UNIVERSITY OF

Southampton

University of Southampton Research Repository

Copyright © and Moral Rights for this thesis and, where applicable, any accompanying data are
retained by the author and/or other copyright owners. A copy can be downloaded for personal
non-commercial research or study, without prior permission or charge. This thesis and the
accompanying data cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the copyright holder/s. The content of the thesis and accompanying
research data (where applicable) must not be changed in any way or sold commercially in any

format or medium without the formal permission of the copyright holder/s.

When referring to this thesis and any accompanying data, full bibliographic details must be

given, e.g.

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton, name of the

University Faculty or School or Department, PhD Thesis, pagination.

Data: Author (Year) Title. URI [dataset]






UNIVERSITY OF SOUTHAMPTON

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

School of Electronics and Computer Science

Colloidal Quantum dots based hybrid LEDs and Photovoltaics

Chirenjeevi Krishnan

Thesis for the degree of Doctor of Philosophy

May 2017
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ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

School of Electronics and Computer Science

Thesis for the degree of Doctor of Philosophy

COLLOIDAL QUANTUM DOTS BASED HYBRID LEDS AND
PHOTOVOLTAICS

Chirenjeevi Krishnan

Colloidal quantum dots (QDs) have proven themselves as excellent light emitters and strong
absorbers. This work aims to use QDs to enhance the performance of light emitting diodes (LEDs)
and photovoltaics. Photonic quasi crystals (PQC) are used to bring QDs close to quantum wells
(QWs) of InGaN LED. This thesis demonstrates the colour conversion effective quantum yields of
123% and 110% for single colour QDs and white LEDs respectively. High colour conversion
quantum yield was made possible through efficient coupling of QDs and QWs by both radiative
and non-radiative resonant energy transfer (RET). Existence of RET between QWs and QDs is
demonstrated using the time resolved photoluminescence spectroscopy. The PQC LED module
with current tunable submodules was inkjet printed with different colours of QDs. Reproducibility
and correlated colour temperature tunability of colour tunable module using inkjet printing is also
demonstrated. Lead sulfide (PbS) QDs as a superficial layer on Si solar cell has shown the absolute
and relative photon conversion efficiencies of 1.37% and 20% respectively. This improvement in
photon conversion was achieved through luminescent down shifting and RET from QDs to
underlying silicon. The PbS QD at the surface also serves as a refractive index matching layer thus
the light scatters, increasing the coupling of photon into the Si solar cell. CdSe/ZnS (core/shell)
QDs were also hybridised on the planar Si solar cell and optical enhancements were investigated. It
was demonstrated that the QD layer can also serve as an efficient refractive index layer and
optimum thickness was found through dispersing QDs at different spin speeds. Finally, PQC was
used to bring CdSe/ZnS QDs in proximity to metallurgical junction of the Si solar cell. For
optimised QD layer, the relative enhancement of Jsc was found to be 17.5%. It was shown that by
increasing the air fill fraction of the PQC solar cell, efficient light trapping can be achieved. On
hybridisation with CdSe/ZnS QDs, short circuit current of 31.67mA/cm” was demonstrated. When
the comparison was drawn between the champion hybrid PQC solar cell and planar device, the

hybrid PQC showed an absolute and relative Jsc enhancement of 9mA/cm” and 41% respectively.
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dashed line and blue dashed line are the fits for QD-630 on glass and PQC solar
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Figure 6.16: The EQE of best planar and PQC solar cell devices before and after hybridisation. The
black and red solid line represents the planar and PQC solar cell before
hybridisation. The black dotted line and green solid line corresponds to planar

and PQC solar cell after hybridisation with QD-630.........ccccceeuieiirneeneenenns 107

Figure 6.17: Shows the IQE of planar (black solid line) Si solar and PQC (red solid line) solar cell
with pitch of 700nm and hole diameter of 525nm after hybridisation with QD-
630. The IQE variation of hybrid PQC in comparison with hybrid planar is shown
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Chapter 1: Introduction

Semiconductor nanoparticles are made up of nano-crystalline material with few hundreds to
thousands of atoms [1]. Nano particles are often referred as Quantum dots (QDs). Quantum
dots are grow by using molecular beam epitaxy and different lithographic approaches and is few
tens of nano-metre [2]. The challenge is to obtain semiconductor QDs with preferred size (less
than 10nm) using this top-down approach. Colloidal suspension of QDs can be prepared via
chemical synthesis and sizes vary between 2 nm and 10 nm. In bottom up approach, chemical
synthesis gives a precise control of size and shapes such examples are spherical quantum
dots [3,4], quantum rods [4,5] and tetrapods [4]. Colloidal quantum dots is the subject of this
thesis and is referred as QDs in the text. When QDs are confined in all three dimensions, it
exhibits size dependent electrical and optical properties and they become significant when it
reaches the Bohr radius of the bulk counterpart. One of the interesting properties of QDs is the

size dependant emission in the visible and near —infrared region of the spectrum.

Colloidal quantum QDs have shown tremendous improvement in their performance through
core /shell band-gap engineering [6—8] and surface passivation [9-11], achieving near unity
photoluminescence quantum yield [12]. One of the delimiting factor for CQDs was toxicity due
to use of heavy metals like Cd and Pb. Ongoing research have shown promising results on
environmental friendly quantum dots like Si [13] and InP/ZnS [14,15]. The band gap tunability,
large absorption cross-section, brightness, cost-effective and easy integration in devices have
attracted QDs within different domains of the scientific community. As a result, colloidal QDs
have found their way in applications like LEDs [16—18], photovoltaics [19,20], biological
sensing [21,22] and lasers [23].

As the semiconducting materials move from bulk to nanoscale, the ratio of surface atoms
increase and act as trap centres. The passivation of QDs is achieved through encapsulation of
core QDs with wider band gap shell or organic ligands. The passivation hinders the injection or
extraction of charge carriers from QDs. Dexter [24] proposed a hybrid organic/ semiconductor
hetero-structure, in which organic layer act as an absorbing layer and transfers the electron-hole
pair to underlying semiconductor via non-radiative resonant energy transfer (RET). The idea of
Dexter was extended to QDs/semiconductors hybrid structures for light emitting [25,26] and
light harvesting applications [27]. This thesis will focus on hybrid QD LEDs and photovoltaics,
to enhance their performance through RET and luminescent down shifting (LDS). A brief

overview of colloidal QDs based LEDs and photovoltaics will also be presented.
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1.1 Colloidal QDs light emitters

Comprehensive usage of light emitting diodes for lighting in United States by 2027 [28] could
save upto ~348 terawatt-hour (TW.h) of energy. This is equivalent to the power generated by 44
large electric plant where each has the capability to provide 1000 megawatt. The estimated

savings is in the region of 30 billion US dollars, given the current prices of electricity.

Student services centre of Southampton University has changed old incandescent and
fluorescent lamps to efficient LEDs. This lead to 35 tonnes of reduced carbon emission making
energy savings of approximately 8500 pounds a year. Although, this is a small in-house
example but a global incentive has been taken to replace the conventional lamps with LEDs
considering the environmental impacts. This demands energy efficient solid state light emitters.
The current commercial LEDs uses blue InGaN blue LED and yellow colour converting
phosphours to emit white LEDs. The phosphors have a maximum spectral width of 50-100nm
resulting in poor colour saturation. Indoor lighting and industrial lighting need different
requirements of correlated colour temperature and colour rendering index. Correlated colour
temperature (CCT) denotes comparison of light source with black body emitter at different
temperatures. Colour rendering index (CRI) compares the illumination of object under the
illumination source in comparison to sunlight. It will be attractive to have light emitters that will

be able to cover different parts of spectrum with high colour saturation.

Colloidal QDs emission wavelength can be tuned by synthesis [3], making it a suitable
candidate for lighting applications. As the size of QDs decrease, the blue shift in the spectral
emission of QDs can be seen. Also, the spectral tunability of QDs can be obtained by changing
their chemical composition [30,31]. Colloidal QDs have demonstrated emissions in UV to mid
infrared regions of the spectrum. CdZnS/ZnS (core/shell) with reduced core QDs have shown
emission below 400nm [32]. Visible and near infrared emission regions of the spectrum is
covered by CdSe/ZnS (core/shell) [17] and PbS [33] based QDs. Colloidal synthesised
PbTe/CdTe (core/shell) QDs have shown mid infrared emission between 1pm and 3um [34].

QDs can be electrically driven with sophisticated electron and hole transport layer. The
maximum EQE of QD LED reported is 20.5% [35]. The best reported EQE for convention
InGaN quantum well blue LED is over 80% [36]. QDs can be optically excited and have
already been implemented in QD lighting and displays.

QDs have shown to have high colour purity with full width half maximum of ~30nm [37]. High
colour rendering index (CRI) of ~90% have been reported by blending blue, green, red QDs for
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electrically driven QD LEDs [38]. In case of optical driven QD LED, green and red LEDs are
deposited on the surface of blue LEDs [39].

High colour saturation and easy integration of QDs with spin deposition, inkjet printing [40] and
spray deposition [41] have led to development of QD based displays. QDs based displays are
already being commercialised [42] by start-ups like QD vision, Nanosys as well as giant

corporations like Samsung and Sony.

Apart from electrical and optical excitation, the QDs can also be excited via non-radiative
transfer from adjacent QWs [25]. Brief overview of state of the art QD LEDs and QD

excitations schemes are presented in chapter 2.

Currently, electrically driven QD LEDs have relatively low EQE and optically driven QD LEDs
does not efficiently utilise the photons generated by excitation of QDs. In this work, the author
aims to bring the QDs close to excitation source therefore enhance the performance of QD

LEDs through efficient coupling by radiative and non-radiative resonant energy transfer.

1.2 Colloidal QDs light harvesters

Quantum size of QDs can be used to tune the absorption profile of QDs which makes it an
attractive material for photovoltaics. Recently, the colloidal QDs photovoltaic cell have been
reported with absolute power conversion efficiency of ~11.6[43]. This enhancement is a
benchmark for QD solar cells as it catches up with the rival organic photovoltaics with
efficiency of 11.3% [44]. The high efficiency in solar cells was achieved through years of

research in improving electronic properties of QDs [45].

The photovoltaic foundation lies on absorbing the incoming solar radiation, generating electron-
hole pairs, dissociating and collecting at respective electrodes. . The photon absorption at QD
site and direct extraction of charge carriers is an interesting phenomenon. For QDs to be a
commercially viable technology, electronic trap densities and diffusion length in QDs has to be
improved [45].0n the other hand, silicon is a mature technology with good electronic properties
with record solar cell efficiencies of 26.5% [46]. The high enhancement in silicon solar cells
were made possible through matching the absorption of Si to solar cells using light trapping
structures. Silicon is a poor absorber in comparison to solution processed QDs. Most researched
materials for colloidal QDs are infrared PbS and PbSe QDs. Optical penetration depth for PbSe
QDs are estimated to be 20nm and 500nm at 400nm and 1700nm wavelengths respectively [47].
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The Concept of hybrid photovoltaics was envisaged by Dexter [48], the hybrid structure
consisted of metal-semiconductor schottky solar cell embedded in organic layer. Incoming solar
photons are absorbed by highly absorbing organic layer and transferred to semiconductor via
non-radiative resonant energy transfer. This revolutionary idea has already been demonstrated
between organics/QD to silicon [49,50].Hence, this thesis focuses to extend this work and aims
to use QDs as absorbing layer and enhance the performance of silicon solar cells through non-
radiative resonant energy transfer and luminescent down shifting. Hybrid QD/Si structure can
overcome the need for electronic transport in QDs consequently make QDs based technologies
more commercially viable. Hybrid configuration can also potentially reduce the need for 200pm

silicon hence lowering the cost of PVs.

1.3 Motivation and thesis structure

The aim of this thesis is to demonstrate high colour conversion hybrid QD/ InGaN MQW LED
and enhance the performance of hybrid QD/ silicon solar cell. In particular the aim is to utilize
RET mechanism to enhance the coupling of QWs and QDs in hybrid LED architecture. In case
of hybrid QD/Si solar cells, the aim was efficient photon management through RET, LDS and
refractive index matching. In chapter 2, the reader will be introduced to the solid-state physics
of QDs. A review on colloidal QDs for LED and solar applications is presented. The principle
of resonant energy transfer is also discussed along with its applications in LEDs and solar cells.
Chapter 2 touches the basic overview of photonic quasicrystals. Chapter 3 is on hybrid photonic
quasi crystal LEDs, and it shows that the resonant energy transfer can enhance the pumping of
QDs thus achieving above 100% colour conversion quantum yield. The existence of resonant
energy transfer was verified using time resolved spectroscopy. It was also demonstrated through
optimising the ratio of three different QDs in white LEDs. CCT of white LEDs can be tuned
between 12928K and 6509K. Chapter 4 is concerned with deposition of the QD on correlated
colour temperature (CCT) LEDs. It shows that by using inkjet printing, the deposition area is
controllable and has a good reproducibility. Chapter 5 is about using QDs to enhance the
performance of planar Si solar cell. The enhancement in hybrid QD/Si solar cell is shown for
two different types QDs. PbS core QDs shows the enhancement due RET, Luminescent down
shifting (LDS), refractive index matching and scattering. In case of CdSe/ZnS (core/shell), the
author optimised the QD layer thickness to get maximum Jsc enhancement. Chapter 6 is on
hybrid photonic quasi crystal solar cell. 12 fold quasi crystals with two different air fill fraction
was used and QDs deposition spin speed was also optimised to get maximum Jsc enhancement.
Chapter 7 gives the summary of what has been determined as a result of this work and their

impact. It also outlines the possible future works.
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Chapter 2

Chapter 2: Theoretical background and Literature review

2.1 Bulk semiconductors

The electronic structure of bulk semiconductors consists of multiple atomic orbitals giving rise to
continuous energy bands. The highest occupied and lowest unoccupied band is termed as valence
band and conduction band. When a photon is absorbed, an electron is excited from valence band to
conduction band (Figure 2.1), the electron in conduction band is described by the charge e,
effective mass m, and the spin (s=1/2). The quasi particle hole with charge e, effective mass m;,”
and spin (s=1/2) is created in valence band on excitation of an electron. The energy required for

excitation is given by:

E= Eg + Ee,Kin + Eh,kin @)

E, is the bandgap energy, where band gap is the minimum gap between a conduction band and
valence band. E.jin(Enxin) is the kinetic energy of electron (hole). As photon has a negligible
momentum, only vertical transition can take place. Electron-hole pair interacts via columbic
interaction to form another quasi particle exciton, which act as a single uncharged particle and can
be characterised by their Bohr radius. The exciton Bohr radius (ag) is determined by scaling Bohr
radius of hydrogen atom to the ratio of semiconductor dielectric constant (¢) and effective carrier

mass [1] as shown below:

" Mo ?2)

Where a, is a hydrogen Bohr radius and m is the carrier mass of electron in hydrogen atom. The
electron-hole reduced mass (") is given by pep*'= m.* '+ my*"'. Similar to hydrogen atom, the

lowest ionisation energy for semiconductors is given by Rydberg energy (exciton binding energy):

e’ 3

Ry=——
2eap

y
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Figure 2.1: Shows an energy- k vector diagram for bulk semiconductors. On absorption of photon

(hw), an electron is excited from the conduction band (CB) to valence band (VB).

The exciton like elementary particle exhibits centre of mass motion with an effective carrier

mass (M. = my + mj,). The exciton dispersion relation is given by:

R} h%k? 4)
Eexc(k) = Eg - n_jz/ +

*
Zmexc

Where n is the principal quantum number taking integral value and h is reduced Plancks constant
and k is exciton wave vector. If the exciton is created due to the absorption of photon then

momentum (p=h k) is negligible. Therefore equation 4 can be rewritten as:

Ry &)

Eexe = Eg _F

2.2 Colloidal QDs

Colloidal Quantum Dots (QDs) vary in sizes from 2nm to 10nm, which is between the size of
molecule and the bulk semiconductor. QDs exhibit the properties of both extremes, wider
absorption spectra similar to a bulk semiconductor as well as narrow and efficient fluorescence

such as molecular dyes. In addition, size dependent electronic and optical properties of QDs have
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attracted researchers in various scientific domains. As the size of QD decreases, the energy
spacing increases, hence making it possible to tune them in wide range of electromagnetic
spectrum with single material composition. Since QD can be viewed as a large molecule, the
properties of QDs are studied by adding atoms to core particle. This bottom-up approach has
gained importance due to increase in computational power [2]. Alternative approach is top-down
approach, where QD is viewed as bulk semiconductor with finite confinement in three dimensions.
The quantum confinement effect becomes significant when QD size approaches the exciton Bohr
radius. The exciton Bohr radius of certain bulk semiconductors are given in table 1. It can be
observed that the bandgap increases with reduced exciton Bohr radius. The exciton Bohr radius is
approximately the sum of electron and hole Bohr radius. For most of the semiconductors shown in
table 1, electron has larger Bohr radius than hole. In this case, electrons experience a stronger
confinement than hole. The degree of quantum confinement in QDs will dependent on their bulk
counterpart. For example, PbTe QDs will experience higher degree of electron and hole
confinement than CdSe with 3nm diameter. Bohr radius of electron, hole and exciton defines three
confinement regimes. It experiences a weak confinement regime when a (a; 5 , a3 < a) is greater
than electron bohr radius ( a; ) and hole bohr radius (ajp ) , where a is the radius of QDs.
Intermediate confinement regime when a is between a, 5 and agp (app <a <agp) and a strong

confinement regime when radius of QDs is less the electron and Bohr radius (a; 5 , ay 5 > a) .

The band gap of QDs can be determined using a particle in sphere model [3,4]. Mathematical
details are omitted in this explanation but it shows the principal. The discrete energy levels for

particle (electron and hole) confined in a spherical potential is given by:

_ hPBE (6)
T 2m*a?

n,l

Where h is reduced Plancks constant, m* is effective mass of electron or hole. 3, ; is roots of a
Bessel function, which has absolute values depending on principal quantum number ‘n’ and

angular quantum number I’.
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Table 1: Band gaps, effective masses and Bohr radius of electron, hole and excitons in bulk

semiconductors [4].

E,(eV) mg my, Electrona;z  holeayp  Exciton ag
9 e, ,

I-VI  CdS 248 0.25 0.6 1 <1 2
CdSe  1.73 0.12 0.9 3 | 4
CdTe 148 0.09 0.8 4 1 5

II-v InP 1.34 0.073 0.45 7 1 8
InAs 0.35 0.023 0.57 27 2 29
InSb 0.17 0.012 0.44 59 2 61

IV-VI PbS 0.42 0.087 0.083 10 11 21
PbSe 0.28 0.047 0.041 26 29 55
PbTe 0.31 0.034 0.032 56 48 104

The band gap of QD [5] is the sum of fundamental gap of the bulk with confinement energy of

electron and hole.

hzﬁrzlg,lg hzig‘rzlh,lh (7)
2m,*a?  2mp*a?®

Eop = Epuir +

Eop and Epy are the band gap of QD and bulk semiconductor. From the equation 7, it can be
observed that the confinement energy scales with 1/a? , where a is a diameter of QD. The electron
and hole are treated independently in the equation 7, this applies when the radius of QD is smaller
than exciton Bohr radius (strong confinement). The coulombic attraction in QD is much larger than
the bulk, however for strong confinement regime, the kinetic energy of electron and holes is even
greater. Coulomb attraction can be neglected in this case. When the QD size is much larger than
exciton Bohr radius and falls in weak confinement regime. The band gap of QD (equation 7) is

corrected for coulombic attraction.

h?Br,t, , DBy, ®)

Eop = E + —E
Qb bulk T omy*a? T 2my,*a? ¢

Where E. is the first order correction factor for coulombic attraction in QD. E. is equals to
1.8¢*/4mea where ‘e’ is the elementary charge and ¢ is the dielectric permittivity of QD. From
equations 6, 7 and 8, it can be seen that the band gap of QD increases with the decrease in size and

discrete energy levels are formed at the edges of conduction band and valence band [6].
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Figure 2.2: Schematic of quantum confinement effects on the energy level in QD with decrease in

size [6].

Figure 2.2 shows the schematic of quantum confinement in different sizes of QD. As the size of the
QDs reduces, it shows that inter band and intra band energy spacing level increases. The size
dependent quantum confinement effects can be observed experimentally from the absorption and
photo luminescence spectra of QDs. Figure 2.3 (a) shows the absorption spectra of core CdSe
nanocrystals with diameter equal to 2.8nm, 4.1nm and 5.6nm. The first optical transition of QD is
observed at the onset of absorption and from which the band gap of QDs can be estimated. The
absorption peaks are at wavelengths of 600nm, 550nm and 500nm corresponding to the first optical
transition of CdSe QDs with diameter of 5.6nm, 4.1nm and 2.8nm respectively. In accordance to
theory, as the size of QDs decreases, E; increases and the blue shift in first optical transition is
observed. Inset in figure 2.3(a) is a high resolution transmission electron microscopy (TEM) image
of 5.6nm QDs. Figure 2.3 (b) shows the normalised absorption and photo luminescence (PL)
spectra of PbS core QDs with diameter 5.4nm, 3.8nm and 3.2nm. Similar to CdSe QDs, there is a
blue shift in PL and absorption spectra of PbS QDs. The bandgap of PbS QDs (5.4nm) and CdSe
QDs (5.6nm) are estimated from absorption spectra and compared to their respective bulk. Band
gap energy (4Ey) increase for PbS QDs is higher than of a CdSe QDs, which can attribute to higher
degree of confinement which arise from larger exciton Bohr radius (Table 1). Absorption spectra of

QDs can show up to three optical transitions.
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Figure 2.3: (a) absorption spectra of core CdSe nanocrystals with diameter 5.6nm, 4.1nm and
2.8nm. Inset shows the HRTEM image of 5.6nm diameter CdSe QDs [7]. (b) Absorption and

photoluminescence spectra of PbS core QDs with diameter of 5.4nm, 3.8nm and 3.2nm [8].

