaSb/GaSb MQWs (QA216); Inset the schematic
of the quantum wells

the AlGaSb IMF is of a higher quality. Further Z number analysis on QA276 was

prohibited by the weakness of the PL signal over a range of excitation energies. Due

to the limitations of this method of analysis the differences in Z parameter in the GaSb

and AlGaSb IMF are considered negligible due to the assumptions used.

As shown in Figure 5.9, there is good agreement between the photoluminescence

spectra and the finite well Schrödinger solver. The e1–barrier/lh1 transition also visible

in the native GaSb sample, but not in the GaSb IMF sample. Given that the number

of carriers and the density of states should be approximately equal band filling into the

barrier should be expected in both samples. This is further evidence of a large number

of carrier being lost to defect related non-radiative centres.

The temperature dependence of the integrated PL emission intensity is shown in

Figure 5.10. The initial higher intensity of the GaSb is attributed to the superior crys-

talline quality. The recombination is predominantly radiative and the thermal quenching

is as a result of limited carrier (electron) confinement in the quantum wells. The GaSb

IMF has the lowest 4 K PL intensity which is as expected from the increased dislocation
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Figure 5.10: The temperature dependence of the integrated PL intensity for each of the
MQW samples; GaSb substrate – black circles, GaSb IMF – red squares and AlGaSb –
blue diamonds.

density originating from the heteroepitaxial growth mediated by the IMF interface. By

comparison the 4 K PL of the AlGaSb IMF is an order of magnitude brighter and it

maintains this improved signal over the entire temperature range. The increased con-

finement found in the AlGaSb sample helped to maintain photoluminescence emission up

to room temperature, whereas the InGaSb/GaSb samples quenched at ∼250 K. This is

also supported by the nominally equal recombination processes seen in the AlGaSb IMF

and the GaSb sample, but reduced emission seen in the GaSb sample with its smaller

barriers. Both IMF samples are also more susceptible to non-radiative recombination

due to the presence of increased threading dislocation densities and structural defects

when compared to the homoepitaxial sample.

To determine the dominant quenching process in each sample, the integrated intensity

of photoluminescence emission was plotted against 1
kT where k is Boltzman constant and

T is temperature. The activation energy can be determined using the Arrhenius fitting

function as shown in Figure 5.12[137];
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(a) (b)

Figure 5.11: (a) Band diagram for QA216 and QA276 showing valence and conduction
bands along with the confined states. ∆SO is also included. (b) Band diagram for
QJ410 showing valence and conduction bands along with the confined states. ∆SO is
also included.

I =
I0

1 +A exp−Ea/kBT +B exp−Eb/kBT
(5.4)

where I is the intensity I0 is the intensity at 0K and Ea and Eb are the activation

energies. This gave an activation energy for QA216 of 60 meV, QA276 of 34 meV and

QJ410 of 18 meV. In all 3 samples there is a second activation energy of around 4 meV.

In QA216 this process is 1500 times weaker than the 60 meV process. In QA276 and

QJ410 it is only 46 and 35 times weaker respectively, this would suggest this is a defect

related process.

Using nextnano® the band diagrams of the quantum wells were simulated and can be

seen in Figure 5.11. From this it was possible to assign the thermal quenching of QA216

to thermal excitation of electrons out of the well as confinement in the conduction band

was 48 meV. As the Z value of QA216 was seen to increase with temperature it is also

possible that an Auger process was responsible for quenching. With a ∆SO of 860 meV for

QA216, the CHSH process and inter valence band absorption (IVBA) can be discounted

as ∆SO > Eg, so these processes are suppressed. Using the equations outlined in Section
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Figure 5.12: Arrhenius plot for QA216, QA276 and QJ410 plotting the normalised PL
integrated intensity.

2.7.3, the activation energy of the CHCC process was found to be 49 meV. Literature of

similar samples have identified thermal carrier leakage as responsible, this along with the

reduced quenching in QJ410 suggests this is the case in QA216. The 18 meV activation

energy for QJ410 is attributed to the CHHL process which has a calculated energy of

16 meV. Due to the large confinement of the carriers in QJ410 it isn’t possible for it to

be thermal excitation out of the wells as this would not be shown at 300 K. In QA276

the 34 meV activation energy is also the CHHL process but in this case the light hole

state is not confined so the process is a type-II transition to the light hole state in the

GaSb barrier. Given the likely high density of defect in this sample the activation energy

could also be the ionisation of a defect state, which would be consistent with the low Z

value.
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5.4 Improved AlGaSb IMF

The superior 300 K performance of QJ410 merited further optimisation of the GaInSb/AlGaSb

MQW IMF. The growth of QJ410 (TS=515�) was repeated with all conditions identical

except for the substrate temperature which was 495�(QJ437), as seen in Figure 5.13a

this resulted in an increase in the FWHM of 70% and still no evidence of pendellösung

fringes.

(a) (b)

Figure 5.13: (a) X-ray diffraction pattern of QJ410, QJ437 and QJ474 AlGaSb IMFs with
GaInSb MQWs grown at substrate temperatures of 515�, 495� and 515� respectively.
The quantum wells in QJ410 and QJ437 were grown at the same temperature as the
buffer layer, in QJ474 they were grown at 500�. There is no evidence of the pendellösung
fringes in any sample. (b) X-ray diffraction pattern of PJC570, grown with a substrate
temperature of 510� and the wells at 470�, at each interface of the quantum wells
growth was paused under a antimony flux for 5 s. Included is the simulated diffraction
pattern.

The next sample aimed to grow the buffer layer and quantum wells at temperatures

closer to the ideal for each. The buffer of QJ474 was grown at TS=515� as in QJ410,

but before the quantum wells and barriers were deposited, the substrate temperature

was reduced to 500�. The FWHM was increased by a further 11%; the cause of this is

believed to be due to the very low growth temperature of the AlGaSb barriers.

A fourth sample, PJC570, was grown with a substrate temperature of 510�. The
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buffer layer in this sample had a slightly lower aluminium content at 44%. The quantum

wells and barriers were grown at 470�. The composition, was confirmed by x-ray diffrac-

tion was five 10 nm Ga0.77In0.23Sb quantum wells with 57 nm barriers of Ga0.56Al0.44Sb.

At each interface the growth was paused and the sample remained under antimony flux

for 5 s before growth continued. Figure 5.13b shows the resultant x-ray diffraction pat-

tern. A reduction of 40% is seen in the FWHM of the AlGaSb peak, and the pendellösung

fringes have become visible indicating the superior crystalline quality. It is believed the

pause in growth gives the layers time to stabilise before they are capped by the next

layer, utilising the antimony flux as a surfactant.

(a) (b)

Figure 5.14: (a) 300 K photoluminescence spectra of QJ410 and PJC570 along with
the fitting function (Equation 2.15). (b) Comparison of the integrated PL intensity of
QJC570 and QJ410 normalised at 300 K.

Figure 5.14a shows the 300 K photoluminescence spectra of QJ410 and PJC570.

PJC570 has superior high temperature luminescence with an intensity 3.5 times greater

thhat QJ410. The FWHM of PJC570 is 32 meV, not much greater than that expected

from thermal broadening (26 meV) whereas the FWHM of QJ410 is 45 meV. Both spectra

are fitted with the function outlined in Equation 2.15

IPL(hν) = A

[
erfc

(
Eg − hν
σ
√

2

)
exp

(
−hν − Eg

kBT

)]
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where erfc is the complimentary error function, σ is a fitting parameter to take into

account inhomogeneous broadening, Eg is the bandgap, T is the lattice temperature and

kB is Boltzmann’s constant. The band gap energies of QJ410 and PJC570 at 300 K were

657 meV and 619 meV respectively. This function provides a much better fitting of the

data at high temperatures where carriers have higher thermal energy. σ was 11.1 meV for

QJ410 and 7.1 meV for PJC570, an improvement of 37%, a similar level of improvement

to that seen in the x-ray FWHM. The larger the value of σ, the greater the broaden-

ing; the cause of the broadening is poor structural quality, alloy localisation or interface

roughness. Given the TEM images of QJ410 indicating rough interfaces, it is believed

that the pause in growth at the quantum well interfaces has improved the abruptness.

The antimony flux provides a surfactant effect which stabilised the individual layers be-

fore they are capped by the following layer. The improved interface abruptness indicated

in the 300 K photoluminescence is consistent with the x-ray where improved interface

abruptness in PJC570 was indicated by more clearly defined fringes. Whilst there was a

5� difference in well growth temperature between QJ410 and PJC570 (515� to 510�)

the effect of greater temperature differences in previous sample was less than seen be-

tween QJ410 and PJC570. Figure 5.14b shows the integrated intensities of QJ410 and

the improved sample grown with epilayer interface pauses (PJC570). The intensity of

the photoluminescence quenches at a greater rate in the QJ410 and the intensity re-

mains inferior to PJC570 even down to 80 K. The activation energies associated with

the quenching of the photoluminescence signal are 36 meV and 15 meV. The 36 meV pro-

cess is attributed to the CHHL process. As for the 15 meV process, given the quantum

well potential, the possibility of loss of carrier confinement is discounted. The CHSH and

IVBA processes as they are forbidden due to ∆SO > Eg (∆SO=790 meV). The activation

energy of CHCC was calculated as 56 meV this also can be discounted. The remaining

possibilities are ionization of shallow Si or Ge donors (10 & 9 meV). This would imply

that PJC570 is an improved iteration of QJ410 and that whilst the defect processes are
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still the cause of quenching this rate has reduced. Intensity measurements at a range of

temperatures down to 4 K would be required to provide a value of I0, which would allow

a more accurately determined the activation energy.

5.5 Growth of InGaSb Quantum Well LEDs

A sample (QJ403) was grown using the same quantum well dimensions and composition

as QA216 as the active region of a p-i-n junction. A quarter wafer of n-GaSb was used

as the substrate. After the native oxide desorbed, 700 nm of n-GaSb (n=6×1018cm-3)

followed by 300 nm of intrinsic GaSb were deposited. Three 6 nm Ga0.65In0.35Sb wells

with 50 nm GaSb barriers where capped with 200 nm of GaSb. To improve the effi-

ciency of the device, an electron blocking layer consisting of 20 nm of p-Ga0.70Al0.3Sb

(p=8×1017cm-3) was included to confine the electrons to the active region. This was

followed by a 600 nm p-GaSb layer (p=2×1018cm-3). The entire sample was grown with

a substrate temperature of 510�. X-ray diffraction indicated that the quantum wells

were in fact 7.2 nm wide with a composition of 34% indium.

To test the properties of a sample with an IMF (QJ414), a doped variant of QJ410

was chosen due to the superior photoluminscence exhibited when compared to the GaSb

IMF samples. A n-GaAs quarter wafer was heated under arsenic flux until the native

oxide layer was removed, the substrate was cooled to 575� and 100 nm of n-GaAs

(n=6×1018cm-3) was grown. After the growth of an IMF as outlined for QJ410 the sub-

strate was further cooled to 515� and 500 nm of n-Ga0.56Al0.44Sb (n=6×1018cm-3) and

100 nm of intrinsic AlGaSb were grown, followed by five 6 nm Ga0.65In0.35Sb quantum

wells with Ga0.56Al0.44Sb barriers. A further 100 nm of AlGaSb was deposited, followed

by 400 nm of p-AlGaSb (p=6×1018cm-3). A 50 nm p-GaSb (p=1×1019cm-3) cap was

added to protect the AlGaSb from oxidation and to improve the contact bonding. The

samples were etched into 800µm diameter mesas as outlined in Section 4.4. The contacts
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formed on GaSb consisted of 20 nm of titanium and 200 nm of gold. For the n-GaAs

a 20 nm layer of Au/Ge at a ratio of 88:12 by weight was followed by 200 nm of gold

and annealed at 400�. The n-type contact on each device was deposited of the back of

the substrate meaning the devices used top-bottom contacts. This results in the current

having to cross the IMF interface in QJ414.

