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Abstract

A concept of utilising discrete energy levels to form an Intermediate Band (IB)
within the bandgap of a semiconductor solar cell has been studied. Such a feature can
be achieved using nanostructured quantum systems. A nanocrystal Quantum Dot (QD)
- forms discrete energy states from its confinement potential, which could be exploited
as an IB. The IB acts like a stepping-stone to absorb sub-bandgap energy photons.
This concept, of the Intermediate Band Solar Cell (IBSC), was established in 1997. In
theory, it could deliver a maximum conversion efficiency of 63%. After the
phenomenon called two-step photon excitation had been demonstrated with QDIBSCs, enthusiasm in this solar cell research followed. IBSC has allowed a proof-ofconcept for more efficient absorption of the solar spectrum, bypassing the
conventional single-junction solar cell concept. Thus, it is a suitable candidate for high
efficiency photovoltaic cells. Fabrication efforts with suitable materials have become
one of the main focuses to establish IBSCs in the hope of optimising the conversion
efficiency using this concept.
This thesis explores the IBSC development using QD materials incorporated into
III-V solar cells. The work includes experimental investigations that were carried out
to study the effect of QD modification on the QD solar cell performance. The
fabrication challenges facing the establishment of IBSC are described here. To tackle
them, epitaxial growth as well as post-growth techniques have been studied. This work
uses III-V semiconductor QDs that were fabricated using solid-state Molecular Beam
Epitaxy technology. Imaging techniques such as Atomic Force Microscopy (AFM)
and Transmission Electron Microscopy (TEM) have been employed to study the
surface morphology and the material quality of the QDs and the grown samples.
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Optical and electrical characterisation tools have enabled empirical studies on the solar
cells. These include Photoluminescence (PL), External Quantum Efficiency (EQE)
and current density-voltage (J-V) measurements. The work includes the study of (1)
the material quality of submonolayer quantum dot (SML-QD) solar cells; (2) the effect
of direct n-type doping on the voltage-recovery characteristic of charged QDs; (3) the
effect of post-growth rapid thermal annealing technique used on QD solar cells and;
(4) the characteristics of high bandgap barrier InAs/InGaP quantum dot solar cells.
At the end of this thesis, the conclusions drawn from the experimental work are
presented, followed by a proposal for a new QD solar cell design. The new design
consists of a type-II QD configuration embedded in a high bandgap material. It aims
to extend the carrier lifetime within the QD as well as creating an efficient multi-step
photon absorption pathway. The structural layout of the proposed QD solar cell is
outlined with type-II InAs/GaAsSb QD system enclosed with AlGaAs confinement
enhancing layer, which could be fabricated in future work.
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Chapter 1: Introduction

Chapter 1
Introduction

1.1 Background
Energy is one of the pillars of civilisation development that upholds the global
economy today. However, the heavy dependence of energy supply from the
combustion of fossil fuels, to power industrial economies, came with large societal
and environmental impacts, with almost poisonous side-effects. It results in disputed
consequences of oil price fluctuations and global warming from around the world. It
started since the 19th century industrialisation when oil demand became high.
Simultaneously anthropogenic activities such as deforestation were also common.
These processes and activities have released considerable amounts of greenhouse
gases into the environment. Today, the rise in atmospheric temperatures has led to
irreversible environmental impacts. Extreme weather events (i.e. heat waves, droughts
and heavy rainfalls) jeopardize the world economy by decreasing crop yields which
puts food security to threat. It is also increasingly prominent in changing rain and snow
patterns in recent years, adding concerns to unpredictable inundations. This leaves
little need to mention why the world cannot continue to rely on fossil fuel combustion.
The adverse effect of global warming has incentivised political leaders around the
world to put a limit to fossil fuel consumption, with a signed agreement named the
21

Chapter 1: Introduction

Kyoto protocol to the United Nations Framework Convention on Climate Change
(UNFCCC) in 1995 Conference of Parties (COP) 3. More recently, the 2015 COP21
Paris Climate conference has achieved a legally binding agreement to keep global
warming below 2 °C. The goal is to prevent further dangerous anthropogenic
interference in our natural climate system. Thus, industrialised countries are now set
with binding obligations to reduce emission of greenhouse gases. Despite this, fossil
fuel consumption is still occurring at a high pace, underpinned by the exponential
growth of population and energy demand.
Geological specialists have forecasted a complete depletion of crude oil reserves
in the few forthcoming decades [1]. This urges scientists to find new solutions of
energy provision to ensure a continuous and sustainable future economy. Without it,
an oil crisis would likely occur, similarly to the last one seen in 1986. To prevent a
global stagnation, a replacement is required to overtake energy supply from fossil
fuels. However, historical lessons have taught us to take precaution in this approach.
Despite that there are a handful of choices available for this replacement, the benefits
and drawbacks are always weighed against each other. For example, the past has seen
catastrophic cases of nuclear power implementation with either poor design or lack of
environmental measures. The 1986 Chernobyl and 2011 Fukushima nuclear disasters
are notorious manmade examples that entailed profound aftermaths [2]. Learning from
this, environmental-related circumstances play a major role in determining the choice
for future energy sources. The important question is how to continue growing our
economy with a low-carbon regime.
Renewable energy has received recognition for its potential strength in
transforming our current economy to a long-term sustainable one. Based on the
Renewable Energy Policy Network for the 21st Century (REN21), renewable energy
is currently supplying 19 % of the world’s energy consumption [3], with the majority
contributed from biomass. The rest is derived from hydroelectric, solar, wind and
geothermal energy, and biofuels. Despite a steady progression, it is still not catching
up with the energy demand that is expected to increase sharply over the next few
decades. Taking into consideration population growth, the projected energy demand
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for 2050 is 30 terawatts (TW) [4]. Compared with the current consumption of 13 TW,
there is a significant shortfall of 17 TW.

Gross
theoretical useful
potential

Technical feasible
potential

Biomass

8 – 14 TW

6 – 8 TW

Hydraulic

4.6 TW

1.6 TW

Geothermal

66 TW

11.6 TW

Wind

20 TW

2 TW

Solar

600 TW

60 TW

Waves/tide

234 TW

No data

Total

1030 TW
(approx.)

85 TW (approx.)

Table 1: The energy production from various renewable energy resources tabulated with gross
theoretical potential and technical feasibility potential. (data from [5]).

Putting the maximum potential energy supply from renewable energy sources into
consideration, the only sufficient energy source is light from the Sun. It is capable of
meeting the 17 TW shortfall for a very simply reason - vastness. The solar radiation
on Earth surface represents ~1000 Watts per square meter (W.m-2). The technically
feasible potential that can be harnessed is an astounding 60 TW from the 600 TW
gross theoretical useful potential (see Table 1), which is far greater than that which
other renewables could provide. Therefore, even a fraction of this is enough to supply
the predicted global energy demand in 2050 [6]. Furthermore, solar energy is known
as a consistent source for at least another thousand years. Based on these facts, it is
rather surprising to see that very little solar energy has been utilised compared with
fossil fuels.
Solar energy is characterised by being abundant, inexhaustible and clean. It can
be harnessed by capturing light and transforming it into electricity using photovoltaic
technology. Charles Fritts first demonstrated the phenomenon in 1885 [7].
Unfortunately, it did not receive much attention because the efficiency was extremely
small to be considered attractive. Furthermore, the society around the time had already
become dependent on fossil fuel combustion at a very cheap price. In fact, earlier
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photovoltaic modules are an assembly of semiconductor solar cells, commonly made
of electrode-connected silicon crystals. It took many years for photovoltaic cells to be
competitive with fossil fuels in terms of price. This is because the low solar-toelectricity conversion efficiency made a major hindrance, which allowed other
technologies to overshadow the beauty of solar cells. With the consensus of global
warming consequences, the photovoltaic market has progressed more rapidly than the
most optimistic forecasts in the last 20 years.

Figure 1.1: Global cumulative growth of photovoltaic capacity from 2003 to 2013 showing the
rapid development of different countries. The annual growth presented in percentage is shown on
the right axis. [6].

Figure 1.1 shows the development of photovoltaic cumulative installed capacities
around the world. The photovoltaic industry is growing exponentially in terms of
cumulative capacity, with China currently leading the momentum, followed by the US
and Japan. However, whilst grid-connected photovoltaic capacity increases at an
annual average rate of 60%, making it the fastest growing energy technology, the best
efficiency performances for crystalline Si and GaAs thin film solar cells are only 25.6
±0.5 % and 28.8 ±0.9 % under AM1.5G spectrum, respectively [8]. To assist with the
deployment of photovoltaic energy around the world, solar cells must first satisfy
industrial expectations in terms of reliability and performance. Solar modules are
considered durable and require low maintenance. The qualification, manufacturing
and reliability testing methodologies for solar modules can be found in the report
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released by Sunpower in 2010 [9]. Many suppliers today would guarantee a solar panel
lifespan of 25 years. On the other hand, solar cell efficiency performances still need
to improve in order to reduce the overall system cost, as will be explained in later
sections.
Solar cell devices offer a number of niche advantages such as being lightweight
and the ability to supply energy in remote locations compared to fossil fuels. They
operate silently without releasing any by-products. These advantages alone make them
suitable

for

applications

in

many

industries

spanning

from

satellite,

telecommunications and housing. In the last decade, many architectural designs
around the world have exploited the aesthetic quality of solar cells, where in addition
to producing electricity for a building, they also take the role of a building element,
known as ‘building integrated photovoltaic’ [10]. Product designers have used solar
cells for energy provision in many familiar low-power applications as far back as the
first solar-powered calculator in 1970.
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Figure 1.2: A timeline of the solar-powered flights since 1974 showing the persistent progression of
the aircraft design with solar cells which illustrates the need of developing efficient solar cells to
support the aerospace industry [11].

The aeroplane is perhaps one of the most celebrated inventions in the world. Some
aircraft have now got solar cells incorporated into their design, and are named solar
aeroplanes. They are perhaps the best example to showcase the effect of photovoltaic
technology on other industries. Figure 1.2 shows a timeline of solar aeroplanes built
since 1974. It illustrates the evolution of the design and engineering of solar aeroplanes
over the last four decades. In 2010, the British-built Unmanned Aerial Vehicle (UAV)
Zephyr flew 2 weeks non-stop by using only solar energy to power its propellers. It
was described as “the eternal plane”. The aeroplane has shown the potential to stay
airborne with significant endurance. The solar energy collected by the amorphous Sicovered 22.5m wingspan and stored in Lithium-sulphur batteries, is sufficient to keep
the propellers running at night. Such solar-powered high altitude long-endurance
UAVs are expected to have a wide range of applications.
In respect to military applications, employing photovoltaic cells can facilitate
infantry operation by accessing energy source remotely, allowing extended UAV
operation, and adding flexibility to the geographical manoeuvrability and gain
advantage in warzones. Photovoltaic technology can help to reduce the burden on
soldiers from carrying large quantities of batteries, and cut down transportation and
supply of fossil fuels to operating bases.
There are far more examples of solar cell prototypes than the actual practical
applications in the market. The challenge remains in improving the efficiency whilst
keeping the manufacturing cost of photovoltaic cells low [12]. Achieving this would
make way for more affordable usage of solar energy so that it could extend to a wider
range of industries. There is a clear growing interest from various industries, only
waiting for a suitable compromise in photovoltaic devices in terms of efficiency and
cost. The equation below illustrates the factors affecting the overall installation cost
[13]:
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𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 (𝑊𝑝−1 ) =

(𝐶𝑚𝑜𝑑𝑢𝑙𝑒 (𝑚−2 ) + 𝐶𝐵𝑂𝑆 (𝑚−2 ))
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) × 1,000 𝑊𝑝 𝑚−2

(1)

where, 𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 is the cost per watt-peak of the installed system whilst 𝐶𝑚𝑜𝑑𝑢𝑙𝑒 and
𝐶𝐵𝑂𝑆 are the cost per area of the module and the cost per area of the balance of system,
respectively. The solar cell industry aims to bring photovoltaic electricity prices to
levels comparable with electricity from fossil fuels, along with all the abovementioned benefits, at ~ 0.05-0.06 USD.kWh-1. It can be achieved in two ways as
shown in equation (1), which is either by reducing the manufacturing cost so that the
cost per module area or area of the balance of system is low, or achieving higher solar
cell power conversion efficiency. Continuous effort is ongoing to optimise this
balance. It has been reported in 2014 that solar photovoltaic technology is increasingly
competitive at the utility scale [14]. Despite this, within the physics of solar cells there
is a fundamental thermodynamic limitation for single-junction solar cell efficiency.
This is known as the Shockley-Quiesser detailed balance limit [15]. The immediate
response to this problem was to engage in Multi-Junction Solar Cell (MJSC) systems,
which have shown record efficiencies above 40% under concentration (see Figure
1.3). MJSCs use multi-layers of semiconductor materials with different bandgaps,
making the solar cell highly photosensitive to the solar spectrum. However, the cost
involved in this type of solar cell, which uses expensive group IV and III-V
semiconductor crystals, has hindered its affordability. This has left photovoltaic
researchers to seek for an alternative approach to develop a solar cell with similar
efficiencies as MJSCs using inexpensive materials.
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Figure 1.3: Record efficiencies of dominant photovoltaic solar cells technologies over time with
progression showing the earliest record since 1976 and new entries along this technology roadmap.
The highest efficiency has been reported by Fraunhofer at 46.0% in 2015 – from NREL [16].

Figure 1.3 shows record efficiencies, at the research scale, for dominant
photovoltaic solar cell technologies over time by the National Renewable Energy
Laboratory. In 2015, the highest efficiency is achieved by a four-junction solar cell
under concentrated illumination, with 46.0% in conversion efficiency. It can be seen
that crystalline silicon solar cells are showing signs of saturation in their performance
under non-concentrated illumination. It is known from thermodynamic physics that
these type of solar cells are already very close to their maximum power output. On the
other hand, new emerging solar cells such as organic and QD solar cells are showing
a rise in the efficiency performance. These material-types are very attractive in a sense
that they allow exploration of new phenomena, providing the possibility of a scientific
breakthrough.
Some QD materials to generate high efficiency and low cost solar cells have been
proposed [17]. They range from multi-carrier generation, to hot carrier and
intermediate band solar cells [18]. To mention the former, multi-carrier generation
solar cells uses an energetic photo-excited electron to vigorously “knock-off” inactive
electrons via a kinetic collision to generate two or more carriers. Hot carrier solar cells
take advantage from prolonged thermalisation to extract hot electrons. All of these are
designed to surpass the single-junction Shockley-Quiesser efficiency limit, but the
intermediate band solar cell concept surpasses these with a theoretical efficiency of
~63% [19].

1.2 The Concept of Intermediate Band Solar Cell
The Intermediate Band Solar Cell (IBSC) concept is based on introducing an
energy level in the bandgap of a single-junction solar cell. This energy level is
designated to lie between the Valence Band (VB) and Conduction Band (CB), which
creates two sub-bandgaps. The two sub-bandgaps are responsible for a different
regional coverage of the solar spectrum, which widens the total absorption spectrum
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for the photovoltaic cell. This concept is analogous in some way to the MJSC, which
aims to better exploit the full width of the solar spectrum [20]. It was proposed by
Martí and Luque in 1997 with a recognised possibility to significantly improve the
photocurrent via multi-photon absorption [19]. Following photo-absorption, an
electron from the VB can get promoted directly to the CB, or otherwise get promoted
to the IB if the photon energy is insufficient for a direct VBCB transition. From the
IB, another low-energy photon can promote the electron to the CB. This way, the
system can utilise lower-energy photons to induce an electron transition, as shown in
Figure 1.4. The figure illustrates that the photon with energy α can induce a direct
VBCB transition, but this is restricted to single-junction solar cells where photons
with energy β or γ are lost. The introduction of the IB could absorb the photons with
energy β and γ as well as α. Therefore, IBSC can absorb more efficiently the solar
spectrum.

Spectral Irradiance (W m-2 nm-1)

Conduction band
Single Junction







Intermediate band


Valence band
Intermediate Band (IB)



AM1.5 Direct
500

1000

1500

2000

2500

Wavelength (nm)

Figure 1.4: A diagram illustration of the spectral irradiance coverage of an intermediate band
solar cell using a two-step photoexcitation and the respective absorption coverage of a single
junction bandgap represented by α and the two sub-bandgaps represented by β and γ.
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Despite that there are already calculations for multiple sub-bandgap energies
suitable for optimum IBSC operations; theory is far ahead of current IBSC prototype
development. One of the reasons is that tuning the position of the IB requires a very
good understanding of the material properties that are used to produce this system. In
nanotechnology, some newly established fabrication techniques have created
flexibility in manufacturing atomically precise nanostructures, leading to the
exploration of novel structures in solar cells research. This has led to the discovery of
new material properties. Among various efforts involved in the development of IBSC,
zero-dimensional quantum dots (QDs) with nominally discrete density of states have
attracted much attention [20].

1.2.1 Employing Quantum Dots to form the Intermediate Band
The discrete energy levels in QDs can be employed in IBSCs, with the electron
ground states in the QDs tentatively designated as the IB. It exhibits fundamental zerodimension physics. The 3D potential confinement gives rise to different optical and
electrical properties compared to its bulk counterpart. QDs offer flexible tuning of the
effective bandgap via modification of their shape and size. This allows optical
properties to be tuned to correspond to the desired wavelengths [17-18]. Therefore,
QDs could benefit solar cells by tuning for a desirable optical sensitivity to cover
specific parts of the solar spectrum.
QDs are also suitable in conjunction with MJSCs due to extended photon
absorption compared with their bulk counterpart; thus it may also introduce additional
absorption in the sub-cell and provide a better way to manage the current matching
[18-19]. Another advantage of QD solar cells is their radiation tolerance compared to
their bulk counterpart [24], which makes QD solar cells more suitable for space
applications [21-22]. Moreover, the properties of QDs have already given rise to new
optical and electrical properties, leading to the production of enhanced optoelectronic
devices such as QD lasers, optical modulators and mid-infrared photodetectors [27].
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Semiconductor QDs are the preferred material system to demonstrate potential
IBSC efficiency of 63 %. The discrete energy states from the QDs are suitable to form
the IB, which is not possible to achieve from bulk materials unless deep level doping
is involved [28]. The proof-of-concept two-photon absorption phenomenon has
demonstrated the feasibility of QD-IBSCs. It has proven that there is a feasible core
mechanism for approaching IBSC efficiency. In brief, the experiment used QD solar
cells to induce a VBIB and IB CB excitation using infra-red biased external
quantum efficiency measurement in cryogenic conditions [29]. It proved that
additional photocurrent generation is possible using multi-step photoabsorption [30].
Primarily, it demonstrated that III-V semiconductor QD could be used to establish
IBSC.
It is now important to optimise the photoexcitation pathway to promote electrons
to and from the IB. The hindering problems in the fabrication process must be
addressed in order to make the IB operate effectively. Usually, self-assembled InAsQDs embedded in GaAs barrier material are used as the workhorse to test IBSC
operating principles. Although the sub-bandgaps exhibited in this material system
differ from what is required for optimal IBSCs, self-assembled InAs/GaAs QD
materials are the most widely studied because their growth mechanism is well-known.

1.2.2 Current Challenges
QD-IBSC using InAs/GaAs QD materials typically exhibit a VBCB transition
energy equal to the GaAs bandgap. The VB to IB transition is dependent on the size
of the QDs which determines the ground state position in the confinement potential.
InAs-QD/GaAs materials typically have a thermal activation energy of 130 meV. This
is approximately the energy difference between the Ground State (GS) of the QD to
the CB of the GaAs. The small thermal activation energy is unable to thermally isolate
the carriers in the QD from the CB. The easy communication between those two levels
creates a thermal coupling effect. This was once thought to be a beneficial mechanism
as it helps to promote carriers from the IB to the CB, which contributes to the
photocurrent output. However, permitting a thermal transition of carriers between the
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IB and the CB consequently enables an overwhelmingly high rate of carrier escape
from the QD, known as thermal escape. This occurs much more rapidly than the
IBCB optical absorption process. As a result, it suppresses the second-photon
IBCB excitation pathway at room temperature [31]. For this reason, the practicality
of QD-IBSCs in the commercial aspect remains elusive.
The thermal coupling problem also leads to an insufficient split of quasi-Fermi
levels which determine the open-circuit voltage. As a result, InAs/GaAs QD solar cells
usually suffer from a reduced open-circuit voltage [16,28-29]. This leads to a major
loss in the solar cell efficiency. The voltage-loss problem is also seen in InAs/GaAsSb
QD [34], InAs/AlGaAs QD [35] and InAs/GaAs/GaNAs QD [36] solar cells. In the
past, attempts to raise the CB bandgap offset have used high bandgap capping layers
such as AlGaAs [25,33] and InGaP [38]. They have demonstrated empirical success
in reducing the carrier escape rates. However, the solar cells made with those material
systems still face many practical problems, and the QDs material quality is not entirely
blameless for the reduction in open-circuit voltage and photocurrent.
Poor material quality could be a result of high density of inherent defects. This
has always been a practical limitation to solar cell performances. Defects in QD solar
cells, either consequence of a lattice-mismatch or impurity-induced, form nonradiative recombination centres in the crystal lattice and degrade the solar cell
performances [39]. Moreover, the layering of QD structures is restricted by the effect
of the lattice-mismatched heterostructures, creating a strain field within the QD/barrier
interface. This produces strain-induced defects that also form non-radiative (NR)
recombination centres [30]. This puts a limit to the contribution of sub-bandgap
photon absorption to the photocurrent [40]. The persistence of these problems in QD
solar cells must be addressed in order to realise high photocurrent density with
maximum open-circuit voltage output. It is therefore equally important to improve
crystal material quality in order to create unobstructed pathways for carriers in QDIBSCs.
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1.3 Thesis Outline
The physics of solar cells including the dynamics of QDs are covered in the next
chapter. This is followed by the experimental methods that were designed to study IIIV semiconductor QD solar cells. It consists of QD solar cell growth, device
development, imaging and electrical and optical characterisations. It details the
necessary steps involved in fabricating a QD solar cell considering the physics
involved. Further to this, there are four chapters of research work carried out to
implement proposed ideas on QD solar cells.
The fourth chapter will report the research work on successfully fabricated
Submonolayer Quantum Dot (SML-QD) solar cells, which was directly compared
with Quantum Well (QW) solar cells [41]. This preliminary investigation outlines the
importance of the strain-relaxation mechanism in the growth of QD layers. A reduction
in the density of crystal defects is seen for SML-QD solar cells.
In the fifth chapter, the effect on QD solar cells of direct Si-doping in the QD
material is reported [42]. The work is designed to tackle one of the main problems that
face QD IBSCs. It aims to recover the voltage of the QD IBSCs, which is crucial for
QD solar cells to realise the potential in achieving IBSCs.
In the sixth chapter, the effect of rapid thermal annealing treatment of QD solar
cells is reported. The work tackles the problem of defect-induced NR recombination
centres in grown QD solar cells. A successful reduction in defect density was
demonstrated with the post-growth thermal process.
In the seventh chapter, the fabrication of a QD solar cell with high bandgap barrier
structure is reported using the InAs/InGaP QD system [43]. Issues with the structure
growth were resolved using an AlGaAs interlayer technique. Successful fabrication of
QD solar cells, consisting of a bandgap configuration close to that of the ideal IBSC,
has been demonstrated.
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Finally, the thesis will end with a proposal for future work on QD IBSCs. It will
involve discussion on some key aspects in the investigation efforts required in order
to achieve a QD solar cell with high conversion efficiency.
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Chapter 2
The Physics of Solar Cells

2.1 Semiconductor Solar Cells
A semiconductor is traditionally a crystal body formed by a network of atoms.
Each atom is covalently bonded to the neighbouring ones. A covalent bond is
responsible for pairing up an outer-shell electron with another outer-shell electron
from a neighbouring atom. Figure 2.1 shows a picture of how a semiconductor crystal
gives rise to its electronic energy profile. The left of the figure depicts a molecular
network with atoms represented by black circles. The electron pair forms a covalent
bond that binds two atoms together. Electrons are fermion particles, and due to Pauli’s
exclusion principle, no two fermions can exist in identical energy states (except for
the case of having different spin states), hence no two electrons in an atom have
identical quantum numbers. When applied to solids, no two electrons with the same
spin character in a solid can have identical energy states. Therefore, with the gigantic
number of atoms in the crystal lattice, the density of states in a semiconductor crystal
is the concatenation of a very large number of very closely packed energy states,
forming continuous yet finite energy band. Special to semiconductor crystals is the
presence of an energy bandgap (EG), which distinguishes semiconductors from metals.
A semiconductor has two separate energy bands of interest, the higher CB
corresponding to the first empty band at 0K and the lower VB corresponding to the
last band fully occupied at 0K. The energy gap between these two bands forbids any
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electron to have an energy level comprised between the VB and the CB, as shown on
the right of Figure 2.1.

Energy

Conduction Band

Bandgap (EG)

Electron

Valence Band

300 K
Figure 2.1: A schematic illustration of the rise of conduction and valence bands in a
semiconductor. The left shows a simplified drawing of atomic outer-shells with electrons pairs
forming covalent bonds. The right shows an energy diagram with electronic states within the
conduction band and valence band separated by a bandgap.

The distribution of electrons in the CB and VB is governed by the Fermi-Dirac
distribution function [𝑓(𝐸)] which provides the probability of occupancy of energy
levels:

𝑓(𝐸) =

1
1+

𝑒 (𝐸−𝐸𝐹 )/𝑘𝑇

(2)

where, 𝐸𝐹 is the Fermi energy level where all the electrons will occupy under at 0K,
approximately in the middle of the VB and CB, as depicted in Figure 2.2, 𝑘 is the
Boltzmann constant and 𝑇 is the temperature. At absolute 0K, no electrons can occupy
the CB.
At 300K, the CB hosts electrons with high energy, which can flow freely in the
semiconductor. Contrarily, the VB hosts electrons with low energy, which remain
stuck around the same atom nucleus. Higher energy electrons are pictured as those
loosely bounded in the covalent bond. If a bound electron absorbs sufficient energy
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(e.g. from thermal excitation), it breaks free from the covalent bond and joins the pool
of loose electrons in the crystal, which is equivalent to the electrons getting promoted
from the VB to the CB. The addition of electrons into the CB means a higher density
of free-flowing electrons in the crystal lattice space. This raises conductivity, and is a
feature that is paramount for semiconductor materials to exhibit a solar cell behaviour.

Figure 2.2: A schematic illustration of the change in electron occupation in the valence band and
conduction band at absolute 0K and high temperature, with the Fermi level lying between the two
bands and the Fermi-Dirac distribution function (f(E)) is directly affected by the temperature [44].

