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Abstract

The incorporation of bismuth (Bi) into GaAs creates many potentials in different areas of
technology such as telecommunications, spintronics and photovoltaics applications. The
ability for GaAsBi to reach 1 eV bandgap is highly anticipated in solar cellstigdas an
alternative to replace InGaAs in achieving higher efficiency mrutiction solar cells.
Although it is known that the growth of Biased material is challenging, the characterisations

of this material device will help in providing its propertiasd open up opportunity for

improvement and development.

A series of GaAsBi/GaAs multiple quantum weli-p diodes was grown using molecular
beam epitaxy and the material characterisations are presented in this thesis. From the electrical
characterisans, the currentoltage measurements of the devices demonstrate good diode
behaviours with clear differences in dark current value between strained andedtoedal

devices. Meanwhile, the reverse bias curkaitage measurements show the dominance of

reverse leakage current for all devices.

The devices also experience hole trapping in the valence band, causing poor carrier extractions
when light is absorbed during photocurrent measurements. Carrier enhancement can be
achieved by applying slight rerse bias when the measurement was taken. Besides that, the
absorption coefficient of the devices was confirmed to be similar with other work. Finally, the
deviceds performance under solar i1l luminato
balanced muiple-quantum well device due to its poor value of openuit voltage and it has

higher bandgap offset compared to GaAs.

Overall, these results suggest than GaAsBi/GaAs multiple quantum well(s) do have a lot of
room for improvement especially on growsitructure and strain level of the material. If these
components can be catered, GaAsBi can be a competitive alternative for 1 eV junction in

multiple junction solar cells.
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Chapter 1: Introduction
1.1  Solar Cell for Renewable Energy
1.1.1 Renewable and NeRenewable Energy

Demand in industry to have a lotagsting energy supply to humankind is leading to a very
intense research and study on many renewabl@amctenewable resources. A race between
renewable energy such as sunlight, wind and tides andemanwable energy like natural gas,

oil and coal in becoming the main energy source to the world has become very competitive. In
addition to that, debates beten professionals on switching from current -nemewable

energy source to renewable energy source becomes more frequent for the past few years. This
is due to the limitation that we have from the menewable resources especially oil and natural

gas. Ittakes a very long time to be replenished and usually leave behimabdycts such as

carbon dioxide (Cg), carbon monoxide (CO) and lead that cause damages to the environment.
The burning of fossil fuels especially leads to the formation eM@@h climatologist believe

to be the main reason for global warming issue.

There are several advantages of renewable energy comparedrenaa@ble energy. They

are sustainable and never runs out. It can be quickly replenished over time too. Besides that,
theyare clean as they produce little or no waste products, unlike theobyct of fossil fuels

like carbon dioxide, sulphur dioxide and other chemical pollutants that can harm the
environment. With these benefits, it gives a very little impact to the emveonhand avoid
greenhouse effect leading to global warming. The operating cost for energy generation is lower
in a long run too. This is applied to a Aotoving renewable technology such as photovoltaic
panel due to less maintenance needed. Somehow, reti@rvable energy requires a high
maintenance cost. For example, wind turbine normally runs in a harsh environment and corrode
easily which require regular servicing to keep everything working efficiently. The renewable
energy projects also can bring econoipenefits because most projects are located outside
main city like solar energy collection A new spacious area will be open and this require more

local services.

However, the renewable energy is facing the difficulty in generating same quantitiesgyf en
as large as traditional fossil fuel generators. One of the best solutions is to have a balance of
many different power sources. Reliability is also another disadvantage of renewable energy.
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The unpredictable and inconsistency of natural resourcessniialéficult to estimate how

much energy production. If the resources are unavailable, the capacity to generate energy from
them also will be unavailable. For this thesis, the interest is on solar energy as a potential
renewable energy resource and othléernatives of renewable energy will not be discussed

after this.
1.1.2 Solar Energy

Solar energy is one of the highly anticipated renewable energy that can replace fossil fuel
energy and nomenewable energy. This is due to its ability to directly evhthe solar energy
consist of light and heat into other type of energy such as electricity. The Sun radiates a large
amount of energy every day and the planet absorb some of it. The remainder however, is
dissipated when it is reaching the Earth or beefpcted back out into the space. The focus

will be on the photovoltaics cells that convert light energy to electricity. Meanwhile, solar

thermal technology, where heat energy is used is not studied here.

The advantages of solar energy are; it is liesgl it reduces the use of fossil fuels and most
importantly, norpolluting. In avoidance to global warming, these characteristics of solar
energy is very promising and demanding. However, depending on the location of the collection
point, day of the yeand time of the day, the amount of energy collected will vary. The average
annual solar irradiance around the world shows that the irradiation reached the Earth mostly at
near the equator. It is also an unreliable technology during the night or on cleatlyew
Besides that, the technology to date is expensive and require a large surface to collect a useful
amount of solar energy. Despite the drawback, solar energy has been commercially available
for more than 15 years especially in the major marketshg&sermany with 31% of the total
photovoltaic market, followed by Italy and China and the number of installations are seven

ti mes more [flhan in 20106s.

Commonly, solar energy is used for space and terrestrial applications. Space applications are
operated with concentrated cells. Cost also is not the main issue as long as the efficiency can
be increased by minimising the weight of the optics used. Viceaydor terrestrial

applications, cost is the main issue. I f t

not be worthwhile to use it.

12



The Sun has the original surface temperature of ~5,800 K and its characteristic can be
approximated by blackbody spectrum peaking at visible wavelength. With the known size of

the Sun and the distance between the Sun and the Earth, the spectral irradiance or intensity can
be determined by calculating it usiwgcwmPl anc
at 5,800 K normalised to a total power density of the sunlight spectrum when it reaches outside
the atmosphere (AMO) and after it reaches the earth (AM1.5) which are 1,366:1 andm

1,000 W.n¥, respectively2]

2.0 1
|E ‘
AT
(\'] -
£ i
S 101
\m i
S 05-

0.0 - NN, S .

0 500 1000 1500 2000 2500

A (nm)

Figure 1.1: Normalised blackbody (BB) spectrums indicated with black lines compared to the
solar spectrum at the top of atmosphere (red line) and at sea level (blue line). Image taken
from[2].

1.1.3 Solar Cells

The theoretical maximum efficiency of a solar cells can be calculated from Carnot efficiency,
which is the operation of heat engine between two temperd8)rsthis case, it is between

the temperature of the Sun and the Earth. It is shown that the efficiency of solar cell can never
be 100% because of the fini tawre ad thd solareall.c e b
There are also other loss mechanisms that affect and actually reduce the efficiency of the solar

cells.

13



Two main losses caused by the solar cell are the transmission losses and thermalisation losses.
For a solar cell witlspecific bandgap, any photon below the bandgap will not be absorbed by

the cell causing transmission losses. Meanwhile, thermalisation losses occur when the photon
above the bandgap generate electiole pairs and they thermalised to the band edges. There

are needs in balancing these two losses because changing the bandgap will decrease the effect
of one, while increasing the effect of another. Therefore, it is important to optimise the value

of bandgap to achieve maximum efficiency of the solar celleptiddiscussion on solar cell
processes can be found in Section 2.3.5.

1.2  Technology and Demands in Solar Cell Industry

This subsection is to understand the general concept of the different generations and current
demand in industry for solar cells. 8plcell technology has been classified to three main
groups, known as the three generations of solar cells. First generation solar cells consist of
single junction solar cells made of silicon. Second generation cells are made of organic cells
and thinfilms. The thirdgeneration cells are the research goal, consisting of advanced
technologyrelated such as hot carrier solar cells, intermediate band solar cellsjumctiton

solar cells and multiple quantum wells solar cells. The different generationgifi@vent

efficiencies and production cogts6]

Figure 1.2 shows the three generations of solar ceallsheir comparison in term of cost and
efficiency. The horizontal axis represents the cost of the solar module. By including the cost
of packaging and mounting, the cost can be twice the value. In addition to that, the dotted
slopes indicate the cost pariupower. The steeper the slope of dotted line, the cheaper it can
get. Meanwhile, the vertical axis is the theoretical percent efficiency of the solar cell. The
horizontal dashed line is the Shockl@yeisser limit line. It is the power conversion lifindm
radiation into electrical power achievable by single junction solar cell which starts from 31%
and can be up to 41% depending on the concentration ratio. Besides that, thermodynamic limit
of a solar cell (which is not shown on the figure) is betwée8®46. This parameter is used to
determine the power conversion limit for third generation solar cells, depending on the

concentration ratio tof/]

14
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Figure 1.2: Three generations of solar cells with the representation of cost per square meter
and percent efficiency. Dashed lines with different gradient value show the cost per unit of
efficiency, where the thirdeneration solar cells show the smallealue compared to the

other two generations. Image taken fr{8h.

1.2.1 First Generation Solar Cells

First generation solar cells are made of different type of silicon and they make up almost 85%
of the current commercial marlk®] However, they lose the efficiency at higher operating
temperatures. As seen in Figure 1.2, the cost in dollar per square meter is larger compared to
other generations while their efficiency is limitedtbg ShockleyQueisser limit. For example,

a high purity single silicon crystal wafer is generally made by the Czochralski process, which
is an expensive process due to batch process involving high temperature, long times and

mechanically slicing wafers fro the ingot.

15



1.2.2 Second Generation Solar Cells

Second generation solar cells include thin films and organic solar cell. The materials are
cheaper than first generation solar cells because they use less quality material, fewer processing
steps and matacturing technology is simpler. However, the efficiency is limited. Thin films
such as amorphous silicon cells, nanocrystalline silicon and cadmium telluride (CdTe) are
light-weighted and flexible thus of great interest for application on portable plit@icyo
window tinting and building material. Besides that, organic solar cells can be deposited through
spray coating. The drawback of this coating is performance degradation over time due to
reaction with water and oxygen from the surroundings. Accortbngig companies that
invested in this technology such as First Solar and Venture Capital Firms, it is more challenging
to obtain CdTe. This is because, although it has good efficiency at a competitive price, the
nature of the material is harmful and taxiore researches are needed to increase the

operating efficiency as well as mitigating the hazard from the maf&@gl.
1.2.3 Third Generation Solar Cells

Third generatiorsolar cells have the ability to dramatically improve the percent efficiency
while maintaining low costs. There is a lot of ongoing research under solar companies and
universities to find the best method to improve and actually exceed the single junction
efficiency. For examples, research on nanotubes antennas are successfully developed and
tested in the laboratories at MJT1] Prototypes of silicon wire photovoltaic cells are also
developed at G@ech[12] The designs used in this generation are generally made of carrier
multiplication technique, hot carrieelts, multijunction cells or tandem and multiple quantum

well solar cells.

Carrier multiplication technique Carrier multiplication is a process where a single
photon absorption will lead to the excitations of multiple electrons from valance band to
conduction band. In theory, one photon is able to create one eladimpair across the band

gap. For a material with carrier multiplication, high energy photons can excite more than one
electron across the band gap and therefore, increase the dadfficiehcy[13]

16
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Figure 1.3: Carrier multiplication technique by using impact ionisation process initialised by
an electron gainingphoton energy. Electrons (black circle) are swept to positidieection
while holes (white circle) drift to negative direction.

Hot carrier cells Hot carrier cells has the special design that allows the material
contact to be energgelective sotta t he hi gh ener gy carriers or
before they lost most of their energy as heat. As the result, the energies are not lost due to

thermalisation like how conventional solar cell normally works.

E (eV)
Absorber

Extract < Traditional

— contact
Traditional Energy gap
contact

Replenish
-
T Escs—
Figure 1.4: Band diagram of hot <carrier s

absorber and are extracted through the narrow band energy ESCs befothdahaglised to

the band edges. ESCs is the energy selective cofitdgts.

Figure 1.4 shows the illustration for a typical band diagram of a hot carri¢t4gHot carriers
transfer their energy to the matenalry fast, normally supicosecond times. To address this

17



challenge, an optimal configuration and design structure is needed to ensure this method is

competitive compared to other third generation solar cell strufdte.

Multi -junction cells Another current development in third generation solar
cell is multijunction solar cells. A number of semiconductor material systems with different
bandgap value to each other are stacked togtiladlow photon absorption and collection at
different part of the solar spectrum. By using this method, thermalisation arvimhsdlgap
transmission losses can be minimised. Therefore, the limiting efficiency can be maximised.
This type of solar cell gabe monolithically grown or mechanically stacked for it to be

operated. Each design has its own technological challenge that limits the efficiency.

Anti-reflection coatin o Top contact
InGaP 1.82 eV
Tunnel junction
GaAs 1.42 eV

Tunnel junction
InGaAs 0.94 eV
Tunnel junction

InGaAs buffer
Nucleation

Ge 0.67 eV

Ge substrate
Backcontact

Figure 1.5: 4junction InGaP/GaAs/InGaAs/Ge terrestrial concentrator solar cell cross

section.

Figure 1.5 shows the cross section of a commerguahétions solar cell. Unlike mechanical

stack of multijunction solar cell, the epitaxial growth of mylinction solar cells requires
different material to be deposited on top of each otlidrtive highest band gap material at top
surface and lowest band gap material is at the bottom. This is because the material will be
transparent to the photons that will be absorbed in the lower bandgap material underneath it.
In addition to that, it is inited by the sulzell that generates the lowest current. Therefore, the

18



current value of each of the designed junc

mat chingdé. This can be achieved by the opti

and careful choice of semiconductors to adjust the amount of absorption in each junction

The maximum limiting efficiency of a muljunction solar cell is usually determined by the
number of junction and the matching of the lattice structures. Thedisgtiigh number of
junctions will increase the maximum efficiency as it can cover wider range of solar spectrum.
For example, under 1,000 x AM1.5 solar spectrum; single junction solar cell has maximum
theoretical efficiency of 37% and a-éction solarcell increases the theoretical efficiency

up to 72%J16] For infinite number of junctions, the theoretical efficiency for the solar cell is
86.8%][17] However, it is not easy to abh matched junctions. This is because, strains
introduced to the layers will increase and may reduce the efficiency of the solar cell. Current
highest efficiency for muljunction solar cell reported by National Renewable Energy
Laboratory (NREL) is a -4unction AlGalnP/AlGaAs/GaAs/InGaAs/InGaAs/InGaAs
metamorphic solar cell with 47.1+2.6 % solar conversion efficiency and 33.2&t flobal
efficiency[18, 19]

Multiple quantum well solar cells The remainder of this thesis will cover mainly
about multiple quantum well (MQW) semiconductor structure andotitbne here is for
completeness. Extensive discussion on MQW solar cell will be in Chapter 2. The incorporation
of MQW into multiunction solar cells is one of the methods to alter the absorption edge of
the junctions. Basically, photons with energy dqieathe ground state of the wells are
absorbed, producing carriers. With the binlfield in the junction, the carriers that sit at the
ground state of the well will be thermally excited out of the wells and are collected producing
the photocurren20]
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1.3 1 eV Material System

1.3.1 Rainbow of Choices

Theefficiency of multiple junction solar cells is predicted to be at the optimum value by placing
a 1 eV junction latticenatched material system in a thyaaction solar cell or replacing
InGaAs on top of Ge for a foyunction solar cel[21-23] The modelling of ideal threeand
four-junction solar cell has been studied by Kwetzal. showing the theoretical efficiencies
calculated for both space and terrestrial applications. Therha¥rial as the fourth junction
inserted to the mulunction solar cells also has been predicted to achieve more than 50%
efficiencies under concentrati¢24] Since there is no binary ¥ material with this bandgap,

it is necessary to look for a suitable semiconductor material where the band gap can be adjusted.

One of the ways to achieve strain compensating structures taiig to achieve 1 eV
bandgap is by the application of strdialanced material structure such as InGaAs/GaAsP
MQWs[25-28] However, InGaAs/GaAsP MQW has bandgap down to 1.28 eV only before the
mismatch strain is introduced. Another way is by replacing bG#om layer from the
InGaP/InGaAs/Ge design with InGaAs or Culp@mth with 1 eV bandgap), afitds expected

to see higher efficiency solar cell from the structure.

Besides that, inverted metamorphic (IMM) layers froraMimaterials also have the fential

to increase the efficiency of solar cells. The IMM layers work by growing the latiitehed

top junctions on the substrate first before the lowest bandgap layer. After the growth, a handle
is mounted to the layer and the substrate is removedibyg atching procedure. By using this
process, it can reduce the level of defects, preserve the device quality from the metamorphic
layer and increase the efficiencyhe drawback from this technology is, the processing

requirement of IMM device is more gplex than the conventional solar c¢29-31]

In addition to that, the incorporation of dilute nitride oinlyp GaAs has the capability to extend

the emission wavelength and reduce the bandgap by 125 meV/% of nitrofZ2](Nhe
interaction between the conduction band and the nitrogen resonant level leads to the reduction
of the conduction band minimum thus, contribute to this large bandgap reduction. The optical
bowing coefficient for GaAsN is onéhorder of 10 eV and strongly dependent on the nitrogen

composition.33] This coefficient value is large compared to the typical bowing coefficient for
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other material systems such as InGaAs, GaAsSb and InGaSb which are on tbé @fiel

and independent of composition.

