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A B S T R A C T

Light from the sun is an attractive source of energy for its renewa-
bility, supply, scalability, and cost. Silicon solar cells are the domi-
nant technology of choice for harnessing solar energy in the form of
electricity, but the designs are approaching their practical efficiency
limits. New multijunction designs which use the tunable properties
of the more expensive III-V semiconductors have historically been
relegated to space applications where absolute power conversion ef-
ficiency, resilience to radiation, and weight are more important con-
siderations than cost. Some of the more recent developments in the
field of semiconductor materials are the so-called III-nitride materi-
als which mainly use either indium, aluminum or gallium in com-
bination with nitrogen. Indium gallium nitride (InGaN) is one of
these III-nitride semiconductor alloys that can be tailored to span the
vast majority of the solar spectrum. While InGaN growth tradition-
ally requires expensive substrate materials such as sapphire, three-
dimensional nanowire growth modes enable high quality lattice mis-
matched growth of InGaN directly on silicon without a metamorphic
buffer layer. The absorption and electronic properties of InGaN can
also be tuned by incorporating it into quantum confined regions in
a GaN host material. This opens up a route towards cost-effective,
high efficiency devices such as light emitted diodes and solar cells
which can operate over a large range of wavelengths. The combi-
nation of the two material systems of InGaN/GaN and silicon can
marry the low cost of silicon wafers with the desirable optoelectronic
properties of III-nitride semiconductors. This thesis investigates the
potential for highly nanostructured InGaN/GaN based devices us-
ing quantum-dot-in-nanowire designs as novel solar cells which can
enable intermediate band absorption effects and multiple junctions
within a single nanowire to absorb more of the solar spectrum and
operating more efficiently. Such semiconductor nanostructures can in
principle reach power conversion efficiencies of over 40% on silicon,
with a cost closer to conventional silicon solar cells as opposed to
methods which use non-silicon substrates.

In the primary strategy, the nanowires contain InGaN quantum
dots which act as photon absorption/carrier generation centres to se-
quentially excite photons within the large band gap semiconductor.
By using this intermediate band of states, large operating voltages
between contacts can be maintained without sacrificing the collec-
tion of long wavelength solar photons. In this work, we character-
ize the properties of such nanowires and experimentally demonstrate
sub-bandgap current generation in a large area InGaN/GaN dot-in-
nanowire solar cell.

Experimental characterization of InGaN / GaN quantum dots in
nanowires as both LEDs and solar cells is performed to determine the
nanowire material parameters to understand how they relate to the
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nanowire device performance. Multiple microscopy techniques are
performed to determine the nanowire morphology and contact effec-
tiveness. Optical characterization of bare and fabricated nanowires
is used to determine the anti-reflection properties of nanowire ar-
rays. Photoluminescence and electroluminescence spectroscopy are
performed. Illuminated current-voltage characteristics and quantum
efficiencies are determined. Specular and diffuse reflectivities are mea-
sured as a function of wavelength.

Technology computer-aided design (TCAD) software is used to
simulate the performance of the overall nanowire device. The contri-
bution from quantum dots or quantum wells is simulated by solving
for the carrier wavefunctions and density of states with the quan-
tum structures. The discretized density of states from the quantum
dots is modelled and used in a complete drift-diffusion device simu-
lation to reproduce electroluminescence results. The carrier transport
properties are modified to demonstrate effects on the overall device
performance.

An alternate design is also proposed which uses an InGaN nanowire
subcell on top of a silicon bottom subcell. The dual-junction design al-
lows a broader absorption of the solar spectrum, increasing the oper-
ating voltage through monolithically grown series-connected, current-
matched subcells. The performance of such a cell is simulated through
drift-diffusion simulations of a dual-junction InGaN/Si solar cell. The
effects of switching to a nanowire subcell based on the nanowires
studied in this thesis is discussed.
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N O M E N C L AT U R E

Symbol Variable

A Area

Ak Unit area in reciprocal space

Astate Unit area per state

a Strained lateral lattice constant

ac‖ Conduction band deformation potentials ‖ to c-place

ac⊥ Conduction band deformation potential ⊥ c-plane

a0 Unstrained lateral lattice constant

A0 Absorption parameter

A1 Wurtzite material parameter

A2 Wurtzite material parameter

A3 Wurtzite material parameter

A4 Wurtzite material parameter

A5 Wurtzite material parameter

A6 Wurtzite material parameter

A7 Wurtzite material parameter

~a1,~a2 ,~a3 Real space lattice vectors
~b1,~b2 ,~b3 Reciprocal lattice vectors

c0 Unstrained perpendicular lattice constant

c Speed of light in vacuum

Cn,au Auger coefficient for electrons

Cp,au Auger coefficient for holes

C13 Elastic constant

C33 Elastic constant

cnj Electron capture coefficient

cpj Hole capture coefficient

D3D,e Bulk density of states

Dv Bulk density of states as a function of k

D2D,e 2D density of states

Da 2D density of states as a function of k

D1D,e 1D density of states

Dl 1D density of states as a function of k

D0D,e 0D density of states

Dl Wurtzite band parameter
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Symbol Variable

D2 Wurtzite band parameter

D3 Wurtzite band parameter

D4 Wurtzite band parameter

Dn Electron diffusion coefficient

Dp Hole diffusion coefficient

dAM,θ Effective atmosphere thickness at incident angle θ

dAM,⊥ Atmosphere thickness

ê Polarization vector

e31 Piezoelectric constant

e33 Piezoelectric constant

E Energy

EQE External quantum efficiency

Eoffset Energy band offset parameter with no strain

Eoffset,s Energy band offset parameter under strain

∆Ec Conduction band offset

∆Ev Valence band offset

E
‖
p III-nitride band parameter

E⊥p III-nitride band parameter

Ei Energy level at state i

Ef Electric field

Eg Bandgap

E0c Unstrained conduction band edge energy

Eg0 Unstrained bandgap

Eg,s Strained bandgap

EC Conduction band energy

EV Valence band energy

Efn Electron quasi-Fermi level

Efp Hole quasi-Fermi level

FF Fill factor

F Electric field

F
j
v Minimization function for Poisson’s equation

F
j
n Minimization function for electron current continuity equation

F
j
p Minimization function for hole current continuity equation

F1/2 Fermi integral of order one-half

F Electric field

Fw Wurtzite band parameter

fc Fermi function for electrons

fv Fermi function for holes

f Photon frequency
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Symbol Variable

fg Photon frequency for bandgap transition

g
j
p Hole wavefunctions in quantum well

Gopt Optical generation rate

Gtherm Thermionic generation rate

h Planck’s constant
 h Planck’s reduced constant

Hij Hamiltonian matrix element

Ht Hamiltonian matrix element for wurtzite materials

Hs(x) Heaviside step function

Is Irradiance

Im Current at maximum power point

Isc Short circuit current

Iph Photocurrent

Gb Gaussian broadening parameter

Jdark Current without illumination

Jlight Current without illumination

Jo Reverse saturation current

Jsc Short circuit current density
~Jn Electron current density
~Jn,drift Electron drift current density
~Jn,diff Electron diffusion current density
~Jp Hole current density
~Jp,drift Hole drift current density
~Jp,diff Hole diffusion current density

k Extinction coefficient

kB Boltzmann constant

Kt Hamiltonian matrix element for wurtzite materials
~k Wave vector in reciprocal space
~kx Reciprocal wave vector along ~x

~ky Reciprocal wave vector along ~y

kx Wavevector magnitude along ~x

ky Wavevector magnitude along~y

k1 Coefficient for first lattice wavevector along ~b1

k2 Coefficient for second lattice wavevector along ~b2

k3 Coefficient for third lattice wavevector along ~b3

~k‖ Momentum operator ‖ to c-plane
~k⊥ Momentum operator ⊥ to c-plane

Lx One dimensional potential well width

Ly One dimensional potential well length

Lz One dimensional potential well height

m Particle mass

m0 Electron rest mass
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Symbol Variable

me Mass of electron

mr Reduced mass

m∗e Effective electron mass

m∗h Effective hole mass

m⊥h Effective hole mass in perpendicular to c-plane

m
‖
h Effective hole mass parallel to c-plane

Mb Bulk matrix element for optical gain in quantum dots

MMFspec Solar cell mismatch factor

MMFref Solar spectrum mismatch factor

n1 Coefficient for first lattice direction in real space along ~a1

n2 Coefficient for second lattice direction in real space along ~a2

n3 Coefficient for third lattice direction in real space along ~a3

nr Real part of refractive index.

∆n Excess electron concentration

n Electron concentration

n0 Electron concentration at equilibrium

np Minority carrier concentration in n-type material

n2D 2D carrier concentration in quantum well

nQD Areal quantum dot density

NC Effective density of states in the conduction band

NV Effective density of states in the valence band

ni Intrinsic carrier concentration

Nd Donor concentration

Na Acceptor concentration

N−
d Ionized donor concentration

N+
a Ionized acceptor concentration

Ntj Number of electrons in trap j

N1 Number of non-degenerate states

N2 Number of states including spin degeneracy

nid Ideality factor

Ps Irradiance from the sun

p Hole concentration

p0 Hole concentration at equilibrium

~pcv Photon momentum operator

pn Minority carrier concentration in p-type material

∆p Excess hole concentration

Ps Photon flux from the sun

Pin Power incident on a solar cell

Pm Maximum power density point

Pcε Conduction band hydrostatic energy shift
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Symbol Variable

PPZ Piezoelectric polarization component

PSP Spontaneous polarization generated by a solar cell

Pt Maximum power of the solar cell

Pout Power generated by a solar cell

q Elementary charge

Q Total charge

Qn Total charge in n-type side of depletion region

Qp Total charge in p-type depletion region

Qs Photon flux above bandgap incident on a solar cell
~R Real space lattice vector

rQD Quantum dot to wetting layer gain ratio

r
sp
QD Spontaneous emission rate in quantum dot and wetting layer

Rn Electron recombination rate

Rp Hole recombination rate

Rsrh Shockley-Read-Hall recombination

Rsp Spontaneous emission rate

Rau Auger recombination rate

Rn,rad Electron radiative recombination rate

Rp,rad Hole radiative recombination rate

U Potential

Sf Electron flux density

SR Spectral responsivity

tij Transfer matrix coefficient for quantum well and barrier

tau Auger recombination time

tb Broadening lifetime parameter

tQD Quantum dot thickness

T Temperature

Ts Temperature of sun

Tcell Temperature of sun

u Anion-cation bond length ratio

V0 Potential inside well

V(r) Potential

Vk Volume in reciprocal space

Vstate Volume of single k state in reciprocal space

Voc Open circuit voltage

Vm Voltage at maximum power point
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Symbol Variable

V Voltage

Va Applied bias

Vk Volume in k space

w Total energy of electron

xd Depletion width

xn Extent of depletion region on n-type side

xp Extent of depletion region on p-type side

α Absorption coefficient

βs Spectral photon flux emitted per unit solid angle

βc Spectral photon flux incident per unit solid angle

Γ Energy level broadening parameter

δij Kronecker delta function

∆so Spin-orbit splitting of the valence band energy

∆1 Wurtzite crystal-field split energy

∆2 Wurtzite spin-orbit band parameter

∆2 Wurtzite spin-orbit band parameter

ε Permittivity of free space

εr Relative permittivity

εs Semiconductor permittivity

εstrain Strain

εij Strain tensor elements for dimensions i, j ∈ {x,y, z}

ηAM Air mass

η Solar cell efficiency

θw Wurtzite band parameter

θk Wurtzite band parameter

θε Wurtzite band parameter

θ1/2,sun Half angle subtense of the sun from Earth

θ Zenith (vertical) angle

λ Photon wavelength

λk Wurtzite band parameter

λε Wurtzite band parameter

µn Electron mobility

µp Hole mobility

µ Chemical potential

µ1 Chemical potential for first intermediate band transition

µ2 Chemical potential for second intermediate band transition

νdrift Figure of merit for drift-dominated intermediate band solar cells
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Symbol Variable

ν̄n Average thermal velocity of electrons

ν̄p Average thermal velocity of holes

∇ Three dimensional partial spatial derivative

ρ Charge density

σnj Electron capture cross section

σpj Hole capture cross section

τ Carrier lifetime

τw Hot electron relaxation time

τn,srh Electron SRH lifetime

τp,srh Hole SRH lifetime

τnj Electron lifetime at trap j

τpj Hole lifetime at trap j

τhc Relaxation time for hot carriers

Φs Solar spectrum

Φm Measured source spectrum

Φbi Built-in voltage

Φλ,ph Spectral photon flow

φ Azimuthal (horizontal) angle

Ψ Carrier wavefunction

Ωs Solid angle

ω Angular photon frequency
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Part I

I N T R O D U C T I O N

Part one of this thesis comprises an introduction to the so-
lar resource, general overview of solar cell development,
novel III-nitride materials and the physics of the nanos-
tructuring strategies which bring numerous advantages
for building intermediate band and multijunction solar
cells.

1



1
I N T R O D U C T I O N

"A star is drawing on some vast reservoir of energy by means unknown to
us. This reservoir can scarcely be other than the subatomic energy which, it

is known exists abundantly in all matter; we sometimes dream that man
will one day learn how to release it and use it for his service. The store is

well nigh inexhaustible, if only it could be tapped. There is sufficient in the
Sun to maintain its output of heat for 15 billion years. "

— Sir Arthur Stanley Eddington, 1920

The sun is the cause for the existence of virtually all life on Earth.
The heat and light from the sun is what has sparked the very first or-
ganic life on Earth, followed by billions of years of evolution. The sun
has since remained a consistent input of energy for the Earth. The
existence of life itself has led to organisms themselves becoming a
future source of chemical energy upon death in the form of hydrocar-
bons that our civilization has come to rely on as our primary source of
energy[1]. The convenience, low cost, and high energy density of coal,
oil, and gas are the primary reasons for their prevalence in modern
world’s energy consumption. It is this convenience in combination
with the world’s growing need for energy to drive economic progress
which has led to serious projected economic and environmental is-
sues such as climate change[2]. Not only are these “fossil fuels” a lim-
ited resource, there are many negative and largely unforeseen conse-
quences associated with their heavy usage. The pollution from burn-
ing hydrocarbons is a major detriment to human health[3] and the
environment[4]. The quantity of carbon dioxide being released in a
very short time is far from insignificant, unprecedented in history[5],
and its effect on the Earth’s climate is global and extremely difficult
to control and predict[6].

Hence, the search for alternate sources of energy is an environmen-
tal and economic priority. Ideally, a source of energy and its conver-
sion process should have no negative impact on the environment, be
predictable, reliable, virtually renewable, affordable, occupy minimal
volume, have a high energy density and be easy to store. Light from
the sun can satisfy most of these desired traits. The photovoltaic effect
in particular is a physical process in which the light matter interac-
tion with special materials can produce renewable electrical power
that is available whenever the sun is shining. It is also fortunate that
the amount of energy in the form of light that reaches Earth is far
beyond our current energy requirements, is completely renewable for
billions of years and produces no harmful by-products during opera-
tion.

Semiconductor materials are the fundamental ingredient in mod-
ern electronic devices, including solar cells. They remain at the fore-
front of technological research and development due to their unique

2



introduction 3

electronic structures, and hence highly controllable conductivities that
are relatively constant in insulators and metals. Light from the sun
can produce free charge carriers in semiconductors that can flow as a
current at certain electrical potential difference to perform electrical
work. However, not all semiconductors are ideal for this purpose. As
a hot black body emitter, light emitted by the sun comes in a spec-
trum of wavelengths, ranging from X-rays to radio waves. The vast
majority of the light from the sun falls in the visible to near-infrared
spectral range of light, which can either be transmitted, reflected, or
absorbed by materials. Semiconductors with large gaps in their elec-
tronic structure can provide higher voltage electrical power at the
expense of lower current by restricting their absorption to short wave-
length photons and transmitting a significant fraction of light. Those
with smaller gaps in their electronic structure have the opposite prob-
lem, where high current is achieved at the cost of losing the majority
of photon energy to heat, yielding low operating voltages by allowing
longer wavelength photons to be absorbed.

The optimization of electrical power via the photovoltaic effect re-
quires a judicious choice of bandgap for moderate voltage and cur-
rent. This trade-off leads to what is known as the Shockley-Quiesser
limit of power conversion efficiency[7]. The maximum of this limit
using the solar spectrum leads to an ideal semiconductor bandgap
of around 1.2-1.3 eV, with a peak efficiency of a single cell of around
30% under typical sunlight conditions on earth, and about 40% at the
absolute limit of concentrated sunlight.

The seemingly unavoidable losses arise from the thermalization of
excited carriers excited by photons with energies over 1.2-1.3 eV and
the transmission of photons with energies less than 1.2-1.3 eV. Addi-
tional losses are introduced from thermodynamic considerations of
the sun and the solar cell. The non-zero temperature of solar cells
and re-emitted light also play a role in reducing the efficiency[8]. The
thermalization of carriers is very difficult to avoid as relaxation and
thermalization times in semiconductors are typically measured in the
picoseconds and femtoseconds, respectively [9–11], releasing energy
through phonon interactions from higher conduction band states.

By combining semiconductors of different bandgaps, however, the
solar spectrum can be split among separate cells, providing a route
to higher efficiency solar cells[12, 13]. The spectrum can be split by
optical means, where the portions of the solar spectrum are spatially
divided onto various distinct cells using lenses or filters. However, the
most common approach is to grow a higher bandgap subcell on top of
a lower bandgap solar cell, with thin highly conducting, transparent
regions between them to conduct current from one cell to another.
The idea is to use the long wavelength transparency of high bandgap
materials to sequentially filter the spectrum. This strategy has led to
the development of multijunction solar cells, and record high power
conversion efficiencies in excess of 46%[14] with recent developments
towards six different active subcells[15]. Record solar cell efficiencies
are monitored by the National Renewable Energy Laboratory over
time[16], and are shown in Figure 1.
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The main drawback of the multijunction approach is the cost. As all
commercial multijunction designs do not use silicon as the substrate
(by far the cheapest crystalline semiconductor substrate), the cost is
inherently significantly higher. In addition, the number of exotic semi-
conductor layers adds to the growth time and material cost. While
multijunction cell designs on silicon have been investigated[17–22],
there are significant unresolved material quality deficiencies which
arise from the lattice mismatch of the bulk silicon/III-V semiconduc-
tor interface. These defects can propagate throughout the material,
drastically affecting performance[23]. In order to enable these designs
monolithically, alternative growth techniques are required to produce
quality III-V material on silicon.

Strategies to mitigate the need for lattice matched growth include
metamorphic growth[24], porous intermediate layers[19, 25], wafer
bonding[26, 27], mechanical stacking[28, 29], and nanowire growth[30].
The latter strategy is a promising method for enabling growth on sili-
con. Precise control over the growth conditions enables nanowires to
form as opposed to the traditional bulk layer-by-layer growth of tradi-
tional devices. The finite width of the nanowire base on the substrate
prevents the build-up of the strain sufficient to cause lattice disloca-
tions[31]. Nanowires also improve on the ability to absorb broadband
incident light[32], use less material[33], and can host aligned quan-
tum dots[34, 35]. As a result, a large amount of nanowire growth
occurs on silicon to provide a low-cost template for future devices.

With the growth material restrictions alleviated, new solar cells can
be grown directly on silicon using a greater variety of semiconductor
materials. One of the most promising new materials is the InxGa1−xN
alloy, which has one of the largest band gap ranges of all semicon-
ductor alloys, varying from 3.4 eV for GaN to 0.7 eV for InN. This
range of possible bandgaps spans more than 90% of the solar irradi-
ance through control of the relative fraction of indium and gallium
atoms. Indium gallium nitride is now used for virtually all "white
light" LEDs for residential and commercial lighting to provide blue
light and the source for phosphorescence across the rest of the visible
spectrum. One of the major challenges to InxGa1−xN growth involves
the incorporation of high indium fractions due to the high vapour
pressure of InN. Using nanostructured growth, higher indium frac-
tions in wurtzite InGaN can be directly grown on silicon wafers with
high material quality[36]. This has tremendous promise for new solar
cells designs, where large bandgap tunability and the use of low cost
substrates can be achieved in a single solar cell.

Multijunction structures using nanowires can allow for high conver-
sion efficiencies along with all previously stated advantages, however,
going beyond two junctions introduces difficulties in fabricating tun-
nel junctions due to the difficulty in achieving activated p-type dop-
ing for improving the hole mobility[37, 38]. Increasing the height of
nanowires beyond a few microns places greater difficulty in maintain-
ing nanowire uniformity, where the height uniformity of nanowires
improves the overall device performance[39]. An elegant alternative
for attaining high efficiency solar cells is to form an intermediate
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band of accessible states within a large band gap material. This al-
low the absorption of low energy photons via this intermediate state,
while maintaining the large operating voltage of the large bandgap
material[40]. In principle, this effect has the potential to increase the
conversion efficiency to 63% for a single intermediate band[40], and
up to 80% for multiple intermediate bands[41] under full concentra-
tion.

For wide bandgap materials such as GaN and the alloy InGaN,
there is an even greater potential with intermediate band designs[41,
42]. An intermediate band in GaN can be realized using InGaN quan-
tum dots/wells within a GaN host material[43]. By pairing quan-
tum dot growth with nanowire growth, the density and alignment of
quantum dots per nanowire can be precisely controlled. Nanowires
can also restrict the dimensions of the quantum dots for increased
control over the confined states[44, 45].

The growth of such nanowires as LEDs and solar cells has success-
fully been achieved by the group of Dr. Mi at McGill University (now
at the University of Michigan)[36, 46, 47]. We intend to investigate
the potential and propose design modifications to such LEDS as a
next generation solar cell platform through the characterization and
simulation of the potential sub-bandgap and tandem optoelectronic
properties of the InGaN/GaN quantum-dot-in-nanowire devices. The
quantum dots are quite large in lateral size in comparison to typical
quantum dots and can be considered quantum discs which approach
intermediate characteristics between quantum wells and quantum
dots. In this thesis, we label the quantum discs quantum dots with
this context under consideration. The electrical and optical character-
istics of such nanowire solar cells are assessed experimentally and
compared with the simulated performance of device models to deter-
mine an optimized solar cell design based on this novel InGaN on
silicon platform.

1.1 overview

This thesis aims to study the characteristics of InGaN/GaN quantum-
dot-in-nanowire solar cells using quantum dots to increase the ab-
sorption into the visible region and determine optimized designs for
higher power conversion efficiencies under the standard AM1.5G so-
lar spectrum. The quantum-dot-in-nanowire platform is investigated
towards its potential for intermediate band solar cells and multijunc-
tion solar cells on silicon.

Chapter 2 provides insight and background on the development
of semiconductor materials and optoelectronic devices, including In-
GaN/GaN solar cells. The current status and remaining challenges
of solar cells technologies are presented. The basics of semiconduc-
tor physics in bulk and nanostructured materials are described. The
chapter ends with a discussion of intermediate band solar cells and
the suitability of its implementation using the InGaN/GaN material
system.
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Chapter 3 introduces the theory of semiconductor devices and de-
tails the operation principles and various aspects of solar cells. The
chapter also includes sections on the simulation techniques used in
this thesis for capturing quantum mechanical effects in nanostruc-
tured light-sensitive devices.