5.5.1 Electrical Properties

Figure 5.15 shows the current voltage relations of these two devices once mounted on

to a TO-46 header. The series resistance for QJ403 is 1.5 Ω and 6.7 Ω for QJ414. The

increased resistance is consistent with the presence of the IMF layer[138]. Parallel resis-

tances were 1.67 kΩ and 675 Ω for QJ403 and QJ414 respectively.

Figure 5.15: Probe station I-V curves for a Ga0.65In0.35Sb MQW LED grown on
GaSb(QJ403) and using an AlGaSb IMF(QJ414).

The lower resistance of QJ414 indicates a greater number of carriers bypassing the

active region and not recombining. This can be attributed to increased defects. Ideality

factors of 10 for QJ414 and 7 for QJ403 further indicate a large number of carriers

bypassing the active region.
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5.5.2 Electroluminesence

QJ414 did not emit any light, even when cooled to 4 K. The presence of a large potential

at the GaAs/AlGaSb interface is believed to be the cause of this, blocking the electrons

for reaching the active region. This can be seen in Figure 5.16 where the electron density

is highest at the AlGaSb/GaAs interface. This is caused by charge transfer between the

two layers because of the different potentials. To a lesser degree the same is effect

blocks the diffusion of holes at the GaSb/AlGaSb interface. This means the carriers are

spatially separated.

Figure 5.16: Band diagram of QJ414 showing the simulated electron and hole densities.
The majority of electrons are trapped by the potential at the GaAs/AlGaSb interface.
The holes will be confined by the GaSb/AlGaSb interface.

The 4 K spectra of QJ403 is shown in Figure 5.17a. A deconvolution of the spectra

shows a peak consistent with the e1-hh1 transition as modelled in nextnano®. The fitting

was achieved using equation 2.15, with a bandgap of 682 meV, σ of 4.7 meV and carrier

temperature of 62 K. Using equation 5.2, the FWHM of the e1-hh1 transition indicates

a quantum well surface roughness of approximately two monolayers. Z analysis of the

power varied spectra at 4 K indicated a value of 1.3 at low injection currents, indicating a
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(a) (b)

Figure 5.17: (a) 4 K electroluminescence spectra of QJ403 at 200 mA 1% duty cycle
1kHz. Fit using equation 2.15 for the e1-hh1. (b) nextnano® simulation of QJ403 at
4 K with transition energies and confinement energies.

dominance of SRH which switches to a value of 2.5 at 240 mA injection current, indicating

a shift to Auger dominance. The Z value of less than 2 at low currents suggests that

crystal quality and defects are present in the device.

The 300 K electroluminescene is shown in Figure 5.18a. The fitting with equation

2.15, provides good agreement with the measured spectrum for the lowest energy tran-

sition. This peak is attributed to the e1-hh1 transition. The fitting parameters give a

lattice temperature of (300±10) K which is consistent with the measured temperature

of the device. The broadening parameter σ was 3.4 meV at 300 K compared to a value

of 4.7 meV at 4 K. The broadening can be caused by poor structural quality, alloy local-

isation or interface roughness. In this instance, given the FHWM measurements using

equation 5.2 it is likely that an interface roughness of 2 ML is causing this broadening,

and as fewer carriers are confined to these localisations, the broadening effects they pro-

duce are reduced. The second fitted peak is attributed to the GaSb barriers and is fitted

with a simple Gaussian. This indicates that not all carriers are remaining in the wells

at high temperatures.

Temperature varied spectra were measured, and the peak wavelength was converted
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(a) (b)

Figure 5.18: (a) 300 K electroluminescence spectra of QJ403 at 200 mA 50% duty cycle
1kHz (Black line). The main peak is the e1-hh1 transition with a fitting using equation
2.15. The Gaussian relates to the GaSb barrier layers, the summation of these two
fittings is given as the red line. (b) Varshni fitting of the transition energy of QJ403 as
a function of temperature.

to transition energy as shown in Figure 5.18b. A Varshni fitting resulted in fitting values

of Eg(0)=0.670 eV, α=0.4 meV/K and β=109 K. These values are within 15% of those

of GaSb, which forms the majority of the quantum wells. The activation energies of

QJ403 are 12 meV and 130 meV. The latter of which is equal to the thermal escape

of both carriers, where their recombination would be consistent with the peak seen in

Figure 5.18a. The 12 meV process could be the ionization of a Te donor (20 meV) or a

Be acceptor (9 meV) both of which are used as dopants in the device.

5.6 Growth and Characterisation of GaAs/InAlSb IMF

As a further development of ternary IMF interfaces, growth was also pursued with

which there is no common atom across the interface. To this end a sample was grown

with a GaAs/AlInSb interface (QM412). 100 nm of GaAs was grown at a substrate

temperature of 575�. The gallium shutter was closed and the substrate subjected to 1

minute of arsenic flux. This was followed by 20 seconds of no flux allowing the surface
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(a) (b)

Figure 5.19: (a) X-ray diffraction pattern of QM412 an AlInSb IMF with GaInSb MQWs
there is no evidence of the pendellösung fringes. The wells are under tensile strain.
(b)TEM image of the IMF layer and quantum wells. The first two wells are poorly
defined and well quality improves in subsequent layers.

to become gallium rich. 2.5 minutes of antimony flux was followed the opening of the

aluminium and indium shutters, and a 500 nm buffer of AlInSb was grown. 5× 10 nm

In0.15Ga0.85Sb quantum wells were grown with AlInSb barriers. The lattice constant of

the AlInSb layer is greater than that of the InGaSb quantum wells meaning the wells

are under tensile strain.

X-ray diffraction as shown in Figure 5.19a indicates a barrier composition of Al0.89In0.11Sb.

There is no evidence of pendellösung fringes which is consistent with the TEM image

seen in Figure5.19b. This indicates the wells are between 10 nm and 12 nm but also that

the first two wells do not seem to have formed. In several images there is evidence of

periodicity in the GaAs/AlInSb interface indicative of IMF. Unfortunately the magnifi-

cation is insufficient to verify or measure the period against the expected 3.39 nm which

would relate to every 12 GaAs sites and 11 AlInSb. Compared to the AlGaSb IMF there

is an increased dislocation density of 5×1010/cm2, 20 times greater than that seen in

QJ410. Given the improvements seen in PJC570 this could be greater still but TEM

images would be required. Of the five quantum wells grown there is clear evidence of
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Figure 5.20: 4 K photoluminescence spectrum of QM412 with Gaussian fittings showing
the quantum well transition(A) and transitions via the defect states caused by Ge and
GaSb native defects(B & C).

the last three. The first two appear intermingled and poorly defined, this is in direct

contrast to QJ410, where well quality degraded in subsequent wells.

The 4 K photoluminescence spectra shown in Figure 5.20 reveals a main peak (A)

with an energy of 725 meV. This compares well with the nextnano® simulation of

723 meV with a FWHM of 34meV. Peaks B and C have a transition energy 32 meV

and 48 meV less than the e1-hh1 transition; as e1 is 72 meV above the conduction band

edge, both states are above the valence band, by 8 meV for B and 24 meV for C. This

would suggest peak B is the Be acceptor (9 meV) and peak C the native defect in GaSb

(30 meV). Using equation 5.2 the well roughness is calculated to be 16 nm. This is greater

than the width of the wells, which is not consistent with the TEM images. It is assumed

to be a consequence of the distortions in the first two quantum wells.
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5.7 Summary

The work in this chapter was undertaken to investigate the suitability of Ga(1−x)InxSb/GaSb

(x=0.25–0.35) quantum wells for use in high power LEDs in the 2µm region. GaInSb

quantum wells with GaSb barriers have been grown on GaSb. GaInSb quantum wells

have also been grown on GaAs using both GaSb and Al0.5Ga0.5Sb barriers with IMFs.

This is the first reported ternary IMF; TEM images reveal a periodic dislocation every

4 nm equal to 13 AlGaSb and 14 GaAs lattice sites with a defect density of 2×109/cm2.

Only one order of magnitude greater than GaAs/GaSb IMF growth on the same system[128].

The GaInSb/GaSb material system provides an avenue to achieving 2µm light emis-

sion, however, poor carrier confinement in the quantum wells limits the output of devices

made from this material. The introduction of AlGaSb barriers, through the use of an Al-

GaSb IMF, resulted in reduced thermal quenching in photoluminescence samples. This

was evident in the superior 300 K signal found in these samples. Quantum well inter-

face abruptness was poor in initial samples, which is believed to have be caused by the

mismatch in optimal growth temperatures of GaInSb and AlGaSb.

Growth was improved by the use of a growth interrupt under antimony flux between

layers. These growth interrupts resulted in a threefold increase in signal and a 30%

reduction in FWHM for the room temperature photoluminescence. This improvement

was also seen in the x-ray diffraction pattern where the AlGaSb peak FWHM reduced

by 40% and the pendellösung fringes became visible.

The improved photoluminescence properties exhibited by the AlGaSb samples were

not replicated in the LEDs made from this material. It was not possible to measure an

emission spectra for the sample; it is believed that this is due to the carriers becoming

blocked at the GaAs/AlGaSb interface. Interaction with the dangling bonds in the IMF

was also detrimental to the function of the device. To develop further AlGaSb devices

grown on IMF, it would be recommended to use a device design utilising top-top contacts
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so as to bypass the GaAs/AlGaSb interface altogether. For the top contact, a gradated

interface between the AlGaSb and GaSb layers and doping the GaSb layer is needed so

that the holes can migrate unhindered.

Tentative steps to producing an IMF interface between GaAs and InAlSb were taken.

The GaInSb wells grown on the InAlSb exhibited superior interface abruptness when

compared to wells grown on AlGaSb. The first two wells were poorly formed which is

not seen in the other IMF quantum well samples. There is evidence of a greater number

of defects in this sample compared to AlGaSb IMF with a density of 5×1010/cm2.

Overall, the use of GaInSb quantum wells produced the desired emission wavelength

but poor confinement resulted in diminished room temperature operation. Room tem-

perature output power was 0.4µW Whilst AlGaSb barriers increased the confinement,

the resulting band discontinuity at the GaAs/AlGaSb interface made conventional top-

bottom LEDs non-functional. In the next chapter, the GaSb/InGaSb quantum well

LED will be compared to other devices to evaluate the benefits inherent in the use of

quantum wells verses other quantum structures.
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Chapter 6

Comparison of LEDs with

Different Degrees of Quantum

Confinement Emitting at 2 µm
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6.1 Introduction

It is possible to produce LEDs emitting at 2µm from a variety of quantum structures

as well as bulk materials. Whilst the benefits of each system are often discussed with

regards to laser diodes, the specific requirements of LEDs are rarely considered, as these

are often merely produced as a precursor to lasers. In this chapter, the figures of merit

will be determined for a bulk alloy LED as well as those of a quantum well, dash and

dot, based active region to determine the most suited to LEDs which will be used as

part of an enhanced flight vision system.

