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Abstract

Abstract

Along with the ongoing research and industry development to reduce the cost of
conventional PV devices such as Si-based solar cells, significant research efforts have
been focused on exploring new concepts and approaches for high efficiency III-V
compound semiconductor solar cells, especially through the fast emerging
nanotechnology to exploit the unique properties of nanostructures such as self-assembled

quantum dots (QDs).

By incorporating self-assembled QDs into the intrinsic region of a standard p-i-n solar
cell structure during the epitaxial growth, photons in the solar spectrum with energy
lower than the energy gap of the host material can be absorbed by the QD layers, leading
to an extended photoresponse to longer wavelengths and hence larger photocurrent. In
addition, the size and composition of the QDs can be varied and thereby allowing the
bandgap to be tuned for absorption in different regime of the solar spectrum. However,
due to the small QD absorption cross section, the increase of photocurrent in QDSCs is
not significant and always accompanied with some reduction in other device

characteristics such as the open circuit voltage and fill factor.

In this thesis, self-assembled IngsGa;sAs/GaAs QDSCs have been designed,
fabricated, characterized and investigated in comparison with conventional GaAs p-i-n
solar cells. The properties and fundamental mechanisms behind their complicated
photoelectrical behaviours were analysed and understood. Several approaches were
proposed and carried out to improve the device performance of QDSCs, either during the

epitaxial growth process or after the growth and fabrication of the solar cells.

Stacking more QD layers is supposed to enhance the total volume of QD material and
hence the light absorption. We carried out experiments to grow QDSC structures with
increased number of QD layers. However, much reduced photocurrent and conversion
efficiency for 15 and 20-layer samples were observed, which could be due to low carrier
extraction efficiency and strain-induced defects. In order to improve the carrier
extraction efficiency and consequently more enhanced photocurrent, modulation doping
has been introduced into QDs layers to partially populate the confined states with

electrons. The modulation doping has been found to be effective to improve carrier



Abstract

transport and collection efficiency, leading to an enhancement of the external quantum

efficiency over the whole solar cell response range and thus the conversion efficiency.

We have also taken two different post-growth approaches to improve the QDSC
efficiency, namely the rapid thermal annealing and surface plasmonic light trapping.
Firstly, QDSCs with different layers were annealed at various temperatures between 700
and 850 °C with the device annealed at the highest temperature of 850 °C displayed the
highest efficiency increase of 41.42 % from 10.26 % to 14.51 %, compared to the as-
grown sample. Secondly, it was found that a combination of 120 nm diameter
hemispherical Ag nanoparticle and a 5 nm thick TiO, dielectric film pre-deposited on the
back of the GaAs substrate was the optimum light trapping configuration for our QDSC.
The QDSC spectral response was improved by 35.7% over the 900 nm- 1200 nm
wavelength range, leading to enhancements in both J. and V. and an overall efficiency

enhancement of 7.6 % compared to the reference QD solar cell.
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Chapter 1 Introduction and background

Chapter 1

Introduction and background

1.1 Introduction

The current global energy challenges include energy security and excessive
greenhouse gas emissions resulting from increasing energy consumption, mostly
of fossil fuels. Under such pressure, the development of clean energy sources
becomes an imperative task globally leading to ever increasing amount of
investment as well as intensive research and development efforts. One of the
abundant clean energy sources is solar energy, which has been developed as one
of the most viable options to meet the global clean energy demand. The sun
continuously delivers to the earth with an energy of 120,000 TW which
theoretically well exceeds our current energy needs. For example, covering only
~ 0.1% of the earth’s surface with solar cells of 10% efficiency would satisfy the
current total energy demand in the world [1, 2]. However, the large-scale use of
solar energy has not been achieved due to the relatively high cost and inadequate
efficiency of existing photovoltaic (PV) technologies. Consequently, a great deal
of research activities has been devoted to developing solar cells with better
performance and lower cost in the past decades.

To date, three generations of photovoltaic devices have been developed. The
majority of solar modules/cells on the market are single junction silicon devices
known as the first generation solar cells. Thermodynamic limits for their energy
conversion efficiency are between 31% and 40.7% depending on the
concentration of incident solar illumination. This is known as the Shockley-
Queisser (SQ) limit that was established in 1961 [3, 4]. Another much smaller but
rapidly growing part of the PV market focuses on thin film designs are called the
second generation solar cells. For example, devices based on amorphous silicon
(a@-Si), (indium) gallium arsenide (GaAs or InGaAs), cadmium telluride (CdTe)
and copper indium (gallium) diselenide (CIS or CIGS) are typical 2™ generation
solar cells, which also follow the efficiency restrictions as conventional Si cells
but some of them with lower cost for unit device [5-8]. Nonetheless, they suffer
from higher non-radiative recombination losses mainly due to lower film quality.
The third generation PVs are designed to combine the advantages of both the first
and second generation devices. Attempts have been made to improve the
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efficiency of solar cells above the Shockley-Queisser limit through various
methods and approaches such as multi-junction and intermediate-band solar cells,
quantum structured cells, dye-sensitized solar cells, hot carrier cells and multi-
exciton solar cells etc. [2, 7, 9-18].

1.1.1 Solar spectrum

The surface of the sun is called the photosphere, which is at a temperature of
about 6000 K and can be treated as a blackbody. So the 6000 K blackbody
spectrum is commonly used in detailed balance calculations, but temperatures of
5730 £90 K have also been proposed as a more accurate value to the sun's
spectrum [19].

The solar radiation outside the earth's atmosphere is calculated based on the
radiant power density at the sun's surface (5.961 x 10" W/m?), the radius of the
sun, and the distance between the earth and the sun. The calculated solar

irradiance at top of the Earth's atmosphere is around 1.36 kW/m®.

Before reaching the earth, all the sun radiation passes through the atmosphere,
gases, dust and aerosols, which modify the spectrum by absorption or scattering.
Specific gases, such as ozone (Ogs), carbon dioxide (CO;), and water vapour
(H20), have very high absorption of photons that have energies close to the bond
energies of these atmospheric gases. These absorption yields deep valleys in the
spectral radiation curve at ground or sea level as shown in Figure 1.1.

The Air Mass (AM) is the path length which light passes through the
atmosphere normalized to the shortest possible path length (that is, when the sun
is directly overhead). The Air Mass quantifies the reduction in the power of light
as it passes through the atmosphere layer. The Air Mass is defined as:

AM = 1/cos(0) (1.2)

where 0 is the angle of incident light from the vertical direction. For example,
when the sun is directly overhead, the Air Mass equals to 1.


http://pveducation.org/pvcdrom/solar-cell-operation/detailed-balance
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Figure 1.1: Solar spectrum above atmosphere and at the earth surface, which is also
compared to the spectrum of a 5250 T (5523 K) blackbody [20].

With the sun is overhead, direct radiation that reaches the ground passes
straight through the entire atmosphere (all of the air mass). This radiation is called
‘Air Mass 1 Direct’ (AM 1D) radiation, and for standardization purposes a sea
level reference site is normally used. The standard spectrum at the Earth's surface
is called AML1.5G, (the G stands for global and includes both direct and diffuse
radiation) or AM1.5D (which includes direct radiation only). The intensity of
AML.5D radiation can be approximated by reducing the AMO (solar radiation
outside the Earth's atmosphere) spectrum by 28% (18% due to absorption and 10%
to scattering). The global spectrum is 10% higher than the direct spectrum, these
calculations give approximately 970 W/m? for AM1.5G. However, the standard
AM1.5G spectrum is normalized to give 1 kW/m? for convenience and the fact
that there are inherent variations in incident solar radiation.

For the standard solar cell performance tests performed in this thesis, a
Newport (Oriel) 91160 Solar Simulator (150 W) was used, which uses filters to
duplicate spectra corresponding to Air Mass 1.5G. For more details, please refer
to Chapter 2.

1.1.2 Principle of semiconductor solar cells
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Irrespective of the types of solar cells, most of the p-n junction based
semiconductor devices share a similar operation principle behind their behaviours.
There are several key parameters that characterise the basic properties of solar
cells. They are very important for the understanding and investigation of the solar
cell device characteristics and performance. Such properties are briefly defined
and introduced in this section and more detailed analysis will be presented in the
following Chapters.

A solar cell is an optoelectronic device which directly converts sunlight into
electricity. Light illuminates on the solar cell and produces both a current and a
voltage to generate electric power. This process requires firstly, a material in
which the absorption of light raises electrons to a higher energy state, and
secondly, the movement of these higher energy electrons from the solar cell into
an external circuit. A variety of materials and processes can potentially satisfy the
requirements for photovoltaic energy conversion, but in practice nearly all
photovoltaic energy conversion uses semiconductor materials based on a p-
n junction.

A [-V curve A
Isc . — Pmax
IMP F=mmmmmm e e e AT
» Pmp/ |
o : 5
5 S
© P-V curve :
Vmp Voc

Voltage

Figure 1.2: The typical solar cell I-V (red) and power output versus voltage (blue) curves.
The key parameters for this plot are shown in the diagram [21].

The normal current-voltage (1-V) curve, power-voltage (P-V) curve, and key
indicators for a solar cell are shown in Figure 1.2. Short-circuit current (lg) is the
current through the solar cell (p-n junction) when the voltage across the device is
zero (i.e., when the solar cell is short circuited), with the short-circuit current
density (unit area short-circuit current) being referred to as Js. Js is dependent on
the generation and actual collection amount of photo-generated carriers. For an
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ideal solar cell, the short-circuit current and the photo-generated current are
identical, therefore, it is the largest current which may be extracted from the cell.
The open-circuit voltage (Vo) is the maximum voltage from a solar cell, which
only occurs at zero current. The open-circuit voltage corresponds to the amount
of forward bias on solar cell when the dark current (lgax) and photocurrent exactly
cancel out. Although I and V. are the maximum current and voltage value
respectively from a solar device, at both of these operating points, the power
output from the solar cell is zero. In Figure 1.2, it can be seen that there is a point,
from which the maximum power output is obtained (Pmax). The fill factor (FF) is
the parameter which determines the maximum power from a solar cell [21]. It is
defined as the ratio of the maximum power from the solar cell to the product of
Vocand g, thus larger fill factor is desired for achieving high performance solar
cells.

For the ideal diode, the V. follows the equation [21],
— k8T (Jsc
Ve = =2 1n(]0 +1) (1.2)

where Jo is a constant (reverse saturation current density), q is the elementary
charge of 1.6x10° Coulombs, kg is the Boltzmann’s constant 1.38x1072% J/K, and
T is temperature (in Kelvin).

When the solar cell (p-n junction) is connected to a load or forward biased
between two terminals, a current will flow in the opposite direction to the photo-
generated current, and the net current will be reduced from its ls. This reverse
current is called the dark current. Most solar cells behave like a diode in the dark
condition, exhibiting a much larger current under forward bias than reverse bias.
Its density follows the equation (1.3) [21]:

qV/
]dark(v) = IO(e kpT — 1) (13)
The overall current extracted from solar cell can be seen as the sum of the
short-circuit photocurrent and the dark current, which is known as the
superposition approximation [21]. So the net current density through the solar cell
IS:
J(V) = Jsc — Jaark (V) (1.4)

In reality, the actual dependence of Jgark ON V is modified by an ideality factor
n in the non-ideal diode equation [21],

qVv
Jaark(V) = Jo(e /nkaT — 1) (1.5)
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Ideality factor n varies between 1 and 2, and the reasons for this behaviour will
be discussed in Chapter 3. Besides, for real solar cells, power can be dissipated
through the resistance of the contacts and by leakage currents around the sides of
the device. These effects can be represented as series (Rs) and shunt (Rsh)
resistances in an equivalent circuit as shown in Figure 1.3. The series resistance
arises from the resistance of the cell material to current flow, particularly through
the surface to the metal contacts and between contacts. Series resistance is a
problem for the high current density devices. The shunt (parallel) resistance arises
from current leakage through the cell, around the edges of the device and between
contacts of different polarities. For an efficient cell, we expect R to be as small
as possible and Rgy to be as large as possible.

) ¥ Ren v

Figure 1.3: Equivalent circuit of a typical solar cell [21].

The efficiency n of a solar cell is determined as the fraction of incident power
which is converted to electricity and is defined as:

Voc Isc FF
n="0c5c " (L6)
n
Where V¢ is the open-circuit voltage, Isc is the short-circuit current, FF is the
fill factor and Pj, is the incident power. For efficiency calculations under the 1
Sun@ AM1.5G condition with power density of 1 kW/m?or 100 mW/cm?, the

input power is determined by the area of solar cells.

1.1.3 External quantum efficiency

The external quantum efficiency (EQE) is the ratio of the number of carriers
collected from the solar cell to the number of photons of a given energy incident
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on the solar cell. The quantum efficiency for photons with energy below the
materials band gap is zero [21]. Ideally, quantum efficiency should have the
square shape with respect to wavelength with a value of 1 (i.e. 100 %). But QE
for most real solar cells is degraded due to various loss mechanisms. For example,
front surface recombination affects carriers generated near the surface, and since
short wavelength light is absorbed very close to the surface, high front surface
recombination will reduce the quantum efficiency at short wavelengths. Similarly,
the long wavelength efficiency is decreased by low absorption coefficient, small
carrier diffusion length and rear surface recombination. For light that is absorbed
in the bulk of a solar cell, the low diffusion length and possible defects will affect
the collection probability from the bulk and reduce the quantum efficiency.

The EQE of a solar cell includes the effect of optical losses such as
transmission and surface reflection. It is also necessary to look at the quantum
efficiency calculated based on light absorbed after all types of losses. Internal
quantum efficiency (IQE) is the ratio of the number of generated carriers
collected by the solar cell to the number of photons absorbed by the cell. By
measuring the reflection and transmission of a device, the external quantum
efficiency value can be corrected to obtain the internal quantum efficiency curve.

1.1.4 11-V compound semiconductor solar cells

The 1I-V compound semiconductors have been widely used in lasers,
photodetectors, and solar cells etc. [22-27]. Among all types of solar cells and
modules in both research and industry applications, IlI-V compound
semiconductors are the most efficient solar cell materials [28-30], mainly due to
their direct bandgap, high carrier mobility and good temperature stability. 111-V
multi-junction solar cells were initially developed for powering satellites in space
and are now starting to be explored for terrestrial applications through the use of
concentrator systems. Concentrators based on I11-V solar cells is one of the most
promising technologies for dramatically reducing the cost of PV electricity [31].
Extensive development of demonstration projects and commercial prototypes
have taken place in the last few years [26, 32]. Concentrator 111-V solar cells
present a potential opportunity for large scale solar energy technology in the
future.

The record efficiency reported for a concentrator cell to date is 46.0% for the
GalnP/GaAs and GalnAsP/GalnAs multi-junction cell from Soitec/CEA/FhG-
ISE tested under 508 suns condition [29]. GaAs solar cells have also held the
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single junction device world record for the past two decades, with the latest
efficiency records being 28.8% at AM 1.5G and 29.1% at 117 suns [29].
However, with an energy gap of 1.42 eV, GaAs has a band gap that is higher than
the optimum value of 1.1 eV for the AM 1.5D spectrum under concentration [33].
In addition, there are no lower band gap lattice-matched binaries or ternary alloys
in a GaAs based multi-junction cells. Therefore, it is important to lower the band
gap for terrestrial applications of GaAs based single and multi-junction solar cells.
One approach to addressing this problem is to grow slightly strained quantum
structures that have lower band gap into the bulk GaAs solar cell in order to
harvest more of the long wavelength photons from the solar spectrum.

1.2 GaAs solar cells with quantum structures

1.2.1 Motivation

Nanostructured materials such as the ones employing low dimensional epitaxial
structures have offered new opportunities to design more efficient solar cells.
These low dimensional structures, including quantum wells (2 dimensions),
nanowires or nanotubes (1 dimension) and quantum dots (0 dimension), present
great potential to improve efficiencies of solar cells by facilitating photon
absorption and carrier collection [9, 10, 15, 17, 34-37].

Figure 1.4 shows the effect of reduced materials dimension on their density of
states. In the case of a bulk material, the density of states is a continuous function
of energy (Figure 1.4 (a)), which means that photo-generated carriers will spread
over a wide 3D range. However, in the case of quantum wells, the carriers are
confined in the growth direction, and can only move within a 2D plane.
Furthermore, OD quantum dots provide further carrier confinement, and will be
able to restrict the carriers in all three directions as can be seen in Figure 1.4 (c).
Incorporation of quantum dots results in the formation of discrete energy levels
inside the bulk materials. This modifies the density of states, leading to an
increase in carrier density at energies near the band edge and greater thermal
stability, which is promising for high performance optoelectronic devices
including solar cells. Besides, these quantum structures also offer the flexibility in
bandgap engineering by tuning the material composition and the dimension/size
of the quantum structures.
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Bulk (3D) Quantum Well (2D) Quantum Dot (0D)

Energy Energy

(a) (b)

Figure 1.4: Schematic illustrating the density of states within (a) bulk material, and the
effect of quantisation on states density in (b) quantum wells, and (c) quantum dots [38].

(c)

As mentioned in section 1.1.3, the band gap of GaAs restricts the utilization of
wider range of solar irradiation. In order to make better use of low energy
photons (less than the bandgap of GaAs) of the solar spectrum, low dimensional
quantum structures have been introduced into GaAs p-i-n structures, such as
(In)GaAs quantum wells (QWSs) [39, 40] and different self-assembled quantum
dots (QDs) systems [41-44]. Early studies indicate that incorporating QDs into
the intrinsic region of a p-i-n solar cells can indeed extend their photoresponse to
the longer wavelength range, leading to a slightly increased short circuit current
density [10, 45-47]. This thesis aims to achieve a deeper understanding of
quantum dot solar cell (QDSC) operation as well as designing new
structures/post-treatment to improve device performance.

1.2.2 Quantum dot growth

Quantum dots can be grown by a number of epitaxial growth techniques such as
chemical beam epitaxy (CBE), molecular beam epitaxy (MBE) and metal organic
chemical vapour deposition (MOCVD) [48-51]. Among them, MBE provides
precise control of the growth and crystalline quality because of the cleanliness of
the growth environment and the availability of advanced in-situ monitoring
techniques such as RHEED, but the growth rate is relatively low for the thickness
of materials required by most devices [49, 52]. On the other hand, MOCVD has
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higher growth rate and the ability to be scaled up to achieve large-scale
production, which is preferred by the industry applications.

The self-assembled growth of QDs relies on the strain arising from the lattice
mismatch between the substrate and the deposited layer. Normally, the epitaxial
deposition on a substrate may proceed by three different modes [53, 54]. These
modes are determined by the interface energy as well as strain, as illustrated in
Figure 1.5. For the growth of material on lattice matched substrate, referred to as
Frank-Van Der Merwe (FM) growth, the growth adatoms attraction force by the
substrate surface is stronger than the force they attract each other. Furthermore,
the adjoining atoms are not under any strain disturbance due to their matched
lattice constant with the substrate. In this case deposited top layer completely
covers the substrate in a layer by layer mode. The second growth mode is called
the Volmer-Weber (VW) growth occurring for the material with large lattice
constant than the substrate. The surface energy of the substrate is lower than the
energy between the two materials. When adatoms attach on the substrate surface,
the incoming atoms have higher probability to stick to the existing atoms forming
islands rather than planar growth. Additionally, there is an intermediate case,
which is called the Stranski-Krastanow (S-K) growth (Figure 1.5 (c)). It occurs
when there is a small lattice constant difference between the depositing material
and the substrate. The growth starts with layer-by-layer mode first and as the
deposited layer becomes thicker (the threshold thickness is determined by the
lattice mismatch between the layer and the substrate), the accumulated strain
changes the growth from 2-dimensional growth to 3-dimensional growth leading
to the formation of quantum dots [55]. Due to the self-organized nature of the
process, QDs grown through the S-K mode is also called self-organized or self-
assembled quantum dots, and the thin 2D layer formed below the 3D QDs is
called the wetting layer (WL). This is the mechanism under which quantum dot
solar cells in this thesis were grown.
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Figure 1.5: Three growth modes: (a) Frank van der Merwe (layer-by-layer), (b) Volmer-
Weber (direct islanding), (c) Stranski-Krastanow (self-assembled) growth [20].

For example, InAs has a lattice mismatch of 7.2% with GaAs. After a few
monolayers of growth, the deposition changes from layer-by-layer (two
dimensional growth) to island growth (three dimensional). For InAs quantum dots
this occurs after 1.7 monolayer (ML) of deposition [56, 57], for IngsGagsAs dots
it occurs around 4 ML [58]. It has been shown that these islands are the minimum
surface energy form for the strained layers [16] and they can be formed without
any dislocations [59].

However, for the growth of self-assembled quantum dots, there are two main
challenges [51, 60]. First, growth kinetics play a much greater role which results
in a fast nucleation process and an increased tendency to form incoherent islands.
This is partly due to the higher growth temperatures used in the MOCVD reactor
(50-100 °C higher than that of MBE) to ensure enough pyrolysis of the precursor
molecules. Furthermore, the use of in-situ monitoring techniques in MOCVD is
limited, making it difficult to precise control the dot formation.

1.2.3 Concept of intermediate band solar cell

A solar cell device with an intermediate electronic band located within the
conventional semiconductor p-n junction, is referred to as intermediate band solar
cell (IBSC), which has been proposed as a better utilization of the solar spectrum
[15, 61] involving absorption of sub-bandgap photons. The performance of solar
cells with multiple photo-induced transitions was explained by Wolf in 1960, and
the possibility of surpassing single-junction solar cells was also discussed [62].
More recent theoretical studies of IBSC have predicted potential efficiencies of
63.2 % under full concentration condition for ideal intermediate band solar cells
[3, 4, 15, 63], compared with the Shockley-Queisser limit of 40.7% for a
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conventional single junction device under the same illumination condition. In
Figure 1.6, a band diagram of the ideal IBSC is illustrated. Apart from the usual
semiconductor conduction band (CB) and valence band (VB), it also contains an
intermediate band (IB). Consequently, in addition to the electron transition
between the VB and the CB (process 3 in Figure 1.6), photo-induced transitions
from VB to IB (process 1), and IB to CB (process 2) can also take place.

intermediate band material
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Figure 1.6: Schematic of the band structure of an intermediate band material within a p-n
junction, showing the conduction band (CB), valence band (VB), and the intermediate band
(IB). Three transitions induced by different energy photons are also shown [42].

Such structure can be realized possibly by several different approaches such as
low dimensional superlattices, impurities, etc., although some of them may not
strictly comply with the required conditions [64-68]. The use of quantum dots for
the implementation of IBSC has also been proposed [10, 69], and many
experimental and theoretical studies of quantum dot solar cells (QDSCs) have
been reported [10, 15, 69-71]. Based on the ideal theoretical model of IBSC,
when QD layers are incorporated into the intrinsic region of a p-i-n cell, the built-
in potential should still be determined by the Fermi-level splitting of the doped
emitter and base layers, as is the case for single junction GaAs solar cells.
Therefore, it is possible for a QDSC to maintain a similar open-circuit voltage to
the single-junction cell but to show an improved short-circuit current due to the
extra contribution from the sub-bandgap quantum dot structures. However,
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QD/wetting layer structures influence not only absorption but also recombination
and transport of carriers in the intrinsic region, which tends to affect the V. of
the whole solar cell [72, 73]. Furthermore, the strong QD confinement effect
increases the carrier recombination possibility and thus restricts the total amount
of photocurrent. Almost all the reported studies on QDSCs show the efficiency
less than that of the reference GaAs cells. Although improvements in the short-
circuit current have been demonstrated [41, 71, 73, 74], similar to the case of
quantum well solar cells [75], the V. is still degraded by the inclusion of sub-
bandgap quantum structures. This, together with small light absorption of the
QDs/ WL (for a limited increase of short-circuit current), indicate that most of the
real QDSCs do not meet the assumptions of theoretical models [10, 15, 63, 69]
for QDSCs from exhibiting overall efficiency improvement. These possible
effects will be studied in detail in this thesis to investigate the operation of
intermediate band solar cells based on quantum dot structures.