Chapter 4 comprises a discussion of the numerous types of charac-
terization and growth techniques for materials and devices and their
connection to solar cell design. The chapter contains experimental re-
sults of this thesis, which has a primary focus on characterization of
the optoelectronic properties of the individual nanowires and the fab-
ricated solar cells. A wide range of microscopic/nanoscopic imaging
techniques are used assess nanowire properties and the effects of the
solar cell fabrication methods on cell performance.

Chapter 5 contains the modelling and simulation results pertain-
ing to nanowire solar cells on silicon. The performance metrics of In-
GaN/GaN quantum well solar cells and InGaN/GaN quantum dot
LEDs are calculated based on various modelling approaches to iden-
tify desirable design modifications. The requirements of an InGaN/-
GaN quantum well solar cell to become a true intermediate band
solar cell is discussed. The limitations and potential research avenues
to these simulations are presented.

Chapter 6 focuses on the simulation of a bulk InGaN/Si dual-
junction solar cell without any sub-bandgap current generation pro-
cesses. A realistic silicon subcell is designed for current matching
with a bulk InGaN based on the interpolation of experimentally de-
termined absorption coefficients. Consequences and opportunities for
a nanowire-on-silicon dual-junction solar cell are discussed.

Chapter 7 is the conclusion of the thesis which investigates the
implications of the results, and future work related to realizing an
intermediate band solar cell using InGaN/GaN nanowires with dot-
s/wells, as well as other promising avenues and application for solar
cells based on nanostructured large-bandgap material.

1.2 motivation and contribution

This thesis aims to both characterize and simulated the performance
and properties of InGaN/GaN quantum dot-in-nanowire solar cells
on silicon. The cost-effectiveness of using a silicon substrate with
highly tunable III-nitride semiconductors would allow the efficiency
of silicon-based solar cells to include other high efficiency features
such as multijunction stacks, intermediate bands, and light trapping
through nanostructures. The characterization and simulation work in
this thesis is made possible with a collaboration with McGill through
the Natural Sciences and Engineering Research Council (NSERC) Pho-
tovoltaic Innovation Network (PVIN) Project 11. All growth and fab-
rication processes are undertaken at McGill University under Dr. Ze-
tian Mi. An organizational chart detailed the contributions and col-
laborations to the best of my knowledge is shown in Figure 2.
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The contributions of this thesis to the field of semiconductor device
physics are as follows:

• High resolution electron microscopy, helium-ion, and atomic
force microscopy of InGaN/GaN nanowires

• Characterization of the luminescence properties of InGaN/GaN
nanowires

• Characterization of reflective properties of densely-packed, ran-
domly distributed InGaN/GaN nanowire ensembles and solar
cells

• Characterization of the electrical performance of InGaN/GaN
quantum-dot-in-nanowire solar cells

• Low temperature luminescence characteristics of InGaN/GaN
nanowire solar cells and LEDs

• Spatially-resolved single nanowire micro-electroluminescence

• Simulation of InGaN/GaN quantum-dot-in-nanowire LEDs

• Simulation of a realistic dual-junction InGaN/Si solar cell

• Demonstration of deep sub-bandgap current generation in In-
GaN/GaN nanowires

• Insight into carrier transport dynamics in InGaN/GaN quan-
tum dots under various incident photon wavelengths

• Design considerations for realizing intermediate band solar cells
from InGaN/GaN quantum well solar cells
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Figure 2: Organizational diagram highlighting the contributions and collab-
orations involving this thesis. The box in red summarizes the char-
acterization and device simulation work done by the thesis author
using samples grown and fabricated at McGill University. Simula-
tion work is largely based on designs of the as-grown nanowire
devices.



2
P H Y S I C S O F S E M I C O N D U C T O R S

"In the late 1960s, red and the low green LEDs and the infrared
semiconductor lasers had already been developed, but there was no prospect

of practical blue light emitters, even in the ’70s."

— Isamu Akasaki, 2014

2.1 background

This section outlines the historical timeline of semiconductor device
development, based on papers by Jenkins[48] and Łukasiak[49],The
study of semiconductors began in the nineteenth century where the
conductivity of materials was mainly of interest. In 1833, Michael
Faraday studied silver sulphide, which exhibited the anomalous ef-
fect of increasing its conductivity with temperature[50], being the first
discovery of a semiconductor property. Just a few years later in 1839,
Henri Becquerel found that when platinum electrodes coated in silver
chloride were placed in an electrolytic solution of nitric acid, a voltage
was produced between the electrodes under illumination by sunlight.
This was the first demonstration of the photovoltaic effect[51], the
physical process in which solar cells operate. Several decades later
in 1873, Willoughby Smith found that the conductivity of selenium
(which was considered a metal at the time) varied with the amount
of light incident on its surface[52], an effect not seen in other types
of metals. These series of discoveries implied that a new group of
materials exists, one which is distinct from traditional metals or insu-
lators. In 1874, rectification was demonstrated in various metal-oxide
combinations by Carl Ferdinand Braun[53]. This is recognized as the
first semiconductor diode and spawned the idea that electronic de-
vices with unique properties can be fabricated using a combination
of semiconductor and metal. In 1883, Charles Fritts produced what
is now considered the first photovoltaic cell[54]. The cell was created
using a thin layer of molten selenium poured onto a metal surface,
which was then covered with gold leaf. The gold leaf was sufficiently
thin to allow for some light to pass through and be absorbed by the
selenium layer.

Despite the accomplishment, the theory behind the light-matter in-
teraction with semiconductors and solar cells was not well under-
stood and further progress was hindered. The lack of applications
for semiconductors also slowed the development of semiconductor
devices prior to the twentieth century. A promising route towards
semiconductor usage emerged through radio from the discovery and
detection of radio waves in 1887[55]. At the turn of the century, both
Braun and Sir J. C. Bose aimed to use semiconductor rectifiers as
part of radio frequency detection devices. Between 1902 and 1906,

10
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Greenleaf Whittier Pickard worked on testing a variety of materials
for rectification properties. Working for AT&T, he apparently tested
tens of thousands of materials, of which fused silicon was the most
promising in its stability of rectification[56]. However, with the arrival
of three terminal devices in vacuum tubes as amplifiers around the
same time, the interest in the semiconductor diode waned.

The improvement to semiconductor diodes and photocells came
with larger area copper oxide and selenium devices that could op-
erate at higher currents and were suitable for battery charging and
light sensors. The dominance of the vacuum tube continued until
radar required increasingly higher frequencies, where semiconductor
diodes demonstrated lower capacitances necessary in high frequency
devices.

The development of more advanced semiconductors required a
more fundamental understanding of materials and their conductivity.
In 1931, Alan Wilson described the conductivity of semiconductor in
terms of energy gaps between electron states[57]. This allowed for
traditional semiconductor physics to explain how doping affects the
conductivity of a material, as well as how the conductivity changes
with temperature.

Radar still required more reliable and higher quality semiconduc-
tor materials to improve in performance. Hence in 1935, R. S. Ohl
worked on improving the purity of silicon by the melting and reso-
lidification of an ingot of relatively pure silicon. The separation of im-
purities (namely aluminum, boron and phosphorus) in this process
allowed for silicon as pure as 99.999% to be achieved. Not only did
such silicon make a better diode, but a very strong photovoltaic ef-
fect was observed[58, 59]. This method is not dissimilar from today’s
method of diffusing dopants to form a p-n junction. Indeed, it just so
happens that the very impurities that plagued device performance in
earlier diodes such a boron and phosphorus are p-type and n-type
dopants used in solar cells today!

By 1942, germanium p-n junctions were being made with relative
ease as a result of the purification of germanium[60]. These germa-
nium diodes demonstrated excellent performance for the time and
were considered for a solid-state version of the vacuum tube-based
triode. This device would become known as the transistor, which has
revolutionized our entire society and become the fundamental com-
ponent in electronic devices in use today. William Shockley and oth-
ers would go on to drive the development of the transistor based on
a gate voltage that would dynamically modify the effective conduc-
tivity of the device[61, 62].

Various iterations of the transistor were developed with the goal
of handling increasingly larger currents with increased stability. The
use of the Czochralski method[63] developed back in 1918 allowed
germanium of sufficient quality to be grown and compete with the
vacuum tube. With germanium semiconductor devices successfully
being produced, the last major innovation came with the switch to
silicon. The larger bandgap of silicon prevented the significant gener-
ation of thermally excited free carriers, leading to even more sensitive



2.1 background 12

devices that can operate at higher temperatures. This switch would
occur with the development of the floating zone technique[64] which
led to impurity levels of less than 10

10 cm−3 in silicon ingots.
The development of integrated circuits would continue in paral-

lel with the development of photovoltaic cells. In 1954, Daryl Chapin,
Calvin Fuller and Gerald Pearson at Bell Laboratories created the first
photovoltaic cell that could produce significant power[65]. Over time
and through multiple advances in material quality and design, the ef-
ficiency of silicon solar cells would improve to reach 26.3%[66] as of
the publication date of this thesis. The development of cheaper thin
film solar cells would keep pace with cells exhibiting about 5% abso-
lute efficiencies lower than silicon and steadily improve to a present
day record of about 23% for copper indium selenide cells[67], and
about 22% for a perovskite solar cell[68].

The gateway to higher efficiencies was through the development
of multijunction solar cells in the late 1970’s. The first multijunction
solar cell was fabricated by Bedair et al. using an AlGaAs/GaAs dual
junction design[69]. A second dual-junction design was made using
InGaP/GaAs and used for deployment in spacecraft for its radiation
hardness and high efficiency[70]. The first triple junction solar cell for
space applications was formed in the late 1990’s by combining InGaP,
InGaAs and germanium[71]. The thinner and hence lighter weight
of germanium substrates as opposed to gallium arsenide substrates,
along with the higher efficiencies was the major appeal for space-
based solar power. With these high efficiencies and the knowledge
of significantly improved efficiencies with concentration, interest in
modifying germanium-based triple junction solar cells for terrestrial
applications increased. The record of 41.6% based on lattice-matching
with germanium was subsequently matched with different designs
which allowed for improved current matching between subcells[72].

For higher numbers of junctions, the efficiency is projected to in-
crease to 50% in realistic designs[73]. However, the increasing com-
plexity of multijunction solar cells coupled with their exotic materials
leads to a significant areal cost. A parallel, yet fundamentally dif-
ferent approach lies in the development of cost-effective solar cells.
Thin-film solar cell materials types such as copper indium gallium
selenide (CIGS), organic, perovskites, and amorphous silicon aim for
cost reductions at moderate efficiencies to gain commercial viability.

In contrast, no commercial InGaN solar cells current exist due to
uneconomical growth and insufficient material quality in faster growth
methods such as molecular beam epitaxy (MOCVD). Nonetheless,
InGaN solar cells have been proposed a result of their exceptional
radiation hardness[74], large bandgap tunability, high electron mo-
bilities[75], drift velocity[76, 77], thermal conductivity[78], and high
temperature operation[79]. The recent interest in InGaN solar cells
came as a result of the revision of the InN bandgap at 0.7 eV[80–87],
which was previously thought to be around 2 eV[88, 89].
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2.2 semiconductors

The interaction between light and matter has always been an impor-
tant field of study in physics. While reflection, transmission, and ab-
sorption of light incident upon a material are basic properties that are
evident upon experiment, they are dictated by the interaction of the
atomic energy levels with the electric field of the photon. In solid ma-
terials, individual atoms are densely packed such that their discrete
electronic energy levels overlap with one another, hybridizing on a
large scale to form a continuous band of energy levels. The structure
of these bands, known as the band structure, as a function of energy
and electron momentum, controls the reflection, transmission and ab-
sorption that are unique to each material.

The configuration of the band structure relative to the energy level
at which electrons have a 50% chance of occupying, known as the
Fermi level, has led to the classification of three distinct regimes of
materials which we know as metals, semiconductors and insulators.
When a photon is incident on a material, absorption can occur if the
photon energy is approximately equal or greater to the energy differ-
ence between occupied and unoccupied bands.

In all materials, there are accessible bands of states which are de-
localized across the crystal lattice. These collections of states are re-
ferred to as conduction band states as they permit the movement of
electrons throughout the material. This is contrasted to electrons in
the valence band, which are highly localized around the atoms in
the crystal as there are no empty states at similar energies for charge
transport to occur. The difference between the lowest energy of the
conduction band and the highest energy of the valence is the bandgap
of the material.

For metals, the conduction band states are populated even with-
out external excitation, resulting in free electrons within the material.
This can be interpreted as a zero or negative bandgap, depending
on the metal. These free electrons will respond to the electric field of
photons by oscillating such that the incident field inside the metal re-
mains zero, creating an identical field being produced in the reverse
direction, which we perceive as reflection.

Insulators are materials which have such a large energy gap be-
tween the valence and conduction band states, that there will be only
be a negligible number of carriers in the conduction band under typ-
ical conditions. Insulators require high energy photons or electrons
incident upon them to produce free carriers since the bandgap is so
large.

For semiconductors in equilibrium, the Fermi level lies in the cen-
ter of the bandgap. This results in electrons completely occupying the
valence band states, and a virtually empty conduction band. Incident
photons with energy greater than the band gap of the semiconductor
can be absorbed, while the material is transparent to lower energy
photons. In the lack of light or heat, most pure semiconductors at
room temperature are highly insulating as few electrons have suffi-
cient thermal energy to occupy the conduction band. It turns out that
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Figure 3: Periodic table of the elements. The elemental components which
make up the III-V nitrides are indium, gallium, aluminum and
nitrogen. Silicon is also highlighted as it is the substrate used this
thesis.

semiconductors are naturally suited for direct solar energy power con-
version as a result of this bandgap.

The periodic table of the elements contains elements which are
semiconducting in their pure form, with many more resulting from
a combination of two of more elements. The elements that are semi-
conducting in their pure form are highlighted in Figure 3. Not all
semiconductors can be used for high efficiency solar cells either since
their bandgap value places limits on the maximum possible solar cell
efficiency. A bandgap that is too large would result in few photons
being absorbed despite a high operating voltage. On the contrary, a
small bandgap absorbs much more photons, but results in a low op-
erating voltage.

The group IV materials can form semiconductors from a single
atomic species with diamond-type cubic lattices. Silicon and germa-
nium both form semiconductors with moderate band gaps of 1.11 eV
and 0.67 eV, respectively, which correspond to the solar spectrum. The
bandgap of carbon depends on which of the many allotropes it has
formed, where it can be either insulating or metallic. The properties
of carbon are highly dependent on the allotrope, where it can be a
semi-metal (graphite), a semiconductor(graphene on SiC)[90] or an
insulator (diamond). Silicon is by far the most common semiconduc-
tor material, owning to its abundance, moderate bandgap, low cost,
and mature fabrication technologies. The indirect bandgap of silicon,
however, makes it a poor absorber at longer wavelengths and a poor
light emitter, both of which are not ideal in photovoltaic materials.

There are numerous semiconductors that can be formed through
the combination of group III and group V elements, as well as group
II and group VI elements. These combinations usually result in com-
pound semiconductors, which are charge neutral solid materials that
demonstrate a range of bandgaps which are roughly inversely propor-
tional to the size of the atomic species and unit cell lattice constant.
Figure 4 illustrates the bandgap variation with lateral lattice constant
for a variety of different semiconductors with a focus on InGaN.
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Figure 4: Band gap versus lattice constant for the most common semicon-
ductors. The InxGa1−xN band gap variation is drawn with a
line. The AM1.5G solar spectrum is overlaid in turquoise. Data
is obtained from http://www.matprop.ru/semicond[91], and http:

//www.semiconductors.co.uk/[92].

For the III-V compound semiconductors, combinations of three el-
ements can demonstrate materials with tunable properties. This en-
ables the tailoring of semiconductor bandgaps and lattice constants
for high quality growth of a variety of semiconductors on a few differ-
ent binary semiconductor compound substrates. Extending the alloy
to four or more compounds can lead to independent control over the
lattice constant and bandgap.

2.2.1 Gallium Nitride

Gallium nitride is a large bandgap semiconductor that is transpar-
ent to visible light. The lattice structure is typically of the wurtzite
configuration and has a hexagonal Bravais lattice with a Ga-N basis.
Zincblende GaN is not energetically favoured under most growth con-
ditions and is less common as a result. The nanowires discussed in
this thesis possess the wurtzite crystal structure. For wurtztite GaN,
the gallium and nitrogen atoms are arranged in alternating layers of
interpenetrating 2D hexagonal lattices. Figure 5 illustrates the crystal
structure in both real-space and reciprocal space.

The development of GaN devices was spurred by research into blue
light emitting diodes (LEDs). The growth of single crystal GaN had
been achieved in 1968[93], followed quickly by the demonstration of
blue LEDs grown using halide vapour phase epitaxy (HVPE)[94]. De-
spite these initial breakthroughs, the efficiency and colour control of
such devices were quite poor. The production of commercially vi-
able GaN devices would have to wait until the problems of impurity
contamination and crystal quality improved, as well as the ability to
create sufficient quality p-type GaN.

Once the technique of metal organic chemical vapour deposition
(MOCVD) had been sufficiently developed, significant progress be-
gan to occur towards realizing high quality GaN crystals. This in-
cluded cooling the reactor walls and removing the need for requiring

http://www.matprop.ru/semicond
http://www.semiconductors.co.uk/
http://www.semiconductors.co.uk/
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Figure 5: Crystal structure of wurtzite GaN from (a) an angled view (b) and
plan view in the [0001] direction. (c) Brillouin zone in k-space of
wurtzite-GaN showing high symmetry points and vectors. Asym-
metry found in relaxation of real GaN crystals is not shown.
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hydrogen chloride, which was the primary source of oxygen contam-
ination from water which was difficult to remove.

The GaN devices at the time emitted blue light as a result of the in-
tentional but unactivated magnesium dopants which remained bonded
to a hydrogen atom. Impact ionization of an electron creates a free
electron that can recombine with the hole left from the magnesium-
hydrogen pair, followed by another recombination with another mag-
nesium dopant. The move towards true band-to-band recombination
of carriers would require the alloying of indium to lower the bandgap
to correspond with visible light.

In 1995-1996, the first high brightness InGaN/GaN LEDs and lasers
were grown with a quantum well structure on sapphire which re-
moved the need for doping in the recombination region[95]. Upon
these developments that were deemed worthy of a Nobel prize, the
InGaN/GaN quantum well system has been the template for develop-
ing commercial optoelectronic devices which operate at the UV and
visible wavelength region of visible light.

It is also possible (although extremely difficult) to form bulk GaN
(>100 µm dimensions) using gallium and ammonia powders [96],
chemical vapour transport techniques[97], and ammonothermal seeds
with semi-bulk GaN growth using halide vapour phase epitaxy HVPE[98].
Crystal quality, growth rates, and cost are still existing issues such
that heteroepitaxy is currently the dominant growth method for gal-
lium nitride.

2.2.2 Indium Gallium Nitride

Prior to 2002, interest in InGaN as a semiconductor was quite low. The
established bandgap for pure InN was around 2 eV, which means its
optoelectronic operating range would be decidedly from the near ul-
traviolet to the colour red. Despite the initial attractiveness of this
wavelength range, producing high quality InGaN material with a
high indium molar fraction proved too great a challenge for current
growth techniques. This initial bandgap estimation was supported by
absorption sputtered and metalorganic vapor-phase epitaxy grown
indium nitride films. Such materials demonstrated a vanishing ab-
sorption coefficient around 1.9 eV[99] with theoretical work support-
ing[100, 101] from a lack of growth and accurate physical parameters
of indium nitride. However, with increasing indium nitride film qual-
ity, annealing, and lower doping concentrations, absorption deep into
the near-infrared began to emerge.

In 2002, numerous groups (Wu et al., Davydov et al., Matusoka et
al., Hori et al. and Inushima et al.) began to report photoluminescence,
X-ray diffraction, and density functional theory calculations which
pointed to an InN bandgap of 0.6-1.0 eV[80–87, 102], as opposed to the
previous accepted value of 2 eV. Additional theory work suggested
the error was a result of the reliance on the so-called band-gap-common-
cation rule and explained the reasons for the anomaly[103].
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Figure 6: Experimentally determined values of the bandgap as a function of
indium composition for InGaN[81, 105–115]. A curve with bowing
parameter of 1.4 eV is drawn that corresponds to strained InGaN.

The result was the redefinition of the bandgap of InN and a re-
newed interest in the InGaN material system. InGaN was now a ma-
terial that could be used for laser diodes and photodiodes in fiber-
optic communications. Over the following decade, the bandgap for
InN was re-established at 0.7 eV.

While the bandgaps of InN and GaN were quickly agreed upon
by various groups, the bowing parameter for alloys in between were
less understood. It is proposed that photoluminescence and cathodo-
luminescence experiments underestimate the bandgap[104] as optical
transitions can involve states below the bandgap. The bandgap can be
described by a modified version of Vegard’s law for semiconductor
bandgaps,

EInGaN = xEInN + (1− x)EGaN − bx(1− x), (1)

where in the case of InGaN b is approximately 1.4 eV according to
experimental data[81, 105–115]. The bowing parameter used in this
thesis is 1.4 eV, as opposed to the larger bowing parameter of about
2.8 eV expected for completely relaxed InGaN[116]. Since the InGaN
quantum dots are within a GaN matrix, strain in the quantum dots
is expected to exist. Figure 6 shows the change in bandgap of InGaN
with indium fraction.

The newly discovered bandgap range is also very desirable for solar
cell applications. As the optimal power conversion efficiency from
the solar spectrum is found by using a semiconductor with a 1.2 eV
bandgap, an InGaN solar cell can in principle have a more desirable
bandgap than either silicon or GaAs.

Unfortunately, the growth of InGaN films with high indium frac-
tions is quite challenging for multiple reasons. Firstly, the spacing
between indium and nitrogen atoms in InN is quite different from
that of gallium and nitrogen in GaN. This leads to dislocations in
the crystal lattice. Secondly, InN has a very high vapour pressure
when compared to GaN, resulting in the preferential incorporation
of gallium over indium in InGaN alloys. Thirdly, there is a significant
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Spontaneous Polarization Calculation GaN AlN InN

PSP (LDA-DFT) -32 -99 -41

PSP (GGA-DFT) -34 -90 -42

Table 1: Spontaneous polarization parameters calculated via LDA Bernar-
dini[118] for the III-nitride materials in units of mC/m2.

difference in the formation enthalpies between InN and GaN which
causes indium to segregate into clusters.

The growth quality of InGaN is heavily dependent on a variety of
factors as the sub-optimal conditions leads to either high indium seg-
regation into clusters which accelerate the accumulation of indium
as they grow larger, or a lack of indium being present in the epitax-
ial layers. The challenge of integrating indium into the film while
maintaining homogeneity has spurred a heavy focus on optimizing
growth conditions. Successful growth of high indium InGaN are typ-
ically achieved only with very thin layers.

2.3 polarization in iii-nitride materials

One of the benefits to using III-V semiconductors is the possibility
to combine materials with very different optical properties monolithi-
cally into a single device if the lattice strain is managed. The interface
between two different III-V semiconductors, however, can give rise
to charge accumulation at the interface that affect carrier transport
depending on the material combination. There are two types of polar-
ization effects that can arise for materials: spontaneous polarization
and piezoelectric polarization where the non-centrosymmetric crystal
structure of the III-nitrides leads to a non-isotropic polarization field.