Incorporation of nitrogen into InGaAs producing a 1 eV junction of InGaAsN, also has been
done by Friedmamt al[34] The maximum output power obtained by the device can reach
between 61% to 66% from the ideal power but the internal quantum efficiency is very low.
Incorporating ~3% nitrogen and ~8% antimony into GaAs forming GaAsNSb with a bandgap
of 1 eV and also latticenatched with GaAs also has been studied by several g@5p<S6]

This composition introduces no or very little strain into the solar cell junctions but the
performance ray be limited by the surface recombination of the junction and diffusion length
of the device.One of the challenges while dealing with the incorporation of dilute nitride is the
high quality nitride is very difficult to grow due to large difference ittide constant and
thermal expansion coefficief87] Photoluminescence efficiency, minority carrier diffusion
length and electron mobility are greatly affected by the nitrogen incorporation because it is

normally grown at lower growth temperature compared to other semiconductor devices.

Another material system that potentially becomes a way to achieve 1 eV energy bandgap is the
combination of bismut(Bi) and nitrogen into GaAs to create GaAsBIiN. Sweeastay. predict

the potential that GaAsBIN has by using band-ardssing theory modellingg8, 39] The

addition of bismuthto GaAs leads to an interaction with the valence band and addition of
nitrogen leads to an interaction with the conduction band. Therefore, by introducing small
percentage of both elements into GaAs, a lattieéched system with a large bandgap

reductionbelow the GaAs bandgap can be achieved.

21



1.5 7 T y T y T ' T T T T T T T
14

1.3

— I

> 1.2

o I

S 1 _1

% L

S 10 % | |

'g 09| ~GaAsN(4.6%) ]

8 0.8} i ]
07+ | ]

I L 9Ce GaAsBi(14%) \_ -

06 L L " L Ll N 1 1 1 L L . =

560 562 564 l 5I.66 568 570 572 574
Lattice constant (Ang)

Figure 1.6: Bandgap bowing for GaAsN and GaAsBi. Image taken[88jm

From Figure 1.6, by balancing both elements, it is expected to result in lowervstiaen
because it can be latticratched with GaAs when combining them in a gatwoly. There are

other publications on the theoretical model calculation, band structure and first principle
calculations of band antirossing modelling too, such as by Naeeal [40] and Habchet al

[41]. Although there are not many publications on the actual growth of this material system
due to its highlychallenging growt condition, Yoshimot@t al. successfully did the growth

of GaAsBIN using a Molecular Beam Epitaxy machine for the first time in 2@and its
optical properties were published in 20ag] and 200744].

1.3.2 GaAsBi for Device Sources and Detectors

For the past decades, bismuth is gaining a lot of interest in electronics industry especially from
[Il-V semiconductor alloy group and are séetbe a promising material for developing new
optoelectronic devices. Bismuth incorporated material systems are relatively new research
compared to other compounds. A small fraction of bismuth introduced to an alloy is proven to
have the ability to reducthe energy bandgap of a material allowing it to operate at longer
wavelength and suitable for high speed electronics application. The semiconductor bandgap
decreases by a rate of ~84 meV/ % bismuth compared to other element such as indium and

antimony withreduction of 16 meV/% and 21 meV/%, respectii8B] In comparison with
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nitrogen, bismuthshows interaction at valence band (i.e increase in the valence band

maximum) and expected to maintain the electron mobility at conduction [d&hd.

Several groups have reported bismuth incorporated in maiw smiconductor materials

such as InAsBJj46], InSbBi[47], GaSbBi{48] and others. In this report, we are concentrating

the incorporation of bismuth in GaAs to achieve a bandgap efst 1 eV from the original
GaAs bandgap of 1.42 eV. In the | ate 900s,
incorporate 2.4% of bismuth into Gaf48] Further investigation of GaAsBi can be found in

[50] and[51] stating the temperature insensitive characteristic when bismuth is incorporated
into GaAs. Txier et al published the first paper on the growth of GaAsBi epilayers by using
the MBE machine and the author was able to incorporate the bismuth content up to 3.1% at
low substrate temperature down to 380°C. As the result, the PL peak energy is esdtieed

bismuth content is increasd82]

The continuation of 8dbyb kraneoeww £009) drqgretihe sama s p
group[52] The author is the first to talk about bandgap dependency of GaAsBi with bismuth
content up to 3.6% and has the opposite opinion with K Oe (1998) about the sensitivity of the
bardgap of GaAsBi to temperature compared to GaAs. The same author also talked about the
bismuth impurities in GaAs and provide evidence that GaAsBi is an isoelectroni¢sd]oy.
Isoelectronic impurity can create noticeable localised states in the band gap when the alloy is

at low temperature with low concentration. Other work on optimising the growth of GaAsBi

was abo reported ifi54-56].

Other research on GaAsBi used as LEDs and lasers have been published too. This material can
form the activeregion in these ligheémitting structures either through electroluminescence

(EL) or photoluminescence (PL). Moreover, the relative temperature independency of the
energy bandgap makes it suitable for semiconductor lasers because the emitted wavelength is
nearly constant when the temperature vg¥@$.The characterisations of GaAsBi LED
emitting at 987 nm have been reported by R.B Leawvial on 2009[57] The recombination
mechanisms of the LEDs were later reported by the same group stating that the emission
efficiency of the device reduces as the temperature increase due to the domination of non
radative recombination in the LEJ58] Besides that, Ludewigt al. has reported the work

on electrically pumped GaAsBi of Bi=2.2% single quantum well laser grown by MQSHE
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and the absorption coefficieof GaAsBi layers grown at different temperature specifically for
optoelectronic terahertz devices has been investigated by Bestukd[60] Extensive
characterisations from GaAsBi has been extensively done by other groups too suéijs in
and[62].

Other than device sourdgpe material, GaAsBi also is of interest as a detector such as for mid
infrared photosensitive detectors although not much on solabasdid applications. The
industry demand to increase thei@éncy in the triplgunction InGaP/GaAs/Ge solar cell
could be increased by adding fourth junction with a 1eV bandgap. A simulation study was
conducted to prove that it easy to achieve this desired bandgap by putting around 6% of Bi into
GaAs with only 07% strain on GaAgS3, 64]It has a significantly lower strain compared to
growing 1 eV In/Ga.73As on GaAs, which was 1.9980] Hunter et al. has reported the
electrical and absorption characteristics of GaAsBi/GaAs bulk diode in the near infrared with
6% Bi[65]

The early study of InGaAs/GaAs MQW aimeddevices have been studigh] It shows that

the devices can be grown up to a certain critical thickness wcipgable level of strain. The
material is later improved by introducing strdialancing process, producing InGaAs/GaAsP
MQW for multijunction solar cell$25] Since Bi has the ability to reduce the bandgap value
with less strain level, this becomes the vision for GaAsBi MQW to replace InGaAs for a triple
or quadjunction solar cells.tlis also suggested that well numbers have to be more than 50 to
maximise absorption in photovoltaic applicati¢és] The highest number of wells for
GaAsBi/GaAs MQW that has been reported before this work is 24 \&8lis.

In this work, the electrical and op#&ectronic properties of strained GaAsBi/GaAs MQW
devices are studied. The electrical characterisatincluding currenvoltage measurements
and capacitaneeoltage measurements have been performed. Besides that, tredemptonic
characterisations such as photocurrent measurements and illuminated -\coltagys
measurements have been done too. Airstralanced material system is used to compare the

material quality of the devices.
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1.4  Thesis Overview

This chapter in summary has outlined the interest in the Sun as a source of renewable energy,
different generations of solar cells available to date and the needs in 1 eV junction solar cells.
In this thesis, optical, electrical and oglectronic charaetisations of MQW p-n diodes
containing undoped GaAsBi wells with GaAs barriers layers are explored to study the potential

of GaAsBi for solar cell applications for 1eV junction in a mjutction solar cell.

Chapter 2gives an overview on the theowal concepts of IV semiconductors and solar
cells. This includes the formation of semiconductor band structure and how diode equation
works. Then, the I}V lattice structure formation is also discussed including the effects of
adding bismuth. Lastlyhe concept of the MQW is explained with the effect of strain and

strain relaxation on the structure.

Then, Chapter @ill focus on the experimental methods used to obtain all the scientific data in
this thesis. The optical characterisation specificallytiom photoluminescence setup are
discussed and followed by the device fabrication process to attain the electrical contact on the
material. Then, the setup for electrical characterisations including cuokage (}V) and
capacitancevoltage (GV) measuements and optelectronic characterisations focusing on the

photocurrent measurement and measurement under illumination are explained.

The result on electrical characterisations of the devices at room temperature is discussed in
Chapter 4. Firstprevious work reported including optical and structural characterisations by
people from the same group as the author is presdrited, the ©/ measurement with doping
profile, -V under dark condition measurement in forward and reverse bias for the desiees
presented. The ideality factor and oth&f parameters are tabulated and discussed later in the

chapter.

After that, Chapter 5 is the discussion ondgp#-electronic characterisations which comprises
photocurrent measurements anrd measurementasing a solar simulator. These results are
important to identify the potential for GaAsBi as a solar cell and also to understand this material

system before it is introduced into strain balanced structures.

Lastly, Chapter 6 summarises all of the workelan this report and outlines the suggestions

for possible future work.
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Chapter 2: Background Theory

2.1 Band Structure in Semiconductors

2.1.1 Atoms and their Electronic States

In quantum mechanics, every individual atom consists of electron occupies discrete energy
levels. The electrons in solids also have to obey the Pauli exclusion principle where only one
electron (with particular angular momentum, magnetic quantum numbeliraction of spin
values) is allowed to moves around the atom
the lowest available energy level. Figure 2.1 shows the electron energy in one atom where the
potential energy functions as a barrier to binelthel ect rons to the nucl

electrons are more strongly bound to the nucleus.

Valence energy

e
| — 7| -
Potential energy /
__.//_n_:2
-4 n=1
nucleus

Figure 2.1: 2D model of electron energy in one atom where n is the level of the electron.
Lower nlevel has stronger force attached to the nucleus. As the number of n increase, the

electrons are more loosely bound to the nucleus.

When the atoms are brght together in a solid, the interaction between atoms causes their
orbitals to overlap. To avoid the atoms disobeying the Pauli exclusion principle, the energy
|l evel s O0splitsdé, change its |l evels ana this
atoms 1increases, more Osplittingd6 wildl occu

band structure for the material.
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2.1.2 Energy Bands in Semiconductors

Energy band structure are formed when there is a valence band and a conduction bated sepa

by a value of energy gap, called as the band gap. The band gap is the forbidden gap or level
between valence band and conduction band where no electrons are allowed to exist. The valence
band is the highest filled band of any atom in which electaoa$ound to atoms, while in the
conduction band electrons are free to move after they are excited from the valence band.
Depending on the value of energy gap that appears between these two bands, there are three

categories to distinguish the material typleich are metal, insulator and semiconductor.

Metals Valence and conduction bands overlap and electrons are free to move to
higher empty levels. At 0 K, they remain conductive because the conduction band is partially
filled with moving electrons. Good conductors such as copper (Cu), gold (Au), iron (Fe) and

Aluminium (Al) are used mostly in electrical circuits and systems.

Insulators Insulators have relatively large bandgap compared to metals and
semiconductors. They require a large amount of energy to excite electrons from the valence
band to the conduan band. Examples of insulators are sodium chloride (NaCl), Aluminium
oxide (AbOz) and diamond (C) they are normally used as dielectrics in capacitors or act as

insulation between conductors.

Semiconductors Semiconductors fall in a category between iaguts and metals. At O

K, a pure semiconductor behaves as an insulator and as temperature increases, there is a finite
possibility that some of the electrons in valence band are excited to the conduction band.
Electrons that are bound in valence band ntagio enough energy sourced from heat or light

and the bound electrons will break free and can be excited to the conduction band. Silicon (Si),
germanium (Ge), Gallium Arsenide (GaAs) and Indium Phosphide (InP) are semiconductor
materials that are widelysed in transistors, diodes, microprocessors etc. This chapter will
extensively discuss semiconductors. Figure 2.2 shows the band structure in crystalline solids

for different classes of material as discussed above.
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Figure 2.2: Simplified band structure for (a) metal, (b) insulator and (c) semiconductor. Grey
blocks indicate conduction band and black blocks indicate valence band. The gap between
these two blocks shows how much energy is neededv® an electron from valence band to

conduction band.

2.2  Crystalline Semiconductor

2.2.1 The Fermi Level

FermiDirac function is a statistical method to define a distribution function and behavior of
electrons in term of a probability value. This is because it is more applicable to find the average
behavior instead of calculating the real value of motiongnHevel, O is related to the value

of probability of an electron state of ener@ybeing occupied and it has values between zero
and one. The probability function can be obtained by using the equation below,

~

v — (Equation 21)

where Boltzmann constar®= 1.38x 1023JK ! and"Vis the temperature in Kelvin.
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Figure 2.3: FermiDirac probability for electrorhole pairs at 0 K (black line) and at finite
temperature (red line) where some electrof) (@arO acquire enough thermal energy and

haveO> O leaving behind holes (h+).

As seen in Figure 2.3, at OK, the probabilities of an electron occupying a level above and below
‘O are zero and one, respectively and as the temperature increases, the probability of electrons
having energy more than fermi lev@$ ‘O ) will increase. In an intrinsic semiconductdd

is halfway between the valence band and the conduction band as every free electron leave

behind a free hole.

‘O can be modified by introducing external atoms into the lattice structure. Depending on the
number of &ctrons in the outermost shell of an element, the external atoms, often referred to
as the dopant can be categorised into two types, donor and acceptor. A dehgreodopant

has more electrons in the outer shell than the atom it is introduced toanhaleceptor orp

type dopant has less electrons. The energy levels of donor or acceptor are usually very close to
the conduction band or valence band, respectively. As the dopant gains enough energy, they
are able to donate an electron (hole) to the catnmiuband (valence band) and the carriers are

free to move. In summary, Figure 2.4 shows the band diagram for intrinsic semiconductor, n

type semiconductor andtgpe semiconductor.
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Figure 2.4: Band diagram for intrinsic-type and ptype semiconductor. Blue dashed line

indicates the fermi level position between the conduction band and valence band.

2.2.2 The pn Junction

A p-n diode is a constructioof a semiconductor diode where dype semiconductor and an
n-type semiconductor are brought together side by side to form a junction. In reality, it is not
possible to do bring them together side by side because the bonds at the interface will not join
perfectly to each other. This is different when the layer structures of a device are produced by
the process of growth or diffusion of the layers on top of each. Thisipction explanation is

aimed to understand the physics behind it and how they interdftu pon cont act 0.

There are four major components of carrier or current flow that exist in the junction. They are
majority hole current from p) , minority hole current from n) majority electron current

from n,0 and minority electron coent from p,0 . These currents flow according to its way

to restore equilibrium in the junction, where these current components sum to form a total
current of zero. The majority carriens (or 0 ) from each side will flow across the junction

into the empty states on the opposite side resulting in diffusion current. As the electrons leave
the nregion, they leave behind positive donor charges and as holes leaweetiierp they

leave negative acceptor charges. As the results, an electricsfimidt up across the junction

due to these charges and this causes a drift current due to minority carriers)( ) flowing

in opposite direction to the diffusion flow. The electric field will keep building up until the net
current is zero; wére the diffusion current is equal to drift current and@ef p-type and n

type is aligned. Note that tf@ level is now the same for both junctions. Figure 2.5 shows the

p-n junction when they are brought together and at zero bias voltage.
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Figure 2.5: pn junction upon contact and at zero bias voltage. The arrows show the
direction of carrier flow:O and ‘O are the conduction band and valence band, respectively.
The majority carriersp andvu allows diffusion current and the minority carriers, and

0 contribute to drift current at the junction.

The state of equilibrium in themjunction can be altered by applying an external bias voltage,
wacross the junction. As seen in Figaré (a), by applying forward bias into the device, more
majority carriers are allowed to flow across the junction because the depletion width is
decreased as the total bdiiit potential,&0 is reduced. As a result, the diffusion current is

dominatingthe total diode current and is no longer equal to the drift current.

On the other hand, applying reverse bias allowsitheralueto be increased, increasing the
energy barrier and not allowing the majority carriers to flow through it. Therefodkffusion
current is flowing across the junction. Very small minority carriers flow across the junction and
are swept by the electric field. The carriers gain energy from thermal generation of electron
hole pairs in or near the depletion region in revéias, therefore they depend primarily on

temperature. The process is shown in Figure 2.6 (b).
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Figure 2.6: (a) pn junction under forward and (b} junction under reverse bias. Note that

under these conditions, the fermi level is discontinuous.
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2.2.3 Diode Equation

The exponential curremMoltage equation of an ideal diode is called $fwckley equation or
known as the diode equation. The ideality of this equation is based on a few assumptions. First,
the builtin potential and applied voltages are only supported inside the depletion layer and
anything outside that is assume to be néuSacondly, the Boltzmann approximation of the
carrier concentration throughout the depletion layer is valid. Besides that, it is assumed that the
injected minority carrier concentrations are small compared to the majority carrier
concentrations. Lastlyelectron and hole currents are constant throughout the depletion layer

as no generatierecombination current is present inside the 1aygr.
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Figure 2.7: CurrentVoltage characteristics of a practical Silicon diode. Image taken from
[1]. Different components indicate different mechanism is dominatingMlanéracteristics
of the diode.