1.3 Outline of the thesis

Overall, the topics of this thesis cover the basic concepts, operation principles,
and the fundamental properties of InGaAs/GaAs quantum dot solar cells.
Chapter 1 as an introduction briefly presents some of the important concepts and
background literature in this area. The thesis investigates four different
approaches to enhance solar cell performance with the incorporation of quantum
dots.

Chapter 2 presents the basic explanation of all experimental techniques used
in this work. The growth of the quantum dot structures was achieved by metal
organic chemical vapour deposition. The entire solar cell device fabrication
processes is also described. Main characterization techniques such as atomic
force microscopy, transmission electron microscopy, photoluminescence, and
electroluminescence are described. Other device testing/analysis techniques such
as I-V characterization, photoresponse, quantum efficiency measurement are also
briefly explained.

Due to the accumulation of strain and the tendency to form dislocations, the
growth conditions are carefully controlled to achieve high density and defect-free
IngsGapsAs QD/WL structures within a GaAs p-i-n structure as presented in
Chapter 3. Extensive and profound understanding of the unique QDSC
behaviours are obtained based on a thorough investigation of the device dark
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current, photo-generated carriers capture, recombination and transport properties.
In addition, stacking more QD layers is aimed to increase the total optical
absorption. Investigation on the effect of QD stacking number on devices
performance are carried out in this chapter.

Despite the increased short-circuit current obtained for QDSC compared to the
GaAs control cell, the contribution from QDs is still limited by their relative low
absorption cross-section and QD-related recombination. QDSCs are considered as
a promising candidate for the implementation of intermediate band solar cell,
which is based on two-photon absorption processes. However, considerable
amount of recombination occurs in QD confined states making transport and
collection of photo-generated carriers inefficient. To improve carrier transport
and extraction efficiency by partially occupying the confined states, n-type
modulation doping of QD layers is proposed and studied systematically in
Chapter 4.

One major challenge in the growth of QDs is the accurate control of their size
and shape through controlling the growth parameters such as growth pressure,
temperature, precursor flow rate, and V/III ratio. Therefore, post-growth thermal
annealing is investigated as an alternative approach to tailor the energy band
structures and carrier confinement, which could consequently lead to improved
device performance. Chapter 5 reports the study of the effects of postgrowth
thermal annealing on the optical and electrical characteristics of QDSCs with
different number of QD layers. The fitting of Arrhenius plots shows the activation
energy E, that is related to the QD confinement is generally reduced due to the
thermal inter-diffusion leading to enhanced devices performance by thermal
annealing. The annealing induced dopant diffusion is also examined by SIMS
measurements in this chapter.

In Chapter 6, we propose another post-growth approach to enhance the long
wavelength (870-1180 nm) photon absorption in QDSC by employing light
trapping effect promoted by Ag plasmonic nanoparticles. This is critical for the
QD structures due to their very small (thinner than the absorption length of
corresponding wavelength) physical thickness. Maximising the scattering cross-
section (Qsat) IS expected to ensure nanoparticles interact with most of the
incident light and randomise its direction. High coupling fraction of scattered
light into the substrate (Fsy) IS necessary to minimize reflection or transmission
losses. Simulation using finite-difference time-domain method is conducted to
optimize the Qscat, Fsub, @s Well as the resonance peak frequency by modelling a
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single nanoparticle on a thin layer of dielectric film to enhance absorption at the
wetting layer/QD peak wavelength region.

Finally, conclusions from the entire thesis and some recommendations for
future work are presented in Chapter 7.
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Chapter 2

Experimental techniques

2.1 Introduction

This chapter will discuss the self-assembled growth of InGaAs/GaAs quantum
dot solar cell (QDSC) on GaAs substrate by Metal Organic Chemical Vapour
Deposition. The formation of QDs follows the Stranski-Krastanov (S-K)
growth mode, which will be discussed in section 2.2. Stranski-Krastanov
growth is a type of growth that has an epitaxy layer of 3-7 % lattice mismatch
on the substrate with a smaller lattice constant [1-3]. The lattice mismatch
between them can lead to the growth of a strained film, and the film initially
grows in a layer-by-layer fashion until a certain critical thickness, beyond
which 3D QDs will be formed. In this work, InsGa;.xAs layer that has larger
lattice constant are deposited on GaAs (001) substrate, by adjusting the
materials composition and growth parameters, InyGa;.xAs/GaAs wetting layer
(WL) and QDs structure will be obtained.

Section 2.3 discusses fabrication techniques used in this thesis, such as
photo-lithography, wet and dry etching, metal evaporation, sputtering and
thermal annealing. Detailed processing steps are shown in Section 2.4.
Section 2.5 describes materials characterization techniques, including atomic
force microscopy, electron microscopy et al. More techniques used for solar
cell device characterization will be shown in Section 2.6, including
photoluminescence, electroluminescence, current-voltage, quantum efficiency
and spectral response measurements.

During the solar cell growth, device fabrication and characterization
processes, most of the experiments have been mainly completed by the
candidate after the proper training. Some of characterizations were achieved
under the help of postdoctoral staff or technicians in ANU, such as atomic
force microscope, scanning electron microscope and transmission electron
microscope.

In summary, this chapter briefly describes the working principles of various
equipment have been used in this thesis.

2.2 Metal Organic Chemical Vapour Deposition Growth

Metal Organic Chemical Vapour Deposition (MOCVD), also known as Metal
Organic Vapour Phase Epitaxy (MOVPE), is an epitaxial growth technique
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for crystalline materials, especially compound semiconductors, from the
surface reaction of metal-organics and hydrides containing the required
chemical elements [4, 5]. MOCVD is a technique that is widely used to
deposit very thin layers of atoms onto a semiconductor wafer. It is the most
significant manufacturing process for 1l1-V compound semiconductors,
especially for those based on Gallium Arsenide (GaAs) Indium Phosphide
(InP) and Gallium Nitride (GaN). Another commonly used technique for
epitaxial growth is Molecular Beam Epitaxy (MBE). MBE offers the
advantage of more controllable growth than MOCVD, due to the well
developed in-situ monitoring system [6]. But the MBE growth rate is too slow
to be applied for large-scale industrial production, while MOCVD has faster
growth rate so is an industry preferred technique.

Many types of low dimensional structures including quantum wells,
guantum dots and nanowires can be grown by MOCVD [4, 7]. In the
MOCVD the semiconductor precursors are injected into the reactor by highly
purified carrier gas H, at their corresponding gaseous states [8]. Metalorganic
precursors such as trimethylgallium (Ga(CHs)s), trimethylindium (In(CHs)s),
and trimethylaluminium (AI(CHs)3) are used as the precursors for the group
Il elements, gallium (Ga), indium (In) and aluminium (Al), respectively.
Hydride precursors arsine (AsH3) and phosphine (PH3) are used as precursors
for group V elements, arsenic (As), phosphorus (P), respectively. AsH3z and
PH3 are stored in high pressure cylinders, whereas TMGa, TMAI, and TMIn
are stored in sealed stainless-steel cylinders held at a constant temperature in
temperature-controlled baths. These incoming sources undergo pyrolysis
chemical reactions and then deposit on the GaAs substrate atom by atom. The
pipeline of the system is shown in Figure 2.1.
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Figure 2.1: Schematic of the Aixtron AIX 200/4 metal-organic chemical vapour
deposition system.

In this thesis, all the GaAs based solar cell structures were grown using the
Aixtron AIX 200/4 horizontal flow MOCVD reactor at the Australian
National University. The reactor was working at low pressure typically 100
mbar.

I11-V semiconductors with binary, ternary and quaternary compositions can
be grown by MOCVD. The typical equations for describing the pyrolysis
chemical reactions to form GaAs and In,Ga;.xAs used in this work are listed
below:

(CH3)3Ga + ASH3 = GaAS + 3CH4 (21)
And

x(CH3)3In + (1 — x)(CH3)3Ga + AsH; = InyGa;_4As + 3CH, (2.2)

As discussed in Chapter 1, the epitaxial deposition on a substrate is
achieved by three different modes, and the self-organized QDs are grown
through the S-K mode [9, 10].

During the MOCVD growth of InyGa;xAs/GaAs quantum dots
investigated in this thesis, through the pyrolysis reactions (see equation 2.2)
InxGaz-xAs will be firstly formed on the GaAs (001) substrate at the beginning
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of the growth. After a few monolayers growth, the quantum dots appear due to
lattice mismatch induced strain accumulation. The first few layers underneath
the dots is called wetting layer as shown in Figure 2.2 (c), and usually QD is a
few nanometres in height and tens of nanometres in width. The typical growth
rate used for our GaAs based solar cell is 0.63 nm/s at 550 <C. Various growth
rate and temperatures have been used for different material growth (such as
InGaAs QDs and AlGaAs layer) in the experiments to achieve the best quality
material.

2.3 Device fabrication techniques

2.3.1 Photolithography

Photolithography, also termed as optical lithography or UV lithography, is a
common process used in microfabrication to pattern parts of a thin film or
asubstrate. It uses UV light to transfer a pre-defined geometric defined
pattern to a light-sensitive organic photoresist on the substrate. Generally,
photoresist can be classified as either a positive or a negative resist, depending
on the changes that occur under UV exposure. For the positive resist,
exposure results in destruction of polymer bonds, increasing the resist
solubility so these areas will be dissolved when placed in a developer. Hence
resist is left only where the mask was opaque and the pattern is transferred
onto the substrate [11, 12]. Negative resists behave in the opposite way, those
unexposed areas will be developed away.

In this work Karl Suss MA6 Mask Aligner was used to fabricate solar cell
devices. To fabricate the solar cell devices investigated in this thesis, samples
were thoroughly cleaned by acetone, isopropanol and dried in oven at 85 <C
for 3 minutes. Then the AZ 5214 E positive photoresist was spun on it at 4000
rpm for 30 s. After a 15 minutes soft-bake at 85 <C, the samples were
individually placed into the MAG6 mask aligner. They were aligned and then
exposed to UV light from a mercury lamp for 15 s. UV exposed sample is
immersed in the developer for 30-50 s (constant visual inspection is required),
then rinsed with deionised (DI) water. The resist was developed in AZ 726
MIF photoresist developer, which is the solution of tetramethylammonium
hydroxide in water. After thoroughly rinsing in DI water and examination
under an optical microscope, the samples were hard-baked for two minutes at
110 <C. The photoresist pattern will be used as either etching mask that allows
separation of top and bottom contact or define of contact pattern through
subsequent metal deposition and lift-off.
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2.3.2 Wet chemical etching

Wet chemical etching is widely used for fabrication of semiconductor devices.
When used in conjunction with a photolithographic process, it enables
patterns to be transferred from a designed mask to the semiconductor wafer.
Wet etching is a low-cost and convenient technique due to its simplicity and
scalability, where the substrate is just immersed in a solution for certain time,
such as an acid, a base and/or an oxidizing agent. Etching rate depends on
many parameters, including solution composition and concentration,
semiconductor wafer orientation and material composition, etching
temperature etc. With certain concentration of a etching solution, etching
temperature can also greatly affect the etching rate with a higher etching rate
achieved at higher temperature. Normally, when more precise etch depths are
needed the solution can be cooled down or diluted to lower the reaction speed,
vice versa, heating and higher concentration can be used to increase the
etching rate. Most of the etching works were performed at room temperature
in this thesis. A variety of etching solutions were used for different fabrication
processes in this thesis, and the main etchants are listed in Table 2.1:

Table 2.1: Etchants solution used for wet etching of different materials

Materials Etchant rate (by volume) Tem?%;atu re Comments
Citric acid: 30% H,0,: H,0= Room . .
(Al)(In)GaAs 3 43 150 temperature Selective etching
85% H3PO,: 30% H,0,: Most GaAs based I11-V
GaAs H,0=1:1:3 18 materials
GaO,+ AsO, 36% HCI: H,0=1: 9 Room GaAs native oxide etching
temperature
SiO,+ SiN, 48% HF: H,0=1:9 4 Si based dielectric films

The chemical mechanism of wet etching of GaAs-based materials is the
oxidation of the surface to form Ga and As oxides, and followed by the
dissolving of these oxides by chemical reaction with acids or bases. Hydrogen
peroxide is normally served as an oxidising agent to promote the formation of
the surface oxides in most cases. A simplified representation of the chemistry
typically involved in GaAs etching is given by the following equations [13].
To initiate the etching process, an oxide is formed on the surface of the GaAs
by reaction with an oxidising agent, typically H,O;:

GaAs + (oxidiser) —» GaO,/AsO, (2.3)

The surface oxides are then attacked by either an acid or a base and will be
dissolved to release Ga** and AsO,* ions in solution:
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GaOy/AsOy + (acid or base) - Ga** + As03~ (2.4)

The wet etching rate for GaAs is about 1.61 pm per minute. Selective
etching was used to remove the surface heavily doped GaAs capping layer
while preserve the AlGaAs window layer. The etching rate for GaAs is ~6 nm
per second, and ~0.4 nm per second for Aly4sGagssAs, the rate difference is
high enough to etch two layers selectively. More operation details are shown
in the section 2.4.

2.3.3 Thermal and Electron-beam evaporators

For relatively large amount and quick metal deposition, thermal and electron-
beam (E-beam) evaporators are the two most common equipment used for the
device fabrication.

An Edward Austo 306 thermal evaporator enables deposition of a wide
range of metals for various research projects. In this deposition technique,
thermal energy is applied to the source material, which then evaporates after
melting. These are line-of-sight depositions that take place in ultra-high
vacuum conditions, where the material to be evaporated is placed inside a
tungsten boat and the material is then heated resistively. Although the process
is simple, the deposited materials using this method are easy to be
contaminated, and cannot be used to deposit materials with high melting
points [15]. This method was used to fabricate solar cell devices for growth
optimization.

Alternatively, another method of depositing films on the surface of samples
is by E-beam evaporation. The materials to be deposited are heated by a
focused beam of electrons to a high temperature until it evaporates. The
material then recondenses on all the surfaces of the evaporation chamber,
including on exposed samples. In this thesis a Temescal BJD-2000 E-beam
Evaporator system was used for the deposition of metal contacts (Ti, Pt, Ge,
and Au) during solar cells processing to achieve Ohmic contact [15]. The
system also includes an extended chamber for a larger distance between
sources and samples to avoid excessive heating during thick metallization for
consequent lift-off process.

2.3.4 Magnetron sputter coating technique

Magnetron sputter coating technique is a physical vapour deposition (PVD)
process. During sputter deposition, the source material is a solid target and it
Is sputtered away by an ionised working gas (in the form of glow-discharge
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plasmas), such as Ar. A DC or radio frequency (RF) power is applied between
the substrate and a metal target, which acts as the cathode, to create the
discharge. As the target is bombarded with ions, the surface is eroded away
and material is deposited onto the anode (substrate).

In this thesis, the AJA sputtering system was used to deposit TiO; film on
the QD solar cells as the base to form Ag nanoparticles, which will be
discussed in Chapter 6. The AJA system is equipped with 6 magnetron guns
(3 x DC, 3 x RF) with up to 800 °C substrate heating and the capability for
deposition of a wide range of metal and oxide materials. The sputter has a
load-lock that allowing a maximum wafer size of 100mm. A large range of
metals and dielectrics are available [16].

2.3.5 Thermal annealing
2.3.5.1 Rapid thermal annealing

Rapid thermal annealing (RTA) processes are commonly used to alloy metals
to form Ohmic contacts on I1lI-V semiconductors. Also, RTA at high
temperatures is carried out to produce interdiffusion effects in the devices. In
this thesis, metal contact alloying and post-growth thermal annealing for QD
solar cells and GaAs reference cells were accomplished by rapid thermal
annealing [17]. Annealings were carried out in an AET thermal RX rapid
thermal annealer or a Qualiflow JetFirst 100 annealing equipment. Cross-
contamination is minimised through the use of material-specific RTA liners or
graphite holders for these two machines respectively. All the anneals were
carried out under high-purity Ar ambient and with fresh GaAs wafer as
proximity capping to prevent As desorption which occurs at above 400 <.
The temperature was ramped up at 100 <C/s and after annealing the
temperature was allowed to fall naturally under the Ar ambient. For contact
metallization, devices were heated up to 400 <C for 1 minute. For post-growth
thermal inter-diffusion study the QD samples were annealed at temperatures
from 700 to 850 <T with the step of 50 <T for 50 s respectively. The exhaust
gases and particulates are safely extracted from the laboratory.

2.3.5.2 Furnace annealing

In Chapter 6, conventional furnace annealing was used for Ag nanoparticles
formation. The low temperature annealing was performed in a quartz tube at
200 T for 50 minutes under the high-purity Ar ambient.
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2.4 Solar cell fabrication process

The techniques described in section 2.3 were employed to fabricate the
quantum dot solar cells that are investigated in this thesis. Figure 2.2 shows
the flowchart for the device fabrication process. After MOCVD growth, room
temperature photoluminescence (PL) was used first to evaluate the optical
properties of QDs grown on the GaAs wafer. Then the samples were cleaved
into several pieces and fabricated into devices with various square mesa sizes
(3x3 mm?, 2x2 mm?, 1x1 mm? or 0.85x 0.85 mm?), following the steps
described below:

¢ First photolithography for defining mesa squares

Firstly, the square mesas were defined through a photolithography process as
described in section 2.1.5 by the Karl Suss MA 6 Mask aligner, and
photoresist was selectively removed by the developer AZ 726 MIF at room
temperature. A 2 minutes hard baking at 110 °C was carried out to sharpen the
photoresist mesa edge.

lithography
\ 4
] A back contact,
. . metallization,
etehrp-h-nreglon selective etching
A\ 4
I ————— e
N .
2" lithography lift-off

v
e >

metals evaporation

photoresist

Figure 2.2: The standard processing steps used to fabricate GaAs based quantum dot
solar cell devices. The particular post-growth treatments used to modify some devices are
described in the relevant chapters.

e Mesa etching
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Wet chemical etching was carried out in the mixed acid solution of
H3PO4/H,0,/H,0, as described in section 2.3.2. The solution was stirred in a
beaker that was immersed in the 18 <C water bath for at least 20 minutes. The
actual etching rate was tested by etching a clean GaAs wafer which was
partially covered by crystal bond, the crystal bond was removed by acetone
after 1 minute etching. The etching depth was measured using the AlphaStep
mechanical profiler and etching speed was calibrated as 1.61 pm per minute.
According to the etching rate, a certain time was calculated to remove the
active layers to reach the n* (or p*) bottom substrate. The photoresist was then
removed by acetone followed by rinsing in isopropanol and DI water.

e Second photolithography process for defining of metal contact
patterns

In the second photolithography step, the layout of the metal contact pattern
was also defined by the MA 6 Mask aligner on the AZ 5214 E photoresist.
The contact pattern was carefully aligned with respect to the mesa structure on
each wafer. After photolithography the native oxide layer was removed by a
dilute HCI solution for 40 s in order to make a good Ohmic contact.

e Metallization

After etching, the samples were immediately loaded into the electron-beam or
thermal evaporator chamber. The alloys for n+ and p+ doped GaAs are Ge-
(Ni)-Au and Ti-(Pt)-Au respectively in order to form Ohmic contacts (see
section of 2.1.5). After metal deposition, all samples were immersed into
acetone for lift-off. For work in chapters 3, 5 and 6, when the back surface
contact was required due to the mask design, the rear of the wafers were
mechanically polished. Then the ~180 nm Ge-(Ni)-Au alloy (for n type GaAs)
was deposited on the rear surface.

In order to form effective Ohmic contacts, rapid thermal annealing was
carried out at 400 °C for 60 seconds. The Ar gas was used as protection
ambient during the whole annealing process. After metallization, the top 100
nm p* GaAs contact layer was selectively removed to avoid the severe light
absorption beyond active region of solar cell. The etchant was the mixture of
citric acid, H,O, and DI water which can selectively remove GaAs but
preserve p-type AlGaixAs layer. When selective etching was finished, dried
samples were cleaved into several small pieces by the Loomis Industries LSD-
110 scriber. These small devices were mounted on the 14-pin dual inline
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packages by the two-part conductive silver epoxy and wire-bonded using the
Marpet Enterprises Inc. 1204 W ultrasonic wedge bonder.

2.5 Materials characterization techniques

2.5.1 Atomic force microscopy

The atomic force microscope (AFM) is a type of scanning probe microscope
(SPM), which is designed to characterise localized material properties, such as
height, friction, magnetism, with a probe. To acquire high image resolution,
AFMs can generally measure the vertical and lateral deflections of the
cantilever by using the optical lever. The optical lever operates by reflecting a
laser beam off the cantilever.

AFM is an essential technique for quantum dot growth optimization. It is a
non-destructive technique that can be used to look at the surface of a sample
at the nanometre scale. The equipment used in this work was a Digital
Instruments Nanoscope 111 Multimode AFM. The sample is placed on a piezo-
electric stage and then a small sharp tip is placed above the sample. The tip
sits on the end of a V-shaped cantilever that has a small spring constant. A
laser beam is focused onto the tip of the cantilever and the position of the
reflected laser beam is measured by a position-sensitive four-segment photo-
detector. The back of the cantilever is coated in gold such that the laser light is
reflected efficiently. The AFM system schematic is shown in Figure 2.3.
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Figure 2.3: Schematic of the NanoScope 111 multimode scanning probe microscope
that was used for AFM measurements. Quoted from Ref. [18].

Among the multiple working modes of AFM, tapping mode (noncontact
mode) was the method used for QDSC measurement in this work. It operates
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under AC mode, through the use of an oscillating cantilever. A stiff cantilever
is oscillated in the attractive regime, meaning that the tip is quite close to the
sample, but not touching it (hence, noncontact). The forces between the tip
and sample are quite low. The detection scheme is based on measuring
changes to the resonant frequency or amplitude of the cantilever. Using this
technique, uncapped quantum dots can be measured to estimate their size,
height, and also density.

2.5.2 Scanning electron microscopy

A scanning electron microscope (SEM) is a tool for observing invisible scales
of microspace and nanospace. By using a focussed beam of electrons, the
SEM reveals levels of detail and complexity inaccessible by conventional
optical microscopy. Accelerated electrons in an SEM carry significant
amounts of kinetic energy, and this energy is dissipated as a variety of signals
produced by electron-sample interactions when the incident electrons are
decelerated in the solid sample. These signals include secondary electrons,
backscattered electrons, diffracted backscattered electrons, photons, visible
light, and heat. Secondary electrons and backscattered electrons are
commonly used for imaging samples: secondary electrons are most valuable
for showing morphology and topography on samples and backscattered
electrons are most valuable for illustrating contrasts in composition in
multiphase samples. SEM images are produced by collecting the secondary
electrons. SEM analysis is considered to be non-destructive, because the
electrons and X-rays generated by electron-sample interactions do not lead to
volume loss of the sample, so it is possible to analyse the same materials
repeatedly.

The scanning transmission electron microscope (STEM) is also a useful
tool for the characterization of nanostructures [19, 20]. The SEM and STEM
images presented in the thesis were performed on a FEI Helios 600 NanoLab
Focused lon Beam system. 30kV e-beam was applied in this machine which
allows very high resolution SEM imaging (<1nm @ 15kV and <2.5nm at 1kV
electron beam) alongside other ion-beam features like simple milling and
TEM lamellae preparation [21].

2.5.3 Transmission electron microscopy

The transmission electron microscope (TEM) forms an image by accelerating
a beam of electrons that pass through the specimen and collecting signals. In
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TEM, electrons are accelerated to 100 KeV or higher (up to 1MeV), projected
onto a thin specimen (less than 200 nm) by means of the condenser lens
system, and penetrate the sample thickness either undeflected or deflected.
The greatest advantages that TEM offers are the high magnification ranging
from 50 to 1,000,000 times and its ability to provide both image and
diffraction information from a single sample. Magnifications of up to
1,000,000 times and resolution below 1 nm are achieved routinely. The
scattering processes experienced by electrons during their passage through the
specimen determine the kind of information obtained. Elastic scattering
involves no energy loss and gives rise to diffraction patterns. Inelastic
interactions between primary electrons and sample electrons at heterogeneities
such as grain boundaries, dislocations, second phase particles, defects, density
variations, etc., cause complex absorption and scattering effects, leading to a
spatial variation in the intensity of the transmitted electrons. In TEM one can
switch between imaging the sample and viewing its diffraction pattern by
changing the strength of the intermediate lens. Figure 2.4 show the different
signals produced by electron/sample reactions [22].