Conduction Band

Photon Energy (EPh)
Electron
Hole

300 K

Valence Band

Figure 2.3: A schematic illustration of the absorption of photon energy by a semiconductor which
generates an electron-hole pair. The process promotes the electron from the valence band to the
conduction band, and the hole remains in the valence band.
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A semiconductor crystal can absorb incoming light to induce an electronic
reaction. Photons from the light can excite an electron and promote it from VB to CB.
This process is called photoexcitation. Similarly, thermal energy can also excite an
electron from VB to CB. This is the underlying principle in many devices available
today, such as thermal detectors and photodiodes. In an excitation process, sufficient
energy is required with a threshold equal to the EG. Therefore, the energy of the photon
must be equal or larger than the EG of the semiconductor to induce a VBCB
transition. Figure 2.3 shows a schematic illustration of a photoexcited electron
promoted from the VB to the CB, with the photon energy absorbed. In this process,
the electron that got promoted to CB leaves behind an unbound state called a hole.
Electrons are negative charge carriers and, similarly, holes are positive charge carriers.
Both electrons and holes can carry electricity. In contrast with electrons, holes travel
in the opposite direction and usually have a heavier effective mass and lower mobility.
Electrons and holes are both energy carriers travelling in a gas-like motion. The
density of the free charge carriers determines the amount of electrical current able to
flow through the semiconductor.

Thermalisation

Conduction Band

EPh > EG

Electron
Hole

Valence Band

Figure 2.4: A drawing to illustrate the absorption of photon energy to promote an electron from the
valence band the conduction band and the symmetric band-to-band radiative recombination process.
Thermalisation of the excess energy from the absorbed photon happens orders of magnitude faster
than the recombination process.

At room temperature, carriers are already present in the semiconductor due to the
background thermal excitation. Hence, at 300K there are electrons occupying the CB,
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as depicted in Figure 2.2. The associated carrier concentration, denoted by 𝑛𝑖 , is called
intrinsic carrier concentration. It is a temperature-sensitive parameter, as temperature
has a direct impact on the thermal excitation processes prompting electrons from the
VB to the CB. The density of electrons and holes in the conduction and valence bands
can also be artificially modified by incorporating impurities into the crystal lattice.
This is called doping and is a common method to influence the electronic parameters
of semiconductor materials.
Photons with energy (EPh) higher than EG are called supra-bandgap photons. When
a supra-bandgap photon excites an electron to the CB, the electron occupies a high
energy state in the CB. The electron then relaxes extremely rapidly through the energy
states to the bottom of the CB, unless extracted otherwise. This process is called
thermalisation, and is depicted in Figure 2.4. In the process, the descending electron
dissipates the energy in the form of heat loss. Therefore, a part of the supra-bandgap
photon energy is lost in the process. This is one of the major limitations in solar cell
conversion efficiency.
The optical properties of the material determine the absorption probability of
incoming photons. The absorption process occurs only when light propagates into the
semiconductor crystal and the energy of incoming photons is transferred to electrons.
Some incident light may get reflected off the surface or pass directly through the
semiconductor. In the former case, the photon energy is lost via optical reflectivity,
and could be minimised with anti-reflective coatings and/or surface texturing. In the
latter case, the photon energy is lost via optical transparency of the semiconductor.
This is because photons with energy below that of the EG will not be absorbed.
Hereafter they are called sub-bandgap photons.
The absorption coefficient (𝛼), which is a wavelength-dependent parameter, is a
factor that determines the absorptivity of a material. Figure 2.5 shows the absorption
coefficient as a function of wavelength for various semiconductor materials. It
illustrates that the strength of absorption at different wavelengths of light can differ

41

Chapter 2: Physics of Solar Cells

dramatically and all the material has an abrupt cut-off point at the bandgap energy
wavelength.

Figure 2.5: Absorption coefficient as a function of wavelengths for various semiconductor materials
at 300 K displayed in logarithmic scale [45]. The cut-off point corresponds to the bandgap energy of
the material.

The light absorption (𝐼 ) of a material can be calculated using the following
equation:

𝐼 = 𝐼0 exp(−𝑥𝛼)

(3)

This is known as the Beer-Lambert equation, which is crucial in designing optical
filters. For solar cells, it is used to determine the required thickness of the lightabsorbing material. The equation states that light intensity at the point of contact (𝐼0 )
reduces exponentially with the distance into the material (𝑥), which is dependent on
the absorption coefficient (𝛼). Blue light has a shorter wavelength and a higher 𝛼, and
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is usually absorbed at the surface of the semiconductor. Red light has a longer
wavelength and a lower 𝛼 and is absorbed less strongly at the surface. To absorb the
red light efficiently, the material needs to have a sufficient absorption length. Thus, in
the design of solar cells, the semiconductor material needs to be thick enough to allow
an optical pathway long enough for solar radiation to be efficiently absorbed. If the
optical pathway is too short, red light may pass straight through the material without
being absorbed. On a side note, surface texturing, which optically scatters the
incoming light, not only reduces the surface reflection but also improves the
probability of absorption by extending the length of the absorption path.
The equation can be used to find the number of electron-hole pairs generated (𝐺):

𝐺 = 𝛼𝑁0 exp(−𝑥𝛼)

(4).

It is derived from the Beer-Lambert equation with the photon flux at the surface (𝑁0 )
substituted to 𝐼0 . The equation highlights an exponential reduction of generation of
electron-hole (E-H) pairs with the distance into the material. Thus, the region at which
the highest generation rate occurs is at the surface. In a solar cell design, the thickness
of the absorbing layer should be determined by the value 𝛼. A material with high 𝛼
will generally have a good absorption, and vice versa.

2.2 The p-n Junction
Doping is a common technique used in semiconductor crystals to change the
material properties. It is a process where selected impurities are distributed in the
semiconductor crystal. The impurity can either be a donor or an acceptor atom to form
a negatively doped (n-type) or a positively doped (p-type) semiconductor,
respectively. When a p-type semiconductor is connected to an n-type semiconductor,
an electrostatic junction is formed. This is called a p-n junction, and is shown in Figure
2.6. In a p-n junction, the free-flowing excess carriers on both sides of the interface
diffuse across the p-n junction. The electrons in the n-type semiconductor diffuse to
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the p-type semiconductor, and the holes from the p-type semiconductor diffuse to the
n-type semiconductor. As a result, a positive charge builds up in the n-type region and
a negative charge builds up in the p-type region. The region around the p-n interface,
where the electron-hole exchange happens, is depleted of free charge carriers and is
called the depletion region. The build-up of opposite charges in the p- and n-regions
gives rise to an electric field (E-field), which is a fundamental property in the design
of solar cells.

p-type semiconductor

------------------E-field

n-type semiconductor

++++++++++++++

Figure 2.6: Formation of a p-n junction and the electric field at the interface, where the strength
the E-field is directly dependent on the density of dopants in the p- and n-type semiconductor.

The E-field of the p-n junction is essential to the behaviour of charge carriers in
the semiconductor. It enables a non-symmetric behaviour of the current flowing across
the junction. The strength of the E-field is dependent on the dopant concentration on
either side of the junction. Due to the E-field, electrons and holes will travel back to
their region of origin, creating a drift current. This drift current acts in the opposite
direction to the diffusion current presented above. Figure 2.7 depicts the direction of
the drift and diffusion current of the electrons and holes. Under zero-voltage bias, the
diffusion and drift currents balance out. However, under a forward or reverse bias, the
E-field in the depletion region changes, and so does the depletion length. This breaks
the equilibrium between the diffusion and drift currents and subsequently induces a
net current flow through the p-n junction.
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Figure 2.7: A schematic illustration of the diffusion and drift current across a p-n junction. The
diffusion current is due to the difference in the distribution of free carriers on both sides of the
junction. The opposing drift current is due to the presence of E-field.

Usually, a p-type semiconductor has its Fermi-level lying just above the VB. In
contrary, an n-type semiconductor has its Fermi level lying just below the CB. Under
thermal equilibrium, a p-n junction aligns the Fermi-levels, creating an offset of the
CB and the VB on both sides of the p-n interface, but each band has an individual
population that is internally in equilibrium. Figure 2.8(a) shows a band diagram of a
p-n junction under equilibrium, and there is no net-flow of current as the drift and
diffusion current cancel each other out. Figure 2.8(b) illustrates the effect of
illumination, where the photoexcitation process generates additional E-H pairs, which
are separated by the E-field. Electrons gets swept to the n-type region and holes gets
swept to the p-type region. This is termed photogeneration. If the photogeneration
continues to generate E-H pairs but they are prevented to leave the solar cell, more
electrons will travel to the n-type region and more holes will travel to the p-type
region. This pulls down the VB of the p-side, which reduces the in-built E-field that
normally acts as a barrier to the diffusion current. Gradually, enough electrons in the
n-region and holes in the p-region breaks the equilibrium between the drift and
diffusion current. As a result, there is no barrier to prevent the diffusion current of
electrons and holes across the junction. Therefore, a resultant current flow is enabled.
In solid-state physics, the quasi-Fermi level describes the population of electrons
separately in the CB and the VB, when their populations are displaced from
equilibrium, depicted by the red dotted line in Figure 2.8. The built-in E-field in a p-n
junction is equivalent to a built-in voltage. Illumination creates a displacement of the
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electron population in the system, which determines the separation of electron and
hole quasi-Fermi level in the CB and VB of the p-n junction. When the built-in voltage
becomes zero, the photocurrent is the highest, similar to a forward bias situation.
Overall, the built-in voltage is able to generate a current flow which is activated by a
photo-induced process, it is classed as a photovoltaic phenomenon. The photogenerated current together with the voltage in the p-n junction give rise to the output
power.
In a measurement condition, where the solar cell is electrically connected and the
p-n junction is biased, such that the photocurrent is opposed by a diffusion current, the
strength of the built-in voltage can be obtained. When the photocurrent, is balanced
by the diffusion current, the net current becomes zero, which is the point of opencircuit voltage. This is the maximum voltage available from the p-n junction, which is
determined by the separation of the quasi-Fermi level. The effect of quantum dot
thermal-coupling could reduce this separation, which will be explained in later
chapters.

(a) Equilibrium State
p-type

E-field

(b)

Illuminated

p-type

Conduction Band

E-

Drift
Drift

Diffusio

Energy

Diffusio

Eph
E-H
Diffusion
Diffusion
Drift

Valence

n-type

n-type
Electron

Drift

Hole

Figure 2.8: Band diagram of the p-n junction illustrating the effect of E-field on electron-hole
pairs, preventing current flow. Under illumination, the E-field reduces which permits diffusion
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current. The red dotted line is the quasi Fermi-level. Illumination creates a split in the quasi-Fermi
level which determines the voltage of the cell.

Conduction Band
Radiative
Thermalisation

recombination

Non-radiative

Energy

recombination

Valence Band
Electron

Hole

Figure 2.9: A schematic diagram showing 3 different loss mechanisms which could affect the
maximum achievable photocurrent of a solar cell (i.e. thermalisation, radiative and non-radiative
recombination).

The photocurrent is a result of the photogeneration of E-H pairs, which in turn
results from photoexcitation. However, the equation would be incomplete without
accounting for recombination processes. They are processes where electrons
recombine with holes, losing the previously absorbed energy. Recombination is
considered as a loss mechanism, along with thermalisation, where absorbed photon
energy is dissipated, losing the contribution to the photocurrent. The two types of
recombination are radiative and non-radiative (NR) recombination. They are detailed
in later sections of this chapter. In brief, a radiative recombination involves a photon
emission upon the recombination of an electron with a hole. However, a NR
recombination involves energy dissipation through vibrations in the crystalline lattice
resulting in thermal losses. In the quantum mechanical description, these are known
as phonons. Both radiative and NR recombinations, along with thermalisation, are
considered loss mechanisms in the photogeneration process. Figure 2.9 shows a
schematic diagram illustrating the possible pathways for carriers in the band diagram
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of a p-n junction. Photoexcited carriers can recombine via radiative or NR pathways
before extraction. Only the extracted carriers contribute to the photocurrent. Although
the E-field that separates the E-H pairs helps to minimise recombination, the loss
mechanisms can occur anywhere in the P-N junction.

2.3 The Diode Equation
Because standard solar cells use a p-n junction, it is typically treated as an ideal
diode and the classic diode equation can be used. The diode equation determines the
current as a function of voltage. It can be used to solve the properties in the depletion
region and calculate carrier concentrations. Semiconductors can be analysed in a
thermal equilibrium state where no interference with light intensity is allowed. This is
called the dark current measurement. The parameters give information about the band
diagram of the semiconductor. On the other hand, a solar cell measurement can be
carried out under steady state where constant voltage or light intensity is applied.
Therefore, the measured parameters allow the conversion efficiency of the solar cell
to be calculated.
It should be reminded here that the terms photogeneration and photocurrent refer
to the amount of carriers generated by photoexcitation and the amount of carriers
extracted from the solar cell, respectively. The photocurrent is a net difference
between the photogeneration and recombination rates, which are accounted in the
derivation of photocurrent in the diode equation. In order to calculate these rates, there
are some assumptions made throughout the calculation: the semiconductor solar cell
is analysed under thermal equilibrium, steady state and transient state.
The ideal diode equation for a photovoltaic device is derived from the
considerations of the depletion region. The E-field strength is calculated from the
dopants concentration in the p- and n-regions of the semiconductor using the Poisson’s
equation. This equation determines the electrostatic potential depending on the charge
density. The charges are divided into four components: hole density (p), electron
density (n), acceptor atom density (NA) and donor atom density (ND). The following
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equation summarises the gradient of the E-field (𝐸) strength over the depletion region
[46]:
𝑑𝐸 𝜌 𝑞
= = (𝑝(𝑥) − 𝑛(𝑥) − 𝑁𝐴− + 𝑁𝐷+ )
𝑑𝑥 𝜀 𝜀

(5)

It is equal to the charge density (𝜌) over the material permittivity (𝜀). 𝑞 is the
elementary charge. The charge density is equal to the difference in the electron and
hole density, minus the difference between the donor atom and the acceptor atom
density, multiplied by the elementary charge. The E-field strength can be directly
calculated if the charge densities in the p-n junction are known. For the ideal diode
derivation, NA is assumed constant in the p-region and zero in the n-region. Similarly,
ND is assumed constant in the n-region and zero in the p-region.
Next, to consider carrier dynamics, the transport equation is taken into account.
The carrier transport is governed by the drift and diffusion current, therefore the
electron current density (𝐽𝑛 ) and the hole current density (𝐽𝑝 ) are the net differences
between the drift and diffusion current for electrons and holes, as summarised below:

For electrons,

𝐽𝑛 = 𝜇𝑛 𝑞𝑛𝐸 + 𝐷𝑛 𝑞

𝑑𝑛
𝑑𝑥

(6)

For holes,

𝐽𝑝 = 𝜇𝑝 𝑞𝑝𝐸 − 𝐷𝑝 𝑞

𝑑𝑝
𝑑𝑥

(7).

On the right hand side of the equations, the first term in each equation represents the
drift current and the second term represents the diffusion current. The drift current is
simply the product of the carrier mobility (𝜇), 𝑞, 𝑛 and 𝐸. The diffusion current is the
product of the carrier diffusivity (𝐷), 𝑞 and the rate of change of n over distance (𝑥).
The assigned subscript shows the type of carrier that is concerned (𝑛 for electrons and
𝑝 for holes). Since the E-field is expected to sweep the carriers out of the depletion
region, it is assumed that the depletion region has no free carriers. To calculate the
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photocurrent, the rate of generation and recombination is taken into account. This
employs the continuity equation where the movement, generation and recombination
of the carriers are put together. Again, electron and holes are treated separately. They
are shown in the following equations:
𝑑𝑛 1 𝑑𝐽𝑛
=
− (𝑈 − 𝐺)
𝑑𝑡 𝑞 𝑑𝑥

(8)

𝑑𝑝
1 𝑑𝐽𝑝
=−
− (𝑈 − 𝐺)
𝑑𝑡
𝑞 𝑑𝑥

(9).

The rate of change in carrier density is equal to the rate of change of the current density
(𝐽) over 𝑥, minus the difference between the recombination rate (𝑈) and the generation
rate ( 𝐺 ). Under thermal equilibrium and steady state conditions the carrier
concentrations do not change with time so that:
𝑑𝑛
𝑑𝑝
=
=0
𝑑𝑡
𝑑𝑡

(10).

Therefore, equation (8) and (9) can be rewritten as:
1 𝑑𝐽𝑛
=𝑈−𝐺
𝑞 𝑑𝑥

(11)

1 𝑑𝐽𝑝
= −(𝑈 − 𝐺)
𝑞 𝑑𝑥

(12).

Furthermore, solving equation (5) for the depletion region gives the built-in
voltage (𝑉0) in relation with 𝑁𝐴 and 𝑁𝐷 (the solutions can be found elsewhere [46]):
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𝑉0 =

𝑘𝑇 𝑁𝐴 𝑁𝐷
𝑙𝑛
𝑞
𝑛𝑖 2

(13)

This forms the component for the diode equation. 𝑘, 𝑇 and 𝑞 are the Boltzmann
constant, temperature and elementary charge constant, respectively. The carrier
concentration remains constant, equal to 𝑛𝑖 , under dark conditions and contributes to
the 𝐽0 . The dark current arises from recombination events, which is a diode component
itself and is distinguished from the photocurrent diode. It is inversely proportional to
the material quality of the device. The equation here provides the diode equation for
the dark current which describes the current as a function of voltage:

𝐽 = 𝐽0 [ 𝑒𝑥𝑝 (

𝑞𝑉
) − 1]
𝑘𝑇

(14)

Under illumination, the carrier concentration would increase due to the
photogeneration process. Therefore, the diode equation for a solar cell contains the
dark current component and the photogeneration component. With rearrangement to
the equation, the diode equation for a solar cell becomes:

𝐽 = 𝐽0 [ 𝑒𝑥𝑝 (

𝑞𝑉
) − 1] − 𝐽𝑙
𝑚𝑘𝑇

(15)

This equation describes that the total current density (𝐽) is the difference between
the saturation current (𝐽0 ) and the light-generated current density (𝐽𝑙 ) components. In
fact, the exponential term usually is much greater than 1 when voltage is higher than
0.1V, hence the −1 term can be neglected. In addition, an ideality factor (𝑚) is
included to better suit the equation in practice by accounting for other types of
recombination. It can be seen from equation (15) that the photocurrent diode curve is
a superposition of the dark current diode curve.
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Although 𝐽𝑙 is usually the correct term to use in the ideal diode equation for solar
cell measurements, in practice the current is externally measured in short-circuit
conditions. This is called the short-circuit current density (𝐽𝑆𝐶 ). If the carriers diffusion
lengths (𝐿𝑛 ) and (𝐿𝑝 ) are known, 𝐽𝑆𝐶 can be approximated using this equation:

𝐽𝑆𝐶 = 𝑞𝐺 (𝐿𝑛 + 𝐿𝑝 )

(16)

To calculate the power output efficiency of a solar cell, the open-circuit voltage
(𝑉𝑂𝐶 ) is needed. This can be calculated using the following equation:

𝑉𝑂𝐶 =

𝑚𝑘𝑇
𝐽𝐿
ln ( )
𝑞
𝐽0

(17)

Empirically, both 𝐽𝑆𝐶 and 𝑉𝑂𝐶 can be found from electrical measurements under
illumination, described in Chapter 3. Moreover, Equation (17) reveals that the ratio
between 𝐽𝐿 and 𝐽0 has an impact on the 𝑉𝑂𝐶 . Higher 𝐽0 can reduce the 𝑉𝑂𝐶 , which
reflects on the effect of material quality on the built-in voltage. Another parameter that
determines the output power of the solar cell is the fill factor (FF). It is defined as the
ratio of the maximum power from the solar cell to the product of 𝐽𝑆𝐶 and 𝑉𝑂𝐶 .
Graphically, the more “square” the JV curve is, the higher the 𝐹𝐹. In short, it is
determined by the series, shunt resistance and ideality factor of the solar cell. Finally,
the solar cell conversion efficiency (ƞ) is the product of 𝐽𝑠𝑐 , 𝑉𝑜𝑐 and 𝐹𝐹 over the input
power density of illumination (𝑃𝑖𝑛 ):

ƞ=

𝐽𝑆𝐶 𝑉𝑂𝐶 𝐹𝐹
𝑃𝑖𝑛

(18)
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2.4 Recombination Processes
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Figure 2.10: A schematic illustration of the different types of recombination pathway that could
occur in a semiconductor, i.e. band-to-band, Shockley-Read-Hall and Auger recombination, where
the ideality factors are 1, 2 and 2/3 respectively.

To understand the dynamics in solar cells, recombination processes cannot be
ignored. Unfortunately, not every photoexcitation successfully contributes to the
final 𝐽𝑆𝐶 . Usually, photogenerated E-H pairs are separated by the E-field and travel to
their respective terminals, then the carriers exit the solar cell by channelling through
the electrode contacts. Throughout this process, there is a tendency for electrons to
recombine with holes along the photocurrent path. The recombination events lead to
some excited electrons to fall back down from the CB to the VB, losing the absorbed
energy. This could happen immediately after a photoexcitation event unless the carrier
is successfully extracted from the solar cell. Therefore, only carriers successfully
extracted from the p-n junction can directly contribute to the 𝐽𝑆𝐶 . Recombination
processes are divided into two pathways: radiative and NR recombination. They
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compete with each other. The characterisation of recombination pathways is used to
assess the quality of a solar cell. It will be included in some of the discussions of the
experimental results.
Figure 2.10 shows a schematic illustration of the different types of recombination
pathway. A radiative recombination process occurs when an electron in the CB
directly combines with a hole in the VB. It releases its energy by photon emission after
the downward transition. This recombination mechanism dominates in perfect
crystalline quality direct bandgap semiconductors. On the other hand, there are two
types of NR recombination mechanisms, namely the Shockley-Read-Hall (SRH)
recombination process and the Auger recombination process. In the SRH
recombination process, a carrier gets trapped on an energy state within the bandgap
due to a defect in the crystal lattice. The absorbed energy is lost via phonon-emission.
In Auger recombination, an electron and a hole recombine but the energy is transferred
to another electron in the CB. The electron relaxes through thermalisation, rapidly
dissipating its excess energy in the form of heat. These are depicted in Figure 2.9.
Comparing the two types of NR recombination, the SRH one is a 1-particle reaction
whilst the Auger one is requires 3 particles. Since SRH recombination is a defectassisted recombination, it dominates in semiconductor with poor crystal qualities. On
the other hand, Auger recombination dominates in semiconductors with very high
carrier concentrations; therefore the effect will be prominent under high concentration
illuminations.
Furthermore, there is no immediate way to extract the rates of the two types of NR
recombination, but experimental data may indicate which type is the dominant one.
This is indicated by the ideality factor 𝑚 in the ideal diode equation in equation (15).
An 𝑚 value closer to 2 indicates that the SRH recombination is dominant. However,
𝑚 value closer to 2/3 indicates that the Auger recombination is dominant [47].
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2.5 Intermediate Band Solar Cells
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Figure 2.11: Schematic diagram showing possible photoexcitation pathways in the IBSC in
addition to the single junction photoexcitation mechanism. The three pathways are valence band 
intermediate band, intermediate band  conduction band and valence band  conduction band
[48]

In the IBSC concept, an IB is introduced into the bandgap between the VB and
the CB. It acts like a stepping stone for two sub-bandgap photons to be absorbed.
Figure 2.11 shows a schematic diagram of the IBSC model, which illustrates a simple
three level band for possible photoexcitations to occur. The energy difference between
VB and IB is denoted EH, and the energy difference between IB and CB is denoted EL.
It should be reminded here that the IBSC concept centralises on the two-step
photoexcitation event. The first sub-bandgap photon (EPh > EH) excites the electron
from the VB to the IB followed by a second sub-bandgap photon (EPh > EL) which
promotes the electron from the IB to the CB. This two-step transition creates an
advantage above that of the single-junction VBCB transition. Hence, the subbandgap energy photons will not be lost through optical transparency, but collected to
generate additional photocurrent to enhance the performance compared with a singlejunction solar cell. It is analogous to a MJSC operation where different portions of the
solar spectrum are targeted for absorption.
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In ideal conditions, the voltage output of a QD-IBSC is still determined by the
bandgap of the semiconductor host material. Therefore, additional photocurrent
production without compromising the voltage could lead to a conversion efficiency
that surpasses the Shockley-Queisser limit. This is the paramount principle of IBSCs.
The feasibility of the IBSC concept requires that the following ideal conditions
are approached: (1) the NR recombination transition is forbidden, (2) carriers
mobilities are infinite with no ohmic losses, (3) no carrier can be extracted from the
IB unless optically pumped and (4) the IB must be partially filled with electrons for
the second photoexcitation event to occur.

Figure 2.12: Efficiency of IBSC as a function of lower bandgap energy in the IB to CB transition
as shown in red (double band absorption), and the efficiency of the same bandgap configuration in
MJSC as shown in blue. The green line represents the efficiency of energy transference of the
intermediate band [49].

The optimal bandgap and sub-bandgaps for IBSCs have been simulated by Martí
and Luque to produce the highest theoretical conversion efficiency [49]. Figure 2.12
shows the change in the IBSC efficiency as a function of low bandgap energy (EL) for
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IB  CB transition in a double band absorption, as shown by the red line. A maximum
point is reached at 1.24 eV when the EL energy is 0.71eV. Therefore, the three optimal
energy transitions for IBSCs are 1.95 eV (VB  CB), 1.24 eV (VB  IB) and 0.71
eV (IB  CB) [50]. The blue line shows what the efficiency would have been if this
bandgap configuration was applied to two single-bandgap solar cells connected in
series, which illustrates a reference point to the effectiveness of IBSC. Finally, the
green line corresponds to the limiting efficiency of IBSC operating under energy
transfer, such as when the electron in the IB is transferred to the CB via impact
ionization. This way is less efficient than the two-photon absorption mechanism that
is profoundly the key IBSC operation principle [49].
In general, a transition rate depends upon the strength of the coupling between the
initial and final state of a system and upon the number of ways the transition can
happen (i.e., the density of the final states). In many physical situations, the transition
probability follows Fermi’s rule. A transition will proceed more rapidly if the coupling
between the initial and final states is stronger. This coupling term is traditionally called
the "matrix element" for the transition. Due to the conservation of momentum
accounted for in Fermi’s rule, a high density of states within the IB is desirable for
strong optical transition.
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Figure 2.13: Allowed optical transitions with conservation of energy and momentum with three
possible quasi-Fermi levels. Regenerated from Ref [51].