From figure 2.3(a) and (b), only two optical transitions are visible. Although, particle in sphere
model predicts the discrete energy level of QDs, there can be as much as 100% relative error from
the experimental observation. The spherical model can be used to understand the basic photo
physics of QDs but for more accurate predication, advanced treatment like multiband effective
mass treatment [9] and tight binding model [10] should be considered. Experimentally up to eight
optical transitions are resolved using fluorescence line narrowing [11,12]and photo luminescence

excitation spectroscopy [9,12].

2.3 Core/shell QDs

Colloidal Quantum dots are chemically synthesised [13] and terminated with organic ligands for
passivation. The ratio of surface atoms to core is higher in zero dimensional QD semiconductors.

For 5nm PbSe QDs, about 40% of atoms are on the surface of QDs [1], which act as potential
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charge trap for delocalised charge carriers. The termination of the surface atoms with organic
ligands provides a certain degree of passivation. The drawback of organic ligands is incomplete
passivation and photo instability. Another approach for passivating QDs is by using inorganic
layer as cap (shell) layer. An epitaxial inorganic layer (few monolayers) is grown on to the surface
of QDs [14]. Based on the shell layer, there is a relative offset between conduction band (and
valence band) of the core and shell. If the conduction band of the core is less than the shell and
valence band of core is higher than the shell, it is then called type I QDs (figure 2.4). In case of
typel, both electron and hole are confined within the core. CdSe/ZnS [15] and CdSe/ZnSe [16]
(core/shell) type 1 QDs have reported a high photoluminescence. Type 1 can serve as better light
emitters due to reduced surface states and confinement of electrons-hole in the core. In type II
core/shell QDs (figure 2.4), the valence band (and conduction band) of core is less than the shell.
The photo excited electrons relax at minimum of the conduction band (in this case, core) and holes
relax at maximum of the valence band (in this case, shell). The separation of electrons and holes for
type II QDs have wide implications in photovoltaics [17] and exciton lasers [18]. Previously, the

core multi shell QDs [19] with photoluminescence quantum yield as high as 85% [20] have been

reported.
Type | Type Il
Shell Shell Shell Shell
Core Core
CB
—O0—
O
VB

-0
—O—
Figure 2.4: Shows the schematic and confinement of electrons and holes in type I and type 11

core/shell QDs

2.4 Colloidal quantum dots (QDs) for LEDs

Colloidal QDs are prepared via chemical synthesis [21-23] and have diameters less the Bohr radius
of the bulk material. As discussed in section 2.2, quantum confinement effect can be used to tune

the bandgap of QD. Depending on the core material either visible or infrared region of the
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spectrum can be spanned. The visible region of the spectrum is covered by CdSe, CdSe/ZnS
(core/shell), CdTe and CdTe/ZnS(core/shell) QDs and the infrared region of the spectrum is
dominated by PbSe and PbS QDs. The photo luminescence quantum yield is the number of photons
emitted to number of photons absorbed and is used to describe the performance of QDs. Near unity
quantum yields have been shown in both CdSe/CdS [24] and CdTe [25] QDs, making them an
ideal light emitters. In comparison with competing fluorescent organic dyes, QDs have broader
absorption band. The absorption of QDs gradually increases towards the UV region of the
spectrum, making them an excellent absorber. QDs have also shown to exhibit good thermal and
photochemical stability. QDs can be excited electrically, optically or through resonant energy

transfer (RET).

24.1 Electrically excited QDLEDs

The first demonstration [26] of electrical injection of QDs was established with polymer/ITO as
hole transport layer and magnesium electrode as electron transport layer. The external quantum
efficiencies (EQEs) of these QD LEDs were between 0.001- 0.01%, where EQE is the ratio of
photons emitted to the charge (electron-hole) injected. The EQE of QD LED with semiconducting
polymer was further improved to 0.22% [27] by using core/shell (CdSe/CdS) QDs. In above
approach, the QD layer was used as both electroluminescence layer and transport layer. In Coe et
al. [28] work, a monolayer of QDs was sandwiched between organic transport layers and the phase
separation technique [29] was used to achieve a monolayer of QDs. Solution of QDs and organics
were mixed together and spin casted on to the substrate, as the solvent in the mixer dries, the
organic capped QDs are moved to the surface and it self-assembles. QD layer is used as electro
luminescence layer in this case. 25 fold improvement in luminous efficiency (1.9 cdA™) with the
EQE of 0.4- 0.5% was reported. Using similar approach, the EQE was further improved by 1-
2% [29,30]. The physical process behind enhancement of the EQE was due to direct electrical
injection and resonant energy transfer [31]. The contact printing [32] approach was demonstrated
for fabricating single and multi-coloured QD LEDs. QDs were spin coated on top of PDMS
(polydimethylsiloxane) mould, which was then transferred to substrate with either hole or electron
transport layer. The direct electrical injection was performed by using organic hole and electron
transport layer. White LED consist of red emitting QD (CdSe/ZnS), green emitting QD
(ZnSe/CdSe/ZnS) and blue emission organic hole transport layer was demonstrated using contact
printing technique. An advantage of contact printing over phase separation technique is that, it is
independent of QDs and organic layer. By using contact printing [33], the EQE of 2.7% (orange
emission) and 2.6% (red emission) was achieved. The deposition of QD at precise area has a huge

impact on QD display and solid-state lighting.

The true potential of QDs is not exploited if the transport layer is based on organic polymers. It

would be ideal to use photo stable and high charge mobility inorganic transport layer over organic
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transport layer. The QD LED based on inorganic layer was demonstrated [34], where monolayer
of QDs was deposited on top of the p-GaN and then n-GaN layer was grown over QDs. This
architecture resembles the p-i-n structure where charges are injected via doped GaN layer and
electroluminescence is achieved through CdSe/ZnS (core/shell) QDs. The EQE of this device was
found to be relatively low (0.001-0.01%). Nevertheless, the key advantage of this QD LED based
on inorganic transport is that the electron and transport layer are both stable in an ambient
atmosphere. Improvement of this architecture was achieved using metal-oxide as a transport layer
for QD LEDs. In [35], few monolayers of ZnCdSe QDs were sandwiched between NiO and ZnO:
SnO, charge transport layers. The EQE obtained with metal-oxide transport layer was 0.1% [35]
which was later improved to 0.2%. Free carrier concentration in both metal-oxide layers should be
kept similar to avoid charge imbalance. Charge imbalance was one of the delimiting factor in direct
electrical injection of QDs. Excess electron or hole carriers caused the QD to charge, which then
relaxes through non-radiative mechanism via auger recombination [36]. The QD LED efficiencies
based on inorganic transport were an order of magnitude less than that of QD LEDs with organic
transport. The advantage of organic transport layers over inorganic transport layer is the direct

electrical injection and the existence of exciton energy transfer from organic transport to QDs [31].

As a consequence of many years of study, QD LED has shown improvement in the EQE and
luminescence. This improvement was due to increase in photo luminescence quantum yield of
QDs and engineering the charge transport layer. In spite of continuous progress, the difference in
electron and hole injection has limited the EQE to ~2%. Rather than using organic layers or
Inorganic layers, hybrid charge transport layer was considered. Using hybrid organic and inorganic
charge transport layer, the EQE of 7.3% [37] (for 628nm) and 5.8% [37] (for 515nm) have been
achieved. Quantum yield of QDs was further optimised to achieve a EQE of 18.5% [38] and
20.5% [39] for QD LEDs. The record EQE QDLED architecture consists of ITO/organic transport
layer/QD (40nm)/PMMA(6nm)/ZnO(150nm)/Ag. The electron mobility of ZnO nanocrystal
particles is three orders of magnitude higher than of a organic transport layer. Excess injection of
carriers degrade the QDs and reduces the lifetime of QDLEDs. High EQE (20.5%) was
demonstrated by using thin insulating layer between electron transport layer and QDs to maintain
charge balance with injected holes. Best electrically injected QDLED has the EQE above
18.5% [38,39], luminescence of 218,000 cdm™ [37] and lifetime of 300,000 hours [40] which is
catching up with organic LEDs performance. Therefore, electrically injected QD LEDs are also
finding their way into display market and solid-state lighting. Full colour QDs display [41] has
been demonstrated using contact printing technique. QD LEDs on wearable platform can also have
a huge applications in consumer market, as wearable white QD LEDs [42] have already been

demonstrated using intaglio transfer printing.
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2.4.2 Optically excited QD-LEDs

Direct electrical injection of QDs is an interesting phenomena, which has recently reached the peak
when achieving performance comparable to OLEDs [43]. Record EQE of QD LED through direct
electrical injection is 18.5% [38] - 20.5% [39], which is far behind the highest reported InGaN
blue LEDs with the EQE of 85% [44]. The photoluminescence quantum yield (QY) of QDs has
reached near unity. One approach to make use of high QY QDs is to optically excite the QDs. In
this case, QD absorbs high-energy photons and emits them via stoke shift. First [45] QD down
conversion LED was proposed by exciting at 590nm and emitting QD in polylaurylmethacrylate
matrix via blue GaN LED. Similar approach was used to produce white LEDs either by combining
two, three or more different types of QDs [46,47]. Using QD as an alternative to yellow phosphor
(YAG: Ce3+, cerium doped yttrium aluminium garnet) in white LEDs, high CRI above 95 % [48]
can be obtained. The colour rendering index (CRI) denotes the ability of light source rendering the
true colour of illuminated object with respect to daylight. From section 2.4, it can be seen that
efficient transport layer is a need for direct electrical injection. The difference in carrier injection
from hole and electron transport was major step back in commercialisation of QD LEDs. This
drawback is overcome in the case of down conversion QD LEDs. QDs have absorption below their
emission wavelength and keep increasing towards the UV region of the spectrum. By using blue or
UV LEDs, it is possible to optically excite QDs with emission in visible or infra-red spectrum.
Broad absorption of QDs has wide applications in solid-state lighting and back lighting of LCD
displays. Research success of QD display [49]was demonstrated with 46 inch LCD panel backlight
with QD LEDs in which 96 cool white QD LEDs were used for backlighting and QD LEDs vertical
structure consisted of InGaN blue LED encapsulated with QDs ( red and green) silicone mixture.
On comparison with displays made from phosphors, the QDs based display showed saturated
colour with 19% wider coverage in NTSC (National Television Systems Committee) standard of
CIE 1931 colour space. QDs based [50] display or lighting can be categorised as QD edge optic,
QD film and on chip QD LED . In QD edge optic and film technology, QDs are kept away from
the source (blue or UV LED). On chip QLED, QDs matrix mixture (QD and silicone/epoxy) is
deposited on to the surface of the LED (blue or UV). All these three approaches for QD integration
can be adapted to lighting and displays.

In 2013, first commercial QDs backlight display was launched by Sony along with QD vision as
Sony Bravia Triluminous televisions which utilised integrated QD edge optics. Recently, Samsung
and 3M (along with Nanosys Inc) have launched displays based on QDs. QD based solid-state
lighting [51] and displays are beginning to reach the consumer market. However, the efficiency of
colour conversion reported is lower than QY of QDs. In this thesis, the author has demonstrated
that by using efficient hybrid QD/LED architecture, the colour conversion quantum yield of QDs

was increased above 15%.
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2.5 Colloidal quantum dots (QDs) for Solar cells

The absorption of QDs can be tuned from visible to infrared spectrum, which makes QDs a suitable
photovoltaic material. PbS and PbSe QDs have obtained ample attraction in the field of
photovoltaics due to the wide tunability from visible to infrared region of the spectrum. QDs based
solar cells have been reported in these architectures are QDs blended in conjugated polymer, QD
schottky solar cell, QD heterojunction solar cell or QD sensitized solar cell. When QDs is blended
with conjugated polymer solar cells, the light is absorbed in both QDs and organic polymer; and
charges are separated at the interface of QDs and polymer. As a result, electrons are in QDs and
holes are in a polymer [52] where electrons are transported through the network of QDs and holes
are transported through conjugated polymer. Below optimum concentration of QD, the
photoconductivity increases with the concentration of QDs in QD/polymer blend. Highest
efficiency reported for QD-polymer hybrid photovoltaics is <6% [53,54]. The PbS and PbSe QDs
form p-type semiconductor when treated with butylamine and ethanedithiol respectively [55,56].
The PbSe and PbSQDs are predominantly used in QD solar cells and to form schottky contact with
low work function metals like Lithium floride (LiF), calcium (Ca), aluminium (Al) and magnesium
(Mg) [57-59]. Highest reported power conversion efficiency (PCE) for QD schottky solar cell is
5.2% [60]. One architecture of heterojuction solar cell [61] is FTO (fluorine doped tin oxide) glass
coated with TiO, nanoparticle, which are then coated with QDs (preferably PbS or PbSe) followed
by metal contact. QDs are attached to TiO, using organic linker molecular and the conductivity of
organic hole enhances the electron transport. QDs are deposited using layer by layer approach [62].
The required thickness was obtained by removing organic ligand and spin coating the QDs. QDs
acts as light collector and hole transport layer; and TiO, nanoparticle act as the electron collector.
Solar cell efficiency of this QD heterojunction solar cell was found to be 3.5% which was later
improved to 7.4% [63] through passivation of QDs. The performance of QD heterojunction solar
cell was further enhanced to 9.2% [64] using inverted pyramid light trapping structure. The QDs
sensitised solar cell is similar to dye sensitised solar cell, where QDs replaces the dye and are

chemically adsorbed by semiconductor (TiO,, ZnO and SnO,).

Record efficiency of QD based solar is 11.6 % [65] whilst single junction silicon solar cell and
GaAs solar cell have efficiencies of 25.6% [66] and 29% [67] respectively. QDs have high
absorption cross-section compared with bulk single junction solar cell and have shown
photoluminescence quantum yield above 95 % [24]. Therefore, an alternative approach to
efficiently use QDs is to use it as down conversion layer. The light is absorbed in QD layer and
down shifts the photons at wavelengths where the EQE of bulk silicon solar is high. Another
interesting approach is to use QD and bulk solar architecture by employing non-radiative resonant
energy transfer from QDs to bulk of solar cells. The RET and applications of solar cells are

discussed in section 2.6.
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2.6 Resonant energy transfer

Resonant energy transfer (RET) is an electronic excitation transfer process from excited donor to
acceptor at ground state. RET is a non-radiative process occurring within short life time of excited
state [68]. Figure 2.5 shows the mechanism of RET process, which involves absorption of photon
(energy hw = Ep 3 ) and excitation of electron at donor. The excited electron then relaxes
thermally to the lower excitation state (Ep,o < Eppn3 ). The excitation is transferred to an
acceptor with possible electronic transition( E4 1 = Ep »9). The excited electron in acceptor then

relaxes thermally and annihilates emitting of a photon.
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Figure 2.5: Schematic of RET mechanism from larger QDs to smaller QD.

The trivial radiative transfer mechanism involves the absorption of photon by donor and band gap
emission of donor, which is then re-absorbed by the acceptor and a photon is emitted. Unlike
radiative transfer, there is no photon exchange between donor and acceptor in RET mechanism,
making it faster excitation transfer mechanism than a radiative transfer. RET was introduced by
Forster in molecular systems, which involved dipole-dipole transfer between donor and acceptor
molecule. The RET transfer rate between them is given by [68] [71]:

k =
RET
T

1 (RF)” ©
R

Where 7 is the excited lifetime of donor in absence of RET transfer and R is the space between
molecules. Forster radius (Rr) is the distance at which RET transfer efficiency is equal to 50%.
Rpis a system parameter depending on the quantum yield of donor and spectral overlap between

donor emission and acceptor absorption. RET transfer rate follows distance power
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dependence [69]and p denotes the dimensionality of acceptor molecules and p=6 for dipole —dipole
coupling. It can also be extended to array of acceptor molecules, for dipole to layer of acceptor
molecules (p=4) fourth power of distance has been observed [69,70]. RET transfer rate from layer
of donor to layer of acceptor has shown to have square power (p=2) dependence on the
distance [69,70]. Although, this theoretical approach of RET was limited to molecular systems, it
still can be extended to QDs based systems. Energy transfer rate from QD donor (smaller QDs) to
QD acceptor (larger QDs) in mixed QD film followed R® dependence [71], where R is the distance
between QD donor and QD acceptor. Similarly, RET transfer rate from layer of dipole (InGaN
Qw) to layer of QDs follows R* dependence [72].

2.6.1 RET based hybrid LEDs

Theoretical prediction of using a non-radiative RET to pump luminescent organic was proposed by
Agranovich et al. [73,74]. They predicted by using hybrid inorganic/organic heterostructures, it is
possible to obtain fast (100ps) excitonic transfer from inorganic donor to organic acceptor.
Excitionic transfer via RET was an order magnitude faster than radiative transfer. Experimental
demonstration of RET in organic light emitters [75] was achieved by a non-radiative pumping of
F8DP (blue emitting polymer) with a UV emitting InGaN QW. At the same time frame, a non-
radiative energy transfer from ZnO QWs to organic over layer was reported [76]. Non-radiative
RET pumping of QDs was demonstrated by Achermann et al. [72,77]. RET pumping of QDs was
achieved by spin coating the monolayer of CdSe/ZnS QDs on to the surface of InGaN LEDs. The
LED structure [77] consists of p-GaN/GaN(10nm)/InGaN(3nm)/n-GaN(3nm) and its respective
contact electrodes. On electrical injection, the electron-hole pairs from InGaN QWs are transferred
non-radiatively to CdSe/Zns QDs. The limitation of this practical QD hybrid RET LED is that the
acceptors QDs are separated from the donor QW by 3nm n-GaN layer. As an alternative
methodology to this approach, Chanyawadee et al. [78] showed QDs acceptors can be bought
close to QWs donor via etching QWs and depositing QDs within etched mesa. The LED
architecture from bottom to top consists of sapphire substrate/n-GaN/MQWs (InGaN/GaN)/p-
AlGaN/P-GaN and its respective contact electrodes at p-GaN and n-GaN layer. Using reactive ion
etching, elliptical slots were etched into the LED stack, penetrating into p-GaN/p-AlGaN/MQWs.
CdSe/CdS rod shaped QDs were drop casted into the etched mesa. This hybrid LED achieved 82%
RET transfer efficiency due to close proximity of donor (QWs) and acceptor (QDs). The efficiency
of RET transfer for hybrid devices (QW to organic layer or QDs) depend on the
temperature [79,80] and exciton dimensionality (localised or free exciton) [79]. It was observed
that free excitons can undergo RET transfer within an order of magnitude higher than of a localised
excitons. Rinderndermann et al. [79] suggested by engineering the exciton dimensionality and in
plane wave vector of exciton, it is possible to enhance RET transfer through QWs. The exciton

dimensionality of QWs can be tuned by adjusting epitaxial growth conditions of QWs.
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2.6.2 RET based hybrid photovoltaics

The concept of electro-hole pair generation in semiconductor layer through RET was visualised by
Dexter in 1979 [81]. Hybrid photovoltaic structure consists of metal-semiconductor schottky solar
cell embedded in organic layer (Figure 6.7 (a)). The organic layer serves as a light absorber and
generated electron-hole pair are transferred to semiconductor layer via a non-radiative RET
process. To Dexter’s theoretical prediction, a non-radiative energy transfer from pyrene to
silicon [82] and pyrazine to GaAs was observed [83]. In both configurations, when an organic
molecule was placed near the semiconductor surface (Figure 6.7 (b)) an accelerated decay in
fluorescence was observed indicating the existence of non-radiative transfer channel. Due to the
theoretical report [73,74] on RET transfer from semiconductor QW to organic layer, hybrid
organic/inorganic structure has gained increased attention in the field of LEDs and solar cells. RET
based hybrid photovoltaics as envisaged by Dexter is a donor material, absorbs the entire (or
percentage of) incident photon and generated excitons are then transferred to acceptor through a
non-radiative RET mechanism. The exciton dissociation can take place at donor/ acceptor interface
or at acceptor site which is then collected at respective electrodes. It is worth noting that it is
beneficial for an acceptor to absorb photons and contribute to photo current. On basis of this

configuration, various schemes have been proposed in hybrid photovoltaics.