Practically, the currentoltage characteristics consist of several parts where at higher voltage

value, in both forward and reverse; the current value deviates from ideal diode equation. Figure

2.7 shows the currenbltage characteristics for both ideal and practical Si diodes in forward
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and reverse bias. It can be seen that alinear curve in fovard bias is obtained from the
practical Si diode due to different component. (a) shows generattombination current

region takes place, (b) the domination of diffusion current, (c) is theihjgttion region where
minority carrier concentrationsast to become comparable to majority carrier concentrations,

(d) is when series resistance effect comes in. Meanwhile, (e) is the reverse leakage current due

to generatiofrecombination and surface effe§i$.

The diode equation is generally presented as shown in Equation 2.2,

0 0 Qur— p (Equation 2.2)

where0 is the forward diode current flow through the junction,is the saturation current
across the junction is the electron charge = 1x610'°C, wis the bias voltage applied,is

the ideality factor,Qi s Bo |l t z ma n n®is thectempraittra in Kelvia. ik diode
eqguation from Equation 2.2 also can bewréten as Equation 2.3 due to the presence of a series

resistancey , if any.

0 U QWH— (Equation 2.3)

where0 is the value of forward dark currei. will cause a voltage drop when the current is

sufficiently high and it lowers the effective applied voltage across the diode. This problem can
be mitigated by having a heavy doped cladding layer or metal depositisemiconductor to
obtain a low resistance ohmic contact. More explanation of the formulation of the diode

eqguation will be given in Chapter 4.

Apart from pn diode, another diode of interest is-ampdiode. The difference between these

two diodes $ pi-n diode has an intrinsic or undoped semiconductor region in betwiyge p
semiconductor andtype semiconductor. This is to provide alternative working characteristics
that cannot be achieved by using-a junction. For example, by having the ingic layer in

the diode, the quantum efficiency of the diode can be increase. Besides that, its breakdown
voltage also increased and can be used for-hadfage application. The-pn diode follow

the diode equation at low frequency signals and believa perfect resistor at high frequency

signals[2]
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2.3 Photo-carrier Generation and Recombination
2.3.1 Absorption of Light

Absorption of light is a way to allows carriers to move from valence band to free conduction
bandregion creating current other than thermal excitation process. When light is radiated on
the diode, the photons of similar or greater than the bandgap energy of the diode is being
absorbed. Equation 2.4 is the relationship between the photon eéBeaggwavelength of

light, _,

o — (Equation 2.4)

whereQi s Pl anc k 6 sis the speed af light. Fgured2.8 shows the illustration of
carrier absorption and collection after the electnote pairs are created when photon falls onto
a pi-n diode. Absorption process is straightforward-iagion, or the carriers from the p ror

regions have to diffuse interegion before the charges is swept and creating electric current.

e —
. Carrier collection
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Photon, —* : j
©°0 — I Absq:l)rption
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Carrier collection :
«— i Valence band

0O

Figure 2.8:Photon absorption and carrier collection process in-arpdiode under when

photon energy is applied to it.
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Light that travels into the diode before its being absorbed is determined by the value of
absorption coefficientegnt. UDvafeerent omatleme.
by the diode, and vice versa. Figure 2.9 sl
room temperatur e. From the figure, It 1 s sh
depends greatly on wavelehgtEach material has its own wavelength-affif _ and any
absorption at wavelength longerthani s t oo s mal | to give a com

insufficient energy to excite an electron from valence band to conduction band.
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Figure 2.9: Absorpion coefficients for Ge, Si and various-Wlsemiconductor materials.
(Data adapted fronfil])

Figure 2.10 shows the absorption of light mechanism for a direct and indirect bandgap material.
Absorption of light in a direct bandgap material allows simple promotion with negligible
momentum change of carriers from valence band maximworduction band minimum due

to its properties of having lowest point of conduction band that aligns with the highest point of
the valence band in-¢pace. Meanwhile, an indirect bandgap material requires phonon energy
and interaction with lattice to havechange in momentum in order to promote carriers from
valence band to conduction band. Therefore, the probability of photons being absorbed in direct
bandgap materials is higher than in indirect bandgap materials because the-al@etpmairs

are generad without the momentum energy assisted from phonon.
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Figure 2.10: Ek diagram for a direct (top) and indirect (bottom) bandgap semiconductor.

The relationship betweénand energy bandga@, in direct and indirect bandgap material are

given in Equation 2.5 and 2.&spectively,
A ¢ .
| 00 ©O (Equation 2.5)

| 00 O (Equation 2.6)

whereo is a constant.
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2.3.2 Emission of Light

In contrary to the absorption of light, emission of light occurs when the electrons in the
conduction band recombine with the holes in valence band emitting photons. The dietgron

pair created from the absorbed light will undergo scattering eventeemibine at the energy

band corresponds to the material bandgap. As the result, a photon with energy equal to the
energy bandgap of the material is emitted. This is called radiative recombination process and it
is usually happening in direct bandgap semductors. Nofradiative recombination also can
happen in a semiconductor where potential energy is converted to other form of energy instead
of photons. The radiative and neradiative recombination processes in a classical
semiconductor determine the ensity of light emission. The dominancy of carrier
recombination mechanism(s) can be described by the rate equation as shown in Equation 2.7

[1],

— 0 — 06¢n (Equation 2.7)

where"Ois the carrier generation rate, is the nonradiative recombination lifetime, is the
radiative recombination coefficient and and )} are electron and hole concentrations,

respectively.

Excited electron photon

’ \ [ [ e O ;
Conduction band
Incident Photon
energy out Phonon
— —> >
\ 4 l \ 4 JV
Valence band
Unexcited O O O O
electron ® Holes v
(a) (b) ©

Figure 2.11: Different type of recombination processes. Process (a) is a radiative band to
band recombination, (b) recombination through defects and (c) Auger recombination. (b) and

(c) are the examples of noadiative recombination.

44



From Figure 2.11 (a), the energy absorption from the incident energy such as light source,

injected currents or heat energy will cause the electron in the valence band to be excited to the
conduction band and creates an electrole pair. The high energglectron in conduction band

then will undergo scattering, losses energy and it will sit at the lowest band state. When the

electron reaches this location, it will recombine with the available hole and release a photon

equal to energy bandgap.

Other tharradiative banedo-band recombination, other type of recombination processes may
occur inside the band that are A@aliative, which means no photons are given out from the
recombination. They are able to recombination through defect states and Augelimatomb

Figure 2.11 (b) shows the defect states recombination or also known as Siiekéyall

(SRH) recombination. The recombination via defect states will release energy in form of heat
or lattice vibration. It can occur when there are growth defectthe materials such as
dislocations of atoms, point defects or impurities presence during the growth such as carbon

and oxygen.

There are different Auger recombination processes that can occur in a material band depending
on the nature of the trangiti and the carrier concentration. The processes such as direct Auger
or phononrassisted Auger recombination occur when there is a-thodg collision event.

Figure 2.11 (c) shows a direct Auger recombination. This type of recombination occurs when
the eletron recombines with the hole in valence band but the energy released is not in the form
of a photon. The energy is transferred to or absorbed by a third carrier. Another electron or hole
can be excited to a higher level in the conduction band or deepieivalence band,
respectively. The highly excited carrier then sits at the edge of the conduction band or the
valence band after the excess energy is lost in form of phonons. This type of recombination
usually occurs when high numbers of carriers asated when a high incident energy is

absorbed.
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2.3.3 Semiconductor Opt&lectronic Devices

In this work, the application of the diode equation to semiconductored@ttronic devices
(working as emitters and detectors, specifically in solar cell applitics discussed.
Generally, semiconductor emitter devices such as LEDs and lasers work by injecting electrons
and holes across the band structure semiconductor junction under forward bias, where they will
recombine with the majority carriers. The reconalion process produces photons of energy
that is equal to the bandgap and emission occurs. For LED, spontaneous emission from InAs
which has wavelength of 3,800 nm is used for environmental monitoring and GaN with blue
ultraviolet wavelength of 34690 nmis applied for DVD player reader. Meanwhile, laser has

a feedback mechanism that amplifies stimulated emission when threshold current is met. The
photons created are also identical in energ
emitted linevidth is narrower than that of an LED. For examples, InBased laser pointers

generate red light.

For semiconductor detector devices like photodiode and solar cell, they work by absorbing the
light that falls onto the diode and create electnofe pais producing electrical current. The
minimum energy needed to create the pair is equal to the band gap of the semiconductor. A
photodiode is widely used as sensors and detectors due to its small size, fast response time and
low power consumption. Differetypes of photodiodes such as-p, avalanche and Schottky
photodiodes are designed to work in reverse bias condition. Besides that, solar cell also can be
treated as a photodiode due to its ability to convert light into photocurrent. The difference
betwe=n normal photodiode and solar cell is that solar cell operates in forward bias condition.
In-depth explanation about solar cell is discussed in the nexdesation. Figure 2.12 shows

the region of operation for optectronic devices at four differeni quadrants.
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Figure 2.12: Different quadrants of operating region for all eptectronic devices
mentioned abovd&he second quadrant in the figure is the unphysical region for any

electronic device and nothing works in the region.

2.3.4 Solar Cells

In a full closedcircuit diode, the photocurrent) generates voltage and forward biases the
diode. Then, a forward diode current begins to flow in the opposite direction to the

photocurrent. The total current can be expressed as follows,

O 0 O (Equation 2.8)

O 0Qwr— p O (Equation 2.9)

By knowing the value of dark current froi@ , the actualO created by the devices can be
determined. The simplified solar cell equivalent circuit is as shown in Figure 2.13, showing the

opposite direction of both currents.
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Figure 2.13: Equivalent circuit of an ideal solar cell under illumination.

There are two main parameters that involve in determining the solar cell characteristic for a
diode; short circuit current) and open circuit voltage) . From Equation 2.9, assuming that

dark current at zero bias is absent, total current isldqu® only and its value increase

proportionally with light intensity. Meanwhile) is the value of voltage whé@and'O value

is the same, or simply expressed as when the total current is zero. The typical operating region

for a solar celfalls at the fourth quadrant oM characteristics.

Current,| |
} —— Diode in dark
| ———Diode under illumination
|

V,
oc Voltage,V

Figure 2.14: }V characteristics for diode under dark condition and under illumination. At
reverse voltage, the current is constant and forward current incregsenentially with

voltage.w andO are the maximum voltage and maximum current of the solar cell,

respectively.

48



Figure 2.14 shows theV characteristics comparison for an ideal diode in dark condition and
under illumination. The magnitudd @ created depends on the intensity of the light that falls
onto the diode. If the intensity is higher, the turve is shifted downwards and the values of

® and'O is increasedldeally, the value of maximum voltag®e, and maximum current,

"0 from the solar cell power output have to be very close toand"O , respectively. The
measure of this quality is called as the fill factor (FF) which is a ratio of the maximum power
out put and thetidideal 06 power outopu

0 O () (Equation 2.10)
00R@ OO £ +———r (Equation 2.11)
2.4 Il -V Semiconductor Material Systems

As mentioned in previous chapter, single junction silicon is widely used in solar cedtrindu
and at the same time, mdijtinction solar cell consists of different layer of material systems
are fastdeveloped to compete with the readily available technology. In this section, we will
focus on the development of M semiconductor material asne® of the potential next
generation technologies for solar cells.

2.4.1 Lattice Structure Formation

Group —»
Period i v v
2 B C
3 Al Si P
4 Ga Ge As
5 In Sn Sh
6 Tl Pb Bi

Figure 2.15: Simplified periodic table of group Ill, IV and V.
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Figure 2.15 shows th@mplified periodic table and elements in group 1ll, IV and V (renamed
as 13, 14 and 15 as reported[8)) which is the group of interest in this repoBvery

semiconductor material will have its unique energy bandgap value and lattice constant.
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Figure 2.16: Lattice constdrand energy bandgap value for severalMlsemiconductors.

The bandgaps and lattice constants for several binaxyddmiconductors that are commonly
studied are shown in Figure 2.1@ttice constant is a physical parameter used to measure the
unit cells of a material in a crystal lattice. Most ofIlsemiconductors are a diamond lattice

or called zinc blende structure, which is basically a-fargredcubic lattice structure with two
atoms in the base. For example, GaAs is a combination of gahdnarsenic sublattices. Due

to the equal in length for all three axes in this structure (from its volume), latlsapdc; the
lattice constant value can be referred as one vector value oaly lineother word, the lattice

constant is independent of direction.

242 Vegardos Law

In semiconductedevice applications, it is possible to create a ternary compound bynglloyi
two materials with different band gaps and lattice constants. Figure 2.17 shows the alloying
lines formed when combining two binary semiconductors creating direct or indirect bandgap
material. As long as it matches the lattice structure, atoms disloazdn be avoided hence

electrical defects can be minimalised. In addition to that, a good heterostructure junction can

50



still be grown even if the lattice constant is not matched as long as the layer thickness is below

the maximum layer thickness to holeetinterface and avoid relaxation.

2.4
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Figure 2.17: Lattice constant diagram for-M semiconductors with the addition to the
ternary alloying lines. Solid and dashed lines represent direct and indirect bandgap

materials, respectively. (Image taken frfih)

Vegardoés Law is a | inear dssmpienddcooncomppouadon a | a
the alloy compositiofd] The advantages of adding more element(s) into a binary compound

is that more semiconductorrmopound with different energy bandgap and lattice constant can

be tailored to suits the demand in any applications needed. For example, from Figure 2.17, for
GaAs; its lattice constant increase as antimony (Sb), aluminium (Al) or indium (In) is added

into the compound and decrease as phosphorus (P) is added. The energy bandgap also changes
with changes in the element composition. It is common to use subscripts to denote the
percentage or ration of the element concentrations for formed compoundi.e 6, where

wis a value between zero and one. An empirical approximation of a semiconductor bandgap

energy based on Vegarddés Law can be express
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(0] O p wO wp DO (Equation 2.10)

whereO is the bandgap of therteary semiconductoild andO are the bandgaps of the

end binary compound8 6and & § respectively, andois the bowing parameter. Bowing
parameter is a parabolic term that scales the curvature correction needed to form the energy
bandgap ok semiconductor. There are also unexpected changes in some of the alloying lines

where the curve is reconstructed due to a change from direct to indirect bandgap material.
2.4.3 Band Anticrossing Model

For some combinationsofitW  gr oup, V enptpnadicalsThisisdue to legh value

of bowing parameter and Equation 2.10 could not predict the bandgap value adequately. To
mitigate this deviation from this linearity law, several approaches and theoretical explanations
have been made including Wetric modelling, density functional theory and scaling f&ie.

8] The most recent modelling called tdevel band antcrossing (BAC) was proposed when
introducing nitrogen into a host binary compound due to its highly mismatched alloy properties,
for example, introducing nitrogen into Gaf®s. 10] The value of the bowing coefficient
calculated for GaAsN is 25 eV which is very big compared to typical value for ternary
compound, about less than 1 EM] The coefficient value also varies with nitrogen
composition unlike most ternary alloys. BAC model assumes that the localised nitrogen states
interact with the conduction band of GaAs. This model is then later proposed to other highly

mismatch alloys too such as GaNR, 13]
2.4.4 Valence Band AntCrossing Model

To form GaAsBi, the binary BV compound needed are GaAs and GaBi. GaBi is found to be
a semimetal element that has never been fabricated and only theoretically invedtigated
the theoretical calculations, it is predicted that GaBi is a semimetal with a bandf&24eV

[14] and a lattice constant of 6.324[#5] The bandgap is a negative value due to the band gap

inversion where the bottom of the conduction band is lower than the top of valence band.

Introduction of bismuth into GaAs producing Gs shows reduction in barghp value as
reported in[16] and research studies show that tbealised bismuth states have close
interaction with the valence band and comparatively little interaction with the conduction
band[17]
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As the pattern in bandgap reduction for GaAsBi shows a large bowing similar to GaAsN, the
BAC model can be adopted into the calculation and called as the valence barrdsatig
(VBAC) model. The splitting occurs at the valence band forming twebamios, higher energy

band edge© and lower energy band edd®@, whereO is the new valence band maximum.
The valence band energies can be presented by the equations below,

O O0Wo i 6-

)

(Equation2.11)

0 0Ho i 21— (Equation 2.12)

whereO "O® 0 is the valence band maximum (VBM) energy for Ga@s, is the Bi level
energy,wis the Bi fraction® is the coupling between the Bi level and the GaAs VBN§
the Planck constant)s the momentum in wavevector amd is the effective mass of hole. By

using the value o6 of 1.6 eV andO of 0.4 eV below the VBM of GaAs froifll7], a
calculated VBAC model can be plotted as shown in Figure 2.18.
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Figure 2.18: The calculated valence band structure of GaAsBi using the VBAC model for
different Bi fraction. The VBM of GaAsBi increases as more Bi is introduced to the structure

therefore reducing the bandgap.
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A simulation study on bulk GaAsBi has be@mducted to prove that it is achievable to obtain

1 eV bandgap by putting around 6% of Bi into GaAs with only 0.7% strain on [28PAk.has

a significantly lower strain compared to growing similar bandgap trG®.73As on GaAs,

which produces 1.9% strajh9] Simulated performance foingle junction GaAsBi solar cell

also has been calculated and is compared to a Ge solar cell. The GaAsBi cell prodi@es less

but bettero val ue compared to Ge cell. This paper
VBAC modelling to define thedndgap of the material syst¢aQ]

Besides that, a theoretical calculation done by Khasioath shows that the efficiency for quad
junction solar cell including GaAsBi junction with 6% Bi can achieve up to 52.2% at AM1.5G
(global) and 56.7% at AM1.5D (direct) under 1SUN condition. The calculation assumes no
losses from reflection, grid coverage and series resisfahté&nother simulation study has
been done by Thomae al[22] GaAsBi bulk np structure with 6% bismuth is able to gain
sufficient current to match the other sedls but the background doping and minority carrier

transporicould be the drawback for achieving its maximum efficiency.