Absorption via the IB takes into account the integration of all the possible carriers
that can participate in an optical transition while conserving energy and momentum.
Figure 2.13 shows a schematic illustration of an energy-momentum diagram of an
ideal IBSC operation with the ideal quasi-Fermi energy level EF(CB), EF(IB) and EF(VB)
labelled. Ideally, the voltage extracted from the solar cell is the difference between the
CB and VB quasi-Fermi level at the n- and p-contacts, respectively. In order to
generate an efficient IBSC such that the minima of the CB and IB is aligned with the
maxima of the VB, direct bandgap QD and host materials are used for this study, i.e.
InAs and GaAs. To consider the effect of introducing IB between the VB and CB, the
impact of the absorption coefficient on the carrier generation in the VBIB and
IBCB transition is considered. Here, the carrier generation rate for the VBCB
transition (𝐺𝑉𝐵→𝐶𝐵 ) is expressed in the assumption of completely filled CB and VB
[52]:
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∞

𝐺𝑉𝐵→𝐶𝐵 (𝑥) = ∫ 𝛼𝑉𝐵→𝐶𝐵 𝑤𝑉𝐵→𝐶𝐵 𝐹𝑠 𝐹𝐷 𝑑𝐸

(19),

0

where 𝛼 is absorption coefficient as a function of the photon energy E; 𝑤 is the
weighted absorption probability; 𝐹𝑠 is the incident photon flux density and 𝐹𝐷 is the
decay factor of incident photon flux at position 𝑥. The generation rate for the IBCB
and VBIB transitions can be written as [53]:
∞

𝐺𝐼𝐵→𝐶𝐵 (𝑥) = ∫ 𝛼𝐼𝐵→𝐶𝐵 𝑓𝐼 𝑤𝐶𝐵→𝐼𝐵 𝐹𝑠 𝐹𝐷 𝑑𝐸

(20)

0

∞

𝐺𝑉𝐵→𝐼𝐵 (𝑥) = ∫ 𝛼𝑉𝐵→𝐼𝐵 (1 − 𝑓𝐼 ) 𝑤𝑉𝐵→𝐼𝐵 𝐹𝑠 𝐹𝐷 𝑑𝐸

(21).

0

The equations show similar components to that of the generation rate for VBCB
transition in equation (19). The component 𝑓𝐼 is the occupation probability. The
equation points out that the optical transition from IB to CB requires a state in the IB
to be filled and an empty state in the CB. Similarly, the optical transition from the VB
to the IB requires an empty state in the IB. Therefore the IB must support transitions
both into and out of it.
Carriers in the IB should have a sufficient lifetime, which helps to keep the IB
states occupied. This allows the second photoabsorption event to take place. The
IBCB optical transition could only be possible when there are occupied states in the
IB, and conversely, the VBIB optical transition requires a state in the IB to be
unoccupied.
The electrostatic profile of IBSCs strongly depends on the electron density in the
IB and the carrier generation/recombination rates through it. To see the impact of this
on the p-n junction, the Poisson equation is employed. It considers the charge density
distribution within the IB material, which can be written in the form [54]:
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𝑑2 𝜓 𝑞
= (𝑝 − 𝑛𝐶 − 𝑛𝐼 + 𝑁𝐷+ − 𝑁𝐴− )
𝑑𝑥 2 𝜖

(22),

where 𝜓 is the electrostatic potential; 𝑛𝐶 and 𝑛𝐼 are electron densities in the CB and
in the IB; 𝑝 is the hole density in the VB. The charge density distribution in the p-n
junction now contains the electron density of the IB.
Since radiative recombination is also possible via the IB, the carrier generation
pathway now competes with this new recombination pathway via the IB. Hence, the
interband transitions must be optimised to allow constant elevation of energetic
electrons to the CB to produce a large photocurrent. Applying the current continuity
equations for electrons and holes under steady state gives:

−

1 𝑑𝐽𝑛
= 𝐺𝐶𝑉 − 𝑅𝐶𝑉 + 𝐺𝐶𝐼 − 𝑅𝐶𝐼
𝑞 𝑑𝑥

1 𝑑𝐽𝑝
= 𝐺𝐶𝑉 − 𝑅𝐶𝑉 + 𝐺𝐼𝑉 − 𝑅𝐼𝑉
𝑞 𝑑𝑥

(23)

(24)

where 𝐽𝑝 and 𝐽𝑛 are electron and hole current densities, and 𝐺 and 𝑅 are generation
and recombination where the accompanying subscripts

CV, IV

and

CI

represent the

CBVB, IBVB and CB IV transitions, respectively. The continuity equation
treats the IB as an energy level, not a band, similar to trap levels. Therefore, carriers
in the IB do not travel through the IB.
Recombination rate and absorption efficiency are the important factors that
determine the IBSC conversion efficiency. The recombination rates for radiative
recombination processes are as follows [55]:
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𝜇𝐶 − 𝜇 𝑉
𝑅𝐶𝑉 = 𝛽𝐶𝑉 exp (
)−1
𝐾𝐵 𝑇

(25)

𝜇𝐶 − 𝜇𝐼
𝑅𝐶𝐼 = 𝛽𝐶𝐼 exp (
)−1
𝐾𝐵 𝑇

(26)

𝜇𝐼 − 𝜇𝑉
𝑅𝐼𝑉 = 𝛽𝐼𝑉 exp (
)−1
𝐾𝐵 𝑇

(27)

Using the same method as when deriving the generation rate for the VBCB
transition, the sub-bandgap photocurrent generation can be written in terms of the net
carrier generation rates via the IB:
∗
𝐺𝐼𝐵
≡ 𝐺𝐶𝐼 (𝑥) − 𝑅𝐶𝐼 (𝑥) = 𝐺𝐼𝑉 (𝑥) − 𝑅𝐼𝑉 (𝑥)

(28)

It can be seen that for optimal photogeneration via the IB, the IBSC requires a
high generation rate for the IBCB transition with a low recombination rate. This is
equally important for the VBIB transition. Optimising the dynamics of the
transitions is one of the keys in IBSC. It involves work in modifying the carrier
lifetimes in the IB and suppressing recombination effects [56]. Also, it requires the
two transition pathways to be in dynamic equilibrium. Furthermore, the VB, IB and
CB must also be sufficiently separated to have three quasi-Fermi levels. It is perhaps
one of the most fundamental constraint facing IBSCs that still requires much attention.
In addition, recent years have seen proposals which aim to tackle the carrier lifetime
constraint, such as type-II QD configurations and ratchet IBSCs [57].

2.6 Semiconductor Quantum Dots
Much efforts are directed towards discovering new materials to make suitable
photovoltaic cells with high conversion efficiency. There are many emerging materials
that can be used in the photovoltaic field. They range from perovskite [58] to dye-
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sensitised solar cells [59] as seen in Figure 1.3. However, they offer no flexibility in
targeting a large spectral coverage like the MJSC. Nanomaterials can display new
quantum phenomena, resulting in different optical, electrical and magnetic properties
compared with their bulk counterparts.

Figure 2.14 A schematic illustration of different material dimensions with the corresponding
profiles of energy levels (a) bulk, (b) 2D, (c) 1D and (d) 0D.

While the motion of electrons in a bulk semiconductor material is permitted in all
three (x, y and z) directions, the flow of electrons in the crystal lattice becomes
restricted when dimensions are reduced. Figure 2.14 shows a schematic illustration of
the evolution of the density of states as the object dimension reduces. The 3D, 2D and
1D materials with their corresponding density of states are shown in Figure 2.14 (a),
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(b) and (c), respectively. As the dimension of the material is reduced, the density of
states changes. This determines the way carriers can occupy the material.
A QD is a nanomaterial described as having zero dimension. This is a special case
due to its size being smaller than the de Broglie’s wavelength. Consequently, electrons
are confined in a 3-dimensional potential well. As a result, the density of states in a
QD becomes discrete, displaying atomic-like properties. Hence it is called an artificial
atom. The spatial restriction on the displacement of carriers inside the quantum dot
helps to localise the electrons. The photoexcited carriers are then be called excitons.
An exciton is a quasi-particle consisting of one positive and one negative charge which
resembles a hydrogen atom. An electrostatic interaction between the oppositely
charged particles lead to an attractive force that tends to keep the electron and hole
together. Although QDs have a relatively high recombination rate due to the spatial
confinement of electrons and holes, the attractiveness of QDs is due to their sharp
density of states. The confinement that gives rise to this sharp density of states results
in a strong-light-matter interaction [60].
Another attractive feature of QDs is the adjustability of their optical and electrical
properties simply by modifying their size. The energy state spectral of a semiconductor
QD is determined by the depth of the potential well. Hence, QDs of different sizes
emit a different photon energy. This makes the colour emission of QDs relatively easy
to tune. This feature alone is desirable for high efficiency light-emitting diodes [6162], liquid crystal displays [63-64], infra-red photo-detectors [65] and laser devices
[66]. QDs have a proven track record in applications in optoelectronics. Furthermore,
the photophysical properties of QDs, which makes biomolecular-tagging possible, has
been applied to biological applications [67]. The ability to control the optical
properties by changing the QDs size offers a valuable way to design a solar cell with
a desirable absorption coverage.
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Figure 2.15 A schematic illustration of a quantum dot showing a core material (blue and red)
enwrapped in a barrier material (green and orange).

Figure 2.15 shows a picture of a quantum dot structure. Solid-state semiconductor
QDs are achieved by enwrapping a lower bandgap QD material with a higher bandgap
host material. The difference in the bandgap energies generates an offset in the CB
and VB of the QD and the host material. The presence of the potential well gives rise
to discrete energy states of the CB and VB in the QD. The states in the CB are strongly
connected among themselves by thermal infra-red photons. Usually, the lowest energy
state in the potential well is called the ground state (GS) and the next energy level
above is called the first excited state (FES), and so on. QD energy states exhibit very
prominent phonon bottleneck effect [68]. That is a multi-particle mechanism that
impedes the relaxation of excited electrons into lower energy states via phonon
scattering. In addition, the phonon bottleneck effect makes the radiative recombination
process between the CB and the IB potentially dominant.
Primarily, semiconductor QD is a favourable material to fabricate IBSCs because
the discretely confined states in the QD can be used as IB states. The three-dimensional
potential in the QD can isolate the IB from the CB through a true null density of state.
This makes QDs suitable for other types of solar cell concepts. As mentioned above,
QDs are also suitable for hot carrier solar cells [69] and multiple-exciton generation
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[18]. QDs suppresses lateral migration of carriers and therefore are less susceptible to
surface recombination in a solar cell. Furthermore, QDs of a specific configurations
(i.e. type-II) have a sustainable optical excitation, and hence make a promising
engineering prospect for solar cells. For this reason, QD-IBSCs have received much
attention as a candidate for establishing high conversion efficiencies. The proper
design of the QD superlattice aims to take advantage of the phonon bottleneck effect
to make radiative recombinations dominant and to achieve strong photon absorption.
It is a desirable phenomenon when manufacturing a QD-IBSC where rapid NR
recombinations to the QD energy level must be avoided.

2.7 Summary
This chapter reviewed some of the operating principles of solar cells. The
fundamental properties of the p-n junction have been described with equations. The
rise of the depletion region from the p-n junction makes the extraction of a
photocurrent possible. The E-field is responsible for separating the E-H pairs upon
photo-excitation, at the same time, it is also responsible to the current flow in the solar
cell. The collection of photo-excited carriers gives rise to the photocurrent. There are
also possible recombination pathways, which affect carriers. They are radiative bandto-band recombination, Shockley-Read-Hall recombination and Auger recombination.
The concept of IBSC has also been reviewed. The introduction of the IB into the solar
cell widens the absorption coverage of low-energy photons and reduces waste of subbandgap photons. To fabricate such solar cells, nano-size QD materials are the most
suitable candidate to host the IB due to their discrete density of states. In the next
chapter, the experimental section will describe the techniques used to insert the QDs
into the solar cell to form QD solar cells. The QD solar cell is used to exhibit the IBSC
concept.
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In order to use semiconductor QDs as an absorber material in the structural design
of the solar cell, it must be embedded within the p-n junction. For QD solar cells, the
host material for the QD should possess a bandgap energy larger than the bandgap of
the QD material. The sub-bandgap energies such as the GS and the First Excited State
(FES) are determined by the QD. The energy states of the QD, usually the GS, are
used as the IB. For a strong IB, in terms of optical pumping power, an array of coherent
QDs is needed so that the energy states can be close enough to each other to form a
band with a high density of states. In order to fabricate the QDs within the host
semiconductor, a bottom-up approach has been used via a crystal growth technique,
called molecular beam epitaxy. It is achieved via solid-source growth in a chamber
under ultrahigh vacuum. Examples of novel nanostructures grown by molecular beam
epitaxy include quantum rings [70-72], nanowires [73-74] and nanocolumns [75]. This
leads to possible new designs in optoelectronic devices such as lasers, photodetectors
and modulators.
In this chapter, an introduction to UCL Molecular Beam Epitaxy (MBE) system
is given. This section will describe the growth facilities and components, such as
monitoring devices, necessary to grow III-V semiconductor QD structures. Here, the
mechanism of the QD growth will be discussed, followed by the structural outline of
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the QD solar cell design. The following section will describe the fabrication
methodology of QD solar cell devices. It will detail the different stages of the process.
This includes acid cleaning, photolithography, etching and metallic contacts
deposition. Finally, the third section will describe the method used to characterise QD
solar cell devices, and the tools involved to obtain imaging, electrical and optical
characterisations.

3.1 Molecular Beam Epitaxy
3.1.1 Introduction
In Molecular Beam Epitaxy (MBE), the success in achieving a finely grown
crystal is determined by the mean free pathway of the constituent elements. Therefore,
the MBE machine is designed to create long mean free path for the molecular beam
fluxes. The beam flux operation takes place under Ultra-High Vacuum (UHV)
environment in order to avoid contamination from poor background pressure.
Therefore, the UHV system is employed to ensure ultrapure crystal quality. For this
reason, the MBE machine is constructed by using stainless steel to sustain the UHV
environment. It operates with a base pressure of typically ~1x10-13 bar. To assist the
ultra-clean environment, the machine is kept inside a cleanroom.
To achieve UHV pressure levels, the MBE machine requires a bakeout of the
entire system at 200 °C for 24 hours [76] before starting operation. The UHV
facilitates the achievement of an atomically clean surface of the wafer by deoxidisation
during heating up in the growth preparation stage. Creating the UHV environment
enables a clear pathway for the MBE operation without undue interference by
suppressing any gas phase scattering events. The relation between the mean free path
and the UHV pressure in the chamber is governed by the equation:

𝜆=

𝑘𝑇
1.414 𝑃𝜎

(29)
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It can be seen that the mean free path ( 𝜆 ) is inversely proportional to the
background pressure (𝑃) and the collision cross section (𝜎). 𝑘 is the Boltzmann’s
constant and 𝑇 is the temperature. UHV systems typically have a mean free path of 5
x 105 m. Any type of contamination could potentially affect 𝜆 and prevent the
achievement of good quality crystals.
The individual effusion cells, also known as Knudsen cells, contain group III and
V solid-state elements (In, Ga, Sb, Si, Al and Be) contained in a Pyrolytic Boron
Nitride (PBN) crucible. The PBN crucibles are highly mechanically stable, with a very
low rate of gas evolution and chemically stability up to 1400 °C, which are suitable
for hosting the elementary sources to ensure ultrapure source materials and molecular
beam fluxes. Each crucible is also attached with a thermocouple for accurate
temperature measurement.
A Knudsen effusion cell is designed to evaporate condensed materials. It could
generate and propagate molecular beam fluxes which are directed towards a substrate
surface on a rotation stage. It consists of an isothermal enclosure with a small orifice
which acts like an evaporating surface, but it cannot reflect incident vapour molecules.
The incident molecular flux rate (𝐹) is given by the following equation which is also
known as the Hertz-Knudsen formula:

𝐹=

𝑃𝑝
√2𝜋𝑚𝑘𝑇

(30)

where 𝑚 here is molecular mass. It can be seen in this equation that 𝐹 is directly
proportional to the partial pressure (𝑃𝑝 ), which is in turn controlled by the temperature
inside the Knudsen effusion cell. When the solid state elements are heated it is
evaporated into a gas phase, transported in a form of molecular beam fluxes and
directed towards the sample. The advantage of this type of deposition method is its
ability to reproducibly deposit material with coverages ranging from sub-monolayer
to continuous films. The beam flux is controlled by mechanical shutters, which open
and close in a few tenths of a second. This is an order of magnitude faster than a
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monolayer usual deposition rate, allowing sharp interfaces. The shutters and heaters
inside the chamber are made of either molybdenum or tantalum metals. The heater
inside the Knudsen effusion cell, which is responsible for heating the crucible, is
controlled by a microprocessor which manages a proportional-integral derivative
(PID) controller. This system determines the power level necessary to maintain the
required temperature and sends feedback to the heater to control the intensity of the
beam flux [76].

69

Chapter 3: Experimental Methods

Figure 3.1: Two photos of Veeco Gen-930 solid-state molecular beam epitaxy system from (top)
ground view and (bottom) a close-up view of the loading chamber.

Figure 3.1 shows two photos of the UCL MBE system. The MBE consists of three
chambers to keep the final growth chamber under UHV conditions at all times. The
load-lock chamber utilises a rotatory mechanical pump and is vented every time a
wafer is loaded. The wafer is then transferred to a preparatory chamber, which uses an
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ion pump to transition from high vacuum conditions in the load-lock to UHV in the
growth chamber. Finally, the wafer gets transferred to the growth chamber under UHV
environment. This chamber uses an ion pump, a cryogenic pump and liquid nitrogen
circulation to trap residue gases onto the cold walls of the stainless steel chamber,
ensuring UHV conditions. All sample growth and maintenance work of the MBE
system were carried out under the supervision and direction of Professor Huiyun Liu
and Dr. Jiang Wu. They contributed to generating the recipe of the growth process,
including the calculations of the growth parameters and calibration. Together, we
contributed to the structural design of the solar cells for this work.
Figure 3.2 shows a schematic illustration of the MBE system. As mentioned
earlier, heating an effusion cell initiates vaporisation of the ultrapure elemental source
in it. The vaporised species beam out as a molecular flux onto the crystalline wafer
substrate. In the process, an epitaxial build-up takes place on the growth substrate, via
adsorption of incoming homoatomic molecules (e.g. Ga, As2 As4 etc.). The deposited
species will migrate on the growing surface before dissociation occurs, which is the
instant where the acquisition of the species to the epitaxial layer takes place. The
migration and morphology of the growing layer depends on several aspects: (1) the
flux rate, (2) the substrate temperature and (3) the crystallographic orientation.
Group III and group V elements have different polarities, and this determines the
growth order sequence. The group III (cations) species have a unity sticking
coefficient to the substrate surface, they are chemisorbed onto the growing surface and
migrate to suitable lattice site at which they are incorporated. On the other hand, group
V elements are physisorbed to the growing surface and requires the presence of group
III elements in order to stick to the surface. Therefore, the growth rate of III-V
compounds is dictated by the group III flux rate only and excess group V atoms are
desorbed from the surface.
The migration length of the absorbed group III and V species is another important
factor that determines the growth mode, and it is dependent on the growth temperature.
The supply of thermal energy of the substrate facilitates the migration of the species.
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In the case of low temperature, migration length is short and the III-V islands formed
on the surface may fail to adjoin one another to form a complete 2D layer. In the case
of high temperature, the migration length is extended and the probability of the
element reaching the edge of an island increases. This facilitates an atomically flat 2D
growth surface, but may lead to vacancies in lower layers.

Figure 3.2: Schematic illustration of a MBE system showing the effusion cells pointing towards the
sample stage controlled by mechanical shutters and an in-situ RHEED system within the growth
chamber [77].

3.1.2 Reflective High-Energy Electron Diffraction (RHEED) system
In order to monitor the crystal growth, a Reflective High-Energy Electron
Diffraction (RHEED) system is employed in the MBE growth chamber. Figure 3.3
shows a schematic diagram illustrating the diffraction pattern of the incident electron
beam. It is a non-invasive and in-situ method to monitor the modifications of the
surface morphology of the substrate wafer during growth. It consists of an electron
gun that emits a high energy electron beam (~15 keV). This beam propagates to the
sample surface and where it gets diffracted and reflected onto a phosphorescent screen.
The phosphorescent screen captures the diffraction patterns, as depicted in Figure 3.3.
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During the growth, different surface morphologies result in different diffraction
patterns. The arrangement of the atoms on the wafer surface changes the diffraction
pattern in real-time. As a result, the RHEED monitor gives immediate indication on
the growth surface morphology. There are many advantages of integrating the RHEED
system with the MBE. It is primarily favoured for creating no interference with the
molecular beam fluxes.

Figure 3.3: A schematic diagram showing the operation principle of a RHEED system where an
incident electron beam is diffracted to the phosphorus screen depending on the surface morphology
of the sample, giving information about the growth in real-time [77]

3.1.3 Growth of Semiconductor Quantum Dots
There are various ways of growing III-V solid-state QDs. The most common way
is by forming 3D islands on the host surface [80]. The various MBE growth modes
encompass Frank-van der Merve, Stranski Kranstanov and Volmer-Weber mode [7880], as shown in Figure 3.4. The growth mode is determined by the lattice strain and
surface free energy [81-83]. In the Frank-van der Merve growth mode, the atoms of
the thin film are more strongly bound to the substrate than to each other. It undergoes
layer-by-layer growth and does not initiate island formations. In contrast, in the
Wolmer-Weber growth mode, the atoms of the film are more strongly connected with
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each other than to the substrate. As a result, in Volmer-Weber growth mode, the atoms
form 3D islands directly on the surface of the substrate. The Stranski-Kranstanov (SK)
growth mode is somewhat intermediary between the two growth modes mentioned
above. It initially progresses with a layer-by-layer deposition, with layers strongly
bound to the substrate. Eventually, the elastic potential energy gets released during the
nucleation 3D islands on the top layer.

Figure 3.4: Three major processes for thin-film growth showing the gradual changes in the film as
more monolayers are added to the surface: (a) Frank van der Merve, (b) Stranski-Kranstanov and
(c) Wolmer Weber [78].

What makes the SK growth mode attractive in delivering self-assembled 3D
islands is its relatively good uniformity and potentially defect free. This delivers a
homogenous QD population that is easy to control. A homogeneous QD population
gives a narrow emission line-width, which is important for certain optical devices,
including QD-IBSCs. Furthermore, it is also a relatively inexpensive technique
compared to other methods such as lithographically patterned electrodes and e-beam
lithography.
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Figure 3.5: Self-assembled InAs/GaAs QD formation in SK mode showing the shape and size
transformation after capping [79].

In the SK growth mode, QDs are formed by exploiting the lattice mismatch of two
materials. There are different combinations of materials which forms self-assembled
QD systems, such as InAs/InGaP [38, 84], InAs/GaAsSb [34, 85, 86], and
InAs/AlGaAs [35, 87]. Among all, the growth conditions to yield high quality QDs
are best understood for InAs/GaAs. Hence, it is the most common QD material system
studied for IBSCs. InAs and GaAs are both zinc-blende materials, but their lattice
constants differ by about 7%. In the growth process, the build-up of InAs epitaxial
layers experiences a gradual strain on top of the GaAs layer. At a critical thickness of
about 1.5 monolayers (ML), the accumulated strain creates a high elastic potential
energy. This elastic potential energy is relaxed by inducing breakage of the 2D InAs
layer [88]. The In and As atoms nucleate into nano-droplets on top of the GaAs, and
each droplet forms a 3D island. It is worth mentioning here that the unbroken InAs
layer below the InAs islands is called the wetting layer (WL). Sometimes, the presence
of the WL is used to confirm what growth mode was used to fabricate the QD. The
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SK mode normally obtains a QD density of 3 x 1010 cm-2 with a size distribution
ranging from 20 to 50 nm [80]. The QD height is between 3-5 nm depending on the
amount of InAs coverage.
Furthermore, the formation of QDs during the growth process is attested by the
RHEED system. In and As atoms delivered onto the GaAs surface from the molecular
beam fluxes first form an epitaxial 2D layer, with a relatively flat surface. The
adsorbed atoms undergo surface migration to form the new 3D layer. The RHEED
signal normally oscillates as new layers are progressively formed, and the transition
from a 2D thin film to an array of 3D InAs islands directly inflicts a high degree of
scattering. As a result, diffraction pattern changes with reduced signal intensity. This
indicates that the 3D islands nucleation process has taken place.
Figure 3.5 shows a schematic of InAs QD-grown on a GaAs surface and capped
by GaAs material. Usually, the QDs are capped with several monolayers of GaAs
material as a spacer layer to enwrap the 0.36 eV InAs material. This usually results in
QDs with a truncated pyramid shape as shown in the Figure. The smaller bandgap
energy material enclosed with a higher bandgap material creates a bandgap offset to
the VB and the CB. This induces a quantum confinement for the energy states in the
smaller bandgap energy material and as a result exhibits quantised energy levels. Thus,
self-assembled InAs/GaAs-QDs exhibit quantised energy levels which are employed
to form the IB. The insertion of the InAs/GaAs QD system into a suitable p-n junction
is the starting point for pursuing the IBSC concept.

3.1.4 Designing the Quantum Dot Solar Cell
All the solar cells in this work were grown by MBE to fabricate a superlattice
semiconductor structure. The QD layers are grown within this structure. Figure 3.6
shows a schematic illustration of the QD solar cell structural layout. The solar cell
structure is designed to exhibit a p-n junction in order to form a workable photovoltaic
device with a depletion region. The n-side and p-side of the solar cell are doped with
Si and Be, respectively.
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Figure 3.6: A schematic illustration of the structural design of a semiconductor QD solar cell with
the materials of each layer

Usually, an epi-ready n+-GaAs wafer (100) is used as a substrate to host the solar
cell growth. To form the n-region, a relatively thick GaAs buffer layer of about 1000
nm is first grown to offset any imbalance strain from the substrate. This layer serves
the purpose of accommodating the difference between two crystallographic structures
and minimise strain. It is an n-type material heavily doped with donor Si atoms. A
very thin Back Surface Field (BSF) is employed to reflect minority carriers back to
the depletion region, which serves the purpose of minimising the carrier loss in the
solar cell. More buffer layers are added at the end of the n-region to accommodate for
the intrinsic (i)-region as well as to drive out photogenerated carriers with minimal
losses in order to increase solar cell efficiency. Another important role for the buffer
layer is to prevent abrupt band discontinuities at the interface of the window layer,
preventing loss of minority carriers.
QD layers are grown inside the i-region, without any dopants. Normally, the QD
layer is formed by depositing a thin GaAs layer of about 20 nm to serve as a spacer
layer, followed by InAs of more than 1.5 ML. This is where the SK growth mode is
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employed to achieve a highly uniform array of QDs, as mentioned above. Usually, 20
repeated layers of InAs/GaAs QDs are used to form this region. The growth rates and
flux ratios can be controlled by the growth temperature and shutters sequence to
modify the growth mode. This i-region can be modified for the purpose of
investigation, such as changing the material or material composition.
Last, to form the p-region, a p+-GaAs layer of around 200 nm is deposited on top
of the i-region. This time the GaAs layer is doped with acceptor Be atoms to achieve
a p-type semiconductor. The Be dopant concentration is about 1018 cm-3. A relatively
thin window layer is composed of a high bandgap material to reflect minority carriers
in the p-type semiconductor. Finally, a GaAs contact layer heavily doped with Be is
deposited on top of the window layer to complete the solar cell structure. This contact
layer is designed to form the interface with metal contacts to serve the purpose of
carrier extraction. Therefore it is heavily doped (p+) with Be concentration as high as
1019 cm-3. Since the p-type semiconductor is the top surface exposed to illumination,
the contact layer is kept thin at about 50 nm to minimise parasitic absorption.
The band diagram of the solar cell described in Figure 3.6 is depicted in Figure
3.7, except that only one layer of QDs is considered. It is shown here how the minority
carriers are reflected back towards the designated contact by the window and BSF
layers. Electrons are blocked from leaving the p-side and holes are blocked from
leaving the n-side. This is possible with larger bandgap materials than the host. It is
an important feature in the design of solar cells because carrier recombinations occurs
more likely on the surfaces due to dangling bonds. Typically, the window layer is
formed of a 30 nm thick Al0.75Ga0.25As layer with a Be dopant concentration of 1018
cm-3. A BSF layer is usually formed of a higher bandgap material, typically a 30 nm
thick Al0.33Ga0.67As layer doped with Si atoms with a concentration of 1018 cm-3. Both
the window layer in the p-region and BSF layer in the n-region serve the purpose of
preventing the loss of minority carriers by reflecting electrons and holes back to the
depletion region [91].
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Figure 3.7: Band diagram of the solar cell with inclusion of the IB, the window layer and the backsurface field layer as illustration of design approach for quantum dot solar cell.