The total polarization is a simple sum of the two polarization com-
ponents:

P = PPZ + PSP, (2)

In zincblende III-V semiconductors, there is no spontaneous polar-
ization as all bonds are intrinsically symmetric. In III-nitride struc-
tures, which are usually wurtzite in crystal structure, there is an in-
trinsic asymmetry that can heavily influence the transport of carriers,
especially in multiple quantum well structures. The relevant spon-
taneous polarization parameters are shown in Table 1 for different
III-nitride materials as obtained from Bernadini et al. using Berry-
phase polarization theory. The calculation uses a generalized gradi-
ent approximation in density functional theory (GGA-DFT)[117] after
refinements to the results obtained from the initial local density ap-
proximation (LDA) approach in density functional theory (DFT)[118].
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Piezoelectric polarization parameters GaN AlN InN

Lattice constant a (Å) 3.197 3.108 4.580

Lattice constant c (Å) 5.210 4.983 5.792

Piezoelectric constant e13 (mC/m2) -37 -62 -45

Piezoelectric constant e33 (mC/m2) 67 150 81

Elastic constant C13 (GPa) 68 94 70

Elastic constant C33 (GPa) 354 377 205

Table 2: Piezoelectric polarization parameters for the III-nitride materials as
obtained from Berandini et al.[117].

For alloys, such as InxGa1−xN, the spontaneous polarization is a
linear interpolation of the spontaneous polarizations the binary alloy
parameters which is calculated using the formula below:

PSP = PSP,GaN + PSP,InN(1− x). (3)

The piezoelectric polarization in GaN, AlN or InN is caused from
compressive and tensile strain between different lattice constants of
the two materials and is calculated from

PPZ = 2
a− a0
a0

(
e31 − e33

(
C13
C33

))
, (4)

where a and a0 are the strained and unstrained lattice constants for
the material. This formula does not take into account any relaxation
of lattice. The piezoelectric polarization parameters are shown in Ta-
ble 2. The simulation of realistic III-nitride devices, especially those
which use InAlN, requires the treatment of the polarization charge at
the interface. In the case of recent device designs, the polarization
effects can actually be leveraged for improved performance either
as increased transport through tunnel junctions[119, 120], superlat-
tices[121, 122] or carrier localization for LED applications[123, 124].
The total polarization charge at the interface as a function of molar
fractions for various alloys is shown in Figure 7.

2.4 bloch waves in semiconductors

When atoms condense into solid matter, the discrete atomic states
overlap to form hybridized or molecular states. In the limit of macro-
scopic crystals, the states form a band that we typically associate with
bulk semiconductors. We can determine the density of these states by
starting with a sphere in reciprocal k-space. In perfect crystals, the
orderly arrangement of an incredibly large number of atoms sets up
a periodic boundary condition of the potential. This potential U must
be the same at every point in the Bravais lattice, or infinite periodic
arrangement of unit cells. Mathematically, this is described as

U(~r+ ~R) = U(~r), (5)
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Figure 7: Polarization charge at the interface of various III-V semiconductors
with GaN.

where ~R is a lattice vector in real space

~R = n1 ~a1 +n2 ~a2 +n3 ~a3, (6)

and ni are the linear combination coefficients of the real space primi-
tive lattice vectors.

Electrons are the active elements of the lattice which allow the
atoms to participate in bonding, and they are described by their wave-
functions. The electron wavefunctions are solved by the Schrödinger
equation

Hψ(~r) =

(
−

 h2

2m
∇2 +U(~r)

)
ψ(~r) = Eψ(~r). (7)

These otherwise free electrons wavefunctions are modified by the
function u(~r) which is periodic with the crystal lattice so their wave-
functions are of the form

ψ(~r) = ei
~k·~run~k(~r). (8)

The function unk(~r) is periodic such that

un~k(~r+
~R) = un~k(~r), (9)

where n is the index of independent eigenstates at each k, and k

is the wavevector in reciprocal space. Equations 8 and 9 form what is
known as Bloch’s theorem.
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In real crystals, the wavefunction is also periodic in three dimen-
sions so that

ψ (~r+ (n1 ~a1 +n2 ~a2 +n3 ~a3)) = ψ(~r), (10)

where n1, n2, and n3 are integers indicating primitive cells of the
crystal in each direction ~a1, ~a2 and ~a3, which are the lattice vectors
of the unit cell in real-space.

The wavevector can be written in terms of a continuous linear com-
bination of its reciprocal lattice vectors ~b1,~b2,~b3 with coefficients
ki:

~k = k1~b1 + k2~b2 + k3~b3, (11)

where k ∈N.
The scalar product of ~k and ~r in the plane wave wavefunction re-

sults in a factor of 2π from the relations between ~a and ~b vectors:

~b1 = 2π
~a2 × ~a3

~a1 · (( ~a2 × ~a3)
, (12)

~b2 = 2π
~a3 × ~a1

~a1 · (( ~a2 × ~a3)
, (13)

and

~b3 = 2π
~a1 × ~a2

~a1 · ((~a2 × ~a3)
. (14)

The dot product between the two vectors is calculated by

~bi · ~aj = 2πδij. (15)

The exponential in the Bloch function becomes

ei2π(n1k1+n2k2+n3k3) = 1, (16)

as a result of the required periodicity. The allowed coefficients for
the block vector are thus

~k =

3∑
i=1

mi
Ni

~bi, (17)

where m ∈ N, Ni are the number of primitive cells in the crystal in
each dimension i = 1, 2, 3. This is known as the Born-von Karman
boundary condition.
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2.5 particle in a box

The Schrödinger equation allows us to solve for the wavefunctions of
particles given a potential,

−
 h

2m
∇2ψ(~r) + V(~r)ψ(~r) = E ′ψ(~r), (18)

where E ′ is the state energy, V is the potential, and ψ is the particle
wavefunction. In the case where the potential is an infinite well, we
have

V(x,y, z) =

V0 = const if 0 > x,y, z > L

∞ otherwise
(19)

We can combine the potential and energy terms within the well in
a single parameter E

E = V0 − E
′. (20)

The Schrödinger equation becomes

−
 h

2m
∇2ψ(~r) = Eψ(~r). (21)

The infinite potential outside the region of interest forbids particles
from leaving. This implies boundary conditions where the wavefunc-
tion must be zero at the boundaries of the region. More explicitly,

ψx(0) = 0 ψx(L) = 0 (22)

ψy(0) = 0 ψy(L) = 0 (23)

ψz(0) = 0 ψz(L) = 0. (24)

Our particle must be somewhere in the box, giving the probability
of finding the particle in the box to be 1. The probability is expressed
as

∫
box

d~r ψ∗(r)ψ(r) = 1. (25)

The wavefunction that satisfies these conditions is the sinusoidal
periodic function which is its own negative second derivative. In a
cubic box of side length L, the boundary condition leaves us with the
solution in the form of

ψ(~r) =

(
2

L

)3/2
sin (kxx) sin (kyy) sin (kzz). (26)
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This solution allows us to solve for the energy states in the box, E,
which are calculated using

E =
 h2

2m

(
k2x + k

2
y + k

2
z

)
. (27)

The only case where the sin (kxx) functions are zero is when kxx is
equal to some integer multiple of π. The solution can be generalized
to all three dimensions for kx and ky and kz:

kxx = nxπ, (28)

kyy = nyπ, (29)

kzz = nzπ, (30)

where nx, ny and nz ∈N>1.
The quantum states can now be classified by the quantum numbers

(nx, ny, nz) and (kx, ky, kz) where the energies are constant for each
quantum number combination, according to

E =
 h2k2

2m
. (31)

2.6 density of states

The density of allowed states as a function of energy determines the
absorption properties, carrier dynamics, and recombination in a semi-
conductor. The dimensionality of the semiconductor as a result of
confinement has a profound effect on the density of states.

2.6.1 Three-dimensional Density of States

To calculate the density of states, which is the number of states per
unit volume, we can begin with a spherical volume in ~k-space.

The volume of such a sphere can be expressed by

Vk =
4

3
πk3. (32)

The k is the radius of the sphere and its magnitude is

k2 = k2x + k
2
y + k

2
z. (33)

The allowed k states can be written down from the boundary con-
ditions of a particle in a three-dimensional box:

kx =
2πnx

Lx
(34)

ky =
2πnx

Ly
(35)

kz =
2πnx

Lz
, (36)
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where n ∈ Z>0.
The smallest non-trivial volume in k-space is when n = 1, which

we can define as

Vstate = kxkykz. (37)

Substituting kx, ky and kz into Equation 37, we have

Vstate =
π3

LxLyLz
, (38)

with the real space volume as LxLyLz.
If we define the total number of states in the region as N1,3D, we

have then this spherical volume in k-space Vk over the smallest non-
trivial k-space volume element Vstate:

N1,3D =
Vk

Vstate
=
4

3
π

k3

kxkykz
=
k3

6π
LxLyLz. (39)

Taking into account the spin degeneracy, we have

N2,3D = 2N1,3D =
k3

3π2
LxLyLz. (40)

The density of states per real space volume unit is

Dv =
N2,3D

LxLyLz
. (41)

So we then have

Dv =
k3

3π2
, (42)

where from equation 31, k in terms of energy is

k =

√
2m∗E

 h2
. (43)

.
We wish to obtain the density of states as function of energy, so we

differentiate Dv with respect to energy using

D3D =
dDv

dE
. (44)

The density of states is therefore

D3D(E) =
1

3π2
d

dE

(
2m∗E

 h2

) 3
2

. (45)

We can evaluate the previous equation to obtain:

D3D(E) =
1

2π2

(
2m∗

 h2

) 3
2 √
E. (46)
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2.6.2 Quantum Well Density of States

Quantum wells can be prepared by restricting carriers to two dimen-
sions, resulting in a different density of states distribution. In such a
case, the magnitude of the k vector is obtained by only two compo-
nents where

k =

√
k̃x
2
+ k̃y

2
. (47)

The area traced out by a radius of k is

Ak = πk2. (48)

The smallest values of kx and ky are the same as before in the
previous section with periodic boundary conditions kx = 2π/Lx and
ky = 2π/Ly.

The area per k state is

Astate = kxky =
(2π)2

LxLy
. (49)

To get the number of states in the area traced out by the circle of
radius k, we divide Equation 48 by Equation 49, and define N1,2D

N1,2D =
Ak

Astate
=
k2

4π
LxLy, (50)

where doubling this accounts for the spin degeneracy to give

N2,2D =
k2

2π
LxLy. (51)

The areal density of these states is the number of states in the area
Astate divided by LxLy

Da =
N2,2D

LxLy
=
k2

2π
. (52)

Substituting Equation 43 into Equation 52 gives us

Da =
m∗E

π h2
. (53)

The density of these states per energy is

D2D,a =
∂Da

∂E
=
m∗

π h2
, (54)

which is constant with respect to energy. Therefore, the density of
states in the x and y directions is constant within each discrete kz
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subband. The total density of states is zero at energies lower than the
discrete kz subband energy, giving

D2D(E) =
m∗

π h2

(∑
nz

H∫ (E− Enz)

)
, (55)

where H∫ is the Heaviside function, nz is the state that corresponds
to confinement in the z direction (normal to the plane of the quantum
well).

This density of states is what is expected for InGaN/GaN quantum
wells, and can be used for quantum dots which are weakly confined
in the lateral dimensions, but strongly confined in the vertical direc-
tion.

2.6.3 Quantum Wire Density of States

In the case of nanowires, the dimensionality is further reduced so that
carriers are only free in one dimension. The treatment is similar to
that of the quantum well. To find the density of states for a quantum
wire, we shall suppose a line segment in k space that spans from −k

to k. The length of this line is expressed as

Lk = |2k|. (56)

Each segment has a "radius" of k, corresponding to the length each
state occupies, so

Lstate = k. (57)

If the free direction is parallel to the axis of the quantum wire, the
reciprocal space length of the wire is

k =
2πnz

Lz
with nz = Z. (58)

The ratio of Lk to Lstate is the number of states in Lk and is called
N1,1D:

N1,1D =
Lk

Lstate
=
k

π
Lz. (59)

With spin degeneracy, this doubles to

N2,1D =
Lk

Lstate
= 2

k

π
Lz. (60)

The number of states per Lz length is defined as Dl, and expressed
as

Dl =
N2,1D

Lz
=
2k

π
=
2

π

√
2mE
 h2

. (61)
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The density of states is then D1D = ∂λ
∂E , which is

D1D(E) =
2

π

(
∂k

∂E

)
, (62)

since k =
√
2m∗E

 h .
The one-dimensional density of states in terms of energy is then

D1D(E) =
1

π

√
2m∗

Eπ2 h2
. (63)

Accounting for the other dimensions kx and ky, we have

D1D =
1

π

√
2m∗

π2 h2

∑
nx,ny

1√
E− Enx,ny

H(E− Enx,ny), (64)

as the density of states in the kx and ky dimensions are discrete.
An inverse square root dependence on the energy is apparent in this
expression, which is specific to wire-like confinement.

2.6.4 Quantum Dot Density of States

The final case of the density of states is one where carriers are con-
fined in all three dimensions. The dimensionality is essentially zero.
States are completely absent at all energies, except where there is the
correct combination of allowed k values.

The density of unique states is therefore

D0D(E) = δ(E− Enx,ny,nz). (65)

The double degeneracy of the states at zero field adds a factor of 2

to make the expression

D0D(E) = 2δ(E− Enx,ny,nz). (66)

The number of combinations increases as a function of energy, so
the density of states can be expressed as

D0D(E) = 2
∑

nx,ny,nz

δ(E− Enx,ny,nz). (67)

2.7 intermediate band solar cells

Converting sunlight to electrical power is an inefficient process even
with the best solar cells. While multijunction solar cells hold all the
efficiency records with high sunlight concentration, designs which
manage to set new records are increasingly more complex in design,
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material alloys and numbers of layers. In contrast, intermediate band
solar cells can be physically simpler, where light of various wave-
lengths can be absorbed through intermediate transitions via states
present the previously forbidden optical bandgap, as shown in Fig-
ure 8.

This extension beyond a normal solar cell is not limited by the
Shockley-Queisser limit, where the fundamental assumption is the
transmission of photons below the band gap of the cell. With inter-
mediate band solar cells, previously unabsorbed photons can be ab-
sorbed into intermediate states and then subsequently into conduc-
tion band states upon a secondary absorption event. The absorption
of low energy photons contributes to the total current generated in
the device. While in traditional solar cells this absorption would lead
to a reduction in maximum operating voltage, there is ideally no volt-
age drop for intermediate band of states. Transport from intermediate
states to the conduction and valence band contacts is necessarily for-
bidden, forcing either recombination or excitation into higher energy
states instead of conduction. When carriers are collected, the voltage
is related to the quasi-Fermi levels of the large band gap host material.
This leads to potentially high efficiency according to detailed balance
calculations.

In practice, however, intermediate band solar cells are difficult to re-
alize. The very states which form the intermediate band solar cell pro-
vide recombination pathways for excited carriers. This is especially
true when the intermediate band is formed through impurity atoms
where the non-radiative recombination rate is likely to overshadow
sequential absorption processes. The reality is that any intermediate
band solar must have excellent material properties in order to achieve
significant current generation improvements from sub-bandgap pho-
tons without losing operating voltage.

In a typical solar cell with a well-defined valence and conduction
band, the carrier populations in each band are electrically decoupled
from each other. This can be interpreted as the difference in the quasi-
Fermi levels of each band and results in an electrochemical potential
difference µ between the electron population in each band. In an in-
termediate band solar cell, the intermediate band complicates the sit-
uation as the overall potential difference is a sum of the two potential
differences between the valence band and the intermediate band, and
the intermediate band and the conduction band. The total chemical
potential is expressed as

µ = µ2 + µ3. (68)

The voltage of the intermediate band solar cell is then given by
µ. For a black body of 6000 K, roughly resembling the spectrum of
the sun, the intermediate band solar cell efficiency has been shown to
have a maximum possible efficiency of 63.1% with optimal bandgaps[40].
With a more accurate terrestrial solar spectrum, the limiting efficiency
is increased to 65.1% under a slightly different band position choice.
It is important to note that these efficiencies are calculated based on
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Figure 8: Schematic of the operating principle of the intermediate band solar
cell. The coloured arrows indicated different photon energies. The
intermediate band is drawn in yellow. The dashed lines indicate
the quasi-Fermi level of each band.

the maximum possible concentration from the sun at approximately
46,200 suns[125]. At 1-sun, the maximum possible efficiency drops to
about 48%[126].

There are numerous strategies that have been proposed to realize
an intermediate band within a semiconductor band gap as proposed
by Martí et al.[40]. In silicon, a proposed approach involved the hyper-
doping silicon with deep trap such as titanium[127] and sulfur[128]
atoms. In principle, this creates a nearly degenerate band of states
within the bandgap to support sequential absorption events. Another
route is through the use of highly mismatched alloys, which are semi-
conductors that have large differences in their constituent atoms in
terms of electronegativity and ionicity. Examples of these such alloys
are GaNAs and ZnTeO[129]. In these alloys, the band structure de-
viates from the traditional semiconductor as function of alloy com-
position since the top two conduction bands become so decoupled
where the lower conduction band can be considered an intermediate
band. Indeed, a GaNAs-based intermediate band solar cell has been
demonstrated using samples with and without an electron blocking
layer that can control the coupling of the intermediate band with the
conduction band on the n-doped side of the solar cell[130].

One of the more promising intermediate band strategies is one
which was proposed by Martí and Luque, who themselves investi-
gated the use of quantum dots or wells to form such an intermediate
band within the absorber region of a p-i-n junction[43]. The use of
quantum dots/wells is advantageous for their more mature growth
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techniques, as the growth has developed sufficiently to demonstrate
nearly routine high material quality. Quantum dot intermediate band
solar cells have been realized by InAs quantum dots in various host
materials such as GaAs[131] and AlGaAs[132], GaNAs[133]. InAs/GaAs-
based quantum dot systems are used for their more mature quantum
dot growth processes. This limits the potential efficiency due to the
less than ideal bandgap. In InGaN-based quantum dot systems, the
indium composition in the dot and host material can be controlled
to correspond to the ideal theoretical power conversion efficiency. A
similar sequential absorption effect of sub-bandgap photons has been
observed in manganese dopants in GaN with re-emission through
InGaN quantum wells[134]. This has been investigated theoretically
as a means for producing an intermediate band if the manganese
dopant concentration is sufficient to create a band of states for a max-
imum efficiency of 53.4% operation[135]. To date, an InGaN-based
intermediate band solar cell effects has been demonstrated[136]. This
work by Sang et al. has shown sub-bandgap current generation from
In0.4Ga0.6N quantum dots grown in a GaN host material on AlN/s-
apphire substrates. The quantum dots are formed through indium
segregation in InGaN quantum well layers in up to 30 layers. There is
significantly more work on the simulation of InGaN-based interme-
diate band solar cells[137–140], which focus on the limiting efficiency
using InGaN quantum dots within various assumptions, achieving
efficiencies over 60% in theory.

The density of quantum dots and concentration of sunlight can be
considered crucial for providing any chance of an intermediate band
solar cell to perform efficiently. From detailed balance simulations,
the restriction to the typical 1-sun concentration of sunlight lowers
the potential optimal efficiency by up to 13% absolute[141]. The pres-
ence of this detrimental effect is somewhat contingent on the density
of intermediate states. For self-assembled quantum dots, the density
is usually on the order of 10

10 cm−2, with the highest densities ap-
proaching 10

12 cm−2[142, 143], with InGaN quantum dots in particu-
lar reaching 3 x 10

11 cm−2[144]. Work by Sakamoto et al. has shown
that at least 10

13 quantum dots per cm2 is required to produce an
efficient device at 1000 suns, and a density of at least 10

14 cm−2 to
have access the peak theoretical efficiency at 100 suns. At 1-sun, quan-
tum dot densities approach quite unrealistic levels of at least 10

17

cm−2[145]. Increasing the number of quantum dots via stacking is
not a simple solution to increase sub-band absorption in bulk devices
due to the general decrease in material quality and reduced carrier
transport. Stacking of quantum dots also leads to a thicker intrinsic
absorber layer that lowers the three-dimensional spatial density of
intermediate states.

In semiconductor epitaxy, lattice-matched growth generally leads
to much higher quality material. When lattice mismatched materials
are required for high efficiency designs, the difficulty increases signifi-
cantly as a function of the difference between the two lattice constants.
The dislocations and reduced material quality associated with mis-
matched growth can be addressed through nanowire designs, where
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the nanoscale footprint of the nanowire on the substrate does not
build up sufficient strain to cause lattice defects. Therefore, nanowire
designs largely avoid the performance degradation due to defects
from lattice mismatch.

Another beneficial effect of nanowire devices is the optical focus-
ing effects from sub-wavelength features. With judicious design, the
photogeneration rate inside the quantum dots can be modified by the
nanowire-induced spatial variation of the electric field component of
incident light[146]. With GaAs nanowires, it has been shown that the
light absorption can be increased by over an order of magnitude[147].
The nanowire morphology and quantum dot position can be adjusted
to optimize this effect. The combination of quantum dot stacking and
sub-wavelength optical design using nanowires can provide the effec-
tive generation rate that intermediate band solar cell concept relies
on.

2.7.1 Intermediate Band Potential of InGaN/GaN Nanostructures

To realize the benefits of an intermediate band solar cell, an interme-
diate band must be able to absorb sufficient photons, support a long
carrier lifetime in that band, and be able to transport carriers from the
intermediate band to the higher conduction band regions of the de-
vice. These desirable properties can be expressed as a figure of merit
which can provide a sense of the potential of the material system in a
convenient form described by Sullivan et al.[148] and [149]. The figure
of merit for drift-dominated transport devices is expressed as

νdrift =
Eg

q
α2min(µτ)min, (69)

where νdrift is the figure of merit in a solar driven by drift cur-
rent, Eg is the band gap of the host material, µ is the mobility of
the limiting carrier species, q is the elementary charge, (µτ)min is
the mobility-lifetime product of the shortest-lived carrier species, and
αmin is the lowest absorption coefficient between the two transitions.

This figure of merit can be calculated for the InGaN/GaN material
system using published values of these material parameters to date
to determine its potential for an intermediate band solar cell. In the
case of InGaN and GaN, the mobility of holes is around two orders of
magnitude smaller than the electron mobility due to the large effec-
tive masses of the heavy hole states (1.7 m0 for GaN and 1.6 m0 for
InN[150]). The generation of drift current from the intermediate band
is therefore dictated by the facilitation of hole transport through the
device. From earlier studies of InGaN films, the hole mobility was
found to be around 1.1[151] and 2[152] cm2/V·s. More recent stud-
ies on actual superlattice structures demonstrated hole mobilities as
high as 18.2 cm2/V·s[153], suggesting that superlattice structures can
improve the hole mobility, especially with doping. It is important
to note that the indium composition fractions in these superlattices
were all in the range of 15-20% for these samples. Higher indium
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compositions are expected to have similar or lower mobilities, but the
superlattice structures may have to be re-designed to enable efficient
transport through the higher barriers.

The high mobility of electrons and low mobility of holes leads to
many electrons throughout the superlattice, but few holes in all but
the very closest wells to the p-type bulk material. The lifetimes of
the holes must be sufficiently long so that they may reach the n-type
side of the solar cell despite their low mobility. In particular, the non-
radiative lifetimes are of interest as any radiative recombination has
a reasonable chance of re-absorption in a relatively thick intermedi-
ate band and is not as detrimental. In early work, the nonradiative
lifetimes have been estimated to be about 130 ps[154]. Subsequent
devices began to demonstrate nonradiative lifetimes of 1.97 ns[155],
total lifetimes of 6 ns in a device dominated by non-radiative recombi-
nation[156], 18 ns[157], and most recently 100 ns[158] in yellow emit-
ting quantum wells. This last result is especially promising as it is a
significant increase in the non-radiative lifetime over previous work
and contains quantum-dot like accumulations of indium like the ones
found in the nanowires in this thesis.