The transmission electron microscope is used to examine the crystal
structure, composition, and properties of specimens in submicron details. The
investigation of the morphology, structure, and local chemistry of metals,
ceramics, and minerals is an important aspect of contemporary materials
science.
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Figure 2.4: The variety of signals produced during electrons/sample interactions.
Quoted from Ref. [22].
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All TEM images and diffraction patterns of QDSCs presented in this thesis
were captured with the help of Dr. Jenny Wong-Leung using the Philips
CM300 system at the Research School of Earth Sciences, at the energy of 300
keV.

2.5.4 Mechanical surface profiler

During the solar cells fabrication and characterization processes, it is critical
to measure depth or dimensions of some fine structures. A simple
characterization technique used for this purpose is mechanical stylus profiler.

Basically, a stylus is scanned along the sample surface to measure the
variation of sample height along the scan line. The system used for this
research work is a Dektak Surface Profiler. This mechanical surface profiler
allows very accurate 1D step height measurements, the analysis capability
also allows for measuring wafer bow (to calculate mechanical stress) and 1D
roughness. It was mainly used for the former, in order to measure etch depths
or film thicknesses. It was frequently used to measure the thickness of wet
etching depth after photolithography exposure and hence determine the actual
etching rate for the certain materials. A video camera with variable
magnification allows for manual placement of the stylus and the system is
controlled from the software on PC for scan length and speed. Available
stylus sizes are 12.5 jum and 2 pm and vertical resolution is as small as 1.1 nm
[16].

2.6 Device characterization techniques

2.6.1 Photoluminescence

Photoluminescence is a simple, powerful and non-destructive technique that is
widely used to determine the properties and quality of semiconductors. The
simple principle refers to the absorption and emission of photons. The
intensity and spectral content of the photoluminescence is a direct measure of
various important properties, such as band gap, impurity levels and defects,
and recombination mechanisms etc.
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Figure 2.5: Photoluminescence system set-up used in the thesis.

We use the PL systems at EME to analyse the optical properties of different
qguantum dots solar cell structures throughout this thesis [15]. Upon the
excitation from the Diode-Pumped frequency doubled Solid-State (DPSS)
laser at a wavelength of 532 nm, electron-hole pairs will be generated in the
solar cell materials and then recombine due to radiative recombination. The
emitted photon from the device was collected through a Princeton Instruments
SpectraPro 2300 i Monochromator and a thermal-electrically cooled InGaAs
photodetector. With frequency synchronised by the chopper, the signal from
the device was collected through lock-in technique. A schematic diagram of
the typical PL set-up used for this thesis is shown in Figure 2.5, which allows
temperature dependent PL measurements (from ~ 11 K to room temperature)
over a broad spectral range (200 nm-15 pm) for various materials and
structures.

2.6.2 Electroluminescence

Similar to the PL discussed in last section, which is a photon-induced
emission process, semiconductor device may also produce spontaneous
emission when a current is injected from external circuit, this phenomenon is
called electroluminescence (EL).

In EL measurements the carriers inside the sample are injected electrically
rather than excited optically, the spontaneous emission is collected and
analysed. For the research in this thesis, electroluminescence measurements
were carried out on QD solar cell devices that were mounted in the closed
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cycled He cryostat, in which the temperature could be controlled from 10 K to
300 K. The experimental set-up is shown in Figure 2.6, the optical setup is
similar to that for photoluminescence measurements except that the samples
are electrically connected to a current source and the electron-holes pairs are
generated by current injection (hence the name electroluminescence) instead
of a laser source. The devices were put under certain forward biases and
excited by injecting current with various current densities (from 10 mA/cm? to
up to 1000 mA/cm?). The spontaneous emission from one surface facet of the
device was focussed onto the slit of monochromator and detected by an
InGaAs photodetector. The Princeton Instruments SpectraPro 2300 i
monochromator and a cooled InGaAs diode detector were used.
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Figure 2.6: Electroluminescence system typical set-up used in the thesis.

By analysing the spontaneous emission spectra with increasing injection
current intensity, for example, their peak position shift and line-width, further
insight into the quantum dot solar cell devices can be obtained. The
temperature dependent emission properties were also investigated to reveal
the recombination phenomena within QDSCs.

2.6.3 Current-voltage (I-V) characteristics
2.6.3.1 Light I-V

For the standard I-V tests in this thesis, a Newport (Oriel) 91160 Solar
Simulator (150 W) was used to measure the I-V characteristics of various
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QDSCs under the 1 sun @ AM 1.5G illumination to obtain basic device
parameters including short circuit current density (Jsc), open circuit voltage
(Voo), fill factor (FF), parasitic resistances and solar cell efficiency (1) [23].
Keithley 2401 Low Voltage Source meter is the 4-wire remote Instrument that
was used to monitor and collect the 1-V characteristics.

In addition, to investigate the temperature dependent I-V behaviour, the
solar cell devices were also placed into the closed cycled He cryostat. The
white light source from a tungsten lamp was focused on the device by using of
optical lenses to obtain various light intensities illumination. The current-
voltage data were collected by a Hewlett Packard 4140 B Pico-ampere Meter.

2.6.3.2 Dark I-V

In order to reveal fundamental mechanisms of GaAs based quantum dot solar
cells, dark current-voltage is an important property to study. Temperature
dependent dark currents were measured with a closed cycle He cryostat. The
device packages were attached to a cold finger in the cryostat. The entire
equipment was then covered by Al foil to create a dark condition, and
evacuated under a vacuum of ~ 10°® Torr. The temperature was adjusted with
a LakeShore model 331 temperature controller to the value as low as ~11 K.
Measurements were generally carried out at 20 K steps up to 310 K. Current
was measured by the Hewlett Packard 4140B pico-ampere meter, the noise
current was around 10 pA. This pico-ampere meter was also used as the DC
voltage source and the LabVIEW programme on PC was used to automate the
measurement processes.

2.6.4 External quantum efficiency and spectral response
measurements

2.6.4.1 Spectral response

Generally, spectral response can be described as the ratio of the current
generated by the solar cell to the power of the incident light illuminated on the
cell. In this thesis, the wavelength dependent incident power from the tungsten
lamp was calibrated by an InGaAs detector, and as shown by the schematics
in Figure 2.9, focused on the device through the SpectraPro 2300 i
monochromator. The photocurrent was then amplified through low noise
current preamplifier and lock-in amplifier and then collected using the
Princeton Instruments control software. During spectral response
measurement, different biases were applied externally for some devices, and
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the spectral response was measured in a wide temperature range from 30 K to
310 K at 20 K steps. The spectral wavelength was scanned from 750 nm to
1200 nm which covered the bandgap energies of the GaAs bulk material,
wetting layer and QDs. Although the relative intensity of various peaks in
spectral response curves may be different from those observed in the EQE
measurement, they reveal similar physical information when comparisons
were made among different samples under the same light illumination.
Moreover, spectral response measurements can be performed under different
biases and temperatures for detailed analysis of the carrier generation,
recombination and collection processes for QD and reference devices. A
schematic diagram is shown in Figure 2.7.
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Figure 2.7: Schematic of spectral response measurement set-up.

2.6.4.2 External quantum efficiency

External quantum efficiency (EQE) is the ratio of the number of carriers
collected from the solar cell to the number of photons of a given energy
incident on the solar cell. Apparently, the quantum efficiency for photons with
energy below the materials band gap is zero [24]. EQE of a solar cell includes
the effect of optical losses such as transmission and reflection, and internal
quantum efficiency (IQE) refers to the efficiency with which photons that are
not reflected or transmitted out of the cell.

For practical solar cell studies, optical losses should be taken into account
for its performance so EQE is the most commonly used technique to evaluate
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solar cell performances. In this work, EQE measurements were performed
using the ORIEL 1QE-200 system, the signal was collected at the short circuit
condition.
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Figure 2.8: Beam delivery schematic of the Oriel IQE-200 system.

The optical layout of the QE-200 (Figure 2.8) comprises one spectrally
neutral 50-50 beam splitter and four lenses. The output light from the
monochromator is first collimated by lens 1. The collimated light is then split
into two beams. One beam passes through the beam splitter and is focused by
lens 2 onto the reference Detector. This detector measures the output light
power at any given wavelength. The other beam is reflected by the beam
splitter down onto the sample surface through focusing lens 3 for QE
measurement, the spot size on the sample is also determined by lens 3. For
internal quantum efficiency measurement, the reflected light from the sample
is collimated by lens 3 and focused behind the beam splitter by lens 4 onto the
reflectance detector [25].

2.6.4.3 Inter-subband photocurrent
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Figure 2.9: The schematic of inter-subband photocurrent measurement set-up.

In addition to the normal spectral response that is correlated to VB to CB
transition, it is also expected that there is the 2" photon excitation process for
QDSC [26-28]. The so-called Inter-subband excitation can be achieved by
low energy photons. To perform temperature dependent inter-subband
photocurrent measurements, the solar cells were mounted in a closed cycle
cryostat with a BaF, window that allows optical transmission up to
wavelength of 11 um [29]. A calibrated 800 <T blackbody radiation source
with an internal chopper was used to induce the inter-subband photocurrent.
While the solar cell was also illuminated by white light from a tungsten lamp
to populate the QD states with photo-generated carriers. The photocurrent was
collected under various biases by a current preamplifier connected to a lock-in
amplifier. The measurement set-up is displayed in Figure 2.9.
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Chapter 3

Growth and properties of
InGaAs/GaAs quantum dot solar
cells

3.1 Introduction

To obtain efficient and reliable quantum dot solar cell devices, several
structural properties of the quantum dot need to be considered [1-3]. Firstly,
they need to provide enough light absorption to produce sufficient
photocurrent. The three-dimensional nature of the quantum dots leads to a
small absorption cross-section, which means growing of high density dots as
well as stacking multiple QD layers are very important for the solar cell
device to operate. Secondly, small dots are desirable as they have less
confined energy states and shallower confinement which are important
characteristics for easier extraction of photo-generated carriers and higher
current collection efficiency. Finally, due to the accumulation of the strain and
the tendency to form dislocations, the growth conditions must be carefully
controlled to achieve defect-free QD structures. However, for the growth of
self-assembled quantum dots (QDs) by MOCVD, there are two main
challenges [4, 5]. First, growth kinetics plays a much greater role which
results in a fast nucleation process and an increased tendency to form coherent
islands. This is partly due to the higher growth temperatures used in the
MOCVD reactor (50-100 °C higher than that of MBE) to ensure enough
pyrolysis of the precursor sources. On the other hand, the use of in-situ
monitoring techniques in MOCVD is limited, making it difficult for precise
control of the quantum dot formation.

There are several main parameters which could be adjusted to optimize the
growth of IngsGagsAs quantum dots during MOCVD growth. Among them,
growth temperature, V/I11 ratio and deposition time are critical to obtain QDs
with the desired dimension and density. Normally the growth temperature for
planar InGaAs in MOCVD is between 600 and 650 °C, however the
temperature should be optimized for In,Ga;.xAs dots. When growth occurs at
570 °C or higher, clustering and dislocations may take place due to increased
mobility, which will lead to low quantum dots quality and large size
distribution. But if temperature is below 550 °C, low cracking efficiency of
precursors will result in poor material quality. According to previous study on
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IngsGagsAs dots growth [6], 550 °C was selected in this thesis for the growth
temperature of the quantum dots. Also, the ratio of the amount of group V
source to that of group 11 (/111 ratio) is an important factor in quantum dot
formation. During MOCVD growth process the group V material (AsH3) is in
excess and is a thermodynamic requirement to suppress decomposition of the
I11-V semiconductor layers [7]. It was found that the dot density is affected by
this factor [2, 5, 8], a higher V/I1I ratio will cause a decrease of the dot density
and the formation of larger dots with higher In content. However, dot material
quality becomes poor at very low V/III ratios. A V/III ratio of 18.25 was
chosen for the growth of quantum dots in this thesis. Apart from these two
factors, amount of material deposited that is determined by the deposition
time plays an important role in the formation of quantum dots. Generally, with
increasing material deposition dots will form with higher density until a
saturation point is reached. Soon after the density saturation point, clusters
and dislocations form and a red-shift in the photoluminescence will be
observed.

In addition, quantum dot volume is relatively small to get sufficient
absorption for QD solar cells to work effectively. In general, stacking multiple
QD layers is essential to enhance the total QDs volume and hence their
absorption, and efforts are made to increase optical absorption by growing
larger number of stacked QD layers. The method of increasing the stacking
number of QD layers and thus the total QD absorption has been reported by
Hubbard S.M. et al and Takata A. et.al [9, 10]. However, though multiple QD
layer stacking is one promising way to increase the total QD density thereby
increasing the optical absorption, it is difficult to maintain the size
homogeneity and structural quality of these structures. Because when more
QD layers are grown on top of other layers, the formation of new dots will be
affected by those underneath due to strain accumulation and dots coupling.
The build-up of internal lattice strain with increased number of layers results
in an increase in both the size and its fluctuation for QDs grown by S-K
growth mode [10, 11]. Furthermore, the excess strain can have negative
effects on QD device overall performances, mainly due to the formation of
defects such as dislocations and degradation of bulk GaAs materials grown
above QD layers [10, 12-14]. Therefore, the number of QD layers needs to be
investigated and controlled within a reasonable number.

In this chapter, 10-layer IngsGapsAs/GaAs QDSC structures grown with
three different QD deposition time were studied by atomic force microscopy
(AFM), photoluminescence (PL) and transmission electron microscopy
(TEM). Various characteristics of the fabricated solar cells such as
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temperature dependent -V, spectral response/quantum efficiency were
investigated in detail to reveal fundamental mechanisms behind QDSC
behavior. With the attempt to achieve intermediate band solar cells (IBSC) by
incorporating QD/WL structure, 2-photon absorption feature of the QDSC
was investigated. Finally, QD solar cell structures with 15, 20 QD layers were
grown and studied in comparison with the 10-layer device.

3.2 Experimental

The self-assembled IngsGagsAs/ GaAs QD solar cell structures were grown
on n* GaAs (001) substrates by metal organic chemical vapour deposition
(MOCVD) as detailed in Chapter 2. A GaAs p-i-n structure was also grown as
a reference. The vertical layer structure of QDSC and the control p-i-n cell
structure are illustrated in Figure 3.1. Si and Zn were used as the dopants for
n- and p-type doping respectively. The doping concentrations are 2 x 10" and
2 x 10" cm™ for n” and n* GaAs layers, and 5 x 10'” and 1 x 10* cm™ for p°
and p* doped layers, respectively. Specifically, the intrinsic region of the QD
solar cell consists of ten undoped IngsGagsAs QD layers (6-monolayer thick
each) sandwiched between 50 nm undoped GaAs spacers. All doped layers
were grown at 650 <C, and the intrinsic GaAs layers including QDs were
grown at 550 <C. For comparison, the GaAs reference cell has a 500-nm thick
intrinsic GaAs layer which was grown at the same temperature (550 <C).

All samples were then fabricated into a few 1<l mm? and 3>3 mm? mesa
devices with Ti/Au bus line and grids contact deposited on the top surface of
the device as p-type contact, and Au/Ge alloy on the back as n-type contact.
After metallization the top (exposed side) 100 nm p* GaAs contact layer was
removed by selective etching. All devices were fabricated and characterized
without any anti-reflection coating. The relevant cell structures and growth
have also been reported previously [15, 16]. The structural, optical and device
characterization will be presented in the following sections.
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(a) (b)

100 nm p*-GaAs 100 nm p*-GaAs
30 nm p-AlGaAs window 30 nm p-AlGaAs window
200 nm p-GaAs 200 nm p-GaAs

10x 50 nm i-GaAs

500 nm i-GaAs 10x Ino.5Gao.5As QDs
:
200 nm n-GaAs 200 nm n-GaAs
100 nm n*-GaAs 100 nm n*-GaAs
n+ GaAs Substrate n+ GaAs Substrate

Figure 3.1: Schematic of the solar cell structure: (a) p-i-n GaAs reference cell and (b)
10-layer standard InGaAs quantum dot solar cell.

3.3 Material properties of quantum dot solar cell structures

3.3.1 Atomic Force Microscopy study

Atomic Force Microscopy (AFM) has been used as a routine technique to
study the surface dot morphology, and dot density for InyGa;.xAs/GaAs QDs
[17]. To optimize the QD size and density for our solar cell structures, three
QD structures were grown with the only variation of dot growth time.

The surface morphology of the IngsGagsAs QDs with the growth time of
3.3, 3.4, 3.6 s were measured using AFM and presented in Figure 3.2. Similar
to what has been observed by other studies [1, 2, 5, 18], the dot density and
size varies as a function of the amount of material deposited. When the dot
growth time is increased from 3.3 to 3.4 s, the dot density is increased.
However further increase of growth time to 3.6 s does not lead to increase of
the density, indicating that saturation point is reached at a deposition time of ~
3.4 s. Meanwhile, the QDs average size is increased with growth time. Also it
is found that more clusters of larger dots are formed when the growth time is
increased to 3.6 s (see Figure 3.2 (c)), which leads to more defects in the
quantum dot layers [1, 4].
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15.0 nm 15.0 nm
.
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Figure 3.2: AFM images of QDs grown with different growth time: (a) 3.3 s, (b) 3.4 s,
(c) 3.6 s. For all images the scales are 1 um x 1 um. The height profiles are shown by the
colour bar.

The quantum dot density in a single layer that was grown for 3.3 s, 3.4 s,
and 3.6 s were counted by ImageJ (an open source image processing program
designed for scientific multidimensional images) [19] and listed in Table 3.1
below. The highest QD density is obtained from 3.4 s sample, the density is
estimated at 4.5 < 10" cm™ for Figure 3.2 (b).

Table 3.1: Surface dot density for QDSC structures grown with different dot

growth time.
Growth time/s Quantum dot density/cm™
3.3 3.9 x10"
3.4 4.5 x10"
3.6 3.2 10"

3.3.2 Photoluminescence

The room temperature photoluminescence (PL) spectra from these three QD
samples with different dot deposition times are shown in Figure 3.3. For each
sample, there are two distinct PL peaks originating from the QD and wetting
layers respectively, indicating the high optical quality of our QDSC structures
with a dominant radiative recombination process.

During the 2D-3D transition process the emission peak from the wetting
layer (WL) (take 3.3 s sample for example) is blue-shifted from that expected
for the nominal composition of IngsGagsAs materials [8]. This is mainly due
to the quantum confinement effect for the ultra-thin wetting layer (~6 ML).
Also, inter-diffusion between the InGaAs WL and GaAs layer changes the
composition of the thin WL and lead to lower content of In, and thus a shorter
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wavelength. The other peak at longer wavelength comes from quantum dots
that have been formed. As more WL material transforms into QDs with the
increase of dot growth time, the QDs grow in size with the intensity of QD
peak becomes stronger and that of the wetting layer becomes weaker. The
increase in the ratio of PL intensity of QDs to WL with dot growth time can
be seen clearly from Figure 3.3. Also, the peak position of QDs is red-shifted
with longer deposition time after 3.4 s, which is due to the formation of larger
QDs which have lower ground state energy. In addition, the full width at half
maximum (FWHM) becomes slightly larger for longer growth time (FWHM
values of QDs are 85 nm, 92 nm and 103 nm for 3.3 s, 3.4 s and 3.6 s samples
respectively), indicating that the QDs size distribution is less uniform beyond
certain deposition time.
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Figure 3.3: Room temperature photoluminescence spectra of IngsGag sAs/GaAs QDs
grown with different QD growth times.

Based on the above comparison from Figure 3.2 and Figure 3.3, 3.4 s was
chosen as the growth time for the QDSC samples investigated in this work,
since it provides the highest QD density and minimum cluster defects.

3.3.3 Transmission Electron Microscopy

As mentioned earlier, in order to achieve sufficient light absorption, multiple
stacked QD layers is normally required in QDSC structures. However, due to
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the strain-driven self-organizing growth process and thus the accumulated
strain with the increasing number of layers, the QD growth conditions are
extremely critical for achieving defect-free multi-layer stacked QD structures.
There is the tendency for dislocations to form in one layer and propagate
throughout the whole multi-layer structure, which may lead to a large V-
shaped defects and thus much degraded device performance [20]. To further
evaluate the material quality of our QDSC structures, cross-sectional
transmission electron microscopy (TEM) analyses were carried out. Also,
bright field scanning transmission electron microscope (STEM) was used for
structural observation. Since growths were carried out on (100) wafers, the
cross-sectional STEM and TEM images are close to one of the <110>
directions.

Cross-sectional bright field STEM image for the 3.4 s sample is shown in
Figure 3.4. Well defined layer structure is clearly displayed, which is in good
agreement with the nominal structural design shown in Figure 3.1 (b). The
structure consisting of the different layers are clearly visible. GaAs, InGaAs
and AlGaAs layers appear gray, black and white, respectively, corresponding
to their composition and relative average atomic weights [21].

100 nm p+ GaAs
30 nm p- AlGaAs

250 nm 200 nm p- GaAs

50 nm i-GaAs (10 periods)
6 ML InGaAs QDs (10 periods)

200 nm n- GaAs
200 nm n+ GaAs (below)

Figure 3.4: Bright field cross-sectional STEM image showing the whole quantum dot
solar cell structure, in which the different layers are clearly observed.

Furthermore, Figure 3.5 shows the higher magnification TEM images of the
QD region. It can be seen that the 10 QD/WL layers are well aligned with no
V-shaped or other types of line defects observed in the structure. In addition,
high resolution image in Figure 3.5 (c) indicates that no dislocations exist
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across the GaAs barrier and InGaAs QD/WL interfaces. The strain
accumulation is properly controlled by current growth conditions.

Figure 3.5: (110) cross-sectional TEM view of the 10-layer QDSC at three different
magnifications, where (c) is the high resolution image.

3.4 Device performance of quantum dot solar cells

The device performance of the standard 10-layer quantum dot solar cells (QD
growth time 3.4 s) were measured by an Oriel solar simulator under 1 Sun,
AM 1.5 G illumination. The p-i-n GaAs control cell was also tested as a
reference. I-V characteristics of both devices are plotted in Figure 3.6. The
main solar cell parameters are extracted from the I-V curves and listed in
Table 3.2.
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Figure 3.6: Current density versus applied bias curves for QDSC and control cell
without the QD structure.
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As seen in Table 3.2, the GaAs control cell shows an open circuit voltage
(Voe) of 0.99 V, short circuit current density (Jsc) of 18.3 mA/cm?, fill factor
(FF) of 83.9 % and conversion efficiency of 15.3 %, while the QDSC exhibits
a slightly higher Js. of 18.8 mA/cm?, a reduced Vo of 0.76 V, FF of 76.9 %
and efficiency of 11.1 %. These results are consistent with the results obtained
from some other studies based on different I11-V group QD systems, i.e.
higher Js is achieved in the QDSC however with degraded V. compared with
control cell [22-24].

The value of V. of a solar cell is determined by the built-in potential (Vy;)
which is equal to the splitting of the Fermi levels of the base and emitter
layers: Vi = (Een - Erp). Both the reference and QD cells have the same doping
scheme structure through the whole p-n junction, in theory they should have
almost the same Vy; [15] and also the V.. But the behaviours are quite
different for these two devices measured at room temperature. This
phenomenon indicates that the existing of the QD layers changes the solar cell
band structure. As a result, the potential between Fermi levels Er, and Ef, is
reduced so that the actual Vp; of QDSC dropped. Furthermore, it is the result
of thermal injection of carriers into the QDs and subsequent recombination in
the depletion region, which changes the forward injection thermal activation
energy (Ez) [15], as will be discussed in detail in section 3.6.2.

For QD solar cells the absorption of lower energy photons by the QD layers
are able to make additional contribution to the photocurrent, and leading to an
increase of the Js.. However, to understand the reason for the significant V¢
degradation of QD cell, it is important to investigate the I-V characteristics to
obtain a deeper insight into the carrier transport and recombination processes
within the QD region. Therefore, temperature dependent light and dark I-V
characteristics of both reference and QD solar cells were measured over a
wide temperature range from 30 to 310 K and discussed in section 3.6.