3.1.5 High Growth Temperature Spacer Layer
Materials with different lattice constants suffer from internal defects when grown
on top of each other. These can be vacancies or interstitial defects, both forming traps
for carriers and resulting in increased NR recombination rates. Superlattice structures
usually accumulate a lot of strain due to the use of lattice-mismatched materials, which
leads to damaging effects such as threading dislocation [92], as shown in Figure 3.8(a).
This attenuates the capability of QD formation in subsequent layers. Thus not only it
induces harmful defects in the solar cell but it also places an upper limit to the number
of QD layers in the i-region. To prevent this problem, a high-temperature spacer layer
growth technique is employed to relieve the strain [92-93]. This layer is subjected to
high thermal treatment of 510 °C to smoothen the surface of GaAs by increasing the
surface mobility of Ga adatoms. The reduced surface roughness prevents vertical
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dislocations by relaxing the accumulated strain, as shown in Figure 3.8(b). As a result,
the defect density in the GaAs spacer is minimised [90].

(a)

(b)

Figure 3.8: A transmission electron microscopy image or 30-stack QD layers grown with (a) and
without (b) high temperature growth spacer layer [93]

The technique overcomes issues arising from strain accumulation, allowing for
more QD layers to be stacked on top of one another. This allows, normally, 20-layers
of QDs to be embedded into the i-region. However, this is not without limit as residual
strain still remains even when the spacer layer is thermally treated. It has been reported
that the performances of a 50-stack QD layer solar cell were lower than a similar
structure with a 25-stack QD layer [94]. The conversion efficiency was severely
degraded due to the presence of defect-induced NR recombination. For this reason,
the QD solar cells design in this work will not aim to over-stack QD layers. Each QD
layer normally has an array QD density of about 1010 - 1011 cm-2. This would give a
total density of 1012 cm-3, which is sufficient to measure the optical properties of the
QD i-region of the solar cell.

3.2 Device Processing
3.2.1 Introduction
After the grown QD solar cell leaves the MBE, one may cleave the sample into
smaller pieces. The zinc-blende GaAs wafer with (100) orientation allows straight
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clean cleaving. Therefore, a small score with a diamond tip followed by adequate
pressure to the score can divide the sample in a straight line without damaging the cell
structure. There may be oxidation of the AlGaAs layer from the side of the cleaved
sample, causing defects, but this should not a significantly impact the solar cell
performances as the ratio of the top surface to the side surface area is very low.

0.375 mm

4.200 mm

4.200 mm

0.050 mm

0.300 mm

0.100 mm

Figure 3.9: A Schematic diagram to illustrate the shadow mask labelled with the dimensions of the
structure, designed for patterned metal deposition on the front surface of a solar cell.

The top surface of the solar cell is designed to allow light propagation. Therefore,
the metal contact area should be minimised on this side of the solar cell to reduce
shadowing. However, carriers exiting the depletion region of the solar cell have a
limited diffusion length. Hence, they must be collected before recombination. In order
to maximise this collection probability without a significant shadowing, the top
contact of the solar cell device consists in a patterned metal contact. Figure 3.9 shows
a CAD drawing of the design of the solar cell mask. The resultant solar cell could be
wire-bonded onto a carrier. The mask pattern consists a middle bus bar with lateral
fingers, where the fingers are thinner than the bus bar.
The patterning can be achieved by either a photoresist mask or a shadow mask. A
photoresist mask allows high-resolution fabrication of small (around nm) features.
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This involves photolithography techniques. In addition, the mask designed for
photolithography usually facilitates mesa-etching at later stages. It can be used to
isolate neighbouring devices from each other [95]. A shadow mask can be used on
relatively larger samples of about 1 cm2, and the solar cell isolation is then achieved
via cleaving. In the case where solar cells are not grown directly on GaAs, but on a Si
substrate instead, photolithography techniques are exploited for the purpose of mesaetching, to allow an n-type contact to be formed directly from the top of the solar cell.
This bypasses the Si substrate and avoids carrier loss through the defects at the IIIV/Si interface. Both techniques take the solar cell coverage area into account, which
is important for current density and efficiency measurements.

Figure 3.10: A process flow diagram illustrating the processing steps for the top p and bottom n
metal contact deposition to convert a sample into a workable solar cell device.

Device processing took place in the Class 1000 (ISO 6) cleanroom of the London
Centre of Nanotechnology (LCN). The grown solar cell structure leaving the MBE
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system is transferred to the LCN cleanroom where it is processed into workable solar
cells. Figure 3.10 shows a flow diagram of the process used for the deposition of the
metal contacts to the solar cell, converting the semiconductor crystal structure into
workable solar cells. This is essential to probe the cells and perform electrical and
optical measurements on them. Current density-voltage (J-V) characteristics and
External Quantum Efficiency (EQE) measurements on the solar cells would not be
possible without these contact electrodes. The steps of the process are detailed here,
which includes (1) cleaning, (2) photolithography, (3) chemical etching, (4) plasma
etching, (5) thermal metallisation and (6) thermal annealing. Last and optional, the
solar cells can be wire-bonded onto a chip-carrier as shown on Figure 3.9.

3.2.2 Sample Cleaning
In order to ensure a high quality semiconductor-metal interface, the surface of the
wafer needs to be as clean as possible all along the fabrication process. Even
microscopic organic residues can strongly interfere with the formation of a good
Ohmic contact. Microscopic contaminants can introduce defects into the
semiconductor-metal interface. This could potentially disrupt the surface crystallinity
and increase surface recombination, leading to a degradation of the devices
performances. To prevent this problem, each solar cell is cleaned in acetone for 5 min
under sonication to degrease the surface. The sonication delivers ultrasound waves to
agitate the sample, allowing organic contaminants dissolve in the acetone effectively.
Next, the sample is bathed in isopropanol (IPA) and methanol for 5 min each,
under sonication. The sample is blow-dried with nitrogen gas. Chemical resistant
plastic tweezers should be used when handling the sample in this process to minimise
scratching on the surface. This helps to minimise possible damage to the crystal,
avoiding potential scratch-induced recombinations impacting the ideality factor [96].
The sample is examined regularly under an optical microscope to identify any
unexpected particles or damage on the surface. For tenacious particles, an IPA-soaked
cotton bud is sometimes used to gently rub the sample to brush away the stubborn
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residues. The cleaned samples are then rinsed with deionised water and dried again
with nitrogen gas. For complete dehydration, the samples are heated in an oven at 200
°C for 30 min and leave to cool down at room temperature.

3.2.3 Photoresist spin-coating
A spin-coater is used to apply a uniform layer of photoresist onto the sample.
Photoresist is a light-sensitive organic polymer, therefore the material is stored and
handled under filtered light at all times. Dehydration of the samples helps to minimise
any undesirable reaction with the photoresist. When a lift-off process is used, Shipley
LOR10A (a lift-off photoresist) is spin-coated on the sample first. This photoresist has
a higher rate of solubility, which is purposely used to generate an undercut. This
undercut will later facilitate the lift-off process by opening channels for the solvent.
LOR10A is spin-coated at 4000 RPM for 30 sec, usually leaving a thin uniform layer.
Any particle on the sample surface will generate an uneven photoresist thickness on
the sample, so it is important to ensure the sample is clean and dehydrated. After spincoating, the deposited LOR10A photoresist is baked on a hot plate at 185 °C for 10
min. After cooling down, Shipley S1818 is spin-coated on top of the LOR10A using
the same procedure and soft-baked at 115 °C for 1 min. Usually with this spin-coating
RPM and time, the total thickness of the photoresists combined is about 2 μm.

3.2.4 Photolithography patterning
The photolithography technique uses UV-light to induce a chemical modification
of the spin-coated photoresist. It is a widely used technique for electronic devices due
to its ability to micro-fabricate integrated circuits with a high resolution. In a
photolithography process, a photomask is used to transfer a geometric pattern onto the
sample. The photomask is a glass plate with a pattern made of a thin film of chrome
deposited onto it. The pattern is specifically designed for the purpose of the device.
For example, the solar cell photomask used in this work has a pattern consisting of a
bus bar and fingers, like the pattern shown in Figure 3.9. The features size using this
technique depends on the mask. The current state-of-the-art in photolithography, using
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deep ultraviolet light, can achieve a resolution of about 200 nm. Usually, one mask
contains many repeated patterns to manufacture many devices onto the same sample.
To be aligned with the sample, the mask is mounted onto a mask aligner using a
vacuum holder. In this work, a Karl Suss MJB3 mask aligner has been used. The
sample is mounted onto a vacuum chuck, in close contact with the photomask, and
then aligned. The sample is exposed to UV-light in order to soften the photoresist. The
exposure time is usually 1-5 sec, depending on the thickness of the photoresist on the
wafer. After exposure, the sample is dipped into a developing solution (MF-26A) for
45 sec to dissolve the softened photoresist. The metal contact pattern is thus transferred
to the photoresist.

3.2.5 Oxide Removal
An oxide layer usually builds up on top of a semiconductor surface when exposed
to air. This will impair the quality of the contact if left on the surface. Either dilute
hydrochloric acid (HCl - one part HCl with 1 part deionised H2O) or ammonia solution
(NH3 - one part NH3 with 19 parts deionised H2O) can be used to remove the oxide
layer. The sample is dipped in the solution for 30 sec followed by blow-drying with
nitrogen gas. No rinsing with deionised water is needed. Although HCl and ammonia
are both non-reactive to GaAs material, it should be noted that point defects on the
surface may cause the sample to partially react with the solution. Loading the samples
into the chamber of the evaporator immediately after oxide removal is recommended
to avoid re-oxidation.

3.2.6 Thermal evaporation of metal contacts
Contacting the solar cell with metallic electrodes allows extraction of carriers from
the semiconductor to an external load. Among metals, Au offers high electrical
conductivity and is often used as part the contact electrodes. However, Au presents a
relatively weak adhesion to GaAs and thermal treatment can cause the Au atoms to
diffuse through the GaAs surface into the semiconductor. More importantly, to form
a metal-semiconductor Schottky diode, metal with low energetic barrier is preferred
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to facilitate extraction of the carriers. This thin Schottky barrier allows conduction
across the semiconductor junction by tunnelling. Therefore, accompanying metal(s)
are deposited first to facilitate Ohmic contact formation as well as adhering of Au and
prevent Au diffusion. For the bottom contact to the n-type region, a Ni/AuGe/Ni/Au
structure is typically used. For the top contact to the p-type region, Ti/Pt/Au or AuZn
are typically used to form Ohmic contacts [97]. Both contacts are usually annealed
separately in order to improve their crystalline quality and force the diffusion of the
interfacing atoms from the electrodes into the semiconductor.
Metal contacts on the p- and n-side of the wafer have usually been deposited using
an Edwards E306 Bell-jar thermal evaporator. Alternatively, an electron beam
evaporator can be used to melt and evaporate metals with a higher fusion point such
as platinum. Classic thermal evaporators consist of a glass bell-jar cover, which is
sealed to the base of the evaporation stage with a rubber seal. The bell jar is usually
cleaned before the evaporation procedure with concentrated hydrochloric acid or IPA
to remove coatings from prior evaporations on the glass. This ensures good
transparency, which helps to reduce heating inside the evaporator by avoiding light
and heat reflection inside the bell jar. Transparency also enables visibility for the user
to observe the evaporation process. Before loading the evaporator, the metal is cleaned
with IPA under sonication to avoid contamination during the metallization step. Each
metal type is held on a separate molybdenum boat. Molybdenum boats are used
because they could withstand high currents and high temperatures. The sample is
mounted on a copper block for efficient heat dissipation during the evaporation. It is
placed about 15 cm directly above the metal sources.
A rotatory pump is used for rough pumping in order to obtain a vacuum level of
10-2 mbar inside the bell jar. A fine pumping step, using an oil pump, follows to further
reduce the pressure to a vacuum level of 10-6-10-7 mbar after a few hours of pumping.
With a sufficient current through the molybdenum boat, the metal melts and generates
vapours to coat the sample. The deposition rate is controlled by the current across the
molybdenum boat. Mechanical shutters allow control on the beginning and ending of
the evaporation. The thickness and deposition rate are monitored by a piezoelectric
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quartz crystal resonator inside the evaporator. Usually, 200 nm of AuZn alloy and
5/50/20/200 nm of Ni/AuGe/Ni/Au are deposited onto the p- and n-side contacting
layers of the sample, respectively. Separate evaporators are used for each contact to
prevent cross-contamination. Post-evaporation thickness check is achieved with a
Dektack XT surface profiler.

3.2.7 Lift-off
As the metal covers the whole sample, a lift-off process is needed to remove the
photoresist and the metal on top of it to leave a patterned contact. Shipley microposit
remover 1165 is normally used. It is a mixture of solvents designed specifically to
remove all Shipley photoresist without degrading the sample. Normally, submerging
the sample into this solution for 20 min without agitation is enough to gently lift-off
the photoresist, leaving the newly evaporated metal contacts intact.

3.2.8 Plasma Etching
Microscopic organic residues can sometimes be left behind from the photoresist.
Oxygen plasma etching, also known as dry etching, ensures complete removal of
microscopic organic contaminants on the wafer surface to achieve an ultraclean
profile. It consists of gusting the sample surface with a high-energy ionised oxygen
plasma which only targets the organic residues.

3.2.9 Mesa-etching
Mesa-etching uses chemical solutions to etch down to the desired depth to create
a mesa to isolate devices on the sample. This ensures current and optical confinement.
GaAs etchants operate by oxidising the surface and then dissolve the oxide. In the
process, it removes some Ga and As atoms. The chemical solution used for the etching
consists of H3PO3: H2O2: H20 (1:1:3). The sample is protected by a patterned
photoresist layer and only exposes the area that is targeted for etching. The immersion
of the sample into the solution would then be etched selectively. This exposes the area
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underneath the surface of the solar cell and allows contacts to be made from the top of
the solar cell, avoiding contact to the wafer.

3.2.10 Thermal Annealing
Post-evaporation thermal annealing enhances the quality of the semiconductormetal interface by allowing diffusion of metallic atoms into the semiconductor. A
Solaris 150 rapid thermal processor has been used for this purpose. It allows rapid
ramp up and ramp down of temperature under controlled atmosphere. To ensure
minimal oxidation, nitrogen gas is purged through the annealing chamber. The
contacts to the p- and n-region are usually annealed at 380°C (30 sec) and 420°C (30
sec), respectively. Thermal treatment at the same temperature for a significantly longer
time, for example 420°C for 60 min, did not show any difference. The improvement
of the quality of the semiconductor-metal interface via thermal treatment process
decreases contact resistivity [98]. If the thermal treatment exceeds the optimum
temperature, pit can form on the metal surface. Rough undulations on the p-side metal
contact have been observed after thermal treatment above 460 °C. Above 550 °C, pits
began to form. This was found to be due to Ga and As atoms from the sample
intermixing with Au atoms. As a result of metal degradation, the contact resistance
was affected with an uneven spreading of current.

3.2.11 Shadow mask patterning
A metal shadow mask can be used as an alternative choice to the photomask in the
photolithography process. It has defined patterns for metallisation where metal
contacts can be deposited directly through, avoiding the use of photoresist. It forms
direct physical contact with the sample and accompanies the sample inside the thermal
evaporator [99]. Using thermal tapes, the 100 μm stainless steel shadow mask can
simply be attached to the sample.
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3.2.12 Wire-bonding

Figure 3.11: A photograph of the final solar cell wire bonded to the chip carrier.

Workable solar cells after development can be measured by connecting a probe
station to the electrode contacts of the solar cell. Alternatively, a chip carrier can be
used to prevent mechanical damage in the contact. This way, the solar cell contact can
be extended to the chip carrier. Figure 3.11 shows a photograph of two processed solar
cells bonded onto a chip carrier by gold wires and In paste.

3.3 Device Characterisation
3.3.1 Transmission Line Measurement
Low metal-semiconductor contact resistance is a requirement to ensure minimal
impedance to the extraction of carriers. For a poor contact, the carrier extraction
mechanism will be interfered with thermionic loss at the interface. The contact
resistivity provides a general parameter used in device processing to compare the
quality of the metal-semiconductor contact. It indicates how well the Ohmic contact
is formed on the solar cell. To measure the contact resistivity, a Transmission Line
Measurement (TLM) technique is used [97] on both n- and p- contacts. The TLM is a
pattern of equally-sized metal pads unequally spaced to each other. A current sweeping
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across two pads measure the resistance through the semiconductor-metal interface.
The increased resistance as a function of the pad separation distance generates a plot.
The line of best fit to the plot follows this equation:

𝑅=

𝐿
√𝜌𝑐 𝑅𝑠
+ 𝑅𝑠
𝑊
𝑊

(31)

where 𝜌𝑐 is the contact resistivity, 𝑅𝑠 is the sheet resistance, 𝐿 is the distance
between the pads, and 𝑊 is the width of the contacts. TLM patterns are included in
the solar cell photomask for the purpose of testing the contact resistivity. Currently the
𝜌𝑐 achieved are ~ 1 x 10-5 Ω ·cm2 on both the n-side and p-side of the device. The
other resistances including the sheet resistance across the semiconductor and probeto-metal resistance are routinely tested for quality control. In addition, the series
resistance across the cell is measured 2-5 ohms. As a result, a fill factor of typically
65-75% is achieved in this work. Each device development aims to achieve a low
metal-semiconductor contact resistivity using the available tools in cleanroom
facilities. It should be stressed that in order to achieve maximum solar cell
performance a minimal contact resistivity is necessary.

3.3.2 Atomic Force Microscopy
An atomic force microscopy (AFM) is a topographic scanning technique invented
by IBM scientists in 1986, developed by Gerd Binning and Heinrich in Zurich. An
AFM consists of an atomically sharp tip attached at the end of a spring-like cantilever
typically made of Si or SiN. Figure 3.12 shows a schematic illustration of AFM
operating with laser diode on the cantilever spring and detection of surface topography
is directly recorded using a photodetector. The tip is brought into proximity with the
sample and measure the force between the tip and the sample. It scans the top of the
sample in the x and y axis. The force could be mechanical contact force, van der Waals
force, electrostatic force and more…etc. The force bends the cantilever co-ordinately
subjected to the surface morphology of the sample. A laser is directed to the cantilever
and deflected to a position-sensitive detector. There are three operation modes for
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AFM: Contact mode, tapping mode and non-contact mode. In the contact mode, the
signal is measured by directly contacting the tip onto the sample and drag along the
surface. Tapping mode avoids the “sticking” to the liquid meniscus layer on the sample
surface in an ambient condition by oscillating up and down just above the sample using
a piezo element on the cantilever. This mode allows the AFM imaging technique to be
used on biological components. In the non-contact mode, the tip oscillates above the
surface and changes to the resonance frequency is registered by a feed-back loop and
the average tip-to-sample distance constructs a topological image.
The surface morphology of the uncapped QD samples or the solar cell device was
characterized by the Veeco Nanoscope V AFM machine to produce a precise
topographic data of the surface of the sample. It is particularly useful in this work for
examining the QD morphology. This allows the lateral size and height of the QD to
be analysed. The computer software which controls the scan is called Nanosurf.

Figure 3.12: A Schematic diagram illustrating the operation principle of an atomic force
microscopy [100].

Usually, to study the QD morphology, an uncapped QD layer is grown for surface
examination purposes. This would deliver indications to the quality of the growth and
the QD uniformity and characteristics. Information relating to the QD size distribution
and density can also be obtained. Therefore, AFM images offer quick and valuable
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information to understand the evolution of the QD when conducting a growth study.
Any observation of large particles and clusters on the growth surface can be observed
with this relatively quick and simple technique. It provides feedback to the growth
process and adjustments to growth parameters can be made.

3.3.3 Photoluminescence
Cryostat
Lens

Optical Chopper

Sample

Density filter

Monochromator

Photodetector

Stepper motor control

532 nm

Lock-in-amplifier

PC

Chopper Control

Figure 3.13: Diagram illustrating a typical photoluminescence measurement setup for optical
characterisation of semiconductor devices using a 532 nm pump diode solid-state laser.

The photoluminescence (PL) spectroscopy is a contactless and non-destructive
probing method using a high photon energy laser to excite a semiconductor sample of
a lower energy bandgap. It is commonly used to determine the electronic structure of
a sample. Figure 3.13 shows a schematic illustration of the photoluminescence setup.
It was set up with a 532 nm diode pump solid-state laser. The laser spot size is 1 mm
in diameter, however due to the lens and mirrors used in the setup, the laser spot size
on the sample may change slightly. The laser excites the sample and luminescence is
generated via the radiative recombination of the semiconductor sample. The emission
signal from the radiative recombination process disperses out from the semiconductor
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material and is collected in a series of biconvex lens. This converges the emission
signal into a focusing spot of collimated light towards a 0.25m monochromator. An
optical chopper is used to chop the signal into a modulated pulsed signal. A lock-in
amplifier is employed to enhance the signal-to-noise ratio and directly controls the
optical chopper. The monochromator consists of a grating system controlled by a stepmotor to launch an optical diffraction. A dichroic mirror helps to direct the selected
wavelength of light into the pinhole of the Ge photodetector cooled by a thermoelectric
cooler. A radiometer in connection with the photodetector receives the electrical
signal from the photodetector and generates a readout. The computer software TracQ
Basic was used to control the start-stop of the measurement.
The PL emission spectrum offers invaluable information about the semiconductor.
The position of the peak(s) in the spectrum indicates the energy of the bandgap. The
height of the peak reflects on the strength of the emission, which is important for
assessing the quality of the sample. For the QD emission, the full-width-half maximum
(FWHM) of the peak indicates the uniformity of the QD population. Because the QD
may exhibit more than one state (i.e. first excited state (FES)), it is important that a
power-dependent PL measurement is carried out initially to distinguish the ground
state (GS) from the FES. This can be accomplished by using different optical filters to
dampen the laser power.
Due to the temperature-sensitive characteristics of a semiconductor material, a
temperature-dependent PL measurement is sometimes carried out. The suppression of
thermal emission removes the effect of crystal defects to the PL emission. This
measurement can be carried out by mounting the sample onto a copper stage to enable
intimate thermal connection to the cryo-system. This is facilitated by thermal grease
and/or silver tapes. The system is enclosed with a stainless steel cryostat cover, which
is clamped with a metal binding ring to enhance the seal. The chamber can be pumped
down by a rotatory pump at 1500 rpm to achieve vacuum environment for the sample
inside the chamber. Liquid helium from a compressor was used to circulate to the
system to cool down the sample. The minimum temperature achievable in this system
is 8 Kelvin. An electric heater and a thermocouple are situated directly under the
93

Chapter 3: Experimental Methods

copper stage. The thermocouple generates a feedback to a thermal controller which
controls the temperature in the chamber with a PID feedback loop to achieve and
stabilise the temperature.

3.3.4 Light Current Density – Voltage Measurement
The light current density-voltage (J-V) curve is essentially an electrical
characterisation tool in the presence of illumination. The electrical characterisation is
carried out using a Keithley 2401 source meter. 4-point Kelvin probes are used to
remove the effects of probe resistance. A temperature controlled stage is employed to
keep the temperature of the solar cell stable, usually fixed at 25 °C.
Under dark conditions, the diode properties can be examined by injecting carriers
into the cell with electrical means rather than light-generated carriers. From reverse to
forward bias, a typical diode curve is formed. This gives a dark current measurement
which provides diagnostic information about the solar cell such as ideality factor and
saturation current. A Xeon lamp radiating collimated light which simulates AM 1.5 G
spectrum, is used to illuminate the solar cell sample on the stage. Suction from the
stage keeps the solar cell in position. Figure 3.14 shows the set up used in measuring
the light J-V curve. Simulated sunlight (1 sun) is collimated and illuminates directly
onto the stage where the solar cell is mounted.
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Figure 3.14: Typical setup for electrical characterisation of solar cells using simulated sunlight of
AM 1.5 G [101]

The illumination is calibrated to 1000 mW cm-2 using a RERA Si reference solar
cell. When the solar cell sample is illuminated, a flow of the photocurrent under a
photovoltaic effect generates electrical power. The area of the solar cell, usually about
0.25cm2, is accounted in the JSC calculation. The ratio of the electrical power to the
power of inputted illumination is the total efficiency (ƞ). The aforementioned equation
for conversion efficiency is shown again here:

ƞ=

𝐽𝑠𝑐 𝑉𝑜𝑐 𝐹𝐹
𝑃𝑖𝑛

J-V measurement is a standard procedure to measure the electrical parameters,
which is standardised using AM 1.5G illumination to enable comparison with
literature results. In a QD solar cell measurement, it is important to include a reference
solar cell of the same structure but without QD structures to provide a control baseline.
This is usually a p-i-n solar cell with only GaAs bulk material in the i-region. It
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provides clarity in the measurement to distinguish the effect of including QD
structures in the solar cell. In addition, if the reference cell is processed at the same
time as the QD solar cell, the GaAs reference solar cell could offer additional
information if a fabrication issue occurred.
In addition, the temperature-control stage could be used to measure the sensitivity
of the solar cell at different thermal conditions up to 80 °C. The amount of changes to
the JSC and the VOC as a function of temperature can be measured to provide
information about the temperature sensitivity of the solar cell, especially when QD
structures are included.

3.3.5 External Quantum Efficiency
100 W Halogen Lamp

Optical Chopper

Monochromator

Sample
Lock-in-amplifier

Computer control

Figure 3.15: Typical setup for external quantum efficiency measurement from SpeQuest, with
Halogen lamp of 100W monochromatically illuminated onto the solar cell sample.

Figure 3.15 shows a schematic illustration of an external quantum efficiency
(EQE) system. The EQE spectroscopy is a measurement of the ratio of photogenerated
carriers collected to the number of photons of a given energy. In solar cells and
photodetector devices, it is an essential measurement to characterise the sensitivity of
96

Chapter 3: Experimental Methods

the device to the wavelength of light. The setup is supplied by the RERA SpeQuest
Quantum Efficiency system, which consists of halogen lamp chopped at a frequency
of 188 Hz to generate pulsed light. A monochromator is employed to generate
monochromatic light from the halogen lamp, which gets directed to the solar cell via
a series of lens. A spectral coverage of 200-1800 nm can be measured. The solar cell
is connected with an integrated Keithley system at room temperature and zero bias.
Either a Si or Ge reference solar cell is used for calibration of the system, depending
on the desired spectral region. Photor 3.1 software is used to initialise the system and
display the EQE spectrum. The relationship between the JSC and the corresponding
quantum efficiency spectrum can be seen in this integral equation:
∞

𝐽𝑆𝐶 = 𝑞 ∫ 𝐹(𝜆). 𝐸𝑄𝐸 (𝜆)𝑑𝜆
0

𝐹 is the photon flux and 𝑞 is the elementary charge of an electron. It is possible to
calculate the JSC using the spectral response of the cell. This equation, however,
assumes that the EQE used is representative of the entire solar cell.