6.2 GaInAsSb/AlGaAsSb Double Heterojunction LEDs

(a) (b)

Figure 6.1: (a) Schematic of the IBSG LED22 mesa and (b) Band diagram of LED22

To be able to compare the devices produced for this section a bulk Ga0.78In0.22As0.15Sb0.85/

Al0.4Ga0.6As0.04Sb0.96 heterojunction was purchased (LED22) and characterised to act

as a benchmark for the devices discussed in this chapter. The device was chosen as it

was the highest power bulk heterojunction design commercially available at 2µm. It was

produced by IBSG company (Independent Business Scientific Group), St. Petersburg,

using liquid phase epitaxy (LPE) growth on a GaSb substrate, to which all layers are

lattice matched. Whilst the exact composition of LED22 is not known, IBSG company

100



Temperature RS RP Ideality Factor

77 K 3.7Ω 14 MΩ 1.7

300 K 3.1Ω 165 kΩ 2

Table 6.1: Series resistance (RS), shunt resistance (RP ) and ideality factor of bulk alloy
LED at 77 K and 300 K.

is a spin-off of the Ioffe Institute. It is believed LED22 is a commercialisation of the

work presented in the work of Stoyanov et al.[49]. A schematic of the chip is shown in

Figure 6.1a.

6.2.1 Current – Voltage Characteristics

Measuring the I–V characteristics of the device can show the presence of defects within

the device and provide details on leakage currents. A log10I–V plot is shown in Figure

6.2. There is evidence of sub-threshold turn on (a non abrupt turn on), which indicates

the presence of defects or surface recombination states.

Figure 6.2: log10I-V plots for LED22 at 77 K and 300 K.

The series resistance (RS) at low current(<10mA) (Table 6.1) is low and indicative of

good quality contacts. The reduced shunt resistance (RP ) indicates that there are some

defect states that are allowing carriers to bypass the p-n junction. This is supported
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by the ideality value of 2 indicating the presence of traps. The relatively large series

resistance at operating currents (200 mA) indicates there will be problems with Joule

heating.

6.2.2 Electroluminescence

The device was placed in the Oxford Instruments Dry cryostat and cooled to 5 K. Spectra

were taken at 20 mA intervals between 20 mA and 200 mA using a 50% duty cycle 1 kHz

signal (henceforth referred to as qCW). These drive conditions were chosen as they

are recommended by the manufacturer and are commonly used by other commercial

manufacturers. Further current–light (I–L) measurements were taken up to 750mA

using 1% duty cycle to reduce the effects of Joule heating. These measurements were

repeated every 50 K up to 300 K.

Figure 6.3: Temperature varied electroluminescence from 10 K to 300 K, showing a de-
crease in intensity of 50%. Peak room temperature emission occurs at 2.25µm. Device
was driven at 200 mA with a 50% duty cycle.

Between 4 K and 300 K the intensity of the light emitted halved (Figure 6.3). This

indicates a weak influence of thermally quenching processes. By plotting the integrated

intensity of EL emission against 1
kT , where k is Boltzman constant and T is temperature,
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we can determine the activation energy (as shown in Figure 6.4) by using the Arrhenius

fitting function;

I =
I0

1 +A exp−(Ea/kBT ) +B exp−(Eb/kBT )
(6.1)

where I is the intensity, I0 is the intensity at 0 K, A & B are the rates of each process

and En are the activation energies.

Figure 6.4: Activation energy plot of LED22, a bulk InGaAsSb/AlGaAsSb LED. The
fit indicates an Arrhenius function with activation energies of 123 meV and 15 meV
associated with the thermal escape of holes and CHSH Auger process respectively.

The activation energies of LED22 were fitted as 123 meV and 15 meV. The former is

believed to be the thermal excitation of a carrier into the AlGaAsSb barriers. This can

not however be confirmed without exact knowledge of the band structure. The 15 meV

activation energy can be attributed to either an excitation of carriers out of an interface

band minima or the presence of a Mn trap state (20 meV)[45]. A possible origin for this

Mn would be contamination of the LPE boat used to produce the semiconductor. At

room temperature, the thermal escape of holes is the key loss process in the device. At

temperatures below 200 K the 15 meV process dominates. Without an exact knowledge
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of the composition of the device, due to commercial sensitivity it it not possible to

determine exactly where the processes occur.

Figure 6.5: The decrease in Z number with temperature due to increased SRH followed
by Auger recombination increasing beyond 200 K resulting in the Z number increasing.
Taken from power varied measurements with 1% duty cycle to reduce Joule heating.

To further determine the recombination processes, Z analysis was undertaken every

50 K between 10 K and 300 K, taking natural logarithms of light intensity (L) against

current (I) such that

Z = 2
ln I

lnL
(6.2)

where Z is the average number of carriers per recombination. One carrier would indicate

Shockley-Read-Hall recombination (SRH), two would be radiatively dominated and three

would be indicative of strong Auger recombination. However, as an exception to this, a

poor quality sample with weak PL signal could also give a Z value of 2 if it is equally

limited by Auger and SRH. Figure 6.5 shows the Z number as a function of temperature.

It can be seen that after an initial start at 10 K with a Z value of approximately 2,

indicating purely radiative recombination. There are some defect states that activate as

the sample warms increasing the SRH rate as indicated by the decrease in Z value.
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Figure 6.6: Breakdown of the recombination processes present in LED22 at room tem-
perature and 4 K. Calculated from the 1% duty cycle I–L curves.

It is also possible to determine how much each process contributes to the overall

carrier recombination, Gadedjisso-Tossou et al. showed that the light emitted (Rspon)

is proportional to Bn2 where B is the radiative rate and n is the carrier concentration,

thus
√
Rspon ∝ n. Combining this with I ∝ An+Bn2 +Cn3, where A,B and C are the

SRH, Radiative and Auger coefficients, it can be shown that[139];

I√
Rspon

∝ A+Bn+ Cn2 (6.3)

By plotting I√
Rspon

vs
√
Rspon, a quadratic curve is produced, for which a fitting

will extract values for A, B and C. Using
√
Rspon as a proxy for n, then the rates of each

process can be calculated and their percentage of the recombination current determined.

The result of this is shown in Figure 6.6. Because the current is not directly measured

in this technique but inferred from the
√
Rspon, the presence of leakage current is not

included as it is the proportion of recombination not total current.

As expected, the SRH reduces in effect as carrier densities increase and defect states

become saturated. The increase in Auger contribution between 4 K and 300 K is also
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consistent with the Z analysis seen in Figure 6.5. By comparing the observed halving of

output power with the smaller decrease in radiative rate recombination seen in Figure 6.6

we can infer that the loss of output power is determined by a reduction in the number

of carriers not recombining. Possible causes for this could be the thermal excitation

of carriers out of the active region. This is supported by the activation energy which

indicates carrier leakage to be the key loss mechanism.

6.2.3 Power and Efficiency

The power output was measured by placing the LED in an integrating sphere in front

of an 77 K InSb detector connected to a lock in amplifier. Factoring in the gain on the

preamp, and the ratio of integrating sphere surface area to output hole, it is possible to

determine the current produced by the detector. With the responsivity of the detector

known, the output power of the LED can be determined. The output power of the device

when operating at 300 K with a drive current of 200 mA qCW was measured as 0.5 mW.

This gives an external quantum efficiency of 0.43% and a wall plug efficiency of 0.14%.

The difference in these two values can be attributed to loss of energy in each electron

hole pair, imparted by joule heating and scattering. The difference between the energy

acquired by each electron hole pair from the power source and the mean photon energy

is known as the ‘feeding efficiency’[140].

6.2.4 Summary

To conclude, a bulk InGaAsSb/AlGaAsSb heterojunction grown by LPE is an easy way

to achieve a reasonably high power device (0.5 mW) which results in a power density

(brightness) of 1.5 mWmA-1cm-2. The broadness (200 nm FWHM) of the emission would

reduce any negative effects of absorption in the atmosphere. The main limitation on

increased output from the device is thermal loss of carriers to the confining AlGaAsSb

barriers. The introduction of a penternary active region could improve the output of
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the device by engineering the ∆Ev/c to change the vacuum energy of the active region,

improving the carrier confinement. However the effect this will have would be minimal

as the carriers are already confined ≈5kT.

6.3 GaInSb/GaSb Quantum Wells

To measure the properties of an LED containing quantum wells, device QJ403 developed

in the previous chapter was tested. The structure of which is shown in Figure 6.7a.

(a) (b)

Figure 6.7: (a) Schematic of QJ403 a GaInSb MQW LED. (b) Band structure of a single
quantum well.

6.3.1 Current – Voltage Characteristics

Figure 6.8 shows the current voltage relation of the LED. The series resistance of 1.7 Ω

indicates that the contacts are of good quality, however, the very low parallel resistance

of 1.8 kΩ indicates that carriers bypassing the active region is a key concern in this

device. This is supported by the ideality factor of 5.8. The device failed before 77 K

testing could occur.
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Figure 6.8: log10I-V plot of QJ403 at 300 K with a series resistance of 1.69 Ω and shunt
resistance of 1.8 kΩ. The device has an ideality factor of 5.8.

6.3.2 Electroluminescence

A 800µm diameter surface emitting mesa was produced using the techniques outlined

in Section 4.4. Individual mesas were cleaved and mounted on a TO-48 header. The

completed device was placed in the Oxford Instruments OptistatDry cryostat with the

LED orientated such that the emission from the top of the mesa was directed at the

collection optics.

(a) (b)

Figure 6.9: (a) 4 K electroluminescence of QJ403. Fit using equation 2.15(red line). (b)
300 K electroluminescence spectra of QJ403 showing the quantum well peak on the left
and a higher energy peak attributed to the GaSb barriers. Black line is the measured
spectra; the red line is the summation of a fitting of the quantum well e1-hh1 transition
and of the GaSb transition. The device was driven at 200 mA with 5% duty cycle.
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The 5 K electroluminescence spectra is given in Figure 6.9a. This was fitted using

equation 2.15;

IEL(hν) = A

[
erfc

(
Eg − hν
σ
√

2

)
exp

(
−hν − Eg

kBT

)]
where erfc is the complimentary error function, σ is a fitting parameter to take into

account inhomogeneous broadening, Eg is the bandgap, T is the lattice temperature

and kB is Boltzmann’s constant. The resulting fitting parameters are: Eg=684 meV,

σ=4.5 meV and kBT=4.2 meV.

Upon heating to 300 K the light intensity decreased by a factor of 100. The activation

energy of this thermal quenching was calculated using a fitting of equation 6.1 on a plot

of the integrated electroluminescence intensity against 1/kT.

Figure 6.10: Arrhenius fitting of integrated intensity of QJ403. Fitting gives activation
energies of 12.3 meV and 130 meV.

The two activation energies were 130 meV and 12.3 meV. The former is approximately

equal to the loss of an electron hole pair from the quantum well which modelling sug-

gests has an energy of 128 meV (Figure 6.7b). The 12.3 meV activation energy could be

the ionisation of a silicon acceptor as this has an ionisation energy of ∼10 meV, though
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as silicon is not used in the system the device was grown in the source of this is un-

known. This process dominated up to temperatures of 170 K. It is not one of the Auger

recombination processes as CHSH and IVBA are suppressed when Eg < ∆so as is the

case in this sample (∆so=840). The calculated activation energy of CHCC is 77 meV so

this also cannot be the dominant quenching process. The presence of the GaSb peak

at temperatures of 200 K and higher supports the view that the quenching is due to

the escape of carriers from quantum wells. This is consistent with the findings of the

previous chapter. Analysis of the recombination pathways at 300 K was not possible

with the device as the signal was too weak to get measurable spectra over a range of

currents.