One such scheme of RET based hybrid PVs is by using amorphous-silicon polymer hybrid solar
cells [84]. In this, nanostructured amorphous silicon form heterojunction with either P3HT or
MEH-PVV organic polymer (Figure 6.7 (d)). On photon absorption in P3HT (or MEH-PVYV), the
generated excitons are transferred to amorphous silicon through non-radiative transfer. The
transferred exciton dissociates at organic/amorphous silicon interface, followed by injection of
holes into the organic polymer layer. The reported performance of the solar cell was poor due to
inefficient hole transport from an amorphous silicon. Nevertheless, this report was one of early
implementation of RET based hybrid PVs.The concern of this thesis is to use QDs as light
absorbers. Colloidal QDs for PVs was shown in section 2.5 and in this section and the discussion

was limited to RET transfer from QDs to semiconductors.

The evidence of RET from QDs to buried QW was first demonstrated [85] between PbS QDs and
InGaAs QW (Figure 6.7 (c)). Epitaxial InGaAs is buried 3nm below the GaAs surface and
monolayer of PbS QDs is then deposited on top of GaAs. The band gap of PbS QDs was chosen
such that there was a direct RET to InGaAs and there is no transfer to the surface of GaAs. PbS
QDs and InGaAs QW have peak photo luminescence of 965nm and 1100nm respectively; while
GaAs photoluminescence is centred at 873nm. RET transfer efficiency of 30% from PbS QDs to
InGaAs QW was achieved. RET efficiency of 60% was estimated for unity quantum yield QDs.
The existence of RET transfer from small PbS QDs to large PbS QDs in QD ensemble was also
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demonstrated. Similarly, a non-radiative RET transfer for smaller CdSe QDs to large CdSe QDs

for monolayer and bilayer assemblies was reported [86].

Hybrid QD/patterned p-i-n structure [87] that employs RET scheme (Figure 6.7 (e)), shows
significant boost in photocurrent providing a new route to photovoltaics. Using molecular beam
epitaxy (MBE), p-i-n heterostructure was grown on GaAs substrate. The p-i-n structure from
bottom to top comsist of n'-GaAs/i-AlGaAs(100nm)/i-MQW/i-AlGaAs(100nm)/p -
AlGaAs(500nm)/p'GaAs(250nm). Multiple Quantum wells (MQWSs) consist of 20 periodic GaAs
QW (7.5nm)/AlGaAs barrier (12nm). Focused ion beam (FIB) was used to pattern 1.4um deep
gratings over an area of 80x80um?. Patterned gratings have a width and pitch equal to 570nm and
1.5um respectively. CdSe/CdS QDs are then drop-casted into the patterned p-i-n heterostructure.
From time resolved photo-luminescence (TRPL) measurement of GaAs MQW before and after
hybridisation, they observed increase in PL rise time. Non-radiative transfer from QDs to MQWs
causes an additional intermediate process to the direct excitation of QW. The rise time increase
can also be due to intermediate radiative transfer. Fast decay of CdSe/CdS QDs in hybrid/ patterned
p-i-n heterostructure to CdSe/CdS QDs on glass substrate confirms the existence of a non-radiative
RET. From the decay dynamics of CdSe/CdS QDs on glass and hybrid/patterned p-i-n
heterostructure, RET transfer efficiency of 79% is estimated between CdSe/CdS QDs and GaAs
QWs. Controlled flat p-i-n heterostructure was also fabricated and the decay dynamics of QDs
remained unaltered in a hybrid QD/ flat p-i-n heterostructure. 40pum spot of 400nm laser excitation
was used to measure the photocurrent of hybrid QD/patterned p-i-n heterostructure and QD/flat p-i-
n hetrostructure. Six fold enhancement of the photocurrent was observed in hybrid QD/patterned
p-i-n heterostructure. From TRPL measurements, pumping of QWs through a non-radiative RET
process is 10 times faster than a radiative transfer indicating RET is a dominant pumping

mechanism for hybrid QD/patterned p-i-n heterostructure.

Silicon solar cells are the dominant technology in solar industry, efforts have been taken to create
RET based Si solar cells. Hybrid QD/Si solar cell has the leverage of both worlds; high absorption
of QDs and maturity of silicon technologies. The photo current enhancement in silicon nanowire
was demonstrated [88] by non-radiative RET from adjacent layer of QDs (Figure 6.7 (f)).The
choice of QDs was 2.5nm core PbS QDs with peak emission at 1100nm. This particular PbS QDs
was chosen to absorb the photons between UV- mid IR spectrum. 200nm thick QD layer on top of
Si Nanowires provided increase in absorption cross section. The generated excitons are then
transferred non-radiatively to nanowires with an efficiency of 15-38%. RET from QDs to bulk
silicon would be beneficial to existing silicon solar cells, and have been demonstrated using
CdSe/ZnS [89] (Figure 6.7 (g)) and PbS QDs [90] (Figure 6.7 (h)). In hybrid CdSe/ZnS — Si
structure [89], RET rate is ~8 times faster than a radiative decay of CdSe/ZnS QDs, achieving RET
efficiency of 65%. The estimated separation distance between donor (CdSe/ZnS QDs) and

acceptor (Si) is 4.4nm.
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Different schemes used in RET based solar cells have been discussed above. The Figure
2.6 shows the summary of RET based hybrid photovoltaics. In all these cases, there are certain
amount of electron-hole pairs which undergo a non-radiative transfer. These electron-hole pairs
annihilate emitting photons. These photons can be absorbed by the acceptor and can contribute to
the photo current. Therefore, QDs can also serve as mere down conversion layer, down converting
high energy photons to low energy where the EQE of solar is high thus improving the solar cell

efficiencies.

(b)

(a) hv
\ Molecule 1

Spacer

Organic |.

|
Theoretical model [81] (1979) Experimental demonstration [82,83] (1987)

(c) (d)

Inter-dot transfer
) Raoombcnaton

4 S A
** a-Si:H /P3HT
Nanostructure
Transparent contact
Glass
RET from QD to high mobility Organic/semiconductor
semiconductor [85] (2007) hybrid PV [84] (2008)

Silicon Substrate

Hybrid QD/ Patterned GaAs[87] (2009) Hybrid QD/ Si nanowire [88] (2009)

(e) p (h)
Light
cﬁier of NQDs

RET from CdSe/ZnS QDs to Si[89] (2011) RET from PbS QDs to Si[90] (2013)

Figure 2.6: RET schemes for hybrid photovoltaics.
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2.7 Photonic crystals

In this section, the reader will be introduced to photonic crystals (PhCs) and photonic quasi crystals
(PQC) will be discussed. The PQC lattice configuration will be described and the section will end
by concluding on the type of photonic crystal lattice used in this study.

2.7.1 Photonic Crystals

Assuming homogeneous material, photonic crystals (PhCs) are periodic perturbation of permittivity
of material either in one, two or three dimensions. When these perturbations are in order of
wavelength then it can interact with light and provide a new platform for optical devices. PhC has
gained the interest of optics community and has found applications for waveguides, lasers and
LEDs. The propagation of light is PhCs is analogous to electrons motion in semiconductors. In
case of crystalline semiconductors, periodic lattice introduces gaps for electron and forbids them to
move in certain directions for certain energies. If the gap extends in all possible direction, it would
result in complete electronic band gap. The common example for band gap in semiconductor is
between the conduction band and valence band. Similarly, the 3D photonic band gap can be
constructed for material inhibiting the propagation of electromagnetic wave in all possible
directions. For semiconductor, the allowed energy levels for electron are given by eigen values of
time—independent Schrodinger equation. For photonic crystals, it is given by Maxwell
equation [91]:

VxH(r)] — H(r) (10)

[()

Where w is the angular frequency and c is free space speed of light. £(r) is the permittivity

distribution with space, hence it is possible to solve equation computationally for infinite variations

2
of permittivity in a medium. The possible eigen values is given by (%) . From Magnetic field

H(r), the electric field E(r) can be obtained by using Maxwell equation. Alternatively, it can be

solved directly for electric field and is written in the form of:

VXVXE() = (%)2 e(ME() (h

In case of periodic variations of permittivity like PhCs, the electric and magnetic field in Maxwell

equation can be written as:
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H(r) = e®*Tu, (1) w(r) = up(r + R) (12)

E(r) = e v, (1) v (r) = v, (r + R) (13)

These are nothing but plane waves multiplied by periodic functions (u (1) and v, (r)) of lattice.
When adding lattice vectors (R) to periodic functions, the state of the system is unchanged. This
state is known as a bloch state according to Bloch’s theorem. By solving Maxwell equation 11 or
12 for different values of k vector in a PhC lattice, it leads to redundant values in mode
frequencies(w(k) = w(k + R)) owing it to its periodicity. The Maxwell equation can also be
solved for non-redundant values of k within the first Brillouin zone. This can further be reduced to
smallest area called irreducible Brillouin zone when it exhibits rotational symmetry within the first
Brillouin zone. It can be concluded that by solving Maxwell equation for different values of k
within irreducible Brillouin zone, the dispersion relation of PhCs can be deduced in other words,
the band diagram and their corresponding band gaps. In same way, electric field that exists within

the PhC structure can also be calculated.

2.7.2 Photonic Quasi Crystals

Photonic quasi crystals (PQC) possess long range order and short range disorder. Photonic quasi
crystal with ten-fold symmetry was first reported by Shetchman et al.[92] in aluminium-
manganese alloy. The typical symmetries of PQC are 2, 4 and 6 but it can also acquire high order
symmetry like 5,9,10 and 12 or more. The photonic quasi crystal used in this thesis is 12-fold quasi
crystals generated by random -stampfli inflation rule [93]. First parent dodecagonal cell with 6
squares and 12 triangles is created by tessellation of squares and triangles. The parent cell is then
inflated by a factor of 2 + /3 . Offspring decagonal cell are placed within the parent cell, such that
the centre offspring coincide with vertices of parent and sides running perpendicular to the tile
edges. The gaps between offspring are filled with square and triangles; the gap between three
offspring dodecagonal is filled by triangle and the gap between four offspring dodecagonal is filled
by three triangles and square. Figure 2.7 shows the construction of 12-fold quasi crystal from

parent dodecagon.
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Parent
dodecagon
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Arrangement of squares and Lattice pitch a
triangles forms dodecagons

Figure 2.7: Random-stampfli inflation methods to create 12-fold photonic quasi crystal [94]

2.7.3 PQC LEDs

In planar LEDs, more than 90% [95] of light generated is trapped as guided modes within the high
refractive index of GaN (n~2.5 ) due to total internal reflection. Surface roughening [96] was
primarily used for light extraction. As an alternative to this approach, PhCs were used to extract the
light efficiently from LEDs. For efficient light extraction, the PhCs should be able to extract all the
guided modes coming from all azimuthal directions. The triangular and square lattice has shown to
extract guided modes in LEDs only from certain direction due to their lattice symmetry [97]. For
omnidirectional light extraction higher order symmetry like quasi crystal should be considered. It
was experimentally [98] shown that light extraction in LEDs increased with increasing lattice
symmetry from triangular PhCs to octagonal PQC and to 12-fold PQC. The pitch and air fraction
dependence on 12-fold PQC LED was investigated [99], for three pitches of 450nm, 550nm and
750nm. It was observed that pitch of 750nm with air fraction of 30%, yielded the highest total light
extraction. The 750nm pitch PQC LED reported had 5% error in hole diameter due to the exposure
via e-beam lithography. The hybrid PQC/QD LED with pitch of 700nm and hole diameter of

350nm lattice configuration was chosen for this work.

The PQCs (or PhCs) in LEDs can be categorised with respect to position of QWs. For example, as
shallow PQC, deep PQC or buried PQC. Shallow PQCs and buried PQCs have been reported
through numerous publications whereas; deep PQCs suffered from least interest due to plasma
etching of QWs which degrades the performance of LEDs. The thesis focuses on bringing QDs
close to multiple quantum wells (MQWs) to benefit from RET. The proposed hybrid LED in this
work is 12-fold PQC with 700nm pitch 350nm hole diameter etched into MQWs and hybridised
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with suitable QDs. The main challenge of this configuration would be to minimise the surface

states, which arises due to plasma damage.

2.7.4 Photonic crystals in solar cells

Solar cell performance has reached new heights in efficiency reaching 29% for single junction and
38.8% for multi junction terrestrial solar cells [67]. Si solar cells have the record efficiency of
25.6% [66] and commercial cells between 15% and 20%. The efficiency of solar cell is below
thermodynamic limit of solar cell. By controlling the light at nanometre and micrometre scale
along with advancements in material can lead to solar cell efficiencies between 50%-70% [100].
Some of the proposed nanostructures [101] are used at front, rear and as the absorbing layer of
solar cells. Pyramids at the surface are most adapted light trapping structure to increase the
absorption of solar cell. Other strategies like nanowires [102], high refractive index
nanostructures [101,103] and nano cones [104,105] have also been employed. The nanostructures
at rear act as back reflector, for improving the absorption of thin film Si solar cell for longer
wavelengths. For metallic grating with DBR showed enhancement of ~135% for the wavelengths
between 1000nm - 1200nm [106]. Nano cones [107] and random surface [108], when used as back
surface reflector enhanced the performance of thin film solar cells. Light trapping structure can also
be integrated into the absorbing layer; the best example of this is a silicon nanowire solar cell with
radial p-n junction [109]. This structure has good absorption with effective charge extraction along
the length of the nanowire, which is advantageous. It was also demonstrated that the light trapping
of Si nanowire cells was above theoretical limit of randomisation [109]. These different
nanostructures discussed can be in order of wavelength and benefits from photonic crystal

properties.

For Si nanowires arranged with different photonic crystal lattices [110], the regular photonic
crystals showed anisotropy absorption profile. Isotropic absorption profile was obtained when Si
nanowires were in quasi-random arrangement. Optical absorption for silicon nano hole array was
compared to silicon nanowire for the same lattice constant (500nm). It was reported [111]that
nanohole array showed higher absorption than nanowires [113]. The absorption of nanohole array

increased with reduction in silicon fill fraction.

In this thesis, the proposed hybrid solar structure consists of etching nano holes into the solar cell.
12-fold lattice with higher order symmetry is preferred to benefit from their isotropic absorption.

PQC holes are then hybridised with suitable QDs, resulting in hybrid PQC/QD solar cells.
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Chapter 3: Hybrid QD photonic quasi crystal LED

3.1 Introduction

In recent years, the promise of controllable narrow emission bands, quantum dots (QDs) with the
advent of near-unity photoluminescence quantum yields, [1,2] have been heralded as potentially a
ground breaking emitting materials for colour conversion applications [3]. While direct utilisation
of QDs as electrically excited emitters is an inspiring prospect, the reported external quantum
efficiencies (EQE) of such devices remain low, with highest reported values around 20% [4,5].
The imbalance in charge injection has been delimiting mechanism of electrically pumped QD
LEDs. On contrary commercial and laboratory III-V LEDs have EQE about 30-40% [6] and
85% [7] respectively. The incorporation of QDs as colour converters in traditional solid-state
devices have proven to be more successful, QD LED displays being a prime example [8]. In these
devices, QDs are typically dispersed into a polymer film on the surface of the LED chip. As far-
field configuration, only photons escaping from the LED stack is absorbed by the emitters. Most of
the blue light emitted within the LED gets trapped in its epitaxial layers due to total internal
reflection, resulting in poor radiative coupling between the blue light field of MQWs and the QDs.
This dramatically reduces the overall efficiency of such hybrid LED architectures. A common
approach to improve the coupling efficiency between the LED and QDs is to roughen the LED
surface or to etch nanostructures into the LED surface, in the form of photonic crystals. These
etched structures only typically penetrate onto the top barrier layer and act as diffraction
gratings [9,10], enhancing the extraction efficiency of the MQW emission. While nanohole [11] or
nanorod [12] structures penetrating into the active area have shown to improve the colour
conversion efficiency. Simple photonic crystal designs and poor sidewall quality have so far

limited the performance of such devices [12—14].

This chapter presents an efficient hybrid 12-fold photonic quasi-crystal (PQC) multi-quantum
well (MQW) white LED geometry which allows a drastic improvement of the out-coupling
efficiency while retaining the good electrical properties of unpatterned devices. This chapter
demonstrates that this architecture allows electrically injected carriers to efficiently couple to the
QDs through non-radiative resonant energy transfer while allowing near-field coupling between the
blue light field and the emitters within the LED, and this results into record-breaking effective
quantum yields reaching 123% for single colour QDs with peak emission at 585nm and 110% for

white LEDs [15].
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3.2 Materials and Methods

3.2.1 Fabrication of hybrid PQC LED

Luxtaltek Corporation, Taiwan has provided the PQC LED used in this chapter. The LED epi-
structure was grown on a patterned sapphire substrate via metal organic chemical vapour
deposition (MOCVD) reactor using a bottom to top approach, sequentially depositing a 50nm GaN
nucleation layer, a 2um un-doped GaN buffer layer, a 3um Si-doped n-GaN layer, 10 pairs of
Ing»1Gag79N/GaN MQWs with a central wavelength of 453nm and a 200nm Mg-doped p-GaN
layer. After the growth of the LED wafer, a 230nm indium tin oxide (ITO) transparent conducting
layer was evaporated using e-beam on top of the LED wafer. Nano-imprint lithography (NIL) and
photolithography were used to define nanoholes within a selected mesa area. Silicon dioxide layer
with thickness of 400 nm was first deposited on the surface of the prepared LED wafer by plasma-
enhanced chemical vapour deposition (PECVD) and then 360nm thick imprint-resist (IR) was spun
at 3000rpm on top of SiO, layer. By placing and releasing a nano-imprint mold onto IR layer, a 12-
fold photonic quasi-periodic crystal nanohole pattern was transferred to the IR layer. SiO,
nanoholes were formed through a two-steps plasma reactive ion etching (RIE) technique using O,
and CHF; process gases. Silicon dioxide layer was then coated with photoresist (PR) layer and
pattern of selected dry-etching areas was defined using standard photolithography process. The
LED wafer with a PR layer and a nano-patterned dielectric layer was used etched using inductively
coupled plasma reactive ion etching (ICP-RIE) system. The process gases used were Cl, and BCl;
with flow rates of 20sccm and 10sccm respectively where bias power and ICP power were set to

100W. The etch depth of LED stack including the thickness of ITO film is 1.2um.

To complete the modular array LED chip, the PQC LED wafer was processed through a link-
chip process. The etching of ITO and mesa layer were done using a standard chip processes
utilising photolithography, wet-etch and dry-etch processes. The ITO thin film on the LED wafer
was etched to form an ohmic-contact layer by wet etch using a mixed solution of HCI/FeCl;. This
was carried out after the pattern transfer using photolithography technique. The mesa area was then
defined by photolithography and etching was performed using Cl,/BCl;/Ar etching gas in an ICP-
RIE system which transferred the mesa pattern onto the n-GaN layer. To obtain the chip isolation, a
PR/SiO, (2um/10um) layer was employed as hard mask in a slow dry-etching. The sidewalls of
isolated chips were then passivated with a 500nm SiO, PECVD film. A multi-metal layer
(Cr/Au=50/1500nm) was formed onto the surface of ITO and n-GaN via e-gun evaporation system
and then PR was lift-off. The final LED structure consists of 80 link chips (1.1x0.2 mm?) integrated
into a 25mm” chip area. The detailed process steps and schematic of fabrication is shown in

appendix A.1.
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The QDs used for device hybridisation were Trilite fluorescent Nanocrystals procured from
Cytodiagnostics. These CdS,Se;.,/ZnS core/shell colloidal semiconductor QDs (oleic acid capped)
were found to have 1s emission peaks at 535+15nm (QD-535), 585+ 15nm (QD-585), 630+15nm
(QD-630) and their Is absorption peaks at 515nm, 560nm and 620nm respectively. The QDs
dispersed in toluene were deposited on the PQC devices using dynamic spin coating at 1500 rpm

and dried at atmospheric condition.

3.2.2 Characterisation Method

[-V characterization was performed using a Keitheley 2400 source meter. LED spectra and
intensities were measured inside a six inch integration sphere (figure 3.1) coupled to a TE-cooled
BWtek spectrometer. SEM characterisation of the LED and QD thickness were done using a Zeiss
Nvision 40 FIB-SEM system. Absorption spectra of the QDs on glass were measured using a Jasco

UV/VIS/NIR spectrophotometer.

Integration sphere

Spectrometer

Figure 3.1: Integrating setup for measuring LED spectrum and intensity

Experimental setup of Time resolved photoluminescence (TRPL) is shown in figure 3.2. The life
time and decays of excited charge carriers were acquired using a single photon counting (SPC)
avalanche photodiode (Micro photon devices PDM series) coupled to Becker and Hickl SPC-140
TCSPC (time correlated single photon counting) acquisition card. The InGaN QWs of the LED
were pumped at 380nm using a frequency doubled tunable femtosecond Ti:Sapphire laser
(Coherent Chameleon). The excitation power was kept constant at 0.255mW and was focused onto
the sample using a 10X Nikon objective (NA=0.50). The photoluminescence from the QWs was
collected through the same objective, filtered using a 405nm longpass (Semrock BLP01-405R-25)
and a 447nm bandpass (Edmund optics 84-111) filter and focused onto an avalanche photo diode
using 40X Nikon objective (NA=0.25).
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Figure 3.2: Time resolved photoluminescence experimental setup.