3.4 Chapter Summary
The method of fabricating QD solar cell has been discussed in this chapter. Using
the MBE facility, ultrapure semiconductor crystal for the solar cell can be grown. It
consists of elementary solid-state sources that generate molecular beam flux on a
substrate surface to initiate a reaction on the surface of the substrate. The machine can
manufacture pure monolayers of semiconductor crystals, grown with fine atomic
precision. Suitable dopants are available in-situ to convert the semiconductor crystal
to an n-type or a p-type material. Such technology using diffusion sources promises to
deliver highly uniform crystals. The substrate to host the solar cell is a semiconductor
wafer on which the solar cell thin film is directly grown. The wafer containing the
solar cell structure is then developed into solar cell devices.
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The design of the III-V semiconductor solar cell is outlined. All solar cells are
grown on a GaAs (100) epi-ready wafer substrate. InAs/GaAs self-assembled QDs
grown in SK-mode were used in the solar cells. Overall, the solar cell structure
comprises a p-n junction which exhibits a built-in E-field in the depletion region. This
sweeps the carriers to their designated terminals to generate a unidirectional flow of
carriers. A window and BSF layer are employed to minimise surface recombination.
Also, the semiconductor surface contact is designed to form selective contacts. These
designs accommodate the QD within the depletion region. The QDs are used as an
absorber material, employed to exhibit the IB arising from the confined states of the
electrons in the CB tri-dimensional potential wells, which originate by the CB offset
between the InAs QD and the GaAs barrier material. The outcome is a QD
implantation within the matrix of the p-n junction which gives VBIB and IBCB
transitions in addition to the VBCB optical transition. Ideally the voltage extracted
from the QD solar cell is the difference between the CB and VB quasi-Fermi level at
the n- and p- contacts, respectively.
All MBE-fabricated QD solar cells are developed using semiconductor processing
technology in the cleanroom laboratory. Solar cell devices with metal contact
electrodes are processed using photolithography or shadow mask techniques.
Formation of Ohmic contacts with low contact resistivity ensures minimal thermionic
loss [99]. Finally, the solar cells can be optionally bonded onto a chip carrier.
Characterisation of the solar cell using AFM, PL, J-V and EQE measurement is
described here. These characterisation tools allow one to obtain crucial information
about the solar cell’s behaviour. In the next chapters, results and data are presented
from these tools.
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Chapter 4
Submonolayer Quantum Dot Solar
Cells

4.1 Introduction
Much effort has been devoted in manufacturing a strong solar-energy harnessing
converter. Unfortunately, even the best new prototypes have fallen short of their ideal
performance. This is partly due to practical limitations in the material quality, which
applies to QD solar cells too. Although embedding QD layers into the solar cell
structure has shown extended absorption coverage of the solar spectrum, the
contribution of each QD layer to the total photocurrent of the solar cell is very small.
For this reason, there are still no quantum systems that have shown a significant
improvement that could surpass the Shockley-Queisser limit for a single-junction solar
cell conversion efficiency. This includes QD-IBSC, multi-carrier generation and hot
carrier solar cells. However, in QD solar cells, there is a direct relationship between
the densities of QD to the strength of the sub-bandgap absorption. The sub-bandgap
absorption can be observed in an EQE spectrum of a QD solar cell [102]. It is therefore
demonstrated that QD solar cells are promising systems to generate additional
photocurrent atop a single-junction solar cell. However, one of the challenges remains
in preserving the quality of the crystalline semiconductor solar cell when QDs are
embedded.
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Quantum well (QW) structures were once proposed as a good material system to
generate sub-bandgap photocurrents [103]. Sub-bandgap energy photons facilitate the
improvement in conversion efficiency. However, the lattice-mismatch heterostructure
leads to point defects in the crystal and threading dislocations happening after the
growth can degrade the superlattice crystal quality. This usually generates low-quality
and unreliable devices which could lead to a short life-time performance. Because the
interface between two materials of different lattice constant builds up strain [25, 104],
there is an upper limit to the number of stackable layers. There is a pressing need for
a solution to increase the number of layers stacking on top of one another, without
needing to compensate for defect formations. If this could be accomplished for QD
layers such that high density of QD populations could be realised, solar cell design
could gain a significant benefit by adding many thin layers of the quantum structure
to increase light capture. In other words, the QD region of a solar cell could form a
strong light-absorbing material for sub-bandgap energy photons.
QWs are repeating nanolayers of a lower bandgap semiconductor materials inside
the matrix of a larger bandgap material. The electrons are only confined in one
direction. Therefore, a continuum of states in the confined level and the semiconductor
band associated with the transversal velocity of the electrons is not quantized [105].
Thus, what the QW essentially does is to reduce the semiconductor bandgap with
respect to that of the barrier material and therefore produce a new semiconductor with
a modified bandgap. Although they can be used to tune the bandgap of the cells in
MJSC approaches and can lead to produce very good solar cells [21], [23], the
separation of the QW and CB quasi-Fermi levels, which is essential for IBSC, is
extremely difficult in QW solar cells. For this reason, QW structures are non-ideal as
IB materials and cannot establish IBSC operation [49].
Since QDs has been proposed as a suitable candidate for IBSC due the 3D
quantised energy level of the QD material, it has been extensively compared with QW
structures. In the past, there have been several approaches to increase sub-bandgap
photon absorption by structurally modifying QD solar cells such that the QD
population increases. Tutu et al studied the effect of increasing the areal QD density
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in a 20 layer QD solar cell and has shown improvement in the absorption of longer
wavelengths. This was accomplished using SK mode to induce a nucleation process
facilitated by pre-deposited antimony-surfactant, which gave rise to self-assembled
QD with a population density of ~1 x 1011 cm-2 per QD layer [106]. Another way of
increasing the QD population density is by increasing the number of self-assembled
QD layers [107]. This approach requires QD layers to stack vertically on top of one
another. However, with lattice mismatch materials being used in the process of
producing the self-assembled QDs, the resultant solar cell suffers greatly from
accumulated strain. It has been reported that a solar cell embedded with 50 InAs/GaAs
QD-layers suffer greatly from performance degradation [94] even though the subbandgap current was greatly enhanced. The reason being the poor material quality in
the intrinsic region extending to the emitter region of the solar cell deteriorates the
solar cell. This is a result of stress produced in the QD layer. Although strainrelaxation during SK-growth releases pressure on the intrinsic layer that hosts the QD,
the incomplete relaxation leaves residue strain which affects the subsequently layer
above [108].

4.1.1 The Effect of Crystal Strain
Figure 4.1 shows a schematic illustration of the interface of two lattice-mismatch
materials. Due to the difference in the spacing of the atoms, misfits appear periodically
at the interface. This directly leads to point defects in the crystal structure which is
classified in three types: vacancy, interstitial and antiphase defects. A dislocation is a
line defect that extends in the growth direction. It is a direct result of accumulated
strain from a build-up of elastic potential as the crystal body continues to grow [108109]. The expansion of this elastic potential creates a strain-field which could become
significant. When the crystal lattice cannot sustain the overstretching molecular bonds,
a resultant threading dislocation occurs which makes cross-sectional cracks to the
material. This effect is more destructive if the two interfacing materials differs
significantly in thermal expansion coefficient.
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Figure 4.1: Schematic of two lattice-mismatching materials and the result of strain.

Both point defect and dislocation acts as NR recombination centres which
increases the loss of carriers [110, 111]. Therefore, the presence of defects lowers the
output voltage by increasing the saturation current and also the photocurrent by
impeding the carrier extraction, which places a limit to the conversion efficiency.
In addition, strain within the crystal lattice of the semiconductor also makes an
impact on the mobility of the carriers and the bandgap energy. Even though there are
strain-compensation techniques using modified capping layers such as GaNAs [112,
113] and GaAsSb [114, 115], it is difficult to completely offset the strain without
altering the electronic band structure. It was thought that strain compensation layers
could tackle the many problems of a lattice-mismatched heterostructure. However, no
significant improvement of the efficiency has been reported when the technique was
employed. On the other hand, an effective strain-relaxation mechanism during growth
could offset a lattice strain and reduce the formation of point defect and dislocations.
Using an effective strain relaxation mechanism is beneficial in increasing the
population density of QDs [107, 116].
Since increasing SK-QD population density only led to marginal photocurrent
improvement, and highly stacked SK-QD layers has made severe degradation to the
solar cell material, there is a need to search for new structures to offer a substantial
solar cell architecture in order to avoid strain build-up. This promoted the attention on
submonolayer (SML) QD structures.
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4.1.2 Submonolayer Vs Stranski-Kranstanov Quantum Dot

Figure 4.2: Schematic drawing of a Stranski-Kranstanov quantum dot with a submonolayer
quantum dot [117].

In recent years, SML-QD has found applications in super-luminescence diode
[118] and vertical cavity surface-emitting lasers [119]. It also deserves a special
mention for infra-red photodetectors which has reported a significant enhancement in
absorptivity [117, 120]. However, solar cells embedded with this structure have not
been studied. SML QD is formed by cycle deposition with a fraction of a monolayer
(ML) of the dot material buried within several MLs of matrix material [118]. Figure
4.2 shows a structural comparison between a SK-QD and a SML-QD. SML-QD is
described as a parquet or disk-like shape, with the dimensionality of ~5 nm in lateral
size and ~2 nm in lateral spacing, much shorter than a SK-QD [119]. This could
potentially give rise to an areal density of ~1012 cm-2, higher than the best known
maximum density of 1011 cm-2 achieved with SK-QD [106].
Comparing the growth mechanism with SK-QD, the SML-QD does not require
the formation of a WL because the deposition amount of the QD material is far lower
than the critical thickness. On the other hand, the WL serves as an essential ingredient
for SK-QDs because the nucleation process occurs on top of the WL. A disadvantage
of this is the reduction of carrier confinement due to the presence of continuum states
in the WL. Although some reports have shown removal of the WL using AlAs material
capping [121, 122], the introduction of Al material between the QD and the barrier
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layer could compromises a high-quality QD growth. In the SML-QD growth
mechanism, depositing a fraction of a ML of the dot material onto the matrix material
forms a dense array of 2D islands. These islands can then be capped by an overgrowth
of a matrix material. The underlying strain from thin lattice-mismatched layers induces
an intrinsic surface stress, which leads to the formation of arrays of anisotropic InAs
islands [123]. Another feature of the SML-QD structure is the possible ultra-thin
spacer layer that could be as low as 5 nm. With this structure, vertical tunnelling of
carriers between dots are possible. Previous studies on SML-QD showing a narrow
FWHM of the PL spectra suggests good uniformity [124]. These features give
desirable advantages to optoelectronic devices such as photodetectors and solar cells.
Whilst the absorption of the normal incidence radiation is attributed by the inplane quantization, the height of the QD is less critical. Therefore despite the short
height of SML-QD islands, the 3D confinement advantages are retained [117]. It has
been reported that the absorption efficiency of the SML-QD outperforms that of SKQD [124]. This makes SML-QD a very interesting candidate for the photogeneration
role of solar cells. The improvement in absorption efficiency can be explained by the
attribution of strong coupling of wave functions of the carriers between states. In this
chapter, a p-i-n structured solar cell with multi-stacked InGaAs/GaAs SML-QDs
incorporated in the i-region is investigated. Some results in this chapter are published
in the journal of Solar Energy Material and Solar Cells titled “Submonolayer
InGaAs/GaAs quantum dot solar cells” [41].
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4.2 Growth and Fabrication
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Figure 4.3: A Schematic diagram to illustrate the structure of the (a) SML-QD solar cell, (b) QW
solar cell and (c) GaAs reference cell.

Three solar cell samples, GaAs reference (Ref) cell, QW solar cell and SML-QD
solar cell were grown via the Veeco solid-state MBE on an n+ GaAs (100) substrates.
Each substrate was heated in-vitro to degas the surface oxide. The GaAs reference cell
consists of 200 nm of n+GaAs buffer, 1000 nm n-GaAs base layer, 420 nm of undoped
GaAs in the i-region, 250 nm p-GaAs, 30 nm p-Al0.75Ga0.25As window layer and 50
nm p+-GaAs. The QW solar cell has the same structure as the GaAs reference cell
except 20 layers of undoped InAs/GaAs quantum well (QW) structure were inserted
in the 420 nm i-region. Each QW structure is formed with 18 ML of In0.167Ga0.833As,
an equivalent thickness of 4nm, and 16 nm of GaAs spacer layer. The SML-QD solar
cell has a similar structure as the QW solar cell except the i-region has 20 layers of a
6-stack SML InAs QD iteration. Each stack consists of 0.5 ML of InAs and 2.5 ML of
GaAs. All solar cells have high temperature growth (710 °C) spacer layers on top of
each period to suppress the formation of threading dislocation [93]. A schematic
illustration of the solar cells are shown in Figure 4.3.
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In order to measure the JV and EQE of the solar cell, the GaAs, QW and SMLQD solar cells were cleaved into approximately 1x1 cm2 sizes, and cleaned with
acetone, IPA and methanol under cleanroom conditions. Both sides of the solar cell
were lightly etched with dilute NH3/H2O (1:20) and dried with N2 gas to remove the
thin surface oxide layer. The solar cells were loaded into an E-306 bell-jar evaporator
for Ni/GeAu/Ni/Au (5/50/10/200 nm) deposition on the n-contact at vacuum pressure
1 x 106 mbar. This is facilitated by a bulk copper block of 0.5 Kg which is responsible
for heat absorption and preventing poor contact formation. The metal contacts were
thermally annealed at 420 °C with a Solaris 150 Rapid Thermal Processor. The p-side
of the solar cells were mounted onto a chrome shadow-mask before reloading to the
evaporator. The shadow mask consists of a pattern of a bus-bar with lateral grids
designed to minimise light blockage by the metal. Au/Zn/Au (10/20/200 nm) were
thermally evaporated onto the p-side solar cell. No antireflective coating was applied
to the solar cell surface.
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4.3 Surface Morphology

Figure 4.4: AFM images of the surface morphology of the (a) QW solar cell and (b) SML-QD solar
cell. The scale bar is 2.5 µm and the z-scale is 5 nm for both images. (c) AFM line profiles along
[011] direction (left) and [0-11] direction (right) on QW solar cell surface (top) and SML-QD solar
cell (bottom).

In order to understand the structural impact of stacking the SML-QD structure, the
top surface of the solar cell is examined first to reveal the information regarding to the
upper emitter surface. Morphological studies were carried out using the Veeco AFM
on the p-side top surface of the solar cell. Figure 4.4(a) and (b) shows the surface
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morphology of the QW and SML-QD solar cell, respectively. Both solar cells show
an uneven surface, however the QW solar cell shows deeper ridges at both [011] and
[0-11] direction, with a height of 2-3 nm. The SML-QD solar cell shows a relatively
flat surface with the height of only 1 nm on the [0-11] direction. The pattern presented
on the surface is commonly known as a cross-hatch. It often appears on latticemismatch hetero-epitaxy structure surfaces. It is likely the result of strain-induced
surface roughening caused by lattice-mismatch epitaxial growth [39, 125], and strainrelaxation can introduce surface undulation and local enhancement of growth rate over
the misfit dislocations. The QW solar cell surface displays a wider line of the crosshatch, which indicates a relatively rough surface, therefore stress was built up by the
QW structure during growth. As compared to the SML-QD structure, less stress is
resulted from the stacked layers of InGaAs/GaAs iterations. Although the same
amount of lattice-mismatch materials were used, both solar cells differ from the strain
accumulation. The result indicates a different strain relaxation occurred in the growth
process.
The AFM line profiles along two orthogonal directions on both cell surfaces are
shown in Figure 4.4(c). The difference in profile roughness in orthogonal [011]
directions is attributed to the anisotropic strain relaxation. The ridges aligned along
[011] and [0-11] directions is a direct result of lattice mismatched hetero-epitaxy. This
could be attributed by the strain-relaxation introduced surface undulation and/or local
enhancement of growth rate over the misfit dislocations [126]. On the QW solar cell,
the cross-hatch pattern clearly appears to have a rougher surface with a higher number
of ridges. The profile roughness along [011] direction is 0.24 nm and 0.39 nm for
SML-QD and QW solar cell, respectively. The result indicates different strain
relaxation during the hetero-epitaxy growth of SML-QD and QW solar cell. While
depositing fractional coverage of InAs, In segregation leads to InAs agglomerations
and then causes three-dimensional shape transformation or compositional modulation
[127]. The formation of InAs agglomerations will partially compensate the latticemismatch between InAs and GaAs and therefore, elastic strain relaxation through
forming undulated surface is less prominent for SML-QD solar cell.
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4.4 Cross-section Transmission Electron Microscopy

Figure 4.5: Dark field (200) cross-sectional transmission electron microscopy images of (a)
InGaAs/GaAs QW in the QW solar cell and (b) multilayer SML-QD in SML-QD solar cell.

The transmission electron microscopy (TEM) results were kindly supplied by the
University of Warwick. TEM imaging examines the cross-section of the solar cells
under dark field mode and reveals the structure deformation in the (100) growth
directions, shown in Figure 4.5(a) and (b). The formation of InAs agglomerations will
partially compensate the lattice mismatch between InAs and GaAs. The undulated
surface formed by elastic strain-relaxation is less prominent for the SML-QD solar
cell. Therefore, the accumulation of strain in the multilayer QWs not only leads to a
rougher surface but also results in the defect formation directly below the multiple
QWs to relax the strain, as indicated by a red circle in Figure 4.5(a). There could be
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several reasons: (1) the lattice-mismatching strain develops many point defects which
forces a greater lateral pull of atoms/grains resulting in a sharp crack to the surface;
(2) the thermal expansion during temperature changes in the growth process causing
strain-induced defects and the successive layers gradually deform on the surface.

Photoluminescence (arb. units)

4.5 Optical Characterisation
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Figure 4.6: (a) PL spectra of the SML-QD solar cell and QW solar cell measured at 300 K.

Figure 4.6 shows the PL emission spectroscopy for SML-QD solar and QW solar
cell at room temperature with fixed excitation power of 30 mW. Both solar cells have
a peak emission at ~960 nm at room temperature, but SML-QD emission has a very
slight blue-shift. Repeated measurements have shown that this shift is consistent,
however marginal variance exist depending on the position of the wafer measured
from. Nonetheless, the SML-QD PL emission energy is usually much higher due to
its shorter height compared with SK-QD. This is consistent with results reported from
Kim et al [120]. The FWHM of the SML-QD emission at room temperature is ~13
nm, which indicates good uniformity of the SML QDs. It can be clearly seen that the
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peak emission intensity of the SML-QD solar cell is much higher than the QW solar
cell, which indicates a more efficient radiative recombination process is taking place
in the SML-QD solar cell. This may also suggest that the recombination pathway of
the QW solar cell could be obstructed by the presence of NR recombination centres.
The peak at 870nm corresponds to the emission of GaAs material, where SML-QD
solar cell has a higher emission intensity at this peak compared to the QW solar cell.
This may be indicative that the SML-QD formation assists the growth of subsequent
GaAs layers with good material quality. As a measure of material quality, which is
defined as the probability of the recombination event being radiative, the better
emission intensity of the SML-QD solar cell is indicative that it has an improved
material quality attributed by the growth mechanism. This is supported by the AFM
and TEM results, which points to a degraded material quality of the QW solar cell and
a relatively better material quality of the SML-QD solar cell. Since the rougher
topology of the QW solar cell must be a result from all the stacked layers underneath
the surface, it is possible that the GaAs layers that made up the various layers in the
solar cell is affected by the growth process where the crystal comprises many nonradiative recombination sites, which explains the lower emission intensity at the GaAs
peak.
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4.6 Thermal Activation Energy Estimation
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Figure 4.7: Temperature-dependent photoluminescence measurement of (a) SML-QD solar cell,
(b) QW solar cell from the range 12 to 300 K using a constant laser excitation power at 30mW,
plotted in logarithmic scale.

112

(a)

PL Peak Position (eV)

Chapter 4: Submonolayer Quantum Dot Solar Cells

1.38
1.37
1.36
1.35
1.34
1.33
1.32
1.31
1.30
1.29

QW solar cell
SML solar cell

0

50

100 150 200 250 300

(b)

Integrated PL (arb. units)

Temperature (K)
102
101
100
10-1
QW: EA-QW=58 meV

10-2

SML-QD: EA-SML-QD=64 meV

10-3
0

20

40

60

80

100

1000/T (1/K)

Figure 4.8: (a) PL peak as a function of temperature derived from temperature dependent
photoluminescence measurement and (b) Arrhenius plot from the integrated PL intensity as a
function of inverse temperature.

Figure 4.7 shows the measurement of temperature-dependent PL of QW solar cell
and the SML-QD solar cell, fixed at 30 mW excitation power. The SML-QD emission
is higher compared to those of QW between 140 to 300 K. Towards 12K, the SMLQD and QW emission intensity became similar. This provides evidence to deduce that
carriers in the QW suffers non-radiative recombination at 300 K. The suppression of
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thermal energy when the sample is subjected to low temperature reduces the trapping
of carriers at non-radiative sites and increases emission intensity. The SML-QD and
QW spectra blue-shifted with an increase in emission intensity as the temperature was
reduced from 300 to 12 K. This is due to the widening of the effective bandgap of the
quantum structure, which results in higher energy photon emission. In the cryogenic
condition, the thermionic pathway which allows carrier escape in the quantum
structure is suppressed. As a result, the effect of NR recombination is also suppressed.
Figure 4.8(a) shows a plot of the peak position of the emission spectra of SMLQD and QW over the range of temperatures. The difference in the change of PL
intensity as a function of temperature indicates a different rate of thermal quenching
of both solar cells. Thermal quenching is due to loss of energy transfer and it increases
with increasing phonon frequencies. Difference in the thermal quenching rate is a clear
indication that the dominant energy transfer mechanism of the carrier in SML-QD
solar cell and QW solar cell is different. This is likely due to a higher concentration of
defect traps in the QW solar cell which releases phonon emission.
To further analyse this data, an Arrhenius plot was generated with the integrated
PL emission of the GS energy of the QD using Gaussian fitting, therefore only the plot
shows the integrated PL intensity that corresponds to only the quantum structure over
the inverse of the temperature as shown in Figure 4.8(b). The plot was fitted with the
Arrhenius equation:

𝐼(𝑇) =

𝐼0
(1 + 𝐴 exp 𝐸𝐴 /𝐾𝑇)

where 𝐼 is the integrated PL intensity, 𝐼0 is the PL intensity at 12K, 𝐴 is a constant
and 𝐸𝐴 is the activation energy. 𝐾 is the Boltzmann constant and 𝑇 is temperature. The
fit is limited to the higher temperatures only because carrier escape will be completely
inhibited at low temperature. Therefore, the boundary for the fitting is between 300K
to ~80K. Due to the sensitive gradient of the fit that determines the activation energy,
the best fit was guided by minimising the sum of the least square residuals and
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reducing the range of the fit if necessary. From this plot, the activation energy
extracted for QW solar cell and SML-QD solar cell is 58 meV and 64 meV,
respectively. The two activation energy is considerably very close to each other, but
the slightly higher thermal activation energy for the SML-QD solar cell could be true
as it suggests three-dimensional confinement in InAs rich regions leads to stronger
quantum confinement. Compared with InAs/GaAs SK-QD which typically has an EA
of 200 meV, the thermal activation energies of both QW and SML-QD solar cell are
relatively small, which indicates that the GS is very close to the band-edge of the
barrier material. Similar work from Xua et al has reported an activation energy as low
as 31meV for SML-QD [128]. On the other hand, it is also possible that the high
density of defects states of the QW solar cell lying under the CB decreases the thermal
activation energy. In correlation to the AFM results, the QW solar cell with a rougher
crosshatch surface compared to SML-QD solar cell supports this. The PL results
supports that SML-QD solar cell has a better material quality than the QW solar cell.
In respect to the solar cell structure, the strain accumulation by lattice mismatch
epitaxy has an effect to these findings. They point towards the differences in the strain
relaxation mechanism of SML-QD and QW solar cell during the growth. It is possible
that SML QD structure holds a geometrical favourability due to the parquet shape,
reducing the defect density leads to fewer NR recombination centres and improved
recombination efficiency.
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4.7 EQE Measurement
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Figure 4.9: External quantum efficiency measurement of the SML- QD solar cell and QW solar
cell measured at room temperature under zero bias.
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Figure 4.9 shows the result of the EQE measurements for the QW and SML-QD
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coverage extended below the GaAs absorption edge of 870 nm. The extended
absorption goes down to about ~960 nm, which corresponds well to the PL peak
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emission for both SML-QD and QW, and confirms a sub-bandgap absorption by both
of the solar cell. The SML-QD solar cell reached a peak EQE of ~70% at supra-

5

bandgap energy whilst for QW solar cell only reached about 60%. Normally, blue light
is absorbed at the surface of the solar cell. The GaAs reference solar cell and the SMLQD solar cell both have similar blue light absorption strength. However, the QW solar
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cell shows a decreased EQE response to the blue light. With the AFM and the PL
results, this suggests that the emitter of the QW solar cell has very poor photocurrent

Voltage (V)

generation due to propagation of defects into the emitter region, but this is less severe
for the SML-QD solar cell. It is evident that between the absorption coverage of 400870 nm, SML-QD solar cell has a higher EQE response than QW solar cell. Since both
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solar cells share an identical p-i-n structural layout with the same region thickness and
material contents in the i-region, the difference in the EQE response suggests that
carrier extraction in QW solar cell is impeded by non-radiative recombination sites
which reduces the carrier mobility, which in turn affects the diffusion length. For a
poor quality material, crystal defects dictates the photocurrent by impeding the carrier
extraction pathway. This is supported by the evidences provided by PL and AFM
results which shows poorer emission intensity and rougher surface of the QW solar
cell. Conversely, the result suggests a better crystal quality in SML-QD solar cell is
achieved, which is supported with the evidence of higher PL emission intensity and
spectral response. Interestingly, the sub-bandgap region of the EQE result shows a
similar spectral strength by both solar cells. It is almost as if the both solar cells have
the same photocurrent generation. Whether the lower activation energy of the QW
helps the photocurrent generation due to a higher amounts of carrier escape remains a
question.
Nonetheless, in contrast, the relatively high spectral response of the SML-QD
solar cell compared with QW solar cell is likely due to lower defect density, which
reduces the impedance effect. This maintains the carrier diffusion length and therefore
has a higher collection probability. From AFM and PL measurements, the
improvement of the crystal quality of the SML-QD solar cell is due to strain relaxation
by forming InAs agglomerations and suppressing defect formation. Compared with
QW solar cell, the SML-QD solar cell does not have a very prominent non-radiative
recombination process. This leads to improved collection efficiency of photogenerated carriers as evidenced by the EQE results.
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4.8 J-V Characteristics
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Figure 4.10: Current density versus voltage characteristics under one sun AM1.5G illumination of
the SML-QD solar cell and QW solar cell.