Table 3.2: Solar cell parameters measured under 1-sun condition at 298 K.

Samples Jsc (mA/cm?) Voc (V) FF (%) Efficiency (%)
Control cell 18.3 0.99 83.9 15.3
QDSC 18.8 0.76 76.9 11.1

3.5 Quantum efficiency and spectral response of quantum dot
solar cells

3.5.1 External quantum efficiency

51



Chapter 3 Growth and properties of InGaAs/GaAs quantum dot solar cells

As introduced in Chapters 1 and 2, external quantum efficiency (EQE) is an
important parameter that reveals more detailed information of a solar cell
performance. EQE measurements were performed at the short circuit
condition. The results of both reference and QD devices are shown in Figure
3.7 together with the room temperature QD sample PL. The QD ground state
recombination peak at ~1168 nm and the WL ground state recombination at
~978 nm can be correlated with the corresponding photocurrent peaks
originated from QD related absorption in EQE. The sharp drop in efficiency at
~865 nm indicates the band gap energy of GaAs layers. Beyond this point,
QDSC still exhibits peaks that are due to WL and QDs, indicating the QD
structure can effectively broaden the solar cell response region by absorbing
more long-wavelength light. The extended absorption and photocurrent result
in short-circuit current enhancement compared to reference cell as observed in
the section 3.4. As expected, QD device does not exhibit enhanced EQE than
the reference cell in the short wavelength region (< 865 nm), indicating that
there is no observable photocurrent contributed from QD structure absorption.
The usage of high energy light is not improved by introducing QD structure
with low energy band gap.
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Figure 3.7: Comparison of EQE of QDSC and reference devices. The room
temperature PL of QDSC is also plotted against the right axis.

3.5.2 Temperature dependent spectral response
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In addition to the room temperature EQE measurements, study of spectral
response at different temperatures and voltages allows further insight into the
effects of carrier transport and recombination on QDSC electrical properties.
In this section, a tungsten lamp was used as light source, because it was
calibrated differently compared to the Xenon lamp used in solar simulator, the
relative intensity of various peaks in the spectral response curves may be
different from those obtained in the EQE measurement. However, they reveal
the same physical information if comparisons were made between different
samples under the same light illumination intensity. Moreover, spectral
response measurements can be performed under different biases and
temperatures for more detailed analysis of the carrier

generation,
recombination and collection processes.
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Figure 3.8: Spectral response of the 10-layer QD cell for different temperatures and
applied biases.

The spectral response results at two temperatures with an applied bias of -
0.5V, 0and 0.5V are displayed in Figure 3.8. It can be seen at 290 K, a clear
photocurrent peak at ~1150 nm is observed for QD device regardless of the
polarity of the applied biases. Negative voltage improves the photocurrent
slightly due to field-assisted tunneling and thus lower carrier capture
probability, but its weak dependence on bias indicates that there is only a very
small amount of recombination [15]. The two peaks in the spectral response
that are located at 957 and 917 nm are due to wetting layer excitations.
However, for the low temperature (50 K) curves no QD peak is present for all
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bias conditions, and only photocurrent from bulk GaAs and WL can be
observed. It implies a large amount of recombination occurs in QD layers
because the thermal energy is too small for carriers to escape the confinement
potential. Also the photocurrent under negative bias is increased dramatically
over the whole range compared to the case of positive bias, particularly in the
wavelength region of the WL. The contribution of electric field polarity to the
photocurrent is more substantial at low temperatures.
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Figure 3.9: The schematic demonstrates the band structure of QDSC (taking two QD
layers for example), in which related mechanisms of photocurrent are shown.

In general, for photogenerated carriers to result in an external current they
must cross the intrinsic region and join the corresponding majority carriers in
the contact layers. As shown by the schematic in Figure 3.9, in the process of
getting through the whole QD device, carriers may be trapped in the QD
layers, and they can escape the confinement potential by either optical or
thermal excitation to barrier states or by direct tunneling to the adjacent layers.
Direct tunneling probability through thick barrier is relatively low and
therefore either thermal or optical excitations are the main processes for the
QDSC studied here. For the relatively low light intensities used in the spectral
response measurements (also for the condition of unconcentrated sunlight) the
optical excitation rate of carriers out of the bound states would also be a
slower process [15]. So the thermal excitation is the dominant process that
makes carriers escape from confinement potential. However, there are two
main competing processes for the photogenerated carriers: (1) thermal
excitation out of the QD states and subsequent drift under the built-in electric
field or (2) capture from barrier states or QDs/WL layers to QD states with
possible further radiative recombination. The carrier escape time constant t; is
dependent on temperature and it is expected that it would be longer compared
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to the recombination lifetime t, of the trapped carriers over a certain
temperature range. Also, the capture probability is related to the electric field
across the p-n junction. Therefore the amount of recombination of the
photocurrent should be sensitive to both the temperature and external bias.

3.6 Investigation of temperature dependence of 1-V
characteristics of quantum dot solar cells

Short-circuit current (lsc) is dependent on the generation and actual collection
amount of light-generated carriers. For an ideal solar cell, the short-circuit
current and the light-generated current are identical, therefore, it is the largest
current which may be extracted from the cell. The open-circuit voltage (Voc)
corresponds to the amount of forward bias when the dark current (lgan) and I
exactly cancel out as indicated in Figure 3.10.
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Figure 3.10: The typical light and dark 1-V curves of a solar cell device.

As introduced in Chapter 1, solar cells can be modelled as a current source
in parallel with a diode. When there is no light present to generate current, the
solar device behaves like a diode. Therefore, I-V measurement is a powerful
tool in examining the diode properties of solar devices. Under illumination,
small fluctuations in the light intensity may add considerable amount of noise
to the device making it difficult to obtain precise current signal. Dark 1-V
measurements use injected carriers into the circuit rather than with light
generated carriers. The linear plot of dark current versus voltage reveals very
little information about the diode, more information is revealed from a semi-
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log plot, different regions of the I-V curves might be dominated by different
mechanisms.

As the intensity of incident light increases, more current is generated by the
solar cell. In an ideal cell the total current I(V) is equal to the short-circuit
current lsc minus the dark current lgar« according to the equation (3.1):

qV/
I(V) = Isc - Idark(v) = Isc - IO(e nkpT — 1) (3-1)

where |y is the saturation current of the diode, q is the elementary charge
1.6 x 10™*° Coulombs, k is the Boltzmann constant of value 1.38 x 102 J/K, T
is the cell temperature in Kelvin, and V is the voltage across the solar cell,
either produced or applied.

3.6.1 Temperature dependent light I-V analysis

I-V characteristics measurement is the most essential measure of solar device
performance, from which the fundamental mechanisms could be revealed.
Light I-V curves were measured at various temperatures to investigate the
effects of the injected carriers recombination on V. and the total photocurrent
extracted from solar cells. Light from a halogen tungsten lamp (250 W, ~
3000 K) with the spectral range of 400- 1200 nm was used in this experiment
to explore the influence of carrier transport and recombination at various
temperatures and biases. The light was focused onto the solar cell devices
under a similar optical setup to what has been used in PL, EQE measurement.
The temperature dependent I-V curves from 30 to 310 K for both QDSCs and
GaAs reference cell are shown in Figure 3.11. The reference cell shows steady
photocurrent along with different voltages at all temperatures. For QDSC,
obvious voltage dependent photocurrent is observed which results in a poor
fill factor especially at lower temperatures. This is because both the capture
rate of photo-generated carriers into the QD layers and their escape from
guantum confinement to form photocurrent are affected by electric field in the
p-n junction, leading to a voltage dependent recombination. The effective
carrier tunnelling barrier width changes with different voltages, particularly
when positive and negative biases are applied.
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Figure 3.11: Current-voltage curves of the QD and reference solar cell exposed to light
from a halogen tungsten lamp for various temperatures.

In spite of the large amount of photo-generated carrier recombination, V.
of the QD cell at low temperatures is very close to that of reference device, the
value is determined by the built-in potential (Vy;) which is equal to the
splitting of the Fermi levels of the base and emitter layers: Vi = (Egn - Egp).
Because both the reference and QD cells have the same doping scheme
structure through the whole p-n junction, it is assumed that they have almost
the same Vi, [15]. This phenomenon indicates that the reduction of the QDSC
V. at relatively high temperatures is the result of thermal injection of carriers
into the QDs and subsequent recombination in the depletion region, which
changes the forward injection thermal activation energy (E,) [15], Figure 3.13
(c) in next section will demonstrate the mechanism of E, reduction.

3.6.2 Temperature dependent dark I-V analysis

Many investigations based on the study of I-V characteristics have been
performed to understand the effects of quantum structure on solar cell
properties [25, 26], however the dark current properties which are critical for
the QD solar cell performance have not been studied in-depth previously. In
this section, we present a detailed study of the temperature dependent dark
current of IngsGagsAs/GaAs QD solar cells. The temperature dependent I-V
characteristics were carried out in a close-cycled He cryostat using a Hewlett-
Packard 41408 voltage source and pico-ammeter as mentioned in section 2.6.3.
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Figure 3.12: Temperature dependent dark J-V characteristics of the (a) reference GaAs
solar cell and (b) QD solar cell.

As shown in Figure 3.12 (a), the GaAs reference cell displays a steady
increase of dark current with temperature at a fixed voltage, mainly as a result
of the exponential temperature dependence of the intrinsic carrier
concentration n; in the depletion region [27]. However, the QD device exhibits
a more complicated behaviour (Figure 3.12 (b)). At low temperatures, the QD
cell has much smaller dark current than that of the reference cell, however, its
dark current increases more rapidly with temperature and when the
temperature is over 70 K, the dark current of the QD solar cell follows a trend
similar to that of the reference cell. Generally, for a normal p-i-n solar cell
structure, the dark current due to the forward bias carrier injection is a
combined result of recombination current in the space charge region (SCR)
and diffusion current through the SCR. The change of the shape of the dark I-
V curves with temperature depends on the concentration of different types of
defects present in the sample with different temperature dependent carrier
capture cross sections and tunnelling effects [28]. On the other hand, for the
QD device, presence of QDs in the depletion region introduces additional
recombination paths via QD states to contribute to dark current, the amount of
which largely depends on the carrier capture and recombination processes
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under different bias and temperature conditions. To discuss this more clearly,
Figure 3.13 (a) re-plots the dark 1-V curves of both devices at 30 and 300 K.
At 30 K, as displayed in the region I in Figure 3.13 (a), the dark current of
both the reference and QD devices remains very small and does not show
substantial increase until a large voltage is applied. This is because at low
temperatures, the kinetic energy of forward injected carriers is too small to
overcome the built-in potential (Vi) of the p-i-n junction to form appreciable
dark current until the forward voltage is increased to a value close to V5, . For
the QD solar cell the current is even smaller due to an additional potential
barrier formed by the QDs carrier occupation [29]. In a similar manner to
modulation doping, carriers in the doped contacts are captured by the QD
layers. Those QD layers particularly close to the contacts will be occupied by
carriers which will form an electrostatic barrier that inhibits further injection
of carriers. This effect as shown schematically in Figure 3.13 (b) suppresses
dark current even at biases larger than the Vy; (region Il in Figure 3.13 (a))
where a large increase of dark current is observed for the reference cell. If the
bias is further increased beyond 2.0 V the potential barrier formed by the
carrier capture is overcome and the carriers start to be injected through the
depletion region leading to a rapid increase of dark current with bias (region
I11'in Figure 3.13 (a)).

The Vy,; for our GaAs reference cell is estimated to be ~ 1.36 eV at room temperature and ~ 1.5 eV at
30 K using the nominal doping concentrations of our solar cell structures. Here we assume our QD solar
cell has a similar Vy,; due to the same doping scheme in the structure.
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Figure 3.13: (a) Dark I-V characteristics of the solar cell devices measured at 30 and
300 K. Schematic diagrams demonstrating the different carrier capture and recombination
behaviour for the QD solar cell devices at (b) low temperature (<70 K) and high bias
condition (V > Vy,;) and (c) high temperature (> 70 K).

The case is different at higher temperatures for QD device, e.g., > 70K, the
thermal energy of carriers in the contact layers may overcome both the
potential barrier formed by the trapping of carriers and the built-in potential.
As the injected carriers pass through the depletion region, there is a high
probability for them to be captured by the QD potential well and recombine
via two different paths as demonstrated schematically in Figure 3.13 (c): 1)
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For the QD layers that are close to the quasi-neutral regions, the majority
carriers from the contact layers occupy QD states under a quasi-thermal
equilibrium distribution. Under forward bias, these QD layers may capture
injected minority carriers leading to recombination; 2) For those QD layers
that are unoccupied (both conduction and valence bands), simultaneous
capture of an electron and a hole by the same QD layer may also occur with
subsequent recombination. These two paths will both cause a reduction of
forward injection thermal activation energy (E;) in the QDSC and increase of
dark current [15], as observed previously.

Despite the complexity of dark current mechanisms, log(l)-V curves of both
devices at relatively high temperatures turn out to be close to straight lines
which can be fitted well using the modified one-diode exponential
characteristic equation 3.2 [30, 31]:

J= Jo{exp{%} —1} (3.2)

where J is the current density, V is the voltage across the device, Jo is the
reverse saturation current density, Rs is the series resistance, n is the ideality
factor, q is electron charge and kg is the Boltzmann constant. The fitting
parameters for both devices at 300 K are listed in Table 3.3. The shunt
resistances are also calculated using the slope of reverse current-voltage
characteristics before breakdown and provided in Table 3.3. It is found that
compared with the reference cell, the QDSC exhibits a larger Rs and smaller
Rsh, Which is consistent with its reduced FF (76.9 %) due to the large bias
dependent carrier recombination in the QD samples. Its large saturation
current suggests possible presence of significant defect concentration in the
QD structures due to the strain driven self-assembled QD growth, as well as
increased probability of thermal generation of carriers due to the small
bandgap of QDs. However, surprisingly the ideality factor, n of the QDSC
turns out to be smaller than that of the reference cell, which is contradictory to
the rest of the results observed in QD devices implying larger amount of
recombination. This could be due to the following reasons. For conventional
solar cells, at relatively low bias conditions, the dark current is normally
dominated by recombination occuring within the depletion region, which
results in a smaller slope of dark log(l)-V curve and larger n value (more than
1). For the case of the QDSC, recombination within the QDs makes a large
contribution to the dark current. We propose that the two different
recombination paths within QD layers as mentioned earlier may have different
contribution to the overall ideality factor of the QDSC. As demonstrated in
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Figure 3.13 (c), under quasi-thermal equilibrium state, the first few QD layers
will be occupied by majority carriers, which may then recombine with the
injected minority carriers via path (1). This process is very similar to the
formation of dark current outside the space charge region which requires the
transport of only one type of charge carriers through the depletion region,
giving a lower ideality factor (closer to 1). On the other hand, it is also likely
that electrons and holes are simultaneously captured by the same QD layer
and recombine directly via path (2). This process however, is associated with
the QD capture cross sections for electrons and holes (which is inversely
proportional to their respective lifetimes), and is similar to the defect related
recombination in the depletion region of conventional solar cells leading to
larger ideality factor (closer to 2). Apparently for the QDSC studied in this
work, despite its larger dark current, the recombination in the first few QD
layers contributes significantly to the dark current and consequently a smaller
ideality factor than the GaAs reference cell.

Table 3.3: Fitting parameters for the dark |-V curves measured at 300 K.

Samples Js (A/lem®) Rs(Q) Rp(Q) n

GaAscell 2.08x<10™ 1.29 3.04x10° 1.91

QDcell 1.39x10" 206 1.78x10° 1.66

To further study the carrier recombination mechanisms in QD solar cells
and their effects on ideality factor, the local ideality factor at various voltages
can be approximated based on equation 3.3: [32]

_d(v V)
~ d[in(1)]

where V; is the thermal voltage of 0.026 eV at 300 K. n(V) of both GaAs
reference cell and QD solar cell devices with two different sizes are plotted in
Figure 3.14. Both types of devices show a change of n with voltage. In the
low bias region, n is larger indicating dark current is dominated by
recombination in the space charge region. Along with increase of bias, n of
both devices reduces to the lowest value before a large increase due to the
series resistance effect at high biases. It can be seen that the GaAs reference
cells have larger n values than the QD devices. In addition, as displayed in
Figure 3.14, the n(V) curves for the reference cells show fluctuations and
sometimes with the presence of “peaks” in the curve, which imply additional
path(s) of recombination, such as edge recombination caused by the lateral

n(v) (3.3)
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spreading of current to the perimeter of a device. Though we have not
observed any obvious size-dependent trend with these fluctuations, as have
been reported previously in shallow mesa devices (to allow more lateral
current diffusion) [32], the strong bias dependent n(V) curves of the GaAs
control cells still imply the influence of the device edge and size variations.
This is in contrast to the QD devices where consistent results have been
obtained for all the devices with different sizes. All the QD devices have
similar n value over the wide range of voltages. It suggests that similar to the
dots-in-a-well devices [32], the use of InGaAs/GaAs QDs may be able to
block lateral current flow to the device perimeter thereby reduce the edge
recombination, which could be advantageous for many potential applications.
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Figure 3.14: Voltage dependence of local ideality factor n(V) for various size solar cell
devices.

Furthermore, it is expected that QD samples have higher defect density
than the reference sample due to high strain, which may lead to the
complicated dark current behaviours. Since it is difficult to quantify the effect
of defects without knowing the defect types and its temperature dependent
carrier capture cross section, comparison of dark currents from different QD
structures grown under different conditions could be useful to provide further
insight.

In summary, we have performed a comparative study on the temperature
dependent dark current properties of GaAs p-i-n reference and InGaAs/GaAs
QD solar cells. The QD devices exhibit much more complicated dark I-V
behaviour due to the temperature and bias dependent carrier capture,
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occupation and recombination via QD bound states. The results also revealed
that for QD solar cell devices, the common one diode model for general
interpretation of dark I-V characteristics may not be valid. To date, the
unusual reduction of ideality factor of QDSC has not been reported and
discussed. It suggests that for analysis of the dark 1-V properties of the solar
cell devices that incorporate nanostructures such as QDs, new physical model
needs to be developed to take into account of their complicated recombination
behaviours. These results are critical for better understanding of the
fundamental properties of QD solar cells thus to stimulate new QD and/or
solar cell designs for improved device performance.

3.7 Study of two-photon absorption process in quantum dot
solar cells

Theoretical studies of intermediate band solar cells (IBSC) have predicted
potential efficiencies of 63.2 % under full concentration condition for ideal
solar cells [33-36], compared with the Shockley-Queisser limit of 40.7% for a
conventional single junction device under the same conditions. The use of
qguantum dots for the implementation of IBSC has been proposed [37, 38], and
many experimental and theoretical studies of quantum dot solar cells (QDSCs)
have been reported [33, 37-40]. Based on the ideal theoretical picture of IBSC,
when QD layers are incorporated into the intrinsic region of a p-i-n cell, the
built-in potential should still be determined by the Fermi-level splitting of the
doped emitter and base layers, as is the case for single junction GaAs solar
cell. Therefore, it is possible for a QDSC to maintain the similar open-circuit
voltage of the single-junction cell with an improved short-circuit current due
to the extra contribution from the sub-bandgap quantum dot structures.
However, as has been demonstrated and discussed in this chapter, QDs and
the wetting layer influence not only absorption but also recombination and
transport of carriers that in the intrinsic region, which tends to decrease the
V¢ Of the whole cell. Also, the strong QD confinement effect increases carrier
recombination and thus decrease the amount of photocurrent.

On the other hand, to achieve IBSC, the two-photon absorption process is
essential. Apart from the conventional semiconductor conduction band (CB)
and valence band (VB), IBSC also contains an intermediate band (IB).
Consequently, in addition to the electron transition between the VB and the
CB, photo-induced transitions from VB to IB, and IB to CB can also take
place. In this section, we investigate the two-photon absorption process in
QDSC through temperature dependent inter-subband photocurrent
measurements.
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Figure 3.15: Simplified QDSC energy band diagram and the two-photon excitation
process. Captured carriers can undergo inter-band transition (1st excitation), inter-
subband optical transition (2nd excitation), or thermionic emission (2nd excitation),
respectively.

As schematically demonstrated in Figure 3.15, when the light is shone on
the QD solar cell, electron-hole pairs will be excited directly from the valence
band to conduction band in both GaAs barriers and InGaAs QD structures
(including QD states and WL states). This direct band-to-band transition
normally only occurs via optical excitation, and it is defined here as the first
photon excitation. For the carriers that are excited to the ground states of the
QD and wetting layer, a second excitation (inter-subband transition as shown
in the diagram) can be achieved by either optical absorption or thermionic
emission. The two-photon excitation absorption process for QDSC is
generally accepted regardless of the formation of continuous intermediate
band of QDs [37, 41-43]. Although two-photon absorption process plays a
vital role in the inter-subband optical transition, which is essential for QDSC
theoretical models, very few experimental studies on this transition step have
been reported [37, 44]. The determination of the various transition energy
levels will depend on the composition, the strain, the band-gap discontinuities
and the dimensions of the wetting layer and QDs. The QDs grown by
MOCVD in this work are also probably not ideally shaped dots. It would be
good to know if MOCVD grown dots are different in shape to those produced
by other method such as MBE. Different dots sizes and shapes would affect
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the theoretically predicted 0-D density of states. But in this section, we mainly
focus on the optical inter-subband transition study through an analysis of the
temperature dependent response of the IngsGagsAs/ GaAs QDSC to infrared
(IR) light that induces inter-subband transitions.

As relatively low energies (~100 meV) are required for inter-subband
transitions, it can be induced by either low energy photons or thermionic
emission. In order to examine the effect of thermal excitation, temperature
dependent measurements are important. In this work, a specially designed
experimental setup was used as illustrated in Figure 3.16. The quantum dot
solar cell sample was mounted in a closed cycle cryostat with a BaF, window
that allows optical transmission up to a wavelength of ~14 um [45], which
covers the intersubband transition energy range (wavelength <~13 pum) of our
InGaAs/GaAs QDs. In Figure 3.16, there are two optical paths. The first one
has the white light from a tungsten lamp passing through the monochromator
and incident on the device to populate the QD/WL/barrier states with the
interband (first) photon, whereas for the second optical path a calibrated 800 °C
blackbody radiation source with an internal chopper was used to produce
infrared light to provide photo-excitation for the inter-subband transition. A
Ge filter was used here to block the light with wavelength shorter than 1.88
um. The output photocurrent was then amplified through a low-noise current
amplifier and a lock-in amplifier and interfaced with a PC for collection.
Since the blackbody signal was chopped as the reference for the lock-in
amplifier, it is obvious that any photocurrent obtained here only correlates to
the extra excitation from the blackbody source, namely the only second-
photon excitation related process. For convenience, the photocurrent obtained
through this technique is called inter-subband photocurrent in our work and is
different from the photocurrent obtained earlier, which is called inter-band
photocurrent.
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Figure 3.16: Schematic of inter-subband photocurrent measurement set-up.

The inter-subband photocurrent spectra measured at various temperatures
are plotted in Figure 3.17, in comparison with the inter-band (VB-CB)
photocurrent. Each spectrum is the result of two-photon processes where
photons from the monochromator create electron-hole pairs, and photons from
the IR source excite these carriers out of the QD/WL layers. The signal
disappears when the first excitation light wavelength is beyond ~1010 nm,
which is the WL ground state bandgap at low temperature, indicating that
electron-hole pairs population produced from QDs VB-CB transition is too
low to support the IR induced inter-subband process. It can be seen there is a
clear trend that inter-subband photocurrent declines with increasing
temperature and cannot be observed at temperatures greater than 70 K. This is
because at higher temperatures the thermal energy is stronger and thermal
transition now becomes the dominant excitation path. So it can be deduced
that the thermionic emission time constant at room temperature would be
many orders of magnitude smaller than the optical inter-subband excitation
time constant, resulting in a negligible optical response above 70 K. Mart Tet
al. [43] also obtained similar inter-subband photocurrent measurement results
from a QDSC with delta doped QD layers that was cooled down to 36 K. Also,
a small amount of photocurrent produced by two-step photon absorption in
direct Si-doped InAs/GaNAs QDSC at room temperature was reported by
Okada et al. [44]. All studies indicate that the second absorption (IB-CB) step
iIs not very efficient to create effective photocurrent enhancement in these
guantum dot based IBSC, indicating that it is important to improve long
wavelength light absorption related processes to achieve high efficiency
QDSCs.
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Figure 3.17: Inter-subband photocurrent spectrum of the QDSC device as a function of
temperatures. Also shown is the inter-band response of the same device at 11 K.