3.3 Device Characterisation

The devices studied in this section consist of GaN/InGaN MQW LEDs on patterned sapphire substrate (PSS)
into which 12-fold symmetric quasi crystals (PQC) were fabricated using low-cost nanoimprint lithography
and plasma etching (see Figure 3.3(a)). As it can be seen in the cross sectional scanning electron microscope
(SEM) image given in Figure 3.3(b), the PQC structure penetrates through the MQW active area, forming an
array of 480nm diameter cylindrical holes with a lattice pitch of 750nm. A top SEM image of the etched
structure is provided in Figure 3.3(c). This high symmetry PQC exhibits long range order and short range
disorder and possesses semi-random properties. This PQC geometry has been shown to be far superior to
regular photonic crystal lattices commonly adopted for LED applications, due to its highly symmetrical far
field beam shape, and due to the relative increase in the density of states, which greatly increases the light
extraction [16,17]. The PQCs were integrated into modular LED chips using photolithography, wet and dry
etching techniques.
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Figure 3.3: (a) Schematic representation, (b) cross-sectional and (c) top SEM images of a photonic quasi-
crystal LED

Three different ‘off-the-shelf” nearly monodispersed CdS,Se;./ZnS core/shell colloidal semiconductor QDs
emitting at 535nm, 585nm and 630nm (referred as QD-535, QD-585, and QD-630) were chosen as colour
converters. Spin-coating was used to hybridise PQC LEDs with QD emitters. The spin-coating parameters
were tuned to completely fill the nanohole cavities with emitters as shown in Figure. 3.3(b). PQC LEDs were
hybridised with both, a single colour QDs and a cocktail of three different colour QDs, to obtain
monochromatic color conversion and white devices, respectively. In the case of white device, the relative
ratios between the three different colour QDs were tuned to obtain a white light spectrum close to the
daylight D-65 standard [18] when combined with a blue LED.

3.3.1 Electrical properties

The electrical properties of the LED chips were studied with and without the PQC. The J-V
characteristics are presented in figure 3.4(a) for a planar device (red solid line) and for a PQC
device (black solid line). The semi-log J-V plot of figure 3.4 (a) and (b) is shown in appendix A.2.
The current density of the PQC structure is found to be slightly higher than the planar case at low
current (refer to Figure 3.4), indicating the presence of minor shunting paths in the PQC sidewalls.
The shunt resistance reduces from 5.03K ohm cm’ to 2.75k ohm cm’ after patterning of PQC.
Etching the PQC structure weakly lowers the current-density at higher voltages, with a maximum
relative drop of ~19% at 11.5V. The series resistance of LED increases by a factor of 1.2 times

after patterning with PQC .The increase of the series resistance in the PQC case is attributed to the
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relative poorer current spreading properties in the top layers after etching. Notably, the turn-on
voltage is found in both cases to be ~10.3V, the LED chips geometry necessitating higher driving
voltages than typical commercial devices. These results, similar to the best reported values in the
literature [13,19], indicate a very good nanohole sidewall quality. Hybridisation with QDs was
found to weakly impact the electrical properties (Figure 3.4 (b)). A slightly higher current density
is observed in the case of hybrid LED compared to the bare case. This effect is attributed to an

improvement of the passivation at MQW interface.
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Figure 3.4: (a) J-V characteristics of a planar (blue) and of PQC (black solid line) LED. (b) J-V
characteristics of a PQC LED (black solid line) and after hybridisation (red solid line) with QD-
585. (c) Equivalent circuit of modular LED array, it consists of 80 micro LEDs arranged in 4 rows
and 20 columns. Here to avoid repetition only 5 parallel LED arrays are shown instead of 20

parallel arrays.
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LED modular chip consist of 80 micro LED chips that is four in series 20 and LED array in
parallel. The 80 micro LEDs are electrically connected in configuration that voltage drop across
each micro LED is the same. The equivalent circuit of modular array LED is shown figure 3.4 (c),
for easy repetition only five parallel array of LED is shown instead of 20 parallel arrays. In case of
local failure of micro LED the voltage drop across the micro LED will remain the same and current
to micro LED will increase. This micro LED arrangement is chosen such that even in case of few
micro LEDs failure brightness of module can be maintained. From J-V curves in figure 3.4 (b) we
can see the turn-on voltage is ~10.3V, the voltage drop across each micro LED is 2.575V and the
current density through the LED modular array chip is 78 mA/cm’.

3.3.2 Electroluminescence spectra

A monochromatic colour conversion device was hybridised with QDs emitting at 585nm. Figure
3.5(a) shows the electroluminescence (EL) spectra before (black solid line) and after (red solid
line) hybridisation along with the absorption spectrum of the QDs (orange dashed line). White light
LEDs were fabricated using a blend of green, orange and red emitters (QD-535, QD-585, and QD-
630). Figure 3.5(b) shows the EL spectrum of the PQC LED before (black solid line) and after (red
solid line) hybridisation with the QD blend along with the absorption spectra of the different QD
colors (green, orange and red dashed lines). We note the strong spectral overlap between the
absorption of the various QDs and LED electroluminescence which is a prerequisite for efficient
energy transfer between the MQW and QD emitters. The relatively narrow (~30 nm FWHM) QD
luminescence maxima observable in the hybrid EL spectra are in a good agreement with PL
properties of the QDs on glass. For both (the single color QD and blended QDs) cases, the EL
maxima of the LED is found to be strongly quenched by presence of the QDs, indicating the
presence of a significant energy transfer from MQW to QDs.
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Figure 3.5: Electroluminescence spectra of PQC LED before (black solid line) and after
hybridisation (red solid line) with (a) QD-585 and (b) with blend of QD-535, QD-585 and QD-630,
along with absorption spectrum of QD-585 (orange dashed line) in (a) and the absorption spectrum
of QD-535 (green dashed line) , QD-585 (orange dashed line) and QD-630 ( red dashed line) in (b).

333 Colour Conversion efficiency

The overall amount of energy transfer from the MQWs to QDs, including both radiative and non-
radiative RET, can be gauged using colour conversion efficiency (CCE), defined as the ratio of
integrated luminescence intensity of QDs in hybridised structure to integrated luminescence

intensity of MQWs in the bare device [12]:

J Lopa 4 ()dA (14)

CCE=—F%——
J g @) dA

Where X is the wavelength of light, X in I} denotes EL intensity of the QDs or MQWSs and Y is a
bare or hybrid structures. Further on, the effective quantum yield (EQY) of a colour conversion
process is estimated, defined as the ratio of number of photons emitted at QD wavelength to the

number of photons effectively ‘absorbed’ at emission wavelength of MQWs:
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FQY S 1o ydr (15)
JIBae A — [ 1 2u Y )dA

It is important to note that in the definition of the EQY, the denominator is given by the difference in the
intensity of the MQWs before and after hybridisation. While some of this quenching is due to the QDs
absorption at normal incidence to the epitaxy, deposition of the QDs also modifies the out-coupling
efficiency [17] of the MQW emission in the plane of the epitaxy. This is especially the case for etched PQCs,
where out-coupling efficiency strongly depends on refractive index contrast between the epitaxy and material
filling of nanoholes. The latter results in an increase in lateral to the PQC emission intensity, which explains
high values of EQY reported in the literature [20,21] (typically higher than the PL QY of QDs) and indeed

the results presented in this chapter.

Figure 3.6 (a) shows both CCE and EQY of the QD-585 hybridised PQC LED as a function of injection
current. With increasing driving currents, CCE is found to slightly increase and then remain virtually
constant, with an average of 66.7% and a standard deviation of 0.8%. These values, much higher than the
CCE:s reported in Refs [12,22,14,23], are a strong indicator that the QDs efficiently couple to guided modes
in the LED. The EQY of QDs is found on the other hand to be significantly dependent on injection current,
with a gradual 9% relative increase from 25mA to its maximum value of 123% at ~70mA. It is conceivable
that initial EQY increase is related to the thermal activation of trapped carriers in QDs [21], which would
increase their PLQY. The decrease above 70mA is attributed to a temperature quenching of PLQY of the
QDs, previously reported in the literature for such emitters [24]. The EQY maximum value of 123%
represents a large 30% relative increase compared to the previous best reported values (~95% in
Refs [20,21]). It is also important to note that this result was obtained with a standard off-the-shelf QDs with
~40% PLQY (see Ref. [25]). Since PLQY of QDs remains a bottleneck for all colour conversion processes,
using state-of-the-art emitters providing PLQY's in excess of 80% [1,2] will potentially double the EQY of

our devices and drastically improve LED performance.
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Figure 3.6: Effective quantum yield (red solid circles) and colour conversion efficiency (black open squares)
of PQC hybridised with QD-585 in (a) and with the QD blend in (b). The solid lines are presented as a guide
for the eye.

CCE and EQY of the device hybridised with QD blend (QD-535, QD-585, and QD-630) are plotted in
Figure 3.6 (b) as a function of injection current. As in the previous case, both values are found to gradually
increase with increasing current before reaching their maxima at approximately 60mA and dropping for
higher currents. The CCE is found to be similar to the monochromatic case, with values ranging from 68% to
70%. This is a good indication that the overall QD density is similar for both blend and single color QD
hybridised devices are in a good agreement with SEM cross-sectional studies indicating fully-filled
nanoholes (see Figure 3.3 (b)). The EQY of white device is found on the other hand to be significantly
decreased compared to the single colour QD case, with a maximum value of ~110%. This ~10% relative
decrease from single colour QDs to a blend is attributed to energy transfer, both radiative and non-radiative,
between the three different colors within the blend. Using state-of-the-art QDs with PLQY in excess of 80%

would alleviate this mismatch to a significant extent.
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3.34 CIE coordinates

The CIE (Commission Internationale de 1’Eclairage) coordinates [18] of various hybrid PQC LEDs shown
were calculated using their EL spectra and are displayed in Figure 3.7 for an injection current of 80mA. The
white LED device was found to be at (0.312, 0.337) in the CIE map (red star) and its Correlated Colour
Temperature (CCT) was calculated to be 6509K. These coordinates are a good match to the 6500K D65
daylight standard at (0.313, 0.329). Both CCT and CIE coordinates are found to remain stable for a range of
injection currents (20-85mA), with small relative variations of ~5% across the current range. The CIE of
PQC LED hybridised with QD-585 was found to be (0.3861, 0.2668) and is annotated in Figure 3.7 by a
green circle. These coordinates were also found to be weakly dependent on the injection current between
20mA and 80mA. By tuning the ratio of various components of the tri-color QD blend, CCT could be tuned
between 12928K and 6509K (black stars in Figure 3.7).

520 CIE 1931 1
08

500

0.2

00 01 02 03 04 05 06 07 08
CIE x

Figure 3.7: Chromaticity diagram indicating the CIE coordinates for PQC LEDs hybridised with QD-
585(green circle), with the tri-color blend (red star) and for variations of blend ratio (black stars).

Measurements are reported for 80mA injection current.

3.3.5 Time Resolved Spectroscopy

Time resolved photoluminescence (TRPL) spectroscopy was used to study non-radiative resonant
energy transfer between MQWs and QD colour converters. The samples were excited at 380nm
using a frequency-doubled Ti:Sapphire laser. The excitation density was kept constant at 40nJ/cm’.

The photoluminescence (PL) was detected using a fast APD and time-correlated single photon
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counting electronics (~50ps temporal resolution). The PL decays of MQW before (black
continuous) and after (red continuous) hybridisation with QD-858 (single color QD device) and
with tri-color QD blend are displayed in Figure 3.8(a) and Figure 3.8 (b), respectively. The decay
dynamics are found to be strongly accelerated after hybridisation, indicating the presence of an
additional recombination channel in the MQWs attributed to RET. The decays were fitted with a

double stretched exponential function [15]:

1) = Ae-(Cirtiner)+0)” | pe-(ir 0P (16)

where I(t) is a time dependent PL intensity, k,- and kggr are radiative and RET decay rates respectively, 8
is a stretched exponent, A denote a fraction of excitons close enough to the MQW sidewalls to undergo RET
and B is a fraction of excitons that do not contribute to RET. The sum of A and B is kept constant and equal

to one.
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Figure 3.8: Time resolved photoluminescence decay of a PQC LED before (black) and after (red)
hybridisation with QD-585 in (a) and with tri color QDs blend in (b). The dashed line indicates the best fit to
experimental data.
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In single colour QDs case, the bare decay was fitted by setting kpgr to zero, which yielded a radiative
lifetime of 3.2ns and a f value of 0.82. In this fitting function, § represents a quality factor for the
distribution of decay rates, with § = 1 indicating a single recombination channel. The high value of 8
indicates high quality of the nanohole sidewalls. The radiative and RET lifetimes were extracted by fitting the
decay of the hybrid device, keeping $=0.82, which yielded radiative and RET lifetimes of 3.3ns and 0.57ns,
respectively. Excellent agreement between radiative lifetimes of the hybrid and bare devices indicates that
hybridisation does not impact the radiative exciton dynamics of the MQWs. This allows us to conclude that
hybridisation with QDs does not affect or create surface recombination channels at MQW/QD interface.
Nearly a quarter, 23%, of the MQW exciton population is found to participate to RET. The RET efficiency

calculated using the formula ( 7., = - kRE:k ), found to be 85%, is in a good agreement with
RET T

NRET>
previous reports [23,25]. From these numbers, the estimation can be made that A * nggr =~ 20% of the

excitons in MQW transfer non-radiatively to QD emitters.

A similar analysis was carried out on white light device. Fitting PL decay of the bare structure yielded a
radiative lifetime of 4.3ns and a stretching factor § of 0.89. The higher  value compared to single QD case
indicate an improved sidewall surface quality (attributed to sample-to-sample variations), which result in a
higher exciton radiative lifetime. A best fit of the PL decay of the structure hybridised with the tri-species
blend, where B was kept constant and was equal to 0.89, provided radiative and RET lifetimes of 4.5ns and
0.92ns, respectively. The fraction of MQW excitons undergoing RET was found to be 22%, similar to single
QD case. Calculating the RET efficiency yielded a value of 80%, in a good agreement with single QD

species case and the literature.

3.4 Discussion

In a typical flat GaN LED grown on a sapphire wafer, only ~6% of the light is extracted towards
the top transparent contact, while about 60 to 80% [26,27] of the light is trapped within the GaN
slab due to the total internal reflection at GaN/air and GaN/sapphire interfaces, depending on LED
configuration. About half of these photons are guided into higher order modes, potentially
extractable using photonic crystal diffraction gratings or plasmonic structures, while the other half
is guided into low order modes and remains mostly confined within GaN [27]. The evanescent field
of these guided modes can extend up to 100nm in nanoholes for visible wavelength [28]. By
etching nanoholes into MQW area, we allow our emitters to non-radiatively couple into both higher
and lower order modes. The presence of this additional population of excitation, photons strongly
enhances overall absorption of the QDs. This reasoning is especially true for PQCs compared to
lower symmetry photonic crystals (PhCs). Indeed, the high symmetry of PQCs and the size of their
Brillouin zones allow presence of large higher energy bands, while in PhCs only few modes are
present. The modes making up this band can efficiently ‘leak’ into the nanoholes, where they are

scattered out. In our hybrid structure, these modes can efficiently couple into the QD emitters. This
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effect, combined with high 20% non-radiative energy transfer probability from MQW to QDs, can
explain the very large effective EQY and CCE reported herein.

In conclusion, this chapter has demonstrated a high performance hybrid QD PQC LED geometry that
provides record colour conversion performance. This is made possible by combining a high symmetry PQC
geometry allowing high out-coupling efficiencies with good sidewall treatment, allowing to etch through the
MQW active area without strongly damaging the electrical properties. These devices allow to place QD
emitters in close proximity to MQWs, which enables non-radiative pumping of the emitters by MQW, and
within GaN slab. This allows the QDs to couple to lower order guided modes within the epitaxy. This results
into effective quantum yields for QD emitters reaching 123% for single QD species colour converters, and
slightly lower values of ~110% for a tri-species white QD blend. These results surpass previous reports by
more than 30%. This allow to fabricate a hybrid white LED with record colour-conversion performance and
a quasi-perfect 6500K D65 spectrum. The performance of these hybrid devices, using ‘off-the-shelf” QDs,
could be strongly improved by utilising state-of-the-art nanocrystalline emitters, potentially doubling the
color conversion effective quantum yield. The author believes that these hybrid PQC LED structures,
fabricated with low-cost nano-imprint lithography and using cheap colloidal QD emitters, could potentially
present an important technological breakthrough for the solid state lighting industry. This can be achieved by
effectively integrating the colour conversion emitters into the epitaxy. The white LED chips could for
instance, be incorporated into the edge-lighting strips of LED-backlit LCD displays. This approach will
remove the need for colour conversion layer under the LCD stack and simplify the assembly of QD colour

conversion displays and significantly lowering the manufacturing costs.
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Chapter 4: Colour tunable light emitting diodes

4.1 Introduction

Chapter 3 showed the possibility to achieve high performance colour conversion using hybrid PQC
LED. The aim of this work is to demonstrate reproducible and spectrally tunable hybrid PQC
LED. For this purpose, the modular array LED design was modified to have six sub modules with
separate p and n contact pads. Hybridisation of these six modules with suitable QDs, it is possible

to tune the wide range of CIE co-ordinates.
4.2 Materials and Methods

4.2.1 Fabrication of CCT tunable LEDS

The devices studied in this chapter consist of GaN/InGaN MQW LEDs on patterned sapphire
substrate (PSS), which were fabricated using low-cost nanoimprint lithography and plasma etched
to form 12-fold symmetric quasi crystals (PQC). To complete the modular array LED chip, the
PQC wafer was processed using link chip process. ITO and mesa layer were etched using a
standard chip process, which utilised photolithography, wet- and dry-etching steps similar to
process flow of modular array LED chip described in Appendix A.1. Design of the modular array
LED was modified to accommodate six modules with separate pn pads. This gives the flexibility of

driving six modules with different injection currents.

The QDs used for colour tuning LED were Trilite Fluorescent Nanocrystals procured from
Cytodiagnostics. These CdS,Se;./ZnS core/shell colloidal semiconductor QDs (oleic acid capped)
were found to have 1s emission peaks at 535+15nm (herein, QD-535), 585+15nm (QD-585),
630+15nm (QD-630), 665+5nm (QD-665) and 1s absorption peaks at 515nm, 560nm, 620nm and
650nm respectively. These QDs with different emission peak were deposited on to the designated
module as shown in schematic (Figure 4.1). Drop casting was chosen to be the initial method of
deposition, which was extended further to inkjet printing to achieve precise control of the

deposition
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Figure 4.1: Schematic of hybrid CCT tuneable LED with QD -535, QD-550,QD-585,QD-630 and
QD-665. QW-453 is QW with emission peak at 453nm.

4.2.2 QD deposition: drop casting

The Colloidal QDs are diluted in toluene to concentration of 10mg/ml using parallel dilution
technique. Two micro litre of QD solution is dispensed using micropipette onto the designated
module. A cycle of dry and drop casting is followed to cover the designated module with required
QDs. This deposition method creates coffee ring effect with more QDs deposited on to the edges
compared with the centre. In addition, cross contamination between adjacent modules was also
found. Two possible solutions to overcome this problem is either drop cast the QDs while the
substrate is heated or use of inclined angle deposition. Heating of QDs [1] degrade the quality of
QDs which in return reduces the photoluminescence quantum yield. Inclined angled deposition
method was chosen to deposit QDs on to the designated module. Inclined angle deposition setup is
as shown in figure 4.2 (a). Micrometre stage holding the micropipette gives the precise controlled
movement of x axis, y axis and z axis. The LED chip to be drop casted is placed on a rotating stage
to control the angle of contact between the LED chip and micropipette tips. Using micrometre
stage, the micro pipette containing QD solution is brought in close proximity to LED chip and then
drop casted. Figure 4.2 (b) shows the image of LED module while drop casted using the inclined

angle drop casting technique.
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Figure 4.2: (a) Photograph of inclined angle drop casting setup (b) Image of LED chip drop casted
with QD-630 using inclined angle drop casting.

Although by using this method, the controlled deposition for targeted location was slightly
improved but it still suffered from cross contamination and was unable to control the thickness of
the layer. This demands a sophisticated QD deposition technique like contact printing [2], mist
deposition [3],spray coating [4,5] or inkjet printing [6—8]. Contact printing involves an additional
processing step like creating mould for lithography but it still results in poor control over thickness.
The consumption of QD solution in mist deposition [7] is higher, resulting in wastage of expensive
colloidal QDs. Whereas, spray coating and ink printing minimises the waste of QDs and are
capable of scaling down to commercial production. Therefore, the ink jet printing is used in this

work to fabricate the colour tuneable light emitting diodes.