Referencing to the absorption coefficient value for bulk GaAsBi {28y GaAsBi bulk layer

need to be 1.9 um thick to obtain a current matched-fuuadion cell. However, this may be
highly challenging to achieve due to the fundaraklntit of high background doping caused

by low growth temperature required by GaAsBi. InGaAs bulk device will also need about the
same thickness as GaAsBi for a currerdtched junction, assuming that the absorption
coefficient value is the same. To aehe the desired thickness, InGaAs requires more In
percentage and therefore induce higher level of strain in the strulburetigate this problem,

a multiple quantum wells structure can be applied to delay the onset dislocation by growing the

material kelow its critical thicknesses. This application will be discussed in the next section.
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2.5  Multiple Quantum Well Structures
2.5.1 Multiple Quantum Wells

Semiconductors with different energy bandgaps value can form a heterojunction semiconductor
when tley are grown together. One of the applications of heterojunction is to form a quantum
well . The growth of a quantum well consists
the energy bandgap of the barriér, Is higher than energy hdgap of the wellO

Several identical wells grown in between barriers are called as multiple quantum wells (MQW).

D Conduction band
E
E)arrier Evvell
=
3 —— Valence band

Figure 2.19: Illustration of quantum well with difference in barrier energy bandgap and well
energy bandgap. L is the well width. The lines in the wells indicate different quantisation

energy in conduction and valence band.

Figure 2.19 shows the illustran of a quantum well where the well has lowest energy for
electron well and highest energy for a hole well. Different with bulk, where the electrons/holes
are free to move in the conduction/valence band in all directieB3, (e electrons and holes

are confined in a twalimensional (2D) system in a quantum well. The carrier confinement
energy in a quantum well exists when the well width, L is small and becomes comparable to

the de Broglie wavelength of the carriers. De Broglie wavelengtban bedetermined as,
"Qr‘] (Equation 2.13)

where'Qis the Planck constant ands the momentum of the carriers. The carriers in quantum
well also can be treated as bound particles or as wavefunctions. In a classical theory; for bound

particles, the carriers can have any energy as long as it is within the well. However, as
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wavefunctons, only certain wavelengths are possible. This is called as quantisation where the
energy is no longer continuous and the carriers only have discrete energy value within the well.

The quantisation energy in conduction ba@dcan be determined by Edian 2.14,
o — (Equation 2.14)

wheret  phgho 8 8is the quantisation levélis the Planck constart, is the effective mess
of electron is the well width. The same equation is used for quantisation effect for foles,

in valence band and only effective mass value is different. As the well width becomes smaller,

the quantisation energy within the well becomes larger. Unlike MQWS, attperistructure

has a very thin barrier and the wavefunctions of the wells can overlap. Due to the ease in
tunnelling process between the wells, the electrons in superlattice can delocalised. Superlattice

structure however, will not be further explainadhis work.
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Figure 2.20: (a) shows the layer structure of multiple quantum wieii;{b) band diagram

for the quantum well4p-n solar cell. Carriers generation, recombination, gseand capture
processes occur at the same time. Images taken[&4m
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Figure 2.20 (a) shows the quantum welkp layer structure. Depending on the thickness of
barrier and well thickness, different amount of carrier(s) will be collected and it brings to the
efficiency of the solar cells. Figure 2.20 @hjows the band diagram for the quantum well p

n solar cell. From this diagram, several processes occur at the same time which are
photogeneration and recombination processes for both barrier and quantum well, together with
the carrier capture and escapg¢.room temperature, most of the quantum well solar cells
experience the carrier capture and escape processes faster than the competing recombination
processes. All carriers generated in a quantum well are assumed to escape and contribute to the
photocurent[24]

By introducing quantum well(s) into the device structure, the effective bandgap for energy
absorption can be altered while carrier energies are maintained at the same time during carrier
extraction. This was proposed by Barnhatnal. in 1990 where the vaé of shortcircuit
current,’O and operctircuit voltage,o can be decoupled if quantum wells are introduced
into the cell[25] The same author also shows an early investigation on AlGaAs/GaAs MQW
solar cells where the photenerated carrier escape from the well resulted in increase of the
output current, hence increase the efficiency compared to the control cells withoutlthe wel
formed from the barrier materigd6] Another research detailing on the electroluminescence
(EL) measurements performed in both experiment and modelling for single quantum well
shows a reduction in quasi Fermi level due to the thermally assisted escape f ttaaties
irreversible as opposed to the study in Araetjal[27] and Rameet al[28].[29]

This irreversible carrier escape from the quantum well allows better maximum efficiency
enhancement compared ltalk cells. Previous study on strained MQW-p device such as
GaAsP/InGaAs show an increase in photocurrent collected compared to bulk structures hence
improving the efficiency. However, the electric field across the MQW is incapable of sweeping
all cariiers to create photocurrent if the background doping is too[B#g80] Specifically on
GaAsBi/GaAs MQW g-n devices, the investigation of growth and characterisations have been

taking place since 2008 by several groups such @4184].
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2.5.2 Strain and Strain Relaxation

Strain in Bulk Structure The relative size of the lattice constant between
two materials determine the quality of the overall material quality. If the lattice constants are
match or very similar, for example Xba..xAs and GaAs heterojunctions, the strain introduced

in the lattice structure will be very small. For heterojunction$ witferent value of lattice
constants, strain is introduced to the structure during the growth process. Strain value in bulk

structure can be interpreted as in Equation 2.15,

YOI I0Qe— (Equation 2.15)

whereg is the lattice costant of the grown layer and is the lattice constant of the substrate.

There are two types of strain, compressive and tensjle.id greater than , itis compressive

strain or positive strain constant and vice versa falls to tensilen,stte@ negative strain
constant. Depending on the thickness of the layer growth on the substrate, there will be a critical
thickness for a given strain. Passing this critical thickness point will cause misfit dislocations
in the lattice, strain relaxatidakes place, which affects the quality of the semiconductor in a
negative way, mainly linked to an increase in forward dark cuf8&hDrigo et al in his paper
observed misfit dislocations of InGaAs/GaAs single heterostructures and agribes wi
MatthewsBlakeslee critical thickness value as seen in Figure 2.21. However, there is a

presence of second critical thickness where further strain relaxation {@gjrs.

Several other studies on critical thickness of heterostructure layers and the substeabesha

done too, with some of them agree with Matthdlekeslee critical thickned87, 38] and

some disagree stating that the critical thickness can actually be exceeded before relaxation
occurs on the struatetby using growth interrupt technique where the operation of dislocation
multiplication mechanisms can be prever&@t41] The arguments are understandable
because different experiment techniques have different sensitivities, either showindueldivi

or average dislocations from the material.
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Figure 2.21: The total MQW thickness in thegion against average strain value. The
MatthewsBlakeslee critical thickness for the onset of dislocation propagation shown in black
dashed lind35] and second critical thickness before strain relaxation occurs according to a

fit by Drigo et al. is shown in red solid lij@6]. Figure is adapted fron¥2]

Strain in MQW Structure Strain and strain relaxation study on GaAs/InGaAs
MQWs pi-n diodes has been performed by Griffinal showing a clear relationship between
level of dark line density and forward dark current density with the strain involved where both
phenomena show sitar trends with respect to the strain percentages. They are dependent on
the dislocations density instead of thegion thicknes§42] The modified Equation 2.15 to fit

the average strain, value for MQW structure is given by equatioelow,

©

(Equation 2.16)

where n is the number of wells, is the thickness of well and is the thickness of the
barrier[42]
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Strain Balancing The idea of having alternate compressive and
tensile materials grown on a same substrate creating a strained balanced quantum well and
barrier layers is the main aim for the research in quantum well solar cells. Ideally, infinite
number of wells can be gnm due to the strain free structure, thus making-deffiect growth

a possibility and it can provide better tuning of the-selts of multijunction solar cells. As a

result, different bangap semiconductors can be incorporated as junctions in a sélar ce
without dislocations and a high opeincuit voltage can be maintained. However, the
discussion on multiple quantum well bismigthsed system in this thesis will be solely on the
strained materials. It is very useful to understand the mechanism ofedtnaiaterials first

before strainedbalance materials are studied.
2.6  Summary

In conclusion, this chapter talks about the background theory of the work done in this thesis.
First, the band structures of semiconductor specifically on crystalline sematonds
introduced. Then, the electron distribution function and behaviour are explained. This include
the change in distribution level when external atoms are introduced and how the bandgap
behaves when two different doping type semiconductors are brimgghher at zero and with

bias. From that, the ideal Shockley diode equation is presented based onwaltaget

characteristics of a material.

Besides that, this chapter explains the process of a photocarrier generation and recombination,
including he absorption and emission of light in-WlIsemiconductor material. In addition to

that, the applications in semiconductor eptectronic devices including LED, laser and solar

cells are discussed. The development ofViimaterial systems is explainedteawards,
focusing on the lattice structure and different ways to alter the bandgap by manipulating the
elements in the system. The incorporation of Bismuth into GaAs allows bandgap engineering
and its value is determined by using Valence Band -8nbissng model. Lastly, the
applications of multiple quantum well structure for solar cell are discussed. This include the

calculation of strain in bulk and MQW structure.
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Chapter 3: Experimental Methodology
3.1  Growth: Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) growth is a type of epitagedwth process that involves the
deposition of a molecular beam of element(s) onto a crystalline surface. This film deposition
technique was designed at Bell Laboratories, New Jersey and demonstrated the first GaAs layer
grown on a GaAs substrate in 191].The elemental deposition in MBE ik under
ultrahighvacuum (UHV) condition and it has a method of{menitoring of the growth layer

to see its growth rate by using a camera installed onto the machine.

Figure 3.1 shows the schematic diagram of the MBE machine used to grow all thessampl

characterised in this report.
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Figure 3.1: Schematic diagram of the MBE machine. Image taken&jom

Several source crucibles containing different elements including Ga, As and Bi are used to
grow GaAsBi samples. Each crucible has its own shutter that is used to allow or block the
mol ecul ar beam by opening or clhedaamgfeacthe so
element is produced by maintaining the temperature of the crucible at certain temperature to

evaporate the elements in the crucibles.
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Different type of substrates will need different heating profile for a given surface temperature.
For example, a doped substrate contains higher electron density therefore it requires lower
heater element current value than an undoped substrate to reach the desired teniperature.
essential to work closely with the growers to know the growth conditicth$ager structure

for every sample. This is because, the characteristics of the samples and devices are interrelated
with how they were grown. The growth of devices in this work was performed by the STM
MBE growth team from the University of Sheffield.

32  Optical Characterisation
3.2.1 Photoluminescence

Luminescence is an emission of light by a material or substance due to chemical reactions, light
energy injection, electronic injection or temperature variation and has been described in section
2.3.2. Phmluminescence (PL) is a phenomenon that involve the process of energy absorption
from a |ight source normally a | aser, hence

to the carrier recombination process.

It is a technique used for investigagi the quality of a semiconductor material, specifically
through bulk electronic transitions and electronic transitions at d¢Bd®. is very useful
because it is a netestructive process that can identify material properties of the material such
as the energy bandgap anmthomogeneity indicated by the full width at half maximum
(FWHM). From the energy bandgap value, Bi percentage incorporated into the structure can
be estimated too. Itis also useful to identify the transition of carriers intrinsically and at defects,
wheter the carriers are actively recombining and creating emission when excited by photons
or whether other features dominate the recombina@ue of the disadvantages of PL is that,

it cannot directly measure the noadiative recombination intensity indevice.

Figure 3.2 shows the schematic diagram of the experimental setup used for PL measurements.
The laser used as the excitation source is a continnaus 532 nm diodpumped solid state
(DPSS) laser with a maximum output power of 2 W at 532 nm and 10 nt¥/satcond order
wavelength, 1,064 nm. The spot size for the laser used isur250 he higher order excitation

laser is filtered out by using a 35%0 nm bandpass filter to allow only 532 nm wavelength to
pass through. The laser beam is passed throegththpper, which is set to a frequency of 180

Hz to produce an alternating laser signal. This frequency is chosen to avoid any unwanted
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interference from voltage main supply, which is a multiple of 50 Hz to affect the source signal.
At room temperature, thtest sample is placed on anYXZ stage for an accurate positioning

and focusing.

For low temperature PL measurements, the sample is placed in a-cjoedelium
compressor system that can go down to ~15 K. This system consists of a cryostattfiteed

cold finger plate connected to a temperature controller. The cryostat body also mounted to an
X-Y-Z stage for sample positioning. A helium compressor, vacuum pump and water supply are
the components used to create a-fmessure environment allowingw temperature PL
measurements to be conducted. The sample is placed on thglateldvith vacuum grease
because this type of adhesive is thermally conducting and avoids air being trapped under the
sample during the loypressure operation of the crydsthamber.

Chopper Controller
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Amplifier 4_‘ detector 4 ................... !7 I e eXIt F t
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D
F/1 Cassegraii» —»——Chopper
> 4 |
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controller . e
Mirror /Mirror

Sample o
X-y-z stage

Figure 3.2: The schematic diagram of photoluminescence setup.

When the excitation laser beam hits the sample, the luminescence signal emitted by the sample

is collected by the F/1 Cassegrain lens. Note that the lens has to be aligned with the
monochromatorés optical axis f or ectthixthemum s
focused and enter the front entrance of the monochromator. The monochromator used in this

setup is a Horiba iIHR550 spectrometer. It has three grating options; (1) 1,200 grooves/mm, (2)
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900 grooves/mm and (3) 600 grooves/mm with blazes atn@30850 nm and 1,500 nm,
respectively. For this work, a 1mm entrance and exit slit size is set and grating 2 is used because

the wavelength range of interest is between 800 and 1,600 nm.

The PL signals are detected by a 77 K opergdhanium (Ge) detear that can detect signal

up to 1,700 nm. To reach this temperature, liquid nitrogen is supplied to cool the detector. The
signal detected is read by the laakamplifier (LIA) that is used as a phasensitive detection
method matched with the chopgerquency to eliminate the unwanted noise and signals from
surrounding light sources. Various neutral density (ND) filters are used to attenuate any strong
PL signal intensity detected. A software called Spectramax is used to control the scanning and
tabuation of data from the LIA. The optimisation of the setup during experimental works are

regularly performed to miniree errors and for optimum calibration.

3.3 Device Fabrication

Device fabrication in this work is a process of depositing metal contatastlom sample
surfaces to form positive and negative electrical connections. This is necessary in order to
perform the device electrical testing. A standard processitorgiodes is applied to all of the
devices in this work4] This includes sample preparation, metallisation, photolithography and

etching process.
3.3.1 Sample Preparation

Samplecleaving For pi-n structures, it is important to identify which side is the
epitaxial or top contact and which is the back side before the cleaving process to ensure correct
fabrication process. The substrate used in this study isidad polished Gag\and epitaxial

layer were grown on top of the polished ones, therefore it is easier to identify the epitaxial
layer. Firstly, the 11.8 x 11.4 mm size material is placed on a clean filter paper, epitaxial side
up. The sample is hold firmly by using a tweezhen a small line is made starting about 2mm
from the edge of the sample and scribe towards the edge by using a diamond scriber. The
sample is turned over onto a clean filter paper and the body of the scriber is used to apply
pressure in a rolling actn above the scribe mark. The sample can be cleaved easily by using
this method due to its lattice properti€sr this step, a large amount of dust may be produced
and it can cause scratching of the surface. Therefore, it is a good practice to warktiaced
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fume cupboard and to use a new filter paper for each stage of cleaving. The other half is kept

unprocessed for other characterisations, if needed.

3.3.2 Sample cleaning

Sample cleaning is applied to samples to remove any dirt, dust or fratssay left on the
samples during cleaving process or other fabrication steps. Initial sample cleaning and routine
cleaning requires similar solvents. The only difference is that for initial cleaning, cotton bud
can be used because there are no pattarnthe unfabricated sample surface. Meanwhile,
routine cleaning is applied when the sample has surface patterns. The use of cotton bud at

routine cleaning will cause damage to the pattern and introduce more dirt.

Initial cleaning:

First the sample is lled in iscclean nbutyl acetate for about 30 seconds. Then, the sample

is taken out and placed on a clean filter paper. Cotton bud is used to firmly wipe the surface
with technique from centre towards the edge. The process is repeated for all fdiondirec
around the sample. After that, the sample is blow dry using nitrogen gun and checked under a
microscope to identify the cleanliness of it. It is important to not apply too much pressure onto
the sample when cleaning as it can cause more partiaieduned on the surface or may cause

damage and break to the surface.