The bandgap of the GaN system is quite large in comparison to
most proposed intermediate band systems. Whereas the ideal bandgap
combination for intermediate band solar cells under concentration is
about 1.9 eV[148] for the conduction to valence band energy differ-
ence, and 0.7 eV for the intermediate band position, a larger band
gap generally benefits from less nonradiative recombination between
the three bands. The host material can in principle be an indium-rich
(40%) InGaN alloy along with a nearly pure InN quantum dot inter-
mediate band to suit the ideal design. Nevertheless, the value of 3.4
eV will be used to calculate the figure of merit for an InGaN/GaN
quantum well-based intermediate band solar cell as it corresponds to
the samples in this thesis.

The final piece of the figure of merit equation is the absorption of
the intermediate band region. A high absorption coefficient in the in-
termediate band region allows the region to be made thinner. This
is highly advantageous as it increases the electric field across the in-
termediate band region so that carriers have less distance to travel in
a stronger field. In addition, a thinner intermediate band region al-
lows for improved absorption at the rear of the device and interferes
less with the traditional photovoltaic effect of the overall p-n junc-
tion. Fortunately, the absorption coefficient of InGaN quantum wells
can be exceptionally high. Recent modelling has shown that coupled
quantum-dot based InGaN/GaN systems can reach absorption coef-
ficients over 20,000 cm−1[159] at certain wavelengths, and experimen-
tal results demonstrating absorption coefficients of over 10,000 cm−1

only 0.3 eV above the bandgap[160], and 60,000 cm−1 only 0.2 eV
above the bandgap[161].

The figure of merit is not a fixed parameter for a particular material
system as it can vary widely depending on the material quality and
dimensionality-dependent absorption where the intermediate band
material exists. Another factor is the wavelength-dependence on the
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Figure 9: Material parameters obtained from the literature. All unique com-
binations of the material parameters were chosen to determine the
approximate figure of merit for a potential intermediate band so-
lar cell based on InGaN/GaN quantum wells. IQR indicates the
interquartile range or middle 50% of the data (first quartile minus
the third quartile).

absorption coefficient. The variation is considered using a statistical
approach which aggregates parameters that affect the figure of merit
from many InGaN/GaN multiple quantum well structures. An ap-
proximate range of figure of merit for InGaN/GaN quantum well-
based intermediate band can be estimated based on measured (and
in some cases calculated) material parameters established to date. It
is important to note that the absorptivities are those of the valence
band to intermediate states, and not of the usually more limiting in-
termediate band to conduction band absorptivity. This likely presents
an inflated figure of merit, but nevertheless can provide a rough esti-
mate. Using the various combinations of carrier lifetimes, mobilities,
and absorption coefficients obtained from various sources, an ensem-
ble of figures of merit were generated as shown in Figure 9. The val-
ues ranged from 0.04 to over 20,000. The mean value was 1304, and
the median value was 33. The highest values were statistical outliers,
as they corresponded to high absorption coefficients that may not be
applicable to most photons of wavelengths that would be absorbed.
We expect our InGaN/GaN quantum dots in nanowires, which have
up to 100 ns non-radiative lifetimes, mobilities up to 10 cm2/V·s,
host bandgaps of 3.4 eV, and absorption coefficients likely at least
10,000 cm−1, to have a figure of merit of at least 340. Figure of merits
over 100 can push enable efficiency improvements of over 20% abso-
lute over traditional solar cells[148]. This suggests the InGaN/GaN
material system is very promising as an intermediate band material
system and worthy of future investigation.
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2.7.2 Quantum Confined Intermediate Bands

One of the most promising strategies used in forming an intermediate
band in a semiconductor is to form quantum dots or quantum wells.
There are two types of quantum wells: type 1 and type 2. The former
type are quasi-two-dimensional regions of lower bandgap semicon-
ductor sandwiched between larger bandgap semiconductors, where
both the electron and holes are confined in the space physical re-
gion. The latter type occurs when the electron and hole confinement
are mutually exclusive in space, such that the electron quantum well
states are physically separate from the hole quantum well states. The
resulting spatially-dependent band diagram contains a square well
with quantum confined energy levels which can form the interme-
diate band. Quantum wells have been successfully used in semicon-
ductors devices for decades, leading to many advances such as lasers
with lowered threshold currents[162], blue light emitting diodes[94]
and lasers[95], infrared photodetectors[163], and high mobility tran-
sistors[164].

This confinement and energy state discretization becomes increas-
ingly significant as the thickness of the quantum well is reduced. Mul-
tiple quantum wells can be stacked on top of each other, forming a
superlattice of thin, alternating semiconductor regions. In bulk semi-
conductors, the thickness of these layers must be controlled precisely
to balance the strain resulting from changes in the lattice constants.
The maximum quantum well thickness allowed prior to lattice defor-
mations is called the critical thickness. In nanowire-based structures,
the strain can be relieved at the outside nanowire surface leading to
significantly reduced constraints on quantum well dimensions and
compositions.

A natural progression from quantum well is quantum dots. As the
confinement along the growth axis has given rise to quantum wells,
the further confinement in lateral dimensions leads to the formation
of quantum dots. In practice, this lateral confinement is weaker than
the vertical confinement as a corollary of the Stranski-Krastanov[165]
or Volmer-Weber[166] growth modes. These growth strategies typi-
cally lead to quantum dots which have disc or dome shapes.

In nanowires, quantum dots are naturally formed as a result of the
limited lateral area on the nanowire for epitaxy. The lateral dimen-
sions of some nanowires can be relatively large in comparison to the
vertical quantum confinement, so the lateral confinement is again dic-
tated by the strain formed between the two semiconductor materials.
In many cases, the lateral confinement is weak enough such that the
quantum dots closely resemble quantum well states in the density
of states distribution. This has been demonstrated in InGaN/GaN
nanoposts where diameters past 40 nm were shown to have a negligi-
ble effect on the bandgap[167]. This is the case for the quantum dots
formed in the nanowire solar cells described in this thesis which have
diameters of about 40 nm.

Carrier transport through multiple quantum well regions is dic-
tated by band gap differences between the two semiconductors and
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the barrier and well thicknesses. In cases where the quantum wells
separation is significant, tunneling through the large bandgap barrier
material is negligible. In this case, confined electrons (holes) can ei-
ther escape thermionically or through secondary absorption to the
conduction (valence band). If the barriers are thin and the bandgap
difference is low, carriers have a high probability of tunneling through
the barriers, facilitating conduction. In the limit of this regime, the in-
dividual quantum well states hybridize to form a miniband and trans-
port through the multiple quantum well region is very efficient. Many
quantum well superlattices support carrier transport in between these
two regimes, where carrier transport occurs through a quantum me-
chanical tunneling process.



3
S O L A R C E L L T H E O RY

"The fundamental laws necessary for the mathematical treatment of a large
part of physics and the whole of chemistry are thus completely known, and

the difficulty lies only in the fact that application of these laws leads to
equations that are too complex to be solved. "

— Paul Dirac, 1929

3.1 introduction

The primary measure of a solar cell is its power conversion efficiency.
In most photovoltaic applications, the optical power is the solar spec-
trum filtered to some degree by the atmosphere. In this chapter, the
origin and properties of the solar spectrum are discussed. The physics
behind solar cells, the photovoltaic effect that drives their operation,
and the sources of loss are outlined. The maximum theoretical perfor-
mance as dictates by a black body spectrum using thermodynamic
considerations are calculated. The subsequent section is focused on
the performance metrics that are used to characterize the output of
solar cells. The second half of the chapter contains the theoretical ap-
proach of the modelling techniques and that will be implemented in
Chapter 5 for modelling the effect of quantum well and quantum dot
nanostructures in the nanowire solar cells.

3.2 solar spectrum

In the quest to harness the maximum amount energy of the sun, its
critical to understand the spectrum of photon energies produced. The
nuclear fusion process within the sun releases an enormous amount
of energy in the form of heat light and heat. Every second, roughly 3.7
x 1038 protons are fused into helium nuclei, producing 3.846 x 1026

W of power. A fraction of this power is radiated as heat in the form of
a nearly black body spectrum of light with an effective temperature
of 5777 K, corresponding to the temperature of the surface of the
sun where the light is emitted into vacuum. The ideal black body
spectrum of an object is described by Planck’s law,

Is(f, T) =
2hf3

c2
1

e
hf
kBT − 1

, (70)

where h is Planck’s constant, c is the speed of light, f is the frequency
of light, kB is Boltzmann’s constant, T is temperature, and I is the
spectral radiance of the object. Minor changes to the spectrum of
sunlight are neglected here, but are apparent through the absorption
lines in the gases (mostly helium and hydrogen) that make up the

37
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sun. According to Equation 70, photons are emitted from any object
that has a non-zero temperature. The spectral photon flux emitted
from such an object βs like the sun is expressed as

βs(E, s, θ,φ)dsdΩsdE =
2

h2c2

(
E2

e
E

kBTs − 1

)
dΩsdsdE, (71)

where Ts is the temperature of the sun, E is energy, s is a point with
a surface area ds surrounding it, Ωs is the solid angle, and θ and φ
are the polar and azimuthal angles, respectively.

When the spectral photon flux is incident to the surface dS and
integrated over solid angle element dσ, the integration to obtain the
flux does not occur over the entire angular range since the light is not
incoming from all directions. If one is on the surface of the black body,
the angular range is from 0 to π. Farther from the black body, the total
solid angle is less than π. In the case of the sun, the 93 million km
distance gives the sun a mere 0.53°of subtense.

βc(E, s) =
∫
Ω

βs(E, sθφ) cos θdσdSdE, (72)

where βc is the spectral photon flux on the cell. The integral evaluates
to:

βc(E, s)dSdE =
2π sin2 θ1/2,sun

h2c2

(
E2

e
E

kBTs − 1

)
dSdE. (73)

The light from the sun is emitted isotropically and is roughly the
same temperature at any point on the surface, which allows us to
simplify Equation 73 to obtain

βc(E) =
2π sin2 θ1/2,sun

h2c2

(
E2

e
E

kBTs − 1

)
. (74)

The irradiance I of the sun is related to the photon flux density
through

Is(E) = Eβc(E). (75)

The earth receives about a third of a billionth of the photon flux
density at the sun’s surface. This adds up to a total power 1.22 x
10
17 W incident on the earth, averaging to 1353 W/m2 on a plane

normal to the sun at the top of the atmosphere[168]. This black body
spectrum has the highest irradiance in the wavelength range of 400-
700 nm. On top of this blackbody spectrum, the atmosphere of Earth
attenuates a significant amount of the ultraviolet light from molec-
ular oxygen, nitrogen, and ozone, and numerous bands within the
infrared spectrum are absorbed by water vapour and carbon dioxide.
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Figure 10: Air mass and associated angle of incident on the surface of the
Earth. The air mass AM0 indicates the solar spectrum without
any modification from the atmosphere of the Earth.

The absorption is a function of the effective thickness of the atmo-
sphere, which changes as a result of the angle the sunlight makes
with the atmosphere.

The air mass is a parameter that indicates the amount of attenua-
tion from the atmosphere and is a function of the optical path of the
sunlight. It is defined as

ηAM =
dAM,θ

dAM,⊥
, (76)

where dAM,θ and dAM,⊥ are the optical paths through the atmo-
sphere at a given time and the optical path length through at the
atmosphere when directly overhead. This parameter can thus vary
from 1 to ∞ depending on the time of day and geographical latitude.

The air mass can also be expressed as a zenith angle of the sun, θ
by

ηAM =
1

cos(θ)
. (77)

In the case of the AM1.5G spectral standard, the spectrum corre-
sponds to light from the entire hemisphere of the sky on a clear day
when the sun is at a zenith angle of 48.2°from the vertical. The "G"
suffix indicates the global source. The AM1.5D is a similar spectrum
of just the sun, neglecting the surround blue sky, focusing on just
direct rays from the sun and the circumsolar region which is used
by concentrator solar cells. The different reference solar spectra are
shown in Figure 11. The air mass concept is illustrated in Figure 10.
It is this solar spectrum that solar cells are designed for as it corre-
sponds to a solar spectrum accessible to any place on Earth with an
absolute latitude less than 71.6°, therefore applicable for almost all
human settlements on Earth for at least part of the year.
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Figure 11: Reference solar spectra at various air masses on Earth. A perfect
blackbody radiation spectrum at 5777 K is shown in black.

3.3 the p-n junction

The band gap of semiconductors creates possibilities for variable con-
ductivity through the addition of different atomic species within the
crystal known as impurities or dopants. In small quantities, judicious
choices of dopants can create localized states within the band gap as
well modify the total number of electrons available in the material.
Dopants which tend to release an excess electron once incorporated
into the host crystal lattice, are called donors and contribute to a
higher electron concentration. In contrast, dopants which tend to ac-
cept electrons from the lattice are called acceptors. Semiconductors
with an excess and lack of donors are called n-type and p-type semi-
conductors, respectively. Within the band structure picture, a lack of
an electron can be interpreted as a hole with an equal and opposite
charge. Where n-type materials create free electrons in a lattice, p-type
materials create free holes. For the fabrication of devices, semiconduc-
tors can tolerate various levels of doping, which is highly desirable as
the concentration and species of dopants within the crystal structure
significantly affects the carrier concentrations in the conduction and
valence bands, hence the conductivity. In addition, after the dopant
electrons are released, the nuclei of the dopant atomic species carry
excess charge and influence carrier transport through the electric field
they create.

If a p-type and n-type semiconductor are brought together, donor
electrons from the n-type material are drawn to the acceptor ions on
the p-type material and vice versa. The result is a depletion of charge
carriers at the p-n interface. The p-type region around the interface
becomes negatively charged as its acceptor atoms accept the excess
electrons from the n-type side. The n-type region on the other side
of the interface becomes positively charged as electrons move to the
p-type side. This charge difference forms an electric field across the
interface called a p-n junction. The process is illustrated in figure 12.
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Figure 12: The formation of the electric field in a p-n junction arising from
mobile electrons and holes from n-type and p-type semiconduc-
tors.

This technology forms the basis of the entire microelectronics in-
dustry today, providing revolutionary technologies such as digital
camera sensors, photodiodes, computer chips, memory, solar cells,
lasers, light emitting diodes (LEDs), fluid-free heating and cooling,
numerous sensors and more. In solar cells, the p-n junction creates
the conditions for efficient charge separation.

3.3.1 Photovoltaic Effect

The electric field created in a p-n junction is naturally suited for the
separation of charge. The electric field prevents the flow of electrons,
and hence electric current, in one direction. This is the defining char-
acteristic of a diode. In forward bias, the drift current begins to in-
crease as the drift current weakens. In a semiconductor, excess free
electrons and holes can arise from light or heat. In the case of an
incident photon within sufficient energy upon a semiconductor, an
electron can be excited into the conduction band, leaving a hole in
the valence band. The two carriers carry opposite charge in a region
of high electric field that can overcome the usually small binding
energy between the electron and hole, causing them to separate. By
maintaining a population of excited carriers, the chemical potential
difference between the conduction and valence bands of the material
is increased and measured as a voltage. This is the photovoltaic ef-
fect. In a solar cell, the charges are separated before recombination
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through the p-n junction resulting in current flow. The charge separa-
tion process can be driven by a combination of carrier diffusion and
carrier drift under electric field. In a perfect material, increasing the
incident light leads to an asymptotic increase of the open circuit volt-
age that approaches the band gap of the semiconductor divided by
the elementary charge:

Voc
light−−−−→

Eg

q
, (78)

where Eg is the band gap of the junction material. This limit is the-
oretically reached when the entire electron population is in the con-
duction band. Since all photogenerated electrons thermalize to the
conduction band edge, the maximum energy per extracted electron
would be Eg. In practice, the voltage is always at least 0.3 V less than
the Egq ratio due to recombination mechanisms.

3.3.2 Photocurrent

With increasing incident light, the photocurrent usually increases lin-
early. The total photocurrent of a solar cell can be determined by
integrating the quantum efficiency across the solar spectrum using

Jsc = q

∫
Φs(E)EQE(E)dE, (79)

where Φs is the solar photon spectrum, EQE is the quantum effi-
ciency, and q is the elementary charge.

Even with the creation of a single free electron with every absorbed
photon, the amount of current produced as a function of photon wave-
length is not generally the same. Photons with shorter wavelengths
are absorbed closer to the front surface of the solar cell and farther
away from the ideal p-n junction location. This leads to increased re-
combination from the surface or bulk. Longer wavelength photons
are absorbed deeper in the semiconductor and face a similar issue.
These factors contribute to poorer performance of solar cells in these
spectral regions. The measure of this spectral performance is called
the quantum efficiency. It measures the average number of electrons
collected per incident photon. The quantum efficiency can be calcu-
lated from the photocurrent through the equation:

EQE(λ) =
Iph

qΦλ,ph(λ)
, (80)

whereΦλ,ph is the spectral photon flow (typically in units of s−1nm−1,
q is the elementary charge, and Iph is the photocurrent. The quantum
efficiency across all wavelengths is less than 100% in solar cells, with
the possible exception of multi-exciton generation which occurs with
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UV light. The quantum efficiency is related to the spectral responsiv-
ity by

SRλ =

(
λq

hc

)
EQE(λ), (81)

which measures the current as a function of optical power.

3.3.3 Ideal Diode

Solar cells have the same basic p-n semiconductor layer structure
as typical diodes, and thus follow the ideal diode equation as a re-
sult. The current density through a diode without illumination is de-
scribed by the exponential relation

Jdark = Jo

(
e
nid

qV
kBT − 1

)
, (82)

where q is the elementary charge, T is the cell temperature in Kelvin,
kB is the Boltzmann constant, nid is the ideality factor, V is the ap-
plied voltage bias, and Jo is the reverse saturation current for the
solar cell. The dark saturation current is related to the leakage cur-
rent through the diode under reverse bias conditions. Low bandgap
solar cells generally have a smaller dark saturation current than high
bandgap solar cells since the thermal generation is more prominent.
The ideality factor is a dimensionless parameter that characterizes
how close the solar cell follows the ideal diode equation. The ideality
factor can indicate the type of recombination within the junction or
resistivity of the contacts. Under illumination, the solar cell produces
current proportional to the incoming light intensity. At 0 V bias, the
photocurrent is called the short-circuit current Jsc. The total current
under illumination (Jlight) is simply the difference between the short
circuit current under illumination and the dark current (without illu-
mination):

Jlight(V) = Jsc − Jdark. (83)

The open circuit voltage as a function of current can be written
from Equation 82 when the total current through the device is zero,
taking the form

Voc =
kBT

q
ln
(
Jsc

Jo
+ 1

)
. (84)

3.3.4 Current-Voltage Characteristics

The primary characterization technique for solar cells involves mea-
suring the current-voltage characteristics. This allows for the direct
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Figure 13: Current-voltage characteristic of a solar cell highlighting the per-
formance metrics of a solar cell.

determination of the shunt and series resistances, short-circuit cur-
rent, open-circuit voltage, fill factor, dark current, power conversion
efficiency and operating voltage of a solar cell. The technique involves
measuring the current flowing through a solar cell as a function of
voltage. In the dark, a solar cell demonstrates the characteristic of
a typical diode with a turn-on voltage corresponding to the built-in
voltage of the junction. Under illumination, current is produced and
adds a vertical shift to the curve. A current-voltage characteristic can
be plotted as shown in Figure 13. In solar cell literature, the conven-
tion is to flip the curve over the x axis such that the curve lies in the
first quadrant of the plot and the current is positive.

The largest rectangular area contained within the current-voltage
characteristic is the maximum power density produced by the solar
cell (Pm). The efficiency is calculated from the ratio of the output
power density Pm to the input optical power density Pin. The fill
factor is a measure of the quality of the solar cell accounting for its
potential. It can be visualized as the ratio of the area of the largest
rectangle inside the J-V curve to the Jsc ·Voc product. It is defined by

FF =
JmVm

JscVoc
, (85)

where Jm is the current density at the maximum power point, Jsc is
the current density at zero voltage bias, Voc is the open-circuit volt-
age, and Vm is the voltage at the maximum power point. Expressing
the current and power as current and power densities Jm and Pm al-
low for direct comparison of solar cell performance regardless of the
solar cell area.

To harness the maximum amount of power from the solar cell, the
cell should be operating at the voltage that corresponds to the max-
imum power density. The maximum power density Pm lies at the
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point where the product of the voltage and current of the cell is max-
imized:

Pm = JmVm. (86)

When the total power Pt is desired, the voltage at the maximum
power point is multiplied by the current at the maximum power point
Im, with the similar relation

Pt = ImVm. (87)

3.4 ultimate efficiency limit

Solar cells have thermodynamically-defined fundamental limits on
their efficiency from the black body spectrum of the sun and the cell
temperature itself. For an approximate calculation, the sun can be
treated as a black body emitter, where radiated light is dictated by the
Stefan-Boltzmann law as a function of temperature. This is coupled
with the limits of the solar cell band gap, where absorption is only
allowed at energies above the bandgap, while lower energy photons
simply pass through the material or are reflected.

In 1961, Shockley and Queisser developed the theory for the ulti-
mate efficiency limit for a single junction solar cell on Earth based on
these limitations[7]. The derivation of the ultimate efficiency limit is
outlined below.

If we define a function Qs as the number of photons with energy
above the bandgap per unit time at a black body temperature of Ts
incident on the solar cell, we have the integral

Qs(Eg, Ts) =
2π

c2

∫∞
fg

1(
ehf/kBTs − 1

)f2df, (88)

where f is the photon frequency, fg is the photon frequency that corre-
sponds to the bandgap, Ts is the temperature of the sun, c is the speed
of light, h is Planck’s constant, and kB is the Boltzmann constant.

This can be simplified by introducing the parameter x such that
x = hf/(kBTs) = E/(kBTs), and in the special case of the bandgap,
we can also set xg = hfg/(kBTs) to obtain

Qs(Eg, Ts) =
2π(kBTs)

3)

h3c2

∫∞
xg

x2

ex − 1
dx. (89)

The total power per unit area from a black body emitter at tem-
perature Ts is described by the integral of Planck’s law over photon
frequency,

Ps =
2πh

c2

∫∞
0

f3

ehf/kBTs − 1
df. (90)
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By substituting for x, we arrive at

Ps =
2π(kBTs)

4

h3c2

∫∞
0

x3

ex − 1
dx. (91)

The integral can be solved directly to obtain the total power inci-
dent on a unit area from this black body emitter:

Ps =
2π(kBTs)

4

h3c2

(
π4

15

)
dx. (92)

Through complete radiative recombination in the solar cell, the cell
can achieve its ultimate efficiency under the detailed balance limit.
Each photon outputted by this ideal solar cell is the wavelength corre-
sponding to the bandgap of the material. The emitted photon energy
of hfg is multiplied by the photon flux per unit time to get the output
power per unit area

Pout = hfgQs, (93)

where hfg is the bandgap energy of the cell.
The incident power per unit area from the sun is simply Pin =

Ps. The ratio of these power densities provides the limiting single
junction cell efficiency

η(xg) =
Pout

Pin
= hfg

(
Qs

Ps

)
, (94)

which becomes

η(xg) = xg


∫∞
xg

x2

ex − 1
dx∫∞

0

x3

ex − 1
dx

 . (95)

Realistic single junction solar cells will never reach these high ef-
ficiencies due to some level of recombination that not only prevents
a few carriers from being collected, but increases the temperature of
the solar cell, further decreasing the performance. The model is then
further expanded to include the geometric solid angle of the sun, the
actual solar spectrum, and radiative recombination (from entropy con-
siderations) to obtain a more realistic limit for solar cell efficiencies
known as the Shockley-Queisser or detailed balance limit. Accurate
simulations of realistic solar cells require the modelling of the car-
rier transport, defects, reflection, and other loss processes that are not
captured in the ultimate efficiency model.