4.2.3 QD deposition: Inkjet printing

Inkjet printing of QDs on the LEDs were carried out using Dimatix material printer (DMP-2800)
by FujiFilm. The inkjet printing is capable of printing on area of 210mmx 315mm using 16 inkjet
nozzles. One nozzle is used to print Smmx Smm LED module. Figure 4.3(a) shows the nozzle
from where QD solution is ejected and figure 4.3(b) shows the QD droplet ejection. The formation
of QDs droplets and their ejection is controlled by voltage-time waveform, which in turn controls
the piezo-electric print head. The voltage controls the amount of QD solution pumped into the
chamber while the slew rate determines the volume change. The detailed ejection recipe developed
for QDs solution for concentration of 10mg/ml is shown in appendix (B.1). To ensure high
resolution of printing, the spacing between ejected droplets was set to Sum. Printing was carried in
ambient conditions at room temperature. The QDs solutions were prepared to concentration of

10mg/ml, for achieving a desired droplet velocity (6 to 9 meter/second) used for inkjet printing.
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Figure 4.3: Screen capture of QDs ejection from the nozzle and ejected QD droplet

(a)

Figure 4.4: (a) Microscopic image (*10 magnification) of LED module flooded with QD solution
ejected at higher velocity (> 12m/s) (b) shows LED module inkjet printed with QDs at ejection
speed of 6m/s.

Figure 4.3 shows the screen capture of QDs ejected at the speed of 6m/s. Ejection at higher or
lower speeds will result in doubling or omitting of the deposition respectively. LED module printed
with higher velocities (> 12m/s), result in QD solution flooding as shown in Figure 4.4 (a). For
comparison purposes, figure 4.4 (b) shows the LED module ink ejected at desired drop velocity.

4.2.4 Characterisation Method

For characterisation, the LED spectra and intensities were measured inside a six-inch integration
sphere coupled to a TE-cooled BWtek spectrometer. The morphology and thickness of the QDs on

LED module was characterised using Zeiss Nvision 40 FIB-SEM and Nikon microscope.
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4.3 Device Characterisation

4.3.1 CCT tuneable LEDs using drop casting

The device studied in this section consists of GaN/InGaN MQWs grown on top of patterned
sapphire substrate then 12-fold PQC are patterned by nanoimprint method. The LED wafer with
PQC was processed through link chip process. The fabricated LED has six sub modules with the
aim of hybridising using different emissions of QD to cover the visible spectrum. By effectively
tuning the emission intensities of modules, it is possible to tune CCT and CIE co-ordinates. Four
modules was drop casted with QD-535, QD-585, QD-630 and QD 665 respectively. Inclined angle
deposition method, described in section 4.2.2, was carried for drop casting. Although the chip
contained six modules, only four were used due to cross-contamination between adjacent modules.
Figure 4.5 (a) and (b) shows the schematic and an image electrically excited CCT tunable LED
hybridised with inclined drop casting.

(a) (b)

Figure 4.5: (a) Schematic of CCT tunable LED with different QDs deposited. (b) An image of a
CCT tunable LED hybridised with QD-535, QD-585, QD-630 and QD-665.

Figure 4.6 (a) shows the normalised electroluminescence spectra of individual modules after
hybridised with QDs and their relative intensity can be controlled by injection current. The
corresponding CIE coordinates of hybridised modules (black squares) are shown in figure 4.6 (b).
The EL spectra (figure 4.6 (a)) and CIE coordinates (figure 4.6 (b)) are measured at current density
of 110mA/cm’. By tuning the intensity of LED modules, the CCT is tuned from 2888K to 5153k
(red stars in Figure 4.6 (b)). The colour rendering index (CRI) of corresponding CIE coordinates is
shown in table2. The CRI of CCT LED is 82% at 2888K and this is above minimum
recommended CRI 80% for interior lighting. The colour gamut of CCT tuneable LED is governed
by EL spectra of the LED modules.
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Figure 4.6: Shows the electroluminescence spectra and CIE co-ordinates for drop casted hybrid
LEDs. The results of Inclined angled drop casted hybrid LEDs are shown in (a) and (b). For
comparison (c¢) and (d) shows conventional drop casted hybrid LED. (a) Normalised
electroluminescence (EL) spectra of LED modules hybridised with QD-535 (green solid line), QD-
585(orange solid line), QD-630(red solid line) and QD-665 (wine red solid line). (b) Chromaticity
diagram indicating CIE coordinates of hybridised LED modules (black squares) and some of their
tuneable CIE -coordinates (red stars). (c¢) Normalised EL spectra for drop casted LED module with
QD-535(green), QD-585 (orange) and QD-630 (red). (d) Black square represents the CIE

coordinates of (c) with some spectrally tunable CIE coordinates (red stars).

Normalised EL spectra (Figure 4.6 (c)) and CIE plot (4.6 (d)) of conventional drop casting is also
shown for comparison along with inclined angle deposition. Only three QDs (QD-535, QD-575,
and QD-630) were drop casted due to increased overlap of QDs deposition, which is observable
from their EL spectra (figure 4.6 (c)). Black squares in figure 4.6(d) correspond to CIE coordinates
of the spectrum in figure 4.6(c). Similar to previous observations, it is possible to tune the CIE

coordinates (red stars, figure 4.6 (d) within the colour gamut.
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Table 2: CIE coordinates, correlated colour temperature (CCT) and colour rendering index (CRI)

for colour tunable LED shown in figure 4.6(b)

CIE co-ordinates (x,y) | CCT CRI/ LED modules
0.29,0.49 - QD-535
0.47,0.33 - QD-585
0.39,0.2 - QD-630
0.24,0.12 - QD-665
0.4,0.32 2888K 82.7%
0.39,0.37 3708K 59.8%
0.38,0.35 3819K 57.8%
0.36,0.33 4116K 76.1%
0.34,0.32 5153K 68.3%
4.3.2 Colour tunable LEDs using inkjet printing

In section 4.3.1, the importance of QD deposition at respective LED module was discussed. For

this purpose, ink jet printing technology was preferred. Figure 4.7 (a) shows the LED module

printed with 2 layers, 4 layers and 16 layers from top to bottom respectively. Figure 4.7 (b) shows

the magnified image of 16 layers and Figure 4.7 (c) shows the electro luminescence of LED

modules printed with QD-630 and QD- 535. The developed recipe for inkjet printing enables high

precision of printing where single layer has the thickness of 150nm and 15 layers have the

thickness equal to 2.77um. Figure 4.8 (a) and (b) shows the top and cross-sectional view of 16

layers.
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Figure 4.7: (a) LED modules with printed with 2 layer, 4 layers and 15 layers of QD from top to
bottom (b) Magnified image of LED modules printed with 15 layer of QD-630 (¢) EL of LED
module printed with 15 layer of QD-630(top) and QD-535(bottom) at current density 110mA/cm?.

e WP F T P

H1=2774 prrEI:

Figure 4.8: (a) SEM image of LED module after printing with 16 layer of QD-630 (b) Cross
sectional SEM image of figure 4.8(a) shows 2.77pm thick QD layer.

For reproducibility comparison of inkjet printing, two CCT tunable LEDs were printed with 16
layers of QD-535, QD-550, QD-585, QD-630 and QD-665. Injection current was set to 2mA and
CIE co-ordinates of LED modules were compared. Black squares and red stars in Figure 4.9
represent CIE coordinates of LED modules of two CCT tuneable LED chips. The CIE co-ordinates
of figure 4.9 is shown in table 3. Good reproducibility of CIE co-ordinates with +0.2 deviation in x
or y coordinates for QD-550, QD-585, QD-630 and QD-665 can be observed. This variation is due
to intensity variation in LED chip and printing in ambient condition. Despite the fact that both
chips are processed simultaneously, intensity variation can arise due to the variability between

different chips.
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Figure 4.9: Chromaticity diagram indicating CIE coordinates for inkjet printed colour tunable
LEDs (Black square and red stars).

Table 3: CIE coordinates of two CCT tuneable LED chips (Figure 4.9) is represented by black

squares and red stars respectively

CIE co-ordinates (X,y) CIE coordinates (x,y) LED module
( black squares) ( red stars)

0.16,0.16 0.18,0.24 QD-535
0.31,0.35 0.32,0.37 QD-550
0.35,0.32 0.36,0.33 QD-585
0.34,0.18 0.33,0.18 QD-630
0.25,0.22 0.25,0.24 QD-665

Another reason for variation is due to printing in atmospheric conditions, which causes evaporation
of the solvent (toluene) during printing. Evaporation of the toluene causes change in the
concentration and affects the droplet volume. Using vacuum chamber or glove box can reduce this
deviation. Significant variation of CIE co-ordinates for QD-535 is due to the variation in quantum
yield of the QDs. Therefore, by using the QDs with same quantum yield, this deviation can be

reduced.
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4.4 Conclusion

This work has shown that hybrid PQC LED module can achieve CCT tunability between 2888K
and 5153K. By using three or four different types of QD, the possibility to tune CIE co-ordinates
governed by colour gamut of hybridised LED modules is also shown. A precise deposition of QDs
can be achieved using the inkjet printing. It also gives the freedom of printing multiple layers. A
good reproducibility for CIE coordinates of two CCT tuneable LED chips with inkjet printing was
achieved. This technique can also be extended to QD based LED displays.
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Chapter 5: Quantum dots as route to enhance the

performance of Si solar cells

5.1 Introduction

Silicon based photovoltaics are leading the global market with more than 92% of market and will
lead the market for following years with the same trend. The efficiency of lab based Si solar with
sophisticated anti-reflection coating and passivation are ~25% [1] [2]. If efficiency of the solar cell
needs to further improve then this can be achieved through efficient photon management. Nano
structures [3] [4] and pyramids [1] along with antireflection coating have been put forward as an
efficient strategy in photon management. Another interesting strategy is to use QDs as light
absorbers and shift the wavelength down where the quantum efficiency of solar cell is high.
CdSe/ZnS(core/shell) [S] and PbS QDs [6] as luminescent down shifters (LDS) were shown in
silicon solar cells. The QDs in these devices were deposited on top of anti-reflective coating and
this architecture benefits from LDS only. In this configuration, the solar cell only benefits from the
LDS. If suitable QDs are placed close to the silicon, it is possible to transfer excitons efficiently

from QDs to the silicon through RET [7].

In this chapter, QDs are deposited as the superficial layer on polished silicon solar cell and
interaction mechanism with underline silicon solar is investigated. Two types of QDs PbS and
CdSe/ZnS are used to hybridise the solar cell. The PbS and CdSe/ZnS were chosen to have their
emission peaks at infra-red and visible region respectively. In first section, PbS with 900nm peak
emission is deposited on top of Si solar cell, enhanced solar cell performance is observed. The
contribution of refractive index matching, LDS, RET and scattering from QD aggregate will be
shown. In second section, the Si solar cell is hybridised with CdSe/ZnS and the existence of RET
transfer is demonstrated with time resolved photoluminescense measurements. In the final section,
the CdSe/ZnS QD layer on top of Si solar cell is optimised to maximise the Jsc enhancement. The
opitimum thickness of QD layer was determined from absorption and external quantum efficiency

(EQE) measuements.
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5.2 Materials and Methods

5.2.1 Fabrication of hybrid Silicon/QDs Solar cells

Monocrystalline silicon (c-Si) solar cells were produced by Q CELLS in Germany. It is an n'pp’ c-Si solar
cell without contacts and antireflective coating. The doping profile of phosphorus atom is shown in appendix
C1. The doping of phosphorus atom was controlled to form metallurgical junction at depth of 400nm. The
rear of solar cell is highly doped with boron atom, to serves as a back surface field and provides ohmic
contact with aluminum back contact. Chromium (Cr) layer about 100nm was evaporated on to the n+ emitter
using e-beam. Cr serves as a front contact electrode. For a rear contact of the solar cell, a 500nm aluminum
layer is evaporated via E-beam. S1813 photoresist was spun on top of the front contact (Cr). Direct laser
writing was used to expose the areas where Cr need to removed which was then developed and wet etched
using Cr etchant followed by dicing. The devices were then micro bonded to printed circuit board (PCB) for
characterisation. The active area of device was measured to be 5.76 mnr’. Lead sulphide (PbS) core QDs
with emission wavelength of 900nm (QD-900) were used to hybridise the solar cells. The QDs are capped
with oleic acid and their 1s absorption peak was found to be at 825nm wavelength. PbS colloidal QDs were
dispersed in octane with a concentration of 12.5mg/ml. Dynamic spin coating technique was then used to
hybridise the Si solar cells. Figure 5.1 (a) shows the schematic of hybrid Si solar cell. The surface
morphology of QDs layer deposited can be seen from the AFM image shown in figure 5.1(b). Cross-
sectional scanning electron microscope (SEM) image (fig 5.1(c)) shows the 35nm thick QD layer.

Figure 5.1: (a) Schematic representation, (b) AFM image showing surface morphology of QDs deposited
and (c) Cross-sectional SEM image showing thickness of QDs layer.
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5.2.2 Characterisation Method

Bentham PV300 commercial photovoltaic characterisation system was used to measure the
reflectance of the solar cells. Dual Xenon/Quartz halogen lamp is used as a source lamp and the
light from the source is coupled into monochromator via parabolic reflector and lenses. Specific
wavelength from monochromator passes through the entrance port of integration sphere to the
sample (or reference sample) placed at reflectance port using 45 degree reflecting mirror.

Reflection of the solar cell is determined by the ratio of signals (I;/I,¢f) in Si photodiode. Where
I is a sample signal reflectance and I.f is the reflectance from integration sphere without the

sample and absorption of solar cell is then calculated from reflection.

[lluminated I-V and the solar cell efficiency was characterised using solar simulator by Abet
technologies. Xenon short arc lamp with AM1.5G filter produces one sun illumination over a

110x110mm field. Reference photodiode was used for the calibration of the system.

PV300 system was used to determine the External Quantum Efficiency (EQE) for tuneable
wavelengths between 300nm and 1000nm. A square probe light with an area of 3.24mm’ at
specific wavelength is focussed on to the sample (or reference Si photodiode) and spectral
responsivity was then measured. EQE can be computed using spectral responsivity (SR) as shown
below.

17

he 1
EQEsoiar(A) = SR(1) ? * z

Where q is the elementary charge, c is the speed of the light and h is planck’s constant. EQE takes
in account all the photons including those not absorbed by the solar cell therefore EQE is corrected
to find reflectance Internal Quantum Efficiency (IQE) of the solar cell. Jasco UV/VIS/NIR
spectrophotometer was used to measure the absorption spectra of QD-900 and Photo Luminescence
(PL) spectra were obtained using Jobin Yvon spectrometer. Values for refractive index (n) and
extinction coefficients (k) for QD-900 were taken from the literature [8] and is shown in appendix

C.2.

5.3 Hybrid QD/Si solar cell with PbS QDs

The photovoltaic devices studied in this section is an n'pp” c-Si solar cell with Cr(100nm) and Al
(500nm) as their front and rear contacts respectively. Fabrication of Si solar is described in section
5.2.1 and their schematic is as shown in figure 5.1(a). C-Si solar cell are hybridised using PbS QDs
where peak emission is 900nm + 10nm. All optical and electrical characterisation is carried before

and after hybridisation of the sample to avoid disparity in the results.
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5.3.1 Optical characterisation of Hybrid QD/Si solar cell

The colloidal QDs have stronger absorption in UV and can be used to harvest the high energy
photon lost at surface of the Si solar cell. The absorbed photons are then transferred to silicon solar
cell via luminescent down shifting (LDS) and RET. Figure 5.2 (a) shows the EQE of the device
before (black) and after (red) hybridisation with QD-900. A relative enhancement in the EQE after
hybridisation is as shown in figure 5.2(b). As predicted, there is a strong enhancement of EQE in
UV region and decreases with increasing wavelength and this corresponds to absorption of QDs as
shown in figure 5.2 (d). In contrary to author’s expectations, the enhancement above absorption
(dotted black line) of QDs can be seen. Figure 5.2 (c) shows the internal quantum efficiency (IQE)
before and after hybridisation with QD-900. After hybridisation, enhancement in IQE can be seen
for wavelength between 475nm-1000nm.The absorption of the device gives the information about
the enhancement in EQE and IQE. The absorption of solar cell before (black solid line) and after
hybridisation (red solid line) is shown in figure 5.2 (e) and their relative absorption (red solid line)

is given in figure 5.2 (f).

Increase in absorption is observed between 910nm and 1100nm, to estimate their contribution to
short circuit current(Jsc), it was weighted with AM1.5GM (ASTMGI173) solar spectrum. A
relative increase of 4.3% was observed and anti-reflection effect due to refractive index matching is
a possibility for this enhancement. The relative absorption for non-absorbing QDs layer was
modelled using RSOFT diffraction mode. The dashed blue line in Figure 5.2 (f) shows a good fit

for non-absorbing spectral region of the QDs.
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Figure 5.2: (a) The EQE of the device before (black solid line) and after (red solid line) hybridisation, (b)
Relative enhancement in the EQE after hybridisation ,(c) shows the IQE of device before (black solid line)
and after (red solid line) hybridization (d) shows the absorption and photoluminescence of QD-900 deposited
on to the glass and dashed black line serves as a guide for separation below and above absorption of QDs. (e)
shows the absorption of device before (black) and after (red) hybridisation. (f) Shows the experimental and

modelled (blue dashed line) relative enhancement of absorption after hybridisation.

Using the relative increase in absorption of the solar cell, the EQE after anti reflection coating can

be predicted. Using this approach, the EQE of hybrid QD/Si solar cell was calculated [9].

EQE.q (/1) = EQEpare (/1)(1 + AA(/D) (18)

EQEpqre denotes the EQE before hybridisation and AA(A) is a relative increase in absorption after
hybridisation with QD-900.
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Figure 5.3: Shows EQE of hybrid device highlighting the enhancement due to different

mechanisms.

The equation 19 does not take all the interaction mechanism between QD-900 and Si solar cell and
this leads to discrepancy between calculated EQE (EQE,4;(1)) and measured EQE. The EQE of
hybrid QD/ Si (EQEpypria(4)) can be modelled [9] with contributions from LDS, RET and

refractive index matching as shown below:
(19)
EQEnypria(1) = EQER (1) + EQE ps(A) + EQERpr(A) + EQEscq: (1)

Where EQER;, EQE;ps, EQEggr and EQE.,. are the EQE contribution due to refractive index
matching (RI), luminescent down shifting (LDS), resonant energy transfer (RET) and scattering at
QD aggregates respectively.

EQER;(A) = EQE¢qi(A) X (1 = QDgps (1)) (20)

EQE;ps(1) = 1QEp;_qps(D) X Apypria(A) X QDgps(A) X (1 = ) X QDyierq (21)

EQERET(A) = EQE;q (1) X QDabs(/l) X (URET) X QDyield (22)
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QDg4ps 1s the absorption of deposited QD layer and is calculated from refractive index and
extinction coefficients [8] using Rsoft diffraction mode. IQEp;_qps is IQE of the device at peak
emission wavelength of QDs. Figure 5.2(c) black curve corresponds to the IQE of the device before
hybridisation along with emission of QDs(figure 5.2(d)). Apypria is an absorption of the device
after hybridisation with QD-900. 7, ... is the efficiency of RET from QDs to silicon, and is equal to
46% [7]. @Dyje1q is the quantum yield of QDs and is equal to ~30%. In this analysis, both 7, ..
and QDy;e;q are assumed to be independent of wavelength. Green dashed line in figure 5.3
represents the modelled EQE of the hybrid solar taking refractive index matching, LDS and RET
into account. A good match between measured and modelled EQE can be observed between 375
and 450nm. The mismatch in modelled EQE above 450nm to 1100nm is due to scattering from the
QD layers. The surface morphology of QDs can be observed from atomic force microscope (AFM)
image shown in Fig 5.1 (a), it shows that the deposited QDs form aggregates between 0.45um and
10um. The deposited QD aggregate act as an efficient scattering centres, enhancing the EQE
between 450nm and 1100nm. The contribution from refractive index matching, LDS, RET and

scattering to photocurrent can be calculated by using equation below:

_ J[Snyp@) = Spare D] Pam1.se ) (23)
f SBare (’1) cDAMl.SG (/1)

AJsc

where Spyp, and Spqre is the spectral responsivity of hybrid and bare device. @415 is the photon
flux of AM1.5GM (ASTMG173) solar spectrum. The relative enhancement in short circuit density
after hybridisation is given by AJsc where the integration limits are between 375 nm and 1100nm.
Between 375nm and 1100nm, EQE contribution of R.I matching, LDS, RET and QD aggregates to
AJsc are 8.73%, 0.77%, 1.47% and 9.28% respectively. Even though, there is a significant
contribution from antireflection and scattering at QD aggregate, RET boosts the short circuit
density by 1.47 % through efficient photon management. The contribution from LDS and RET can

be increased further by using a near unity Quantum yield QDs.

5.3.2 Electrical characterisation of hybrid QD/Si solar cell

The current voltage (J-V) characteristics of device were investigated before and after hybridisation
with QD-900. Figure 5.4 shows J-V curves under one sun illumination, where bare denotes the
device before hybridisation. As expected, it can be observed from EQE measurements the
enhancement in short circuit current (Jsc) from 20.65mA/cm® to 24.29mA/cm®. The photon
conversion efficiency increases from 6.74% to 8.11%, yielding a relative enhancement of 20.3%.