3.8 Quantum dot solar cells with various number of QD
layers

To further investigate the photon absorption and carrier collection properties
of QDSCs, in this section we present a detailed study of the effect of the
number of QD layers on the optoelectronic properties of QDSC structures. In
addition to the photoluminescence (PL) measurements and device
characterization, electroluminescence (EL) on QDSC samples containing 10,
15 and 20 layers of self-assembled InysGagsAs/GaAs quantum dots has also
been studied. The EL characteristics of these devices were measured under
different temperatures and carrier injection levels, with careful analysis of the
EL peak position, intensity and line-width. We also demonstrate the optical
and electrical characteristics of these three QDSC devices and study the
influence of number of QD layers on overall device performance.

3.8.1 MOCVD growth of QDSCs with different number of QD
layers

Three QDSC structures with 10, 15 and 20 layers of self-assembled
IngsGapsAs/GaAs QDs were grown by metal organic chemical vapour
deposition with the structure schematic shown in Figure 3.18. Each sample
has exactly the same p-type and n-type doped layers on each side of QD
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structures as previously described in Section 3.2, with the only difference in
the number of QD layers in the intrinsic region. All samples were then
fabricated into 1x1 mm? devices with Ti/Au alloy as p-type contact (top) and
Ge/Au alloy as n-type contact (bottom).
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Figure 3.18: Schematic of the InGaAs/GaAs QDSC samples with different number of
QD layers used in this study.

3.8.2 Photoluminescence

s

1 —— 10-layer QDSC
—— 15-layer QDSC
| —20-layer QDSC

PL (a.u.)

I~

19 n\
T

! T ¥ T % T y T Y T Y T Y ¥
850 900 950 1000 1050 1100 1150 1200 1250
wavelength (nm)

Figure 3.19: Room temperature photoluminescence curves of the three QDSC samples
contain 10, 15, and 20 QD layers.
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After growth, room temperature photoluminescence (PL) measurements
were firstly performed on all three samples to check their optical quality, as
shown in Figure 3.19. It is obvious that with an increased number of QD
layers, the intensity of both the wetting layer (WL) and QD peaks are
enhanced because of increased total absorption volume. The peak positions of
WL and QDs are summarised in Table 3.4. The position of WL is almost the
same for the three samples, indicating that the WL thickness and its indium
composition almost remain the same for the three QDSC structures with
different number of QD layers. However the QD peak position is red-shifted
with more layers. This is due to increasing strain with increasing number of
QD layers, which then lead to an increase in both the average size and size
distribution of dots [10, 11]. Larger average QD size will result in lower
ground state energy and thus the emission peak at longer wavelength.

Table 3.4: PL peak positions for the WL and QD for each of the QD structure.

WL peak (hm/eV) QDs peak (nm/eV)
10-layer QDSC 990/1.253 1156 /1.073
15-layer QDSC 991/1.251 1172 /1.058
20-layer QDSC 991/1.251 1175/1.054

3.8.3 Comparison of device performance

To compare the performance of these three different QDSC structures, the
samples were fabricated into standard solar cell devices and their I-V
characteristics were measured under AM 1.5G 1-sun irradiation, as plotted in
Figure 3.20. Figure 3.20 (a) shows that more QD layers incorporated in the
solar cell result in much more degraded performance. In particular, there is a
significant decrease in Ji from 18.9 mA/cm? for 10-layer QDSC to 1.25
mA/cm? for 20-layer stacked solar cell, leading to the overall efficiency
dropped from 10.53 % to 0.64 %. The open-circuit voltage was also reduced
slightly compared to that of standard 10-layer device. The other important
solar cell parameters are also extracted and listed in Table 3.5. Despite of the
improved PL intensity obtained from the structure with more quantum dot
layers, surprisingly all the major device parameters are degraded. As reported
by other researchers, when the number of the QD layers is increased beyond a
certain value, degraded device performance has also been observed, which has
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been partially ascribed to the degradation of p-GaAs emitter layer which
results in low minority carrier lifetime and short diffusion length [9, 10, 14].
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Figure 3.20: Light I-V characteristics at (a) forward bias region, and (b) large reverse
bias region for QDSCs with varied stacking layer.

To qualitatively understand carrier extraction efficiency in our QDSC
structures, the light I-V characteristics at negative bias region are shown in
Figure 3.20 (b). It is found that compared with the 10-layer sample, the 15,
20-layer devices exhibit more obvious bias dependent photocurrent. This
behaviour indicates that although higher stacked layers can result in more QD
absorption, it makes carrier extraction process more difficult, which could be
due to the reduced built-in electric field strength and increased QD size with
the increase of number of dot layers. The built-in electric filed strength is
reduced because the depletion width increased obviously. This behaviour is
similar to the reported 50-layer InAs/GaAs and 100-layer InAs/GaNAs strain-
compensated QDSCs [10, 14].

Table 3.5: The solar cell key parameters of samples with varied stacking layers.

Jse Ve Fill Factor Efficiency
(mA/cm?) V) (%) (%)
10-layer QDSC 18.92 0.774 73.67 10.53
15-layer QDSC 2.53 0.751 70.48 1.07
20-layer QDSC 1.25 0.751 77.25 0.64

Further temperature dependent spectral response measurements were
carried out to study the recombination properties in the three QDSC devices.
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Figure 3.21 (a) shows the spectral response measured for these three devices
at 50 and 290 K. The corresponding electroluminescence curves are also
plotted in Figure 3.21 (b) to confirm the peak positions.
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Figure 3.21: (a) Spectral response of three samples measured at 50 and 290 K, (b) the
corresponding EL curves at the injection current density of 100 mA/cm?.

At 290 K the highest photocurrent has been obtained from the QDSC
contains 10 layers of quantum dots. Across the entire spectral range, it collects
much higher photocurrent than those devices with 15 and 20 layers of QDs.
Furthermore, it is also the only device that exhibits the detectable
photocurrent contributed from the quantum dots (around 1160 nm wavelength
as confirmed by the EL peak underneath). This means the photo-generated
carriers from the QD layers in the other two samples are not able to be
collected. The much reduced photocurrent of 15 and 20 layers samples
observed in Figure 3.20 could be due to two main reasons. Firstly, the
increase of number of QD layers will lead to an increased width of depletion
region. The same built-in potential is assumed for all three devices, which is
mainly determined by the solar cell structural design and p-n junction doping
scheme [46]. Therefore, the photo-generated carriers have to go across a
longer distance to reach the contact layers to form effective photocurrent in
the external circuit, where there will be larger probability to be captured in the
QD layers. On the other hand, due to the strain-driven growth method, more
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QD layers could result in more strain and possible formation of defects in the
qguantum dots region which act as non-radiative recombination centres. Also,
there is a chance to form strain-induced dislocations that propagate towards
the p-GaAs emitter side from the QD region. Similar results have been
reported by other research groups for QDSCs but in different material systems
[3, 10, 39, 47]. With decreasing temperature, neither device shows the photo
response from the QDs, because the escape time constant of photoexcited
carriers from quantum confinement becomes longer than the capture and
recombination time [48, 49]. At low temperature, it is interesting to find that
the 15 and 20-layer devices present a higher photocurrent than the 10-layer
(defined as standard) sample in the WL wavelength region as can be seen
from Figure 3.21 (a). This phenomenon can be correlated to the EL emission
features in Figure 3.21 (b), where the carriers have a higher probability to be
captured in wetting layer than the QDs states for these two samples. The
fundamental mechanisms behind this are not very clear, however, this feature
may result in stronger photoresponse from WL for these two devices.

3.8.4 Electroluminescence

Electroluminescence (EL) is the spontaneous emission when current is
injected into a p-n junction from external circuit. It is also considered a
helpful tool for optoelectronic devices characterization. The injection current
level can be adjusted so that the solar cells properties can be studied at various
photocurrent density levels corresponding to cell operation under
concentrations. Some details of carrier transfer between different energy band
states may be revealed from EL investigations.
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Figure 3.22: Normalized EL spectra of three QDSC samples measured at 150 and 300
K under the injection current density of (a) 10 mA/cm?, (b) 100 mA/cm?, (c) 1000
mA/cm?.

The EL measurements of these three samples were performed under three
injection current densities over a wide temperature range, and the data
obtained at 150 and 300 K are normalized and plotted in Figure 3.22. The
current densities of 10 mA/cm? 100 mA/cm? and 1000 mA/cm? roughly
represent the standard QDSC photocurrent levels working under 1, 10 and 100
suns conditions, which is based on the linear estimation of Jsc under 1 sun
illumination. Similar to PL spectra, these samples exhibit emissions from the
QDs and WL, the intensity of the latter is relatively low when the temperature
is above ~100 K. It is noted that in Figure 3.22 (a) the QD emission of the 10-
layer standard cell at 300 K is weaker than the other conditions, this can be
attributed to the thermal leakage of the carriers thus less amount of radiative
recombination occurs, because the thermionic emission at high temperature is
significant which facilitates the carrier escape from the quantum confinement.
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Figure 3.23: The FWHM (left axis) and QD peak positions (right axis) of the samples
with different numbers of QD layers at an injection current density of 100 mA/cm?.

Consistent with peak shift in the PL spectra, the QD EL peak is also red-
shifted for devices with 15 and 20 QD layers compared to 10-layer sample.
Their QD peak positions under the injection current level of 100 mA/cm? are
compared in Figure 3.23 (right axis), in which the QD peak was shifted
toward lower energies. This is caused by the larger QD sizes in the latter two
samples that have deeper confined states thus lower ground states energy.
Also, the corresponding full width at half maximum (FWHM) of three devices
are extracted from EL curves as shown in Figure 3.23 (left axis). The FWHM
becomes bigger when more QD layers were grown, indicating that the size
distribution of QDs is larger as a result of higher stacking number.

75



Chapter 3 Growth and properties of InGaAs/GaAs quantum dot solar cells

1128 L L T Y T y T ¥ T y T
- —o— 10-layer QDSC 1
1124 P —o— 15-layer QDSC |
3 —o— 20-layer QDSC
— 1120 3
S [\ ®
:‘(%'
2 116} .
R ] @
@© ]
g
a 112 |+ -
g
1108 -
]
1104 " 1 I 1 1 1 1 1 1 1
0 200 400 600 800 1000

Injection current density (mA/cm?)

Figure 3.24: The influence of injection current density on the QD emission peak
position.

In addition to the features discussed above, these QDSCs present different
EL behaviours when the injection current level is changed. The QD emission
peaks along with increasing injection current at 150 K are shown in Figure
3.24. It can be observed for all three devices the QD peak position is shifted to
higher energies at higher injected current. This is the result of the progressive
filling of QD states, which means the injected carriers fill the states of larger
QDs first and then occupy the confined states of smaller dots which have
higher ground state energy. The progressive filling of carriers also happens
when QDSCs are illuminated under the light with different intensities. This
phenomenon implies that the larger size distribution of QDs will result in the
carriers filling non-uniformity.

3.9 Conclusions

The growth of InGaAs/GaAs quantum dots by MOCVD has been optimized
to obtain defect-free solar cell structure. The material and device properties of
QDSC structures have been studied, and the 10-layer QD device showed
improved photocurrent in comparison to a GaAs control cell. However, the
overall efficiency was not improved due to the reduction of open-circuit
voltage. The fundamental mechanism for this observation was explored by the
investigation of temperature dependent I-V measurements. Especially, we
have performed a comparative study on the temperature dependent dark
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current properties of GaAs p-i-n reference and InGaAs/GaAs QD solar cells.
The QD devices exhibit much more complicated dark I-V behaviour due to
the temperature and bias dependent carrier capture, occupation and
recombination via QD bound states.

Two-photon absorption has also been investigated for 10-layer QDSC.
There is a clear trend that inter-subband photocurrent declines with increasing
temperature and cannot be observed at temperatures greater than 70 K.
Because at higher temperatures the thermal energy is stronger and thermal
transition becomes the dominant excitation path compared to optical
excitation (2" photon excitation).

In addition, QDSCs with different number of QD layers were grown and
analyzed. With the increasing number of layers, light absorption in the QD
structures is increased however with degraded photocurrent and efficiency,
because of non-radiative recombination and poor carrier extraction. EL
emission of the solar cell devices under various injection densities was also
studied showing that progressive filling of QD states, where the injected
carriers fill the states of larger QDs first and then occupy the confined states
of smaller dots which have higher ground state energy. This phenomenon
implies that the larger size distribution of QDs will result in the non-uniform
filling of carriers.

The results obtained in the chapter indicates that further careful design and
growth of QDSC is necessary to maximize light absorption while maintaining
good carrier extraction and minimization of defect related recombination. It is
necessary to provide more carriers occupied in the QD/WL states to improve
the photo-generated carrier collection efficiency. A possible effective
approach is n-type modulation doping applied within QD layers. The
investigation of modulation doping effects on QDSCs will be discussed in
Chapter 4.
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Chapter 4

Investigation of modulation doping
in quantum dot solar cells

4.1 Introduction

It has been discussed that the incorporation of quantum dots into single
junction p-i-n solar cell can produce below bandgap light absorption and
generate extra photocurrent and consequently improves the short circuit
current density [1-4]. QDSCs are considered as a promising candidate for the
implementation of the intermediate band solar cell (IBSC) concept, which is
based on sub-bandgap multi-photon absorption processes [5, 6]. However, as
shown in the previous chapter, in QDSC structures considerable amount of
recombination can take place in the WL and QDs confined states and thus
making transport and collection of photo-generated carriers inefficient [2, 7-
10]. Indeed, based on the original theoretical work on IBSC in ref [11], it is
desirable to partially (half) fill the IB states with electrons so that enough
electrons can be further promoted to the CB to form photocurrent. Also, in
some types of semiconductor devices (including solar cells, infrared
photodetectors, and lasers) QW/QD layers are doped to provide sufficient
carriers for effective inter-subband transition [11-14]. Therefore, to provide
sufficient carriers to occupy the QD states irrespective of large simultaneous
recombination events and thus improve the carrier extraction efficiency to
maximize photocurrent, doping of the QDs has been considered as a useful
approach. For QDSCs, this can be achieved by introducing n-type doping in
the QD growth process at a certain concentration that is approximately similar
to the quantum dot density.

There are two ways to insert the dopants into QD structure. First is the
direct doping where the dopants are added directly into QDs during growth.
But it has been reported that defects could be formed due to direct doping
which will affect optical and electrical properties of QDs [15, 16]. The second
method is modulation doping where the dopants are inserted into the barrier
layer prior to QD growth [17]. In this case the crystal quality of the QDs will
not be affected by doping process. In this thesis, modulation doping between
the QD layers is used to partially fill the sub-bandgap states with electrons by
n-type doping, which can be lifted to the conduction band edge of the host
GaAs materials [3, 11]. Modulation doping which is embedded into intrinsic
spacer layers for various QDs systems has been investigated [13, 18, 19].
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However, the effect of modulation doping placed within a thin spacer layer on
the quantum dot solar cell performance and its position dependence have not
been reported yet.

In this chapter, we study the influence of silicon modulation (n-type)
doping on the properties and performance of 10-layer IngsGagsAs/GaAs
QDSC. Doping effects at two different positions were also compared and
investigated.

4.2 MOCVD growth of modulation doped quantum dot
solar cells

The InGaAs/GaAs QDSCs used in this study were grown on heavily n-type
doped GaAs (001) substrate by metal organic chemical vapour deposition.
Similar to our standard QDSC structures, the modulation doped samples all
consists of n*-doped buffer, n-doped GaAs base layer, ten layers of 6
monolayer InygsGagsAs QDs separated by 50 nm of intrinsic GaAs barriers
followed by a p-Aly4sGagssAs window layer and terminated with p*-doped
GaAs contact layer. In addition, Si dopants were incorporated within a 4 nm-
thick GaAs barrier layer that is placed a certain distance away from the QD
layer, with dopant sheet densities of ~ 9<10™°, ~ 1.8x10* cm™ to provide
average ~ 2 and ~ 4 electrons per quantum dot. Two doping positions were
investigated, (A) the 4 nm doping layer was placed 10 nm below each
QD/WL layer, whereas position (B) was just 10 nm above each QD/WL layer.
The doping details for the modulation doped QDSC samples are shown
schematically in Figure 4.1. All samples were then fabricated into 3>3 mm?
devices with the same procedure as described in Chapter 2. Standard solar cell
characteristics were tested using an Oriel solar simulator and external
guantum efficiency (EQE) measurements were carried out using an Oriel IQE-
200 system.

W W W W G S - W W S -
t* * * Electron sheet
X 10 jonsties: } X 10
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[ D D - o el 3 $e
position A position B

Figure 4.1: Schematic diagrams of the active region of the two n-type modulation
doped QDSC structures in which the doping was placed at two different positions: (A)
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the doping layer is 10 nm below QD/WL, and (B) it is 10 nm above QD/WL. Arrows
indicate the electrons doping towards QD/WL.

4.3 Results and discussion

Due to different strain and surface energy, the WL- intrinsic GaAs layer
interface and the QD- intrinsic GaAs layer interface are quite different. This
may have different effects on the electrons filling process from the thin
modulation doped GaAs layer to WL and QDs. Various optical and electrical
investigations were carried out to study the electrons filling behaviours which
will affect below bandgap transition and carrier transport of QDSCs.

The photoluminescence of the undoped and modulation doped QDSC
samples with average doping density of 2e/dot and 4e/dot were measured at
room temperature and plotted in Figure 4.2. In this Figure, only the samples
with doping at position A are shown, as very similar results are observed for
the samples doped at position B. Compared to the sample with no intentional
doping in the QD region, modulation doped structures exhibit stronger
emission from both the quantum dot and wetting layers. The intensity
becomes larger with higher Si doping concentration. Because all three
samples were excited by the same laser (532 nm) intensity, stronger light
emission indicates a larger amount of radiative recombination. As described
above, the introduction of n-type modulation doping will partially fill the
guantum dot and wetting layer states by electrons, which will result in a
higher concentration of electrons in QDs region when the sample is under
laser excitation during PL measurements. It is likely that the extra electrons
provided via modulation doping will compensate to some extent the thermal
carrier leakage at room temperature during the photo excitation process
leading to increased PL intensity. Besides, the results indicate that defects
such as electron traps at the heterointerface may be saturated by the additional
electrons and hence reduced nonradiative recombination from QDs CB to VB.
This phenomenon was also observed in the direct Si-doped InAs/GaNAs
strain-compensated QDSCs by Okada et al. [20].

For our solar cells the Si dopants were incorporated into the GaAs barrier
10 nm below the WL/QDs layer, so the size, composition, and crystal quality
of QDs should not be affected. High luminescence efficiency reflects good
material quality as well as photovoltaic quantum efficiency to some extent
according to certain reciprocity relationship between them as described in the
ref [21]. The results obtained in Figure 4.2 also imply good solar cell
performance may also be obtained in our modulation doped QDSC samples.
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Figure 4.2: Room temperature photoluminescence spectra of undoped QD solar cell, 2e
and 4e modulation doped samples, where the doping was in position A.

The I-V characteristics of undoped and doped QDSCs tested under 1 Sun
AM1.5G condition are plotted in Figure 4.3, which shows that the modulation
doped devices exhibit a substantial increase of Js. with well maintained and a
slight increase in Vo, compared to the undoped control cell, except for the
2e/dot doped sample at position B, which shows similar photocurrent and
voltage as those of control cell. These enhancements result in improved
overall conversion efficiencies, with larger improvement obtained from
samples doped at position A. The detailed solar cell parameters of these five
samples are also summarized in Table 4.1. By comparing the effects induced
by modulation doping at the two different positions, the Si doped thin layer
closer to wetting layer side (position A) generally results in better
performance of solar cells than the doping position closer to quantum dots
side (position B). The 4e/dot doped device at position A shows the highest
improvement. The improved Js. and V. result in an enhanced conversion
efficiency of 8.91 % from 6.95 % of the undoped sample, i.e., an increase of
28.20 %.
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Figure 4.3: 1-V characteristics of undoped and the other four modulation-doped
QDSCs under 1-sun irradiation.

The slight increase of V. is most likely due to additional electrons
effectively induced by modulation doping filling more the WL/QDs states that
leads to higher electron quasi-Fermi level. Improved carrier escape after QD
states filling also helps to increase the forward injection thermal activation
energy (Ea) and hence recovery of V. achieved (Section 3.6.3). This may
slightly eliminate the general V. degradation induced by quantum structures

[1].
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Table 4.1: The comparison of solar cell parameters of the four modulation doped
QD solar cells and the undoped reference cell. The increase percentage of the best
device is shown in bracket.

Samples Vo (V) Js. (MA/cm?) FF (%) Efficiency (%)
Std QDSC 0.875 10.118 78.409 6.946
2e position B 0.879 10.070 79.133 7.006
4e position B 0.885 11.467 79.753 8.098
2e position A 0.887 11.944 79.867 8.463

4e position A 0.897(2.51%) 12.366(22.22%) 80.239(2.33%) 8.905(28.20%)

To further understand the effects of modulation doping, external quantum
efficiency (EQE) measurements were also performed. Figure 4.4 plots the
EQE of the undoped and doped cells at position A in the wavelength range
from 700 - 1185 nm. Also shown on the right axis is the room temperature PL
from the same samples indicating the peak positions of the WL and QDs for

comparison.
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Figure 4.4: EQE of undoped and position A doped QDSCs (left axis), and the
corresponding room temperature PL curves of the same samples (right axis).

For all the samples, the band-to-band absorption of GaAs is observed
below 875 nm from the EQE curves. The peaks spanning the spectral range
from 875 to 1000 nm correspond to the photocurrent originated from the
wetting layer absorption, the wavelength region above 1000 nm is mainly
related to that from QD absorption. The EQE of the two doped samples
display enhancement compared to that of the undoped device, particularly in
the WL region. The 4e-doped device exhibits the largest quantum efficiency
enhancement, which is in good agreement with I-V results plotted in Figure
4.3. The enhancement is achieved by the introduction of additional electrons
via Si n-type doping between the QD layers resulting in more carriers being
photo-excited from the confined WL/QD states to the GaAs spacer layer
conduction band [3, 13, 18]. Even though the most obvious quantum
efficiency enhancement appears in the WL region, we can still observe a
slight increase over a longer wavelength QD region. It should also be noticed
that even in the GaAs region, improved quantum efficiency is obtained,
meaning that the n-type modulation doping not only improves the electrons
extraction in wetting layer and quantum dots, but also makes the carrier
transport through the whole p-i-n junction more efficient [22]. Also, when the
qguantum dot states are partially filled by electrons, they will electrically
weaken the trapping potential and produce a repulsive force on the
surrounding mobile electrons [2, 23]. Therefore negatively charged quantum
dots act as repulsive centres in the planar direction on these electrons that are
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transported through the QDs layers. This Coulomb force correlates with QDs
modulation doping and competes with the trapping process [24]. As more QD
states are filled with doped electrons, the capture probability of carriers
passing through the QD/WL layers is reduced and thus the GaAs photocurrent
peak recovers.

Si doping position A Si doping position B

Figure 4.5: The schematic of energy band structure and electrons diffusion process,
where the modulation doping is placed in two positions.

In order to explain the different behaviours of QDSCs with different
doping positions, the schematic of energy band diagrams of the two
modulation doped samples with doping position A and B are illustrated in
Figure 4.5. In QD systems, because strain can significantly alter the
semiconductor bandgap and due to the high compressive strain of QDs, its
effect on the confinement potential must be taken into consideration [2, 25].
As schematically shown in Figure 4.5, based on the theoretical simulation on
In(Ga)As quantum dots, with the consideration of position dependent
hydrostatic strain and conduction band deformation potential, the effective
potential for QDs always exhibit an increased potential at the conduction band
edge [26]. For the case of modulation doping, free carriers (electrons in this
case) that are created by the modulation doping in the GaAs barrier layer will
need to diffuse and/or drift towards the QD region to be captured by the QD
potential. In the picture, for WL/GaAs interface, the potential barrier is
relatively low and will allow easy electron filling from the Si doping layer to
the wetting layer and quantum dot states at room temperature, leading to
efficient modulation doping with expected doping density in WL/QDs. On the
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other hand, at the QD/GaAs interface, much larger potential barrier exists
which will largely suppresses the modulation doping effect and thus reduced
the effective electron doping density. This leads to a much less obvious
improvement in photocurrent for the modulation doping achieved by doping
at position B.