The ultimate efficiency for black body emitter and the detailed bal-
ance limit for our sun’s spectrum are plotted as function of single
junction bandgap in Figure 14. The ideal band gap choice is ~1.2 eV
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Figure 14: Ultimate and detailed balance solar cell efficiency limits as a func-
tion of bandgap overlaid with the bandgaps of silicon and gal-
lium arsenide.

under the ultimate limit, which shifts to higher energies of ~1.3eV un-
der the detailed balance limit. The maximum efficiency is over 40%
in the single junction case, while the best single junction solar cells
today at have efficiencies under 28.8%[169] for one sun and[170] of
29.3% under concentrated light.

3.4.1 Semiconductor Device Equations

To simulate and predict the performance of solar cells based on re-
alistic materials, models which rely on the transport of charge dis-
tributions across an electric field profile are used. This involves solv-
ing for the semiconductor charge densities, electrostatic potentials,
and electric fields caused by the semiconductor p-n junction. The fun-
damental equation for dealing with this type of physics was devel-
oped by Siméon Denis Poisson in 1813[171, 172], who generalized
the Laplace’s second order differential equation to obtain

∇2 ·φ(x,y, z) = −
ρ(x,y, z)

ε
, (96)

where φ(x,y, z) is the three-dimensional potential profile, ε is the
permittivity and ρ(x,y, z) is the charge density distribution.

This equation can be adapted for semiconductors where the charge
distribution is caused by ionized donors and acceptors in the p-n junc-
tion and their released electrons and holes, and the permittivity is
that of the semiconductor.

In this case, we have Poisson’s equation tailored for the semicon-
ductor junction:
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∇2 ·φ(x,y, z) = −
ρ

ε0εr
× (97)(

−n(x,y, z) + p(x,y, z) +N+
D(x,y, z) −N−

A(x,y, z)
)

,

where ε0 is the permittivity of free space, εr is the relative permittiv-
ity of the semiconductor, N+

D is the ionized donor concentration, N−
A

is the ionized acceptor concentration, n is the electron concentration,
and p is the hole concentration.

This equation can be used to solve for the potential and electric
fields across semiconductor junctions. However, these equations do
not capture the effect of recombination and generation of carriers
from heat or light. For this, we require continuity equations which ac-
count for the incoming and outgoing flux of charge through the de-
vice coupled with the generation and recombination rates in steady
state conditions.

The carrier flux along direction normal to the junction can be de-
scribed by

∂n

∂t
(x, t)Adx =

(
Jn(x+ dx) − Jn(x)

q

)
+(G(x, t) − R(x, t))Adx, (98)

where Jn is the charge flux (current) density, Gn is the electron gener-
ation rate, and Rn is the overall electron recombination rate, t is time,
A is the area, q is the elementary charge and dx is an infinitesimal
displacement along the junction. The term Jn(x+ dx) can be approxi-
mated to be

Jn(x) +
∂Jn(x)

∂x
dx (99)

by a Taylor series expansion. Once the area from Equation 98 is can-
celled out, and the Taylor series is substituted in, the result is

∂n

∂t
(x, t) =

1

q

(
d

dx
Jn(x, t)

)
+Gn(x, t) − Rn(x, t). (100)

The formulation is similar for holes, giving

∂p

∂t
(x, t) = −

1

q

(
d

dx
Jp(x, t)

)
+Gp(x, t) − Rp(x, t). (101)

In general, these are three-dimensional equations yielding

∂n

∂t
(x,y, z, t) =

1

q
(∇Jn(x,y, z, t))+Gn(x,y, z, t)−Rn(x,y, z, t), (102)

and

∂p

∂t
(x,y, z, t) = −

1

q
(∇Jp(x,y, z, t))+Gp(x,y, z, t)−Rp(x,y, z, t), (103)
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where ∇ indicates the gradient.
These equations ensure that the number of carriers is conserved

throughout the system. The drift-diffusion equations along with the
continuity equation and Poisson’s equation can be solved self-consistently
to obtain the parameters that define the operation of the p-n junction
at every point in the device. To be more specific, the recombination
terms can include Auger, Shockley-Read-Hall, and radiative recombi-
nation contributions, while the generation term can be divided into
heat and light terms.

The current density can also be defined more explicitly in terms
of drift or diffusion terms. The built-in electric field of the p-n junc-
tion can to the drift current where the electric field is high. The non-
uniform distribution of carriers across the device also gives rise to
a diffusion current where the natural diffusion of charge moves the
carriers across the device. Adding these into Equations 102 and 103,
we obtain

∂n

∂t
(x,y, z, t) =

1

q
(∇Jn,drift(x,y, z, t) +∇Jn,diff(x,y, z, t))

(104)

+Gn,therm(x,y, z, t) +Gn,opt(x,y, z, t)

− Rn,rad(x,y, z, t) − Rn,srh(x,y, z, t) − Rn,aug(x,y, z, t),

and

∂p

∂t
(x,y, z, t) = −

1

q

(
∇Jp,drift(x,y, z, t) +∇Jp,diff(x,y, z, t)

)
(105)

+Gp,therm(x,y, z, t) +Gp,opt(x,y, z, t)

− Rp,rad(x,y, z, t) − Rp,srh(x,y, z, t) − Rp,aug(x,y, z, t).

3.4.1.1 Minority Carrier Diffusion Equations

In semiconductors, majority carriers are defined as the type of carriers
which are more abundant. Minority carriers are simply the other type.
In p-type semiconductors, the minority carriers are electrons, while in
n-type semiconductors, holes are the minority carriers.

In the case of minority carriers, which exist in regions of nearly
zero electric field since they are far from the junction, there is no
drift component of the current. The diffusion current in this case is
expressed as

Jn = Jn,diff = qDn∇n, (106)

and

Jp = Jp,diff = qDp∇p, (107)
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where Dn = kT
q µn is the diffusion coefficient of electrons, Dp =

kBT
q µp is the diffusion coefficient of electrons with µn and µp being

the electron and hole mobilities, respectively.
Assuming we have low-level injection (∆n � po, and similarly for

holes), and the generation is only through optical processes, we arrive
at the minority carrier diffusion equations which are used in solar cell
simulations in this thesis where the electric field is low (away from
the junction):

∂∆np

∂t
= Dn∇2np −

∆np

τn
+Gopt, (108)

and

∂∆pn

∂t
= Dp∇2pn −

∆pn

τp
+Gopt. (109)

The parameters τn and τp are the electron and hole lifetimes, re-
spectively, ∆np is the excess electron concentration in the p-type ma-
terial, and ∆pn is the excess hole concentration in the n-type material.

The excess carrier concentrations are

∆pn = p− p0, (110)

and

∆np = n−n0. (111)

3.4.1.2 Drift Current Equations

In the case of drift current, free electrons and holes are influenced
by the electric field of the junction. The drift current densities for
electrons and holes are expressed as a function of the quasi-Fermi
levels:

~Jn = qnµn~F, (112)

and

~Jp = qpµp~F, (113)

where ~F is the electric field.
The drift current is especially important when the electric fields are

strong, and the drift current density equations are used extensively
in the InGaN/GaN solar cell simulations in this thesis. An extension
to this model includes the hydrodynamic model, where hot electron
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effects are taken into account[173]. These effects use the following
equation:

∇ · S+ Rnw−∇Ec · Jn +
n(w−w0)

τw
+
∂(nw)

∂t
= 0, (114)

where w is the total energy of the electron and w0 = 3
2kBT is the

energy of the electron at equilibrium, and τw is the relaxation time.
The electron energy flux density S for hot carriers is described by

S = −
5

3
Jnw−

10

9
µnnw∇w. (115)

The equations for holes is analogous. This generalized current den-
sity is used in the drift-diffusion simulations with the Crosslight®

APSYS simulation package [173].

3.4.2 Recombination

Semiconductor crystals are never perfect. Crystal lattices possess de-
fects such as elemental impurities, which can replace lattice atoms or
occupy spaces between atoms, distorting carrier transport locally. De-
fects can also arise from dislocations in the lattice organization which
break the symmetry of the lattice over an extended region of the semi-
conductor. Both instances can create states within the bandgap that
are accessible to free electrons and holes. Defects act as traps for ex-
cited carriers to recombine and release their energy. If the traps are
within the bandgap and cause an electron and hole to meet in the
same trap, the recombination is labelled as Shockley-Read-Hall (SRH)
recombination which follows

Rsrh =
np−n2i

τp,srh(n+n1) + τn,srh(p+ p1)
(116)

in the simple single level approximation where

n1 = Nce
−Ec+Et
kBT (117)

and

p1 = Nve
−Et+Ev
kBT . (118)

In Crosslight® APSYS, the SRH recombination rate is calculated for
multiple traps using

Rn,tj = cnjnNtj(1− ftj) − cnjn1jNtjftf (119)

and

Rp,tj = cpjpNtjftj − cpjp1jNtj(1− ftj), (120)
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where n1j is the electron concentration when the quasi-Fermi level is
at the energy of the jth trap (Etj), ftj is the trap occupancy of trap
j, Ntj is the number of traps, and cnj and cpj are the electron and
hole capture coefficients of trap j. Since recombination must involve
both electrons and holes in the trap, the carrier density is related to
the electron and hole recombination rates as a function of time by

Ntj
∂ftj

∂t
= Rn,tj − Rp,tj. (121)

The variables cnj and cpj are the capture coefficients for electrons
and holes, respectively, and control the lifetime of the carriers by

1

τnj
= cnjNtj, (122)

and

1

τpj
= cpjNtj. (123)

In terms of more basic parameters, the capture coefficients are de-
scribed by

cnj = σnjv̄n = σnj

√
8kT

πm∗e
, (124)

and

cpj = σpjv̄p = σpj

√
8kT

πm∗h
, (125)

where v̄n v̄p are the average thermal velocities of the electron and
holes, σnj and σpj are the capture cross sections of electrons and
holes, and m∗e and m∗h are the bulk electron and hole effective masses.

Auger recombination is described by

Rau = (Cn,aun+Cp,aup)
(
np−n2i

)
, (126)

where Cn,au and Cp,au are the Auger coefficients, and ni is the in-
trinsic carrier concentration.

3.4.2.1 Carrier Concentrations

Carrier concentrations across semiconductor bands follow the Fermi
distribution function from the bottom of the conduction band and
higher. For holes, the distribution begins at the top of the valence



3.5 analysis of the p-n junction 53

band. In the conduction and valence bands, the electron and hole
concentrations are described by

n = NCFn, 12

(
EFn − EC
kT

)
, (127)

and

p = NVFp, 12

(
EV − EFp
kT

)
, (128)

respectively, where NC and NV are the effective density of states for
the conduction band and valence band respectively. The Fermi inte-
gral of order 12 (F 1

2
) can be expressed for electrons and holes and is

F 1
2
(η) =

∫∞
0

ξ
1
2

1+ eξ−η
dξ, (129)

where η can be defined for either the conduction band or valence
band:

ηC =
(EF − EC)

kBT
(130)

and

ηV =
(EV − EF)

kBT
. (131)

In the limit of low carrier concentrations, the expressions can be
approximated by

n = NCe
EFn−EC
kBT (132)

and

p = NVe
EV−EFp
kBT . (133)

Throughout the simulations in this thesis, the more general form
of the carrier concentrations is used for the device simulations in this
thesis.

3.5 analysis of the p-n junction

Virtually all modern solar cells use a semiconductor p-n homojunc-
tion design to separate carriers by charge to opposite metal contacts.
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The potential, electric field and the carrier concentrations in these so-
lar cells can be determined in most junction designs. The potential is
related to the carrier concentration through the differential equation:

∂2φ

∂x2
=
ρ

εs
=
q

εs
(p−n+N+

d −N−
a ), (134)

where the φ is the electrostatic potential, x is the position along the
direction normal to the junction axis, ρ is the charge density, εs is the
permittivity, p and n are the carrier concentrations, respectively, and
N+
d andN−

a are the ionized donor and acceptor densities, respectively.
A useful approximation can be made to simplify the calculations. The
edges of the depleted region are assumed to be abrupt, where the
transition from the depletion region to the quasi-neutral regions on
both sides of the junction are assumed to be equally abrupt. This is
known as the full-depletion approximation.

The width of this well-defined depletion region can be written as

xd = |xn|+ |xp|, (135)

where xd is the depletion width, xn and xp are the extents of the
junction on both sides. We can also write out the total charge density
function in each region of the junction as

ρ(x) = q(p(x) −n(x) +N+
d (x) −N

−
a (x)). (136)

We can also assume that virtually all donors and acceptors are ion-
ized and there are few carriers inside the depletion region, giving
us

ρ ∼= q(N+
d −N−

a ). (137)

Under the full-depletion approximation, the charge density in the
quasi-neutral regions is by definition zero, and the charge density
in the p-type side of the depletion region (n-type depletion region) is
the density of acceptors (donors) multiplied by the elementary charge.
For our charge densities, we have

ρ(x < −xp) = 0 (138)

ρ(−xp < x < 0) = −qN−
a (139)

ρ(0 < x < xn) = qN
+
d (140)

ρ(x > xn) = 0. (141)

The total charge on both sides of the junction Qn and Qp are ob-
tained by multiplying the charge density in a region by the width of
that region and the ionized dopant charge:
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Qp = −qN−
axp (142)

Qn = qN+
dxn. (143)

The electric field gradient is described by Gauss’ law

∂E

∂x
=
ρ(x)

εs
=
q

εs
(p−n+N+

d −N−
a ), (144)

where E is the electric field, εs is the semiconductor permittivity and
is applicable in the depletion region (−xp < 0 < xn). In the quasi-
neutral regions, the electric field is zero. This gives us electric fields
of

E(x < −xp) = 0 (145)

E(−xp < x < 0) = −
qN−

a (x+ xp)

εs
(146)

E(0 < x < xn) =
qN+

d (x− xn)

εs
(147)

E(x > xn) = 0. (148)

The maximum field is found exactly at the semiconductor p-n junc-
tion interface and calculated by

E(x = 0) = Emax =
qN−

axp

εs
=
qN+

dxn

εs
. (149)

This equation simplifies to a relation between the doping levels and
depletion widths on each side of the junction, which is

N+
dxn = N−

axp. (150)

This relation makes sense as the total amount of positive charge has
to match the negative charge on the other side. The potential across
the junction is related to the electric field by

∂φ(x)

∂x
= −E(x). (151)

The potential is obtained through integrating both sides of the
equation 151. In the case of the p-n junction, we obtain

φbi − Va =
qNdx

2
n

εs
+
qNax

2
p

εs
, (152)

where φbi is the built-in voltage.
Calculating the depletion width is obtained by stating xp and xn

in terms of the doping and the depletion width:



3.5 analysis of the p-n junction 56

Figure 15: Illustration of the charge profile, electric field, and potential of an
ideal p-n junction with equal n and p doping.

xn = xd
N−
a

N−
a +N+

d

(153)

xp = xd
N+
d

N−
a +N+

d

, (154)

and substituting them into equation 152 to get

xd =

√
2εs

q

(
1

N−
a

1

N+
d

)
(φ− Va). (155)

These can also be separated into the widths for the n and p sides of
the depletion region to get

xn =

√
2εs

q

(
N−
a

N+
d

)
1

N−
a +N+

d

(φ− Va) (156)

and

xp =

√
2εs

q

(
N+
d

N−
a

)
1

N−
a +N+

d

(φ− Va). (157)

An illustration with the depletion region charge, electric field, and
potential of a junction with equal n and p doping is shown in Figure
15.

3.5.1 Analysis of the p-i-n Junction

The nanowire solar cells proposed in this thesis have p-i-n junction
designs to increase the electric field across the absorption region with
the quantum dots. This design is used in fast photodiodes, where
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the higher electric field increases the speed at which the carriers are
swept out of the junction[174]. In materials with poor carrier lifetimes,
the increased field can compensate for the lower diffusion lengths
where carriers are accelerated out of the low quality material faster
than the recombination rate[175]. The p-i-n junction can be solved
similarly to the p-n junction where the potential across in the intrin-
sic region must also be accounted for. The potential is related to the
applied bias with

φb +φp +φi = φi − Va, (158)

where the potentials in the n-type, p-type and intrinsic regions are

φn =
qN+

dx
2
n

2εs
, (159)

φp =
qN−

ax
2
n

2εs
, (160)

and

φi =
qN−

axid

εs
, (161)

respectively. The width of the intrinsic region is d. The total charge
must be similarly balanced on both sides of the p-i-n junction. If the
doping is higher on one side of the junction, the depletion region is
pushed more into the opposite region to balance the charge.

Q = N−
axp = qN+

dxn. (162)

The width of the depletion region on both sides of the junction can
thus be solved for and we obtain

xn =

√
d2 + 2ε

q

(N−
a+N

+
d )

N−
aN

+
d

(φi − Va) − d

1+ Nd
Na

(163)

and

xp =

√
d2 + 2ε

q

(N−
a+N

+
d )

N−
aN

+
d

(φi − Va) − d

1+ Na
Nd

. (164)

The width of the depletion region can also be expressed as

xd = xn + xp =

√
d2 +

2ε

q

(
N−
a +N+

d

)
N−
aN

+
d

(φi − Va). (165)
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The potentials are calculated using the same methods as the p-n
junction once the edges of the depletion region are known. Solving
for the potential in each of the three p-i-n regions, the potential is

φ(x) =


−qNd2εs

(x+ xn)
2 −xn < x < 0

−φn − qNdxn
εs

x2 0 < xp < d

−(φi − Va) +
qNa
2εs

(x− d− xp)
2 d < x < d+ xp

(166)

3.6 quantum wells

The discovery and characterization of quantum wells in the 1970’s
led to the realization that the density of states, carrier transport and
the resulting absorption properties of semiconductors can be tuned.
In quantum well superlattice structures, the carrier transport depends
highly on the thickness and bandgap of the barrier and well materials.
The transport types can be divided into three regimes:

• Miniband conduction

• Wannier-Stark hopping

• Tunneling

The three transport mechanisms are illustrated in Figure 16. The
first type of quantum well heterostructure is a miniband superlattice
which happens in sufficiently thin wells. The quantum well states
extend throughout the superlattice, so transport depends on the ef-
fective mobility of superlattice similarly to bulk transport. Carriers
are free to move across the entire region as the states hybridize com-
pletely to form a miniband within the superlattice. Under sufficiently
high electric fields, the miniband can break down due to the large
energy differences across the wells.

The second type of conduction occurs when the barriers are suffi-
ciently thick or high to isolate quantum well states from each other.
Each confined carrier must tunnel through a barrier to arrive at the
neighbouring well. This results in a slower, more inefficient type of
transport.

The third type of superlattice structure uses Wannier-Stark hopping
for carrier transport. In this regime, electric fields enable the carriers
to hop from one well to the next due to sufficiently thin barriers and
drop down to the lower energy states in the neighbouring well. The
carriers repeat this process to move from one side of the superlattice
to another, but only in one direction.

3.6.1 Miniband Transport Model

In the miniband transport model, the model assumes that confined
wavefunctions are hybridized into a single band. In this regime, car-
rier transport is fluid throughout the quantum well region, For the
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Figure 16: Three distinct quantum well transport types. (a) Miniband trans-
port occurs when the quantum well barriers are thin enough that
quantum well subbands hybridize into a single band of states.
(b) Tunneling occurs through carrier wavefunctions overlapping
and with neighbouring wells and possess non-zero probabilities
of transferring into them. (c) Wannier-Stark hopping occurs when
quantum well states span across an adjacent quantum well with
an electric field across the quantum well region causing carriers
to relax into a lower state of the adjacent well.
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finite element simulations of nanowire performed in this thesis, the
formalism of Nakamura[176] is used.

The approach involves solving the Schrödinger equation for the
total envelope function in the multiple quantum well region with the
effective mass approximation.

For the time-independent Schrödinger equation(
−

 h2

2

d

dz
m∗e(z)

d

dz
+ V(z)

)
ψ(z) = Eψ(z), (167)

where E is the electron energy, V is the spatially dependent potential,
 h is the reduced Planck’s constant, m∗e is the electron effective mass,
and z is the direction normal to the quantum well plane.

In a periodic potential, the potential follows

V(z+ d) = U(z), (168)

where d is the period of the superlattice, the Schrödinger equation
must also be periodic in the form of

ψ(z+ d) = Cψ(z). (169)

The absolute value of the constant, C, must be equal to 1. At the
boundaries of the potentials, z = d and z = 0, the wavefunction must
satisfy

ψ(d) = e−ikzdψ(0) (170)

and

ψ ′(d) = e−ikzdψ ′(0), (171)

where kz is the wavevector in the z direction and

Ψ ′(z) ≡ dΨ(z)
dz

. (172)

The boundary condition at the well/barrier interface has been gen-
eralized in the PhD thesis of S. Mori[177] and his subsequent publi-
cation[178] in the form of

[
ψB(zi)
d
dzψB(zi)

]
=

[
t11 t12

t21 t22

][
ψA(zi)

a ddzψA(zi)

]
, (173)

where ψA and ψB are the envelope functions for the well and bar-
rier sides of the interface, tij is the interface(or transfer) matrix for
the well and barrier materials. The w indicates the well material, b
indicates the barrier material, and a is the lattice constant.

This formalism had been modified for finite element analysis by
Wacker[179] and Nakamura et al.[180] such that superlattice devices
can be modelled with computer simulation software such as Crosslight®

APSYS and is the fundamental theory behind miniband solar cell cal-
culations in the thesis.
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3.6.2 Coupled Well Transport Model

When the barriers between quantum wells are significant, transport in
the quantum well region can occur through tunneling, thermionic es-
cape, or photonic escape. Each quantum well has its own states which
only extend into the barriers to some extent. In Crosslight® APSYS,
quantum well superlattices which do not form a miniband can be
simulated using a variety of approximations. The most basic model
for quantum wells treats each well separately, assuming a symmetric,
square barrier and flat potential well. Any interactions between wells
are neglected. This effectively removes tunneling between wells and
significantly reduces the transport of carriers across the quantum well
region.

For relatively flat quantum wells (small electric field), the electron
concentration inside the well can be approximated as being restricted
to just the well and only dependent on the Fermi level and confined
state levels. Inside the quantum well, the carrier concentrations follow
the relation:

n2D(x,y) =
∑
j

ρ02DjkBT ln
(
1+ exp

[
Efn(x,y) − Ej(x,y)

kBT

])
, (174)

where j is the confined state index, and ρ02Dj is the density of states
in two dimensions at state j. The Fermi level and the confined state(s)
are allowed to vary throughout the well in the case of finite wells.
In the case of solar cells with no or small applied biases, the p-n or
p-i-n junction may cause a significant tilt in the band profile but may
become much flatter near the maximum power point.