6.3.3 Power and Efficiency

At 300 K under qCW drive conditions, with a current of 170 mA, the output power of the

InGaSb MQW LED was 0.4µW. This gives an external quantum efficiency of 1.6×10-3%

and a wall plug efficiency of 2×10-4%. The drive current of 170 mA was chosen instead

of 200 mA which was the preferred drive current for the other samples. This was because

the output power began to decrease at this point. This was caused by Joule heating of

the sample which was confirmed by the attaching of a thermocouple to the sample.

6.3.4 Summary

This sample has shown poor power output and efficiency, and it appears to be limited

considerably by poor carrier confinement as was found with other InGaSb quantum well

samples examined in the previous chapter. Without the introduction of larger barriers

improving confinement this device does not seem suitable when compared to the power

outputs available from other devices.
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6.4 InAs Quantum Dashes

A sample of InP quantum dashes (QDash) was acquired from III-V Lab, Marcoussis,

France where it was developed as part of the PROPHET network[107]. The growth

conditions are outlined in the thesis of K. Papatryfonos[103]. The schematic of the

sample can be seen in Figure 6.11.

Figure 6.11: Schematic of the Quantum dash LED structure. InGaAs composition is
In0.53Ga0.47As, lattice matched to InP.

The sample was processed into surface emitting LEDs with assistance from Saurabh

Kumar at the Centre for Nanoscience and Technology at the University of Sheffield using

the method outlined in Section 4.4.

6.4.1 Current – Voltage Characteristics

The current – voltage curves for the quantum dash LED (Figure 6.12) indicate good

quality contacts with a series resistance of 1.7W. The parallel resistance changes greatly

between 77 K and 300 K; from 3 MW to 750 kW, indicating a substantial increase in leakage

current. Over the same temperature range the ideality factor changes from 2.8 to 1.6. To

ascertain the source of the leakage current I–V measurements where undertaken on mesas

of different diameters (d); 800µm, 400µm, 200µm and 100µm. At 77 K the parallel
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Figure 6.12: Current - voltage relation for quantum dash LED at 77 K and 300 K.

resistance was proportional to 1
d , indicating that the leakage current was associated with

surface recombination. At 300 K the resistance was proportional to d−1.26 indicating that

whilst surface recombination was still the dominant process, a fraction of the leakage

was occurring through defect states in the diode (which has a d−2 dependence).

6.4.2 Modelling

Using nextnano®, 2D simulations of the band structure of the quantum dashes were

undertaken and fit to the experimental data. It is the height of the dash which defines

the confined states within the dash. A dash height of 4 nm gave the best agreement

between simulation and experimental results. The resulting 300 K simulation is shown

in Figure 6.13a. Several more heavy hole states were possible, but these could not been

seen in the spectra, so are excluded from the figure for clarity. Due to strain the light

hole band edge of InAs is lower than the valence band of the InGaAs resulting in a

type-II transition.

Figure 6.14a shows the fitting of the simulated peaks to the 300 K electroluminescence

which are in good agreement. There is a slight offset as the measured peaks are 16 meV

above the expected position. This could be due to some gallium migration into the

dashes or a small deviation in dash height. The agreement of experimental data and

simulation continues down to low temperatures as shown in Figure 6.13b. The peak
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(a) (b)

Figure 6.13: (a) 300 K nextnano® simulation of the band structure of the quantum
dash sample. A dash height of 4 nm is used. Shown here is a vertical slice through the 2
dimensional simulation at the center of the dash. Light hole states are not confined due
to strain, resulting in a type-II transition. Strain also causes the non-symmetry in the
conduction band. (b)Comparison of the experimental transition energy of the quantum
dash LED with the nextnano® simulated transition. The Varshni fitting of the LED
device is also included (solid line).

emission wavelength of the LED was fitted with the Varshni equation;

Eg(T ) = Eg(0)− αT 2

β + T
(6.4)

where Eg(T ) is the transition energy at temperature T , Eg(0) is the transition energy

at 0 K and α & β are fitting parameters. The resulting α & β are 0.5 meV/K and 370 K

respectively, far higher than those of InAs (0.27 meV/K and 83 K) but comparable to

InP (0.49 meV/K and 327 K).

6.4.3 Electroluminescence

Electroluminescence measurements of the LED were undertaken in the Oxford Instru-

ments OptistatDry cryostat. The LED was orientated such that the emission from the

top of the mesa was directed at the collection optics. At low temperature there is evi-

dence of lasing in the sample as manifest by the line narrowing with increased current

(inset Figure 6.14b). A high resolution spectrum (0.5 nm step size) is shown in Figure
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(a) (b)

Figure 6.14: (a) A graph of the electroluminescence spectra of the quantum dash sam-
ple at 300 K (Black line), the fitting of the spectra with the transitions for e1–hh1,
e1–lh1/Barrier and bulk transition in the InGaAs barriers. (b) 50K surface electrolumi-
nescence of InAs Quantum dashes the main peak being spontaneous emission from the
dashes and the longer wavelength peaks result from stimulated emission. Drive condi-
tions were 140 Acm-2 with 5% duty cycle and 0.05 mm slits. Inset shows line narrowing
with increasing current.

6.14b. The main peak, as detailed by the red dashed line, is attributed to spontaneous

emission (e1–h1) from the InAs. This is consistent with simulations of 4 nm high dashes.

The longer wavelength peaks are attributed to stimulated emission due to their narrow

linewidth and lack of strong absorption peaks at this wavelength. The lasing occurs at

temperatures up to 150 K. The source of the lasing peaks could not be determined and is

beyond the scope of this investigation. Radial and whispering gallery modes have been

considered as the origin of the smaller peaks. Using the following equations[141];

∆λWG =
λ2

2πRn
(6.5)

∆λR =
λ2

2Rn
(6.6)

where ∆λWG is the whispering gallery mode spacing, ∆λR is the radial mode spacing

λ is the wavelength, R is the radius and n is the refractive index. The radius of the mesa
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is 400µm, this would result in a radial mode spacing of 1.1 nm, smaller than the 3-4nm

spacing seen in Figure 6.14b. The measured mode spacing would indicate a radius of

150µm which is approximately the radius of the bond pad. This could indicate a current

crowding issue. It is not possible to ascertain the presence of whispering gallery modes

as the spacing is below the resolution of the system.

Temperature varied measurements were taken from 4 K to 300 K which resulted in a

factor of 7 decrease in sub-threshold output intensity. The spontaneous emission from

individual spectra were integrated and plotted against 1/kT (Figure 6.15a). This was

fitted using the Arrhenius function (equation 6.1). The resultant activation energies

were 109 meV and 33 meV. Given the value of 2.5 in the Z number analysis indicated

the dominance of Auger recombination at lower temperatures, the activation energies

of the common processes IVBA, CHCC and CHSH were calculated using the equa-

tions outlined in Section 2.7.3. The results indicated that the likely process responsible

for thermal quenching was CHCC with a calculated activation energy of 31 meV. The

109 meV process was attributed to the thermal excitation of electrons out of the dashes,

as simulations indicate the confinement energy to be 94 meV. The Arrhenius fitting sug-

gests that the thermal loss of confinement is the dominant process of the two by a factor

of 9.

The L/I turnover point, indicates the point of maximum efficiency. When viewed as

a function of temperature it can give an indication of the location of defect states within

the band gap[142]. The internal efficiency (ηint) of a sample can be given as[13];

ηint =
Rr

Rr +Rnr
(6.7)

where the radiative rate Rr = Bn2 ∝ L (the output intensity) and the total recombina-

tion rate Rr+Rnr = An+Bn2+Cn3 ∝ I where A, B and C are the Shockley-Read-Hall,

Radiative and Auger coefficients respectively and I is the injected current. The turnover
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(a) (b)

Figure 6.15: (a) Arrhenius plot of the integrated spontaneous emission of the quantum
dash LED. The fitting indicates activation energies of 109 meV and 33 meV. (b) The
temperature dependence of Z number indicating an increase single carrier mechanism at
increasing temperature.

point occurs when a maxima of equation 6.7 occurs. In this case the differential of the

internal efficiency as a function of carrier density should be zero, thus;

d

dn

(
Bn2

An+Bn2 + Cn3

)
=

B(A− Cn2)

[A+ n(B + Cn)]
= 0 (6.8)

The only physically possible solution to this is when A = Cn2. Therefore at peak

efficiency it can be assumed that A
C ∝ n2 = I. Both SRH and Auger recombination

rates are temperature dependent with[14];

A =
1

2τ0

(
1 + cosh

Etr−Efi

kT

) (6.9)

and

C ∝ exp
(
−Ea
kT

)
(6.10)

where Etr − Efi is the difference in energy between the Fermi level and the trap

states. Rearranging the solution to equation 6.8 gives A
C = n2 ∝ I. Thus the fitting for
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(a) (b)

Figure 6.16: (a) L/I curves for QDash LED at temperatures from 5 K to 300 K. (b) The
temperature dependence of current at which internal efficiency is at a maxima from 4 K
to 300 K, fit with Equation 6.11.

Figure 6.16b is achieved by combining equations 6.9 and 6.10 to give

A

C
(T ) ∝ F0

exp
(
Ea
kT

)
1 + cosh

Etr−Efi

kT

(6.11)

where F0 is a fitting parameter and the value of Ea, the activation energy of the

Auger process, is taken from those previously found in the Arrhenius fit as 33 meV. This

provides a good fitting for Figure 6.16b with trap levels 60 meV from the intrinsic Fermi

energy. This indicates that the trap levels are deep within the band, 120 meV from the

band edge. This could be attributed to an As vacancy which has been measured with

an energy of 140 meV [143].

6.4.4 Pressure Dependent Electroluminescence

To further ascertain the effect that Auger recombination had on the operating efficiency

of the device, a sample was tested at the University of Surrey with Prof. S. Sweeney’s

group. The sample was placed in a pressure cell as described in [144] and subjected to

pressures up to 400 MPa (4 kBar). Both spectra and light–current curves were recorded
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at intervals between 400 MPa and atmospheric pressure.

(a) (b)

Figure 6.17: (a) The electroluminescence spectra of a QDash LED when subjected
to an increasing pressure and the resultant blue shift (as indicated by the arrow) of
9 meV/kBar. (b) Pressure dependent light current curve for QDash LED at 300 K show-
ing a 9% increase in output. Uncertainty in data less than point size.

The energy shift shown in Figure 6.17a was calculated to be 9 meV/kBar which is

consistent with previous high pressure measurements on InAs dashes, albeit with shorter

wavelengths[145].

The relatively small increase in light intensity at high pressure validated the presence

of the CHCC process. The application of pressure alters the bandgap (Eg). The relative

change in Eg−∆so is far greater than the change in Eg, meaning the activation energies

of IVBA and CHSH processes are more strongly dependant upon the pressure. The

application of pressure resulted in a mere 9% increase in light emission which supports

the view that the relevant Auger process is a CHCC recombination, but one which is

not the dominant quenching process. Figure 6.18 also supports this view. The analysis

involved ignores the effect of leaked carriers, the doubling of radiative efficiency does

not correspond to the observed 9% increase indicating that carrier leakage has a greater

effect on thermal quenching. An additional element that will contribute to the improved

output at higher pressure is the improved carrier confinement. The pressure depen-

dence of In0.53Ga0.47As is 10.9 meV/kBar meaning electrons will have a further 7 meV
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Figure 6.18: 300 K Recombination contribution of SRH, radiative and Auger recombi-
nation at atmospheric pressure and 3.8 kBar. Auger recommbination decreases by 40%
and radiative increases by 100%.

of confinement at high pressure, compared to the 109 meV at atmospheric pressure.