Routine cleaning:

The cleaning sequence for the sample is as follows; first, it is boiletbutyhacetate for 30
seconds, in acetone for 30 seconds and in isopropyl alcohol (IPADfeeconds. Then, the
sample is taken out from the IPA and placed on a clean filter paper. By using the nitrogen gun,
the sample is blow dry by using the nitrogen gun as described before. These steps are known

as Othree stage cl| aesam requyed todoethe aleasiry. t hr ee s ol
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3.3.3 Sample Metallisation

In order to run electrical characterisations to the sample, sample metallisation is the crucial step
to begin with. Top and back contact are important to ensure there are current flow from positive
side to negative sidereating a close loop flow of eleohs. The metals are loaded in a coil
basket and deposited onto the sample by using evaporation process using a high vacuum
evaporator. Evaporation process needs to be in vacuum condition to ensure no oxidation occurs

to the surface and helps in better agpon of the metal contacts.

Back Contact The metallisation on the back surface of the sample is done to
create an ohmic contact. After cleaning the back contact, alloying oftyipeback contact is
done by using Indium (In) and Germanium (Ge) #meh coated by Gold (Au) following the
recipe of In/Ge/Au of 10mg/10mg/200mg. This step is followed by the heating treatment or
called as annealing process at22@or 90 seconds by using a greated furnace with nitrogen

gas flow replacing the air imé furnace tube.

Top Contact Mesa pattern is chosen for this set of samples to maximise the
optical absorption from the devices. The
photolithography process done in a yellow room. Steps for photolapbgrprocess are as

follow:

The sample is placed on a glass slide with wax to ensure a better grip while handling the sample.
Then, dehydration bake of the sample is done a&@®0r one minute. After that, a few drops

of photoresists are used and thegke is spircoatedat a speed of 4000rpm for 30 seconds to
achieve 2 um resist thicknehen, the sample is soft baked at90dor one minute to harden

the resist. The next step is to give exposure of UV light into the coated sample by using a Karl
Sus mask aligner for 10 seconds to create patterns on the sample. The sample is in close contact
with the mask surface to obtain accurate repeated pattern onto the device. After that,
development process is done. The sample is dipped in the developems@ubome minute

and rinsed with dénised water. This is to remove all the unwanted photoresist that have been
exposed to the UV light and only leave the vsxposed photoresist where the pattern is on for

the metallisation process.
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Figure 3.3 (aphows the steps of photolithography process and Figure 3.3 (b) shows several

images of sample after photolithography process taken under microscope.

UV light
Mask lll
Photoresist - . . -
After spincoating UV exposure After development
(a)

(b)

Figure 3.3: (a) Photolitography process for the samples and (b) Images of a sample after
photolithography process.
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The metallisation of top contact requires-gype contact and it is done by usinganbination

of Au and zinc (Zn) in the evaporator. A thin trace of Au about 5 nm is alloyed followed by
10 mg of Zn and 200 nm of Au. After the metallisation process is completed, the photoresist
with metal on it is removed by using acetone. This proces=lled liftoff process. As
photoresist is reactive towards acetone, it will dissolve in the solvent and eventually lift off the
unwanted metal coating it too and leaving only metal contact on the desired pattern. Once this

step is completed, annealipgpcess is done at 380 for 90 seconds.

3.3.4 Device Isolation

Device isolation is required to define the mesa pattern and provide isolation of the contacts
from one another. This can be achieved by applying the second stage photolithography and

etching proces

1) Second Stage Photolithography

This process is similar with the first photolithography process described above. The sample is
cleaned and covered with photoresist except the type of mask is different. The mask used in
this process covers tteea that form the devices and only the photoresist around the mesa

pattern is removed. The alignment of the mask onto the device pattern in this step is crucial to
ensure that etching process afterwards is done accurately. There are alignment matkings tha
help to align the mask pattern onto the device pattern. After the exposure and development

process, the sample is etched.

2) Etching

Etching process i $-ndevicesrindicidealsto form many tast dievicesh e  p
on one sample. Etching donmethis work uses universal etchant consists of hydrobromic acid
(HBr), acetic acid (CECOOH) and potassium dichromate>(¢07) with 1:1:1 ratio that is

freshly prepared. This is because, the etch rate of the mixture will decrease over time and the
processwill not be consistent. Etching time for this step is chosen depending on the depth
needed to 6écutd the device | ayer . -typedayerst hi s
down to the rtype layer to ensure accuracy in testing the devices. Bordigie the depth of

the sample surface, a surface profiler is used. After the desired depth is obtained, the
photoresist that covers the devices can be removed by using acetone. Routine cleaning is

applied and the device characterisations can be dorevalftis. The image of final device
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under the microscope after it went through all the device fabrication processes is shown in
Figure 3.4.

©. O C

0o 20@

Figure 3.4: pi-n diode image under microscope after undergoing etching process. A black
ring surrounds the diode shows that there is a different in height from the floor of the mesa,

indicating etching process has happened.
3.4  Electrical Characterisation
3.4.1 Dark CurrerdVoltage

One of the fundamental ways to discover the diode behaviour of a material system is by using
currentvoltage (FV) technigue on the device. This measurement is straightforward, applying

a voltage or current to a device and swag the current or potential drop across it,
respectively. Ohmo6s | aw i-\scurtehvigh atneamrplatienship r e p 1
between voltage and currentVImeasurement is performed to determine the quality of the
device as a diode.ddk current traces of the devices were measured by using/tsetup, in

which a piceammeter was used to supply the voltage and measure the current flow. Different
sized mesa devices, (200, 100 and 50 um radii) were measured to calculate the cisitesd den

for each device. If the current density is independent of the device radius, the current
domination is from bulk current. If the density is different for each diode size, it is affected by
the edge leakage current through the less resistive piuh atesa edge.
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Figure 3.5: HR4140B piceammeter/ DC voltage source.
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Figure 3.6: Schematic diagram of th&/ Imeasurement setup.

Room temperature forward and reverse bias dafkmeasurements were taken by using a
HewlettPackard HP4140B pieammeter and controlled by software on a PC connected
through a GPIB cable. A curve tracer is used in the setup to manually check the conofecti
the diode before taking the actual measurement. Figure 3.5 and 3.6 show thmipieter

used to obtain-V data in this work and the schematic diagram of the setup useevfor I

measurements, respectively.

Several precaution methods were appliedevaking vV measurement to ensure the accuracy
of the data taken. First, the measurements were carried out in a dark room to prevent optical
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generation of carriers contributed by ambient light. The measurement scans were current
limited to avoid overshdwf the current or breakdown damage of the device while taking the
forward and reverse bias measurements, respectively. Besides that, high resistance coaxial
cables of morethan T wer e used in the setup to mini mi
coreand out shield that can result in significant leakage current. Lastly, a vibha@setup

table were used to reduce the noise level while taking the measurements.

3.4.2 CurrentVoltage under lllumination

Solar simulator|

Microscope

—_—

e stage }

=
26
A \—>

Figure 3.7: FV under illumination (with solar simulator) setup in the cleanroom

I-V measurement under illumination was performed to study the performance of a diode as a
solar cell. The setup as shown in Figure 3.7 has a probecstangeising a pair of probe arms

to connect the positive and negative terminals of the diodes. ArdasBd solar simulator

with a 2 2-inch illumination area is placed on top of the probe stage to directly emit
illumination onto the diode. It is a closeathed AM1.5 spectrum with wavelength range of

400 to 1,100 nm and has a maximum power density of 110 m¥&guivalent to 1.1 SUN. To
optimise the illumination, the solar simulator has a head rotation of 360° to move the low power
red laser (<1 mW) used fatignment purposes. For safety reasons, any reflections and light

from the illuminator are avoided by the system operators.
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3.4.3 Capacitancé&/oltage

Capacitancevoltage (CV) measurements were performed on diodes with different radii by
biasing the dides with a DC voltage using an HP 4275A LCR meter. The LCR meter, shown
in Figure 3.8 is a test instrument to obtain various parameters for a diode such as inductance,

capacitance, resistance and others by measuring the effective impedance across.the diode
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Figure 3.8: LCR meter used for\€ measurement.

The capacitance value for the devices is modelled and obtained by using Equation 3.1,

0 — (Equation 3.1)

whereO is the AC test signal set by the LCR metar, is the AC voltage through the device
and"Qis the frequency of the test signal. The ideal phase angle difference of 90° is desired
betweenO andw based on the principle of current leading agh in a purely capacitive

circuit. For this work, most of the data collected have a phase angle between 85° and 90°.

There are two types of equivalent circuit models that can be chosen from the equipment;
parallel and series circuit mode. Byoosing the right equivalent circuit mode, accurate
readings of capacitance can be achieved. Unless the resistance value is zero, the reactance value
can be different for the deviceSue to having capacitance <1,000 pF for this set of devices,

any equivéent circuit mode can be used because the difference is negligible. For data

consistency, parallel circuit mode is chosen throughout the measurements. Besides that, the AC
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test signal used for the measurement also has to be sufficiently large to be thaesurately

by the AC voltmeter but small compared to the DC voltage supply. Another way to obtain an
accurate capacitance value is by using a high value of test frequency to reduce the reactance of
capacitor. The value of the AC test signal and frequeiseyl for GV measurements in this

work is 60 mV and 100 kHz, respectively.
3.5  Opto-electronic characterisation
3.5.1 Photocurrent

The photocurrent measurement setup is shown in Figure 3.9. The light source is a 100 W white
tungsten lamp and it is spedity dispersed through a monochromator which is controlled by a
software system in a PC. The selected wavelength is focused at the exit slit of the
monochromator and mechanically chopped at 180 Hz. At the same time, the chopping
frequency is fed to an LIAs a phase locking signal. The diode is also connected in series with

a load resistor. Besides that, the LIA must be in parallel with the load resistor to ensure that
only the voltage drop across resistor is fed to the LIA. Depending on the dark cutuent va
different values of load resistor can be used during the measurement. The phase sensitive
locking technique from LIA amplifies the photocurrent signal and at the same time suppresses
the noise level and dark current. It hefifter out the dark curm down to nanoamps and only
photocurrent signal is detectetherefore, only the photocurrent generated by the diode will

be displayed in the control PC.
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Figure 3.9: The schematic diagram of photocurrent setup used for measurements.
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The arbitrary units of the photocurrent spectrum displayed on the control PC is the conversion
of the LIA reading that reads the voltage drop across the resistor. Depending on the sensitivity
set on the LIA, the accuracy and precision of the actual photstucan be controlled.
Equation 3.2 shows the relationship between the conversion value of the LIA and the voltage
drop across the diode while Equation 3.3 is the photocurrent calculation, which is simply a

modi ficati onwo®Ysphmdés Law,

0D 00QWAQ®E ——— "YQE i Q0 QU "Q&quation 3.2)

o —F—— (Equation 3.3)

whereO is the photocurrent value. From photocurrent data, the responsivity of the devices as
a function of wavelength can be determined. It is a method of identifying the detection
efficiency of a device and a high value of responsivity is desired when desigpiragovoltaic

cell. The value is obtained by correcting the photocurrent to the system response by using a
calibrated photodiode. In general, it is the ratio of photocurrent with incident light intensity at

a particular wavelength and is defined as indopn 3.4,

Y — (Equation 3.4)

where'Y is the responsivity and is the incident monochromatic light power on the device

under test.

The actual power for each monochromatic light in the spectrum that falls onto the measured
device has to beetermined because its power is different with the power from the light source.
This is due to the light passing the monochromator, lenses and mirrors resulting in the
attenuation of power for different wavelengths. A commercial photodiode (PD) is used to
obtain the optical power at each wavelengt
extrapolated responsivity takdrom the datasheet are used to calculate the power. From

Equation 3.4, the optical power at each wavelength can be obtained, as sEowation 3.5,

0 — (Equation 3.5)
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In this work, an InGaAs FDO5D 25@m radiussizedcalibrated photodiode is used due to its
similarity in range of wavelength detection and active window area. The FDO5D photodiode
responsivity graph is placed in Appendix To work out the responsivity of the deviseyeral
considerations need to béém while estimating the power that falls onto it. First, the active
window area for the devices in this work is 70% of its total area due to the metal contact on
top of it. In addition to that, the ratio of area between 250adussizedFD05D and the @0

um radiussized devices is 0.6Fherefore, the total incident powérreceived by the devices

is,

2
B

(Equation 3.6)

Ca
&
C
C

(Equation 3.7)

The value of incident power obtained can be used to calculatesfhensivity of the measured

devices by using Equation 3.4.

Monochromator The monochromator used in this setup is a Horiba Scientific
iIHR320 monochromator. It is a Czerityirner monochromator where the polychromatic light
source is focused after the emiza slit by a collimating mirror. The collimated light is then
refracted by the diffraction grating to extract individual wavelengths and focused again using
a concave mirror before it passes the exit slit. Depending on the angle of the gratigye
wavelength can be selected. Figure 3.10 shows the general schematic diagram of a Czerny
Turner monochromator for the extraction of a single wavelength for photocurrent

measurement.

Similar to PL setup, the-Rumber of the light source has to match theumber of the
collimating lenses to give a maximum signal to the devices. The diffraction grating surface has
sawtooth shaped grooves with a periodic distance. Choosing the correct grating allows
maximum throughput for the chosen wavelength range. Angret classified by its number of
grooves per unit length, with a specified optimum operating wavelength (blaze wavelength).
In this work, the monochromator is set at 600 groove/mm grating with blaze wavelength of
1,000 nm. The usable wavelength rangth grating is 667 nm to 1,500 nm. This follows the

2/3-3/2 rule of blazed grating, which directly defines the wavelengths range with reasonable
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efficiency as having the lower limit and upper limit of 2/3 and 3/2 of , respectively, any

wavekngth outside this range will have a reduced effici¢GLy.

F-number of
monochromator

T s

Entrance slit o Exit slit

Light source

Figure 3.10: Schematic diagram of a Czerfyrner monochromator

3.6  Summary

In summary, this chapter discuss all the procedures and methodology to obtain experimental
data and result discussion. First, the growth procedures are briefly explained although the
author is not involved directly with the growth of the devices. Thentoplminescence
measurements procedures at room temperature and low temperature are explained for the
completeness of the thesis. After that, the device fabrication processes to create metal contact
on the devices are explained. The processes follow tmelesth fabrication processing

guideline recommended by the facilityds cl e

For data collection, the electrical characterisation methodology include evoteage(+V) in

dark condition and capacitanueltage(GV) are discussed. Then, the ollectronic
characterisation for photocurrent measurements-dhdrider illumination of solar simulator

are explained too. Careful measures are taken in order to achieve highly accurate data and

ensure optimisation during the data collection.
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Chapter 4: Electrical Characterisation of GaAsBi/GaAs MQW Devices

41 Introduction

Electrical characterisation of a material system is used to understand the-coiteeye (}V)
relationship, which is very important in designing a solar cell. From diode modelling it is
shownthat by adding Bi to GaAs for a 1 eV bandgap, it can potentially allow higher- multi
junction solar cell efficiencyl] However, in practice the growth conditions for- Bi
incorporation into the layer are challenging. Low growth temperature causes defects-and mid
band traps, thus atting the quality of the materigd] As the result, the darkV of the devices
increases, reduces theirs efficiency aarsctlls. According to Beatat al, as the percentage

of Bi incorporation increases, the carrier mobility in the device is decr§asé[dlhe carrier
mobility value is also lower compared to the GaAs mobility reported by Adaeth|3, 4]

Several works on dark current density of GaAsBi hawemlveported. Rockegt al. shows that

the saturation current density, is more affected by the defects related to the growth
temperature compared to the Bi related defects. By lowering the growth temperature, a higher
Bi percentage can be incorporatedcaAs. However, the minority carrier lifetime is decreased
due to a higher rate of defems$sisted recombination, which increases the dark current
density[5]

A GaAsBi/GaAs multiple quantum wells (MQW)}i-n diode series consisting of 7 devices
was grown on (100) GaAstgpe substrates by a molecular beam epitaxy (MBE) machine.
Each device has a different number of fixed thickness quantum wells, 8nm of GaAsBi with the
same 3% bismuth content. For thetresthis work, the devices will be called the SB&
devices. While maintaining the totategion thickness, the GaAs barrier thickness varies with
the number of wells. The ST8X devices structure consists of a 200 rHiype GaAs buffer
followed by a 20 nm ntype Ab.sGay.sAs cladding layer and 62@m of undoped-region
GaAsBi/GaAs MQWs. Then, a 600n ptype Ab.sGay.sAs cladding layer is grown on top of

it followed by a 10hm p+ GaAs cap. AlGaAs cladding layers are added to the structure to
improve he thermal stability of the devicf®] The detailed growth specifications and protocol
used for these devices have been discusspf] and [8]. The schematic diagram of device

structures istgown in Figure 4.1.
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Figure 4.1: Structure of the ST&X devices characterised in this work.

So far, there is no report on the electrical characterisations of GaAsBi/GaAs quantum wells
specifically on the dark current density value in forward andrseveias. In this chapter, the
electrical characterisation of ST&X series is investigated in detail. The characterisation
techniques include capacitareaitage (GV) and +V under dark condition and the results are

discussed below.