There may also be significant localized electric fields due to piezo-
electric or strain effects. This is particularly true in the nanowire struc-
tures studied in this thesis as they have InGaN/GaN quantum wells
that are aligned along the (0001) growth plane. In this case, the sym-
metric/flat well assumption may not be valid and affects the coupling
between adjacent wells. This level of simulation allows for sloped po-
tentials inside the wells which are affected by the carrier concentra-
tion and other charges. These simulations couple the charge profile
with the potential self-consistently such that both are solved sequen-
tially until suitable solutions for the carrier concentrations and po-
tential are found. The idea is to solve for the carrier concentrations
followed by the potential profile to account for their effects on each
other.

The self-consistent method consists of a similar carrier density ex-
pression inside the well, which has the form

n2D,sc(x,y) =
∑
j

gjn(y)ρ
0
2DjkBT ln

(
1+ exp

[
Efn(x,y) − Ej

kBT

])
,

(175)

where gjn(y) is the electronic wavefunction of each state j and only
varies as a function of the growth direction y. The confined states Ej
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are now spatially independent and are updated as the electric field
changes. The self-consistent simulation process is as follows:

Step 1:
Solve for the potential profile and carrier concentrations at equilib-
rium assuming a flat band profile according to Equation 174.
Step 2:
Use the band profile from Step 1 and calculate an updated carrier con-
centration and potential profile according to the self-consistent model
described in Equation 175.
Step 3:
Continue to run Step 2 until the carrier concentration and potential
profile do not change significantly.
Step 4:
Once self-consistency is obtained, the bias is updated and Steps 2 and
3 are repeated.

The valence bands can be quite close to each other in energy, lead-
ing to a mixing between the bands near the Γ -point of the band struc-
ture. The mixing can lead to a non-parabolic condition of the bands.
In this case, a more accurate picture of the hole concentrations can be
calculated from the integral over the valence band energies.

p =
∑
j

gjp(y)
1

2π

∫Ek(0)
−∞

(
1− fv

(
Ej(k),Efp

))
dk2, (176)

where fv is the Fermi distribution of holes in the valence band, gjp are
the hole wavefunctions, and Ek(0) is the highest energy hole state at
the Γ (k = 0) point.

3.6.3 Interband Absorption in Electric Fields

The absorption in semiconductors is dictated by the incident photon
energy, carrier populations in each band, and the band energies. In an
electric field, bands are tilted in energy and absorption characteristics
change. The quantum mechanical nature of the carriers allows their
wavefunction to cover a finite spatial volume throughout which the
band is not flat. This allows for the absorption of photons at lower
energies than would otherwise be possible, and a general modifica-
tion to the absorption spectrum. This is the fundamental property
of electro-optic modulators and is called the Franz-Keldysh Effect or
photo-assisted Zener tunneling.

If an electron is expressed as single charge in a uniform, time-
independent electric field along the semiconductor growth direction
(z), one can write the Schrödinger equation as

(
−

 h2

2mr
∇2 + qF · r

)
Φ(r) = EΦ(r), (177)
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where F is the electric field, and the reduced effective mass mr can be
expressed as

mr =
memh
me +mh

. (178)

The solution to Equation 177 is of the general form

Φ(r) =
1√
A
eikx+ikyΦ(z), (179)

where Φ(z) remains the z-component of the single electron wavefunc-
tion in the electric field without an explicit form. We can use the
Schrödinger equation again for this component,

(
−

 h2

2mr

d2

dz2
+ qFz

)
Φ(z) = EzΦ(z). (180)

Since the field is parallel to the~z direction, the dot product becomes
scalar multiplication.

The energy level E is thus

E = −
 h2

2mr

(
k2x + k

2
y

)
+ Ez. (181)

Rearranging Equation 180, we have

 h2

2mr

d2

dz2
− (qFz− Ez)Φ(z) = 0, (182)

allowing for a quick comparison to the Airy equation:

d2

dx2
y− xy = 0. (183)

The form of the solution is that of Airy functions Ai(Z), where Z is
the modified variable

Z =
3

√
2mrqF

 h2
×
(
z−

Ez

qF

)
. (184)

Therefore, the electron wavefunction can be expressed by kx, ky,
and Ez in a ~z-oriented electric field. The holes states are expressed in
a similar way with the opposite charge of q.

3.6.4 Absorption

The general absorption spectrum of photons across the bandgap can
be expressed by

α( hω) = A0
∑
n

|φn(0)|
2δ(En + Eg −  hω), (185)
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where φn(0) are states at the gamma point, Eg is the bandgap,  hω

is the photon energy, n are the states indices, and En is state energy.
The factor A0 is

A0 =
πq2|ê ·~pcv|

2

nrcε0ωm
2
0

, (186)

where ~pcv is a matrix element of the momentum operator, ê is the
polarization vector, nr is the refractive index, c is the speed of light,
q is the elementary charge, ε0 is the permittivity of free space, ω is
the photon angular frequency, and m0 is the electron rest mass.

With an electric field along the z direction, the states are of the
form in Equation 179. In a bulk material, we also have a continuum
of states, so the sum becomes an integral leading to the absorption as
a function of photon wavelength:

α( hω) = 2A0×
∑
kx,ky

∫∞
0

dEz|φ(0)|
2δ

(
 h2

2mr

(
k2x + k

2
y

)
+ Ez + Eg −  hω

)
.

(187)

In this thesis, Crosslight® APSYS calculates the absorption spec-
trum using this equation for the quantum well regions of the semicon-
ductor and uses experimentally determined absorption coefficients
for the bulk materials.

3.6.5 Optical Transitions in Quantum Dots

For a device with quantum dots, the simulations in this thesis express
the carrier concentration as a sum of the quantum well and quantum
dot carrier concentrations

n2D = nQW +nQW , (188)

since it generalized the system to include quantum dots embedded in
a wetting layer. The areal electron concentration in the quantum dots
is dependent on the energy distribution of electron and the density
of quantum dots

nQD = 2
∑
i

ρQDfc(Ei), (189)

where fc is the Fermi function

fc(Ei) =
1

1+ exp Ei−EfnkT

, (190)

where Ei is the energy level at state i. The factor of 2 in Equation
189 arises due to spin-degeneracy of states at zero field. A similar
formulation is followed for holes.
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The quantum dot density is a parameter determined by experiment,
and the energy levels of the quantum dot can be solved in 3D via the
effective mass approximation. In this thesis, quantum dot hole states
are not solved by a ~k ·~p Hamiltonian with valence mixing, and only
uses a simple single band effective mass approximation similarly to
the treatment applied to conduction bands. This means the calculated
hole state energies are only approximate, but sufficient for use in
determining the approximate density of states for device modelling.
Therefore, the ordering, precise energies, and the character (light hole,
heavy hole, or split-off hole) of the hole states are not guaranteed to
be correct. Simulations with a full 6x6 ~k ·~p treatment are performed
in this thesis for quantum wells structures.

The optical gain (or absorption if negative) in the quantum dots is
calculated by the following formula:

gQD(E) =
∑
i

∑
j

πq2 hM2
bnQD

Fε0cm
2
0nrtQD

| < ψi|ψj > |2Gb(E−Eij)(fc− fv),

(191)

where tQD is the quantum dot/well thickness, nr is the refractive
index, i and j are state indices, F is the electric field, Mb is the matrix
element for the bulk surrounding material. The process of exciting
an electron to the conduction band from intermediate quantum dot
states is accomplished using a similar formalism. If dots are close
enough to couple quantum mechanically, an additional factor of 2 is
added to account for their sharing of energy levels. The term Gb is
a Gaussian broadening parameter that covers inhomogeneous broad-
ening and recombination from higher conduction band states and is
described as

Gb(E) =
1√
2π

exp−
(E− Eij)

2

s∆2
, (192)

where

∆ =
 h

τb
, (193)

τb being the broadening lifetime. The effect of broadening time
constant is demonstrated in Figure 17. Similar to the carrier concen-
trations, the gain can be described by a sum of the quantum well
(wetting layer) and quantum dot gains as in

g2D = rQWgQW + gQD, (194)

where rQW is a parameter that describes the quantum well contribu-
tion to the gain as the wetting layer thickness and presence depends
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Figure 17: Relative gain broadening function for simulating the natural and
inhomogeneous broadening of the gain spectrum in quantum
dots.

on the choice of quantum dot system. The spontaneous emission rate
in the quantum dot is written as

r
sp
QD(E) =

q2nrFM
2
b

πε0m
2
0
 h2c30

| < ψi|ψj > |2
Gb(E− Eij)ρQD
tQDfc(1− Fv)

. (195)

The spontaneous emission rate in the well is added to that of the
quantum dot in the form of

r
sp
2D = rQWr

sp
QW + rspQD. (196)

The radiative recombination rate in the quantum dot is the sum of
the spontaneous emission rates for all wavelengths of light,

Rsp =

∫
r
sp
2D(E)dE. (197)

This methodology is followed for simulating the radiative emis-
sion from quantum dots inside the InGaN/GaN nanowire structures
in forward bias. The state configuration for multiple dot geometries,
sizes and compositions can be solved for separately by 3D effective
mass models and combined in a single simulation of a device with an
ensemble of quantum dots of various sizes. This can be complemen-
tary to the gain broadening term and provides a relatively more ac-
curate way to approach the inhomogeneous broadening of the spon-
taneous emission and absorption in quantum dots.

3.6.6 Modelling of Strained Wurtzite Quantum Wells

In devices with heterointerfaces, strain effects can be captured to sim-
ulate more realistic semiconductor device performance characteris-
tics. Strain arising between the InGaN and GaN crystal lattices can
cause a shift in the bandgap alignment between the two materials. In



3.6 quantum wells 67

a quantum well, the well material usually has larger lattice constant
which results in a compressive strain in the well. This is the case for
InGaN surrounded by GaN. For the conduction band, the band off-
set without strain is defined as a fraction of the total change in band
energies,

Eoffset,s =
∆Ec

∆Ec +∆Ev
. (198)

Once strain is present, there is a shift in the light hole, heavy hole
and crystal field split-off bands where the highest valence band may
not remain the same as the unstrained material. Therefore, the expres-
sion for strained materials explicitly specifies the lowest conduction
band and the energy of the strain conduction band such that

Eoffset =
∆Eminc

∆Eminc +∆Emaxv

, (199)

where

∆Emaxv = Ehighest,InGaNv − EGaNv , (200)

which means the valence band offset is defined by the difference in
position between the highest energy valence band in GaN and the
highest valence band in the InGaN.

The strain tensor for two crystal lattices interacting can be described
by the following components:

εxx = εyy =
a0 − a

a
(201)

εzz = −2
C13
C33

εxx (202)

εxy = εyz = εzx, (203)

where C13 and C33 are strain parameters, and a0 and a are the un-
strained and strained lattice, respectively.

For the conduction band, the strain is modelled as a modification
to the effective mass for both the transverse and perpendicular direc-
tions under the parabolic band model according to Chuang[181].

The Hamiltonian is described by

Hc(~k‖,~k⊥) =
 h2

2

(
~k2‖

m
‖
e

+
~k2⊥
m⊥e

)
+ E0c(z) + Pcε(z), (204)

where Pcε is the conduction band hydrostatic energy shift, m‖e is
the transverse effective mass, m⊥e is the effective mass parallel to the
growth direction,E0c is the unstrained conduction band edge, k‖ and
k⊥ are the momentum operators −i∇‖ and −i∇⊥ in the transverse
and growth directions, respectively.
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The conduction band hydrostatic energy shift is described by

Pcε = ac⊥εzz + ac‖ (εxx + εyy) , (205)

where acz and act the conduction band deformation potentials
parallel and perpendicular to the [0001] direction.

The valence band structure is more involved due to the three types
of hole bands close in energy. A~k ·~p Hamiltonian for strained wurtzite
materials has been derived in[182], which is

Hv6x6(k) =

[
HU3x3(k) 0

0 HL3x3(k)

]
(206)

HU(k) =

 Fw Kt −iHt

Kt G ∆− iHt

iHt ∆+ iHt λ

 (207)

HU(k) =

 Fw Kt iHt

Kt G ∆+ iHt

−iHt ∆− iHt λ

 . (208)

The matrix elements of the Hamiltonian are:

Fw = ∆1 +∆2 + λ+ θ (209)

G = ∆1 −∆2 + λ+ θ (210)

Kt =
 h2

2m0
A5k

2
t (211)

Ht =
 h2

2m0
A6ktkz (212)

λ = λk + λε (213)

λk =
 h2

2m0

(
A1k

2
z +A2k

2
t

)
(214)

λε = D1εzz +D2 (εxx + εyy) (215)

θw = θk + θε (216)

θk =
 h2

2m0

(
A3k

2
z +A4k

2
t

)
(217)

θε = D3εzz +D4 (εxx + εyy) (218)

∆ =
√
2∆3. (219)

The valence band is described in reference to the conduction band
level by

E0v = E
0
c − Eg +∆1 +∆2, (220)
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where ∆1 is the crystal-field split energy and ∆2 and ∆3 are spin-orbit
interaction parameters.

The confined states in simple quantum wells can be solved at the
Γ , L, and X points, where the states are either electron, light hole,
heavy hole, or split-off states, through the formalism of Chuang [182,
183]. With the application of a potential difference, the resulting ex-
ternal field spatially changes the quasi-Fermi level. However, in this
approximation, the density of states and energy levels are assumed
to remain unchanged from equilibrium.

The energy levels inside the wells are still calculated based on the
carrier concentration. The model treats the heavy and light hole states
as parabolic and assumes no coupling between the two types. The
calculations are as simplified by setting the effective masses in the
plane of the quantum well to be identical.

In most quantum well structures, the heavy and light hole states
do not exhibit a parabolic dispersion. A deviation from parabolicity
can arise due to strain. These deviations can modelled by treating
the states as anisotropically parabolic as opposed to the more gen-
eral non-parabolic shape. This treatment can be different between
zincblende and wurtzite quantum wells.

For wurtzite InGaN, the heavy and light hole bands are not parabolic
and also anisotropic. Having an approximate analytical effective mass
model for accurate and fast numerical simulation is desirable. Crosslight®

APSYS uses the effective masses obtained from bulk wurtzite materi-
als and a combination of effective mass models for lightly and heavily
populated hole bands. When the bands are lightly populated (small
~k vectors), the effective masses are:

m0

m⊥hh
= −(A1 +A3) (221)

m0

m⊥lh
= −

(
A1 +

E02 − λε

E02 − E
0
3

A3

)
(222)

m0

m⊥ch
= −

(
A1 +

E03 − λε

E03 − E
0
2

A3

)
(223)

m0

m
‖
hh

= −(A2 +A4) (224)

m0

m
‖
lh

= −

(
A2 +

E02 − λε

E02 − E
0
3

A4

)
(225)

m0

m
‖
ch

= −

(
A2 +

E03 − λε

E03 − E
0
2

A4

)
, (226)

where E0i (i = 1, 2, 3) are the edges of the valence bands at the Γ point,
and mlh, mhh and mch are the effective masses for light holes, heavy
holes, and split-off hole bands in either parallel or perpendicular to
the c-plane.

In the case of heavy populations (or large ~k vectors), the effective
masses are
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Material a0(Å) c0 (Å) c0/a0 u

wz-AlN 3.110 4.980 1.6013 0.382

wz-GaN 3.190 5.189 1.6266 0.377

wz-InN 3.540 5.706 1.6120 0.380

Table 3: Experimental lattice parameters of III-nitride materials as obtained
from Rinke et al. [184]

m0

m⊥hh
= −(A1 +A3) (227)

m0

m⊥lh
= −(A1 +A3) (228)

m0

m⊥ch
= −A1 (229)

m0

m
‖
hh

= −(A2 +A4 −A5) (230)

m0

m
‖
lh

= −(A2 +A4 +A5) (231)

m0

m
‖
ch

= −A2, (232)

where Ai are the valence band effective mass parameters.
In this thesis, and average of the small k and large k treatments is

used in simulations.
The III-nitride lattice parameters used in this thesis were obtained

from a variety of experimental growth papers summarized by Rinke
et al.[184] and can be viewed in Table 3, where a0 is the lattice con-
stant in the hexagonal lattice plane, c0 is the lattice constant in the
[0001] direction, u is ratio of the anion-cation bond length in the (0001)
plane to the c0 lattice constant. The material and band parameters
are obtained from the same paper, where the experimental parame-
ters are favoured over the calculated ones if they are available. The
material and band parameters used in this thesis are listed in Table 4.

3.7 device simulation

Virtually all modern semiconductor device designs rely on technol-
ogy computer-aided design (TCAD) to simulate their operation and
performance, where the standard differential semiconductor equa-
tions are solved. The calculations involved in complex two-and three-
dimensional devices are either prohibitively tedious or impossible to
solve analytically, leading to the computation of numerically derived
solutions. For the multiple quantum dot-in-nanowire solar cells dis-
cussed in this thesis, Crosslight® APSYS, a commercially available
semiconductor device simulation software was used to simulate the
optoelectronic properties of the fabricated devices.
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Parameter AlN GaN InN

Eg (eV) 6.15 3.5 0.69

m
‖
e 0.322 0.186 0.065

m⊥e 0.329 0.209 0.068

A1 -3.991 -5.947 -15.803

A2 -0.311 -0.528 -0.497

A3 3.671 5.414 15.251

A4 -1.147 -2.512 -7.151

A5 -1.329 -2.510 -7.060

A6 -1.952 -3.202 -10.078

A7(eV Å) 0.026 0.046 0.175

E
‖
P (eV) 16.972 17.292 8.742

E⊥P (eV) 18.165 16.265 8.809

Table 4: Band parameters for III-nitride materials.

Crosslight® software contains a group of software packages that
solve the drift-diffusion equations which correspond to the genera-
tion, recombination and transport of carriers through the semicon-
ductor device under equilibrium and non-equilibrium conditions. In
particular, APSYS is the general drift-diffusion solver that includes
the option of modelling advanced physical effects such as thermionic
emission, ray tracing, heat transport, quantum confinement, relax-
ation and hot carrier effects, high frequency modulation, and much
more. The device simulation process for solar cells is outlined in this
section and is used for all the simulation results presented in this
thesis.

The initial step involves preparing a .layer file which indicates the
physical dimensions of the device, materials, layer thicknesses, con-
tact positions, stress, mesh density, any quantum confinement approx-
imations and doping levels. The layer file is processed, creating three
files: a .geo file, a .doping file and a .mat file, that are designed to be in-
terpreted by the computer. The mesh density defined in the .layer file
is used to create the .geo file that lists the mesh parameters for each
layer. The .mat file contains the material parameters of each layer and
the contact types. The .geo file is then processed into a verbose .msh
file, which is used for finite element analysis of the device.

An optional .gain file can be created from the material file that re-
veals the gain characteristics and other optical properties that are dop-
ing and mesh independent.

The .sol file is created by the user to define all the parameters which
are to be used in the simulation of the device. This includes but is not
limited to the carrier mobilities, carrier lifetimes, temperature, numer-
ical optimization parameters, electrical and optical biases, step sizes,
reflectivities, illumination spectrum and the enabling of advanced
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Figure 18: Device simulation process for Crosslight® APSYS.

physical models. The .sol file reads the .msh, .doping, .mat files (and
optionally the .gain file) to perform the desired simulations.

The output of the simulation is contained in two files: an .out file
and a .std file. The .out files include the actual numerical results of
the simulation and the .std file includes numerical data in a form that
enables 3D plotting of the results. The numerical results from the .out
and .std files must be processed using .plt files to obtain graphical
plots and organized data that be readily interpreted by the user. Plots
can be printed as postscript files or saved as tab-delimited ASCII data
files. All plots in this thesis were outputted to ASCII data files, and
plotting using OriginLab® Origin®

8.0. A flowchart for the simulation
is shown in Figure 18.

The drift-diffusion solver approaches the differential equations by
dividing up the device into finite elements. The differential equations
become vectors which are solved for single values of the potential,
carrier concentration, and carrier energy values at each node. This is
in contrast to determining the continuous potential, carrier concen-
tration, and carrier energy functions directly. The finite elements are
solved based on the box method[185], where the equations are inte-
grated in 2D(3D) over a small area(volume) around each node and
sets the flux into a particular node area(volume) equal to any source
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and/or sink inside. The integration problem is treated as a summa-
tion as in traditional numerical integration techniques.

The solution is not straightforward in the case of realistic devices
since the semiconductor equations are coupled and also non-linear.
Crosslight® APSYS follows the Newton-Raphson method of iterative
solving where the solution is approached iteratively starting with an
initial guess. The solver makes a guess to the solution and then exam-
ines how well the guess matches with the drift-diffusion equations.
If the new guess matches the differential equations better than the
previous guess, it is kept as the new guess. Otherwise, a new guess
is made. The generalized algorithm is as follows

Fjv(V
j1,Ej1fn,Ej1fp) = 0 (233)

Fjn(V
j1,Ej1fn,Ej1fp) = 0 (234)

Fjp(V
j1,Ej1fn,Ej1fp) = 0, (235)

where j is an index from 1 to N (the number of mesh points), j1 is the
mesh point and its nearest neighbour mesh points, fn and fp are the
electron and hole quasi-Fermi levels. There are 3N of these equations
(three for each mesh point) that represent the discretized form of the
drift-diffusion equations. Equations 235 are solved through a linear
solver after being linearized using the Jacobian matrix. The Richard-
son iteration scheme improves upon the basic Newton’s method by
only requiring one or two refactorizations of the Jacobian matrix at
each bias point, leading to much faster computation.

3.8 summary

In summary, this chapter discusses the operation of solar cells built
from semiconducting materials and the theory behind their opera-
tion with the introduction of nanostructures. The analysis of simple
p-n and p-i-n junctions was performed and coupled with the standard
semiconductor equations provide the framework in which the perfor-
mance of solar cells in general can be simulated. With the addition
of quantum dots and quantum wells, the accurate simulation of car-
rier concentrations and their transport in a solar cell device becomes
more challenging. The modelling approach for the carrier transport
is dependent on the superlattice characteristics. The parameters used
in the device simulations with Crosslight® APSYS are described. This
concludes the introductory material of this thesis, leading into the
experimental and simulation work in Part II.



Part II

R E S U LT S A N D D I S C U S S I O N

Part two of this thesis comprises the two main chapters on
the study of InGaN/GaN quantum-dot-in-nanowire solar
cells and LEDs. Chapter 4 includes the detailed presenta-
tion of the growth, fabrication and experimental character-
ization results and methods of the InGaN/GaN quantum-
dot-in-nanowire solar cells. Chapter 5 discusses the mod-
elling and simulation of the InGaN/GaN quantum-wells
solar cells and InGaN/GaN quantum-dot LEDs to illus-
trate the operation of the deep sub-bandgap current gen-
eration strategy and carrier transport regimes for optimal
power conversion performance in the quantum dot region.
Chapter 6 investigates the InGaN/Si dual junction solar
cell design using experimental absorption coefficients and
the possibility of a nanowire-based InGaN top subcell.
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4
E X P E R I M E N TA L C H A R A C T E R I Z AT I O N O F
I N G A N / G A N D O T- I N W I R E S O L A R C E L L S

"...great difficulties are felt at first and these cannot be overcome except by
starting from experiments ... and then be conceiving certain hypotheses ...
But even so, very much hard work remains to be done and one needs not

only great perspicacity but often a degree of good fortune."