4.4 Conclusions

In this chapter, we have investigated the influence of n-type modulation
doping on InGaAs/GaAs QDSC performance. Two doping positions and
concentration levels were investigated and compared. The 4e/dot doped
device at position A shows the highest improvement. Up to 28.20 %
efficiency enhancement from 6.95 % to 8.91 % was achieved in modulation
doped cell with respect to the undoped QDSC device, due to improved carrier
transport and extraction efficiency. When the quantum dot states are partially
filled by electrons, they will electrically weaken the trapping potential and
produce a repulsive force on the surrounding mobile electrons.

It was also revealed that the position of modulation doping is critical to
achieve effective doping in the QD structures for improved efficiency. First,
due to different strain and surface energy, the WL- intrinsic GaAs layer
interface and the QD- intrinsic GaAs layer interface are quite different. This
may have different effects on the electrons filling process from the thin
modulation doped GaAs layer to WL and QDs. On the other hand, at the
QD/GaAs interface, much larger potential barrier exists which will largely
suppresses the modulation doping effect and thus reduced the effective
electron doping density. The results are important for future design of QDSC
structures to achieve higher conversion efficiency.
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Chapter 5

Effects of post-growth thermal
annealing on quantum dot solar
cells

5.1 Introduction

For the growth of self-assembled quantum dots (QDs) [1-4] and their
application towards high performance optoelectronic devices such as QD
lasers [5], QD infrared photodetectors (QDIPs) [6, 7] and QD solar cells
(QDSC) [8, 9], a major challenge is to modify the size, shape, composition of
QDs and thus their optical properties, electronic band structure, and related
device properties. Indeed, due to the nature of self-organised process,
modification of the QD property requires extensive growth optimization with
limited window of tunability. Therefore, post-growth thermal annealing is
expected to be an attractive alternative approach to tailor the QDs morphology
and consequently energy band structure and carrier confinement [6, 7, 10-12],
through promoting of thermal inter-diffusion between QD material and its
surrounding barrier material. The experimental and theoretical work on inter-
diffusion induced QD band structure change and its effect on device
performance such as infrared (IR) lasers and photodetectors have been
reported previously [6, 10, 11, 13], showing that the thermal annealing can
lead to significant change on QD electronic band structure and thus the laser
emission or photodetector detection wavelengths with modified optoelectronic
properties. However, to our knowledge so far there is no report on the thermal
inter-diffusion effect on QD solar cell performance.

In this chapter, we study the post-growth annealing effects on
InGaAs/GaAs QDSCs with various number of QD layers, the original device
performances of which have been discussed in Chapter 3. Firstly, the as-
grown 10-layer QDSC sample was annealed at a wide temperature range from
700 € to 850 <C for 50 s and characterized by photoluminescence (PL)
measurements. The annealed QDSC devices were also characterized by
temperature dependent dark current, 1 sun illuminated I-V characteristics, and
external quantum efficiency (EQE) measurements. The effect of dopant
diffusion was also investigated by Secondary lon Mass Spectrometry (SIMS)
measurements. Based on these results, annealing at 850 <C for 50 s was
chosen for further study of the annealing effect on the QDSC samples with 15,
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20 stacking layers. The effects of thermal inter-diffusion on QD size,
composition, confinement energy and carrier collection efficiency and thus
QDSC performance are investigated and discussed.

5.2 Experimental

The 10, 15 and 20-layer IngsGag4As/ GaAs QDSCs studied in this chapter
were grown on n*-doped GaAs (001) substrate by metal organic chemical
vapour deposition, based on the same standard 10 layers p-i-n QDSC design
as described in Chapter 3 but with a fine tune of QD growth time (3.5 s) and
slightly higher In component. After growth the wafer was cleaved into several
pieces. Rapid thermal annealing (RTA) was performed on the 10-layer QDSC
samples at temperatures from 700 to 850 <C with a step of 50 <C for 50 s
under Ar flow. The 15- and 20-layer QDSC samples were only annealed at
850 <C for 50 s under Ar flow. During annealing process, the surface of the
samples were covered with a fresh piece of GaAs wafer to minimize the As
desorption from sample surface. After that, all samples were fabricated into 1
x 1 mm? mesa devices following the fabrication process described in Chapter
2.

Low temperature photoluminescence (PL) and temperature dependent dark
I-V characteristics were carried out in a close-cycled He cryostat. External
quantum efficiency (EQE) was tested by an Oriel 1QE-200 system. The
standard device parameters were measured using an Oriel solar simulator (1-
sun, AM 1.5G).

5.3 Study of annealing effects on 10-layer quantum dot solar
cells

The as-grown 10-layer IngsGagsAs/GaAs QDSC sample was annealed at
various temperatures between 700 and 850 <TC at a step of 50 <C. The material
and device characteristics including photoluminescence, temperature
dependent dark current, external quantum efficiency and solar cell parameters
at 1-sun condition were investigated and compared for the series of annealing
conditions. The possible effects from annealing induced dopants diffusion on
device properties will be also verified and discussed.

5.3.1 Low temperature photoluminescence
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Photoluminescence is the most commonly used technique to evaluate the
effect of thermal inter-diffusion on the bandgap energy of the QD samples
after annealing [10, 14]. The PL spectra taken at 77 K on samples which were
annealed at temperatures from 700 <C to 850 <C are shown in Figure 5.1. It
indicates clearly that thermal annealing at high temperatures induces
significant blue-shift of the wetting layer and QDs PL peak positions. This
phenomenon is caused by the compositional inter-diffusion of the InGaAs
quantum dot materials with its surrounding GaAs barriers, i.e. In and Ga inter-
diffusion, which leads to decreased confinement potentials in both conduction
band and valence band for WL and QDs respectively [7, 10, 11].
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Figure 5.1: 77 K PL spectra of the as-grown QDSC and samples annealed at various
temperatures.

To better understand the annealing effect, the change of QD energy band
structure before and after thermal annealing is schematically illustrated in
Figure 5.2. As a result of thermal annealing, the compositional inter-diffusion
could lead to the modification of QD potential profile and thus a change of
confinement energy and depth. The transition between QDs conduction band
and valance band is blue-shifted due to higher (lower) electrons (holes) states.
Correspondingly, the transition energy from WL/QD states to barrier states is
decreased, which could lead to improved electrons escape and transport as

will be discussed later on.
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Figure 5.2: Schematic shows the energy band structure and potential difference of (a)
as-grown QD structure, and (b) annealed QD layer in which inter-diffusion occurred.

Figure 5.3 plots the QD and WL PL emission energy shift as well as
change of full width at half maximum (FWHM) compared with the as-grown
sample as a function of annealing temperature. Apart from the obvious energy
blue-shift, the linewidths of both WL and QD peaks become much narrower,
indicating that a more homogenized QD size distribution is obtained after
annealing treatment. In addition, it is also noted that the ratio of emission
intensity between QDs and WL is decreased at higher annealing temperatures,
and the 800 <C, 850 <C annealed samples only show a small shoulder QDs
peak. This implies that annealing at very high temperatures may lead to
excessive In-Ga inter-diffusion, causing dissolution of the QDs into the
wetting layer and adjacent GaAs space layer.

These results are consistent with the previously reported inter-diffusion
studies of QDs [10, 11], confirming that annealing induced inter-diffusion has
been successfully achieved in our QDSC samples. The QD confinement
potential has been significantly modified, which is expected to affect carrier
transport and device performance.
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Figure 5.3: The ratio of QD PL peak linewidth (left) between annealed and unannealed
sample, and PL peak energy blue-shift (right) of WL and QDs as a function of annealing
temperature.

5.3.2 Dark current characteristics

Dark current is an important device parameter which should be minimized to
achieve better solar cell performance. The dark current characteristics of
InGaAs/GaAs QDSCs has been studied and discussed in previous chapters, as
a complicated process due to multiple effects including the QD/WL
confinement, progressive state filling and possible defect formation as a result
of accumulated strain in the QD material [11, 15]. As mentioned earlier, the
composition and 3D shape of the QDs are expected to be modified by
annealing induced inter-diffusion, which could lead to the change of QD
potential profile and the confinement depth. Therefore, the device dark current
behaviour will also be significantly influenced, which will in turn affect the
device performance.
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Figure 5.4: Temperature dependent dark J-V characteristics of as-grown 10-layer
QDSC (solid line) and 850 T annealed sample (dashed line).

Figure 5.4 displays the dark current density J (mA/cm?) -V curves of as-
grown 10-layer QDSC and the 850 <C annealed device, which were measured
at various temperatures. Compared with the as-grown sample, the dark current
of annealed sample is reduced and higher turn-on voltage is observed. By
plotting the temperature dependent dark current at a fixed bias voltage, the
thermal activation energy (E,) could be deduced from the linear fitting of the
slope of the curve based on the Arrhenius relationship [11],

Ea
Idark X exp(_ m) (5-1)

Where kj is the Boltzmann constant and T is the measurement temperature
in Kelvin. For our QDSCs, the activation energy for the thermally limited
region is the difference between the GaAs barrier height and quasi-Fermi level
of quantum confined states.
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Figure 5.5: Arrhenius plot of the dark current versus inverse temperature (from 50 K to
200 K) for as-grown and 850 <C annealed 10-layer QDSCs, they were biased at 0.9, 1.0
and 1.1 V.

The natural logarithmic relationships of the dark current density versus
inverse temperature (1/T) at biases of 0.9 V, 1.0 V, 1.1 V are plotted in Figure
5.5. Due to the measurement limit, the dark current at low temperatures and
small biases cannot be measured accurately. Within the whole temperature
range, all these curves exhibit a consistent increase with the temperature,
however, the relationship is not linear.

There should exist two different regions during the whole temperature
range, as have been observed previously in many GaAs quantum well/dot
devices [10, 11, 16]. A thermally limited region (described well by the
equation 5.1), and a defect-limited region, which could be distinguished from
their different temperature dependent behaviours. The high temperature region
was ascribed to the thermally limited region (through thermionic emission and
field-assisted tunnelling), and the low temperature region to a defect-limited
region. For the as-grown and annealed QDSC samples in this thesis, the
transition between these two regions occurs at around 90-130 K under various
biases as indicated in Figure 5.5. At higher temperatures, thermionic emission
of electrons directly out of the QDs dominates the dark current, therefore the
activation energy is nearly a constant. However, for temperatures below a
certain value defect-assisted tunnelling and direct tunnelling of electrons
become significant, directly tunnelling from the ground state is sometimes
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referred to as sequential resonant tunnelling (SRT) [16]. At temperatures
below the transition point the dark current of most devices is more
independent of temperature indicating that defect-related tunnelling dominates
the current within this temperature regime.
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Figure 5.6: Arrhenius plot of the dark current versus inverse temperature and the fitting
at linear region for (a) as-grown 10-layer QDSC and (b) 850 <C annealed sample at
various biases.

As shown in Figure 5.6, by fitting the linear part in the relative high
temperature region (> 90 K) using the Arrhenius relation (5.1), the activation
energy E, is estimated at three biases and listed in Table 5.1. The activation
energy of QDSC after 850 <C annealing has decreased consistently. At the
same time, when larger biases applied across the device electrons will be
extracted from quantum structures by field-assisted tunnelling due to the
strong band bending under high electric field, resulting in a large increase of
dark current and much reduced activation energy. The reduced activation
energy obtained for the 850 <C annealed sample confirms that thermal
annealing causes the reduction of the QD and WL confinement energy. This
implies that it will be easier for the photo-generated carriers to escape the
bound states to the conduction band through thermally assistant tunneling,
which will lead to improved solar cell performance. On the other hand, as
discussed in Chapter 3, for the case of the QDSC, recombination within QDs
makes a large contribution to the dark current. As the QD confinement is
reduced, the capture cross-sections for electrons and holes are reduced leading
to a much reduced dark current as observed in Figure 5.5. Moreover, thermal
annealing may also reduce the overall defect density within the QD structures
[11, 17] to decrease dark current and increase open circuit voltage.
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Table 5.1: The calculated dark current activation energy (Ea) at various biases.

Devices E. (meV)
09V 1.0V 1.1V
As-grown 10-layer
QDSC 211 160 115
850 <C annealed 160 146 107
sample

5.3.3 Solar cell performance

To understand the annealing effects on the solar cell performance, the light I-
V characteristics of all the annealed samples were measured at AM 1.5G
illumination condition and shown in Figure 5.7. The solar cell devices’
parameters are all improved when higher annealing temperatures were used,
as summarized in Table 5.2. It can be observed that both short-circuit current
(Jsc) and open-circuit voltage (Vo) are enhanced. Consistent with PL and dark
current results, the improvements are due to the more homogenous QD size
and much reduced confinement energy as a result of high temperature induced

thermal inter-diffusion [6, 13]. This result is consistent with the analysis and
prediction in section 5.3.2.
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Figure 5.7: 1-V curves tested under the 1-sun condition for as-grown QDSC and the
samples annealed at different temperatures.
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Table 5.2: Main solar cell parameters of the as-grown and annealed solar cell

devices.
Samples Vo (V) Jic (MA/cm?) FF (%) Efficiency (%0)
As-grown 0.88 14.65 79.56 10.26
QDSC
700 °C annealed 0.89 15.35 80.01 10.94
750 °C annealed 0.91 17.92 81.60 13.29
800 °C annealed 0.91 18.34 83.17 13.90
850 °C annealed 0.96 18.40 81.91 1451

From the results listed in Table 5.2, the performance of the solar cell
devices is improved steadily with the increase of the annealing temperature.
The sample that was annealed at 850 <C displays the highest efficiency
increase of 41.42 % from 10.26 % of the as-grown QDSC to 14.51 % of the
annealed sample, indicating that post-growth annealing is an effective method
to achieve high efficiency QDSCs.

However, there is a limit for the annealing temperature. Very high
temperature will be harmful for the solar cell efficiency, because the QD
structure will be nearly erased and severe dopant diffusion will degrade the
electronic structure of the solar cell.
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Figure 5.8: The external quantum efficiency (EQE) of all QDSC devices compared
with the reference cell without quantum dot structure.
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The external quantum efficiency of all five QDSC samples are measured
and plotted in Figure 5.8, together with that from a p-i-n reference control cell.
A consistent blue shift of WL response region is in good agreement with the
blue shifted PL spectra with the annealing temperature as displayed in Figure
5.1. As the annealing temperature is increased, the WL region becomes
narrower as a result of large inter-diffusion. It should also be noted that the
EQE in GaAs region is also enhanced for all annealed samples, which means
not only the photo carriers generated by QD and WL layers, but also those
photocarriers created in GaAs barrier layers will benefit from shallower
QD/WL confinement depth that enables carriers to transfer more efficiently
through the entire junction structure. Also, thermal annealing may reduce the
defects density within QD layers to decrease non-radiative recombination for
better overall device performance.

5.3.4 Effect of dopant diffusion

Apart from the In and Ga inter-diffusion when InGaAs/ GaAs QD samples
were annealed at high temperatures, the effect of dopant (in this study, Si for
n-type and Zn for p-type doping) diffusion on device properties due to thermal
annealing also needs to be taken into consideration. Indeed, dopant diffusion
may vary the background doping concentration of the intrinsic layers
(including GaAs, QD and WL layers), leading to a change of solar cell
performance.

Layer structure Doping concentration (cm™3)
100 nm p* GaAs Zn 2E19
Zn 1E18
Zn 1E18
10-period QDs imbedded in 50nm i-GaAs Intrinsic

200 nm n- GaAs Si 2E17
200 nm n* GaAs Si 2E18

n* GaAs substrate

Figure 5.9: The nominal Zn and Si doping concentration profiles of the as-grown 10-
layer QDSC.
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To examine whether Si or Zn dopant were diffused into the unintentionally
doped intrinsic QD region from n and p doped layers respectively, their
concentration depth profiles were measured using the Secondary lon Mass
Spectrometry (SIMS) [18]. As a reference, the nominal doping levels of the
as-grown QDSC by our MOCVD growth are plotted in Figure 5.9. And
Figure 5.10 plots the Zn and Si atom concentration depth profiles before and
after 850 <C annealing. The measurement starting point is the front surface of
the QDSC sample. Compared with the initial composition steps in the as-
grown sample, the amount of Si atoms diffusing into the intrinsic region after
annealing is almost negligible to cause any significant effect on the device
performance. On the other hand, it should be noticed that due to relatively
large diffusion length of Zn dopant, the Zn concentration in the top p-layers is
reduced significantly with a visible signal extending towards the substrate. A
noticeable level of Zn can also be observed to diffuse into ~ 60 nm into the
undoped QD structure with atomic concentration gradually changing from
10" to 10" cm™, which may resulted in a thin and slightly p-doped layers.
This could affect the built-in electric field and depletion width in the solar cell
structure, influencing the overall device performance [19]. Nevertheless, it
doesn’t seem to cause too much negative effects on the dark current, light 1-V
characteristics and also solar cell performance as shown in Table 5.2. Another
interesting phenomenon can be observed here is the background Zn
concentration in the as-grown sample, to a particularly high level of 10*" cm™
in the QD region. This is not completely surprising since Zn background
doping and diffusion is a well-recognized problem for 1lI-V group
semiconductors MOCVD growth [20-22]. Due to the relatively high
temperature of 650 <T used for our QDSC doping layers growth, Zn may
outdiffuse during the growth of the top p-doped layers into the intrinsic region
moderating the overall background doping of the i-region. Indeed, a more
careful investigation and understanding of the background doping may be
very useful for further optimization of the background doping in the i-region
of the QDSC structure for enhanced performance.
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Figure 5.10: The Zn and Si dopants concentration depth profiles before and after 850 °C
annealing by SIMS measurements.

5.4 Thermal annealing study on QDSCs with different
stacking layer numbers

As discussed in Chapter 3, increasing QD stacking numbers were expected to
provide stronger light absorption to improve short-circuit current and overall
energy conversion efficiency. However, our 15, 20- layer samples display
much reduced Js. and efficiency than those of 10-layer solar cell. This is
mainly due to much less efficient carrier extraction through the wider
depletion region as well as increased defect density due to the accumulated
strain. Based on the results from the annealing study on 10-layer QDSCs,
which shows that increased annealing temperature is able to improve carrier
transport and thus all the main device parameters, thermal annealing at 850 C
for 50 s was chosen to be performed to the 15- and 20-layer samples, to
explore that if the thermal inter-diffusion is able to improve the performance
of QDSCs with larger numbers of stacked layers.
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Figure 5.11: 77 K PL spectra of the as-grown 10, 15, 20-layer QDSCs and the samples
annealed at 850 C.

Figure 5.11 plots the PL spectra from the 10, 15, and 20- layer as-grown
samples and the corresponding annealed devices. The changes in PL spectra
of the annealed 15, and 20- layer samples are consistent with the 10-layer
sample as studied in the previous sections with the peak blue-shift attributed
to increased energy states in both conduction band and valence band of QDs
and WL, which is caused by the inter-diffusion of InGaAs quantum dot/
wetting layer with their surrounding GaAs materials. Apart from the obvious
blue-shift, the linewidth of both WL and QD become smaller, which means
relatively more homogenized QD size distribution is obtained after annealing
as discussed in section 5.3. Also, the QDs emission intensity becomes
relatively weaker than that of WL after annealing, indicating that annealing at
850 <C leads to abundant In-Ga inter-diffusion causing dissolution of the QDs
into the wetting layer and adjacent GaAs space layer. Compared with the 10-
layer sample, the 15- and 20-layer samples show slightly less QD peak shift.
This may be due to their larger average QD size (see Chapter 3) and size

distribution (than those of 10-layer sample), which restrict the effect of In-Ga
inter-diffusion.

108



Chapter 5 Effects of post-growth thermal annealing on quantum dot solar cells

300 T T
L As-grown 15-layer 50K

—— As-grown 15-layer 110K
«— 250 As-grown 15-layer 210K
IS L —— As-grown 15-layer 290K
§ 200"~ -850°C annealed 15-layer 50K
S " — — -850°C annealed 15-layer 110K |
5 t — — -850°C annealed 15-layer 210K !
=t - o 1 ]
2 450 850°C annealed 15-layer 290K "
8 i
—— I
e I
2 100 ’
o
& !
~ I
8 501 290K, 210K, 110K, 50K

L 1 -}
0.0 0.5
Voltage (V)
300

— As-g'rown 20-Ia)5er 50K |
F—— As-grown 20-layer 110K |

- As-grown 20-layer 210K !
[=—— As-grown 20-layer 290K !
|— — 850°C annealed 20-layer 50K !
— — 850°C annealed 20-layer 110K !
200 |~ — 850°C annealed 20-layer 210K !
— — 8507 annealed 20-layer 290K|'

N
A
o

Dark Current Density (mA/cm?)

|
150 !
I
I [
100 ; d
/ [
I | J
.
1 1|
50 I i
290K, 210K, 110K, 50K |
I <€ / /
v d
L 1 - i e |
0.0 0.5 1.0

Voltage (V)

Figure 5.12: Temperature dependent dark J-V characteristics of as-grown (a) 15-layer
and (b) 20-layer QDSCs (solid line) and the corresponding 850 T annealed samples
(dashed line).

The dark 1-V characteristics were also measured for 15 and 20-layer
QDSCs before and after 850 <T annealing as a function of temperature. Figure
5.12 demonstrates the dark current curves for these two devices measured at
temperatures ranging from 50 K to 290 K, which show different behaviours
compared with the 10-layer QDSC. For the 15-layer sample, when the
temperature is relatively low (< 190 K), the dark current is reduced after
annealing and turn-on voltage is slightly increased compare to the
corresponding as-grown devices however with a much small change in values
than those of 10-layer samples as shown in Figure 5.3. The situation is
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reversed when the temperature is above about 210 K, a higher dark current is
observed from high temperature annealed devices. For the 20-layer sample,
the annealed device displays larger dark current at the whole temperature
range (except for 110 K) implying possible competing transport processes in
the sample.

In order to evaluate the change of QD potential depth of 15, 20-layer
samples due to 850 <C annealing, the Arrhenius-relationship (equation (5.1))
was used again to calculate the activation energy E, for the temperature
dependence of the dark current to evaluate the change of the quantum dot
confinement depth [11, 14]. The natural logarithm of the dark current density
(Ln (Jgark)) as a function of inverse temperature at a bias of 1.0 V is shown in
Figure 5.13. All devices exhibit two distinct dark current regimes, a defect-
limited low temperature regime and a thermally-assisted or thermionic
emission dominated high temperature regime. The linear relation transition
temperature for 15 and 20-layer samples is about 110 K, so the curve fitting
here was also carried out in the linear region (> 110 K).
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Figure 5.13: Arrhenius plot of the dark current versus inverse temperature at 1.0 V bias
for 15-layer and 20-layer QDSCs before and after 850 <C annealing.

By fitting the linear parts of dark current curves in the temperature range of
110-190 K, the activation energy E, for the 15- and 20-layer devices are
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estimated at three biases and concluded in Table 5.3 (including results at
various biases which are not shown in Figure 5.13). The activation energy of
both 15 and 20-layer samples is decreased after 850 <C annealing, which
agrees with the result obtained from the 10-layer device, indicating that
thermal annealing caused reduction of the QD/ WL confinement energy. This
implies that the photo-generated carriers can escape from the bound states to
the conduction band of the GaAs barrier more efficiently, leading to reduced
QD recombination and dark current in the annealed solar cell devices. Also,
the E, is found to be lowered as the applied bias is increased, which could be
attributed to the increased thermally assisted tunnelling from the shallower
bound states.

Table 5.3: The calculated dark current activation energy of 15 and 20-layer QDSC
at various biases.