Figure 4.10 shows the J-V characteristics for SML-QD and QW solar cells with
the GaAs reference solar cell to provide a baseline. The J-V characteristics were
measured under 1 sun illumination at 25 °C. The GaAs reference solar cell has a JSC
of 18.1 mAcm-2. The SML-QD solar cell has a JSC of 17.7 mAcm-2, similar to the GaAs
reference solar cell, whilst the QW solar cell has 15.9 mAcm-2. The increased JSC of
the SML-QD solar cell from the QW solar cell is consistent with the EQE result which
shows a larger EQE spectra. For the QW solar cell, there is a likely possibility that the
defective sites within the QW have affected the carrier extraction. Therefore the JSC of
the QW solar cell is reduced. The point defects or dislocations, acting as non-radiative
recombination centres, may trap the carriers causing it to recombine. Poor carrier
movement through the solar cell and poor contact resistance are both possible reasons
to explain the higher series resistance (RS) of the QW solar cell, as seen on the slope
at VOC.
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A VOC of 0.62 and 0.69 V is recorded for QW and SML-QD solar cells,
respectively. Since the same amount of InAs/GaAs contents has been used for both
SML-QD and QW structure, the improvement in VOC indicates the difference in the
carrier dynamics between both solar cells. Although it is very tempting to relate this
to the high confinement potential of the SML-QD solar cell, the difference between
the SML-QD and QW emission peak wavelength at room temperature is insignificant,
therefore it is unlikely that the energy band structure differences could account for a
50 meV difference in the VOC. It has been reported that formation of dislocation in the
QW solar cell could be the factor attributed to the reduced VOC [129]. Voltage loss in
QW solar cell can be explained by the high recombination events which increases the
forward bias diffusion current. Note that the RS does not have an effect on the VOC,
however, shortening of the carrier diffusion length can lead to the reduced minority
carrier density at the junction edge.

4.9 Chapter Summary
There are two ways to enhance JSC for QD solar cell structurally, one by increasing
the areal QD density [130] and the other by increasing the number of QD stacks [113].
The latter has seen problems in strain-induced dislocations due to gradual strain buildup. The association of strain-induced defects of QD in the matrix barrier is known to
limit the current density, despite attempts of using strain compensation layers to better
match the lattice of the spacer layer material [114]. SML-QD structure investigated in
this chapter shows a better optical performance compared with the QW solar cell. The
improvement is correlated with the quality of the crystal lattice. The PL emission
intensity and AFM results provides evidence to support this. The crosshatch
morphology on the SML-QD solar cell surface is less prominent than the QW solar
cell, which suggests less strain accumulation in the SML-QD structure. The defective
formations are significant in the QW structure, which leads to poor crystal lattice in
QW solar cell as the high defect density acts like NR recombination centres. As a
result, the QW solar cell saw degradation to the optical and electrical performance. In
contrary, SML-QD solar cell in this work has demonstrated the possibility of
enhancing the light absorption via increasing the number of stacking of QD. The
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outcome has lower defect density due to an alternative strain relaxation mechanism.
Therefore more layers of QD material to enhance absorption will benefit the optimal
design of solar cells.
The activation energy (EA) was calculated using the Arrhenius plot showing a
value of 64 meV and 58 meV for SML-QD solar cell and QW solar cell, respectively.
The slightly larger EA for the SML-QD solar cell suggests a stronger quantum
confinement caused by the formation of 3D confinement in InAs rich regions.
However, InGaAs/GaAs SML-QD system requires further modification in order to
contribute to the IBSC [49], as the small EA would allow thermionic excitation to
dominant the photo-excitation. Sengupta et al has demonstrated capping of InAs SMLQD using different barrier material to enhance the thermal activation energy. Using
high barrier material such as InAlGaAs-GaAs can enhance the EA to as high as 109
meV [131]. Some QD IR-photodetectors have made the SML-QD absorbing layer
effective by applying high barrier layers with Al components to form a dot-in-a-well
(DWELL) structure, which raises the carrier confinement for better light absorption
[117]. It would be interesting to see the effect of applying the same method for SMLQD solar cells.
The results in this chapter shows that it is possible to increase the stacking of the
SML-QD periods without inducing significant material degradation as compared with
QW solar cell. This is important for the continuation of adding the QD layers as an
absorbing material. Primarily, this helps to improve the solar cell photocurrent via
absorption of the lower energy coverage. Furthermore, the possibility of growing QD
in the absence of WL has given SML-QD a structural advantage. The growth of SMLQD avoids a wetting layer formation, which helps the SML-QD solar cell to preserve
its voltage output. This is evidenced in AlAs capped QD layers reported in previous
studies [122], which removed WL and achieved voltage-recovery from ~0.7 V to
0.8V. Unfortunately, using AlAs capping material to the QD forms local defects
around the dots, which increases non-radiative recombination processes. Therefore, a
full voltage recovery cannot be realized. The SML-QD may provide an alternative
approach by preventing WL formation in QD solar cells.
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In the past, comparison work between 5 layers of QDs with 50 layers has shown
degraded conversion efficiency due to deteriorated crystal material of the solar cell
[102]. These results demonstrated here, comparing SML-QD and QW solar cells,
show the importance of reducing interior stress in semiconductor solar cells with
quantum structures to enable efficient extraction of photo-generated carriers in the
solar cell.
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Chapter 5
Voltage Recovery from Direct Si-Doping

5.1 Introduction
The QD energy states as an IB provide an additional optical pathway for carrier
excitation. Two-step photo-excitation is explored as a possible pathway to efficiently
utilise sub-bandgap photons. Ideally, this process will not affect the voltage output of
the host material [48, 49], and the additional photocurrent could improve the
conversion efficiency. However, although the QD solar cell is a promising material
system to establish IBSC, the photocurrent improvement contributed by the QD is
compromised with the reduction in the voltage output of the solar cell. This added
another limiting factor to the IBSC conversion efficiency. The loss in voltage is due
to thermal pathway generated between the QD energy states and the CB. This is
profound in the commonly used InAs/GaAs QD system, where carriers in the QD
energy states are too close to the CB of the host material, and with background thermal
energy from room temperature the IB carriers are tightly coupled to the CB, which
reduces the split of the quasi-Fermi level, hence the voltage. Therefore, the QD solar
cell does not behave with ideal IBSC operating principles unless cryogenic conditions
are applied to suppress this thermal-coupling effect. The effect of this prevents QD
solar cells from surpassing the Shockley-Quiesser limit. In the past, many researchers
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have attempted to counter this problem by using high bandgap materials as capping
layers such as InAlGaAs [31], AlAs [122] and AlGaAs [87] to enlarge the quantum
confinement of the QD, which separates the IB further from CB. They have shown
increased thermal activation energy for the carrier in the QD which led to a reduction
in the rate of thermal carrier escape. However, a complete voltage-recovery on a QD
solar cell device has not been reported. To date, laboratory results QD-IBSC has only
shown conversion efficiency merely exceeding its reference cell without QD by only
1% at room temperature [127]. Nonetheless, voltage loss in QD-IBSC requires
fabrication attention along with other techniques, such as increasing absorption and
light-trapping [133] to further improve the solar cell efficiency.

5.1.1 Open-circuit voltage loss in QD solar cells
The voltage loss problem in IBSC is a notorious issue specific to QD solar cells.
It was even thought that QD-IBSC would be difficult to be made into practical
applications due to the difficulty to maintain the VOC. Primarily for QD-IBSC, the
problem is derived from the QD energy states and the continuous states of the CB.
Especially in an InAs/GaAs QD system, the QD energy states lie very closely to the
CB energy states. This creates a thermal channel for the carrier to rapidly escape or
relax between the QD energy states and the CB of the host material, which results in
a strong thermal coupling between the electronic states in the QD to the continuum
states in CB. In other words, the IB forms a continuum with the CB. The effect of this
lowers the quasi-Fermi energy level of the CB which determines the voltage output of
the solar cell [32, 33]. Furthermore, the thermal-coupling which allows carriers to
escape the QD energy states suppresses the IBCB transition via photo-excitation.
This reduces the probability of a second-photon excitation in the IBSC. Although this
thermal pathway along with a tunnelling mechanisms would allow the extraction of a
sub-bandgap photocurrent, it does not allow voltage preservation because it lacks the
free-energy provided by the second [20]. For a bulk single-junction GaAs solar cell,
the VOC is typically around 0.9 V, but when the same structure is implanted with
InAs/GaAs QD layers in the intrinsic region the VOC is reduced to typically 0.7 V at
room temperature. By suppressing the thermal-coupling effect by applying cryogenic
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conditions to the QD-IBSC, a voltage recovery has been observed [134]. It has also
been shown that the reduction in VOC can be recovered by the use of concentrated
illumination, which enhances the rate of photogeneration to overcome the effects of
rapid carrier recombination [135]. This suggests that voltage recovery can be achieved
by optimising the carrier dynamics of the QD-IBSC system.
Apart from the thermal coupling issue between the QD energy states and the CB
in the QD-IBSC, the holes of the QD also requires attention. Holes in the QD usually
contains a high effective mass, which leads to substantially shorter spacing of the VB
states. This is commonly found in type-I QD configurations, which is when the
confinement potential for electrons and holes are vertically aligned. As a result, the
VB offset in the confinement potential contains many states and forms a continuum.
This give rise to a continuous band within the confinement potential, which connects
with the VB of the host material. The effect of this leads to a shift in the quasi-Fermi
energy level for the VB of the host material [136, 137].
Another factor that could result in a loss of voltage in a solar cell is the presence
of NR recombination. This is not uncommon for QD solar cells grown in SK-growth
mode, which is often employed as a reliable technique to manufacture self-assembled
QDs. However, since this is a strain-induced technique, it could distribute defects
around the QD and the matrix of the barrier material. As a result, limits the optimum
crystal quality in terms of optical and electrical performance. The defect sites could
either trap the carrier or impeded the carrier flow. Trapped carriers usually losses the
energy via thermal emission, hence it is a NR recombination event. In an InAs/GaAs
QD solar cell, the presence of defects could reduce the minority carrier diffusion
length which reduces the VOC. In addition, NR recombination events can also be
hosted by some coalescence dots in the areal QD population as a result of poor growth.
To prevent the formation of coalescence dots, low coverage of QD materials can be
used during the growth. It has been claimed that this method has also achieved voltagerecovery [137]. On the other hand, strain-compensation techniques has been used in
QD solar cells to suppress strain build-up and prevent a high the density of NR
recombination centres but the voltage recovery was not sufficient [129, 138].
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The presence of WL for self-assembled QDs grown in SK-mode also reduces the
VOC. The WL consists of continuum states and reduces the confinement potential of
the QD. QD solar cells with WL removed, confirmed by transmission electron
microscopy imaging, has shown a small voltage-recovery [122]. This provided strong
evidence to show the voltage output of a QD solar cell was affected by the presence
of WL, which could be due to carrier communication between the QD and the WL
energy states. Furthermore, when WL was removed from the QD layer the PL
emission spectra blue-shifted [122], which suggests a change in the confinement
potential. Hence, the communication between the WL and the QD is an interesting
pathway to target. Inducing changes to the QD layer may impact this communication
pathway. In this chapter, the effect of Si-dopants introduced into the QD layer is
studied.

5.1.2 Direct Doping to Quantum Dots
One of the pre-requirements of IBSC operation is to have the electronic state(s) in
the IB material partially filled with electrons [140, 141]. The IB must be initially
occupied with electrons to generate an IBCB optical transition. One of the reason
for the absence of IBCB absorption is because the IB is empty of electrons [141].
Normally, electronic wave functions in the QD are large enough to permit a high
electric dipole matrix elements. However, if the IB is empty then the IBCB optical
transition pathway will become inactive. Therefore, doping directly into the QD
material is needed to supply electrons to the energy states in the confinement potential.
Most of the VBIB absorption takes place between localised states in the QD at
the VB and the localised states in the IB. If the IB is not partially filled, pumping a
second photon will be very difficult and the voltage will be limited by the position of
the IB rather than by the position of the CB [141]. This might help to explain the loss
in voltage in QD-IBSCs. It is therefore important to study the effect of supplying
electrons to the QD and what happens when IB is partially filled. However, this
method is not commonly reported because doping into the QD region may lead to
imperfections by introducing impurities to the depletion region.
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Sablon et al has demonstrated an increase in photocurrent after growth QD
structures with n-type doping and modelled the comparison between n-type and p-type
doping [65]. Okada’s simulation work shows the relationship of the electron density
in IB and the electrostatic potential profile [51]. Si-impurity doping in QD solar cell
fabricated with strain-compensation layers shows high EQE response below 880 nm
which resulted in improvement in the photocurrent [36]. Interestingly, some work with
direct doping highlights the recovery of VOC [142]. State-filling PL experiments
confirmed that n-doping in the self-assembled QD populates the lower electronic
shells with carriers [27]. In this work, the doping technique is employed to induce
changes to the quantum system in the solar cell. Some results in this chapter are
published in the journal Nano Energy titled “Voltage recovery in charged InAs/GaAs
quantum dot solar cells” [42]. It is expected that this technique may impact the QD
and WL communication pathway and help to achieve voltage recovery. In order to
achieve this, n-type dopants are deposited during the nucleation process of the QD
growth. This supplies electrons to the QD and allows the confined states to be filled.

5.2 Growth and Fabrication

Figure 5.1: AFM image (1x1um2) of an uncapped InAs/GaAs QD sample using 2.35 ML of InAs
coverage which yielded ~3.5 x 1010 cm-2 QD areal density. This QD density value was used to
calibrate for the doping density.

126

Chapter 5: Voltage Recovery from Direct Si-doping

The QD solar cell in this work contains 20 QD layers with n-type dopant directly
doped into each QD. First, to calculate the dopant concentration needed to generate an
array of QD with the desired number of electrons in each dot, a conventional
InAs/GaAs QD array was grown under SK-mode in the MBE. 2.35 ML of InAs QD
material was deposited onto the GaAs with a growth temperature of 470 °C measured
by a pyrometer, and left uncapped. An AFM image of the uncapped QDs is shown in
Figure 5.1. The AFM image shows a QD density of ~3.5 x1010 cm-2 with no coalesced
dots. Therefore, the doping densities were calibrated using this QD sheet density value.
Si impurity was chosen to be the n-type dopant for the QDs in this work because it is
less amphoteric than Ge and does not have a serious segregation problem [142]. Each
Si atom deposited into the QD would supply an electron to the QD. The amount of Si
atom deposition is controlled by the opening time of the shutter of the Si effusion cell.
The doping densities of 0, 2.1 x1011, 4.2 x 1011, 6.3 x 1011 and 8.4 x 1011 cm-2 were
deposited just before reaching the critical thickness during the SK-growth to achieve
QD doped with 0, 6, 18 and 24 electrons per dot. The nucleation process of the InAs
layer would incorporate all the Si atoms into the InAs layer and the Si-atoms are
expected to not diffuse into the GaAs barrier layer. The insertion of Si-dopants should
have no effect on the nucleation process, and no distortion to the QD shape is expected.
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Figure 5.2: A Schematic diagram to illustrate the structure of a p-i-n solar cell with 20 x
InAs/GaAs QD layers grown via Stranski-Kranstanov mode. The QD layers were doped with
different Si-concentrations.

All solar cells were grown by the MBE system on an n+-GaAs (100) substrate as
shown schematically in Figure 5.2. The QD solar cells had a p-i-n structure consists
of a 200 nm GaAs buffer layer with Si doping density of 1×1018 cm-3, 1000 nm GaAs
base with Si doping density of 1×1017 cm-3, 420 nm intrinsic region, 250 nm GaAs
emitter with Be doping density of 2×1018 cm-3, 30 nm InGaP window layer with Be
doping density of 2×1018 cm-3, and 50 nm GaAs contact layer with Be doping density
of 1×1019 cm-3. The intrinsic region of the QD solar cells contained 20 stacks of QD
layers separated by a 20 nm GaAs spacer. The QDs were grown by the SK-mode at
substrate temperature of ~470 °C. High-growth-temperature GaAs spacer layers were
applied during growth of QDs to suppress the formation of dislocations. During QD
growth, direct Si-doping was carried out with dopant densities of 0, 6, 12, 18, and 24
electrons per QD and the QD solar cells were named as 0e, 6e, 12e, 18e, and 24e QD
solar cells, accordingly. As mentioned above, the doping density is calibrated using a
QD sheet density of ~3.0×1010 cm-2 as shown in Figure 5.1. Two GaAs reference solar
cells share the same growth conditions without growth of QDs. One GaAs reference
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solar cell, 18e GaAs solar cell, was doped in the intrinsic region same as the 18e QD
solar cell.
The samples were cleaved from the wafer and optically characterised with PL
measurements. Temperature dependent PL measurement was performed with the
sample mounted inside a Helium cooled cryostat at ~10K under 40 mW excitation
power. The samples were processed into solar cell devices with thermally deposited
back and front electrode contacts. The back contact consists of Ni-AuGe-Ni-Au metals
of 10-50-20-200 nm thickness and the front contact AuZn alloy of 100 nm thickness.

5.3 PL Characterisation

Figure 5.3: Excitation power dependent PL spectra of (a) 0e QD solar cell and (b) 18e QD solar
cell, measured at 10 K with laser excitation power from 0.06 Wcm -2 to 104 Wcm-2.

Figure 5.3 compares the excitation power dependent PL spectra of 0e QD solar
cell and 18e QD solar cell measured at 10 K, plotted as a function of photon energy
(eV). The laser excitation power is varied from 0.06 W/cm2 to 104 W/cm2. At 10 K,
the 0e QD solar cell clearly shows a state-filling process: first, only emission from
ground states (GS) is observable, then the PL emission from the excited states (ES)
appears in the spectra, and finally, the WL emission shows up. However, from the 18e
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QD solar cell, the sequence is different: the WL emission appears at a much lower
excitation power than ES emission. The onset of WL emission prior to ES emission is
a strong sign of decoupled WL/QD system.

Photoluminescence (a.u)
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QD

0.05
0.04

0e
6e
12e
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24e
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Figure 5.4: PL spectra of the 0e, 6e, 12e, 18e and 24e QD solar cells at measured at room
temperature under fixed excitation power of 28 mW, labelled with QD emission at GS and WL
emission.

Figure 5.4 shows the PL result for the doped and undoped QD solar cells measured
at room temperature. The emission at 860 nm and 920 nm corresponds to the GaAs
spacer layer emission and the wetting layer emission. The emission below this
wavelength corresponds to the QD emission. It can be seen that the QD emission peaks
at the wavelength of 1040, 1040, 1025, 1008 nm for the as-grown sample (0 e/dot), 6,
12 and 18 e/dot, respectively. These values indicate there is a clear blue-shift of the
QD emission as the Si-impurity per dot increases, except at 24e/dot where no more
blue-shift was observed. This blue-shift in PL emission in similar QD structure is also
reported by several research groups [113, 146]. One of the explanations is that the Siatoms created nucleation centres and facilitated the growth of smaller QDs which leads
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to the blue-shift [147]. However, such a small ~20 meV blue-shift is unlikely to be
attributed by the size modification of the QD. On the other hand, the state-filling effect
was proposed to explain this point, where increased concentration of carriers leads to
occupation of low-energy states. This obeys the Pauli’s exclusion principle where
transitions between occupied states in the IB are forbidden, leaving the possible
transition from higher energy states only. The relationship between the state-filling
effect with the blue-shift of the QD emission spectra is agreed by several research
groups [145, 148].
Considering a quantum dot is a zero-dimensional structure, the energy states
exists only in discrete energies in a delta-like function as seen in Figure 2.14(d). The
degeneracy of energy states for quantum dots allows only a density of states of 1, 3
and 3 for the GS, FES and second excited states (SES), respectively [149]. With
Pauli’s exclusion principle, each state only allows two electron occupation, which
gives a maximum of 2 electrons in the GS, 6 electrons in the FES and 6 electrons in
the SES. Compare this to the PL results, assuming the presence of all three energy
states, by the 18e QDSC sample, the QD states are already fully saturated, which
suggests that excessive electrons could leak out to the WL, possibly via thermal
excitation.
The dramatic increase in PL emission after dopants were inserted indicates that
the radiative recombination process is enhanced by the Si-dopants. One of the
explanations to this is an increased quantum confinement is achieved by Si-doping
which increases the radiative recombination pathway. Another explanation to this is
the electrons supplied by the Si-dopants have helped to fill the defect traps in the
crystal lattice which saturates the NR recombination centres and which therefore,
make way for more radiative recombination events. This helps to explain the stronger
WL emission of the peak at 920 nm also. However, at 24 e/dot the QD PL emission
intensity began to drop by a small amount. This drop in the PL emission intensity is
indicative that the Si-dopant as a form of interstitial or point defects became excessive
and started to destruct the crystal lattice.
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5.4 J-V characteristics
Figure 5.5 (a) shows the J-V characteristics of the solar cells measured under 1sun AM1.5G illumination fixed at 25 °C. The curve shows that the QD solar cell
without any dopants (0e/dot) has a similar device performance as the GaAs reference
solar cell but the VOC is significantly reduced from 0.921 V to 0.779 V. This is
typically seen for QD solar cells. The QD solar cell (0e/dot) and GaAs reference solar
cell have a similar JSC, but the slight increase in JSC of the QD solar cell (0e/dot) may
be a result of the additional sub-bandgap absorption from QDs. The J-V curve also
show a reduction in the JSC in the J-V curve for the Si-doped QD solar cells. Figure
5.5(b) shows a plot of the JSC as a function of dopant concentration superimposed with
that of the VOC. It can be seen that the gradual improvement in VOC is compensated by
the drop in JSC. With increasing Si-doping concentration in the QDs, the VOC has
gradually improved from 0.777 V for the 0e QD solar cell to 0.898 meV, a 110 mV
recovery of VOC with Si-doping for the QD solar cell with 18 e/dot. This is a significant
observation which indicates that Si-doping into the QD has an impact to the VOC of
the QD solar cell. However, at 24e/dot the VOC dropped below that of the 18 e/dot.
This corresponds to the drop in PL emission intensity shown in Figure 5.4. The drop
in VOC for 24e/dot could be a result of increased Shockley-Read-Hall recombination.
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Figure 5.5: Current density vs. voltage curves for the Si-doped InAs/GaAs QD solar cells, and the
doped and undoped GaAs reference solar cell under 1-sun AM 1.5g illumination (a). A plot of VOC
and JSC vs the doping concentrations is shown in (b).

Figure 5.5(b) shows that a maximum voltage output is reached at 18e/dot with a
VOC of 898mV. Compared with the QD solar cell without doping (780mV), this marks
a ~14% improvement. Considering the GaAs reference cell has a VOC of 920 mV, the
best Si-doped QD solar cell is only ~30mV away from the reference cell. The solar
cell performance is summarised in Table 2.
The GaAs reference with Si-dopant concentration of 18e/dot has lower VOC
compare with that of the GaAs reference cell without Si-dopants. This helps to remove
the ambiguity of where the VOC recovery originated from. If the increase in VOC is
solely an effect of Si-doping, then the GaAs with 18e/dot should clearly show a VOC
higher than the GaAs reference solar cell. The results provide a proof that the
improvement in VOC after Si-dopant insertion into the QD solar cells is based on the
InAs/GaAs QD layer, which suggests a modification to the electronic structure of the
QD system took place.
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Sample

JSC
(mA/cm2)

VOC (mV)

FF (%)

Efficiency (%)

GaAs Ref

17.0

922

70.4

11.0

0e

17.2

777

67.8

9.1

6e

15.1

833

66.1

8.3

12e

15.0

882

68.4

8.8

18e

14.7

898

73.2

9.5

24e

14.3

890

69.3

8.5

GaAs+18e

14.6

922

69.1

8.9

Table 2: Summary of the current-density-voltage performance under AM1.5G of the fabricated
GaAs reference solar cell, QD solar cell with 0, 6, 12, 24 and 24 e/dot and GaAs solar cell with
18e/dot.

The slight reduction in the VOC of the GaAs solar cell with 18e/dot compared to
the GaAs reference solar cell has ruled out the possibility that the voltage recovery,
observed in this work, is due to the saturation of NR recombination centres by direct
doping. On the other hand modulation doping, where the electrons are separated by
the remote donor ions, and direct doping both claim to be capable of filling the IB
states with carriers by inserting donor electrons into the confined states of the QD.
Therefore, the improvement in the VOC from the J-V characteristics, as a result of ntype doping, is very likely due to the effect of supplying the carriers from the dopant
into the confinement potential.
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5.5 Dark Current Measurement
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Figure 5.6: Dark current measurement plotted at semi-log scale with ideal cell ideality factor (n)
for all the QD solar cells.

The dark current measurement was carried out on the QD solar cells at room
temperature, as shown in Figure 5.6. All the cells have a size of 0.25cm2.The QD solar
cell without Si-doping (0e/dot) has an ideality factor between 1 and 2 as shown by the
red line, and the doped QD solar cells have an ideality factor above 2 as seen by its
falling gradient. This indicates a Shockley-Read Hall recombination becomes
dominant in doped QD solar cells. This could be due to the impurity deep levels from
the Si-dopants, which supports the PL results for the QD solar cell with 24 e/dot
showing lower PL emission intensity. The contrast between the undoped and doped
QD solar cell suggests the insertion of Si-dopants in the InAs QD could cause an
increase in the Shockley-Read Hall recombination which could be due to Si-dopants
forming interstitial or point defects in the solar cells.
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5.6 External Quantum Efficiency
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Figure 5.7: (a) External quantum efficiency of GaAs reference solar cell, doped GaAs solar cell
(GaAs 18e) and InAs/GaAs QD solar cells with different doping concentrations and (b) an inset
showing the magnified QD spectra.

Figure 5.7 shows the EQE spectra measured under zero bias at room temperature
for all the solar cells in this work. The absorption coverage up to 870 nm corresponds
to the GaAs material. All the solar cells have similar absorption for blue light, around
500 nm, which indicates the quality of the emitter of all the solar cells is as good as
that of the GaAs reference solar cell. The supra-bandgap absorption strength at red
light, around 800 nm, decreases for all the solar cells doped with Si-impurities,
including the GaAs solar cell with 18e/dot. Supported by the result of dark current
measurement shown in Figure 5.6, the reduction in the spectral strength is likely due
to the crystal defects in the i-region or the base of the solar cell. Since the integration
of the EQE spectra is directly representative to the JSC, the drop in JSC from the J-V
results in Figure 5.5 is very likely attributed by the poor absorption of the GaAs
material. This suggests that the defective sites are located in the GaAs material which
deteriorated the quality of the GaAs barrier material around the QD. It is indicative
that the direct doping technique promotes a carrier loss mechanism in the GaAs
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material. The GaAs solar cell with same doping profile as the 18e QD solar cell
confirms the reduction in JSC of doped QD solar cells has to be linked to Si dopants.
On the other hand, the QD solar cells have extended absorption below the bandgap
energy of the GaAs reference solar cell, which indicates that sub-bandgap photons are
absorbed. The QD spectra is magnified in the inset of Figure 5.7. The 0e/dot QD solar
cell serves as a reference baseline for the doped QD solar cell. The extended absorption
attenuates around 1040 nm, which correlates with the PL results in Figure 5.4.
Interestingly, as the doping concentration increases, the QD solar cell spectra
decreases. The reduction in the QD spectra follows a blue-shift, which is consistent
with the PL results. This confirms that Si-dopant in the QD introduces a state-filling
effect. Electrons filling the low-energy states of the QD reduces the probability of
optical absorption for low-energy photons [142]. Furthermore, the blue-shift of the
QD spectra points toward the possible increase in the quantum confinement of the QD
region as a result of Si-dopant insertion. This gives rise to the possibility of a potential
barrier as described below.