—Christiaan Huygens, 1687

4.1 overview

The experimental characterization of the InGaN nanowire solar cell
and LEDs is the central effort of this thesis. To determine the char-
acteristics of the nanowire devices and how their properties change
based on device variations, experiments are used to elucidate details
on the physical processes and design considerations in more efficient
InGaN/GaN on silicon nanowire solar cells. The work in this the-
sis does not include the growth and fabrication of the devices being
characterized. Fabricated and unfabricated samples were provided
by McGill University’s III-nitride nanowire research group with and
without design modifications proposed by the University of Ottawa.
Samples were characterized using a wide range of tools and tech-
niques to improve the understanding of the material system and de-
vice configuration of the InGaN/GaN nanowires. The research under-
taken in this chapter comprises the following imaging techniques:

• Optical microscopy

• Laser scanning confocal microscopy

• Scanning electron microscopy (SEM)

• Microelectroluminescence microscopy

• Height profile by atomic force microscopy (AFM)

• Energy dispersive X-ray spectroscopy mapping

In addition to the aforementioned microscopy techniques, atomic
resolution scanning transmission electron microscopy (STEM) of sim-
ilar nanowire devices were previously performed by Dr. Steffi Wo at
McMaster University[36]. Spectroscopy was performed using a sys-
tem completely rebuilt for InGaN nanowire spectroscopy as well as
a multitude of other semiconductor types. The work in constructing
this system has enabled the research presented in this chapter and
provided the SUNLAB core facility with the following capabilities:

• Liquid nitrogen temperature microphotoluminescence spectroscopy
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• High resolution, large area photoluminescence mapping

• Liquid nitrogen temperature electroluminescence spectroscopy

• Simultaneous spectroscopy and high resolution optical microscopy

• Polarization-resolved spectroscopy

• Simultaneous multiple laser/broadband illumination of sample

The nanowire solar cells were measured as LEDs as well to infer the
material and optical parameters of the nanowires themselves for oper-
ation as solar cells. Electrical properties of the InGaN/GaN nanowire
solar cells were investigated using

• Dark and illuminated current-voltage characteristics

• External quantum efficiency

Optical properties of the nanowires were assessed through the spec-
ular and diffuse reflectivity of bare and fabricated nanowire samples
over a wide range of optical wavelengths.

4.2 molecular beam epitaxy

To obtain the highest quality semiconductor nanostructure growth,
strict control over the layer thicknesses and material composition is
required. Molecular beam epitaxy (MBE) is the most used epitaxial
technique for the growth of quantum well and quantum dot struc-
tures, where the lattice defects and variances in growth must be kept
to a minimum.

MBE is the deposition of elemental sources from solid sources un-
der ultra-high vacuum. Sources of high purity elements, such as gal-
lium and indium, are evaporated by effusion, radio-frequency plasma,
cracking, or electron beams in separate cells. The pressure is kept at
extremely low pressures (< 10−8 mbar) so that mean free path of the
evaporated elements is longer than any of physical dimensions of the
growth chamber. The trajectories of the evaporated elements are rep-
resented by an unobstructed beam from the source to the substrate.
When the molecular beam arrives at the substrate, atoms bond to
the surface and proceed to react chemically with the substrate atoms,
adding to the existing crystal lattice. The temperature of the source
primarily dictates the growth rate. Due to the layer-by-layer growth
process, molecular beam epitaxy can be very slow, with growth rates
on the order of a micron per hour or less.

The introduction of dopants is achieved from either solid or gas
sources and introduced in small quantities alongside the host mate-
rials. The temperature of the substrate is also controlled to optimize
the adhesion of elemental sources, material quality, and control diffu-
sion of atoms on the epilayer. In many cases, it is common for some
of the molecular beam to reflect off the substrate, desorb, re-adhere
or reorganize on the substrate during growth. In a successful growth,
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the temperatures, pressures, and elements are set to facilitate the min-
imization of the Gibbs free energy of the film.

Regardless of epitaxial process, different combinations of atoms
form crystals with their unique lattice constants. The matching of
the substrate and epitaxial layer lattice constants is a critical factor
in the quality of the epilayer from the growth. If there is a mismatch
of the lattice constants between the two crystals, strain builds in the
epilayer. Above a certain layer thickness, the strain is sufficient to in-
troduce undesirable defects and dislocations in the epitaxial layer as
it reorganizes to minimize the strain energy. Since virtually all grown
semiconductor materials require low defect densities to realize high
performance optoelectronic devices, the choice of semiconductor ma-
terials has traditionally been limited to substrates which share the
same or similar lattice constants and crystal symmetry as the epitax-
ial material.

The growth of one semiconductor material on another can pro-
ceed via one of the three growth modes. The most common mode is
Frank–van der Merwe growth, where the epitaxy proceeds in a layer-
by-layer addition of atoms arranges in a continuation of the substrate
lattice. The growth of subsequent layers occur only once the previous
layer is completed as atoms prefer to attach themselves to the surface
as opposed to other adatoms. This growth mode is utilized in the vast
majority of semiconductor devices as it leads to high quality material
with few lattice defects. The Frank-van der Merwe growth mode lim-
its the device design to stacks of two-dimensional slabs and occurs in
homoepitaxy and in lattice-matched heteroepitaxy.

The Stranski-Krastanov growth mode occurs when the lattice mis-
match between two semiconductor lattices leads to a few layers of
strained two-dimensional growth followed by clustered growth around
segregated islands on top. The initial monolayers are known as the
wetting layer with the clusters of growth occurring once the growth
surpasses what is known as the critical thickness. This critical thick-
ness varies between different semiconductor combinations and is a
function of their lattice mismatches. The clusters of material on top
of this wetting layer can form three dimensional confinement struc-
tures that are analogous to dot-like (zero-dimensional) dimensions
found in atoms. If growth continues, larger and larger clusters form
until individual clusters meet and form lattice defects at their inter-
faces. In this mode, the growth is typically stopped prior to cluster
coagulation. An additional epitaxial layer of the same material as the
substrate is usually grown on top to return to layer-by-layer growth.
Multiple layers of quantum dots may then be grown on a substrate.
The Stranski-Krastanov growth mode has led to the development of
telecommunication wavelength lasers[186], solar cells[187, 188], and
full colour LEDs[189] due to the additional confinement and tunabil-
ity of the quantum dot density of states.

With Volmer-Weber growth, the lattice mismatch between the two
different semiconductor materials is sufficiently large that any epitax-
ial material accumulates immediately in clusters without an interme-
diate wetting layer. The higher surface energy of the substrate versus
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Figure 19: Photograph of the Veeco® molecular beam epitaxy chamber at
McGill University used to grow the nanowires.

the lower surface energy of the initial adatom clusters leads to clus-
ter formation. The growth proceeds with the formation of larger and
larger clusters as in Stranski-Krastanov growth modes. The Volmer-
Weber epitaxial layers will eventually form defected multi-layer films
if allowed to continue without returning to strain-balancing material.

4.2.1 InGaN/GaN Dot-in-Nanowire Growth

The samples in this thesis were all grown and fabricated at McGill
University by students and researchers in Dr. Zetian Mi’s group, specif-
ically Dr. Ashfiqua Connie, Dr. Sharif Sadaf, and Dr. Songrui Zhao,
and Dr. Hieu Pham Trung Nguyen. The fabrication process for nanowire
solar cells is nominally similar to the fabrication process for nanowire
LEDs, which were are also characterized in this thesis. The nanowires
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Figure 20: Growth process for InGaN quantum dots in a GaN nanowire. The
fuchsia base is n-type GaN and the blue top is the p-type GaN.
The GaN material between the dots is not intentionally doped.

were grown in a Veeco Gen II reactor via radio frequency plasma-
assisted molecular beam epitaxy on 2-inch diameter n++-silicon (111)
wafers without a catalyst. Vertically-oriented GaN nanowires sponta-
neously begin to form on the silicon (111) at a growth temperature
of 770°C. The silicon wafers have a resistivity of 10

−5 Ω. The bot-
tom of the nanowire is a 270 nm Si-doped n-GaN, forming the base
of the cell. The intrinsically-doped InGaN/GaN quantum dot region
is then formed by alternating between 3 nm of GaN and 3 nm of
In0.4Ga0.6N at 640°C. The growth temperature of the quantum dots
directly affects the indium incorporation of the quantum dots, where
higher temperatures correspond to lower indium concentrations. The
top of the cell is formed by a 200-300 nm thick p+-GaN region, fol-
lowed by an optional 10 nm AlGaN electron-blocking layer. Silicon
was used as the n-type dopant at a concentration of 10

19 cm−3 with
magnesium being the p-type dopant at a concentration of 5x10

18

cm−3. The lattice of the nanowire is vertically aligned in the ener-
getically preferred wurtzite configuration. From previous scanning
transmission electron microscopy of similar nanowires, the polarity
of the nanowires was determined to be N-face polar[36]. In the case
of core-shell nanowires, AlGaN growth in the nanowires is formed
by a roughly 50-100 nm thick shell of Al0.2Ga0.8N. The resulting sam-
ple morphology consists of densely packed forest of nanowires with
an areal nanowire density of approximately 1-1.5 x 10

10 cm−2. The
diameters of the completed nanowires are about 90 nm. The growth
process is illustrated in Figure 20.
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Figure 21: UV lithography stepper at McGill University used for exposing
resist for patterning device contacts.

4.2.2 Cell Fabrication

The nanowires must be then fabricated into solar cells. The wafers
are first cleaved in six triangular slices. The initial step includes spin-
coating a polyimide resist, filling in the gaps between the nanowires
to provide additional passivation of the surface and for planarization.
The polyimide is dry-etched to reveal the tops of the nanowires. The
initial top contact pattern is formed by a Nexdep® electron beam
deposition system, providing 7.5 nm of titanium and 9 nm of gold. A
transparent contact is formed by the sputtering of indium tin oxide
(ITO) as a top contact covering the entire surface. The ITO is then
etched to isolate the nanowire cells. The Ti/Au contacts are annealed
at 550°C under a nitrogen atmosphere followed by the annealing of
the ITO under 7 mbar of air.
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Figure 22: Solar cell mask with bonding pads. Seven cells of four different
sizes are shown.

Silicon dioxide is then deposited by plasma-enhanced chemical
vapour deposition (PECVD) to define the solar cell areas, which are
then selectively exposed by etching with 6:1 hydrofluoric acid to wa-
ter solution. The lift-off was done using MF319 and stepper lithog-
raphy. The stepper lithography system is pictured in Figure 21. The
final top contact pads were then deposited by electron beam deposi-
tion of titanium and gold again. Microposit® remover 1165 was used
for Ti/Au/ITO lift-off, isolating the solar cells. The back contact was
formed by a single Ti/Au layer covering the entire area back of the
silicon wafer.

A mask is used to produce a pattern of four different sizes of solar
cells with gold pads for contacts. From largest to smallest, the square
cells are sized 1 mm x 1 mm, 500 µm x 500 µm, and 350 µm x 350 µm,
while the smallest circular cell is 350 µm in diameter. The top Ti/Au
contact pads were 400 µm x 400 µm in size with 40 µm traces connect-
ing the pads to the cells, as shown in Figure 22. Some misalignment
during the lithography manifests itself as an offset between the darker
cell areas and the top gold contacts.

Each cell has finger contacts deposited on the indium tin oxide
(ITO) to reduce resistive losses in the contacts. Each finger is 10 µm
in width to reduce reflection losses. A schematic of the fabricated
sample is shown in Figure 23.
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Figure 23: 3D schematic cut-away of fabricated nanowire solar cell on Si
(111). The polyimide is illustrated in pink, silicon in dark grey,
nanowires in white, and contacts in gold. Schematic is not to scale.

4.3 samples

The samples described in this thesis were of various designs to form
different device types. Some were designed for solar cells, while oth-
ers were made exclusively as single or multijunction LEDs. The nanowire
designs varied with the number of quantum dots, the inclusion of an
electron blocking layer, the number of junctions, as well having Al-
GaN/GaN core-shell structures. Some samples were left unfabricated
to enable the characterization of the nanowires on silicon themselves
prior to the polyimide and ITO layers. Not all device types were in-
vestigated in this thesis. The potential of multijunction nanowire so-
lar cells on silicon is also discussed from six junction designs. An
overview of the samples and their design properties is shown in Ta-
ble 5.
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4.4 microscopy

4.4.1 Optical Microscopy

Basic characterization of the nanowires was performed by optical mi-
croscopy with a Nikon® Eclipse LV150NL microscope with 5X, 50X
and 100X objectives. Images at 100X of a variety of samples are shown
in Figure 24. The variety of colours between samples is representa-
tive of the varying nanowire heights with different junction configu-
rations. Localized changes in colour arise from the sub-wavelength di-
mensions of the nanowire array where the electric field of photons of
various wavelengths from the illumination lamp interferes construc-
tively and destructively with the nanowire-covered surface. The sin-
gle junction cells are green in appearance as a result of interference
effects in the nanowire layer, which acts as an effective medium be-
tween the ITO/air and silicon substrate.

In certain samples, a distinct spotted pattern is observed in optical
microscope which is attributed to nanowires that grow significantly
higher than the surrounding nanowires. The required contrast and
resolution to identify taller nanowires in optical images necessitated
imaging by laser scanning confocal microscopy. Confocal microscopy
was performed using a laser scanning microscope with 488 nm, 532

nm and 650 nm lasers, and a 20X Mitutoyo® objective with a 0.35

numerical aperture. A 488 nm laser was used to achieve the best pos-
sible resolution. Despite the sub-micron sizes of the nanowires, the
confocal microscope was able to identify spots on the surface which
corresponded to the infrequent occurrence of tall nanowires that have
been identified by scanning electron microscopy and atomic force mi-
croscopy. The speckled pattern is visible in Figure 25.

4.4.2 Scanning Electron Microscopy

Nanowire morphology is an important property of a nanowire solar
cells. The diameter of the nanowires influences the spectral reflectiv-
ity of incident light, as well as the transport and recombination of
carriers in the nanowires. The height of the nanowires also affects the
amount of incident light absorption and greatly controls the transport
properties through the nanowire. A convenient and powerful method
of imaging the overall morphology of the nanowires is by scanning
electron microscopy (SEM). This technique uses the scattering of elec-
trons with a surface to produce imaging contrast only fundamentally
limited by the de Broglie wavelength of the accelerated electrons and,
more practically, the interaction volume of electrons with the surface
being imaged. Prior to imaging, samples were mounted on sample
mounts covered in adhesive carbon tape. The vacuum chamber of a
Zeiss® GeminiSEM®

500, which is pumped to a vacuum of <10
−5

Torr. Imaging is done at a variety of voltages ranging from 2 kV to
20 kV. Individual nanowires are resolved with an imaging resolution
of approximately a few nanometres. The diameters of the nanowires
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(a) 1J p-i-n MN698 (unfabricated) (b) 1J p-i-n MN797

(c) 1J n-p-n MN1325 (d) 1J p-i-n MN1482

(e) 3J n-p-n MN1359 (f) 3J n-p-n MN1418

(g) 6J n-p-n MN1246

Figure 24: Optical micrographs at 100X magnification of various grown In-
GaN/GaN nanowire samples on silicon
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Figure 25: Confocal microscope image of a fabricated nanowire sample.
White dots on the surface are indicative of tall nanowires which
have continued to grow higher as the majority begin to coalesce
during growth.
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Figure 26: Scanning electron microscopy of unfabricated InGaN/GaN
nanowires on silicon. (a) 45° view of the nanowire ensemble at
the edge of the cleaved wafer. (b) Close-up 45° view of nanowires
with a section of nanowires removed to show the density of
nanowire nucleation. (c) Plan view of the nanowire ensemble to
illustrate the nanowire density. (d) High resolution plan view of
nanowires demonstrating hexagon geometries.

was analyzed statistically from plan-view images displaying over 100

nanowires.
For bare, unfabricated nanowire samples, scanning electron mi-

croscopy of the samples enables us to determine the areal density
of nanowires. From high resolution scanning electron microscope im-
ages such as in Figure 26 of the nanowires, the packing factor, diam-
eter and density of the nanowires was determined.

The plan view image in Figure 26c was converted to binary using
a basic threshold algorithm so that the binary image closely resem-
bled the original image. The number of 1s vs 0s in the binary file
were summed and compared to produce a factor of approximately
70% nanowire material coverage at the top surface. From Figure 26c,
the number of nanowires were counted within a region. The den-
sity was found to be approximately 105 nanowires per square mi-
cron, or 1.05 x 10

10 nanowires per cm2. This corresponds well to
nanowire LED samples previously fabricated, which had a density
of about 10

10 nanowires per cm2. The number of unique nanowires
measured by SEM may underestimate the quantum dot density since
many nanowires fuse together during growth.

The diameters of 70 nanowires were measured and the distribution
is plotted in Figure 27. The diameters of nanowires were found to be
around 90 nm, with a variation roughly corresponding to a Gamma
distribution, as shown in Figure 27. The space between nanowires is
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Figure 27: Histogram and box plot of bare nanowire diameter distributions.
The box illustrates the standard deviation of the ensemble and
the error bounds indicates the 5-95 percentile range.

approximately 50 nm which decreases significantly with an AlGaN
shell which was not applied to the nanowires shown in Fig 26.

Shorter, incomplete nanowires can be seen in between the larger
nanowires in the cross-sectional SEM image (Figure 28) which is vis-
ible at the cleaved plane of an unfabricated sample. Due to their re-
duced height, they are not expected to participate in current gener-
ation since they lack the required electrical contact to the ITO and
they are expected to contain significant InGaN quantum dot regions.
The heights of the nanowires are determined to be about 500-600 nm
with orientations of up 20° from the vertical. Angular orientations of
nanowires measured near the edge of the wafer are from SEM imag-
ing are a result of damage from the cleaving process.

Once fabricated into a device, the polyimide and ITO cover the
nanowires. In Figure 29, the ITO is highlighted in blue with the
nanowires highlighted in purple. It is clear that some nanowires make
better contact with the ITO layer, while other nanowires may not be
contacted properly to the top. This is expected to result in a highly
nonuniform current production for nanowire solar cells or lumines-
cence in nanowire LEDs.

4.4.3 Other Microscopy

The nanowire samples were also studied using a Zeiss® ORION®

NanoFab® scanning helium ion microscope. A helium ion microscope
operates similarly to an electron microscope but uses helium nuclei
(two bound protons) instead of an electron as the accelerated particle.
An extremely sharp tip which has only three atoms at the apex (called
a trimer) under field ionization can emit a beam of helium atoms. The
shorter de Broglie wavelength of the helium particle is achieved via its
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Figure 28: Cross-sectional SEM image of InGaN nanowire on the silicon sub-
strate. The sample is unfabricated.

Figure 29: False-colour high incidence angle scanning electron micrograph
of a cleaved, fabricated nanowire solar cell. In this cross-section,
the ITO is coloured blue, nanowires are coloured in purple and
the silicon substrate is in grey.
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much heavier mass when compared to an electron, providing higher
imaging resolution. The source of the helium beam is also confined
to one of the atoms of the trimer, leading to a point source size of less
than an Angstrom with high brightness. Another important differ-
ence is the interaction volume of the helium ions is very small since
they do not penetrate and scatter with a volume like electrons do. The
technique is therefore superior to electron microscopy for surface de-
tails and can obtain sub-nanometre resolution. Scanning helium ion
microscope images were taken by the Zeiss ORION Nanofab at the
University of Ottawa as shown in Figure 30.

Images were taken with the as-grown nanowires and on nanowires
that were intentionally broken off the surface and scattered onto a
substrate for imaging along the growth axis. In some samples, tall,
well-formed nanowires were found with heights over 100 nm taller
than the surrounding nanowire ensemble. Other samples demonstrate
very few (or none) tall nanowires suggesting subtle changes in growth
conditions can control the presence of these tall nanowires. It is pos-
sible that during growth, the preferential growth in the vertical direc-
tion as opposed to the radial direction growth leads to slightly taller
nanowires (which begin to growth first) to accumulate more gallium
and nitrogen atoms and become much taller. The nanowires tend to
become wider near the top during growth and tend to join with one
or two adjacent nanowires to form irregularly shaped nanowires. The
uniformity of the nanowire height is essential to optimizing the de-
vice performance as it ensures that all nanowires can form ohmic
contacts to the top electrodes. If the n-type base of a tall nanowire
is electrically connected to a p-type emitter of an adjacent nanowire,
the connection acts like a p-n-p LED and transport is hindered in that
nanowire.

From previous high-resolution scanning transmission electron mi-
croscopy work by Dr. Zetian Mi’s group at McGill University[47]
and Dr. Steffi Wo at McMaster University[36], the InGaN quantum
dots have been revealed to vary in shape from disk-shaped to lens-
shaped within the nanowire heterostructure, as shown in Figures 31.
Using high-angle annular dark-field mode of scanning transmission
electron microscopy (HAADF-STEM), the atomic ordering can be re-
solved in columns. The small diameter of the nanowires allows the
InGaN quantum dots to be resolved without cross-sectional milling.
The microscopy of nanowires has helped to determine the dot and
barrier geometries and dimensions for finite element computer simu-
lations of the devices in Chapter 5.

4.4.4 Energy Dispersive X-ray Spectroscopy

A useful tool that is typically coupled with scanning electron micro-
scopes is energy dispersive X-ray spectroscopy (EDS or EDX). This
technique relies on using the scanning electron beam as source of
high energy electrons incident on the atomic species of the sample
under study. The high energy of the electron has a certain probabil-
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Figure 30: Scanning helium-ion microscope images of as-grown InGaN/-
GaN nanowires. The images show (a) a plan-view of the
nanowire array, (b) 55°view of nanowires at the edge of a cleaved
sample, (c) high resolution of plan-view of the nanowires show-
ing hexagon shapes in single narrow nanowires, (d) two fused
nanowires broken off from the substrate.
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Figure 31: Scanning transmission electron microscope images of similar In-
GaN/GaN nanowires from previous publications by researchers
at McGill University and McMaster University. Figures (a) and (b)
are from Nguyen et al. (2015)[47] and (c) is from[36].
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ity to excite a bound electron from an atom and leave a hole that
is quickly filled by a higher energy bound electron. This drop in en-
ergy releases an X-ray with a characteristic energy that corresponds
to the difference between the temporarily empty state and the higher
energy state. Since these energy differences are unique to each atom,
the atomic species can be determined.

The energy of the electron beam was adjusted to be higher than the
largest primary transition energy of either nitrogen, indium, gallium,
and silicon. The sample was cleaved to reveal a cross-sectional view
of the sample. A Zeiss® GeminiSEM®

500 was used for the imaging
and electron source. An XFlash 6 silicon drift detector was used to
measure emitted X-ray photons. The acceleration voltage was set at
10 kV to provide sufficient energy for the indium atom transitions.
The atomic elements of nitrogen, indium, gallium, carbon, oxygen
and silicon were identified.

The composition of the nanowires was verified by scanning the
electron beam over a cross-sectional view of the nanowire as seen
in Figure 28. Strong silicon, gallium, nitrogen peaks were identified
as shown in Figure 32. Small peaks from oxygen and carbon were
identified and attributed to contamination of the nanowire surface or
microscope chamber. A weak indium peak was identified from the
quantum dots. The peak intensities are not calibrated to correspond
to fractional composition.

Figure 32: Energy dispersive X-ray spectrum of the GaN nanowires with
InGaN quantum dots. The peaks for oxygen and carbon are at-
tributed sample contamination and SEM chamber contamination.