First, for electrical characterisations to be conducted, a series of fabrication processes were
performed on the devices to allow positive and negative terminal connections. The devices
comprise repeating patterns of mesa structures with radii of 200Q0vyrh, 50 um and 25

Om and the patterns can be referred to as
devices for testing with differemiption of sizes and mesa pattern. Since electrical testing can
cause damage and degradation to the striciiis useful to have many cells so that if one is

not working or shortircuited, there are still other cells that can be used for testing. This is also
to ensure uniformity when characterising the devices by sequentially testing different cells. In
this work, more than five cells of each size are measured for every device and the best results

are plotted in the result section.
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The results obtained from the SBX devices are compared with those from a stbailanced
INnGaAs/GaAsP MQW from Quantasotamed QT1897 the structure of which is shown in
Figure 4.2. This device is used as a comparison to the3XT@evices due to its ideal
properties almost zero strain, as is desired for lattice matched solar cell devices.

0.22 pm p+ Zn GaAs

43 nm AbsGan2As 2 x 168 p+ C

0.4um 2 x 1€ p+ GaAs

i-region
1.67 pm MQW (65 periods)
17.4nm GaAsP (barrier), 8.3nm InGaAs (well)
2 um 4 x 18" n GaAs

0.3 pum buffer n+ GaAs

GaAs n+ substrate

Figure 4.2: Diagram shows the layer structure of QT1879n&8aAs/GaAsP strain
balanced MQW consisting of 65 wells with thickness of 8.3 nm each.

4.2 Previous Work on STG3X

There are several early works on the structural and optical of this set of devices. They include
room temperature PL, Nomarski surface pnmog, X-Ray diffraction, reciprocal space
mapping and transmission electron microscopy (TEBVIR]. A brief explanation about the
reported work is disessed herélhe room temperature PL from the SB& devices has been

reported i8] and is shown in Figure 4.3.
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Figure 4.3: Room temperature PL for the SIX devices.

In summary, there are two distinct regions within the samples as shown in Figure 4.3. One
region is for QW03 up to QW40, which are considered to be strained, and another region
including QW54 and Q\&3 where the devices have undergone strain relaxation. QW54 and
QW63 show a reduction in PL intensity of about two orders of magnitude compared to the
other devices. The peak positions are also slightly redshifted, about 56 meV although they are
expectedd have similar peak position due to having the same bismuth content. This condition
happened due to lattice relaxation in the devices and/or the loss of carrier confinement due to
having very thin barriers which may not maintain effective quantum confimerfie slight
variation in peak energies for the samples between QW03 to QW40 is due to small parameter
variations occurring during growth process, in terms of atomic fluxes, background pressure
and ambient temperature. They are broadly consistent aedl@idgap of 1.11 to 1.15 eV for

the strained devices.

In addition to that, extensive PL characterisations have been done fe8)>SiiCluding low
temperature PL, power dependent PL and temperature dependent PL. However, the work was
not concluded in theesult chapters. This is because the electrical and-edpttronic

characterisations have become priority for this thesis.
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The presence of two regions for these devices are supported by the TEM and Nomarski images.
The TEM images show a consistent period of quantum wells for all the devices, with a higher
defect density for QW54 and QW63 compared to the strained devicesefdutsdor these

two devices are more noticeable at the interfaces between AlGaAs cladding layer and the
MQW region, suggesting strain relaxation, but they are absent between QW03 and QW40. The
calculated well thicknesses as determined from the PL peatyesied the average Bi content

(from the XRD fitting) are also different from the estimated thicknesses from TEM images.
Figure 4.4 are the TEM images from QW 20 and QW63 to compare the defect levels between

strained and straine@laxed devices in STGX series.

DF 80kXa

EEEEREBRERREE

Figure 4.4: TEM images from QW20 (left) and QW63 (right). Bright field (BF) and dark field
(DF) measurement types were employed for this technique.

The defects seen in the TEM images shows that contamination on the sample surfaces already
present prior to growth. However, QW20 shows no dislocations at the MQW region interface,
while QW63 shows dislocation densities at the lower MQW interfaces indicate that the MQW
region has relaxed. Furthermore, the interface between the MQW region apge¢h@lGaAs
cladding layer also suggests that AlIGaAs cladding has relaxed to the relaxed MQW3Egion.
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Nomarski images from the devices show signs of-suface structural damage termed
crosshatching. Depending on the appearance of the damage lines, the causes can be due to poor
substrate preparation such as surface cleaning or oxide refhOyal also can be caused by

a new structure formed during the rearrangement of the atoms during growth (relaxation). For
QW03 to QW20, the suante damage lines were random and-adhogonal, QW40 did show

some relaxatiofinduced crosshatching and QW54 and QW63, the crosshatching becomes

significant and straight density of damage lines can be seen.

Figure 4.5: Nomarski surface profiles for Q@/(left) and QW63 (right).

Figure 4.5 shows the Nomarski images for QW20 and QW63. From the figure, QW20 shows
surface damage features that coming from thegpsath process. The visible lines on the
surface are random and northogonal. Meanwhile, gh density metallic droplets and
structuredorthogonal grids formation can be seen from QW63, showing significant

contamination on the surface suggests strain relaxation has occur.

In conclusion, GaAsBi/GaAs MQW-pn diodes have been successfully grown by MBE. The
STG-3X devices show good structural quality and strain relaxation were detected for samples
more than 40 wells evidenced by the hagnsity crosshatching from Nomarskiages, visible
dislocations imaged by TEM and intensity attenuation and peak redshift of the PL spectra.

Figure 4.3, 4.4 and 4.5 are the figures taken ff@hwith permission and courtesy from the

original author, Dr. Robert D. Richards.
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4.3 CapacitanceVoltage (C-V) Measurement

Room temperature-& measurements were performed on all S3>)Cdevices and QT1879 by
using an LCR meter, as mentioned in Chapter 3.4.3. Frevh data, the unintentional
background doping density and thickness in #fegjion of the devices can be determined. This
is done by fitting the data with the cdanensionaPoisson equation as discussed later in this

chapter. The measurements were also repeated on smaller sized cell with radiusmtd 00

ensure the capacitance values are scaling
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Figure 4.6: The &/ and CAV of (a) QW20 and (b)QW63.

Figure 4.6 shows the-& and capacitance per unit area with respect to voltage}dar 200
pm and 100 pm radiusized cells of QW20 and QW63. These two devices are chosen due to
their charactestics as strained and strailaxed devices in the ST&X series for comparison.

It is assumed that other devices that were not mentioned here would show a similar trend to
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these measurements, unless steauilar figures for the rest of the devices (Q8Y QWO05,

QW10, QW40 and QW54) are placed in Appendix B. From the figure, it is shown that the
value of CAV for both QW20 and QW63 scale with area despite their differences as strained
and strairrelaxed devices. This confirms that bulk capacitance isrdimg the measurement

and other parasitic effects such as stray capacitance or shunt resistance are very small and not

affecting the capacitance of the devices.

Figure 4.7 shows the GX of the STG3X and QT1879 devices. Slight forward bias and
reverse bias are applied to the devices during the measurements. The value of reverse voltage
must not be close to the breakdown voltage value because it can causecartargeto flow

across the diode and will cause the phase angle to deviate. As a result, the capacitance
measurement will be less accurate. Therefore, tRen@@asurements for STC3X devices were
performed up tel5 V only after it was confirmed that vernall capacitance differences are
collected towards higher reverse voltages. Meanwhi,f@ QT1879 was measured up-to

20 V. The value of applied forward bias voltage was also kept belowimuittage for similar

reasons as in the reverse voltageec&®r this, the forward bias voltage value is up to 0.5 V

only.
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Figure 4.7: CAV of STEG3X and QT1879.
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As the forward voltages are applied, the capacitance value increases rapidly. Here, the
capacitance value may not be as accurate as when the rbisgse applied, due to the
fluctuation in phase angle during the measurement. A decrease of capacitance value for all
devices can be seen from the zero bias 1#? ¥ before they become fairly constant. This is
because the depletion region in the clagdayers increases slightly as a small reverse bias is
applied.The doping profile of a device can be tabulated from thé data by finding the

doping density and depletion width of itgeigion[11] First, the doping density can be
calcul ated by using the expansion of Poisso

_— — - — (Equation 4.1)

wherewis the voltage applied) "@ the electric fieldat the junction) is the doping density,

- is the material dielectric constarit,andr are the charge density and the electron @harg
respectively) can be presented as acceptor doping dedsityr donor doping density,
depending whether the junction igrpr, or p+/n, respectively. By integratin@ "@vith respect

to depletion widthgy the expression is as follows,
00 —w —w (Equation 4.2)

From the welknown capacitance equation, thevalue for the doping profile can be
calculated.

0o — (Equation 4.3)

whereo is the area of the device, is the dielectric constant, relative constant of the

material. In addition, the value afalso can be presented[a4)
0w — (Equation 4.4)
wherew is the builtin voltage, assuming that the junction is heavily doped on one side, in

this case heavily-doped. By combining Equation 4.3 and 4.4 into,
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- — n — (Equation 4.5)

this equation becomes a lineam€tion. Differentiating— with respect to its voltage from

Equation 4.5, the doping density value can be calculated.

Cs

(Equation 4.6)

From here, the plotting @f againstvacquires the estimated thickness of theomed region
in the device; for a4o-n structure.

1e+18

O 200 pum
o 100 pm
Q@
—~ o ap P
@ [s] farty
£ OO o o
‘9’ %go Oodj oo
= o 0Q@5o
2 1e+17 - o o
o &
° 00
g &0
§ 8
o8
o]
1e+16 t T T
0.45 0.50 0.55 0.60 065
Depletion width (um)
(a)
1e+18
O 200 um
o 100 um Q
@
o o
& 8o g
'E C? & 8
S & 6 @fé
2 o
2 1e+17 oo
(] Q
© [e]
2 P
o
a oo’
o0 0o
Q
o ]
OOO
1e+16 00 , ‘
0.50 0.55 060 0.65 0.70
Depletion width (um)

Figure 4.8: Doping profile of (a) QW20 and (b) QW63.
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The doping profile for QW20 and QW63 at different sized cells are shown in Figure 4.8. The
J used in this work is 12.9, similar o for GaAs. From the figures, different sized cells for
each device show similar background doping density values anddb®n depletion width

is within the estimatednegion thickness from the growth specifications. Figures of doping
profile of differert sized cells for other MQW devices are placed in Appendix C.

From the figure, a peak appears in both data in the middle of their profiles. The peak with
higher apparent doping density value is caused by the band discontinuities that are usually seen
in a heterojunction structure where different energy bandgaps are involved. This is due to
charge accumulation at the smaller bandgap material interface with larger bandgap material.
Here, the carriers from the doped AlGaAs cladding layer accumulate asthenfioped GaAs

barrier in the-region of the structure.

This condition is also seen in GaAs/AlGaAs MQW struct(it@$. For a solar cell, a
sufficiently large depletion width is desired to ensure a high rate of carrier collection. For
example, InGaAsN has more than 1 um depletion width for a 1 eV bandgap njagjridiis

helps carrier collection and improves the short circuit current. A lagketion width can be
achieved by decreasing the background doping to a range of betwé&r 0t cm3, which

is a challenge for GaAsBi devices as they require low growth temperature.

Figure 4.9 shows the doping profile of SBX and QT1879 devices talated from the &/

data measured at reverse bias in this work. The sharp increase with a measured thickness of
between 0.5®.64um of the doping densities agree with the intended thicknesgégion of

these devices which is 0.¢@n for most of the daces.A small variation between measured

and intended thickness of the devices may be caused by dopant diffusion that occurs during
the growth. However, QW10 shows a wider estimated depletion width compared to other STC
3X with 0 =~0.75um. The 20 nm dference from the rest of the devices is due to the slight
difference in growth condition. QW10 is reported to contain a thicker first barrier than other

barriers due to an error in growth recipe programming, causing the thicker{9}idth.

The measured doping densities for SIK devices are all roughly the same, within the range
of 1.5x13° cm® to 5.5x18° cm3. The background doping density values for this work are
similar to previous work done by the same group, with density values of 1°2x1€]14] and

5x10'¢cm3[15] for 2.1-3.4%and 6% Bi content, respectively. The value of background doping
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is higher compared to other MQW devices reported such as the InGaAs MQWs reported in
[16) wi t h 10" @n® Hackground doping. Other than-Based growth conditions, the
impurities in the growth chamber and arsenic cell outgassing can also be the factors
contributing to the higher doping.is still not clear what the type of background doping in
this work, but there are several reports on undoped GaAsBi withepbackground doping

[17, 18]and ntype background dopingd4].

Meanwhile, the doping profile of QT1879 shown is not fully depleted at O V. The doping
density value is roughly one order ofgnitude lower than ST-GX devices and the value
gradually increases as the reverse bias increases until it reaches aboptm-1C8¥ to the
thick depletion width in the structure, it requires more potential to fully depleterédugon.
Besides that,he depletion width is 200 nm thicker than its intended thickness which is 1.67

gm.
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Figure 4.9: Doping profile of STGX and QT1879 estimated from\Ccurves. All the STC

3X devices are fully depleted at zero bias and the measured depletionagitasvith the
intended iregion thickness. QW10 shows thicker width due to having different material

recipe programming set during growth. Meanwhile, QT1879 shows thicker depletion width

due to having thickeriiegion thickness.
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4.4  Current-Voltage (I-V) Measurement

4.4.1 Forward dark @V) Measurement

This subsection will focus on forward biasM characterisation performed in dark conditions.
Figure 4.10 shows the data of the forward dark curi@mid dark current densityof QW20

and QW63 plotted as functions of voltage. The measurements were done on several 200, 100
and 50um radiussized cells. The rawV and 3V graphs with different sizes for other devices

are placed in Appendi®.
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Figure 4.10: }V (left) and 3V (right) forward bias for (a) QW20 and (b) QW63 at three
different cell areas. 0.1 mA is the compliance limit set on the picoammeter during the

measurements.
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The forward current densities from the figures show good area scaling and are consistent
throughout the measurements, indicating that a bulk, rather than surface, dark current
mechanism was dominating for each device. The constant regions of the dank @uhigh
voltage for both devices are due to the setting of the current compliance which is 100 pA. This
compliance is set to ensure no overheating or overshoot of current due to high injection during
the measurements that can cause damage to thetwellaBhed line shown in thé/Jgraph

for both devices is the ideality factor fitted to the current density, showing that a consistent
value is achieved for each sizddvices. The discussion on ideality factor will be discussed

later in this section.

The JV measurements on all ST&X devices and QT1879 at room temperature are shown in
Figure 4.11Here, GaAs is used as another control device to compare the dark current value
when no Bi is introduced into GaA$he measurements were done on GaAs bulkcesvi
grown by the same group labelled as STF86 and STF87 fourf.2nd 1.6 pm-region
thicknesses, respectively. In addition to tha¥, data from a GaAs solar cell with a laiv

value taken from Kurtet al.is also extracted and plotted for compariEbi.
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Figure 4.11: Forward &/ measurements for all STEX devices and QT1879. Dashed lines
are the forvard JV for GaAs devices.
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From Figure 4.11, it is seen that between the-8X@evices, they are divided into two regions

of current density. QW03 to QW40 show a similar range of dark current value. Another region
is for QW54 and QW63 that show highelduaof current density. From the graph, the dark
current of QT1879 is between one and two orders of magnitude lower than those of QW05
QW40 at around 0.6 V; which is about 5.1 X’#Jcm? compared to between 2.0 x 10°

Alcm? at that voltage. Thesee in turn, more than three orders of magnitude lower than those
of QW54 and QW63 that have current density value of 7.7%A10m? and 1.2 x 1§ A/cn??,

respectively.

STF86 and STF87 show higher dark current compared to Kurtz et al. asdriilas value

with QT1879. It is suggested that thegaewn GaAs by the group is not as good as in other
studies to begin with and therefore it gives some contributions to the high dark current in the
STG-3X devices. In addition to that, the high darkreunts exhibited by QW54 and QW63 are
potentially due to higher dislocations densities formed during sample growth and they are
attributed to strain relaxation. It is also seen that the strain level in QW20 and QW40 are enough
to undergo dislocation propagan, whereas QWO8W10 have lower level of stra[B] As

the dark currents of QWeQW40 are all at similar values, it is concluded that strain related
structual defects do not dominate thesé/ Icurves and, therefore, QW@3W40 are
representative of the elastically strained GaAsBi material system whereas QW54 and QW63
are strairrelaxed GaAsBi material system.

From the ideal diode law, the Shockley equatian be presented as,
0 0 QW r{] wTQ.,Y p (Equation 4.7)

Where diffusion current) is the current created due to the electrons and holes diffusion

with the consideration of Boltzmann relation. The tarnwhich is the value of satation
current density can be used to compare electrical properties of a material systéntefthe
is dependent on temperature, related with value of the intrinsic carrier concentration of the

semiconductorg and is interpreted as shown in Equatib8[11],

o — — (Equation 4.8)
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Where the carriediffusion coefficient O for holes andO for electrons) is a parameter
associated with mobility, and and 0 are the concentration for donor and acceptor
impurities, respectively. Diffusion length) ( for holes and 0 for electrons) is mother
parameter related to mobility with expressiorbolk ‘O T andd k Ot . Note thatt

andt are the minority carrier lifetime for holes and electrons, respectively.