6.4.5 Power and Efficiency

The output power of the device was measured at 300 K under qCW drive conditions with

a current of 200 mA. The output power was 1.2 mW. This gives an external quantum

efficiency of 0.94% and a wall plug efficiency of 0.7%.

6.4.6 Summary

With an output power density of 1.2 mWmA-1cm-2 the quantum dash LED compares

well with the bulk sample, as the device is larger, the absolute power is greater. The

wall plug efficiency is 5 times greater. The main limitation on improved output power

is the thermal loss of electrons from the dashes; this could prove difficult to overcome

as the InGaAs barrier region is selected due to the lattice matching between it and the
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InP substrate. Studies of InAs quantum dash growth have also pointed to the necessity

of using InGaAs for the growth of InAs dashes instead of quantum dots. Replacing

InGaAs with lattice matched AlInAs, which would increase confinement, resulted in the

formation of quantum dots. A lattice matched AlGaInAs epilayer has also been used

to grown InAs dashes and merits further investigation[146]; not only to contribute to

validating the theory that gallium is required in the epilayer to allow dash formation, it

could also be used to determine the required quantity whilst also improving confinement.

Furthermore, it could increase the confinement in the Quantum dashes improving room

temperature operation.

In light of analysis on other samples further improvements to this sample will be

discussed in Chapter 7.

6.5 InSb Quantum Dots

LEDs were produced using InSb quantum dots, a structure that has shown promise in

achieving emission at 2µm. Whilst there have been examples of InSb/GaSb quantum

dots grown by various means such a LPE[83] and MOVPE[86], studies have been lim-

ited to the structural properties through Transmission Electron Microscopy (TEM) and

Scanning Electron Microscopy (SEM), with optical studies via photoluminescence. A

single example of electroliuminescence spectra, from a p-i-n junction containing InSb

dots exists but no details are provided on its operation and is only used to confirm

the transition energy seen in the PL. In this section the electroluminescence properties

of InSb/GaSb quantum dots are examined. Both surface emitting mesa devices and

edge-emitting devices were produced but processing of the mesa devices failed.
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6.5.1 Growth

The sample (QH326) was grown on a n-GaAs(100) substrate using MBE. Once the native

oxide layer was disorbed, a 100 nm n-GaAs buffer layer was grown, onto which a n-GaSb

layer 200 nm thick was deposited using the IMF growth technique. To counteract the

inherent dislocations formed by the IMF, a defect filtering structure was grown next.

This consisted of four alternating 10 nm Al0.1Ga0.9Sb and 9 nm GaSb layers. Next, a

1.5µm n-Al0.33Ga0.66Sb cladding layer was grown with a 800 nm GaSb active region

containing the QDs and topped with a p-Al0.33Ga0.66Sb cladding layer. The QDs were

formed by the deposition of 10 pairs of nominally 0.5 ML InSb and 2.5 ML GaSb layers at

425�. This stack was repeated five times. Between each stack the substrate temperature

was raised to 510� under Sb2 overpressure and a 30 nm GaSb barrier layer added. Thus

the QDs reported here are of the so called ‘sub-monolayer’ type. The device was capped

with a 100 nm p-GaSb for contact bonding.

(a) (b)

Figure 6.19: (a) Schematic of (QH326) an InSb/GaSb quantum dot edge-emitting LED
(ELED). (b) HRXRD of QH326 a alongside a normalised simulated fitting. The pen-
dellösung fringes are consistent with a series of InGaSb quantum wells, suggesting that
the InSb dots have diffused into the barriers.
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(a) (b)

Figure 6.20: (a) Bright field TEM image with ×50k magnification of the sub-monolayer
Quantum dot region, the quantum dots appear to have diffused into the surrounding
GaSb producing quantum wells around 15 nm wide. (b) Bright field TEM image with
×600k magnification of a single quantum well (red square in (a)). The indium within
the well, as indicated by the darker regions, is not homogeneously distributed.

6.5.2 Structural Analysis

X-ray diffraction of the sample showed poor agreement with the proposed design. The

pendellösung fringes were poorly resolved but their presence and position indicated a

superlattice of InGaSb/GaSb quantum wells. The composition of the wells was approxi-

mately Ga0.84In0.16Sb and 13-16 nm wide. Given the dimensions of the wells it is possible

they have relaxed and fittings with unstrained wells provided equally good agreement.

The composition is consistent with the ratios of GaSb and InSb deposited, though it is

thicker than the 9 nm total thickness of each InSb/GaSb quantum dot stack as designed

(Figure 6.19a). TEM images of the sample were taken by Dr Richard Beanland at War-

wick University. These were used to determine the structure and ascertain if there are

any quantum dots in the sample. The strain filtering AlGaSb/GaSb superlattice reduced

the threading dislocation density from 2.5×109 to 4×108.

Figure 6.20a shows the region in the sample where quantum dots were expected.
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The 10 layers of 0.5 ML InSb stack appears to be 15 nm thick instead of the expected

9 nm. There also is no evidence of quantum dots, which appear to have been replaced

with quantum wells. At ×600k magnification, as in Figure 6.20b, the bright field TEM

indicates regions which are indium rich but overall are best described as disordered

quantum wells with indium rich regions rather than quantum dots.

6.5.3 Modelling

Simulations using nextnano® were undertaken and compared to the spontaneous emis-

sion peaks of the electroluminescence spectra from 10 K to 300 K. Five scenarios were

simulated:

1. InSb quantum dots 1 monolayer (ML) thick.

2. InSb quantum dots 2 MLs thick.

3. 9 nm Ga0.84In0.16Sb quantum wells.

4. 15 nm Ga0.84In0.16Sb quantum wells.

5. 15 nm Ga0.89In0.11Sb quantum wells with indium modulation.

The first two scenarios would be the result from the designed composition. Scenario 3

would be the result of the shuttering for the InSb and GaSb layers for the quantum dots,

acting as a digital alloy type growth, whilst maintaining the expected layer thickness.

Scenarios 4 and 5 are consistent with the TEM images. Scenario 4 is the resultant

composition when a homogeneous alloy has been formed from the InSb and GaSb to the

dimensions determined from the TEM images. Scenario 5 most closely approximates

the composition seen in the TEM; 15 nm quantum wells with indium rich regions. The

composition of the wells and indium rich and deficient regions were varied to find a

good fitting of the emission spectra. Without knowledge of the exact composition of

the quantum dot/well regions, which could be acquired through techniques such as
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Figure 6.21: The emission energy of QH326 compared with the simulated possible solu-
tions, the strongest agreement is found in the modelling of InGaSb quantum wells with
indium rich regions. Varshni parameters of the LED are α=0.37 meV/K and β=130 K.

atom probe microscopy, as such the simulations have been adjusted to the results and

cannot be compared to a known structure. A periodic arrangement of quantum dots

was chosen for simulation as it best represents the modulation in the TEM images.

Other possible solutions included triangular wells to simulate the diffused nature of the

indium content and single larger indium rich regions. Whilst varying parameters such

as indium content, region dimensions and in the case of triangular wells composition

gradient could achieve similar transition energies as those seen. The periodic wells

provided confinements consistent with the activation energies measured.

The resultant transition energies from the simulations are compared in Figure 6.21.

Scenario 5 is the most consistent with experimental data. In this scenario, the dimensions

were taken from the TEM images and the quantum wells were assumed to have indium

rich regions. It is believed that formation of disordered GaInSb quantum wells instead of

InSb quantum dots is due to a combination of the sub-monolayer growth method acting

in a similar fashion to a digital alloy, along with the diffusion of the indium beyond this
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Figure 6.22: Band structure of QH326 at 300 K included are the energy levels and wave-
functions of the ee1, hh1 and hh2 eigenstates.

region. The bright field TEM image indicates that this diffusion is not homogeneous as

there is some modulation in the indium composition of the wells. This is a similar effect

as to what is seen in the case of InAs/GaAs sub monolayer quantum dot growth [90].

This would explain why the simulation deviates from the experimental measurements

at low temperatures. The indium rich regions will have a smaller band gap and at

low temperatures, carriers will become localised. The 5 K band diagram can be seen in

Figure 6.22; from this it is notable that the electron has very little confinement within

the localised indium regions. If this description of the structure is accurate it would

indicate that emission from the indium rich rich regions is unlikely at anything but the

lowest temperatures. The compositions in this simulation include indium rich regions

1 ML thick with a composition of In0.9Ga0.1Sb separated by 4 ML of Ga0.88In0.12Sb, with

a total thickness of 16 nm. This would indicate growth rates double those expected.
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Figure 6.23: Current – voltage relation for QH326 LED at 77 K and 300 K.The ideality
factor was 3.3 at 300 K and 4.3 at 77 K.

6.5.4 Current – Voltage Characteristics

Current - voltage measurements of the sample at 300 K indicate a low series resistance

of 2.3W, the parallel resistance is also low at 14 kW, indicating a lot a defect states or

surface recombination. At 77 K the series resistance is 1.6W and parallel resistance is

2 MW. Due to the stripe geometry of the sample it is not possible to determine if the

leakage current is due to defect states or surface recombination. The ideality factor was

3.3 at 300 K and 4.3 at 77 K.

6.5.5 Electroluminescence

The device was mounted on a TO-46 header and placed in the Oxford Instruments

OptistatDry cryostat such that the edge emission parallel to the ridge was aimed at the

collection optics.

The sample was cooled to 4 K and driven qCW at currents from 21 mA to 200 mA.

The measured spectra are shown in Figure 6.24a, the inset shows the device lases at a

current density of 200 A/cm2. A series of spectra were taken as the sample was warmed
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(a) (b)

Figure 6.24: (a) 4 K EL spectra of InSb SML QD ELED with inset intensity graph
showing the device begin to lase. (b) Electroluminescence spectra from 7 K to 300 K at
a sub-threshold current of 140 A/cm2.

to 300 K; this was done at a sub-threshold drive current of 140 A/cm2. The activa-

tion energies of the quenching processes indicated values of 49 meV and 9 meV (Figure

6.25a).As it is approximately the localisation energy seen in the Varshni fitting (5 meV),

the low energy process is assigned to the electron escaping the indium localisation into

the quantum well. However, this is approximately 1000 times weaker than the 49 meV

process. The 49 meV process is believed to be the loss of confinement of the electron to

the GaSb barrier, as the simulation in Figure 6.22 indicates a confinement of 53 meV.

This difference is attributed to the inhomogeneous nature of the indium rich regions

meaning the confinements vary region by region. The CHCC process also has an acti-

vation energy of 55 meV but this is not considered the main loss mechanism because as

outlined in the following section the dominant process is a single carrier process.

The Varshni parameters are α=0.37 meV/K and β=130 K, which assuming a linear

relation between GaSb and InSb would be consistent with Ga0.9In0.1Sb (α=0.38 meV/K

and β=133 K). The material between the indium rich regions in the simulation.

Lasing in the device occurs at temperatures up to 200 K (Figure 6.25b). Using the
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equation[147];

Jth = J0 exp

(
T

T0

)
(6.12)

where Jth is the threshold current density, T is temperature and T0 is the characteristic

temperature. In QH326 T0 is found to be 148 K.

(a) (b)

Figure 6.25: (a) Arrhenius plot of QH326 light emission, giving activation energies of
9 meV and 49 meV.(b) I–L plots of QH326 from 5 K to 200 K. The resultant threshold
currents indicate a T0 of 148 K.