The open circuit voltage (Voc) increases due to the scattering from QD aggregates [10], which will
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lower the photon penetration depth and limit the bulk recombination. The fill factor reduces as Voc
increase; this is due to reduction in shunt resistance. The series and shunt resistance are calculated
from the slopes near Voc and Jsc respectively. Series resistance of solar cell is about 3.8ohm.cm’
and remains the same before and after hybridisation but the shunt resistance reduces from 1239
ohm.cm’ to 1199 ohm.cm”. The relative percentage reduction in shunt reduction is about 3%. The

shunt resistance reduction is due to the leakage along edges of the chip between the front and rear

electrodes.
25 B T T T I T I T I T I i
20 F .
N
E 15 | -
<
£ Bare Hybridized
2 10F  pcE:674 811 % T
Jsc: 20.65 24.29 mA/cm?
5| Voc: 0494 0515V ]
FF: 66 648 %
0 N 1 N 1 N 1 " 1 "
0.0 0.1 0.2 0.3 0.4 0.5

Voltage (V)

Figure 5.4: Shows J-V characteristics of before (black) and after (red) hybridisation.

5.4 Hybrid QD/Si solar cell with CdSxSe1-x/ZnS

The photovoltaic devices presented in this section are an n'npp" c-Si solar cell where the front and
rear contacts are made up of 500nm thick Al layer where the front contact fingers were deposited

via e-beam evaporation after lithography pattern transfer.

C-Si solar cell are hybridised with CdS,Se;/ZnS (core/shell) colloidal semiconductor QDs with
peak emission of 630+15nm for QD-630 where 1s absorption peak is at 620nm. All the optical and
electrical characterisation are carried out before and after hybridisation of a sample to avoid any

disparity in the results.

5.4.1 Optical characterisation of Hybrid QD/Si solar cell

CdSxSel_/ZnS (QD-630) QDs are diluted in toluene solution which has the concentration of
17.5mg/ml. Using spin casting, QDs (QD-630) are deposited onto the surface of planar Si solar
cell. Formed superficial QD (QD-630) layer acts as a strong absorber and absorbs the UV photons,
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this extends up to wavelength of 650nm and is in the visible region of the spectrum. The electron-
hole pairs are generated in QD and then transferred to underlie Si solar cell via LDS or RET.
Figure 5.5(a) shows the absorption of planar solar cell before ( black solid line) and after
hybridisation ( red solid line) with QD-630. The absorption of solar cell increases over the entire
spectral operational region of the Si solar cell and their relative absorption increase is given in
figure 5.5(b). The absorption enhancement is found to be stronger at 300nm (UV region) with
55 % and then it decays exponentially reaching 2% at 1100nm. The QD-630 does not absorb above
650nm, hence the refractive index matching might be responsible for enhancement between

650nm-1100nm.

Absorption (%)

Rel. Absorption (%)

1 1 1 1 1 1 1

D "
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 5.5: (a) Shows the absorption of planar solar cell before (black solid line) and after hybridisation (red
solid line) with QD-630, (b) shows the relative absorption after hybridisation with QD-630.

The EQE of planar Si solar cell before (black) and after (red) hybridisation is shown in figure
5.6(a), broad band enhancement in EQE is observed. The EQE enhancement can be attributed to
LDS, RET and R.I matching as observed in section 5.3. The enhancement above the band gap
absorption of QDs is due to R.I matching and scattering. The relative enhancement of EQE after
hybridisation is as shown in figure 5.6(b). The relative enhancement of EQE at 300nm is 70%,
whereas relative absorption (figure 5.5(b) for same wavelength is 55%. Additional 15%

enhancement is incurred at wavelength of 300nm by excitation for this hybrid QD/Si solar cell.
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Figure 5.6: (a) The EQE of planar solar cell before (black solid line) and after (red solid line) hybridisation,
(b) Relative enhancement in EQE after hybridisation and (c) shows the IQE of device before (black) and
after (red) hybridisation, (d) Relative IQE after hybridisation with QD-630(e) Shows absorption and
photoluminescence of QD-630 deposited on the glass (f) shows absorption of planar solar cell before (black
solid line) and after hybridisation (red solid line), (g) shows relative absorption after hybridisation with QD-
630.

The internal quantum efficiency (IQE) of solar cell is the efficiency of charge collection where
only photons absorbed by solar cell are taken into the account. When IQE (figure 5.6 (c)) of the
planar Si solar cell before (black) and after (red) hybridisation are compared, the effect of R.I can
be excluded. IQE relative variation after hybridisation is as shown in figure 5.6(d). About 14%
relative increase in IQE is observed between 310nm-370nm. Enhancement of the IQE drops to zero
at wavelength of 500nm. The decrease below 310nm is the experimental discrepancies from
integration of sphere and Si detector. Figure 5.6(e) shows the photoluminescence (solid red line)
and absorption (dotted red line) of QD-630 deposited on the glass. The photoluminescence and

absorption tells where QDs plays as an active or passive component in hybrid QD/Si solar cell.
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In absorption regime of QDs, the QDs absorb photons and luminescent down shift or transfer
electron-hole pairs to Si through non-radiative RET transfer. Photons above the band gap or
coupled into Si either through refractive index matching or scattering at QD aggregate. For planar
Si solar cell hybridised with CdSe/Zns, no aggregates were observed and is in accordance with

author’s IQE measurements.

Time resolved spectroscopy was used to study non-radiative resonant energy transfer (RET) from CdSe/ZnS
QDs to underlie Si solar cell. Hybrid QD/Si was excited at 400nm using frequency-doubled Ti:Sapphire
laser and photoluminescence of CdSe/ZnS at 630nm was then detected using avalanche photon diode and
time-correlated single photon counting electronics. As a reference, the CdSe/ZnS was coated on a glass slide
and TRPL study was performed. The decay dynamics of CdSe/ZnS QDs on glass ( solid black line) and on
Si solar( red solid line) is shown in figure 5.7. The QDs were excited with 1.6uW of power and the power

was kept low to avoid causing any degradation due to local heating.
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Figure 5.7: TRPL decays of QD-630 on a glass slide (black bold line) and planar Si solar cell (red bold line).
The bi-exponential fit of QD-630 on glass and Si solar are shown as red dashed line and blue dashed line

respectively.

The decay dynamics of QD-630 exhibits a bi-exponential decay and it is given by the relation [7]

show below:

I(t) = Axe k¥t 4 Be~k2*t 4 ¢ (24)

_ Ax1y+Bx1, (25)
T Ax1 2 + B * 1,2
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where k is an average decay rate with 7; = 1/k1 and 7, = 1/k2 The life time of excited
electron is given by T = 1/k. The average decay rate of QD-630 on glass and Si are 0.15ns” and

0.23 ns™' respectively. The efficiency of RET transfer can be calculate from the decay rates.

knyb = krer + Kop (26)

where ky,;, and kgp are the decay rates of QDs on Si and glass respectively. kger corresponds to

k .
RET ) is

an additional accelerated decay rate due to the RET. The efficiency of RET (7., = PR
RETtKQD

calculated to be 32%.

5.4.2 Electrical characterisation of hybrid QD/Si solar cell
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Figure 5.8: J-V of planar solar cell before (black solid line) and after (red solid line) hybridisation
with QD-630

Figure 5.8 shows the J-V curves of planar Si solar with AM1.5G light bias. J-V curves are taken
before (in black, fig 6.8) and after (in red, fig 6.8) hybridisation with QD-630. The solar cells were
secured to PCB and wire bonded using Al. The QDs were spin casted on to the solar cell bonded
on the PCB, to avoid any disparity resulting from contact. In figure 5.8, bare denotes the planar Si
solar cell before hybridisation with QD-630. The Jsc (21.45mA/cm?) of bare is lower than
integrated Jsc (23.49 mA/cm?) from EQE measurements. Jsc relative change of 9.5% from EQE
and ABET solar simulator is the difference due to illumination area, illumination intensity, contact
resistance and shading from contacts. The contact shadowing is ~2.5% of total cell area. After
hybridisation with QD-630, Jsc increases from 21.45mA/cm’ to 24.84mA/cm” and the relative

enhancement of Jsc is 16%. The photon conversion efficiency increases from 6.62% to 7.42%,
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yielding to a relative enhancement of 12.1%. The variation in Voc after hybridisation with QD-630
is about 1 %. The series and shunt resistance are estimated from the slope near the Voc and Jsc
respectively. Series resistance is equal to ~7.3 ohm.cm’ remains the same before and after
hybridisation but shunt resistance increases by 9%. The increase in shunt resistance is due to

passivation from organic ligands, passivating the QDs.

5.5 QD layer optimisation

Optical characteristics of planar Si solar cell were investigated as a function of spin speed for two
different concentrations 17.5mg/ml and 60mg/ml. The spin speed of QD deposition was varied
between 1500 rpm and 5000 rpm. All the samples studied in this section were hybridised with QD-
630.
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Figure 5.9: Absorption and relative absorption of planar Si solar cell hybridised with QD-630 at
different spin speeds for concentrations 17.5mg/ml (( a) and (b)) and 60mg/ml(( c¢) and (d)). a)
Absorption of planar Si solar cell before (black solid line) and after hybridisation with spin speeds
1500 rpm (blue solid line) and 2500 rpm (red solid line). b) shows relative absorption of (a) where
red dashed line (38nm QD layer) and green dashed line (18nm QD layer) are both modelled
relative absorption, (c) absorption of planar Si solar cell before (black solid line) and after
hybridisation with spin speeds 1500 rpm ( black dashed line), 2000 rpm ( red solid line), 3000 rpm
( blue solid line) and 5000 rpm ( green solid line).
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The colloidal QDs (herein, QD-630 ) with concentration 17.5mg/ml were spun on top of the planar
silicon solar cells (Figure 5.9 (a)) with spin speeds of 1500 rpm ( blue solid line ) and 2500 rpm
(red solid line). The enhancement in absorption was observed for both spin speeds, with a
significant increase near UV and gradual drop towards the band edge of the silicon. The relative
increase in absorption after hybridisation is shown in figure 5.9(b). The QDs are strong absorbers
near UV wavelength (300nm), with the relative increase of 55% and 31% for 1500rpm and 2500
rpm respectively. The QDs do not absorb above 630nm, which suggests that there might be
contribution from R.I matching as observed in the case of planar Si solar cells hybridised with PbS
QDs (section 5.3). Assuming QDs are non-absorbing layer, the relative absorption was modelled
using Rsoft. The optical constants refractive index (n) and extinction co-efficient of QD-630 are
determined from ellipsometer measurements and used for modelling. The optical constants plot for
QD-630 is shown in appendix C.3. For 38nm (red dotted line) and 18nm (black dotted line) QD
layer, a relatively good agreement between experimental and modelled was obtained between
500nm and 1050nm. Hence, QD-630 layer on Si can serve as a refractive index layer, increasing

the coupling of light into the silicon.

Since the thickness dependent enhancement was observed for hybrid QD/Si solar cell at
17.5mg/ml. The concentration of QD-630 in toluene was increased to 60mg/ml to get thicker QD
layer. Figure 5.9(c) shows the absorption of hybrid QD/Si solar cell as a function of spin speeds for
the concentration of 60mg/ml. On hybridisation with QD-630 at 60mg/ml concentration, the
absorption profile of hybrid QD/Si structure deviates from absorption of QDs. QDs has a strong
absorption in UV and gradually drops to zero at the band edge as an optical behaviour. In this
hybrid architecture, the peak absorption is in visible region of the spectrum (440nm) and shifts to
near infra-red (775nm) for lower spin speeds. The relative increase in absorption after hybridisation
with QDs (QD-630) at different spin speeds is shown in figure 5.9(d). To understand the optical
behaviour of hybrid QD/Si solar, the relative absorption is modelled in RSoft diffract mod for a
non-absorbing layer. The refractive index constant of QD layer was measured using ellipsometer
and was used in the model. Figure 5.10 (a) shows the modelled relative absorption for QD layer
where the thicknesses are as follows: 120nm as green solid line, 100nm as blue solid line, 90nm as
red solid line, 80nm as black solid line, 70nm as black dotted line, 50nm as red dotted line, 35nm
as blue dotted line and 15nm as green dotted line. For thin film of QDs (15nm and 35nm), the
relative absorption has an exponential behaviour similar to the absorption behaviour of QD-630.
As the thickness increases to 50nm, the relative absorption deviates from exponential behaviour
exhibits in two regions. The relative absorption increases linearly up to 370nm and then drops
exponentially at higher wavelengths. The two region of absorption is observed for 70nm QD layer
on Si with plateau around 430nm. As the thickness of QDs increase further, three regions in the
relative absorption is observed. As the thickness increases, maxima of absorption are shifted

towards the infra-red region of the spectrum. For thin QD layer, maximum absorption is near the

80



Chapter 5

UV region of the spectrum. The observed multiple regions in the absorption are from a 50nm QD

layer due to the interference at QD/Si and QD/ air interfaces.
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Figure 5.10: (a) Simulation of relative absorption of hybrid QD/Si structure for different QD layer
thicknesses: 120nm (green solid line), 100nm (blue solid line), 90nm (red solid line), 80nm (black
solid line), 70nm (black dotted line), 50 nm (red dotted line), 35nm (blue dotted line) and 15nm
(green dotted line), (b) Experimental relative absorption for different spin speeds matched with the
simulation results. The solid line corresponds to experimental relative absorption for different spin
speeds 1500rpm (black solid line), 2000 rpm (red solid line), 3000 rpm (blue solid line) and 5000
rpm (green solid line). The dashed line correspond to simulated relative absorption for QD/Si
hybrid structure with different QD layer thicknesses: 80nm (dashed blue line), 66nm (dashed red
line) and 53nm (black dashed line).

The experimental relative absorption of hybrid QD/Si planar Si solar cell for different spin speeds
between 1500rpm and 5000 rpm is shown in figure 5.10(b). The experimental relative absorptions
are matched with modelled results. Above 630 nm where QDs does not absorb, a good match for
3000 rpm (blue solid line) and 5000 rpm (green solid line) was obtained with 66 nm (red dashed
line, figure 5.10(b)) and 53nm (black dashed line, figure 5.10(b)) non-absorbing QD layer
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respectively. For spin speeds below 2000 rpm, the model deviates from the experimental data. A
80nm QD layer, in figure 5.10(b) as blue dashed line, only gives a good match between 780nm and
1000nm for a spin speed of 2000rpm. The thicknesses of actual QD layer were measured using
SEM and it corresponds to 100nm, 8§1nm, 62nm and 53nm for 1500rpm, 2000rpm, 3000rpm and
5000rpm respectively. The QD layer thickness versus spin speed plot for concentration 60mg/ml is
shown in appendix C.4. The deviation between extracted model and SEM was found to be + 5Snm.
Although, the model is not accurate for the entire spectral range, it still provides a good

understanding of relationship between the thickness and absorption.

80 - rr T 77T 80 T T T T T

(@ |

EQE (%)
EQE (%)

Rel.EQE (%)
Rel.EQE (%)

1
300 400 500 600 700 800 900 1000 1100 300 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)

Figure 5.11: The EQE and relative EQE of planar Si solar cell hybridised with QD-630 with the
concentration of 17.5mg/ml (a) The EQE before (black solid line) and after (red solid line)
hybridisation at spin speed equal to 2500rpm. The relative increase in EQE after hybridisation is
shown in bottom panel of the graph,(b) The EQE before (black solid line) and after (red solid line)
hybridisation at the spin speed of 1500rpm with their relative EQE are given in the bottom panel.
The QD layer thickness at spin speeds 2500rpm and 1500rpm for concentration 17.5mg/ml are

18nm and 38nm respectively.
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Figure 5.12: The EQE and relative EQE of the planar Si solar cell hybridised with QD-630 for the
concentration of 60mg/ml (2)5000rpm,(b)3000rpm,(c)2000rpm and (d) 1500 rpm. The EQE of
planar Si solar cells before and after hybridisation with QDs is presented as black and red solid line
respectively. The relative increase in EQE after hybridisation is shown in bottom panel of
corresponding graphs. The QD layer thickness at different spin speeds for concentration 60mg/ml

are shown in appendix C.4.
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The EQE dependence on spin speeds of QD deposition and concentration was investigated. The
EQE of planar Si solar cell was measured before and after hybridisation with QDs. Figure 5.11
shows the EQE and relative EQE when hybridised with QD-630 which has a concentration of
17.5mg/ml for the spin speeds equal to 2500rpm and 1500 rpm. The QDs deposited at 2500 rpm
showed substantial increase in EQE near UV, with relative enhancement of 46% at 300nm. The
EQE enhancement decreases with the increase in wavelength reaching less than 3% above the
absorption of QD-630. The EQE enhancement in UV is attributed to non-radiative RET and LDS,
the photons absorbed at QDs site excite the electron-hole pairs. This then annihilate by emission of
photon at 630+15nm or by electron-hole pair transfer to silicon through RET transfer. As QDs
deposition speed is reduced from 2500rpm to 1500rpm, QD layer thickness increases from 18nm to
38nm; increasing the probability of RET and LDS below wavelength of 630nm. In comparison
with planar silicon solar cell; relative enhancement of 68% at 300nm and 13.5% at 650nm was
achieved with 1500rpm (Figure 5.11(b)). QD deposited with 1500rpm yielded an additional relative
EQE of 22% and 11% at 300nm and 650nm respectively when compared with 2500rpm spun QD.
For hybridisation with QD-630 having the concentration of 17.5mg/ml, shows slower spin speed
(in this case, 1500 rpm) yielded higher EQE enhancement, not only in absorption region of QD-630
but also at longer wavelengths. Above the absorption, the enhancement can be attributed to R.I

matching and scattering.

Hence, the thicker QD layer shows a drastic increase in EQE, to find the optimum QD layer
thickness, the concentration was increased to 60mg/ml. Figure 5.12 shows the EQE before and
after hybridisation, along with their relative EQE when the concentration is equal to 60mg/ml. The
QD-630 is deposited with spin speeds equal to 5000rpm, 3000rpm, 2000rpm and 1500rpm. QDs
deposited at 5000 rpm (figure 5.12(a)) shows a significant increase in EQE reaching a relative
enhancement of 89% at wavelength of 370nm. Above the absorption of QDs (650nm onwards), the
relative enhancement of EQE drops to 29.6 % which is still 16% higher than the best result for the
concentration of 17.5mg/ml. When the QDs deposition speed is reduced to 3000 rpm, the increase
in EQE throughout spectral range 300 nm -1100nm is observed. In comparison with 5000rpm, the
QDs deposited at 3000 rpm leads to relatively low enhancement below 490nm and higher
enhancement above 495 nm. For QD-630 deposited at slow spin speeds (1500 rpm and 2000 rpm)
also shows an increase in EQE at measured wavelength spectrum (300nm-1100nm). The relative
enhancement varies with respect to spin speeds, the observation can be summarised as follows: at
highest speed (5000rpm), one can observe significant enhancement in the UV and the drop is
exponential. Above 700nm, it can be observed that slower the spin speed, the relative enhancement
of EQE increases (figure 5.13). Below 600nm, the relative enhancement of EQE increases with the

increase in spin speed.
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Figure 5.13: (a) Relative EQE of planar Si solar cell after hybridisation with QD-630 at spin speeds
5000 rpm(green), 3000 rpm(blue), 2000 rpm(red) and 1500 rpm(black) for concentration 60 mg/ml.

The short circuit current density (Jsc) of solar cells can be estimated from the EQE (or spectral
responsitivity) and it is given by equation:

27
Jsc = f SBare or hyb ODCDAMLSG (1) da 27)

where Spare and Sy, denotes the spectral responsivity before and after hybridisation with QD-
630. The spectral responsivity is weighted with @1 54(1), and is the photon flux of AM1.5GM
(ASTMG173) solar spectrum. Figure 5.14(a) shows the Jsc of planar Si solar cell after
hybridisation with QD-630 for concentrations equal to 17.5mg/ml (blue solid circle) and 60mg/ml
(red solid circle). The green dashed line at 22.5+0.625 mA/cm’ represents the average Jsc before
hybridisation. When QD-630 is deposited with 17.5mg/ml concentration, Jsc increases with
reduced spin speed. For 2500 rpm, Jsc increases from 21.61mA/cm? to 22.27mA/cm?, obtaining an
increase of only 0.66mA/cm®. As QD-630 deposition speed is reduced to 1500 rpm, Jsc increases
by 3.72mA/cm’ thus achieving 27.21mA/cm’. The decrease in Jsc due to spin speed is clear from
SEM, EQE and absorption measurements. The absorption decreases with QD thickness, reducing
the probability of photon absorption, which in turn limits the number of photons involved in LDS
and RETS transfer. Coupling of the light into silicon was also increased when QDs deposition
speed was reduced from 2500rpm to 1500rpm. As the concentration was increased to 60mg/ml,
slightly different trend was observed. The short circuit current density (Jsc) increases with the spin
speed, as a result 29.52mA/cm® and 30.2mA/cm’ for 1500rpm and 2000rpm respectively is
achieved as Jsc. Above 3000rpm, the Jsc decreases and reaches 28.91mA/cm’.
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Although all the planar Si solar cells are processed at the same time, there still can be variation
between samples, therefore relative Jsc enhancement is considered.Figure 5.14(b) shows the
relative variations in Jsc after hybridisation. For concentration of 17.5mg/ml, the relative
enhancement in Jsc increases from 3.1% to 13.7% when the spin speed is reduced from 2500rpm to
1500rpm. As the concentration was increased to 60mg/ml, Jsc increased further to 29.3mA/cm’ for
same spin speed of 1500rpm. Increasing the spin speed further to 2000rpm for concentration

60mg/ml was beneficial, achieving 36% relative enhancement in Jsc.
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Figure 5.14: (a) Short circuit density (Jsc) after hybridisation with QD-630, (b) Relative variation
in Jsc after hybridisation. The solid blue circle and solid red circle represent QD-630 hybridisation
for concentrations of 17.5mg/ml and 60mg/ml respectively. The red solid line serves as guide line

for the trend in Jsc and relative Jsc.