At forward bias, recombination curremt, is another capture press in addition to diffusion
current. From ShockleReadHall statistic, the dominant recombination process in the
depletion region occurs with the activation energy of half of the bandgap amdn be

expressed as,

0 ——Qwi— (Equation 4.9)

wherew is the depletion layer widtH; is the carrier lifetime with relationship ¢f ——

where, is conductivity, is thermal velocity and is trap densityd can be created in the
depletion region due to defects and impurities that cause the formation of energy states in

forbidden gaf11] Assuming a onaided p-n abrupt junction with) value, the forward

current,0 is the total forward current due to different mechanisms as shown in Equation
4.10,
0 —Qur —Quhi— (Equation 4.10)
This in turn, gives the empirical form of with the ideality factorg .
0 8 QwnR— (Equation 4.11)

where the value of ranges between 1 and 2lfis 1, the diffusion current is the dominant
mechanism which is the value desired for eglctronic devices. On the other hand, i$ 2,
the forward current is dominated by recombination currerdan also be betweenahd 2
showing that both currents are comparable. If the valagaofireater than 2, this indicates that
series resistance has started to dominate the forward current mechanism. Thetvehrels

calculated from the slope of the graph in Figure 4dd0 can be obtained by extrapolation
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of the linear region fronh Dto the yintercept wher@y Tt Table 4.1 summarises the value
of 0 andé¢ for all STG3X and QT1879 devices

Devices Saturation current density, (A/cm?) | Ideality factor, n
QW03 2.63 x 10 1.60
QWO5 1.03 x 10° 1.55
QW10 6.37 x 10 1.65
QW20 1.35 x 1@ 1.77
QW40 1.91 x 16° 1.80
QW54 1.32 x 10 1.70
QW63 2.80x 10 1.80
QT1879 8.87 x 101 1.78

Table 4.1: Value of saturation curremit, and ideality factorg extracted from the measured
J-V data. The value of ideality factor for each device is valid between ~0.1 and 0.6 V forward
bias.

It is shown that the ideality factor of all ST3X and QT1879 devices is between 1.55 and 1.8,
which indicates influence from both and0 mechanisms, with as the dominating

factor at room temperature. This value is smaller comparethé&r work on GaAsBi MQWSs

that havet value of close to or more than 2 and it is independent of the number ofyells.

20, 21]At high bias, ideality factor may deviates from its calculated gradient value. The degree
of deviation is different depending on how much the series resistance is affecting the
measurements when high bias is applied. For exar@Me¢54, roughy after 0.6 V; shows a
nonexponential increase of current with bias witlvalue more than 2. The cause for high
series resistance is unknown. Other devices do not show significant effects of series resistance

and theire value is still < 2 at high vadiges.

The strairrelaxed devices show higher valuesbottompared to the strained devices. These
values are expected because relaxed devices have a smaller energy bandgap as previously
reported8] For a semiconductor material with larger bandgap, it is more difficult for carriers

to escape through the forbidden gap, thermally. From Equation 4s3in relationship with

¢ anditis also related to energy bandgap and temperature by the expression shown in Equation
4.12[11],
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€ 9 Qun — (Equation 4.12)

By comparing these two equations, it can be concluded that the valuesdfigher when the

energy bandgap is lower, and this increase the value. dte trend can be observed from
Figure 4.12At zero bias, three different ranges can be seen from the graphs showing different
dark current densitypandgap energy groups. QW03 and QW05 are in the lower dark current
densitylarge bandgap energy. QWIPN40 show intermediate dark current densisndyap

energy. Meanwhile, QW54 and QW63 have the higher dark current density with smaller
bandgap energy compared to others. These ranges indicate that the increase in number of wells
for the same number of Bi contents increase the dark current due tadasein defect levels.

Besides that, the Bi inhomogeneity in the layer also causing different level of strains in the

devices.
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Figure 4.12: Dark current density at OV and 0.4 V with respect to bandgap energy for STC
3X devices, QT1879 and GaAs refeedevices.

Equation 4.13 can be used to fit the dark current values in Figure 4.12,

0 0 QwROTQ"Y
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where A is a constanf)s the Boltzmann constarils the temperature af@ is the activation

energy. It is shown that ST8X devices dark current data is fitted to the expression at room
temperature witfO value to be equal t® at both 0 V and 0.4 V. Th® values are taken

from the PL peak estimated from previous wi@k] QT1879 and GaAs by Kurtzt al. also

follows theO O fitting line. This indicates bantb-band generation current dominates the
device mechanism which is expected because theegdelave lower strain level. Meanwhile,

GaAs STF87 does not follow the fitting as the dark current is higher than expected. This
suggests a lower activation energy compared to its bandgap value and is possibly caused by
the domination of generation prosesue to emission from deégvel traps instead of band

to-band generation current.

4.4.2 Reverse Dark (V) Measurement
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Figure 4.13: Reverse bias\ of (a) QW20 and (b) QW63 taken from different sineda
cells. The sudden increase in current density at high reverse bi2a@ {§ indicates that the

device has reached its breakdown voltage.

100



It is seen that the values dot scale closely with area. The variation of current density for
different cells also different for every device. From the figures, both devices show over one
order of magnitude variation in the dark current valued@V. This variation can be caused

by the presence of surface leakage current that is affecting the overall density that is supposed
to be dominated by bulk current. The surface leakage current can be determined by finding the
perimeter current density of the devices. From the reverse periougtent density graph (not

shown in here), the revers&/&lso not quite scaling with perimeter. This suggests both surface

and bulk leakage are present at reverse bias. The combination of these leakages is also seen in

QT1879 where the reverse/Jdata does not scale with area (refer appendix E).

Surface leakage current comes from the presence of charge outside the semiconductor layer
which induce charge in the semiconductor. As the result, a surface depletion region is formed
and it modifies the juction depletion region causing a current leakage. However, the current
leakage seen in these devices is not a big issue if the structures are to be functioned as solar
cells. This is because, solar cells operate at forward bias condition and the efiedacd

leakage is very small. If the devices are to be used as photodiode applications, the surface

leakage can be suppressed by the application of metal passivation to the devices.
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Figure 4.14: Reverse dark currents as a function of reverse voltegE@3X and QT1879.
For all the devices, several slopes are identified at different voltage ranges, indicate that

different domination of reverse bias mechanisms have occur.
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The reverse dark current density as a function of reverse voltage at roomatiemgptar all
STG3X and QT1879 devices are shown in Figure 4.14. Due to the inconsistency in current
density value at reverse bias, the lowest dark current density value for each device is chosen
for comparison in the figure. From the figure, the revdes& current densities are similar for
QW03 to QW20 which is at abolik 107 A/cm?at zero bias and the values increase a bit higher
than an order of magnitude for QW-GW63, roughly 3x16 A/cm?. The increase in reverse
leakage current can be caused bynarease in dislocation density in the devices as the number

of wells increases, due to strain. QW10 shows a higher value of junction breakdown voltage
which is roughly 26 V compared to the rest of devices that have breakdown voltages around
21-22 V. Fromthe loglinear figure, it is seen that the reverse dark currents are made of a
different combination of current mechanisms. The change in gradients of the dark current
density for all devices at different reverse voltage show the change in dominatiegt curr
mechanisms as bias is applied. The reverse dark current starts with rapid rise, followed by an

exponential dependence on voltage before it hits the breakdown voltage.

Ideally, the current density for a diode at reverse bias is a constant valug¢lofvever, it is

not the case in real experimental measurements where other reverse bias mechanisms can
contribute to the measured current. One of the reverse bias mechanisms that may contribute to
the increase in reverse dark current with respect to voitpplked is the classic band to band
tunneling currentp . In a narrow bandgap semiconductor material, the electrons can tunnel
from the valence band directly to the conduction band via the forbidden gap. This tunneling of
electrons commonly occuvghen the electric field is sufficiently high. Here, the forbidden gap

acts as a potential barrier and this mechanism creates adhadd tunneling curref23]

Equation 4.14 shows the for a material,

0 ——Qwn — (Equation 4.14)

whered is the effective mass of electron,is the eletronic charge;O is the maximum
electric field obtained from & profiling, wis the voltage appliedd s Pl anck@® s con
is the bandgap energy ands the tunneling barrier parameter. The valué ofis taken from
[24] which is 0.0&x for the effective electron mass aad is the electronic chargemass.

However, after the calculation of Equation 4.14, the dark current density value is not fitted to
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the experimental result and the shape does not show adéadd tunnelingike curve. One
of the examples for the ndiitted value can be seen fro@W20 reverse bias data in Figure

4.15. This discount thé mechanism and implies the presence of another dark current
mechanism for the devices.
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Figure 4.15: Reverse dark current density for QW20 with band to band tunneling current
density0 mechanism plotted on the same graph. calculated is not fitted to the

experimental result.

Another dark current mechanism that may cause the increase in reverse dark current is the trap
assisted current mechanism, . The movement of electron tunneling is different from the

0 mechanism and its value depends on the trap energyagndensity. First, the electrons

fill the traps in the bandgap, then move to the conduction band via the traps. Several works
have proven the presencelof especially at the migtoltage range dark current dengip,

26]

0 can be described as shown in Equation 4.15, taken[#dm

0 —Qwn — (Equation 4.15)
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wherewis the reverse bias voltage, is the natrix element related to the trap potentialjs
the activated trap density) is the trap potential within the bandgap. The modified- one
dimensional model fob  can be expressed as folloj28, 29]

0 nNo w’'Y (Equation 4.16)

where,”Y s the tunneling rate of the carriers and other parameters follow the usual meaning.

This expression also does not satisfy the reverse dark current obtained, considering the modified
model is a constant value.
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Figure 4.16: Poold~renkel equation fittetb the reverse bias-V of the devices with respect

to electric field.
In this work, the exponential dependence shown in Figure 4.16 can be fitted by a process called
as PooleFrenkel emission where the charge carriers escape from trap centres imiglectro

semiconductors and insulators with the assistance of an electric field. Thdithessional
PooleFrenkel effect can be described38]

0 — Qunr— p (Equation 4.17)
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where, , O, and®are thelow-field conductivity, electric field and radius of the potential
well, respectively and other symbols denote the usual parameters. The v@lissassumed
to be the total voltage drop across thregion width. Meanwhile, the value pf andcare

varied to fit the magnitude and slope of the data, respectively.

The figure shows the reversé&Jfor all STG3X and QT1879 devices with the Podleenkel
equation fitted to them. Except QW40, the Pdélenkel equation can be fitted to the reeers
bias JV data. It is suggested that QW40 shows anomalous fitting due to its condition of partial

strain relaxation. There may be other mechanisms that are more dominant compared to Poole

Frenkel.
Devices Low field conductivity,, (S/m)| Radius of the potential wetf(nm)
QW03 1.9 x 10%° 6.0
QW05 2.9 x 101 6.0
QW10 1.0 x 10" 6.0
QW20 5.5 x 101 6.0
QW40 3.4 x 10'° 6.0
QW54 2.5 x 10° 7.8
QW63 1.0 x 1¢® 8.0
QT1879 2.0x10° 1.6

Table 4.2: The fitting parameterlues used to model Podieenkel emission for SFEX
and QT1879 devices.

The parameters used to fit the PeBlenkel equation to the reverse biag data are listed in

2. The values of low field conductivity and radius of the potential wells aticti between

the strained and straielaxed devices. This effect has also been reported for bulk GEgBI

and InGaAsN latticematched to GaAg932] material systems. For now, the physical
significance in different regions of reverse bias is not clear yet for this set of devices. Different
gradiens from the reverse-Q@ graphs may be caused by a different combination of the
mechanisms and further study is needed to answer these questions. Jdep¢histudy is

beyond the scope of this work and will be the suggested as future work. Besides that,
temperature dependent reverse bias measurements will be needed for modelling and to further

study the possible mechanisms that dominate-énkhese devices.
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4.5 Summary

GaAsBi/GaAs MQW pg-n diodes with different numbers of wells ranging from 3 to 63
guantum wells have been studied and compared with a-bmnced InGaAs/GaAsP
qguantum well diodes. First, previous works on the SXdevices were presented including
thePL data, TEM and Nomarski images. Then, the¢ @easurements were performed on the
STG3X and QT1879 devices. It is shown that all SIXCMQW devices are more than 90%
depleted when zero bias is applied. The estimategion thicknesses for all devicae close

to their nominal width which i8.62pum except QW10 where it shows thicker width, 0.74 pum.
This is due to a thicker first barrier following an error during the growth process. Relatively
high background doping values in theegion compared totlber material systems such as
InGaAN are seen for all SFBX devices with values ~10cn® and they are similar to values
obtained from €V by other research in Biased material.

A good agreement with the current density for each device at forward bias with different radii
shows that the'V results are dominated by bulk current mechanism. The value of dark currents
for strained devices are within two orders of magnitude comparbusaAs/GaAsP device.

For relaxed devices, the value of dark current increases indicating strain relaxation occurrence.
The dark current densities of the SB& devices also increase with the decreasing bandgap.
From the gradient obtained by the energtyniy derivation, the activation energy is seen to be
equal to the bandgap energy.

Besides that, reverseVl characterisation was performed. The reverse leakage current seen
when a reverse bias is applied indicates the dominance of leakage currentiturienerse
process. Several mechanisms are responsible for the reverse bias current witfrdhiele

emission mechanism fitted as the exponential dependence.

In conclusion, the STBX devices behave like conventional-Wl semiconductor material,
shaving good rectifying dioddike characteristics with a reasonable ideality factor of between

1 and 2, with the recombination current mechanism dominating the process. The dark current
densities for Bibased devices can be improved by improving the groaniitons, reducing

the strain levels and by more careful device fabrication.
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Chapter 5: Opto-Electronic Characterisation of GaAsBi/GaAs MQW
Devices

51 Introduction

Theopto-electronic characterisation presented in this chapter is important to further understand
the GaAsBi/GaAs MQW material behaviour and to identify the potential of thizag8ed
material specifically as a solar cell. So far, there are only a few reovtsk done on GaAsBi

for solar cell applications, such as on its absorption properties due to the research interest in

other fields, especially in light emitting devices such as lasers and [1EE)s.
5.2 Photocurrent Measurements
5.2.1 Measurement testing

Systematic photocurrent measurements as functions of wavelength were done for-8% STC
devices. The measurement setup has been explained in Section 3.5.1. First, the photocurrent
measurements were done on SIXdevices without any filter. Here, the pbotirrents created

by the device were due to the photon absorption from monochromatic light and the harmonic
multiple-order light produced by the monochromator. Then, two types of filters were used: a
715nm longpass filter and wadoped GaAs filter. The 7h8n filter is used to filter out carrier
excitation from the AlGaAs cladding layers in the device structures and to avoid any second
order light absorption from the devices. Meanwhile, the GaAs wafer filter was used to exclude
absorption from the GaAs bagriand at all shorter wavelengths. This is to allow current created
due to the carrier excitation from the quantum well only, without stray effects from other
sources. Different filters are used in measuring the photocurrent of the devices to ensure
accuray in obtaining the data and to identify the actual current created in the quantum wells

when light falls onto the devices.
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Figure 5.1: Photocurrent measurements of QW20 taken at OV with no/different filter(s). GaAs

controldevice (blue line) is shown for comparison. The graph is divided into 4 regions which

are (1) AlGaAs cladding layer, (2) GaAs barriers, (3) GaAsBi quantum wells and (4) second
order photons absorption.

Figure 5.1 shows the photocurrent spectra of QW2 fite STE3X devices taken with no
filters and two types of filters stated above. A measurement using the 715nm filter was also
done for GaAs device for comparison. For this measuremenyr2&ized cellsare used for

all the devices because it has thggeist active window. Since the objective lens used in this
experiment has a focused spot size of ~1mm by 2mm, only a fraction of the incident beam is
illuminating the cell mesa window. The power of illuminated light can be estimated as
explained in SectioB.5. For the measurement of QW20 without filter, it is shown that the
photocurrent spectrum is continuously high, including after the energy bandgap of QW20. Four
parts can be seen from the spectrum indicating the carriers are created at different(degions

AlGaAs cladding layer, (2) GaAs barriers, (3) GaAsBi quantum wells and (4) second order
photons absorption.

At the lower range wavelength at about 88D nm, a shoulder can be seen suggesting
absorption in the AlGaAs cladding layer. Tlaigrees with the AlGaAs with 30% aluminium
bandgap, which has coff wavelength of 674 nm at room temperati#leThe middle part of

111



the spectrum ranging between 680 nm and 880 nm is the photocurrent created due to GaAs
barriers. Then, the spectrum range from 880 nm to 1,100 nm is the photocurrent from GaAsBI
guantum wells and some of the second order diffraction light from the monochromator. After
about 1,100 nm, the spectrum goes up again suggesting the second order diffraction light is
absorbed by the device. This means that the photon absorption fraeodhe srder diffraction

(of wavelength of 550 nm onwards) from the monochromator is the cause of carrier excitation
and photocurrent seen from the device. It is unlikely that the photocurrent is due to the near
infrared wavelengths because the bandgapW2Qreported from PL measurement is 1,060
nm/5]

Next, a 715 nm long pass filter is usedreasure the photocurrent of QW20. The aim of using
this filter is to eliminate the second order diffraction. This is also to exclude the light absorption
from the AlGaAs cladding layer. No photon absorption and associated carrier creation from the
wavelengths below 715 nm. The spectrum shown consists of the photocurrent freregiani

only which contains GaAs barriers and GaAsBi quantum wells. A similar measurement was
done on a GaAs device with the same filteis also clear that the GaAs photo@&nt cuts off

at its band edge around 873 nm. Therefore, it is confirmed that the photocurrents created with
the use of a 715 nm filter arise from the specified wavelengths to about 1,300 nm without any

interference.