Figure 6.26a shows the analysis of the recombination processes at 300 K. This shows

that the dominant recombination process is SRH. The likely cause of this is defects

related to the IMF interface, as the defect filters have not entirely removed the threading

dislocations as evidenced by the TEM images. This is consistent with the Z number

analysis at 5 K which is 1.6, indicating a large defect density. By 150 K, it reaches 1.1

and doesn’t increase.

Power varied measurements of the device are shown in Figure 6.26b, in the inset

the FWHM is given as a function of injection current. From this it is possible to see

that for low injection currents the FWHM is smaller than kT; at 40 mA the FWHM

is 17 meV, less than the thermal broadening expected in a quantum well. This gives
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(a) (b)

Figure 6.26: (a) Recombination processes of QH326 LED at 300 K with a 1% duty cycle.
(b) 300 K electroluminescence of QH326 ELED the main peak is attributed to the ee1-
hh1 transition, the FWHM of which is included in the inset. The peak at 1750 nm is
attributed to transitions in the GaSb barriers.

credence to the presence of indium rich quantum dots within the active region in which

carriers are at least partially confined up to room temperature. The limited presence

of the GaSb transition in the spectra is attributed to the threading defects inherent

in a sample grown on IMF. Defects within the GaSb barriers reduce recombination in

these regions. The localisations caused by the indium rich regions could attract carriers

within the quantum well to defect free quantum dots. This process was also seen in the

development of InGaN QW LEDs on sapphire substrates[148].

6.5.6 Power and Efficiency

At a qCW current of 200 mA at 300 K the output power of the device was measured to be

1.8µW. This gives an external quantum efficiency of 1.5×10-3% and a wall plug efficiency

7×10-4%. At these drive conditions there was already evidence of Joule heating, meaning

that without some form of heat sink, this would not be a practical operating mode for

this device. Edge emitting devices result in a very high output power density (brightness)

due to the very small emitting area. In this device the brightness is 18 mWmA-1cm-2,
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an order of magnitude greater than that seen in the brightest surface emitting device in

the study.

6.5.7 Inclusion of AlGaSb Barriers

With the loss of carrier confinement identified as a contributing factor in the thermal

quenching of the previous LED, the growth was repeated using AlGaSb barriers as shown

in the schematic in Figure 6.27a.

(a) (b)

Figure 6.27: (a) Structure of QH357 including a AlInSb/AlGaSb defect filtering layer.
(b) ω − 2θ x-ray diffraction of QH357. The pendellösung fringes are poorly defined but
consistent with 6 nm Ga0.82In0.18Sb quantum wells separated by 27 nm of Al0.22Ga0.78Sb.

Growth

Growth conditions during the InSb sub-monolayer deposition were kept identical to

QH326 except each stack only contained five InSb depositions. The reduction in InSb

depositions in each stack was reduced as simulations indicated a large number of confined

states which could result in poor carrier confinement. Ten repeats of the quantum dot

stacks were inter-spaced with 35 nm of Al0.25Ga0.75Sb barriers. These barriers were

grown at 500�. The ramp in temperature between the growth of quantum dot stacks and
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AlGaSb barriers was achieved with a growth interrupt under antimony flux. The defect

filter layers in this design consisted of a 35 period superlattice of 10 nm of Al0.1In0.9Sb

and Al0.5Ga0.5Sb. This superlattice was repeated three times, each one separated by

100 nm of Al0.5Ga0.5Sb.

Structural Analysis

X-ray diffraction scan of the wafer is shown in Figure 6.27b. The three main peaks are,

from left to right; Al0.5Ga0.5Sb, Al0.25Ga0.75Sb and GaSb. The pendellösung fringes are

poorly defined but consistent with (6±1)nm Ga0.82In0.18Sb quantum wells separated by

27 nm of Al0.22Ga0.78Sb. As in QH326, there is again evidence of intermixing of the InSb

and GaSb stacks, though the introduction of AlGaSb barriers appears to have reduced

further migration of the indium, as the fitting more closely resembling the intended

growth, specifically the well width.

(a) (b)

Figure 6.28: (a) nextnano® simulation of QH357, electrons are confined within a GaInSb
quantum well, the holes are confined within the indium rich regions. (b) Comparison of
the peak energy of electroluminescence between 10 K and 300 K for QH357 with drive
currents of 100 mA and 200 mA. These are compared to the modelled peak energies of
an indium modulated quantum well and pure 1 ML InSb quantum dots.
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Modelling

A nextnano® simulation of the band alignment and eigenstates of the carriers was under-

taken using the x-ray fitting as a template for the structure and iterating until agreement

was made with the observed emission from the LED. The resulting band structure is

shown in Figure 6.28a. This band structure is the result of 1 ML Ga0.25In0.75Sb dots

within 2 ML Ga0.90In0.10Sb barriers. The temperature dependence of the simulated ee1-

hh1 transition is included in Figure 6.28b. For reference, also included is the transition

energies of a pure InSb quantum dot within a GaSb surrounded by AlGaSb barriers.

Both simulations are in good agreement with the expected design, though the modu-

lated indium concentration quantum well more closely resembles these data. This would

indicate that, though there is still some intermixing within the sample, it is improved

upon from QH326. The addition of AlGaSb is not believed to have resulted in the im-

proved InSb dot formation but the growth of the barrier layers at a temperature 10�

lower has reduced the intermixing of the quantum dots and GaSb. The increased po-

tential due to the AlGaSb barriers and reduced indium content in the wells has resulted

in an increased transition energy, which subsequently has lowered the wavelength of the

LED.

Current – Voltage Characteristics

At 300 K the series resistance in QH357 is 3.1W which is greater than that of QH326. The

shunt resistance is 148 kW, an increase of a factor of 10 compared to QH326, indicating

a decrease in the number of carriers bypassing the diode The ideality factor at 300 K is

6.5 indicating the continued presence of traps. At 77 K the kink in the curve indicates

a strong influence from a shunt resistance which is 45 MW, the series resistance is also

very high at 6.25W.
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Figure 6.29: Current – voltage relation of QH357 at 77 K and 300 K. The ideality factor
is 79 at 77 K and 6.5 at 300 K. In the 77 K there is strong evidence of a parallel resistance
at low currents.

Electroluminescence

As with QH326, QH357 was processed into ELEDs with the same profile as QH326. The

length of this device was approximately 1500µm. This was mounted on a TO-46 header

and placed in the Oxford Instruments OptistatDry cryostat such that the edge emission

parallel to the ridge was aimed at the collection optics. The introduction of AlGaSb

barriers greatly improved the thermal quenching of the sample. The light intensity of

QH326 decreased by a factor of 140 between 5 K and 300 K. Over the same temperature

scale QH357 decreased in intensity by a factor of only 14, a tenfold improvement (Fig-

ure 6.30a). The Arrhenius plot, of the integrated emission intensity indicates activation

energies for the quenching processes to be 71 meV and 15 meV, with the former’s con-

tribution twenty times greater (Figure 6.30b). The 71 meV process is attributed to the

CHCC process which is calculated to have an activation energy of 69 meV. IVBA and

the CHSH processes are suppressed as ∆SO > Eg (∆SO=807 meV). The 15 meV process
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(a) (b)

Figure 6.30: (a) Electroluminescence spectra of QH357 at temperatures of 7.5 K to 300 K
supplied with a current density of 130 A/cm2 and 50% duty cycle. (b) Arrhenius plot of
QH357 giving activation energies of 71 meV and 15 meV.

has been identified as the thermal excitation of the heavy hole out of the valence band

minima of the InSb rich regions of the quantum wells.

The 300 K electroluminescence spectra is shown in Figure 6.31a. The FWHM as seen

in the inset is greater than that seen in QH326 at comparable injection current densities.

Close examination of the spectra indicates a second peak on the high energy side of the

the main transition.The origin of this peak has not been determined.

Z analysis of the sample at 300 K gave a result of 1.3, indicating a strong dependence

on a SRH recombination though an improvement upon that seen in QH326. This is

supported by analysis using Equation 6.3, the results of which are shown in Figure

6.31b. This is similar to QH326 where SRH dominates at 300 K; this is likely caused by

threading dislocations inherent in the IMF interface.

Power and Efficiency

The power output of the device was measured to be 0.042 mW at a drive current of

200 mA with a 50% duty cycle. This resulted in an external quantum efficiency of 0.03%
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(a) (b)

Figure 6.31: (a) 300 K electroluminescence of QH357 ELED, a 1% duty cycle was used to
reduce the effects of Joule heating. The main peak is attributed to the e1-hh1 transition
and the location of the e1-hh2 transition is indicated on the graph. The inset shows
the FWHM of the main peak. (b) Relative contribution of recombination processes in
QH357 at 300 K.

and a wall plug efficiency of 0.012%, almost double that seen in QH326 where GaSb

barriers were used. The corresponding brightness of the device is 420 mWmA-1cm-2,

over 20 times brighter than the emission seen in the GaSb barrier device.

6.5.8 Growth on GaSb

Analysis of the previous two quantum dot samples has indicated a strong SRH recombi-

nation contribution. This is likely a consequence of the use of an IMF interface to allow

the growth of the devices on GaAs. In an effort to reduce the effect of this, a sample

was grown to the same design as QH357 but produced on a n-type GaSb(100) substrate.

Because of this the IMF layer was unnecessary and excluded.

Structural Analysis

The x-ray diffraction spectrum for the resultant wafer (QJ559) is shown in Figure 6.32b.

The bulk layers of GaSb, Al0.25Ga0.75Sb and Al0.5Ga0.5Sb are all more clearly defined

in this sample. The pendellösung fringes in this case are more consistent with the
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(a) (b)

Figure 6.32: (a) Structure of QJ559 a repeat of QH357 grown on n-type GaSb(100)
substrate. (b) ω− 2θ x-ray diffraction of QJ559, the pendellösung fringes are consistent
with the Al0.9In0.1Sb/Ga0.5Al0.5Sb superlattice. For reference the spectrum of QH357,
nominally the same design on GaAs and the simulated pattern are included.

Al0.9In0.1Sb/Ga0.5Al0.5Sb superlattice than the GaInSb quantum wells seen in previous

samples. Given their depth within the sample and relative broadness of the peak it is

possible that the GaInSb quantum wells are still present.

Current – Voltage Characteristics

The current - voltage plot of the QJ559 LED is shown in Figure 6.33. There is evidence

of a large amount of sub-threshold activation indicating the presence of defects or surface

states. This is supported by the low shunt resistance (RP ) of the diode at 670W, the

lowest amongst the devices studied in this work.

This is most comparable to QJ403, another sample grown on GaSb which also in-

cludes InGaSb and AlGaSb layers. Further study is required to determine if this is a

product of the processing or is inherent within these materials.

136



Figure 6.33: 300 K current - voltage plot of a 800µm diameter LED made from QJ559,
the ideality factor is 11

Electroluminecence

A device was placed in the Oxford Instruments OptistatDry cryostat such that the

emission from the top of the mesa was directed at the collection optics.

The sample was cooled to 4 K and electroluminescence emission spectra were recorded

at varying temperature intervals up to 300 K. As can be seen in Figure 6.34, the resultant

spectra had two main peaks. The low energy peak is attributed to transitions between

states confined within the quantum dots. This peak consists of two individual transitions,

the dominant of which switches between 80 K and 100 K, possibly indicating the loss of

confinement in the higher energy state. The shorter wavelength peak is attributed to a

transition from the GaSb barrier.
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Figure 6.34: Electroluminescence spectra for QJ559 at temperatures from 10 K to 300 K.
Emission from the shorter wavelength peak is attributed to a GaSb quantum well caused
by the interlayering of AlGaSb and GaSb in the active region. The longer wavelength
peak is composed of two peaks the dominant of which switches between 80 K and 100 K.