The deposition of QDs above 2000rpm saw a small drop by 1% to 35% at 3000rpm. At high speeds
(in this case, 5000rpm), the relative enhancement Jsc decreased further by 5% reaching 30%. It is
worth noting that QDs deposited at 60mg/ml has higher Jsc enhancement than QDs deposited at
17.5mg/ml. From this experimental work, it can be seen that hybridisation with QD-630 is

beneficial, and boosts Jsc of the silicon solar cell.
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5.6 Conclusion

In this work, it can be seen that by hybridising Si solar cells, the performance can significantly be
enhanced. By using PbS QDs as a superficial layer of Si solar cells, the photon conversion
efficiency can be enhanced by 20%. The large enhancement in PCE is due to refractive index
matching and scattering as QD aggregates. The performance of device is boosted further by RET
transfer of excitions from QDS to Si solar cell. The efficiency of LDS in this device was limited by
PbS QDs with quantum yield equal to 30%. By using near unity quantum yield QDs, the efficiency
of hybrid QD/Si cell can be increased further.

On hybridising with CdSxSel-x/ZnS, a significant enhancement in near-UV was obtained through
LDS and RET. The relative enhancement in PCE and Jsc was 12% and 16% respectively. The QD-
630 deposition on planar Si solar cell was optimised for concentrations equal to 17.5mg/ml and
60mg/ml. The optical performance of hybrid QD-630/Si solar cell was investigated as function of
spin speeds. The QD-630 was deposited between the spin speeds of 1500 rpm and 5000 rpm. For
QD-630 deposited at 2000 rpm with concentration 60mg/ml, the Jsc was increased from
22.23mA/ecm2 to 30.2mA/cm’.  On hybridisation with QD-630, our best device gave a Jsc
enhancement of 36%, which is 18.4% higher than planar Si solar cell hybridised with PbS (QD-
900) QDs.
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Chapter 6: Photonic Quasi Crystals to enhance the

performance of Hybrid QD/Silicon Cells

6.1 Introduction

12-fold photonic quasi crystal is used to enhance the performance of hybrid QD/Si solar cell.
Photonic quasi crystals (PQC) are etched into the planar Si solar cell and colloidal QDs are
deposited via spin coating. PQC serves as a nano template to bring QDs close to the metallurgical
junction of solar cells. QDs on absorption of photons, transfers the percentage of generated
electrons-hole pairs into the Si solar cells via resonant energy transfer (RET). As transferred
electron-hole pairs are generated in close proximity of junction, the minority charge carriers
transverse and are swept across the junction, increasing the performance of solar cells. A
percentage of electron-hole pairs generated in QDs also undergoes a radiative recombination. In
the case of radiative route, high energy photons are down shifted to lower energy photons through
the band gap emission of QDs and it is coined as luminescent down shifting (LDS). LDS photons
can be absorbed by underlie of silicon, enhancing the performance of Si solar cells. From previous
chapter, it can be observed that QD can acts as a refractive index matching layer, enhancing the
performance of the solar cell. Therefore, QDs within the PQC can also alter coupling of the light

into Si solar cell.

In this chapter, 12-fold photonic quasi crystal (PQC) with lattice pitch of 700nm and hole diameter
of 350nm is patterned on to the planar Si solar cell. PQC acts as nano template to bring QDs close
to the metallurgical junction of silicon solar cell. CdSe/ZnS QDs with emission peak at 630+15nm
is deposited on the surface and within holes. QDs act as efficient light absorbers and transfers the
absorbed photons to Si solar cell through radiate and non-radiative RET transfer. QDs deposited
on PQC solar cell can alter the coupling of light into silicon contributing to enhancement of Jsc
short circuit current. Optimisation of QD layer was performed through dispersing at different spin
speeds. The coupling of light into solar cell was enhanced through increasing the air fill fraction of
PQC. In the final section, the best hybrid PQC solar cell discussed in this chapter is compared with
best hybrid planar device from chapter 5.
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6.2 Fabrication of PQC solar cell

Monocrystalline Silicon (c-Si) solar cells were produced by Q CELLS in Germany. Itis n"pp’ c-Si solar cell
without contacts and antireflective coating. n” emitter was sputtered with 100nm thick silicon dioxide (SiO,)
where SiO; layer was employed as a hard mask for etching Si using Chlorine (Cl,)/Argon (Ar) plasma. E-
beam lithography and reactive ion plasma etching (RIE) were used to transfer 12 fold symmetric quasi
crystals (PQC) on to the SiO, layer. SiO, layer was spin coated with a 400nm ZEP-520A layer (e-beam
resist). E-beam resist was then pre-baked at 180°C for 3 minutes. After cooling, conductive polymer ESpacer
was spin casted to avoid charge buildup during e-beam exposure. This was then exposed with 190pC/cm’
exposure dose, followed by rinse of Espacer with DI water then e-beam resist was developed using ZEDN-
50. SiO, nanoholes were formed by two steps RIE process using CHF3/Ar to etch and nitrogen (N,) as
coolant gas in a loop etches. Silicon (Si) was etched in an inductively coupled plasma reactive ion etching
(ICP-RIE) using Cl, and Ar (CL/Ar = 50/12.5 sccm) process gases with bias power of 200W and ICP power
of 1000W.Using lithography, metallization and lift-off processes, a 500nm thick Al fingers were deposited as
front contacts. For rear contact of solar cells, 500nm thick aluminum was evaporated using E-beam. Final
diced devices were micro bonded to printed circuit board for characterisation. The active device area is equal
to 36mm” and e-beam patterned PQC is equal to ~ 9mm’. Herein, the patterned solar cells are referred as
PQC solar cells. CdSxSel-x/ZnS (core/shell) QDS with peak emission at 630£15 nm (QD-630) were used
to hybridise PQC solar cell. These are 5.5-6.5nm QDs capped with oleic acid. QD630 colloidal QDs used
were dispersed in toluene with concentration of 60mg/ml. The QD-630 was chosen in this experimentation
to compensate for detrimental effects due to ICP etching of PQC solar cell. Dynamic spin coating was used
to hybridise the PQC solar cells. Figure 6.1 (a) shows the schematic of PQC solar cell. The top view of PQC
solar cell before and after hybridisation is shown in fig 6.1(b) and (c) respectively. The inset in figure 6.1(c)
shows the 100 times magnified SEM image, where individual QDs are visible.
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Figure 6.1: (a) Schematic representation of PQC solar cell, (b) and (c) top view SEM image of PQC solar cell
before and after hybridisation with CdSe/ZnS QDs. Inset in figure (c) shows the QDs

6.3 Device Characterisation

The PQC solar cell devices studied are made up of n'pp’ structure with a 500nm Al layer used as
front and rear contacts. Reference device without PQC (planar in this case) are metallized with
same contacts for comparative studies. Planar and PQC solar cell are hybridised with QD-630. All
the optical and electrical characterisation is done prior and after hybridisation to avoid disparity in

the results of different samples.

6.3.1 Optical characterisation

Using the appropriate colloidal QDs, short circuit current density of planar Si solar cell can be
enhanced by LDS, RET and R.I matching (refer chapter 5). Figure 6.2 shows the schematic and
simple band diagram of different electron-hole generation schemes in hybrid Si solar cells. The aim
is to bring the QDs close to the junction of solar cell. In this chapter we use PQC to bring QDs
close to depletion region. On photon absorption, electron-hole pairs created in QDs are transferred
to the silicon through RET mechanism. In this case, electron-hole pairs are transferred to close

proximity of metallurgical junction; strong electric field separates the minority charges and they are
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then collected at emitter (n-type) and base (p-type). For defect-free depletion region the charge

collection probability is close to unity.
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Figure 6.2: Shows the schematic and simple band diagram of p-n junction under illumination with
photon-generated electron- hole pair in hybrid Si solar cells. Where LDS and RET denote

luminescent downshifting process and resonant energy transfer mechanism.

The author used photonic quasi crystal to bring QDs close to the junction of solar cell. 12-fold
quasi crystal has a lattice pitch of 700nm and nanholes diameter of 350nm. The nanoholes have a
depth of 300nm, and they are ~100nm away from metallurgical junction (Refer Appendix C.1).
QD-630 with concentration of 60mg/ml is dispersed on to the PQC solar cell as a function of spin
speeds. Figure 6.3 shows the cross-sectional SEM image of hybridised PQC solar at spin speeds
3000rpm (Figure 6.3(a)), 2000rpm (Figure 6.3(b)) and 1500 rpm (Figure 6.3(c)). When QD-630
spin speed is reduced, QDs starts filling the nanoholes. QDs fill at spin speed 3000rpm, 2000rpm
and 1500 rpm are 142nm, 203nm and 254nm respectively. The QDs also get deposited surface of
PQC solar cell and the QD layer thickness at 3000rpm, 2000rpm and 5000rpm are 30nm, 56nm and
88nm respectively. It can be noted that the slower the spin speed is, the thicker the spin coated QD

layer will be.
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Figure 6.3: Cross-sectional SEM image of PQC solar cell hybridised with QD-630 at different spin
speeds: a) 3000rpm and inset is higher magnification of (a), b) 2000rpm and ¢) 1500rpm.

All the PQC solar samples are measured before and after hybridisation to avoid variability between
different samples. Figure 6.4 (a), (b) and (c) show EQEs of hybrid PQC (red solid line) for different
QD deposition speeds along with their EQEs before (black solid line) hybridisation. After
hybridisation with QD-630 at spin speed 3000rpm, significant enhancement near UV with relative
enhancement of 104% at 300nm can be seen. Relative increase in EQE drops with the increase in
wavelength reaching zero at 650nm. After 650nm, QDs do not absorb. For the wavelengths
between 655nm and 775nm, hybridisation with QD-630 is detrimental as coupling of the light via
PQC is reduced. Above 755nm, hybridisation is beneficial with EQE enhancement. As the spin
speed is reduced to 2000rpm and 1500 rpm, the EQE enhancement below 400nm is reduced.
Nevertheless, enhancement was still observed in the visible and near infra-red regions of the

spectrum.
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Figure 6.4: The EQE of hybrid PQC (red solid line) is measured as a function of spin speeds (a)
3000rpm, (b) 2000 rpm and (c) 1500rpm. The black solid line represents the reference EQE of
corresponding PQC solar cell before hybridisation. (c) Shows the relative EQE after hybridisation
for spin speeds of 3000rpm (green solid line), 2000rpm (red solid line) and 1500rpm (blue solid

line).

Near UV spectral region, the EQE enhancement diminished with reduced spin speed refer to Figure
6.4(d), which shows the relative variation of EQE. Correlation can be observed between relative
EQE measurements and QD layer thicknesses. Figure 6.3 shows the cross-sectional SEM image of
nanoholes cavities filled with QD. The QD layer thickness is proportional to absorption and re-
emission losses and QD-QD RET transfer also increases for closely packed QDs. These losses can
be circumvented with near-unity quantum yield QDs. In this study, 12-fold quasi crystal with
lattice pitch of 700nm and hole diameter of 350nm was used. Before hybridisation, maximum EQE
is observed at 700 nm as the effect of the pitch. On hybridisation, coupling at 700nm and at 350nm
are reduced, leading to two dips (~ 390nm and 700nm) in relative EQE.
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Figure 6.5: Relative variations of short-circuit current (Jsc) for QD-630 depositions at different spin

speeds.
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Figure 6.6: (a) The IQE of PQC solar cell before (red solid line) and after (black solid line)
hybridisation with QD-630 at spin speed 1500rpm, (b) Relative variation of the IQE after
hybridisation, (c) The absorption and photoluminescence of QD-630 on glass.
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From EQE measurements, Jsc can be estimated. The relative variation in Jsc can be estimated from
the equation 23. Maximum Jsc enhancement of 17.5% was observed at 1500rpm (Figure 6.5), as
the spin increases Jsc enhancement drops linearly until it reaches 4.5% at 3000rpm. The calculated
Jsc for the PQC solar cell before and after hybridisation with QD-630 at 1500rpm is 25.5 mA/cm’
and 30mA/cm’ respectively.

Enhancement in Jsc can be attributed to the refractive index matching, LDS and RET. The
enhancement due to the index matching is directly proportional to the increase in absorption after
hybridisation. Internal quantum efficiency (IQE) is given by the ratio of EQE and absorption,
where the first order approximation of IQE (hybrid device) only contains information about LDS
and RET. Internal quantum efficiency (IQE) of best PQC solar cell before and after hybridisation is
presented in Figure 6.6(a). The PQC solar cell is hybridised with QD-630 at spin speed of 1500
rpm. The relative variation in IQE after hybridisation is given in Figure 6.6(b). Figure 6.6(c) shows
the absorption (red dashed line) and photo luminescence (red solid line) of QD-630. IQE of hybrid
PQC solar cell shows enhancement in the absorption region of QDs. At 365nm, the maximum
relative enhancement of 15% was obtained. IQE enhancement then gradually decreases reaching
7%-5.5% between 415nm and 575nm. Above the absorption region of QDs (650nm), IQE
enhancement reaches zero. The hybridisation of PQC with QD-630 is beneficial in absorption
region of QDs, IQE enhancement is attributed to LDS and RET of electron-hole pairs. Below
360nm, IQE enhancement drops and this is due to absorption and re-emission losses in thick QD
layer. IQE enhancement has also been observed for wavelengths between 715nm and 960nm,
where the QDs do not absorb. For shallow p-n junction, change in the effective penetration depth
can boost the IQE of the solar cell. This phenomenon can be attributed to IQE enhancement
between 715nm and 960nm. Hybridisation with QD-630 was found to be detrimental above
960nm.

6.3.2 Time resolved photo luminescence

Efficiency of RET from QD-630 to silicon can be estimated from time resolved photoluminescence
(TRPL) measurements (chapter 5). QD-630 was excited at 400nm using a frequency- doubled
Ti:Sapphire laser. QDs on glass and PQC solar cell were excited with power of 1uW. The PL was
detected using APD and time-correlated single photon counting electronics. Figure 6.7 shows the
decay of QD-630 on glass slide and PQC solar cell. The decay dynamics of QDs is accelerated for
QD-630 on PQC silicon solar cell.

96



Chapter 6

Intensity (norm.)
°

0 5 10 15 20 25

Time (ns)

Figure 6.7: Decay dynamics of QD-630 hybridised on glass (black solid line) and PQC (red solid
line) solar cell. The fit for decay of QDs on glass and PQC solar cell are shown as dashed redline

and dashed blue line respectively.

The decay of the QD are fitted with bi-exponential decay (equation 24), the decay rate of QDs on
the glass and PQC solar are 0.085(ns)" and 0.123(ns)" respectively. From the decay rates, the
calculated RET efficiency is 31%.

6.4 PQC solar cell versus planar solar cell

PQC solar cell hybridised with QD-630 at spin speed of 1500rpm (Figure 6.3 (c)) achieved the Jsc
of 30mA/cm”. The Jsc is estimated from the EQE, the red solid line in Figure 6.4 (c). The EQE is
converted to spectral responsivity and then Jsc is calculated from equation 27.For optimised QD
deposition planar device also yielded a short circuit of 30.2mA/cm’ (section 5.5). To improve
hybrid PQC, the EQE of the PQC and planar Si solar cells before and after hybridisation were

considered.

Figure 6.8(a) shows that the EQE of PQC (red solid line) solar cell is better than of a planar solar
(black solid line) cell above 480nm. PQC solar cell has peak EQE of 77% at 680nm and 76.4% at
700nm. The maximum EQE at 700nm corresponds to pitch of photonic quasi crystal. Above
700nm, there is a gradual drop in EQE of PQC but it is still better than the EQE of the planar solar
cell. Relative increase in EQE of PQC is shown in figure 6.8(b). Maximum enhancement of EQE
when patterned with PQC (in this case, 700nm pitch and 350nm hole diameter) is at the band edge
of the silicon. The second maximum enhancement is at the pitch of PQC. Below 480nm, the EQE

of the PQC solar cell was found to have poor performance in comparison with planar Si solar cell.
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Figure 6.8: (a) EQE of the planar (black solid line) and PQC (red solid line) solar cell. (b) Relative
variation of PQC solar cell with respect to planar Si solar cell (c) Absorption of planar (black solid
line) and PQC (red solid line) solar cell (d) Relative absorption of PQC solar cell.

To analyse the detrimental effect of PQC below 480nm, the absorption of the PQC and planar solar
cell were compared and it is shown in figure 6.8(c). From 355nm onwards, the absorption is
significantly enhanced when patterned with PQC, where the maximum absorption is at the pitch of
PQC. The relative absorption after patterning with PQC is shown in figure 6.8 (d). About 15%-
20% enhancement is observed between 390nm- 740nm and above 750nm, the relative absorption
drops gradually from 19 % at 750nm to 10.2% at 980nm. At 985nm, the absorption gradually
increases from 10.3% until the maximum relative absorption of 40% at 1100nm is reached.
Assuming the PQC layer on solar cell is an refractive index-matching layer, it is possible to
estimate the EQE of PQC solar cell from the EQE of planar Si solar cell and relative variation in

absorption after patterning it with PQC (refer to equation below).

EQEPQC = EQEplanar(Arel +1) (28)

Where EQEpis the estimated EQE of PQC solar cell and EQEy;qnqr is the EQE of planar Si solar

cell. A, is the relative variation in absorption after patterning with PQC.
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Figure 6.9: (a) Shows the measured (red solid line) and estimated (black dashed line) EQE of PQC
solar cell. (b) IQE of planar (black sold line) and PQC (red solid line) solar cell.

From figure 6.9 (a), it can be seen that EQEp is much higher than the actual measured EQE of
PQC solar cell for wavelengths below 620nm. At 365nm, the measured EQE drops relatively by
50% and above 365nm, it gradually improves. The loss of EQE at near UV and visible regions
suggests that generated electron-hole pairs are not extracted efficiently. Inductive coupled plasma
etching of Si generates a lot of surface traps on the surface of etched sidewalls and the surface traps
act as a recombination centre. If the surface traps are reduced, the Jsc of PQC solar cell can be
enhanced. To compensate for etch loss; few nm of passivation layer like A1203 can be grown using
atomic layer deposition. This processing step was not performed in devices presented in this
chapter but have shown to reduce surface states of PQC solar cell. Another interesting observation
is that above 625nm, the measured EQE of the PQC is higher than EQEpy¢. This effect can be
attributed to change in effective penetration depth and increased collection between 625nm and

1100nm. From EQEpq( , it can be seen that quality and the effective Jsc of PQC solar cell can be

improved.

Internal quantum efficiency (IQE) is the number of charge carrier collected to the number of
photons absorbed and this can give information about the percentage of photons, which undergo
recombination before collection at the electrodes. Figure 6.9(b) shows the IQE of planar (black
solid line) and PQC (red solid line) silicon solar cell. Below 620nm, the IQE of PQC deteriorates
and it increases at UV region of the spectrum. At 365nm, the relative drop in IQE is ~50% and it
corresponds the relative variation between EQEpq and measured EQE (refer to figure 6.9(a)). This
match confirms that recombination centres are responsible for degrading the performance in the
UV and visible region. Improved photon absorption near the junction, increases the IQE above

625nm.
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6.5 Increasing the fill-fraction of PQC solar cell

Air fill fraction of the PQC solar was increased by increasing the hole diameter. In section 6.3, 12-
fold PQC solar cell with lattice pitch of 700nm and hole diameter of 350nm was studied before and
after hybridisation. In this section, air fill fraction of the PQC is increased from 22% to 49% for the
same pitch. In other words, the hole diameter is increased from 350nm to 525nm in diameter for
the same pitch (700nm). Figure 6.10 (a) and (b) shows the top view and cross-sectional SEM image
of fabricated hybrid PQC/QD Si solar cell. From the top view, PQC has a lattice pitch of 741nm
(~750nm) and hole diameter of 529nm (~525nm). In this section, PQC solar cell denotes 12-fold
quasi PQC with pitch of 700nm and hole diameter of 525nm unless otherwise stated. PQCs have
been etched to depth of 500nm and it penetrates into metallurgical junction at 400nm. Figure
6.10(b) shows the cross-sectional SEM image of PQC solar cell deposited with QD-630. QDs were
dynamic spin coated at spin speed of 3000rpm. As a result, the nanoholes are filled with a 100nm
thick layer of QDs and the sidewalls are also coated. From zoomed out image in figure 6.9(b), it

can be seen that QD layer within the nanoholes is uniform over a large area.