After that, a photocurrent measurernemas performed using a GaAs filter. The filter used was

a double side polished wdoped GaAs wafer. The main reason for using this filter is to collect
photocurrent due to the quantum wells only. Any wavelength below 873 nm did not contribute
towards thetotal photocurrent value. The photocurrent-affi of QW20 for both filters is

similar in gradient showing that the enif wavelength of this device is independent of the
filter. It is expected to see a very small photocurrent beyond the bandgap. Rlessttthe
photocurrent after the bandgap wavelength can still be measured down to almost three orders

of magnitude (~tenth of pA).

Figure 5.2 shows the photocurrent measurements for the rest of th@XSde&vices taken with
no filter, the 715 nm filterrad the GaAs filter. Largesized images are placed in AppenHix

From Figure 5.2 (a) to (f), it is shown that the spectra all agree with the discussion above.
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In conclusion, it is important that careful measurements are taken to allow high accuracy in
determining the device quality for future development. Thadse to allow accurate bandgap
measurements to be determined from theofutwavelength of the photocurrent. All
photocurrent data shown after this used the GaAs filter to aid with the understanding ef the Bi

based material system at a longer waveleratige.

5.2.2 Photocurrent measurements

Firstly, photocurrent measurements were taken at zero bias to study the photocurrent created in
the presence of the built voltage only. Then, a low reverse bias was applied to ensure full
depletion of the-regian. Slight forward biases are also applied to see the effect of the forward
diffusion current of the device on the total current while photocurrent measurements are taken.
Careful measures need to be taken while applying the biases because dark curratgs may
arise and become comparable to the photocurrents during the measurement, especially at the
absorption baneédge where the photocurrent drops to very low values.

Figure 5.3 shows the photocurrent data for QW20 taken at 0 V, reverse bias andsiigid f

bias at room temperature. Figure (a) has-aig plotted in linear scale and (b) is in normalised

log scale, for easier comparison.
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Figure 5.3: Photocurrent value at different bias for QW20 shown in-édiylinear scale
and (b) yaxis log scale normalised to unity. The arrow in figure (b) pointed at the pinch off of
the spectra where the normalised photocurrent value is the sarak licaises before the

value disperse. This point indicates the-afftwavelength of the device.
From Figure 5.3 (a), the photocurrent value for QW20 increases from the value at 0 V as reverse

bias is applied until a saturation value is reached, whiaehabout5 V. After about 1,000 nm,

the photocurrent value starts to drop and itsafilpoint is considered to be the absorption
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band edge value or coff wavelength of the devicefbout 41+10% carrier enhancement is

seen when the bias goes froroG5 V between 90d,060 nm where the flat region is

From Figure 5.3 (b), there is a clear pinch off (pointed with the black arrow) in the spectra at
around 1,053 nm before the photocurrent spectra disperse. The wavelength where all the
normalised photourrents are the same before the cmss denotes the energy bandgap value

of QW20 and its value agrees with the room temperature PL peak emission reported with
+10nm differencg6] The rolloff of the photocurrent after the band edge is the same for zero
bias and when forward bias is applied except at 0.5 V where thaffrdiviates from the rest.

The absorption after band edge is related to the tail states of the materiall dreddisitussed

later in this section.

The main cause for the incomplete carrier extraction at zero bias is carrier trapping in the wells
This incomplete exctraction process from GaAsBi based devices also has been seen by Zhou
et. al[7] A similar case has been previously shown for GalnNAs/GaAs MQW structures

where electrons are trapped in the wilsFor GaAsBi based material, as opposed to N, the
bandgap reduction of GaAs due to Bi incorporation is due to a raising of the valence band
energy{9, 10] Therefore, it is suggested that holes are being trapped in the wells instead of
electrons. When a reverse bias is applied, the potential profie ofell changes. This allows

the trapped carriers at the ground state of the well to escape with less energy. One method that
could mitigate this is alloying the GaAsBi with In or N, so that the total band offset could be

reduced to avoid carrier trapgiin the material.
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Figure 5.4: Percentage change in depletion width and photocurrent of QW20 relative to zero

bias. The photocurrent value is taken from the spectrum peak at 970nm.

Figure 5.4 shows the data of the depletion width of QW20 at different voltages taken from its
C-V measurements, compared with the bias dependent photocurrent value taken at 980nm. Both
data sets are normalised to 100% at O V. From the graph, it is selatthparameters increase

in reverse bias and reduction in forward bias. From thedata, there is a small contribution

from the increase in depletion width, about 4% increment when reverse bias is appligd at
Meanwhile, from zero bias t® V, anincrease in photocurrent of more than 40% can be seen.
Therefore, itis likely that the increase in photocurrent with reverse bias is due to trapped carriers

escaping with the aid of the electric field and not from the undepletggan of the device.

When a slight forward bias is applied, the photocurrent drops dramatically. The high dark
current in the device dominates the total current and suppresses the photocurrent created in the
i-region as forward bias is applied. As a result, photocurrent measuntecannot be conducted

accurately unless a very high value resistor is used to suppress the dark current.
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Figure 5.5: Photocurrent measurements of QT1879 at different biases.

For comparison, Figure 5.5 shows the zero, forward eewdrsebiased photocurrent
measurements taken on QT1879. It is seen that as a reverse bias is applied, the photocurrent
value remains unchanged and complete carrier extraction is observed at 0 V. A reverse bias
does not enhance the value of the photootiae no carriers are trapped in the wells. The drop

in the photocurrent value in forward bias is also very small and can only be seen after 0.5V,
compared to QW20 here it is seen as soon as forward bias is applied. This is due to the lower
forward dark arrent in this device and it allows constant generation of photocurrent at forward
bias. This is consistent with other high quality MQW system such as GaAs/AlGaAs
MQWSs][11].

Photocurrent measurements taken for other-SX@evices are shown in Figure 5.6. They all
show a similar trend, with reverse bias needed to extract more carriers and slight forward bias
causing a drop in photocurrent collection in the devices. Theifidd figures are placed in

AppendixG.

118



2508
— o
—_— v
- ?1\/ — -1V
2,068 1 —TT o - 62¥V
——— o2V .
03V - - o
< 0.4V < 0.3V
£ 15e8 : ] I8 \ 0.4v
g \ £ I SN
£ ! A = ‘ NN
o N o N
o % 2} 3
5 10e8 \ © \
Ky \ £
o \ o 1 N\
5.0e-9 \
0.0 } i S e S W—— 0 \‘-— e
900 950 1000 1050 1100 1150 1200 900 950 1000 1050 1100 1150 1200
Wavelength (nm) Wavelength (nm)
(a) QWG (b) QW05
8e-8 2087
ov — oV
AV — -1V
. 2V 2V
668 Va ——— 01V 1 567 -3v
_ ——— 02V . — -5V
< ——— 03V < ——— 01V
= £ ——— 02V
o = e i ——— 03V
E tes > 5 1067 i 0.4v
o oy o
g BN g
2 Y 2
o . \ o
28 A 5.008
0 \& 0.0 -
900 950 1000 1050 1100 1150 1200 900 1000 1100 1200
Wavelength (nm) Wavelength (nm)
(c) QW10 (d) QW40
3087 3587
— N — 0V = — o
; \ -1V - —_— v
2.567 N v 8.0 Y v
0 .3y . \y_‘ -3V
_ /; N — 5V 2887 { e S oAl
< 2087 {7 = ——= 04V < W NN ——— o
= - ——— 02v < W NN 0.4v
o PPN AN ——— 03V ] 2.0e-7 i 5
5 1.5e7 5 lj,r ] NN
8 e FRR T - R\
1] - o N\
= £ | ~ N\
oL 10e7 — o i . )
- 1.0e7 | SRR
7 NN
/ N\
5.0e-8 1 5.0e-8 \ \
\\
RN
0.0 0.0 -
900 1000 1100 1200 1300 900 1000 1100 1200
Wavelength (nm) Wavelength (nm)

(e) QW54 (f) QW63

Figure 5.6: Photocurrent spectra at different biases for the rest of&T GevicesDifferent
peaks seen from the photocurrent spectra are coming from the monochromator system

response and they disappear after system response correction.
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Different maximum reverse voltage are applied to the-8XGlevices to saturate the current
collection, as shown in Table 5.1 together with the carrier enhancement percentages after that

voltage is applied,

Device QW03 | QW05 | QW10 | QW20 | QW40 | QW54 | QW63
Maximum reversi

-1 -2 -2 -5 -5 -5 -3
voltage (V)
Carrier

9.7 21.6 124 | 412 | 522 | 345 | 136
enhancement (%)

Estimated pinch
off wavelength 1040 | 1046 | 1080 | 1057 | 1048 | 1100 | 1096
(20 nm)

Table 5.1: Maximum reverse voltage and carrier enhancement percentages for each of the
STG3X devices for maximum photocurrent collection.

Various reverse voltages are needed to enhance carrier collection in the devices, ranging
betweenl V and-5 V. The photocurrent value in each device can increase up to roughly ~50%
when bias is applied. The results are validated by data taken from Imperial College London,

showing similar percentaggs2]
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Figure 5.7: Photocurrent spectra for ST3X devices and QT1879 at (a) OV and (b) reverse
voltage applied for maximum photocurrent collectidhe inset is the normalised intensity of

the photocurrent for rolbff comparison of photocurrent near its band edge.
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Figure 5.7 (a) and (b) shows the photocurrent value for allF&T@nd QT1879 devices with
respect to wavelength taken at zero bias and reverse bias for maximum photocurrent collection,
respectively. Compared to figure (a), all devices in figure (b), ¢Xg€m879 show an increase
in photocurrent suggesting more collection of current for 8KQlevices when carriers are

aided by potential energy in escaping the wells.

It is seen that for the ST8X devices, as the number of wells increases, the phototuaiee

also increases. For QWQ3QW40, a similar roll off is seen showing that they share an
absorption edge at ~1,107 nm (1.12eV). Meanwhile, QW54 and QW63 they show an
absorption edge at about 1,180 nm (1.05eV). Theshgtithat occurs from straindd strain
relaxed devices is fairly consistent between the photocurrent and room temperature PL data
with a redshift of 69meV and 64meV for photocurrent and PL, respectively. The bandgap
reduction is probably mainly caused by the loss of compressive isttam structure. Besides

that, the thinner barriers in QW54 and QW63 may allow the formation ofbaimis and at

the same time could not maintain the effective quantum confinement causing a longer
wavelength absorption. Photocurrent of QT1879 is shoWmmi¢gation in its absorption edge

at about 930 nm@  1.33 eV) due to its bandgap value.
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Figure 5.8: Responsivity spectra for QW20 at different biases.
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From the photocurrent value and responsivitghown in Figure 5.8, the quantum efficiency
can be calculated too. External quantum efficier@y) ‘Gs another metric of detection
efficiency of the devices and it is the ratio of the number of charge carriers produced from an

incident photon.

~
¥

00 0'Y "Q*)l N (Equation 5.1)

whereQi s P11 an c k®isthecspeadsof lighttis, the electron charge addis the
wavelength of the incident photon. Practically, it is not possible to achieve a unity in quantum
efficiency value due to internal detecaused phenomena such as surface recombination and
minority carrier recombination. TH® 0 ‘®alue can be improved by extending the depletion
region of the device, thus increasing the number of swept carriers by the electric field and
decreasing the cembination rate. The value can also be enhanced by including a layer of anti
reflection coating during the fabrication process. This is to reduce the reflection of the incident
light at the devicair interface and maximise the photon absorption by theéceleThe
absorption of light has been briefly mentioned in Section 2.3.1. Here, to determine the amount
of light absorbed by a material as a function of material thickness, the_Beyert law is

applied, assuming that light reflection is negligid8] It can be described as,

0 0 Qwn w (Equation 5.2)

whereo is the intensity of light after passing through the absorbing materia, the intensity

of light incident on the mater icidthethidkngss t he
of the material. Assuming that the valuecof pAl , the light intensity that get through the
material is decreased IpfQ about ~63%rbm the number of absorbed photons. The ‘Of

a materi al is also related to the value of
000 p Y p Qwil (Equation 5.3)

where'Y is the reflection coefficient of a material and this value is considered while
calculating théD 0 ‘@ue to a fraction of light that has been reflected from the sample surface.
The value can be deduced by using Fresnel equation where the equationasiabigibe the

ratio of the reflected and transmitted incident light at the interface between two different media;

in this case, between the air and the surface of the material as shown in Figure 5.9.
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Figure 5.9: Transmission of light mechanism between air and material interface including

the angle of incident, reflection and transmission.

From Equation 5.4¢ and¢ are the refractive indices of first and second media, respectively,

—is the agle of incidence—is the angle of transmission andis the angle of reflection.

Y (Equation 5.4)

For interfaces between the surface of the device and the air, vafueaih be simplified into

Equation 5.5 assuming that both the incidence and transmission angles are normal to the

surface of materiaH- — (0°) and the refractive index of as 1,

Y — (Equation 5.5)

wheret is the refractive index of the material. Note that valuge wdries with wavelength and
temperatureFor example, at 300 K, of GaAs at 885 nm and 1,064 nm are 3.6 and 3.48,
respectively and the valud @ for the same wavelengths stated reduce to 3.54 and 3.43,
respectively at 103 IKL4] There is a report on value of for GaAsBi with Bi percentage
between 0 to 2.6% only and no report on valué 6fo r B [I5] FBrdhis pegids,. the
value of¢ of GaAs fromS. Adachi[16] Rearranging Equation 5.1 and 5.3 into Equation 5.6,

valueofU can be 1o-Bbt ai ned,
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1 Py aép Y o 'Y IR (Equation 5.6)

From the responsivity data i n FiVaeexgacted 8, t
and plotted against energy as shown in Figure Sh6r esponsi vity and U v

STG-3X devices are placed in Appendilx
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Figure 5.10: Absorption coefficients of QW20 at OV én¥. The solid lines are the Urbach
tails fitted to the data.

Theesti mated U values for QW20 shown in Figu
wavelength for better comparison and discussion. The room temperature absorption
coefficients of QW20 at its energy bandgap taken from PL, 1.17 eV, are 1.6&miand

2.58 x 18 cm for 0 V and-5 V, respectively. For the same photon energy, this device has a

|l ower value of U corMipm)léldando Ge GaBls2Ad¢ml. 45 21
h[6]Ooverall, the U value abovemtwhiehisevithmmthgy bar

estimated range fdH -V semiconductor materials.

The exponential decay that occurs after the absorption edge can be describe by the Urbach
effect and this slope is proportional @ ¥or temperatures above the Debye temperdisk.

It is an important characteristic because it indicates structural and/or thermal disorder in a
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material system due to thermal fluctuations in the crystal lattice. Other work-basBd
materialsystems have reported similar behaviour due to disorder of the material and the tail
can be extended about <100 meV below the band$ap2]

The Urbach effect can be expresse{il&s 23]

| D | Qoir—— (Equation 5.7)

where'® is the photon energy, is the absorption coefficient when the photon energy is the
same as the energy bandg@pjs the energy bandgap afdis the characteristic width of¢h

absorption edge. The value®fi ndi cates the material 6s stat

these conditions: lattice vibrations, structural disorders and impurities.

The values o0 of QW20 fitted for 0 V and5 V are 18 meV and 21 meV, respectively. A
recent study by Kakuyamet al shows that th® obtained is 18.4 meV, which is the same
value as in this study4] This is expected due to the similarity in growéimperature value
(380°C) and Bi percentage in the layer. Thevalues are also larger compared to @eof

GaAs which is valued at 12.2 m¢®3] The reason for this increase may be due to the formation

of Bi-clustering and increased disorder when Bi is introduced to &&%A3.he Urbach tailing

that occurs after the band edge is consistent with the EL and PL emission after the band edge
observed in other studies t{iz6, 27]
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Figure 5.11: Absorp8XKodecvibeésiaiedVswi Uhoto
other studies. (Data extrapolated frq@#] and[28] )

The U of all STG3X devices are plotted together as shown in Figure 5.11. The results are
compared with th&valuefrom previous studiesAlthough the data taken from Kakuyaeta

al. is in terms of0 0 Qhe line gadient shown in the figure is directly comparable with value
of Uof the devices. From the Urbach fitting, all SBX strained devices show as valuéf

18 meV, and the strairelaxed devices show & of 17 and 16 meV for QW54 and QW63,

respectivly. The calculated®© from Hunter is slightly higher, which is 21 meV.

It is assumed that the more accurate valug of STG3X is from the photocurrent at 0 V,
although higher extraction of carriers is obtained with reverse biais. is due to the
appearance of Frarigeldysh electroabsorption when reverse bias is applied. This process, also
known as the Franz Keldysliffect is a phenomenon where photons can be absorbed beyond
the cutoff wavelength given by the bandgap when an electric field is apiédd.

Il n the presence of an electric field, the el
the bandgap enabling absorption to occur at enexdgelow the bandap. The oscillations

above the bandgap are due to the wavefunction interference. While small uncertainties may
not matter in normal incidence devices where the absorption thickness is only up to a few

microns thick, it can lead to sigre@int errors in waveguide devices where the interaction
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