Samples Ea (meV)
09V 1.0V 11V
As-grown 15-layer
QDSC 169 159 112
850 T annealed 158 137 103
sample
As-grown 20-layer
QDSC 281 200 -
850 <C annealed 194 164 110
sample

However, it is likely that extended defects also play a significant role in the
15- and 20-layer samples. In general, thermal annealing may be an effective
way to remove low density of point defects formed in crystal structures to
improve material quality and device performance. A good example of this is
the annealing results of 10-layer QD cell discussed earlier in this chapter. On
the other hand, high temperature annealing could also trigger the formation of
extended defects to release the excessive strain in the highly strained multi-
layer QD structures [12]. For our 15 and 20-layer samples, due to the
increased accumulated strain (as discussed in Chapter 3), it is likely that some
extended defects were formed during annealing [10, 12] resulting in an
increased Shockley-Read-Hall (SRH) recombination rate and thus the increase
of dark current. Therefore, for 15 and 20-layer samples, despite that reduced
QD confinement energy after annealing could help to reduce the carrier
recombination and dark current, the possible formation of extended defects on
the other hand will increase the dark current. With an increase in number of
QD layers, these two competing mechanisms lead to complex dark current

111



Chapter 5 Effects of post-growth thermal annealing on quantum dot solar cells

behaviors as observed in the annealed 15- and 20-layer QDSCs with larger
dark current obtained in the 20-layer device due to increased strained and
extended defect densities. This behaviour is also affected by temperature. The
defects become more active as recombination centres at higher temperatures,
because larger kinetic energy leads to shorter escape time from QDs/ WL
confinement, which makes more carriers recombine through extended defects.
However, at low temperatures the defects are saturated and related
recombination is relatively low, the reduced QDs confinement depth and
consequently lower recombination in QDs will still causes an overall smaller
dark current than their respective as-grown reference samples.

To further study the thermal annealing effects on carrier recombination and
thus the dark current mechanisms in the annealed QD solar cells, the local
ideality factor (n) at various voltages calculated based on equation 3.3 (details
see Chapter 3) [23] for 10, 15, 20-layer QD solar cells and corresponding
annealed devices at 300 K are plotted in Figure 5.14.
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Figure 5.14: Voltage dependence of local ideality factor n(V) for 10, 15 and 20 layers
QDSCs before and after 850 T annealing.

The as-grown devices show obvious fluctuation of n-factor along with the
voltage. However, after annealing all three devices present much more stable
n-factor value, which is close to a constant in wide voltage range. This also
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proves that annealing treatment could improve the materials quality of QDSC.
For all devices, there is a large increase when the voltage is beyond ~0.9 V
due to the series resistance effect at high current condition.

As discussed earlier in Chapter 3, we propose that there are two different
recombination paths within QD layers making different contribution to the
overall ideality factor of the QDSC. For all the QDSC devices, in the low bias
region, the n-factor is larger indicating dark current is dominated by
recombination in space charge region (SCR) due to either defect related
recombination and/or QD-related recombination through simultaneous capture
of electrons and holes by the same QD layer. At intermediate bias, the n-
factors of devices reduce to the lowest value due to the formation of dark
current outside the space charge recombination region or the first few QD
layers already occupied by majority carriers under quasi-thermal equilibrium
state which requires the transport of only one type of charge carrier through
the depletion (SCR) region [15]. The 10-layer device shows a higher ,n-factor
than that of the 15- and 20-layer samples, which may be due to the narrower
depletion region width for the carriers to diffuse through more easily. For the
annealed solar cells, their n-factor varies in two ways. For the low voltage
region (< ~ 0.6 V), lower and smoother n-factor is obtained for all the
annealed samples. This can be attributed to the annealing enhanced material
quality and carrier transport and extraction that reduce the recombination in
the SCR region. For the voltage region between 0.6 and 0.9 V, n-factor
becomes higher after annealing. This is probably because under the assistance
of higher applied bias, the injected carriers are easier to diffuse through the
whole QD region and recombine with majority carriers outside the SCR
regions, leading to increased dark current dominated by carrier diffusion. This
is similar to GaAs reference cell behaviour as shown in section 3.6.3 as well,
which results in a smaller slope of dark log (I)-V curve and larger n value
compared to as-grown QDSCs. Overall, the effects of thermal annealing on n-
factor indicate that annealing carried out in this chapter is likely to improve
the carrier transport and materials quality of QDSC, and the dark current
behaviour turns out to be closer to the one-diode exponential characteristic
equation.
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Figure 5.15: 1-V curves under the 1-sun illumination condition for as-grown 10, 15,
20-layer QDSCs and the corresponding samples annealed at 850 <C.

Figure 5.15 displays the I-V curves measured from the 10, 15 and 20-layer
devices before and after 850 <C annealing. It is clear that after thermal
annealing, the short-circuit current density (Jsc) of each QDSC structure is
dramatically boosted, because the extraction and collection efficiency of
photo-generated carriers is greatly improved by the modified QD confinement
profiles. However, except for the 10-layer device, both 10 and 15-layer
QDSCs show decreased V. after annealing, with a minor degradation for the
former (from 0.79 V to 0.77 V) and large degradation (from 0.76 V to 0.68 V)
for the latter. This may be directly correlated to the larger dark current [15, 24]
due to the formation of extended defects and increased carrier diffusion at

larger bias (> 0.6 V) in large QD stacking number samples after high
temperature annealing.
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Table 5.4: Solar cell parameters of the as-grown and annealed QDSC.

Samples Ve (V) Je(MA/cm®)  FF (%)  Efficiency

(%)

As-grown 10-layer QDSC 0.88 14.65 79.56 10.26

850 <C annealed 10-layer 0.96 18.40 81.91 14.51
QDSC

As-grown 15-layer QDSC 0.79 2.21 74.13 1.30

850 <C annealed 15-layer 0.77 16.27 75.99 9.56
QDSC

As-grown 20-layer QDSC 0.76 1.35 75.57 0.77

850 <C annealed 20-layer 0.68 10.80 72.87 5.33
QDSC

From the key device parameters summarized in Table 5.4, it can be found
that the efficiency of annealed 15-layer QDSC displays the highest efficiency
increase of 635 % from 1.30 % to 9.56 % compared to that of as-grown cell,
and the 20-layer device is also improved significantly from 0.77 % to 5.33 %
by a percentage of 592 %. This suggests that the carrier extraction has been
significantly improved for the QDSC structures with large stacking QD layers.
However their overall solar cell efficiencies are still lower than that of the 10-
layer QDSC. One reason could be again due to the strain-related defects both
before and after annealing for the QDSC with large QD stacking numbers. To
solve this problem, more detailed work would be necessary to achieve strain
balanced QD solar cells with large stacking numbers, based on which
increased number of QD layers can be achieved without significant strain
accumulation in the system. This will allow further post-growth thermal
annealing to modify the QD confinement energy to improve the carrier
extraction without causing formation of extended defect for improvement in
both Jsc and Vo and ultimately, the overall device efficiency.

5.5 Conclusions

To conclude, we have studied the effects of post-growth thermal annealing on
the optical and electrical characteristics of IngsGagsAs/ GaAs QDSCs with
different QD stacking numbers. The large blue-shifts in the PL spectra have
been observed for all the annealed samples, while the corresponding spectral
linewidths are reduced compared to the as-grown devices. The annealing also
changes the temperature dependant dark current behaviour of the devices
which has been discussed in detail. The linear fitting for Arrhenius plots at
higher temperature region indicates that the confinement depth related
activation energy E, is reduced after annealing. As a result, all the QD solar
cell performances have shown improvement by thermal annealing. However,
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for the highly strained QD structures, i.e., 15, 20-layer samples investigated in
this study, in addition to the improved carrier extraction and transport after
annealing, the strain relaxation on the other hand, may cause the formation of
extended defects during the annealing process causing adverse effect on
device performance. Development of strain balanced QD solar cells with large
stacking numbers combined with post-growth thermal annealing may be a
promising approach to achieve further improved solar cell efficiency. In
addition, the Zn and Si dopants diffusion during annealing is also investigated
and is found not to affect QDSC device main properties significantly.
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Chapter 6

Plasmonic nanoparticles enhanced
quantum dot solar cells

6.1 Introduction

As discussed previously, while increase in short-circuit current (ls) can be
achieved via QDs/barrier layer modulation/delta doping [1, 2] or by
incorporating a large number of QD layers [3, 4], maintaining similar values
of open-circuit voltage (Vo) of QDSC (to that of reference GaAs solar cell)
still remains a major challenge even for the best reported results [2, 5, 6]. This
is in addition to the fact that both approaches require careful and extensive
optimization of epitaxial growth conditions, especially increasing the number
of QD layers tends to result in strain accumulation and increased defects
density within the QDs and thus poorer over-all device performance (as
investigated in Chapter 3). Another method was explored in Chapter 5, in
which post-growth thermal annealing was carried out to modify the QDs
confinement states. As a result, carriers collection efficiency has been
improved leading to an increase of the overall solar cell efficiency.

Apart from these methods, another way to increase the absorption of the
QDs is to use plasmonic effect. In this chapter, the use of Ag nanoparticles as
the plasmonic scatterer on the performance of QDSC is investigated.

6.1.1 Plasmonics for thin absorber solar cells

Further cost reduction of photovoltaics to make it more competitive with
conventional fossil fuel energy has been the ongoing focus of fundamental
research and photovoltaic industry in recent years. For example, crystalline
silicon is the dominant material in the solar panel market, for which the wafer
thickness is between 180-300 um, and most of the cost of Si solar cells is due
to materials and the waste during fabrication and processing [7]. Therefore
there has been great progress in development of thin-film solar cells, with film
thickness in the range of 1-10 um, which can be deposited on cheap substrates
such as glass, plastic or stainless steel. Thin-absorber solar cells can be made
from a variety of semiconductors including amorphous Si, GaAs, CdTe and
Culn(Ga)Se,, as well as organic materials [8-12]. For realization of low-cost
high performance thin film photovoltaics, new device design and/or strategy

119



Chapter 6 Plasmonic nanoparticles enhanced quantum dot solar cells

to achieve full light absorption in thin film layers are therefore critical, such as
light trapping structure [13].

Light trapping refers to the process of folding light into a thin absorber
layer to increase its absorption probability. The traditional light trapping
method for enhancing absorption in a Si solar cell is to employ front or back
surface texturing that scatters light into the active layer at multiple angles,
thereby increasing the light path length [14-16]. But this type of geometry is
not suitable for thin-absorber solar cells, because the required surface
roughness may be too large for active layer thickness and may cause more
surface recombination. A more effective way of achieving light trapping for
thin-absorber solar cells is to use metallic nanostructures that produce surface
plasmons. Surface plasmons are electromagnetic oscillations of electrons at
the interface between a metal and a dielectric, which have the ability to
confine light within small scale materials [13, 17].

In general, plasmonic structures can offer at least three ways to reduce the
physical thickness of the active layer that is required to absorb as much
incident light as possible: light scattering from metal nanoparticles, near-field
concentration effects by localized surface plasmons, and waveguide modes at
the metal/semiconductor interface (i.e. surface plasmon polariton modes) [18,
19]. Enhancement of absorption using above three mechanisms have all been
demonstrated for thin absorber solar cells [18]. As shown in Figure 6.1, the
contribution of each mechanism depends on the particle size, location of
nanoparticles and the structural design of the applied solar cell devices. Near-
field concentration requires the nanoparticles to be embedded into active layer,
while waveguide modes need the metal/ semiconductor interface very close to
the active layer. Both techniques may not be suitable for application of solar
cell structures fabricated through epitaxial methods, where interruption of
epitaxial growth process with extra processing steps are highly impractical
and undesirable for device application. On the other hand, light scattering can
be produced by post-growth deposition of metal nanoparticles to couple light
into the active layer to obtain enhanced far-field absorption through the high
angle scattering of the nanoparticles. By trapping light in the condition it is
coupled into the absorber layer outside of the escape cone [20] (or at angles
larger than the critical angle for total internal reflection at the absorber-air
interface), the plasmonic particles can be deposited on solar cell surface
without the need to modify the growth and processing steps.

The use of plasmonics in this absorber layer was first demonstrated by
Stuart and Hall [21] and has been extensively studied since then [13, 18, 19].
Enhanced performance of GaAs thin film solar cells due to plasmonic light
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trapping has been also reported by depositing Ag nanoparticles on GaAs
through anodic aluminium oxide templates [22]. In these reports, plasmonic
light trapping were incorporated into the solar cells after the main device
fabrication steps and does not alter the basic device structure/processing steps.

) '

(a

(b) L ©

Figure 6.1: Three plasmonic light trapping strategies. (a) scattering from metal
nanoparticles at the surface of the solar cell. (b) excitation of localized surface plasmons
(near-field concentration effect) in metal nanoparticles embedded in the semiconductor.

(c) excitation of surface plasmon polaritons (waveguide modes) at the
metal/semiconductor interface. The picture is adapted from reference [18].

6.1.2 Plasmonic light trapping for quantum dot solar cells

As studied in previous chapters for the InGaAs/GaAs QDSCs, by
incorporating self-assembled QDs into the intrinsic region of a standard p-i-n
solar cell structure during the epitaxial growth, photons in the solar spectrum
with energy lower than the energy gap of the bulk GaAs material can be
absorbed by the QD layers, leading to an extended photoresponse into longer
wavelengths and hence improved short circuit current density (Js;) (compared
with the GaAs reference cell) [6, 23-25].

However, due to the small absorption cross section [26] and limited
number of QD layers in QDSCs (as discussed earlier in chapter 3), the
absorption of long wavelength light in QD layers is still small. For example,
less than 1 % of the incident light with wavelength larger than 875 nm is
absorbed in a single pass across a 7 nm thick Ing2;Gag79As quantum well
according to the calculation, which implies inefficient absorption in InGaAs
QDs as well [27]. In order to absorb a higher fraction of light beyond the band
edge of bulk GaAs in the solar cell, the long wavelength light absorption
efficiency of the wetting layer and quantum dots needs to be increased
substantially. One promising approach is to increase the effective optical path
length, which can be achieved by trapping the weakly absorbed long
wavelength light inside the solar cell structure through plasmonic effects.
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In this chapter, we propose to enhance the long wavelength range (870-
1180 nm) photon absorption of the QDSCs by employing light trapping
provided by plasmonic nanoparticles. Due to its direct bandgap and large
absorption coefficient, light trapping is not necessary for bulk GaAs layers.
However, it is critical for QD layers (including wetting layers and QDSs) in
intrinsic region due to the very thin physical thickness (thinner than the
required absorption length of corresponding wavelength light). As mentioned
earlier, for the QD solar cells studied in the thesis, the QD active layers are
embedded into the middle of the p-i-n cell structure, where the plasmonic
effects based on near-field enhancement and SPP mechanism cannot be
applied effectively due to the requirement for the position of the plasmonic
structures to be in the vicinity of absorbing layers. Therefore for QDSC we
employ the high angle scattering effect of plasmonic nanoparticles to provide
light trapping for the long wavelength light that is not absorbed by the QD
layers through the first light pass.

Light trapping can be achieved by depositing metal nanoparticles either on
the front or on the rear side of the solar cells and has been investigated
previously[28-30]. It has been found that below the particle plasmon
resonance frequency, light scattered by the nanoparticles is in phase with
respect to the incident light, whereas for higher frequencies (shorter
wavelengths), the light scattered by the nanoparticles is out of phase with
respect to the incident light [31]. When nanoparticles are deposited on the
illuminated surface (i.e. most cases the front surface) of the solar cell, due to
the phase difference, interference between light directly transmitted into the
solar cell (without interaction with the nanoparticles) and light scattered into
the solar cell by the nanoparticles leads to lower net intensity inside the solar
cell for light with frequencies higher than the particle plasmon resonance
frequency. Lower net intensity of this range light absorbed by the solar cell
will degrade the photoresponse of the device at short wavelength range,
resulting in overall reduced Js.. However, if the same nanoparticle structures
are deposited on the rear side of the solar cells, this problem could be avoided
[28, 29] because short wavelength light is almost entirely absorbed in the bulk
GaAs layers in the first single pass, before it reaches the rear surface and
interacts with the nanoparticles. Only the long wavelength light (with energy
lower than the bandgap of GaAs) that is not completely absorbed in the solar
cell after the first pass will interact with the nanoparticles and be scattered
back into the solar cell leading to enhanced optical path length. Enhanced path
length for the long wavelength light will then increase the corresponding
absorption in the WL/QD layers. For this reason, nanoparticles on the rear
surface of the quantum dot solar cells are expected to enhance the QD
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absorption without affecting short wavelength light absorption as to be
investigated in this study. In addition, a dielectric spacer layer between the
plasmonic particles and the semiconductor was investigated as it allows the
plasmonic resonance frequency and scattering cross-section of nanoparticles
to be tuned by spacer materials and thickness.

The plasmonic nanoparticles can be fabricated by depositing a thin film
metals on the modified surface of a finished solar cell and annealing it in N,
atmosphere [29, 32]. The difference in surface energy between the metallic
layer and the spacer layer leads to the formation of nanoparticles. The
fabrication process is relatively simple, does not require modification of the
solar cell fabrication process and is scalable to large areas. The formation of
nanoparticles can be tuned and improved by a dielectric spacer layer between
metal and device surface as shown in section 6.3. To choose nanoparticle
materials from different metals, aluminium and silver have highest density of
free electrons which is good for the production of plasmon resonance, but the
scattering crosss-section of Al native oxide and its high reflectance make it
not suitable for this purpose [33]. For light trapping applications in the
infrared wavelength range beyond 700 nm, both Au and Ag exhibit good
dielectric functions [30]. The other issue critical to the performance of
plasmonic structure is the parasitic losses inherent to the metallic
nanoparticles since the intention of light trapping is to increase absorption of
light in the solar cell, minimising photon loss due to absorption in the metallic
material itself. Ag has lower absorption and is also less expensive than Au,
therefore silver was chosen as the metal source for plasmonic nanoparticles
investigated in this study.

6.2 Simulation method

In order to achieve good light trapping using plasmonic structures we need to
maximise the scattering cross-section of the Ag plasmonic nanoparticles and
the fraction of the scattered light that is coupled into the WL/QDs.
Maximising the scattering cross-section is required to make sure that the
nanoparticles interact with most of the incident light and randomise its
direction. Coupling of large fraction of scattered light into the substrate is
necessary to minimize the transmission losses on the rear surface. Also, the
peak of the resonance frequency needs to be aligned to the wetting layer and
QD emission peak positions in order to maximise the light absorption effects.
However, it was found that the Ag nanoparticles with desired shape cannot be
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formed on GaAs surface directly so a spacer layer is required to optimize
nanoparticle formation.
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Figure 6.2: The scattering cross-section (Qscat), Normalized to the actual cross-sectional
area, for a 120 nm diameter Ag hemisphere particle on GaAs substrate with different
spacer layers (10 nm thick) in between.

The scattering cross-sections (Qsa) and the fraction of scattered light
coupled into the substrate (Fsu,) were calculated by simulating light scattering
from single nanoparticle using the commercially available software,
Lumerical which is based on finite-difference time-domain method (FDTD)
[34].

The resonance frequency and scattering cross-section of nanoparticles are
determined by metal particle size and shape, spacer layer material and its
thickness. First, the effect of size of Ag hemispherical particle on plasmonic
behaviour was simulated. 120 nm diameter was determined to be the optimal
size for the configuration without a spacer layer, because it provides high
scattering cross-section and the resonance peak (~1083 nm) matches the
WL/QD absorption range. On the other hand, because the surface plasmon can
be tuned by varying the dielectric constant of the embedded spacer, and a
higher index will lead to a relative red-shift of the resonance peak [35, 36].
Three different types of space layers placed between the GaAs substrate and
120 nm Ag nanoparticle were investigated. The wavelength dependent
scattering behaviours are plotted in Figure 6.2. All the dielectric layers have a

124



Chapter 6 Plasmonic nanoparticles enhanced quantum dot solar cells

same thickness of 10 nm. It is clear that compared to SiO, and SizNg, TiO;
exhibits the highest Qs and with the peak wavelength the closest to the QD
region. TiO, was chosen as the spacer material in this study, however it is
necessary for tuning the particle plasmon resonance peak closer to the band
edge of QDs by changing the thickness of spacer layer, without modifying the
nanoparticle size each time.
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Figure 6.3: The scattering cross-section (Qsca), Normalized to the cross-sectional area,
and fraction of scattered light coupled into the substrate (Fs,,) for a 120 nm diameter Ag
hemisphere on GaAs substrate with varying thickness of TiO, spacer layer.

Furthermore, Figure 6.3 shows the calculated scattering cross-sections (as
normalized to the physical cross-sectional area of the particle) and the fraction
of scattered light coupled into the substrate for a 120 nm diameter
hemispherical Ag particle on GaAs substrate with different TiO, space layer
thickness between them. The fraction of scattered light coupled into the
substrate is determined by calculating the ratio of power scattered into the
substrate to the total power scattered (into air and into the substrate) by the Ag
particles. From Figure 6.3 the scattering cross section of the nanoparticles
increases in magnitude, and red-shifts to longer wavelengths with decreasing
TiO, layer thickness. Also, the fraction of scattered power coupled into the
substrate is the highest over the whole wavelength range for the 5 nm TiO,
space layer. The proximity of a high refractive index substrate affects the peak
position of the particle scattering cross-section by modifying the polarizability
of the particles due to dynamic depolarization effects, and this effect has been
widely reported [29, 35, 37]. Thinner spacer layer ensures high degree of
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overlap between the nanoparticle localized surface plasmons (near field) and
the substrate, and high near field overlap can increase the field that drives the
dipole oscillations in the nanoparticles. This will lead to an increase in the
magnitude of scattering intensity from the nanoparticles [28] and it also
results in better coupling of scattered light into the substrate [30]. For optimal
device performance, the nanoparticle scattering cross-section and fraction of
scattered light coupled into the substrate should be the highest around the
WL/QD absorption energy, to ensure that most of the light incident on the
nanoparticles at these wavelengths is efficiently scattered back into the solar
cell. The results in Figure 6.3 clearly show that 5 nm TiO, spacer layer
deposited on back GaAs surface and followed by 120 nm diameter
hemispherical Ag nanoparticles is the best configuration for the selected
wavelength range that of interest to our study.

6.3 Optimization of Ag nanoparticles formation

To form the Ag nanoparticles on the back of QDSC with proper diameter and
size distribution, Ag thin films with various thicknesses were first evaporated
on GaAs substrates with and without a pre-deposited TiO, layer. The samples
were then annealed in N, ambient at 200 <C for 50 min. The difference in
surface energy between the Ag metallic layer and the GaAs substrate (or TiO,
layer) leads to the formation of isolated nanoparticles.

Figure 6.4: SEM images showing the morphology of Ag after 200 <C annealing, with
(@) 10 nm, (b) 12 nm, and (c) 15 nm thick Ag films deposited on bare GaAs surface. The
scale bars are 500 nm.

Silver films with 10, 12 and 15 nm thicknesses were deposited directly on
the bare GaAs surface by thermal evaporation. After 200 <C annealing for 50
min, the morphology of Ag surface with different thickness are compared in
Figure 6.4. It can be seen that Ag deposition directly on GaAs resulted in
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highly non-uniform particles, and beyond a certain deposition amount (~15
nm) it remains as a film rather than isolated islands as shown in the SEM
image of Figure 6.4 (c). This may be due to the reason that at this thickness,
the surface energy difference between Ag and GaAs is not sufficient to isolate
Ag materials. Also, the interface energy of Ag/GaAs could be too large to
allow effective formation of uniform nanoparticles as required in the
plasmonic configuration design.
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Figure 6.5: SEM images showing the surface of various thicknesses of Ag film
deposited on 5 nm TiO, layer followed by 200 <C annealing in nitrogen for 50 minutes.
From (a) to (i), the Ag thickness is 12.2, 14.1, 15.3, 16.0, 17.5, 18.0, 18.4, 19.0, and 19.6
nm, respectively. All the scale bars are 500 nm.