Figure 6.10: (a) Top view of PQC solar cell with pitch of 700nm and hole diameter of 525nm. (b)
Cross-sectional SEM image of PQC solar cell. PQC nanoholes have the depth of 500nm and
nanoholes are filled with 100nm of QD layer.

The effect of PQC air —fill fraction was investigated, from the absorption of PQC solar cells with
hole diameters of 350nm and 525nm for the same pitch (700nm). Figure 6.11 shows that as the
hole diameter increases from 350 nm to 525nm, the absorption of PQC Si solar cell is enhanced for
the entire measured spectral range 300nm-1100nm. At 315nm, the relative enhancement in
absorption is 58%, which then drops to 5.8% at 380nm. For wavelength between 385nm and
730nm, the enhancement varies between 6%-11%. Above 730nm, the absorption increases until the
relative enhancement of 20% at 960nm is obtained. At 1000nm and 1100nm, the relative

enhancement absorption drops to ~16%.
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Figure 6.11: Absorption of PQC with pitch 700nm for two hole diameter 350nm (black solid line)
and 525nm (red solid line) and the relative variation for hole diameter 525nm is shown in plot

below.

Increase in air-fill fraction for PQC lattice showed the increase in absorption of the incoming
photons between 300nm-1100nm. The increase in absorption is due to reduction of effective
refractive index of PQC. The effective refractive index for one dimensional calculation can be
determined from the relation [1] n,%QC = Fn?,, + (1 — F)nZ. In this equation Npocs Nair and ng;
are refractive index of PQC, air and silicon respectively. The fill factor (F) here denotes the ratio
of air to silicon. The air fill fraction increase from 22% to 49% when the hole diameter is increased
from 350nm to 525nm. The refractive index of Si at 630nm is 3.879 [2]; the effective refractive
index of PQC with hole diameter 350nm and 525nm are respectively 3.457 and 2.849 respectively.
The reduction effective refractive index of silicon reduces the reflection at air/semiconductor
interface. The following section will discuss the optimised deposition of QD and will present
optimised QD deposition. Using the best QD spin speed, the optical characterisations were carried

out before and after hybridisation with QD-630.
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6.5.1 QD deposition optimisation

EQE dependence on QD deposition at different speeds was investigated. QDs in toluene are
dynamically dispersed at required speeds. QDs with emission peak at 630+15nm were deposited at
spin speeds of 1500rpm, 2000rpm, 3000rpm and 5000rpm. When QD-630 is deposited with
1500rpm spin speed (Figure 6.12 (a)), the EQE of PQC solar cell showed enhancement between
320nm and 840nm. The relative enhancement in EQE increases from 3.6% at 320nm to 22% at
385nm. The initial decrease in EQE is attributed to absorption and re-emission loss taking place in
the QD layer. As QDs have high absorption cross section, they tend to absorb almost all the high
energy photons. QD-630 used in this study has the quantum yield of ~50% and there is 50% chance
for losses to occur due to absorption and re-emission. For near unity quantum yield QDs, this loss
will significantly reduce thus the highest enhancement can be observed near UV wavelengths.
Above 385 nm, the EQE enhancement gradually decreases at longer wavelength. That is the
relative EQE drops from 21.5% at 390 nm to 1.85% at 630 nm. This occurs due to the absorption
properties of QDs. QD-630 have the highest absorption at 300nm and then it exponentially drops to
almost zero between 630-650nm. QDs absorbed photons are then transferred to Si via LDS and
RET. Above 630nm, the EQE increases and reaches 10% at 730nm. Since QDs do not absorb in
this region, the enhancement can be attributed to refractive index matching. Above 845nm,

hybridisation of the PQC with QD-630 at spin speed 1500 rpm is proven to be detrimental.

As QD deposition speed is increased to 2000rpm (Figure 6.12 (a)), distinct enhancement is
observed near-UV. A relative enhancement of 29% at 365nm was achieved which is 11% higher
than the QDs deposited at 1500rpm. Increasing the speed to 3000rpm resulted in further
enhancement in EQE in the UV region, obtaining a relative enhancement of 36.5% at 365nm. The
QDs deposited at 2000 rpm and 3000 rpm is less detrimental to EQE in the near-infra red region.
Increasing the QD deposition speed to 5000 rpm showed very little enhancement in EQE compared
to QDs deposited at 3000 rpm.
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Figure 6.12: (a) EQE as a function of different spin speeds, 1500rpm(red), 2000 rpm(blue),3000rpm(green)
and 5000 rpm (dashed red). The black solid line represents the EQE of PQC solar cell before hybridisation.
Relative variations in EQE after hybridisation at different spin speed are shown in the bottom panel. (b)
Short-circuit current density achieved when PQC solar cell is hybridised with QD-630 at different spin
speeds. Green dashed line corresponds to reference Jsc before hybridisation. The relative variations in Jsc

after hybridisation are shown in the bottom panel.

From the EQE measurements, the short circuit density (Jsc) has been calculated and plotted in
Figure 6.12 (b). The Jsc of PQC solar cell before hybridisation is 30.2mA/cm® and is presented as
green dashed line. The Jsc increases with spin speed from 30.7mA/cm’ at 1500 rpm to 31.67 A/cm®
at 3000rpm. When QDs deposition speed is increased more than 3000rpm, the Jsc enhancement is
negligible. The relative enhancement in Jsc for hybridisation at different speed is shown in the
bottom panel of Figure 6.12 (b). The maximum relative Jsc enhancement of 5.6% is obtained for

QDs deposited at 3000rpm and 5000rpm.

6.5.2 Optical characterisation of hybrid PQC/QD Si solar cell

PQC solar with pitch of 700nm and hole diameter of 525nm gave the maximum Jsc (31.67%) when
hybridised with QD-630 at 3000rpm. The optical properties of the PQC solar cell before and after

hybridisation with QDs will be discussed in this section.
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Figure 6.13: Absorption of the PQC solar cell before (black solid line) and after (red solid line)
hybridisation with QD-630. The relative variations in absorption after hybridisation are shown in

the bottom panel of the graph.

Due to hybridisation of PQC solar cell, the absorption (Figure 6.13) increased between 300nm and
870nm, with the maximum relative enhancement of 28% at 365nm and then a gradual drop until it
reached 2% at 630nm was observed. QDs have strong absorption in the UV region. It then drops
exponentially until 630nm. Above 630nm, QDs do not absorb. The dips and peak in absorption are
due to PQC, this means the coupling of the light into hybrid PQC is stronger at certain
wavelengths. Above the QD absorption, the enhancement is due to only refractive index matching.
The absorption increases from 2% at 635nm to 6.3% at 735nm. Above 735nm, there is a gradual
drop until the relative enhancement almost reaches zero at 870nm. Between the wavelengths of
875nm and 990nm, the hybridisation with QD 630 has a detrimental effect, reducing the absorption
by 1%. Nevertheless, the overall increase in absorption shows that the hybridisation of PQC solar
cell with QD-630 is beneficial.
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Figure 6.14: The IQE of the PQC solar cell before and after hybridisation with QD-630 along with

the relative variation in IQE in the bottom graph.

The efficiency of charge generation and collection from solar cell can be determined from IQE
measurements. The IQE of PQC solar cell (refer, Figure 6.14) shows the enhancement between
320nm and 875nm. At 340nm, there is about 10.8% relative enhancement in IQE. The relative
enhancement in IQE starts to drop at 420nm from 10% until it reaches 0.5% at 530nm. For the
wavelength between 530nm and 630nm, the IQE enhancement remains less than 1.5%. Above the
absorption of QDs, the IQE enhancement drops to almost zero with peaks at 730nm and 835nm

which arises due to the change in effective penetration depth.

The time resolved photoluminescence of the QD-630 (Figure 6.15) on PQC solar is compared with
QDs on glass (reference) with excitation power of 1uW. Acceleration in decay of QDs is observed
when deposited on PQC solar cell with the pitch of 700nm and hole diameter of 525nm. The decay
rate of QD-630 is calculated from bi-exponential fit (equation 24) and is equal to 0.085ns” and
0.143ns™ for reference and PQC solar cell respectively. The efficiency of RET from this hybrid
QD/PQC solar architecture is 40.2%, which states that 40% of electron-hole pair generated in QDs

are transferred to PQC solar cell through non-radiative RET.
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Figure 6.15: Decay dynamics of QD-630 deposited on glass (black solid line) and on PQC (red
solid line) solar cell with pitch of 700nm and hole diameter of 525nm. The red dashed line and blue
dashed line are the fits for QD-630 on glass and PQC solar cell.

On comparison with QD-630 coated planar Si solar cell, there is an absolute 8% increase in RET
efficiency. The enhancement in RET efficiency is attributed to nano-template, which increases the
surface area of QD/Si interface. The true benefit from the hybrid PQC/QD Si solar cell is that
generated electron-hole pairs at QDs is transferred to close proximity of p-n junction. Non-radiative
transferred electron-hole pair are separated and collected at respective electrodes increasing the

short-circuit current.

6.6 PQC boost the performance

This section draws the comparison between best hybrid PQC solar cell and best hybrid planar solar
cell. Figure 6.16 shows the EQE of best planar and PQC solar cell devices before and after
hybridisation with QD-630 .The best solar cell was determined by their short circuit density (Jsc).
Planar (black solid line) solar cell has the maximum EQE of 60% between 635nm and 830nm.
When patterned with 12-fold PQC with pitch of 700nm and hole diameter of 525nm, a significant
enhancement in EQE was observed throughout measured spectral range 300nm-1100nm. Herein,
PQC solar denotes 12-fold PQC lattice with pitch of 700nm and hole diameter of 525nm.
Maximum EQE of 80%-85% was achieved for PQC solar cell between 660nm and 880nm. On
comparing PQC patterned solar cell with planar Si solar cell, 145% relative enhancement of EQE is
obtained at 300nm. The EQE of 12-fold PQC was also substantial in the near infra-red region with
relative enhancement of 32% - 46% between 670nm and 980nm. After hybridisation with QD-630,
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planar Si solar cell reached the maximum EQE of 88.4% at 695nm due to the efficient coupling of
the light into the Si. Enhancement is also observed within the absorption region of QDs due to
LDS, refractive index matching and RET. PQC solar cell when hybridised with QD-630

demonstrates enhancement in EQE over wide spectral range with maximum enhancement near UV.
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Figure 6.16: The EQE of best planar and PQC solar cell devices before and after hybridisation. The
black and red solid line represents the planar and PQC solar cell before hybridisation. The black
dotted line and green solid line corresponds to planar and PQC solar cell after hybridisation with

QD-630.

The planar solar when hybridised with QD-630 at spin speed of 2000 rpm yielded a Jsc of
30.2mA/cm’. The detailed information of planar solar cell before and after hybridisation is given in
chapter 5. PQC solar cell with pitch of 700nm and hole diameter of 525nm achieved Jsc
31.67mA/cm’ after hybridisation with QD-630 at spin speed of 3000rpm. In comparison to planar
polished Si solar cell, an absolute and relative enhancement in Jsc of 9.17mA/cm* (22.5mA/cm’ to

31.67mA/cm’®) and 41% was achieved after PQC patterning and hybridization with QD-630.

IQE of hybrid planar and PQC solar cell was also considered (Figure 6.17), hybrid PQC solar cell
with QD-630 shows significant enhancement of IQE in the absorption region. Relative
enhancement of 33% and 59% was achieved at wavelengths of 300nm and 360nm respectively.

The IQE enhancement gradually drops to zero at edge of QD absorption region. The enhancement
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in IQE of PQC is due to PQC lattice, LDS and RET. From EQE and IQE measurements, it is
demonstrated that hybrid PQC structure is more efficient for photovoltaics than hybrid planar

silicon solar cell.
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Figure 6.17: Shows the IQE of planar (black solid line) Si solar and PQC (red solid line) solar cell
with pitch of 700nm and hole diameter of 525nm after hybridisation with QD-630. The IQE

variation of hybrid PQC in comparison with hybrid planar is shown in below graph.

6.7 Conclusion

Patterning of 12-fold PQC lattice with pitch of 700nm and hole diameter of 350nm, the
enhancement in Jsc was observed and it is due to efficient coupling of the light into the Si solar
cell. On hybridisation with optimised QD deposition, Jsc of 30mA/cm” was obtained. In
comparison with best hybrid planar device (chapter 5), the hybrid PQC achieved the same short
circuit current. Also, 12-fold PQC’s air fill fraction was increased by increasing the hole diameter

from 350nm to 525nm for same pitch (700nm).
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12-fold PQC with pitch of 700nm and hole diameter of 525nm, on hybridisation with QD-630
showed a drastic enhancement in solar cell performance. In comparison with planar polished Si
solar cell, the hybrid PQC showed an absolute and relative Jsc enhancement of 9mA/cm” and 41%
respectively. This optical enhancement strategy using PQC and QDs can be extended to thin film

solar cells where the performance is limited due to poor absorption of incoming solar radiations.
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Chapter 7: Conclusion and future work

7.1 Conclusion

Size dependent properties of colloidal QDs and easy integration into the devices make them an
attractive material for current and future optoelectronics. QDs have demonstrated tuneable
emission and absorption in UV and mid infrared regions of the electromagnetic spectrum. This
thesis has shown the integration of QDs into LEDs and photovoltaic in quest of finding an efficient

lighting emitter and harvesters.

QDs have found their way into the market with applications in solid-state lighting and as back
lighting in displays. Sony, Samsung, LG and Amazon have used QDs as back lights for liquid
crystal displays (LCDs) [1,2] where QDs are blended into polymer matrix and sealed into glass
tube to avoid exposure from atmospheric oxygen [1]. Another similar approach is that QD polymer
films [3] are sandwiched in barrier films to avoid degradation of QDs. Both the QD tubes and
films are optically excited with InGaN blue LEDs. The light generated by the LED stack is trapped
as guided modes due to total internal reflection. Photonic crystals have been employed to improve
the light extraction of LEDs. Chapter 3 showed that by integrating QDs into 12-fold photonic quasi
crystal LEDs, the effective colour conversion quantum yields of 123% and 110% for single colour
QDs and white LEDs respectively were achieved. It is worth mentioning that these results are
significantly higher than previously reported colour conversion quantum yield [4]. This
improvement in performance was achieved through etching PQC into quantum wells and
depositing QDs into the PQC templates. This architecture also benefits from non-radiative RET

transfer from quantum wells to QDs and has the efficiency of 82%.

QDs requires more robust method for integration into the device where some examples include
contact printing [5], spray coating [6] and inkjet printing [7,8] for it to be viable for real world
applications. In chapter 4, inkjet printing was used to achieve controlled QD deposition over a
certain area. The QDs ink was ejected on to the hybrid PQC colour tunable LED. Reproducibility
and correlated colour temperature tunability was demonstrated. The PQC LED module had a
thickness of 150um therefore it is possible to make thin QD LED displays by using pixelated

deposition.

QDs are strong absorbers due to their quantum confinement and by optimising the size and material
composition; change in their absorption region can be achieved. The absorption region can be
tuned either to be in visible or infrared region of the spectrum. The PbS or PbSe are extensively
researched material for photovoltaic applications due to their near infrared emission. In chapter 5,
PbS QDs used as superficial layer on the Si solar cell showed broad spectral enhancement in the

EQE, with absolute (1.37%) and relative (20%) increase in photon conversion efficiency. The
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enhancement in the solar cell performance was caused by luminescent down shifting (LDS),
refractive index matching, resonant energy transfer (RET) and scattering at QD aggregate.
CdSe/ZnS (core/shell) QDs were also used to hybridise the planar Si solar and their optical
enhancement were studied. It was demonstrated that QDs can act as a refractive index layer
enhancing the coupling of the light into the solar cell in addition to LDS and RET. The optimum
QD thickness was investigated to maximise the short circuit enhancement of the hybrid QD/planar

Si solar cell.

Harvesting the solar power has become a global phenomenon and the demand for efficient and
cheaper photovoltaics is rapidly growing so is the awareness within and outside the academia. In
chapter 5, QDs was demonstrated to improve the performance of the planar Si solar cell. In chapter
6, 12-fold photonic quasi crystal pattern was etched into the planar Si solar cell and was used as a
template to bring QDs in proximity to p-n junction. QDs were deposited in nanoholes cavities and
optimised QD thickness was determined. The air fill fraction for PQC solar cell was also increased
for efficient light trapping into the solar cell. The PQC solar cell with optimised QD deposition
demonstrated 41% relative enhancement in short circuit current through LDS, RET and efficient

light trapping.

7.2 Future work

Hybrid 12-fold PQC LED has shown a great promise for efficient pumping of QDs. The PQC
lattice structure is not optimised and requires further optimisation for efficient transfer (radiative
and non-radiative) of photons from QWs to QDs. In this work, only spherical colloidal
nanostructure (QDs) was considered for hybrid devices. These studies can be extended further to
different nanostructures like nano rods and tetrapod semiconductor crystals. For hybrid PQC LEDs
to reach market from research labs, a lifetime and stability characterisations of QDs need to be
investigated. One of the most important aspect to consider is to encapsulate the QDs to avoid
degradation over time due to the atmosphere. Research publications are claiming close to unity
photoluminescence, it would also be interesting to analysis the hybrid PQC LED with high
quantum yield QDs.

Using colloidal QDs, different optical enhancement schemes were proposed in this thesis. Hybrid
PQC QD/Si solar cell was shown to enhance the performance of the Si solar cell. PQC pattern
transfer creates surface states at the sidewall of etched nanoholes, which requires counter active
measures to reduce these surface states. Atomic layer deposition of Al,0; is a proposed method to
reduce the surface states significantly and it can be achieved by growing few nm of oxide layer.
Surface states free hybrid PQC cell solar can benefit from non-radiative RET electron-hole pairs.
This idea can be extended to thin Si PV, which would have a greater impact on solar community

where photon absorption efficiency has limited its performance below its bulk counterpart.
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Appendix A: Correlated colour temperature tunable light

emitting diodes

A.1: Fabrication of PQC LED using link chip process

The LED epi structure was grown as described in section 3.2.1. Here process steps involved in the

fabrication of hybrid LED is shown.

1. Indium tin oxide (ITO) of 230nm is deposited on LED stack using e-beam evaporation and SiO, of

400nm is deposited using plasma enhanced chemical vapour deposition

2. Using spin deposition 360nm thick imprint layer is deposited on top of SiO, and reactive ion

etching of SiO, in O, and CHF; plasma.

PQC SiO,

3. Define PQC etch area using photo-lithography and using ICP the LED stack is etched up to depth
of 1.2pm including ITO film.

113



Chapter 7

Pattern

PQC holes in selected area

4. ITO area is defined using photolithography. The exposed ITO area is etched using mixed solution
of hydrochloric acid (HCl)/ ferric chloride (FeCl;) . After ITO etching , the LED stack is annealed

in furnace in at 500°C for 20minutes in nitrogen atmosphere.

Define ITO area

22z foc

5. Define Mesa area using photolithography and etch on to n-GaN layer. Mesa etching was
performed using Cl,/BCls/Ar gas in an ICP-RIE system. The Mesa was etched up to depth of
1.2pm

114



Chapter 7

Define MESA area

sggs sess

6. Chip isolation in modular array of LED is obtained by deposition 10pm SiO, and defining the area
with photolithography and ICP etching about 8um

Etching mask

L
T

7. The side walls of isolated chips are passivated and isolated with 500nm thick SiO2. For contacts

Etch

Si0; is defined using photolithography and etched with buffer oxide etch.
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Passivation

8. PN pad is defined with photolithography and 1.3pum thick gold is evaporated using e-beam
evaporation and lifted-off. The similar process flow was used for PQC LED described in chapter
3, the only difference the masks were designed to have 80 micro LEDs with one positive and

negative contact.

p-pad  pnseries link

T

n-pad
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A.2: Semi-log J-V characteristics of PQC LED
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Figure: (a) semi-log J-V characteristics of a planar (blue) and of PQC (black solid line) LED. (b)

semi-log J-V characteristics of a PQC LED (black solid line) and after hybridisation (red solid line)
with QD-585
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Appendix B: Correlated colour temperature tunable light

emitting diodes

B.1: Inkjet printing recipe

Recipe name — Quantum dot_actual 29
Jetting speed 6m/s
Firing voltage 16 -19V

Drop spacing - Spm

Q
oo
©
=
@]
>
Time
I I
! @
Phase 1 Phase 2 Phase 3 Phase 4
Voltage 16-19V Level 7% Level 73% Level 53%
Slew rate 1.44 Slew rate 1.44 Slew rate 0.58
Duration 3.77 us Duration 3.77 us Duration 0.896 ps
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Appendix C: Quantum dots as route to enhance the

performance of Si solar cells

C.1: Doping profile of Si Solar cell
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C.2: Optical constant of PbS QDs (QD-900)
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C.3: Optical constants of CdSe/ZnS QDs ( QD-630)

The QDs (here QD-630) are spin coated on Si substrate and optical constants of QD layer are
determined using woollam ellipsometer. First Cauchy dispersion model is used to determine the
thickness in the transparent region (630nm-1100nm) of QD-630. After film thickness is determined

B-spline dispersion model is used to determine optical constants of QD-630.
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C.4: QD layer thickness versus spin speed for concentration 60mg/ml
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