5.7 The Formation of a Potential Barrier from Si-doping
The state-filling effect introduced by direct Si-doping is confirmed by PL results
in Figure 5.4 and EQE results in Figure 5.7. They show that insertion of Si successfully
donate electrons to the electronic states of the QD. The improvement in VOC together
with improved emission strength of the solar cells indicate an enlargement in the QD
confinement potential. This enlargement in confinement potential is supported by the
blue-shift of the sub-bandgap absorption seen in the EQE results. This leads to a
picture that envisions a potential barrier which lies at the interface of the QD, which
must be linked with the Si-dopants in the InAs QD layer. Reviewing the growth
process, the Si-dopants are directly deposited on the InAs epilayer just before the
nucleation process of the SK growth mode, therefore only some of the Si dopants are
incorporated in the QDs and the rest remain in the wetting layer (WL), where free
carriers are supplied to charge the QDs [148]. As a result, positively charged WL with
ionized Si donors and negatively charged QDs are created by direct Si doping. This is
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expected to form a potential barrier at the WL/QD interface that increases with doping
density. The effect of this would directly help to suppress the electron thermal
escaping.

Figure 5.8: A schematic diagram illustrating the result of charges distributed in the QD and
around the WL leading to the built-in potential in the QD solar cell.

To help visualise this, a drawing is supplied in Figure 5.8 to illustrate the assembly
of negative charges in the QD with distributed ionized Si-donors in the WL. The band
diagram shows how the distribution of the charges create the potential barrier between
the QD and the WL. The presence of this potential barrier would barricade the
relaxation of the electron from WL to the QD energy states.

5.8 Thermal Quenching in PL
Further to the hypothesis of a potential barrier between the QD and WL, the carrier
dynamics are studied using temperature-dependent PL spectra. It is fundamental to
understand the impact of the charged QD to the carrier communication between the
QD and the WL. Usually, thermal-coupling between the electronic states of the QD to
the WL is prominent in InAs/GaAs QD systems, which permits thermal escape of the
electrons in the QD at a very high rate. Subjecting the solar cell in a low temperature
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condition suppresses this thermal pathway and reduces thermal escape of the carriers.
This keeps the carrier occupied in the QD energy states. As a result, the probability of
carrier recombination in the QD increases because the downward transition could

Normalized QD PL (a.u)

occur more efficiently.
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Figure 5.9: Integrated PL intensity plotted as a function of temperature, normalised to show the
rate of change in thermal quenching of solar cells with 0e, 6e, 12e, 18e and 24e per dot.

Figure 5.9 plots the integrated PL emission intensity of the GS of the QD over the
temperature range of 180 to 300 °C for the QD solar cells. The plot is normalised to
show a relative rate of change of the PL emission intensity over the temperature. The
relationship between the PL emission intensity over the range of temperatures shows
a thermal quenching behaviour. It can be seen that the rate of change of the integrated
PL for the QD emission changes with temperature. A stronger thermal-coupling effect
usually leads to a higher rate of thermal quenching. As seen in Figure 5.9, the thermal
quenching is more rapid in the QD solar cell without Si-doping (0 e/dot) compared to
those with Si-doping. A gradual reduction in thermal quenching is seen for the QD
solar cells with doping up to 18e/dot, as reflected by the rate of change of the integrated
PL intensity over the range of temperatures. This is an indication that the confinement
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potential of the QD increases with increasing Si-dopant concentration, which supports
the proposal of a potential barrier created between the QD and WL. This observation
of thermal quenching by Si-doping is also reported by Kita [150]. For the QD solar
cell with 24 e/dot, the thermal quenching does not follow the trend with Si-dopant
concentration. This is reasonable as defect states could likely reduce the thermal
activation energy.

5.9 Time-resolved PL

Figure 5.10: (a) A time-resolved PL decay behaviour for QD and WL of different doping
concentration at 295K and 10K in with the normalised PL plotted in logarithmic scale. (b) A plot of
the QD and WL decay time for QD solar cells with different doping concentration at 295K and
10K.

To understand the effect of the potential barrier on the voltage recovery characteristic
in Figure 5.5, time-resolved (TR) PL measurement was provided with the help of
Arkansas University [42]. TRPL measurement is facilitated with time-correlated
single photon counting and are highly suited to monitor carrier dynamics [151]. The
transient PL measurements used 2 ps pulses at excitation of 750 nm from a modelocked Ti: sapphire laser that produces an optical pulse train at 76 MHz; Hamamatsu
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synchroscan streak camera C5680 with an infrared enhanced S1 cathode was used for
signal detection. Figure 5.10(a) shows the TRPL results for WL and QD peak emission
for all the QD solar cells, measured at room temperature (295K) and cryogenic (10K)
conditions. The WL emission of all the QD solar cells measured at 295 K shows no
changes in the decay whilst for QD emission at the same temperature the decay only
started to show prominent differences in the decay after 1200 ps. This time is longer
than the usual radiative and non-radiative decay time. This suggests the observation is
based on the doping level, and it rules out the non-radiative processes. Therefore, the
possibility of this is likely the supply of carriers from the wetting layers to the QDs.
On the other hand, WL emission measured at 10 K shows a clear difference in the
carrier lifetime for the different Si-doped QD solar cells. The difference in the decay
time indicates a change occurred in the relaxation pathway of the WL. The relaxation
pathway for the WL is only available with the link to the QD energy states. Normally,
rapid relaxation is expected between the WL continuum to the energy states of the
QD, but in the presence of an electrostatic potential barrier the relaxation mechanism
is expected to be suppressed. The TRPL result showing a slow decay of the PL
emission of the WL supports the hypothesis shown in Figure 5.8.
Figure 5.10(b) shows a plot of the carrier decay time as a function of Si-dopant
concentration. The decay time was calculated by fitting the exponential decay formula
using the results from Figure 5.10(a). At 10 K, the PL decay time of the QDs is nearly
constant for all the QD solar cells with doping. The decay time ranges between ~1.0
ns and 1.2 ns, typical for carriers in an InAs/GaAs QDs. The PL decay time of the WL
at 10 K significantly increases with doping density in the QDs. In contrast, PL decay
time of the QDs at 295 K increases with Si doping concentration in the QDs while the
PL decay time of the WL (~150 ps) remain almost unchanged. The enhanced PL decay
time of the WL at high doping concentration confirms a presence of the potential
barrier at the WL/QD interface. The potential barrier localises the photon-excited
carriers in the QDs for extended time. Therefore, the potential barrier formed between
the WL and QD restricts the relaxation of excited carriers into the QD. This potential
barrier effectively increases the quantum confinement of the QD, which is supported
by the blue-shift of the QD emission seen in the PL results in Figure 5.4 and the QD
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absorption spectra seen in the EQE results in Figure 5.7. The stronger quantum
confinement could be due to a reduced effect of the WL continuum states, which
weakens the thermal-coupling effect and leads to a steady voltage-recovery.

5.10 Chapter Summary
The effect of direct Si-doping into the QD of the QD solar cells induces a steady
recovery in the VOC. This is explained with the existence of a potential barrier with the
evidence derived from the PL, EQE and TRPL measurements. An increase in the PL
emission intensity was seen for the QD solar cells when doping concentration
increases. This is attributed by the increased quantum confinement of the QD and
possibly the inhibition of the defective traps that hosts the NR recombination sites.
The blue-shift seen in the QD PL spectra as Si-dopant concentration increases is
explained with the state-filling effect where gradual filling of lower energy states in
the QD causes transition to occur at higher energy states. This is consistent with the
EQE results which shows a blueshift in the absorption QD spectra. The voltagerecovery characteristic from the J-V results deduces that the effect must be linked to
the Si-dopants in the QD layer. The Si-dopants deposited on the InAs layer during the
growth of the QD will leave n-type dopants in the entire layer which includes the WL.
Charged QD with positively charged Si ions distributed in the WL led to the proposal
of an electrostatic potential barrier. Temperature-dependent PL studies saw reduced
thermal quenching as Si-dopant concentration increases in the QD solar cell. This
provided indication to the reduced effect to the thermal pathway for the carriers in the
QD which could be due to increased quantum confinement, which supports the
proposal of the potential barrier. The TRPL results provided evidence for an increase
carrier lifetime in the WL which suggests that the presence of the potential barrier
reduces the relaxation of the carrier into the QD. This potential barrier separates the
thermal connection between QD energy states and the WL continuum. Hence the
thermal-coupling effect is weakened and brought voltage-recovery to the QD solar
cell. The reduced thermal-coupling may have helped to push the quasi-Fermi energy
level of the CB upwards. Overall, a gradual voltage-recovery from 0.777 V (0e/dot)
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to 0.898 V (18e/dot) is achieved, which marks as a ~14% VOC improvement. Although
the voltage-recovery was compromised with reduction of current density, the work has
provided a technique to tackle the thermal-coupling issue.
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Chapter 6
Rapid Thermal Annealing of Quantum Dot
Solar Cell

6.1 Introduction
The self-assembled InAs/GaAs QD grown in SK-mode is known as a straininduced mechanism. The QD formation deteriorates the crystal plane above the QD
layer. To compromise this, thick spacer layers can be used to ensure the strain field
induced by the QDs do not affect the formation of the subsequent QD layers.
Moreover, the combination of lattice-mismatched materials generate defects which
degrade the material quality. These inherent defects could be mobile interstitial atoms
or point vacancies in the active region, which hosts Non-radiative (NR) recombination
events in the semiconductor crystal. Under concentrated illuminations, the NR could
generate densely localised carriers known as a microplasma. This effect can become
intensified at high temperature which causes damage to the material crystal lattice.
In general, semiconductor devices containing a high density of inherent defects
in the crystal material are considered unreliable due to the tendency of fast device
degradation during operation. Inherent defects also creates much hindrance to the
semiconductor device performance, such as reduction in VOC and JSC in solar cells. It
is therefore important to remove host sites of NR recombination in order to improve a
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semiconductor solar cell’s material quality. This chapter details the effect of rapid
thermal annealing (RTA) process on QD solar cell performances. Some results in this
chapter are published in the IET Optoelectronics conference proceedings titled “Effect
of rapid thermal annealing on InAs/GaAs quantum dot solar cells” [177]. RTA is a
technique that has been extended to post-growth treatment to enhance structural and
optical quality of nanostructures via interdiffusion of constituent atoms [152]. This
effect has demonstrated improvement in material quality by removing inherent defects
from heterostructures [153]. Furthermore, RTA induces atom diffusions in the crystal
lattice and the intermixing effect modifies the shape of the nanostructure, making it an
alternative technique for changing the interband transition energies of QD [154, 155].

6.2 Fabrication Details

+

250 nm p GaAs Contact
30 nm Al0.75Ga0.25As Window
250 nm p+-GaAs emitter
15 nm GaAs Spacer
20 repeats
QD Layer

15 nm GaAs Spacer
300 nm n-GaAs base
30 nm Al0.33Ga0.67As BSF
+

500 nm n GaAs Buffer
n+ GaAs Substrate

Figure 6.1: Schematic illustration of the quantum dot solar cell structure, grown with 20 repeats of
InAs QD layers, each separated by 15 nm of GaAs spacer.

Figure 6.1 shows a schematic illustration of the structural layout of an InAs/GaAs
QD solar cell grown on an epi-ready n+GaAs (100) substrate. The solar cell structure
consists of 500 nm n+GaAs buffer, 30 nm Al0.33Ga0.67As BSF, 300 nm n+GaAs base,
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15 nm undoped GaAs spacer layer, 20 layers of InAs QD each separated by 15 nm of
GaAs spacer layer grown at 470 °C recorded from the pyrometer, 250 nm p+GaAs
emitter, 30 nm Al0.75Ga0.25As window layer and 250 nm p+GaAs emitter layer. Each
spacer layer was grown using high temperature growth spacer layer technique [93].
The QD coverage in each layer was grown with 2.5 ML of InAs.
The grown QD solar cell was cleaved into approximately equal sizes of 5 x 5 mm2.
A 200-nm protective SiO2 coating was deposited on both sides of the QD solar cell
using STS plasma-enhanced chemical vapour deposition (PECVD) followed by RTA
treatment using a Solaris 150 RTP System at 650, 700 and 750 °C under N2
environment. The annealing duration was 30 seconds with a ramp-up rate of 25 °C/sec.
It should be mentioned here that such high temperature annealing cannot be performed
after the electrode contact deposition because the high annealing temperature could
lead to mutual diffusion of atoms between the metal and the semiconductor, causing
metal degradation. The SiO2 coating was removed using a buffered HF bath. NiAuGe-Ni-Au contact (5, 50, 25, 200 nm) and AuZn alloy contact (120 nm) were
thermally deposited onto the back and front (shadow mask) surfaces, respectively.
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Figure 6.2: Room temperature PL measurement of as-grown, 650, 700 and 750 °C annealed QD
solar cells, and an inset showing the full-width half maximum and peak emission plotted against
annealed temperature.

Figure 6.2 shows the PL spectra an as-grown QD solar cell and the annealed QD
solar cells at 650, 700 and 750 °C. The measurement was carried out at room
temperature condition with an excitation power of 18 mW. The as-grown QD solar
cell exhibits a QD peak emission wavelength at 1080 nm. The peak at 870 and 920
corresponds to the GaAs material and WL emission, respectively. The QD PL
emission intensity dramatically increased after the QD solar cells that underwent the
RTA process. At 650 and 700 °C, the QD peak height increased more than 3 times
that of the reference QD solar cell. This indicates changes in the optical quality of the
QD solar cell related to the material quality. The dramatic increase in the PL emission
intensity indicates that a more efficient radiative recombination process took place in
the annealed QD solar cells, which signifies better material quality in terms of defect
concentration [156]. It is common that the RTP process facilitates the removal of
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interior defects from a semiconductor crystal lattice. This helps to suppress the NR
recombination pathway [157].
The position of the QD PL peak of the QD solar cell annealed at 650 and 700 °C
remains relatively close to that of the as grown QD solar cell, which suggests that the
effective bandgap of the QD has not changed, as also the confinement potential.
Therefore, the increase in the PL emission intensity is not due to the changes in the
QD confinement potential, but a suppression of the NR recombination pathway as a
result of reduced density of electron traps which allows a more efficient radiative
recombination process. However, at 750 °C, the emission intensity falls below that of
650 and 700 °C with a significant blue-shift. This suggests compositional changes in
the QD took place [158–160]. It could be explained by the intermixing effect at higher
temperatures. The intermixing induces diffusion and reduces the QD size, therefore
enlarges the confinement potential [161].
The inset of Figure 6.2 shows the Full Width Half Maximum (FWHM) and peak
energy of the QD solar cell as a function of annealed temperature. At 650 °C and 700
°C, the FWHM is similar to that of the as-grown sample, which indicates that no
significant changes to the homogeneity of the QD population. In addition, annealing
temperature above 750 °C shows QD peak merging with that of WL at 920 nm, which
indicates that the QDs began to disappear after dissolving into the WL. Similar results
are reported in Ref [162] and [152].
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Figure 6.3: Low temperature (10K) power-dependent PL measurement for the as grown QD solar
cell and annealed QD solar cell at 650, 700 and 750 °C, with excitation power of 6, 18, 28, 48 and
72 mW.

To confirm the origin of the spectral peaks, the QD solar cell is measured with
different power excitations. Figure 6.3 shows a power-dependent PL spectra for asgrown and annealed QD solar cells. The measurement took place under 10 K
cryogenic conditions under liquid helium circulation. The PL spectra of the as-grown
solar cell shows the lowest energy emission peak at 1010 nm, which represents the GS
emission of the QD. This is shifted 80 meV from that measured at room temperature
shown in Figure 6.2, which is a result of increased effective bandgap of the QD.
Increasing the excitation power increases the PL emission intensity without changing
the peak emission position. A peak at ~ 970 nm emerges as the excitation power
increases, seen in the PL spectra for the as grown or annealed QD solar cell. This
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emerging peak is followed by the saturation of the 1010 nm peak, indicating populated
lower energy levels excitation power increases. Therefore, a transition of a higher
energy level in the QD dominates. This confirms for the as-grown QD solar cell that
the peak at 1020 nm originates from the GS emission whilst the peak at 970 nm
originates from the FES. This helps to rule out the possibility of a bimodal QD
population in the QD solar cells. In brief, a bimodal QD population is a population of
two different QD size distributions. The PL spectra from the as-grown and all the
annealed QD solar cells are similar in shape, therefore the possibility of a bimodal QD
population is eliminated. At 750 °C, the PL spectra shows the GS and FES emission
peak position lies close to each other. This suggests that the high temperature
annealing has raised the GS of the QD, effectively reducing the separation of the two
energy states.
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Figure 6.4: J-V curve measured under AM 1.5G (1 sun) condition at 25 °C for the as-grown and
annealed QD solar cells, with an inset showing the short-circuit current and the open-circuit
voltage plotted against the annealed temperature. .
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Figure 6.4 shows the J-V characteristics for the as-grown and annealed QD solar
cells measured under 1 sun (AM 1.5 G spectrum) illumination. The as-grown QD solar
cell has a JSC and VOC of 4.94 mAcm-2 and 787 mV, respectively. The lower JSC
recorded here compared with the work in the previous chapters is likely a result of a
thicker contact layer (250 nm) in the QD solar cell of this work. The as-grown QD
solar cell has a VOC consistent with the value previously reported value [41-42].
Despite this, the improvement in JSC is seen for all the annealed QD solar cells.
The inset of Figure 6.4 shows a plot of the JSC and VOC as a function of annealing
temperature. The maximum JSC was reached at 700 °C with 5.81 mAcm-2, which
marks an 18% increase from that of the reference QD solar cell, and the VOC increased
by 30 mV to 0.82 V. This increase in VOC is likely the result from the removal of NR
recombination centres, which is supported by the increased PL emission intensity in
Figure 6.2. The improvement in both JSC and VOC as a result of thermal annealing
suggests that defects are removed from the crystal lattice of the QD solar cell and has
led to improvement in material quality.
The removal of defects helps to reduce the impediment to the mobility of the
carriers, which extends the carrier diffusion length and increases the probability of
carrier extraction. The parameters and efficiency of the solar cells are summarised in
Table 3. It can be seen that the FF for the annealed QD solar cells has also improved
compared with the as-grown QD solar cell, which may be contributed by the removal
of NR recombination centres. However, annealing at 750 °C has shown a poorer solar
cell performance as compared to that annealed at 700 °C in terms of JSC and VOC. This
may be due to the effect of intermixing. Excessive constituents from the InAs QD and
GaAs spacer layer could lead to an exchange of atoms between the InAs QD and GaAs
spacer layer at high temperature, which reintroduces vacancy defects. The reduced PL
emission intensity at 750 °C supports this view.
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RTA
Temperature

JSC

VOC

FF

Efficiency

(mA/cm2)

(mV)

(%)

(%)

As Grown

4.94

787

66

2.57

650 °C

5.55

802

72

3.25

700 °C

5.81

819

73

3.48

750 °C

5.53

802

72

3.20

Table 3: Summary of the JSC, VOC, FF and efficiency performances for the as-grown QD and
annealed QD solar cell.

6.6 EQE measurement

EQE (%)

EQE (%)

30
25
20
15
900

10

1000

1100

Wavelength (nm)

5
0
400 500 600 700 800 900 10001100

Wavelength (nm)

As Grown
650 oC
700 oC
750 oC

Figure 6.5: EQE measurement for the as grown and annealed QD solar cell at zero-bias at roomtemperature conditions, with an inset showing a magnified view of the QD absorption region.
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Figure 6.5 shows the EQE spectra for the as-grown and annealed QD solar cells
at room temperature. The spectral response in the as-grown QD solar cell shows a subbandgap absorption coverage up to ~1100 nm. This is consistent with the PL spectra
measured at room temperature as shown in Figure 5.4. The EQE spectra shows a
supra-bandgap absorption between 400 – 870 nm which corresponds to the GaAs
material. The blue-light absorption (~500) of the QD solar cell in this work is relatively
low compared with those in the previous chapters. This is likely due to the parasitic
absorption of the thick GaAs contact layer (250 nm) used in the QD solar cells of this
work. The thick contact layer would absorb most of the blue light, which doesn’t
contribute to the solar cell’s JSC. Despite this, all the annealed QD solar cells show an
improvement in this supra-bandgap absorption region. This suggests that the
photocurrent enhancement seen in Figure 6.4 is largely contributed by an improved
absorption of the GaAs material in the QD solar cells. The result is consistent with
that reported in Ref [159]. The result is explained by the removal of interior point
defects from the GaAs region as a result of Ga/In interdiffusion.
At 700 °C, the QD solar cell exhibits the highest spectral response out of the other
annealing temperatures, which is consistent with the improved PL emission at 700 °C.
However, the spectral response starts to decrease at 750 °C which suggests that the
reduction of JSC at 750 °C is also responsible by the GaAs material in the QD solar
cell, which signifies that high temperature annealing may reintroduce vacancy or
interstitial defects and distributes in the GaAs material of the QD solar cell [163].
The inset of Figure 6.5 shows a magnified view of the QD absorption region. The
effect of RTA also improves the spectral response of the QD as compared to the as
grown QD solar cell. This suggests that the effect of RTA also facilitates the
improvement of the material quality of InAs QD, which helps to increase absorption
of sub-bandgap photons.
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6.7 Chapter Summary
QD solar cells grown in SK mode have inherent defects localised in the InAs QD
as well as its surrounding GaAs material. These could be interstitial or vacancy defects
acting as NR recombination centres which impedes the flow of intrinsic carriers. As a
result, the carrier mobility and extraction probability is impacted due to the presence
of electron traps. By using the RTA post growth technique at 650, 700 and 750 °C on
the QD solar cells, Ga/In interdiffusion in the crystal lattice of the InAs/GaAs material
system induces molecular rearrangement in the crystal lattice of the material, which
removes some defects and effectively removes the electron traps. This helps to
suppress the NR recombination pathway and allows more efficient radiative
recombination process to take place. This is evidenced by the increased PL emission
intensity after the QD solar cell underwent RTA.
The suppression of NR recombination has helped to improve the QD solar cell
performance in terms of JSC and VOC. As a result, an overall improvement in the
conversion efficiency is seen. The RTA temperature that delivers the best J-V
performance of the QD solar cells was found to be 700 °C. This has achieved an
improvement of JSC from 4.94 to 5.81 mAcm-2 and VOC from 787 to 819 mV, which
marks an 18% and 4% improvement in JSC and VOC, respectively. On the other hand,
a QD solar cell annealed at temperature above 750 °C has a reduced QD PL emission
peak. This is no surprise because above this temperature the QD will begin to dissolve
into the WL forming a QW equivalent structure and have lost the properties of QD,
including 3D confinement. Hence, there is an upper limit to the annealing temperature
for QD solar cells. The thermal treatment must be kept below 750 °C to sustain the
requirement for establishing IBSC. It has been shown by other report that intermixing
upon RTA processing has facilitated tuning to the desired spectral response [155],
[158]. In this study, substantial tuning is initiated when the annealing temperature is
above 700 °C.
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Chapter 7
InAs/InGaP QD solar cells with an AlGaAs
interlayer

7.1 Introduction
One of the ways to separate the IB from the CB in a QD solar cell is to raise the
bandgap offset, the difference between the CB of the QD material and the CB of the
host material. This can be achieved by embedding the InAs-QDs within a large
bandgap host material. It would lead to enhanced quantum confinement for the carriers
within the QD GS, therefore minimises the thermal escape of carriers. In principle,
this could allow the QD-IBSC to preserve the VOC of the host material [31].
Nonetheless, IBSC operation requires a suitable material system to maintain three
separate quasi-Fermi levels [135-136]. Since IB is formed by introducing confined
discrete energy states from the QD within the band gap of the host material, changes
to the material type of the QD and the barrier will naturally modify the bandgap. For
this reason, the work of exploring different material combinations has been
extensively studied and the search for the optimal performing material system for
IBSC is still ongoing.
The highest theoretical efficiency for IBSCs requires a high bandgap of 1.93 eV.
This can be achieved using AlGaAs or InGaP materials. On the other hand, the sub155
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bandgaps required are 0.7 eV and 1.2 eV [19]. The success of achieving this would
depend on the position of the IB. Conventional InAs/GaAs QD system is not an ideal
candidate for IBSCs because the GaAs bandgap is about 500 meV lower than the ideal
IBSC [54, 122,164,165]. In the past, QDs embedded in high bandgap materials have
been studied, such as InAlGaAs, AlAs and AlGaAs which have shown empirical
achievements [31], [122], [87]. These works have shown increased confinement
potential and reduced thermal activation energy. It has been demonstrated that a builtin potential barrier between the QDs and WL can be formed by directly dope the QDs
with Si, resulting in the thermal decoupling of the IB and CB for QD solar cells [37],
[42], [142], which has been discussed in chapter 5. This approach has proven to be a
promising solution to resolve the long-term thermionic emission issues of QD-IBSCs.
Recently, the efficient two-step photon absorption has been theoretically predicted by
inserting closely stacked InAs QDs into a high-bandgap InGaP matrix [166]. In
addition, this material system is well known for its strong phonon bottleneck effect at
low temperature due to the large confinement for carriers [167]. It has been shown that
In0.4Ga0.6As/GaAs QDs grown in InGaP matrix have larger energy separation between
the QD GS and the CB in comparison to conventional InAs/GaAs QDs [168]. More
recently, prototype InAs/InGaP QD-IBSCs were fabricated with enlarged
intersubband energy over 400 meV [169]. So far, the InAs/InGaP QD system gives an
encouraging outlook to the IBSC concept, and deserves further experimental research.
This chapter details on the growth study of InAs-QDs grown on the surface of
InGaP buffer layers as a function of InAs coverage and growth temperature. The
evolution of QDs was examined by AFM and PL measurements. High-quality InAs
QDs directly on the InGaP layer were hindered by a destructive surface exchange
reaction between InAs and InGaP. To solve this problem, an AlGaAs interlayer was
used to separate the InAs QDs from InGaP. This approach yielded high-density QDs
without observing any defective clusters by AFM measurements. Furthermore, lowtemperature power-dependent PL results showed that the bandgap configuration of
this InAs/AlGaAs/InGaP QD system closely matches that of an ideal IBSC. A QD
solar cell with 20 layers of InAs/InGaP QDs with AlGaAs interlayers was thus
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fabricated. This was followed by a post-growth RTA process to further improve the
material and device quality. Some results in this chapter are published in the journal
of Solar Energy Material and Solar Cells titled “InAs/InGaP quantum dot solar cells
with an AlGaAs interlayer” [43].