The presence of this second peak which is not seen in the previous samples despite

a nominally identical active region is attributed to the calibration of growth rates on

the MBE system. The growth rates used in the formation of SML quantum dots is very

low, 0.09 ML/s in the case of QJ559. These rates are far below those that the system is

typically calibrated to, the rate is inferred from an extrapolation of the cell temperatures

at higher growth rates. Given the exponential relation of cell temperature and growth

rate it is possible the growth rates in the two previous samples was incorrect. This would

be consistent with the larger than expected dimensions of the stacks seen in the TEM of

QH326. As QJ559 was grown some time later, growth times were recalculated to take

into account the drift in rates as the material in the cell is depleted. It is possible that

this rate was more accurate and deposited a sub monolayer quantity of InSb.

Figure 6.35a shows the simulated 300 K band structure of QJ559. Initial simulations

repeating the structure of QH357 were adjusted until agreement was found with the

emission spectra seen in Figure 6.34. The structure consisted of 2 ML thick In0.7Ga0.3Sb
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(a) (b)

Figure 6.35: (a) nextnano® simulation of a single quantum dot stack of QJ559 showing
the lowest two energy eigenstates in each band. (b) Comparison of the e1-hh1 and e2-hh2

transitions predicted in the simulation with the measured peaks from the temperature
varied electroluminescence.

quantum dots separated by 5 ML of GaSb and Al0.25Ga0.75 barriers. The temperature

dependence of the transitions in this simulation is shown in Figure 6.35b as the dashed

lines. Whilst not adequately simulating the emission from the quantum wells at low

temperature, the simulation provides a good approximation and fits well with the quan-

tum dot regions. Without TEM imagery of the quantum dot regions it is not possible

to further determine the exact composition of the active region.

(a) (b)

Figure 6.36: (a) Electroluminescence spectra of QJ559 at 4 K with a 50% duty cycle. (b)
Arrhenius fit of QJ559 with the dot emission and barrier emission measured separately.
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The thermal quenching in the quantum dots is far greater than that in the wells. At

300 K there is no emission detected from the dots; between 10 K and 280 K it reduces

by a factor of 280. The quantum well emission, by comparison, only reduces by a factor

of 9 between 10 K and 300 K. Arrhenius plots of the integrated intensity of each peak

(Figure 6.36b) reveal activation energies of 21 meV and 64 meV for the quantum well

emission and 25 meV and 108 meV for the quantum dot emission. In the quantum dots

the quenching is dominated by the 108 meV process. This corresponds to the excitation

of the electron between the e1 and e2 states, which simulations indicate have a difference

in energy of approximately 100 meV. The 25 meV process is the thermal leakage of the

holes, as this has a simulated confinement energy of 26 meV. In the quantum well the

quenching is attributed to the CHCC process with a calculated activation energy of

70 meV. The 21 meV process is consistent with transitions between hole states. The

Varshni parameters of QJ559 are given in Table 6.2, both the InSb dots and GaSb wells

are approximately similar to GaSb, given the small size of the dots then structure will

be dominated by the GaSb. Z analysis of the power varied light intensity indicates a

α (meV/K) β (K)

Well 0.4 170

Dot 0.32 120

InSb 0.61 500

GaSb 0.37 94

Table 6.2: Varshni parameters of the quantum dots and wells in QJ559 compared to
GaSb and InSb.

decrease from 2.3 at 5 K, to 1.9 at 300 K for the quantum well. This indicates a greater

contribution from SRH as temperature increases but it remains a prominently radiative

in recombination. The quantum dot Z number remains around 2 until the emission

quenches. Whilst this sample’s quenching means it is possible that it is the result of a

large SRH and Auger contribution, given that the main quenching process is electron

leakage it is more probable that it is a radiative dominated recombination.
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Power and Efficiency

The power output of the device was measured to be 0.08 mW at a drive current of

200 mA with a 50% duty cycle. This resulted in an external quantum efficiency of

0.05% and a wall plug efficiency of 0.02%. This is the best output power and efficiency

measured amongst the quantum dot samples. The power density was calculated to be

0.08 mWmA-1cm-2.

6.5.9 Comparison of Quantum Dot Samples

Whilst it has not been possible to conclusively determine the presence of InSb quantum

dots within all samples, the evidence points to the inclusion of some dot like properties

within the samples. The bright field TEM images of the first sample (QH326) show

some modulation in the indium composition. This modulation, when simulated using

nextnano® is consistent with the resulting transition energies. Atomic probe microscopy

would resolve this issue. Although available resources didn’t allow for it in this study, it

would also be fruitful to investigate the formation of quantum dots in the GaSb substrate

sample (QJ559) using TEM or atomic probe microscopy. The 10 K electroluminescence

spectra in this instance shows the most definite evidence of InSb quantum dots within

a quantum well (Figure 6.37a), with two distinct peaks seen. At room temperature

the FWHM of emission spectra is below that expected by the thermal broadening of

a quantum well peak. Whilst not conclusive proof of the presence of quantum dots,

it could indicate the partial dot like confinement of the carriers. This can be seen in

the simulated band diagrams by the increased probabilities of carriers being found in

the indium rich regions. For this reason, the InSb in QH326 and QH357 should not be

considered a quantum dot in the truest sense, a more appropriate name may be nanoscale

InSb insertions. In contrast the InSb structures of QJ559 are consistent with quantum

dots and as such are the first reported electroluminescence of SML InSb/GaSb quantum

dots.
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(a) (b)

(c) (d)

Figure 6.37: (a)10 K Electroluminescence spectra of the InSb quantum dot samples at
current densities of 100 A/cm2, each has been fitted with Equation 2.15. (b) 300 K
Electroluminescence spectra of the InSb quantum dot samples at current densities of
200 A/cm2. (c) The integrated intensities of the peaks seen in the InSb quantum dot
samples normalised at 10 K. (d) Z number analysis of the peaks seen in the InSb quantum
dot samples with trend lines in the corresponding colour to aid the eye.

QJ559 shows a double peak at 4 K (Figure 6.37a), whereas QH326 and QH357 show

only a single peak, this is due to the lack of properly formed quantum dots instead

merely InSb rich regions within a disordered quantum well. In QH326 the electrons

are negligibly confined and in QH357 they are merely confined to the quantum wells.
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Simulations indicate that the more defined dots in QJ559 bring superior confinement

within the dot. TEM or atomic probe microscopy imagery of the active region of QJ559

would confirm the structure and validate this reasoning. A further route to improving

confinement in the samples would be to increase the thickness of the GaSb deposition

between InSb layers. As can be seen in the simulations of the samples (Figures 6.22,

6.28a and 6.35a), the wavefunction fully overlaps between these layers. By increasing the

layer thickness such that the dots became isolated, simulations indicate the eigenstates

would have a lower energy. Using equation 2.15 on the 4 K spectra of all three samples

we see similar values of σ for the GaSb IMF (QH326) and the dot containing GaSb wells

in QJ559 (5.6–5.7 meV) where as the AlGaSb/InGaSb containing QH357 is more similar

to that seen in QJ410, the AlGaSb/InGaSb MQWs from the previous chapter, further

suggesting that QH357 does not contain quantum dots but has in fact a disordered

quantum well structure.

Figure 6.37c compares the thermal quenching of the peaks. The two samples on

IMF (QH326 and QH357) quench at the lowest temperatures due to strong SRH re-

combination. The superior carrier confinement in QH357 results in a higher output at

room temperature. The quantum dots in QJ559 quench the most relatively, indicative

of the low confinement inherent in small quantum dots. The quantum wells in QJ559 by

comparison quench by the lowest amount. The activation energies of QH357 and QJ559

quantum wells are very similar (15 meV & 71 meV and 21 meV & 64 meV, respectively).

As both samples are nominally the same composition, this further highlights the possi-

bility that QH357 is a quantum well sample. In Figure 6.37d, the difference between the

QJ599 and QH357 can be seen. QH357 along with QH326, the two IMF samples, are

dominated by SRH recombination which is to be expected from IMF samples. Within

the quantum dots of QJ559 the main recombination remains radiative throughout, with

quenching coming from the thermal leakage of carriers into the wells. For the wells

themselves, the activation energies indicate CHCC recombination to be the contributing
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recombination process. When taken in conjunction with the Z analysis, it appears that

SRH is also increasing with temperature so counteracts the expected rise in Z number,

but the sample is radiatively dominated throughout.

6.6 Summary

In summary, this chapter has analysed several LED material systems to provide the

replacement of incandescent bulbs in enhanced flight vision systems.

Device λpeak Output Power Density EQE Wall Plug Limiting
(µm) (mW) (mW/mAcm2) (%) (%) Factor

LED22 2.25 0.5 1.5 0.43 0.14 Hole
(Bulk) Leakage

Q-Dash 1.97 1.2 1.2 0.94 0.7 Electron
Confinement

QJ403 2.07 0.4µW 4.7×10-4 1.6×10-3 1.6×10-4 Electron
(Q Well) Confinement

QH326 2.01 0.0018 18 1.45×10-3 0.0007 SRH
(dQW)

QH357 1.81 0.042 410 0.031 0.012 SRH
(dQW)

QJ559 1.66 0.08 0.08 0.05 0.02 CHCC(QW)
(SML QD) e1-e2 (QD)

100W
Incandescent 1 10.5W* N/A 10.5 10.5

Bulb

Table 6.3: Various figures of merit for the samples measured in this chapter. dQW
denotes disordered QW. *Output power of region InSb detector is sensitive.

In Table 6.3, the figures of merit for the devices are compared for these. The device

with the greatest absolute power output and most efficient device was the InAs quantum

dash sample with an output power of 1.2 mW. This sample like all the other homo-

epitaxial samples were limited in part by the confinement of the carriers within the

active regions. In the IMF samples despite the introduction of defect filtering layers,

SRH recombination was still a strong source of limitation in the devices.
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Figure 6.38: 300 K electroluinescence of each sample in this chapter, normalised to the
quantum dash sample. Drive conditions in each case are 300 mA/cm2 at 50% duty cycle.

The use of edge emitting devices would be adaptable to the current generation en-

hanced flight vision systems, the cross section of the emitting area is small resulting in

a high brightness. The small cross section also allows a high density of devices within

the lighting unit, up to the limit of waste heat extraction. Such lights are also highly

directional which reduces the required power as the light can be more easily focused

where it is needed.

The fabrication of another sample with similar composition to QJ559 or the quan-

tum dash sample would be an excellent candidate for this further work. Taking the next

logical step with edge emitting LEDs would be the operation of said devices as superlu-

minescent diodes (SLEDs). Recent progress in superluminescent InGaAsSb/AlGaAsSb

quantum well SLEDs have achieved output powers up to 40 mW at 2.05µm [149] and

great increase from the 10’s of µW achieved from standard GaSb based LEDs[150, 151].

If such increases are possible in InP based InAs quantum dashes this could be a way

to achieve the output power requirements to supplement visible LEDs in producing a

runway light which is compatible with current generation EFVS.
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The quantum dash sample had the greatest output power and again suffered from

electron leakage from the dashes. Increasing the height of the dash would improve

the confinement with the additional benefit of increasing the wavelength. Assuming

additional InAs can be deposited without reverting to a 2D growth regime this would

be the preferred method of developing the material as ∆Ec is already large (250 meV)

and lowering the confined states within the well should be easily achieved. Simulations

of this indicate wavelengths of 2.5µm are achievable.