Therefore, TiO, films with three different thicknesses (5, 10, 20 nm) were
deposited on GaAs by both ALD and sputtering deposition in two batches,
followed by 14 nm silver film deposition and annealing at the same condition
as above. It is found that both ALD and sputtering techniques could produce
high quality TiO; layer with smooth surface that is required for the formation
of Ag nanoparticles. In order to fabricate silver particles with average
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diameter of about 120 nm, which is the optimum value for light trapping
based on our theoretical calculation, silver films with nine different
thicknesses (from 12.2 to 19.6 nm) were evaporated on 5 nm TiO, layer.
Nanoparticles were formed after annealing with various size distributions, as
shown by the SEM images presented in Figure 6.5. It is clear that the average
size of nanoparticles becomes larger when a thicker silver layer is deposited.
However, beyond a certain thickness (~19.6 nm), most of the particles are
interconnected with each other, indicating that this may be the thickness limit
for effective nanoparticle formation.
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Figure 6.6: SEM images of the Ag nanoparticles formed on the rear of the solar cells (a)
and (b) and their size distribution (c).

By measuring the diameters from an ensemble of Ag particles formed from
different film thicknesses, 18.0 nm is the optimal Ag film thickness to obtain
the particles with average size of ~120 nm. Figures 6.6 (a) and (b) are the
SEM images of nanoparticles formed from 18.0 nm Ag at different
magnifications. The nanoparticles also show some degree of size dispersion,
as can be seen in Figure 6.6 (c). This size distribution is unavoidable due to
the method used to fabricate the nanoparticles. Nevertheless, to some extent
the size distribution covers WL and QDs wavelength region which in fact
could be an advantage.

Figure 6.7 shows the experimental schematic of our plasmonic QDSC
devices, with the 10-layer QD p-i-n InGaAs/GaAs QDSC structure deposited
with a thin TiO, film and Ag nanoparticles on the rear surface. 850 pm
diameter circular devices were fabricated by depositing of both n- and p-type
contacts on the top side of the wafer as explained in Chapter 2. After
metallization of contacts, 100 nm of heavily p-doped GaAs layer on the
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illuminated surface of the solar cell was etched away to reduce absorption and
surface recombination. Following device fabrication, the rear side of the
wafers were mechanically fine polished and coated with TiO, layer using
atomic layer deposition technique. Based on the Ag nanoparticle growth
optimization, three QDSC devices were deposited with 5, 10 and 20 nm thick
TiO, layers respectively, followed by the deposition of 18 nm thick Ag film
and subsequently annealed. These QDSC samples were then characterized for
spectral response and |-V characteristics.
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Figure 6.7: The schematic of the p-i-n QDSC with the TiO, film and Ag plasmonic
nanoparticles on the rear surface.

6.4 Device characterization of plasmonic QD solar cells

The spectral response of a reference QDSC and the plasmonic QDSCs are
shown in Figure 6.8. The response signal of the cells is normalized to the peak
response at a position around 850 nm. The photocurrent from the short
wavelength region up to ~870 nm is due to the absorption in the bulk GaAs
layers. Due to strong absorption in bulk GaAs, light with energy greater than
the bandgap of GaAs is almost completely absorbed in a first single pass
through the cell, and does not interact with the nanoparticles on the rear of the
cell. All the solar cell structures investigated here have shown similar GaAs
photoresponse signal and further normalizing of the photocurrent response of
different cells to their GaAs photoresponse allows us to compare the QD
response from different plasmonic configurations. An obvious observation is
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that the spectral responses from the wetting layer and the QDs are all
enhanced by using plasmonic structures.
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Figure 6.8: Normalized photocurrent spectral response of the reference and QDSCs
with Ag plasmonic nanoparticles and different TiO, spacer layer thickness. The
photoresponse of the cells is normalized at the GaAs wavelength region.

Consistent with the simulation results in Figure 6.3 that show increased
scattering cross-section (the resonance peak is also closer to the bandgap of
WL and QDs) and better coupling of scattered light into the substrate for the
5nm TiO, layer configuration, the experimental results in Figure 6.8 also
show highest enhancement over the 900- 1200 nm range for the QDSC with
plasmonic structure consisting of 5 nm TiO, layer and 120 nm Ag
nanoparticles.

1-sun AM1.5G I-V characteristics were also measured for the QD solar
cells using the Newport Oriel solar simulator. Note that measurements on the
same cell were conducted just prior to the deposition of TiO, and
nanoparticles, to ensure that any variation in Jsc and V. is entirely due to the
surface plasmonic effects and not due to the variation between different
devices across the wafer. The I-V curves of QDSC with and without 5 nm
TiO,/Ag nanoparticles structure are plotted in Figure 6.9. Compared to the
control QD cell, the plasmonic device shows improved photocurrent over the
whole voltage range, with a slight increase in V.
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Figure 6.9: I-V characteristics of the same QDSC before and after TiO, (5 nm)/Ag
(120 nm) nanoparticles deposition measured under AM 1.5 1-sun illumination.

Table 6.1 lists the Js, Voc, conversion efficiency and their corresponding
enhancement obtained from the QDSCs before and after deposition of the
plasmonic structures with three different thickness of the TiO; layer. All three
configurations provide improved solar cell performance, with the best result
obtained from 5 nm TiO, layer structure. This plasmonic configuration results
in 5.3 % enhancement of Js; and 0.9 % enhancement of V. with respect to the
reference QD cell, leading to an overall efficiency (1) enhancement of 7.6%.
The improvement in the plasmonic solar cells is due to the enhanced
absorption (and hence photoresponse, as shown in Figure 6.8) in the WL and
QD regions. Unlike the other alternative approaches to increasing the
absorption of long wavelength light, such as increasing the number of QD
layers [3, 4] or QD/barrier doping [1, 2] which showed inconsistent influence
on V. due to possible variation in dot properties in different QDSC structures,
our plasmonic solar cells all exhibit an increase in both Vo and Js. This is
consistent with the enhancement predicted using the measured Js
enhancement and the diode Equation (6.1). The simultaneous enhancement in
both Js. and V,. observed here is significant and essential for obtaining high
efficiency QDSC.
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Table 6.1: Device performance parameters for the QD solar cells with different
spacer (TiO,) thickness, before (underlined numbers in italics) and after deposition of
the plasmonic nanoparticles.

.- n
Jse Jsc Vo Efficiency
(mA/cm?)  enhancement Voo (V) enhancement N (%) enhancem
ent
5nm  17.76 . 0.769 . 9.82 .
spacer 18.70 5.3% 0.776 0.9% 10.58 7.6%
10nm  17.83 . 0.756 . 9.69 .
spacer 18.65 4.6% 0.762 0.8% 10.26 5.9%
20nm  17.52 . 0.772 . 10.01 .
spacer 18.15 3.6% 0.780 1.0% 10.42 4.1%

An equation for V. is obtained by setting the solar cell net current to zero:

Voc =T /4 1In <]SC/]O + 1) (6.1)

where Jp is the saturation current of the device, q is the elementary charge
1.6 x 10™ Coulombs, k is the Boltzmann constant of value 1.38 x 102 J/K, T
is the cell temperature in Kelvin.

The optical path length enhancement, namely the ratio of the average
distance travelled by weakly absorbed light in a solar cell with light trapping
to the distance travelled in a planar solar cell without light trapping is often a
good indicator for the effectiveness of the light trapping strategy. In this
chapter, the optical path length enhancement of long wavelength light due to
scattering by silver plasmonic structures is estimated from the photocurrent
enhancement (Figure 6.8) using the exponential absorption relationship during
light propagation. At 1000 nm, the path length enhancement is about 2.1 for
the 5 nm TiO,/Ag plasmonic QDSC studied in the thesis. The estimated path
length enhancement is much lower than the ideal enhancement of 4n? (where
n is the refractive index of absorbing layer, i.e., n= 3.5 for GaAs at around
1000 nm) that is often used as a good benchmark for light trapping using
perfectly randomized surfaces [38]. Theoretically, a path length enhancement
of 2 is expected by using a perfect reflector behind the solar cell. To evaluate
the practical effects of plasmonic light trapping in our solar cells, we
measured the photoresponse from a reference solar cell with a thick Ag back
reflector. As plotted in Figure 6.10, the enhancement due to the back reflector
is very small, which is much smaller than the effect due to the plasmonic
structure. This means that the TiO,/Ag plasmonic structures indeed provide an
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effective light trapping strategy in the QDSC, and the low path length
enhancement factor could be caused by losses of the studied system such as
free-carrier absorption.

Normalized Photoresponse

—— QDSC reference

----- QDSC with back reflector
----- QDSC with 5nm TiO2/Ag

0.01 -

T & T . T

¥ T ’ T ¥ T ¥ ¥
800 850 900 950 1000 1050 1100 1150
wavelength (nm)

Figure 6.10: Normalized photoresponse of the reference QDSC, QDSC with a back
reflector and QDSC with the plasmonic structure.

6.5 Strategy for further improvement of the plasmonic QDSC
performance

Since our QD solar cells were grown on heavily n-doped GaAs substrates, it is
highly likely that free carrier absorption in the substrates will result in
parasitic losses and thus negate some of the benefits produced by the light
trapping effect. In order to further verify this, we measured and compared the
photoresponses from the reference QD solar cell under both front and rear
side illumination configurations. The inset in figure 6.11 illustrates the
schematic of the experimental set-up and the photoresponse spectra of the
solar cell under two illumination configurations. Different from the case of the
front illumination, the GaAs induced photocurrent could not be observed for
back illumination due to the complete absorption in GaAs substrate which
does not contribute to the solar cell junction region. There is also a significant
difference in the photoresponse from the WL/QD region between the front
and rear illuminations and this clearly indicates the significant free carrier
absorption in the n* GaAs substrate.
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Figure 6.11: Photoresponse of the reference QDSC under front and rear illumination.
The inset shows the illumination configuration.

For the front illumination configuration, light is incident on the WL/QD
region first before reaching and passing through the substrate. However for
rear illumination, light is attenuated by the free-carrier absorption first in the
substrate, before it reaches the WL/QD region, leading to reduction in the
photoresponse of the WL/QD spectral range. Note that the absorption for
wavelength below 875nm is due to the normal band-edge absorption, rather
than free carrier absorption. Previous studies [39] have reported significant
free carrier absorption in GaAs at ~1000 nm when the dopant density is above
1x10" cm™. Therefore it is highly possible that free carrier absorption may be
responsible for the lower optical path length enhancements observed in our
devices (for both with a rear reflector or the plasmonic structure) than the
theoretically expected value. It has been shown in Ref. [39] that the free-
carrier absorption coefficient of the semi-insulating GaAs substrate is about 2
orders of magnitude lower than that of n* substrate in the wavelength range
around 1 um. Hence, it can be expected that growing the same QD solar cell
structures on semi-insulating substrates will significantly reduce the effect of
free carrier absorption and further enhance the light trapping effect of the
plasmonic structures.

The main reason that leads to V,. degradation of QDSC compared to
reference cell is the lowering of forward injection thermal activation energy
(Ea) as reported before [40]. Since E, will not be affected by Ag nanoparticles
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deposition, by using plasmonic structure for light trapping, we are thus able to
simultaneously achieve enhancement of Ji and an increase of Vo in
In(Ga)As/GaAs QDSC.

6.6 Conclusions

In summary, we have demonstrated an increased IR photoresponse of QD
solar cells by incorporating plasmonic nanoparticles on the rear side of the
solar cell for trapping long wavelength light in the QD/WL absorbing layer.
Contrary to the other aforementioned approaches for enhancing QD
absorption, this approach does not reduce V. of the solar cell compared to the
reference structure. We demonstrate simultaneous increase in Js; and Vo of up
to 5.3 % and 0.9 %, respectively, with respect to the reference QD solar cell.
A corresponding overall efficiency enhancement of 7.6 % is achieved.

However, the path length enhancement measured in this study is limited by
free carrier absorption in the n* doped GaAs substrate. It has been shown in
Ref. [39] that the absorption coefficient of the semi-insulating GaAs substrate
is about 2 orders of magnitude lower than that of n* substrate. Hence, growing
the same QD solar cell structures on semi-insulating substrates should
significantly reduce the effect of free carrier absorption. It is expected that the
short circuit current density and the efficiency of the quantum dot solar cell
would be increased further based on the same surface plasmonic strategy
studied in the thesis when the same QDSC with an n*-doped bottom contact
layer is grown on semi-insulating substrate.

In addition, the absorption enhancement mechanism studied here can be a
potential approach to improve the inter-subband transitions for other quantum
structures based I11-V photovoltaic devices or photodetectors. For example,
for quantum well/dot infrared photodetectors due to the polarisation selection
rule for inter-subband transitions (growth direction TM mode polarized
intersubband transitions) they are insensitive to normal incidence illumination
which does not have any polarisation component along the growth direction,
leading to a weak IR region response [41]. The random scattering induced by
plasmonic light trapping scheme proposed by our study may lead to enhanced
inter-subband absorption and thus better device performances.
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Chapter 7

Conclusions and future work

7.1 Conclusions

In this thesis, we have successfully demonstrated the growth and fabrication
of IngsGagsAs/GaAs quantum dot solar cells, and proposed several new
approaches to enhance solar cell performance. We have performed the
systematic investigation on:

(1) The growth and fabrication of 10-layer QDSC, optimizing the MOCVD
growth conditions and revealing the fundamental properties of QDSCs.
Enhanced photocurrent is achieved for QDSC with respect to the reference
device without a quantum dot structure.

(2) The effect of varied QD stacking number (10, 15 and 20 layers) on
QDSCs performance. It was found that with the increase of stacking number,
the light absorption in the QD structures is increased however with degraded
photocurrent and efficiency, because of the larger recombination and less
efficient carrier extraction in the higher QD stacked layer devices.

(3) The influence of n-type Si modulation doping on QDSC performance.
Up to 28.20 % efficiency enhancement is achieved in modulation doped solar
cell with respect to the undoped QDSC device.

(4) The effect of post-growth rapid thermal annealing on QDSCs with
different number of QD layers. QD solar cell performance can be improved by
post thermal annealing, but the stacking number of QDs should be properly
controlled.

(5) The Ag nanoparticles enhanced plasmonic effect on QDSCs. We
demonstrate both theoretically and experimentally that increased IR
photoresponse of QD solar cells by incorporating plasmonic nanoparticles on
the rear surface of the device for effectively trapping of long wavelength light.
Simultaneous increase in Js. and V. are obtained compared to the reference
structure, with a corresponding efficiency enhancement of 7.6%.

In the first two chapters, the concepts and mechanisms on IlI-V
semiconductor based solar cells and quantum dots enhanced devices were
introduced and then the corresponding detailed experimental techniques were
described.

In Chapter 3, metal organic chemical vapour deposition (MOCVD)
growth of IngsGagsAs/GaAs QDs has been optimized by controlling several
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key growth parameters. Nucleation time and deposition temperature were
optimised to obtain high density QDs which exhibit good optoelectronic
properties for further solar cell device applications. It was found that a fast
growth rate was required to create a high density of quantum dots, and the
qguantum dot density was found to saturate at 6.0- 6.4 monolayer of InGaAs
material. It was also found that a growth temperature of 550 T was sufficient
to limit the clustering of the dots while maintaining high quality. The solar
cells containing a p-i-n structure were grown with and without the
incorporation of 10-layer QDs, and subsequently fabricated into solar cell
devices. Although QDSC exhibited short-circuit current density (Jsc) of 18.8
mA/cm? and efficiency of 11.1 % [1], the open-circuit voltage (Vo) was
reduced compared to the control cell as widely reported in various QD
systems [2-4]. The QD devices showed complicated dark |-V behaviours
compared to the control device without QD layers due to temperature and bias
dependent carrier capture, occupation and recombination processes. The
analysis of temperature dependent dark I-V results revealed the unique
characteristics for QDSC [1]. In addition, the two-photon excitation process
has also been proven by the inter-subband photoresponse detected at low
temperatures under blackbody excitation [5].

Due to the increase in the wetting layer/QDs sub-bandgap absorption of
near infrared radiation, extended photoresponse and increased Js. have been
obtained for QDSC compared to GaAs reference cell [1]. However, the
contribution from QDs was limited by their small volume and thus the low
absorption cross-section. Stacking more QD layers is supposed to enhance the
total QD volume and hence absorption. Hence we carried out experiments to
grow QDSC structures with increased number of QD layers. The QD solar
cells with 15 and 20 layers QDs were grown and shown bright room
temperature QD/WL photoluminescence compared with 10-layer devices as a
result of increased emission volume. However, much reduced photocurrent
and conversion efficiency for these two samples were observed, which could
be due to two main reasons, (1) the same built-in potential is assumed for all
three devices [6], but larger number of QDs layers leads to an increased
distance of depletion region and consequently weaker built-in electric field.
Photogenerated carriers have to travel across longer distance under the lower
electric field to form external circuit photocurrent, with a larger probability to
be captured in QDs layers and thus a larger recombination probability. (2)
Due to the strain-driven self-organizing process, growth of more QD layers
without implementation of strain compensation layers normally result in large
strain and thus increased defect density in the quantum dot region, which will
also lead to increased carrier recombination. In addition, electroluminescence
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(EL) spectra of all three samples were obtained as a function of temperatures
as well as injection current levels. By studying the EL of the devices, we
further extract useful information of the electronic sub-band structure of
various QDSC samples.

Based on Chapter 3, a considerable amount of recombination that takes
place in the confined WL and QDs states makes transport and collection of
photo-generated carriers inefficient [1, 7-10]. To improve the carrier
extraction efficiency and consequently more enhanced photocurrent,
intentional modulation doping was introduced into in-between QDs layers to
partially populate the QD confined states with carriers, which can then ensure
sufficient carriers be excited to the conduction band edge of the host materials
and collected to form photocurrent [11-14]. The effect of modulation doping
placed within thin space layer on the QDSC performance and its position
dependence have not previously been reported. In Chapter 4, we investigated
the influence of silicon modulation (n-type) doping on the properties and
performance of 10-layer IngsGagsAs/GaAs QDSC. The modulation doping at
the proper position in QDSC effectively improves carrier transport and
collection efficiency, leading to an enhancement of the external quantum
efficiency (EQE) over the whole solar cell response range. As a result, up to
28.20 % efficiency enhancement from 6.95 % to 8.91 % was achieved in
modulation doped device compared to the undoped solar cell.

In addition to the design of different QDSC structures, we have also taken
two different post-growth approaches to improve the QDSC efficiency,
including rapid thermal annealing and surface plasmonic light trapping.

To modify the device design (especially the electronic structure design) of
epitaxially grown quantum dot based devices, normally the size and/or shape
of QDs need to be varied through extensive growth optimization since the
formation of QDs is highly sensitive to several growth parameters. The
approach of post-growth thermal annealing is considered as an attractive
method to optimize QD devices performance by adjusting the energy band
structures and carrier confinement of quantum wells and QDs [15, 16]. In
Chapter 5, a standard 10-layer InGaAs/GaAs QDSC was annealed at various
temperatures between 700 and 850 °C for 50 seconds with a step of 50 °C.
Thermal annealing at high temperatures induced significant blue-shift in the
WL and QDs PL peak positions, which can be attributed to decreased
confinement depth in both conduction band and valence band for WL and
QDs potentials. This was caused by the inter-diffusion of the InGaAs quantum
dots/wetting layer with its surrounding GaAs barriers, i.e. In and Ga atomic
inter-diffusion. In the meanwhile, the dark current of the annealed devices was
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decreased with the increase of the annealing temperature, as a result of
reduced defect density and/or lowered QD and WL confinement energy. As a
result, the efficiency of 10-layer QDSC annealed at a highest temperature of
850 °C displayed the highest increase of 41.42 % from 10.26 % to 14.51 %,
compared to the as-grown sample. However, for the more strained QD
structures, such as 15, 20-layer samples in our work, partial strain relaxation
may have caused the formation of extended defects during the annealing
process [15, 17], leading to higher dark current and degraded V.. The
possible dopant diffusion effects from the intentional doping elements (Zn and
Si) on device properties due to high temperature annealing were also
examined and discussed.

As mentioned earlier, the absorption volume and cross-section of QDs are
very small, resulting in inefficient absorption of long wavelength light. In
order to absorb higher fraction of incident low energy light, we propose the
approach to employ plasmonic enhanced light scattering effect from Ag
nanoparticle to trap the weakly absorbed light inside the solar cell and hence
to increase the effective optical path lengths for long wavelength light [18]. In
Chapter 6, finite-difference time-domain simulations were performed to
investigate the plasmonic light scattering properties produced by Ag
nanoparticles deposited on a dielectric layer, which was able to tune the
plasmonic resonance peak position as well as to improve the scattering cross-
section and fraction of light coupled into solar cell substrate. It was found that
the combination of 120 nm diameter hemispherical Ag nanoparticle with 5 nm
thick TiO, dielectric film that was pre-deposited on the back of the GaAs
substrate was the optimum configuration for our QDSC. Consistent with the
simulation results, 120 nm Ag nanoparticle/ 5nm TiO, configuration
improved the QDSC spectral response by 35.7% over the 900 nm — 1200 nm
wavelength range. This plasmonic configuration led to 5.3 % enhancement of
Jsc and 0.9 % enhancement of V. compared to the reference QD cell, with an
overall efficiency enhancement of 7.6 %. The Js. improvement was due to the
enhanced long wavelength absorption in the WL and QD regions. Optical path
length enhancement of long wavelength light due to light trapping was
estimated from the photocurrent enhancement. At 1000 nm, the path length
enhancement is about 2.1 for the best plasmonic configuration studied in the
thesis. This enhancement factor is lower than the ideal enhancement of 4n (n
is the refractive index of absorbing layer) that is expected by using perfectly
randomizing surfaces [19]. Further improvement of the plasmonic solar cell
performance may be achieved by implementing the device structure on semi-
insulating substrates to avoid the serious free-carrier absorption in the n*
GaAs substrate.
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In summary, IngsGagsAs/GaAs QDSCs which exhibit good performance
were grown and fabricated. The properties and fundamental mechanisms
behind their complicated photoelectrical behaviours were understood. Several
approaches were proposed and carried out to improve the performance of
QDSCs, either during the epitaxial growth process or after the growth and
fabrication of the solar cells, leading to enhanced photoresponse and overall
efficiency of QDSCs.

7.2 Future work

In this thesis, a major challenge for QD solar cell growth was the strain
accumulation when a large number of QD layers were stacked. While
incorporation of strain compensation layer such as GaP was also attempted to
decrease the total strain within the QD layers during this project, the initial
experimental results were not very encouraging, indicating that further study
and development of the strain balance effect of GaP based layer on QD
structure are necessary [20, 21]. It would be worth changing the position, and
growth condition of GaP to confirm the best location in the active region.
Alternatively, the use of ternary alloy GaAsxP1.x instead of GaP may provide
better compensation than the highly strained GaP, which is critical to
increasing the total volume and absorption of QDs/WL. Also, the background
doping of MOCVD grown material greatly affects the built-in electric field.
More study may be required to understand and thus reduce background
doping effect, such that the high electric field can be maintained for efficient
carrier extraction in QDSCs with large stacked number of QD layers.

It has been shown in Ref. [22] that the absorption coefficient of the semi-
insulating GaAs substrate is about 2 orders of magnitude lower than that of n*
substrate. Hence, growing the same QD solar cell structures on semi-
insulating substrates would significantly reduce the effect of free carrier
absorption. It is expected that the short circuit current density and the
efficiency of the quantum dot solar cell would be increased further based on
the same surface plasmonic strategy studied in the thesis when the QDSCs are
grown on the semi-insulating substrate.

Except for plasmonic structure, wavelength-scale diffraction gratings can
be also used to couple incoming light into diffraction orders outside the
escape cone in the solar cell [23]. Although compared to plasmonic approach
investigated in this work, wavelength-scale dielectric gratings may require a
lot more process optimization, they do have the advantage of no parasitic
losses (e.g. light absorption) inherent to metallic nanoparticles, and are
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considered to be a good alternative for light trapping applications in thin film
solar cells application.

Furthermore, another method to eliminate parasitic losses from the
substrate is epitaxial lift-off, by which the epitaxially grown thin film active
layers can be lifted from the substrate and supported on an inexpensive
substrate with light trapping strategies on it [24, 25]. This approach would
allow the expensive substrates such as GaAs to be re-used to reduce the total
cost of the QDSCs, and make it possible to fabricate large-scale light trapping
structures on alternative substrates. This strategy could be a worthwhile
subject for future investigation.
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