7.2

Growth study of InAs-QD/InGaP Heterostructure
All samples were grown in the MBE system on epi-ready p+-GaAs (100)

substrates. The growth of InAs QDs on the In0.49Ga0.51P buffer layer lattice-matched
to GaAs substrates was studied by varying the InAs nominal thickness from 0.3 to 2.1
ML and the growth temperature from 480 to 510 °C. Each sample consists of two
layers, one layer is formed with InAs-QDs embedded into the InGaP buffer and
another layer was grown directly on top without capping. Surface morphology studies
were performed on these uncapped samples by using AFM imaging. The PL spectra
were measured at room temperature with 6 mW excitation power.

7.2.1 The Effect of InAs Coverage on InGaP
Figure 7.1 (a)-(d) shows 1×1 μm2 AFM images of samples with InAs deposited
directly on the In0.49Ga0.51P layer at 495 °C. Large (>50 nm diameter) clusters can be
seen along with irregular sized QDs after depositing 0.3-ML InAs. The QDs are very
unlikely formed via the SK mode because the deposition is significantly lower than
the critical thickness of ~1.5 ML, which is generally required for initializing the SKtype InAs/GaAs QD. In general, the large clusters with irregular shapes are defective
[170-172]. The formation of defective clusters can be explained by the aggregation of
QDs. The tendency for out-diffusion of In atoms from the InGaP buffer layer has
interfered with the QD growth [38, 173, 174]. It can be seen that even with InAs
coverage as low as 0.3 ML could form QDs and other dot-like particles. This indicates
the additional supply of In atoms has took part in the growth process. Since the QD
sizes exhibits a very large variance, it is very likely that the diffusion mechanism for
In atoms from the InGaP buffer layer is random. The densities of coherent dots and
defective clusters as a function of InAs coverage are plotted in Figure 7.1(e). The
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highest QD density of 4.6 × 1010 cm-2 was observed at 0.5 ML of InAs coverage.
Further increase in InAs coverage led to a rapid reduction in coherent QD density and
an increase in defective dot density. The maximum defect density of 9 × 108 cm-2 was
found at 1.3 ML of InAs coverage. This suggests that the defective dot density cannot
be suppressed by increasing the InAs coverage and the out diffusion of In atoms could
severely penetrate the upper layer.
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Figure 7.1: AFM images (1×1 μm2) of InAs QDs grown on the InGaP surfaces at 495 °C with (a)
0.3 ML, (b) 0.5 ML, (c) 1.3 ML and (d) 2.1 ML of InAs coverage. A plot of densities of coherent
dots and defective clusters as a function of InAs coverage is displayed in (e). The corresponding
room-temperature PL spectra are shown in (f).

Figure 7.1(f) shows the room-temperature PL spectra of these samples using an
excitation power of 6 mW. The PL emission peaks at ~1100 nm, which confirms the
presence of QDs for all these samples. The peak at 870 nm corresponds to the emission
of GaAs substrate but the InGaP buffer emission, which is expected to have a peak
<800 nm, is not seen in this spectral coverage. At 0.5 ML InAs coverage the PL
emission intensity is the highest compared with the other spectra. Increasing the InAs
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coverage dramatically reduced the PL emission intensity. This indicates that the
material quality of the InAs/InGaP QD became poor, which could be due to the
increased NR recombination related to the defective clusters observed in the AFM
images. The emission at ~1100 nm has also gradually red-shifted which indicates an
increase of the average size of the QDs in the population as InAs coverage increases.
Furthermore, the WL emission which is normally seen at ~920 nm for InAs/GaAs QDs
is absent from the spectra, which rules out the possibility of the QD being grown via
the SK-mode.

7.2.2 The Effect of Growth Temperature on InAs-QD/InGaP surface
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Figure 7.2: AFM images (1×1 μm2) of 0.5 ML of InAs QDs grown on the InGaP buffer layer at
different temperatures (a) 480 °C and (b) 510 °C. The density of QDs and defective clusters as a
function of temperature is plotted in (c). The corresponding room-temperature photoluminescence
measurement is shown in (d).

The influence of growth temperature on InAs/InGaP QD morphology was further
investigated at 480 and 510 °C. The 1×1 μm2 AFM images of samples with 0.5 ML of
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InAs deposited on the InGaP buffer layer at 480 and 510 °C are shown in Figure 7.2(a)
and (b), respectively. Not only raising the temperature did not help with the epitaxial
growth of a uniform InAs-QD layer, the size of the particles has increased at higher
growth temperatures, which indicates an increased surface exchange reaction took
place. This is supported by the increase in QD average diameter from 21.9 ± 4.0 nm
at 480 °C to 41.0 ± 10.2 nm at 510 °C. This is nearly double the QD diameter which
indicates that further increase in growth temperature could lead to greater severity in
terms of surface In diffusion interference. At 510 °C, the surface of the sample has
particles as large as ~100 nm in diameter. It is worth mentioning that at 495 °C, the
particles evolve into bimodal QDs with average diameters of 23.2 ± 4.6 nm and 41.7
± 7.5 nm for small and large dots, respectively. The small QDs are believed to be
coherent dots while the large ones are aggregated clusters. Due to the presence of large
dots, the average height is as large as 8.6 ± 3.6nm.
Figure 7.2(c) shows a plot of coherent dot and defective cluster densities as a
function of temperature, with the inclusion of AFM results from the sample shown in
Figure 7.1(b). The growth temperature that yielded the highest QD density as well as
defective dot density was 495 °C. It can be seen that a dramatic reduction of the
densities of both coherent dots and defective clusters occurs above 495 °C. Since the
In atoms within the InGaP buffer could act as an additional In source for the QD
nucleation process [38], increasing the growth temperature could promote the out
diffusion of In atoms from the InGaP layer, and hence increases the dot size.
Figure 7.2(d) shows the room temperature PL spectra. The QD peak emission
shows a redshift with increasing growth temperature from 480 to 510 °C. This
confirms that the overall QD sizes increase with increasing temperature. These results
show that non-uniform InAs QDs with larger defective clusters are formed on the
InGaP buffer layer across the temperature range of 480-510 °C and the InAs coverage
range of 0.3-2.1 ML. This is likely a result of the destructive effect of In atoms from
the InGaP buffer and As-P exchange occurring at the InAs/InGaP interface [173].

160

Chapter 7: InAs/InGaP QD solar cells with an AlGaAs interlayer

7.2.3 Growth of InAs/InGaP-QD using AlGaAs interlayer
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Figure 7.3: AFM images (1×1 μm2) of InAs QDs grown on (a) GaAs and (b), (c) and (d) on
AlGaAs with the InAs coverage labelled. QD density vs. InAs ML coverage is plotted in (e). The
room-temperature photoluminescence is shown in (f).

To avoid In diffusion and As-P exchange between the InAs QDs and the InGaP
buffer, an Al0.33Ga0.67As interlayer was introduced between the InGaP buffer layer and
InAs QDs in this work. The Al0.33Ga0.67As material was chosen for its similarity to the
bandgap properties of InGaP, because the interlayer must retain the high CB offset
between InAs QDs and the confining layers [87] for the purpose of this study. AlGaAs
materials can have a bandgap as high as 2.16 eV (pure AlAs), much higher than the
GaAs material (1.42 eV). Within the InGaP matrix, InAs QDs were grown on 3-nm
Al0.33Ga0.67As and capped by 6-nm Al0.33Ga0.67As. All the samples were grown at a
fixed temperature of 495 °C. The AFM measurements were performed on the
uncapped QD samples. Figure 3(a) shows a 1×1 μm2 AFM image of 2.1-ML InAs
coverage on a GaAs interlayer as a reference. Figure 7.3(b)-(d) show InAs QDs grown
on AlGaAs with InAs coverage of 1.95, 2.3, and 2.6 ML, respectively. No large
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defective clusters were observed on these AFM images. The average size of QDs
formed directly on GaAs surface is 34.8±8.7 nm in diameter and 5.2 ±1.3 nm in height.
After the AlGaAs interlayer was deposited, the average lateral size of QDs reduces to
10.2 ± 1.4 nm, 14.9 ± 3.7 nm, and 16.5 ± 1.8 nm while the height of QDs is 5.2±1.0
nm, 9.4±1.9 nm and 7.7±1.9 nm for InAs coverage of 1.95, 2.3, and 2.6 ML,
respectively. The reduced average size of the QDs grown on the AlGaAs surface is
caused by the decreased adatom diffusion length on the AlGaAs compared to that on
the GaAs surface. The corresponding QD density as a function of InAs coverage is
plotted in Figure 7.3(e), where the InAs QDs grown on GaAs interlayer is indicated
by a black square. The maximum density of InAs QDs on AlGaAs is ~1×1011 cm-2 for
the sample with 2.6-ML InAs coverage. This is similar to a previously reported density
of InAs QDs grown on AlGaAs buffer layers [174].
Figure 7.3 (f) shows the room-temperature PL results for those samples with GaAs
and AlGaAs interlayers. An improvement in QD emission intensity was observed with
increasing InAs coverage, which correlates well with the QD density shown in Figure
7.3(e). QDs grown on AlGaAs exhibit a blueshift and higher PL emission compared
to QDs grown on the GaAs. Although this could be attributed to the smaller size and
higher density of QDs on the AlGaAs surface, as observed from the AFM images, a
raised confinement potential from the AlGaAs interlayer for InAs QDs cannot be ruled
out [87].
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7.3 Growth and Fabrication of Solar Cells
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Figure 7.4: Schematic illustration of the (a) InAs/InGaP QD solar cell grown on a p-type GaAs
substrate with the undoped region consists of InAs QDs grown on 3-nm AlGaAs, capped by 6-nm
AlGaAs, and sandwiched by the InGaP spacer layer, and (b) an InGaP reference solar cell with
similar structure except the i-region is replaced with 1150 nm of InGaP bulk material.

Based on the results obtained for the InAs/AlGaAs/InGaP QD structures described
above, an InAs/InGaP QD solar cell was grown on epi-ready p+-GaAs (100)
substrates. An InGaP solar cell was also fabricated as reference sample, and consists
of a 200 nm p-GaAs buffer layer, 30 nm p-InAlGaP BSF layer, 500 nm p-In0.49Ga0.51P
base, 1150 nm undoped In0.49Ga0.51P bulk material, 250 nm n-In0.49Ga0.51P emitter, 30
nm n-InAlGaP window, and 50 nm n+-GaAs contact layer. The InAs/InGaP-QD solar
cell has the same structure as the InGaP reference solar cell except that 20 repeats of
InAs/AlGaAs QD layers were inserted within the intrinsic region instead of InGaP
bulk. Each QD layer consists of 2.6-ML InAs grown on 3-nm Al0.33Ga0.67As and
capped by 6-nm Al0.33Ga0.67As, and is separated by a 50 nm In0.49Ga0.51P spacer layer.
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Figure 7.4(a) shows the schematic illustration of the QD Solar Cell and Figure
7.4(b) shows an InGaP reference solar cell. It should be mentioned here that, due to
the low temperature growth, AlGaAs layers suffer from the sensitivity to oxygen
incorporation, which can degrade the device performance. Therefore post-growth
thermal treatment was studied to improve QD solar cell performance. A 200-nm SiO2
coating was deposited on the QD solar cell using STS plasma-enhanced chemical
vapour deposition (PECVD) followed by RTA treatment using a Solaris 150 RTP
System at 650, 700, 750 and 800 °C under N2 environment. The annealing duration
was 30 seconds and the ramp-up rate was 25 °C/sec. The SiO2 coating was removed
using a buffered HF bath. The solar cell devices were fabricated for the as-grown and
annealed samples. Contact electrodes consisting of Ni-AuGe-Ni-Au (5, 50, 25, 200
nm) and Zn-Au alloy (200 nm) were thermally evaporated onto the front and back of
the samples, respectively. No anti-reflective coating was used for these solar cell
devices.
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7.4 PL Characterisation
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Figure 7.5: Low temperature (10 K) power-dependent photoluminescence spectra for (a) an asgrown QD solar cell and QD solar cells annealed at (b) 700 °C and (c) 800 °C with the excitation
power from 0.1 to 1000 W/cm2. The laser, ground state (GS), first excited state (FES) and InGaP
material emission are labelled.
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Figure 7.5 shows a power-dependent PL measurement at 10 K for (a) an as-grown
QD solar cell, (b) a QD solar cell annealed at 700 °C, and (c) a QD solar cell annealed
at 800 °C. The InGaP peak emission is found at ~1.88 eV (~1.76 eV at 300 K), which
is close to the aforementioned optimal IBSC bandgap of 1.93 eV. Although the peak
emission for the AlGaAs interlayer cannot be distinguished here, it is expected to be
~1.83 eV at 10 K, and hence overlaps with that of the InGaP peak. The emission
energies of the QD GS and the FES are 1.29 eV (~1.24 eV at 300 K) and 1.37 eV
(~1.28 eV at 300 K), respectively for the as-grown sample. This is illustrated
schematically in the bandgap diagram in Figure 7.6. Annealing at 700 °C causes the
GS to blueshift to 1.30 eV with an increased PL intensity [111, 157, 161, 175, 176].
The PL spectra further blueshift to 1.35 eV (1.3 eV at 300 K) with annealing
temperature of 800 °C. The blueshift of PL emission can be explained by a reduced
QD size and/or the change of QD material composition, while the increased emission
intensity is related to the removal of NR recombination centres [161, 176, 177]. After
annealing the InAs/InGaP QD solar cells at 700 and 800 °C, the GS emission of InAs
QDs remains close to the first photon-absorption bandgap at 1.24 eV proposed for
IBSCs. Conventional InAs/GaAs QDs generally experience morphological evolution
from QDs to QWs for post-growth annealing temperature up to 800 °C. However, for
the InAs/InGaP-QD solar cell sample annealed at 800 °C, the relatively small energy
shift and the large energy separation between the GS and InGaP matrix indicate that
the QDs remain even after the elevated annealing temperature. The rather broadband
PL emission of the QD solar cell annealed at 800 °C also confirms the presence of
QDs.
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Figure 7.6: A simple bandgap diagram representing the bandgap configuration of the as-grown
InAs/AlGaAs/InGaP QD solar cell structure.
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7.5 EQE Measurement
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Figure 7.7: Linear external quantum efficiency measurements of the annealed QD solar cells. The
inset displays the semi-log spectral response corresponding to the QD region.

Figure 7.7 shows the EQE spectra of the as-grown and annealed InAs/InGaP-QD
solar cells and an InGaP reference solar cell, plotted against the photon energy (eV)
and measured at room temperature and zero-bias. A gradual increase in spectral
response between 1.8 and 3.0 eV, which corresponds to absorption in the InGaP and
AlGaAs materials, is observed for QD solar cells with increasing annealing
temperature. The supra-bandgap absorption at around red-light region of 2.0 eV shows
the dominating improvement in spectral strength. This indicates an improvement in
the material quality of the i-region and the base region. This improvement could be
due to the removal of point defects or interstitial defects from the AlGaAs and/or
InGaP spacer layer, which is consistent with the effect of RTP process on InAs/GaAs
QD solar cell shown in chapter 6. The QD region also shows a gradual enhancement
in spectral response, as shown in the inset of Figure 7.7. The improvement in material
quality owing to RTA has previously been reported for QD materials and devices [177179].
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7.6 J-V Characteristics
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Figure 7.8: (a) Current density-voltage characteristics of InAs/AlGaAs/InGaP QD solar cells with
the reference InGaP solar cell and (b) a plot of current density and open-circuit voltage of the QD
solar cells as a function of the annealed temperature.

Figure 7.8(a) shows J-V measurements for the solar cells under 1 sun AM 1.5
illumination. Figure 7.8(b) shows a plot of JSC and VOC as a function of annealing
temperature. The QD solar cell without RTA treatment exhibits diminished device
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performance with a JSC output below 0.5 mA/cm2 and a VOC just over 0.7 V. This is
far below the performance of the reference InGaP solar cell. The poor performance is
primarily attributed to the poor material quality of AlGaAs layers grown at a lower
temperature. The high-quality AlGaAs MBE layers can only be obtained when the
growth temperature is about 700 °C [180]. This would lead to the QD solar cell
suffering from severe impediment to the carrier extraction mechanism. In addition, the
recombination current through the defects can act as a shunt and degrade the device
performance, which is in agreement with the poor fill factors shown in Figure 7.8(a).
With increasing annealing temperature, the steady recoveries of both current density
and voltage towards those of the reference InGaP solar cell have been observed. The
improved JSC output corresponds well with the enhancement in spectral response from
the EQE results. A gradual improvement in ideality factor upon annealing can also be
observed as a result of reduced recombination and improved carrier collection.

7.7 Chapter summary
A growth study was conducted on growing InAs QDs directly on the InGaP
surface. Due to the surface exchange reaction, where In out-diffusion from the InGaP
material interferes with the InAs QD growth and created large defective cluster, a high
quality coherent QD cannot be realised. Despite attempts on changing the InAs
coverage and growth temperature, what was needed is an interlayer which could
effectively suppress the exchange reaction between the InAs and the InGaP. Hence,
an AlGaAs was inserted between the two materials, which resulted in high quality and
high density QD arrays. QD solar cells with the QD layers consisting of the
InAs/AlGaAs/InGaP configuration was grown and processed by RTP. The optimal
QD solar cell performance was obtained at an annealing temperature of 800 °C with a
JSC of 3.2 mAcm-2 and a VOC equal to 0.75 V. With RTP process, a gradual increase
in spectral response between 1.8 and 3.0 eV was recorded for the QD solar cells, which
corresponds to absorption in the InGaP and AlGaAs materials. At the same time, the
QD region also shows a gradual enhancement in spectral response. With increasing
annealing temperature, the steady recoveries of both JSC and VOC towards those of the
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reference InGaP solar cell have been observed. The improved JSC output corresponds
well with the enhancement in spectral response from the EQE results. Post-growth
annealing was clearly effective on improving the device performance, optimization of
the low temperature AlGaAs layers would play a key role in improving the solar cell
efficiency in the future.
The study of the QD solar cell bandgap was carried out using PL emission
measurement. The InGaP peak emission was found at ~1.88 eV (~1.76 eV at 300 K),
which is close to the aforementioned optimal IBSC bandgap of 1.93 eV. The emission
energies of the QD GS and the FES are 1.29 eV (~1.24 eV at 300 K) and 1.37 eV
(~1.28 eV at 300 K), respectively for the as-grown sample. This is also close to the
ideal sub-bandgap energy of 1.2 eV for the first photon absorption process in IBSC.
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Chapter 8
Conclusions and Future Work

8.1 Conclusions
InGaAs/GaAs Quantum Well (QW) and InGaAs/GaAs SML-QD solar cells were
grown. Comparison studies using AFM imaging techniques shows undulation from a
crosshatch pattern on the surface of QW and SML-QD solar cells which is related to
defects in their crystal lattice. The reduced NR-recombination process in SML-QD
solar cell structure compared with the QW solar cell is an attractive feature for IBSC.
The study provides a good approach of reducing defect density by optimisation of
strain relaxation, which delivers better material quality. The SML-QD solar cell gave
an enhanced solar cell performance: an increased current density of 17.7 mA.cm-2,
which marks ~11% improvement from 15.9 mA.cm-2 of the QW solar cell. Its opencircuit voltage also increased ~70 mV to 0.69 V. However, due to the low activation
energy, the samples would not work well as an IBSC candidate. The SML-QD
structure requires a high bandgap capping layer to better fit the IBSC concept.
Five InAs/GaAs-QD solar cells, a GaAs reference solar cell and GaAs reference
cell with doping were grown. The QD solar cells were grown via the StranskiKranstanov mode with Si impurities directly inserted into the QD during the growth.
J-V curves show a recovery in open-circuit voltage in the doped QD solar cells
compared with reference QD solar cells. This was attributed to the increased
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confinement potential of the QD, verified by a characteristic blueshift in the PL
emission spectra. EQE measurements provided evidence that a state-filling effect took
place in the QD. The results led to a hypothesis of an electrostatic potential barrier
formed between the QD and the wetting layer, supported by the time-resolve PL
spectra. These findings has helped to explain the voltage-recovery characteristic by
reducing thermal-coupling effect. This finding is beneficial to IBSC operations and
could help to improve future IBSC designs by recovery the voltage.
Conventional InAs/GaAs QD solar cells grown by Stranski-Kranstanov mode
were subjected to a post-growth rapid thermal process with 3 different temperatures:
650, 700 and 750 °C. Rapid thermal annealing led to stronger PL emission spectra and
suppresses the NR-recombination, as supported by the increased EQE spectra. NR
recombination effects were suppressed in the GaAs material as well as the QD
material, which would help to improve material quality in IBSC. This study offers an
approach for improving material quality of IBSC for future studies.
Finally, to fabricate a QD solar cell with ideal sub-bandgaps to fit IBSC
requirements, InAs/InGaP QD solar cells were studied. The growth of InAs QDs
directly on an InGaP buffer layer has been systematically investigated. The evolution
of InAs-QD grown on an InGaP buffer layer was examined as a function of InAs
coverage and growth temperature. To counter cross-diffusion of atoms, an AlGaAs
interlayer was inserted between InAs and the InGaP buffer layer to prevent the surface
exchange reactions between InAs and InGaP. As a result, InAs QDs with a density of
1×1011 cm-2 have been demonstrated with stronger PL emission compared to those
with GaAs interlayers. The QD solar cell studied here showed the bandgap
configuration of InAs/AlGaAs/InGaP QD system is close to that of the ideal IBSC,
which provides a new system of choice for future test of a two-photon absorption
effect.
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8.2 Future Work
In the chapters four, five, six and seven, favourable QD discrete energy levels
were successfully extracted from the InAs-QD energy states to mimic the IB, which
allowed the photogeneration pathway to make use of sub-bandgap photons. However,
the photocurrent produced is insufficient compared to its host material, as seen in the
EQE results. Due to the short carrier lifetime of the QD nanomaterial which causes
high recombination rates [144], the optimal IBSC operation is limited. There is a need
to achieve QD materials with a long carrier lifetime and low recombination rates in
order to maintain a populated IB. Type-II QD configuration should be explored to
achieve this. It exhibits spatially separated electrons and holes which enables long
carrier lifetime endurance. This is evidenced from TRPL which shows an dramatic
increased carrier lifetime by a factor of 54 [87]. InAs/GaAs1-xSbx QD (x>14%) is a
suitable material system to form type-II configuration, and research on this material
system is ongoing [34].
Since QD provide photovoltaic conversion of below-bandgap photons to multistep
electron transitions, longer carrier lifetime in QD would be beneficial. In fact, the
potential material system for IBSC that needs to fulfil the requirement of (i) having
zero band offset between QD and barrier in order to avoid VOC losses and (ii)
confinement of both carrier types is InAs-QD/GaAsSb [181]. Furthermore, it has been
shown that due to Sb-As exchange, the Sb-containing buffer layers used to host the
QD forms a surfactant layer which lowers the surface energy and favours a nucleation
process that results in a bonus increase in QD areal density [106, 130, 182]. This is an
added benefit to help solve the low-QD density problem documented in chapter four.
However, one problem with type-II QD solar cells is the reduced wavefunction
overlapping in the QD, which gives a weaker photon-electron coupling and results in
decreased absorption. Therefore, to counter this problem confinement enhancing (CE)
techniques can be used to increase absorption coefficient [183]. This increases the
oscillation strength of the IR absorption [184]. To achieve this, the QD solar cell
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design requires the implementation of high bandgap material such as AlGaAs, which
is similar to the work shown in chapter seven where high bandgap offset between the
QD and the host material is created. It has been reported that this configuration applied
to QD infra-red photodetector has achieved enhanced absorption [183]. Figure 8.1
shows a band gap diagram with AlGaAs CE barrier in a QD system:

Figure 8.1: Band diagram of QD enclosed with AlGaAs confinement enhancing layer [183]

CE barriers are capable in supressing electron capture to QDs, therefore facilitates
the reduction in recombination [185], especially Auger recombination. Therefore, in
the proposed QD solar cell structure, AlGaAs barrier material is used to sandwich the
InAs/GaAsSb QD system as depicted in Figure 8.2. The figure shows a schematic
layout of a type-II InAs/GaAsSb QD solar cell structure with AlGaAs barrier layer.
This proposed structure could use Stranski-Kranstanov mode to grow QD with high
uniformity, as shown in chapter 7. The growth can be optimised to reduce coalescence
and minimise defective NR recombination as necessary to retain the maximum V OC
[137]. Note that the size of the QD can be affected by GaAsSb thickness and the
residual strain at the GaAsSb surface can affect the type-I to type-II transitions [86],
therefore the growth parameters for InAs-QD on GaAsSb surface should follow
closely to those used in the work of Ref [34] to ensure the establishment of the typeII characteristic.
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Furthermore, it has been reported that the insertion of an Al-contained layer causes
a redshift for the GS due to the suppression of the In segregation, where distinct effects
of suppressing the intermixing and strain-reducing is seen [186]. This seems to be an
interesting feature suggesting that the effect of RTP process on QD solar cell could
yield alternative results compared to those studied in chapter six. Ultimately, using
what was learned in chapter five, n-type dopant incorporation into the QD could lead
to strong charging of the QD. It has been reported that this QD charging effect allows
for both enhancement of IR harvesting and suppression of electron capture also [185].

P-GaAs Contact (50nm)
P-AlGaAs (30nm)
P-AlGaAs Emitter (250nm)
20 × InAs QD

AlGaAs
GaAsSb (14%) (5nm)
N-AlGaAs Base (1000nm)
N-AlGaAs BSF (30nm)
N-AlGaAs Buffer
N-GaAs (100) Substrate

Figure 8.2: Schematic illustration of a QD solar cell structure proposed for future work, using
InAs-QD/GaAsSb type-II system to prolong carrier lifetime within a high-bandgap AlGaAs barrier.

The proposed structure enclosing the QD in AlGaAs layers may lead to intraband
transition which enhances infrared absorption [183, 184]. This may be attributed by
the fact that AlGaAs confining layers localises the QD’s excited wave function and
enhances the absorption strength of the GS electrons by stronger wave function
coupling [184]. The transfer of this mechanism to IBSC is valuable. The Al
composition in AlGaAs is usually 20-30% for CE layers. InAs-QD grown directly
onto AlGaAs layers shows dislocation-free QD layers and there are no sign of strain
built-up, as confirmed by BF-XTEM images [88]. Furthermore InAs/AlGaAs QD with
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Al: 25% have a measured thermal activation energy of 361 meV [87], which facilitates
the establishment of an ideal IBSC.
In terms of measurement, as AlGaAs enclosing the InAs/GaAsSb-QD is expected
to raise the confinement potential. It is important to investigate the effect of this to the
thermal activation energy of the QD using low temperature PL experiments. Also, the
carrier lifetime in this structure is influenced by the spatial separation of carriers in the
type-II configuration as well as the suppression of carrier capture mechanism via the
CE layer, therefore carrier lifetime measurements using TRPL is important to
understand the carrier behaviour in the AlGaAs material, GaAsSb material, InAs WL
and InAs QD.
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