This chapter has also reported the first electroluminescence of SML InSb quantum

dots grown on GaSb. Grown using the sub-monolayer deposition method, they have

proven difficult to prevent from diffusing into the surrounding GaSb once they have

been capped. QJ559 appears to of solved this issue, though the emission wavelength

is below that desired for EFVS. Options to extend the wavelength are limited by the

nature of SML quantum dots, they are inherently small. Moves to extend the wavelength

could include increasing the amount of InSb deposited, though this is limited to the

point when a well would be formed. The other possible solution is the alteration of the

barrier regions. Indium could be deliberately added to the capping material, reducing the

potential between dots, at the cost of confinement. Given the limit on QJ559 from carrier

leakage this is to be avoided. The preferred method should be to increase the thickness

of the capping layers such that the quantum dot electron wavefunctions become non

interacting which simulations indicate will lower the transition energy. An adjustment

of the active region width, by the removal of a InSb layer within the stack, would be

beneficial to the design as it will decrease the well size and increase the e1-e2 separation.

Another way to achieve this would be to reduce the aluminium content in the barriers

such that additional electron states are not confined.
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Chapter 7

Conclusions and Suggestions for

Further Work
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7.1 Summary of Achievements

This work examined the possible solutions to replace the 2µm portion of an incandescent

light source’s spectrum. The following outlines the achievements of this work:

� InAs quantum dash containing structures were fabricated into LEDs which achieved

an output power of 1.2 mW at 2µm with a wallplug efficiency of 0.7%. This is

greater than the 0.5 mW achieved by commercially available devices achieve at

this wavelength.

� InSb quantum dots were grown on GaSb using the sub-monolayer growth tech-

nique. LEDs were fabricated with SML QDs in the active region, producing the

first reported SML InSb QD electroluminescence. Due to the inherently small size

of these quantum dots, carrier confinement was limited in the quantum dots, caus-

ing quenching at 250 K. The very low quantities of InSb deposited also made the

material very sensitive to growth rate fluctuations.

� The suitability of Ga(1−x)InxSb (0.25 < x < 0.35) quantum wells for 2µm emission

was examined and it was found that the main limitation was electron confinement

within the quantum wells. This was improved upon the use of AlGaSb barri-

ers and IMF on GaAs. This led to a twenty fold increase in room temperature

photoluminescence intensity.

� A ternary IMF interface was achieved for the first time between GaAs and AlGaSb

with a defect density of <2×109cm-2 beyond the interface. A second IMF interface

with no common element across the interface was achieved in the GaAs/InAlSb

system with a defect density of 5×1010cm-2 beyond the interface. This allows for

greater freedom in the selection of relaxed lattice constant, useful in the engineering

of strain within a structure.
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7.2 GaInSb/(Al)GaSb Quantum Wells

GaInSb quantum wells were grown on both GaSb and GaAs. Those grown on GaAs

utilised an IMF interface to relax the proceeding (Al)GaSb layer. This included the

first reported ternary IMF interface with a period of 4 nm equal to 13 AlGaSb lattice

spacings and 14 GaAs. TEM images indicated a defect density of 2×109cm-2. TEM

imagery also showed a large degree of variation in quantum well width within the sample.

The use of a growth pause under antimony flux between each interface improved the

quality of the InGaSb/AlGaSb samples. Samples that underwent this process exhibited

a threefold increase in room temperature photoluminescence signal along with a 30%

reduction in FWHM. The x-ray diffraction also showed a 40% reduction in FWHM and

the pendellösung fringes became visible, indicating more evenly distributed strain.

Tentative steps to producing a ternary IMF between GaAs and InAlSb were taken.

The GaInSb quantum wells in this instance exhibited superior abruptness than those

grown on AlGaSb. TEM images showed that the first two quantum wells grown were

poorly formed despite identical conditions to the following wells, this was not seen in

any other IMF sample. TEM also indicated a dislocation density of 5×1010cm-2.

GaInSb/GaSb quantum wells were produced with compositions Ga(1−x)InxSb (x <

0.4) with well width varied between 3–12 nm and gave good agreement with the nextnano®

simulations. At larger well widths interface abruptness degraded. The key quenching

mechanism limiting these materials was poor confinement of carriers. This was im-

proved upon by using AlGaSb barriers. LEDs using an AlGaSb IMF and barriers were

not successful as electrons became trapped at the GaAs/AlGaSb interface.

7.2.1 Suggestions for Future Work

From the results above it is clear that the addition of aluminium to the barrier layers

improved the high temperature performance of the GaInSb quantum wells. To improve

149



the quantum wells, the composition could be adjusted to include arsenic. This would

reduce the strain and allow the well width to be increased. An increased well width

would result in a reduced effect of the quantum confinement of the large potentials of

the AlGaSb barriers. Additionally the widening of the quantum wells will improve the

confinement of the carriers and allow smaller aluminium barriers to be used. Another

possible avenue would be the growth prior to the IMF interface of a AlGaAs layer with

the same Al:Ga ratio.

In the context of LEDs, a key improvement would be the bypassing of the IMF inter-

face through the utilisation of top-top contacts. The interface between the GaSb contact

layer and upper AlGaSb barrier layer should be graduated to reduce band bending and

carrier blocking that occurs at this point. The introduction of strain filtering superlat-

tices such as Al(0.5)Ga0.5Sb/Al0.1In0.9Sb have reduced the defect densities in the InSb

quantum dot samples by a factor of 10 and could be utilised in this case.

7.3 InAs Quantum Dashes

LED epilayers were produced at III-V Lab, Marcoussis, France and processed with as-

sistance from the Centre for Nanoscience and Technology at the University of Sheffield.

The active region consisted of six layers of InAs quantum dashes grown on InGaAs

between InP cladding layers and grown on InP(100).

The resultant surface emitting device achieved the highest output power in this

study. At 1.2 mW it is greater than comparable commercially available surface emitting

devices. The device was limited by poor confinement of the carriers within the dashes;

transitions between the ground state of the dashes and holes in barriers, and band to

band transitions within the InGaAs barriers were both present in the 300 K spectra.

SRH recombination was the result of As vacancies within the crystal lattice with

defect states 120 meV from the band edge. Activation energies indicated Auger recom-
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bination and thermal excitation of electrons from the quantum dashes were the main

sources of thermal quenching. Hydrostatic pressure measurements on the device under-

taken at the University of Surrey with Prof. S. Sweeney’s group identified the thermal

excitation of carriers to be the main loss mechanism.

Stimulated emission was recorded in these devices at temperatures up to 150 K. The

cause of this emission was attributed to radial modes beneath the contact pad, possibly

due to current crowding.

7.3.1 Suggestions for Further Work

As the structure had been designed for edge emission, thick cladding layers on the top

may have resulted in an unwanted increase in scattering and re-absorption. Thinning

this layer would improve the output. Conversely if the current design is kept, the device

could be developed into a superluminescent LED (SLED). This could be achieved by

producing an edge emitting LED strip with either a diagonal contact or one which is

spoiled at the ends to reduce gain and spoil resonance. If improvements seen between

GaInAsSb quantum well LEDs and SLEDs are replicated in InAs quantum dashes it is

possible an output in the range of 80 mW could be achieved[149].

As electron confinement was identified as a key loss mechanism within the LED,

improvement of the confinement should be achieved by increasing the height of the

dashes. The conduction band offset between InAs/GaInAs is 250 meV so lowering the

eigenstate lower in the potential well is preferred. This would have the added benefit of

extending the wavelength of emission.

As the quantum dashes are a relatively new structure about which the growth mech-

anisms are not fully understood, further investigation of the morphology of quantum

dashes on different matrices merits investigation. The necessity of using InGaAs has

been determined but the introduction of aluminium could improve confinement and

band alignment. Growth of dashes on AlGaInAs would allow the gallium content to be
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varied whilst retaining the lattice matching to InP, thus a study of the morphology of

the dashes could be undertaken.

7.4 InSb Sub-Monolayer Quantum Dots

InSb quantum dots were grown on GaSb using the sub-monolayer growth technique and

devices containing these structures were fabricated into LEDs. Due to the inherently

small nature of sub-monolayer (SML) quantum dots, electron confinement within the

dots was small. This resulted in quenching of the emission from the quantum dots at

250 K. This is the first electroluminescence reported from SML quantum dots. At room

temperature, emission is the result of recombination within the GaSb quantum wells

with a wavelength of 1.65µm and output power of 80µW.

Edge emitting LEDs were also produced using sub-monolayer growth, these samples

were grown on GaAs utilising an IMF interface. Analysis of these samples indicate that

the growth of InSb dots did not occur and the resultant structure was more akin to a

disordered GaInSb quantum well. This was attributed to the calibration of growth rates

with low cell temperatures. The growth rates during InSb deposition were assumed to

be 0.1 ML/s but due to the calibration of the system being focused on higher rates of

growth there is an uncertainty of 20% and as such it is possible closer to 1 ML of InSb

was deposited.

Like the GaInSb quantum well samples explored in this work, the confinement of

carriers was also an issue in the first sample. This was again improved by the introduction

of AlGaSb barriers, though the increased potential increased the energy of the electron

ground state out of the InSb insertions. As with other samples grown on an IMF

there was an increased defect density originating at the GaAs/GaSb interface. The use

of dislocation filtering superlattices in these samples provided an order of magnitude

reduction in dislocation density. This could be improved further with optimisation.
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7.4.1 Suggestions for Future Work

The control of growth rates is a key factor in the formation of SML quantum dots, and

more accurate calibration is needed to determine the amount of InSb deposited. Once

this is known, it would be beneficial to determine the optimal quantity of InSb to deposit;

too little and the dot density will be low, too much and quantum dots will be replaced

with disordered quantum wells.

Where quantum dots did form, the loss mechanism was the excitation of electrons

from confined states within the quantum dot to the surrounding quantum well. Altering

the number of quantum dot layers within each stack, the thickness of the GaSb layers or

the aluminium content of the barriers could be adjusted to separate these states. Such

adjustments could also be used to control the emission wavelength.

Production of edge emitting devices using the SML quantum dots in the active region

would also be a logical improvement as the samples grown on IMF buffers achieved lasing

from the quantum wells at temperatures approaching 200 K. Assuming lasing occurred

via the quantum dot regions it would provide a chance to determine the gain properties

of InSb SML quantum dots on GaSb, a topic as yet unexplored.

7.5 Replacement of Incandescent Light Sources in Runway

Lighting

LEDs utilising InAs quantum dashes within the active region produced the highest power

output most efficiently at 1.2 mW/mAcm2. This design would require an active region

of approximately 1 cm2 to achieved the desired 100 mW per device needed to replace

the 2.2µm component with the Approach Light System (ALS). The total footprint

would be 20 cm2, too large to fit within the ALS footprint. For this reason a higher

brightness device would be needed, edge emitting devices provide this high brightness.

By processing a sample of the quantum dash into a superluminescent LED it should be
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possible to achieve the desired output with between 20 and 40 devices, allowing them to

be collocated with the visible components. The wavelength will also need to be extended

by 50 nm to avoid the edge of an atmospheric absorption band. Modelling suggests this

is possible through either increased InAs dash size or antimony incorporation to produce

InAsSb quantum dashes.
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