A two-dimensional EDS map was performed that can spatially
identify atomic species in an SEM image. The EDS signal was overlaid
with a side-view SEM image as shown in Figure 33 An even distri-
bution of gallium and nitrogen is seen throughout the nanowires. A
weak indium signal was detected in the middle of the nanowire struc-
tures as expected but was insufficient in resolving the ten individual
dots themselves.
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Figure 33: Energy dispersive X-ray spectroscopic map (colours) overlaid on
a cross-sectional scanning electron micrograph (white). Different
colours correspond to counts from different atomic species.

The EDS spectroscopy mapping confirms the chemical composi-
tion of the nanowires and the approximate position of the quantum
dots. The technique however is not as effective as high angle angu-
lar scanning transmission electron microscopy (HAADF-STEM) with
electron energy loss spectroscopy (EELS) or EDS spectroscopy which
can determine the indium composition of individual dots as has been
demonstrated in work by H.P.T. Nguyen et al.[190]. However, EDS
using SEM is simpler to perform since less sample preparation is re-
quired and the technique could determine the relative amounts of
indium in the nanowires, and quantified if compared to a reference
sample.

4.4.5 Atomic Force Microscopy

More detailed imaging of the top surface of the nanowires was achieved
using atomic force microscopy (AFM). This technique can produce
very high resolution maps of the surface morphology by scanning an
extremely sharp silicon tip across a surface. The small tip dimensions
(a few nanometres) enables nearly atomic resolution imaging of sur-
faces laterally and is especially good at resolving height variations
on a surface. Height variations are detected using a laser reflecting
off the cantilevered tip, and the beam deflection is resolved using a
quadrant photodiode. As the tip scans across the sample, deviations
from the expected tip position are interpreted as height differences.
A scanning electron microscope image of an AFM tip is shown in
Figure 34.
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Figure 34: An atomic force microscope tip shown for reference. This tip in
particular is conductive and can be used for electrical measure-
ments as well as surface morphology.

AFM was performed using a Bruker® Dimension Icon® system
with ScanAsyst® probes in tapping mode. Forward and backward
traces were used to produce images through the height sensor. Cleaved
unfabricated nanowire-on-silicon samples were placed on a stabilized
vacuum stage. Probe tip quality was assessed via SEM microscopy
prior to its use for atomic force microscopy scans. The surface mor-
phology of the top nanowire surface was mapped over a region 5 µm
x 5 µm for wide scans to 300 nm x 300 nm for high spatial resolution
scans.

Shown in Figure 35, AFM revealed a non-uniformity in nanowire
height and size which corresponds well to SEM images. Most nanowires
had heights within 50 nm of each other, with a small minority of sin-
gle nanowires growing up to 150 nm higher. During the scan, the
high aspect ratio of the nanowires presented a challenge for produc-
ing accurate images. The AFM tip geometry is asymmetric along the
scan direction, which can produce an asymmetry in the forward and
backward traces and a trailing signal on one side of the anomalously
tall nanowires when the scan speed is high. To accommodate for this,
the scan speed was reduced from 1000 ns/s 100 nm/s as well as ad-
justing the tapping mode parameters. Most nanowires demonstrated
a roughly rounded hexagonal shape, owing to the wurtzite lattice
structure of GaN. The tops of the nanowires were slightly rounded,
which may indicate the presence of slightly lens-shaped InGaN quan-
tum dots as found in the work by Steffi Wo et al. on similar GaN-
nanowire-on-silicon devices[36].

Nanowires which were sufficiently separated in height from neigh-
bouring nanowires could be imaged as a single entity, as shown in
Figure 36a. The vertical scale is exaggerated to illustrate the texture
of the top surface. Figure 36b is a plan-view AFM image of the top of
the same nanowire, where the rounded hexagonal shape is apparent.
The rounded shape is used to infer the approximate geometry of the
embedded InGaN quantum dots.
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Figure 35: Atomic force microscopy of bare InGaN nanowires on silicon. (a)
Large area AFM scan of many nanowires. The gradual colour gra-
dient is attributed to a slight tilt of the sample relative to the stage.
(b) High resolution AFM scan of a few nanowires demonstrating
the rounded edges of the nanowires and the joining of nanowires
near the top.
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Figure 36: Atomic force microscopy of single, bare InGaN nanowires on sili-
con demonstrating the hexagonal shape and rounded top profile.

4.5 quantum efficiency

An important metric for optoelectronic devices is the measured of
quantum efficiency, which is the probability to generate an electron
for each incident photon on the device (for solar cells), or the prob-
ability to generate a photon for every injected electron (for LEDs or
lasers). In the case of a solar cells, an ideal device would have a quan-
tum efficiency that is ideally 100% across the entire solar spectrum.
A typical quantum efficiency measurement consists of a white light
beam that enters a monochromator to separate the beam by wave-
length. A slit selects a monochromatic beam of light and direct it
onto the solar cell being tested. The current generated by the solar
cell is measured as a function of wavelength. The system is depicted
in Figure 37.

To eliminate the effect of stray light increasing the current mea-
sured, many quantum efficiency measurement systems incorporate a
lock-in technique and multiple measurements to establish very reli-
able and consistent measurements. The quantum efficiencies (QE) as
a function of wavelength were measured using a Newport® IQE-200

quantum efficiency measurement system, shown in Figure 38. The
system is designed to allow for simultaneous EQE and IQE measure-
ments on a temperature-controlled stage. The beam is divided by a
beam splitter and focused on the sample to provide monochromatic
illumination. Data is collected through two, three or four channels
simultaneously, depending on the measurement type. The first chan-
nel is used for measuring the intensity of the incident beam of light
and is mounted after the beam splitter. The second channel is used to
measure the current generated in a photo-sensitive device with light
reflected by the beam splitter. The third channel is used to measure
the specular reflection off the sample and is mounted above the beam
splitter. The fourth channel is used to measure the remaining dif-
fusely reflected light and is coupled to a separate integrating sphere
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Figure 37: Illustration of the quantum efficiency measurement setup. The
integrating sphere is only used for diffuse reflectivity measure-
ments.

module. The first, third and fourth channels each consist of a sili-
con/germanium photodiode connected to a Merlin®

70101 lock-in
amplifier. The single channel lock-in amplifier rotates between each
channel at each wavelength step. The lock-in amplifier is synchro-
nized with an optical chopper at 87 Hz.

The light source is a filtered 300 W Xenon arc lamp that enables
quantum efficiencies to be measured from 300 nm to 1800 nm. Wave-
length selectivity is obtained through an Oriel® CS130 monochroma-
tor system which outputs a minimum spectral full width at half max-
imum of 5 nm from the Xenon lamp. The spectral width was veri-
fied using an ASD® Fieldspec® spectroradiometer. For simple exter-
nal quantum efficiency (EQE) measurements, channels 1 and 2 are
used. To account for the specular reflectivity of the sample, the inter-
nal quantum efficiency (IQE) can be measured using channels 1, 2 and
3. In rougher surfaces that do not contain an anti-reflection coating,
the fourth channel must be used to measure the diffuse reflectivity
and thus the true IQE of the device.

Quantum efficiency measurements were performed on samples with
10 quantum dots in each nanowire. The beam emitted by the monochro-
mator was modified to produce a smaller beam aperture from the
monochromator to ensure the beam on the cell was incident on the
active area of the small cell. The quantum efficiency was measured as
a function of beam intensity which was controlled by the entry slits
from the monochromator. Internal and external quantum efficiencies
are measured from 300 nm to 900 nm. Longer wavelengths are ex-
pected to be either absorbed in the silicon substrate (<1150 nm) or
reflected off the back of the substrate (>1150 nm).

As expected, there was a peak in the quantum efficiency around
375 nm. This corresponds to absorption in the GaN region of the
nanowire. The production of current in the nanowires extended be-
yond the bandgap of GaN with a significant tail into the visible spec-
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Figure 38: Newport® IQE-200 quantum efficiency measurement station at
the University of Ottawa.

trum. Another smaller peak appears around 500 nm as a shoulder to
the main quantum efficiency signal, which may correspond to tran-
sitions from InGaN quantum dot hole states to extended GaN con-
duction band states in the intrinsic region. A further peak appears at
600-800 nm depending on the sample, which would also correspond
to transitions from different quantum well states to extended GaN
states. The sub-bandgap current is responsible for up to 25% of the
total current produced by the device. Since the quantum efficiency
measurements were performed with a monochromatic incident beam,
no significant intermediate band operation is expected. Interestingly,
with the addition of a broadband light bias using an incandescent
light bulb, the quantum efficiency is unchanged. This could be a re-
sult of the longer wavelength photons being absorbed deeper into the
nanowire structure nearer to the lower quantum dots than the shorter
wavelength photons. The low mobility of holes in InGaN compounds
and even GaN may make it unlikely that the holes generated at the
back of the device can move towards the negatively charged p-type
side of the nanowire so the longer-wavelength photons do not con-
tribute to current flow. Sub-bandgap current is produced since the
monochromatic light is sufficient in using two photons of the same
wavelength up to even 800 nm to produce hole and electrons near the
top of the nanowire. This suggests significantly long carrier lifetimes
in the quantum dots. Future work could involve the comparison with
a pure GaN nanowire on silicon control sample.

As a function of power, the quantum efficiency contribution from
sequentially excited carriers is expected to increase as a result of the
increased probability of secondary photon prior to recombination in
the quantum dots. Shown in Figure 39, the quantum efficiency at
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Figure 39: Quantum efficiency for sample MN797 as a function of incident
beam intensity. Higher powers are indicated by lighter colours.

wavelengths shorter than 350 nm and longer than 500 nm decreases
significantly with the light intensity, contrary to the expected opera-
tion of an intermediate band solar cell. A possible explanation could
be that the photofilling of quantum states may be quite high, reduc-
ing the amount of sub-bandgap absorption that can occur. When the
intermediate states are filled with carriers, only the intermediate state
to extended GaN conduction band state transitions can occur, leading
to increased optical transmission. The decrease in quantum efficiency
with beam intensity below 375 nm with higher beam powers could
also be an effect related to photofilling of states in quantum dots
closest to the tops of the nanowires. In such a case, transport may
be inhibited due filled quantum dot states affecting the transport or
tunneling of additional carriers.

The quantum efficiency was used to determine the short circuit cur-
rent of the solar cell and compare it to the value obtained with illumi-
nated current-voltage characteristics. The short circuit current deter-
mined by EQE is more accurate than determined by current-voltage
characteristics as the solar spectrum can be factored in directly as op-
posed to relying on an accurate solar simulator spectrum or using a
spectral mismatch factor.

The short circuit current can be calculated with

Jsc = q

∫λmax
λmin

EQE(λ)ΦAM1.5(λ)dλ, (236)



4.6 reflectivity 101

where EQE(λ) is the quantum efficiency, ΦAM1.5(λ) is the solar
spectrum, and q is the elementary charge.

In discrete steps, the equation becomes

Jsc = q

λmax∑
λmin

EQE(λ)ΦAM1.5(λ)∆λ. (237)

The short-circuit current is calculated from the quantum efficiency
in the current-voltage characteristics section.

4.6 reflectivity

The specular and diffuse reflectivities of the nanowires were mea-
sured using the same Newport® IQE 200 quantum efficiency mea-
surement system using channels 1, 3 and 4. Both bare and fabricated
samples were measured under identical conditions with the integrat-
ing sphere attached. Reflectivity results are shown in Figure 40.

The bare InGaN/GaN nanowires on silicon exhibited a relatively
large diffuse reflectivity with oscillations corresponding to etalon ef-
fects in the nanowire region. The high density of nanowires allows
the region to be treated as an effective index of InGaN/GaN and air.
The bare nanowire region does manage to exhibit an extremely low
specular reflectivity of near zero owing to virtually all light being scat-
tered at non-normal angles upon interaction with the sub-wavelength,
disordered nanowire features.

Once fabricated, the specular reflectivity increases as a result of the
smoother indium tin oxide and gold contact surfaces. The oscillatory
reflectivity effects are a result of the difference in refractive index of
the ITO and polyimide in the fabricated cells, as opposed to simply
air in bare samples. The etalon effects of the diffuse reflectivity of
the fabricated cell are very weak and demonstrate a different period
than the specular reflectivity. This indicates that the diffuse reflection
in the fabricated cell may be mostly as result of the subwavelength
scattering inside the nanowire/polyimide region in addition to the
diffuse reflection off the top ITO surface.

The nanowire region is strongly absorbing up to the GaN band
gap of 3.4 eV, where the etalon effects are not visible. From Crosslight
APSYS simulations, absorption from the InGaN quantum dots is ex-
pected to decrease steadily until about 2 eV or 600 nm, where photons
are either reflected or absorbed in the silicon substrate. Approaching
1100 nm, the specular reflection of the fabricated cell is affected by ab-
sorption in the silicon. After 1100 nm, the silicon substrate becomes
transparent and the etalon effects in the overall device structure dom-
inate.

4.7 current-voltage characteristics

The current-voltage characteristic of solar cells is that of a diode
which is shifted upwards upon illumination. The illuminated current-
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Figure 40: Specular(solid) and diffuse(dashed) reflectivity of bare(bare) and
fabricated(green) nanowire samples as a function of wavelength.
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voltage characteristics of the nanowire solar cells were measured as a
function of illumination intensity from a solar simulator. Solar simu-
lators are used to provide an approximate solar spectrum for consis-
tent device testing. The light is usually generated from a high-power
xenon arc lamp. The output from the lamp is collimated and filtered
to best match the illumination characteristics of the sun.

Two solar simulators were used in the characterization of the illu-
minated current-voltage curves, each with distinct features. The pri-
mary solar simulator is the 1600 watt class AAA Newport® Sol 3A®

94123A which can provide up to 1 sun simulated AM1.5D or AM1.5G
solar spectrum over a large area. The secondary solar simulator is a
similar Oriel® 1600 W solar simulator which is capable of up to 20

suns of AM1.5G illumination over a smaller region. Lower concen-
trations of light were achieved using perforated nickel filters with
varying degrees of transmittance. All measurements are performed
using four probes in the Kelvin configuration to eliminate the con-
tact resistance. Samples are mounted on gold-coated copper vacuum
stages. An Olympus® stereo microscope was used to ensure proper
contact between the probe tips and the contact pads of the cells.

The temperature of the stage upon which the sample was placed
was measured and tuned using a PID (proportional-integral-derivative)
Peltier temperature controller with a control range of 15-100°C. The
temperature was maintained at 25°C +/- 2°C unless otherwise men-
tioned, and the current-voltage curve was acquired within five sec-
onds of the initial illumination. The current-voltage characteristics
under varying levels of AM1.5G illumination are shown in Figure 41.
The solar cell revealed very low open circuit voltages that increased
from 0.06 V at 0.5 suns to over 0.2 V at 16 suns in the best cells.
There is a significant variation in the performance from cell to cell
that is attributed to the inconsistent ITO to gold pad contact quality.
The short-circuit current increased roughly linearly. The fill factor in-
creased from about 0.25 at 0.25 suns to a maximum just under 0.3 at
16 suns. The short circuit current density increased at about 0.75-0.1
mA/cm2 per sun depending on the cell. Significant variations in the
short-circuit current per sun are attributed to the large experimental
error in the illumination intensity actually experienced by the small
cells. The perforated nickel foiled used to attenuate the light from
the solar simulator are designed for larger solar cells where the per-
foration effect is averaged. This variation is especially pronounced in
the lower intensities (0.25 to 1 sun). Additional measurements with
another solar simulator with a variable attenuator built-in has repro-
duced the short-circuit current per sun. In the case of the Figure 41,
the best efficiencies are found at the lower concentration intensities
where the best power conversion efficiency was measured at 0.058%
at 0.5 suns.

When measuring the illuminated current-voltage characteristic of
solar cells, the illumination intensity is assessed through a calibrated
silicon reference cell. Since the current-voltage characteristic is mea-
sured using a solar simulator which is slightly different than the
AM1.5G spectrum, the reference cell does not necessarily assess the
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Figure 41: Illuminated current-voltage characteristics of an InGaN/GaN
quantum-dot-in-nanowire solar cell.

response of the cell at all wavelengths. As a result, a spectral mis-
match factor can be defined which depends on the spectral responses
of the reference and test cell, as well as the spectrum of the solar sim-
ulator and a standard solar spectrum reference. The spectrum mis-
match factor for the reference cell is defined in[191] and is written
as

MMFspec =

∫
SRref(λ)ΦAM(λ)dλ

∫
Φm(λ)dλ∫

SRref(λ)Φm(λ)dλ

∫
ΦAM(λ)dλ

, (238)

where ΦAM15G is the standard solar spectrum, Φm is the mea-
sured spectrum of the light source used, SR is the spectral responsiv-
ity of the reference cell.

The spectrum from the Sol 3A solar simulator was measured us-
ing an ASD® FieldSpec® spectroradiometer which measures the spec-
trum at the sample position. The spectrum was compared to the spec-
trum of the AM1.5G and AM1.5D standard spectra in Figure 42 and
is useful in ensuring the solar spectrum is within specification and
for spectral mismatch calculations. Sharp peaks in the lamp emission
spectrum are associated with xenon emission lines in the lamp.

A value of unity for MMFspec would indicate that there is no spec-
tral mismatch. From the measured spectral responsivity of the silicon
reference cell, measured solar spectrum of the Sol 3A solar simulator,
and the AM1.5G solar spectrum from the IEC 60904-3:2016 standard,
the spectral mismatch factor was calculated from 312 to 1100 nm to
be 0.94.
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Figure 42: The AM1.5G and AM1.5D solar spectrum overlaid with the mea-
sured solar spectrum from the Sol 3A solar simulator.

The spectral mismatch factor can also be re-defined when using a
reference cell, which can indicate how far off the short-circuit current
is during a measurement. The discrepancy arises from the different
spectral responsivities between the reference cell for illumination cal-
ibration and the cell under test. The test cell to reference cell spectral
mismatch MMFref is a more stringent and is defined as

MMFref =

∫
SRref(λ)ΦAM(λ)dλ

∫
ΦmSRt(λ)dλ∫

SRref(λ)Φm(λ)dλ

∫
ΦAMSRt(λ)dλ

. (239)

The test cell to reference cell spectral mismatch was calculated to
be 0.79. We therefore expect some deviation in the short-circuit cur-
rent from the true value when measuring illuminated current-voltage
characteristics. Due to the difference between the spectral responsivi-
ties between bulk silicon and InGaN/GaN quantum dots, large differ-
ences in the short-circuit current are possible. Indeed, this difference
can be determined by obtaining the true short-circuit current from the
quantum efficiency. From equation 79 using AM1.5G as the solar ref-
erence standard spectrum, the short-circuit current was calculated as
about 75 µA/cm2. This value very close to the value of 73.5 µA/cm2

measured using a Sol 3A solar simulator. The difference in this case
is well within the spectral mismatch and other sources of error.
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Figure 43: SolidWorks® schematics of the cryostat stage which allows
for multi-probe current-voltage measurements electrical bias of
nanowire solar cells.

4.7.1 Low Temperature Current-Voltage Characteristics

Current-voltage measurements were performed on samples mounted
in a liquid nitrogen cryostat cooled to various temperatures. Samples
were mounted in a liquid nitrogen cryostat on a copper stage de-
signed for electrical connections to fabricated nanowire samples. The
cryostat is equipped with electrical connections to an external port.
A new stage and probe mounts were designed in SolidWorks® and
machined from solid copper for optimal thermal coupling of the sam-
ple to the cold finger as shown in Figure 43. The stage consisted of a
copper angle bracket which can support the mounting of a cylindri-
cal copper plate in various positions in three dimensions. This design
enabled the use a higher magnification objective lens (Olympus SLM-
PLN 50X with a numerical aperture of 0.35) with a shorter working
distance for higher-resolution electroluminescence and photolumines-
cence measurements.

Four copper probe mounts were designed and machined to sup-
port metallic needle probes, as shown in Figure 43 which made con-
tact on the gold contact pads of the individual nanowire solar cell
top contacts. The probe mounts were machined with a 1 mm hole
through which standard probe tips could be inserted. The electrical
connections inside the cryostat were soldered to the tops of the probe
mounts. Nylon spacers were used to electrically isolate the probe
mounts from the copper stage. Nylon bolts were used to attach the
probe mounts to the copper stage. The shared back contact of the so-
lar cells on the bottom of the silicon wafer placed in electrical contact
with the copper stage and a probe mount. A very small amount of
rubber cement was used to attach the samples to the surface without
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Figure 44: Current-voltages characteristics of single p-i-n junction nanowires
as a function of temperature.

completely relying on mechanical pressure from the probe tips. The
top 4-40 screws are used to push on the top of the mechanical nee-
dle probes downwards to make electrical contact with the cells. The
mechanical setup is shown in Figure 50.

In this configuration, up to three cells can be independently bi-
ased simultaneously. The voltage bias is supplied by a Keithley®

2420

Sourcemeter® connected to a LabVIEW® program which performs
current-voltage measurements and can supply a constant voltage bias.
The back contact of the wafer is mechanically pressed against the cop-
per stage by the probe tip which makes an electrical contact to the top
bonding pad. The devices are driven by voltages ranging from 1-20 V
depending on the intensity and number of junctions in the nanowire
device. The temperature was controlled using a PID-controlled heat-
ing element combined with a liquid nitrogen reservoir.

The shift of the turn-on voltage for the nanowire solar cells shifts
up to 1 V higher as the sample cools from 300 K to 78 K, as shown in
Figure 44. An increase in the resistance of the nanowire in the forward
bias regime was observed with temperatures lower than 100 K. This
effect is attributed to poor dopant activation at such low temperatures
since the thermal energy available for dopant ionization is less than
10 meV.

4.7.2 Transient Current Measurements

During electrical characterization, the nanowire cells exhibited an in-
crease in current over time when under forward bias. This effect was
taken into account by measuring the entire current-voltage character-
istic over a period of less than a second and starting at two seconds
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after the start of the illumination. For smaller cells, the current in-
crease reaches an equilibrium after a significant amount of time, es-
pecially at lower forward biases. This mechanism is attributed to cur-
rent crowding causing localized heating of the cell when operating as
an LED. The additional heat increases the current draw through the
cell which again increases the heat until the cell achieves steady state
through heat dissipation with the environment. The current increase
as a function of time is shown in Figure 45. The current increase is
more drastic at lower bias voltages. At larger bias voltages, steady-
state conditions are reached relatively quickly. At large bias voltages
where the cells are emitting significant amounts of light, the change
in current is negligible.

Figure 45: Current increase over the period of 300 seconds as a function of
forward bias voltage.

4.8 photoluminescence

The optical properties of semiconductor nanostructures are best stud-
ied through the emission of excited carriers. The emission spectrum
and intensity of emitted light are directly related to transitions be-
tween energy levels in extended or confined states. Stronger radiative
recombination indicates a reduction of non-radiative recombination
and thus improved performance in the case of most devices. In pho-
toluminescence spectroscopy, carriers are usually excited using a laser
beam with photon energies higher than the transition energy being
studied.

The characterization of the luminescence from semiconductor nanos-
tructures provides important information about the material composi-
tion, material quality, recombination processes, nanostructure dimen-
sions, and the allowed optical transitions between discrete quantum
states for holes and electrons. Photoluminescence of the nanowires is
accomplished using a laser to excite electrons in the valence band to
the conduction band states, followed by spectroscopy of the emitted
photons from the subsequent radiative recombination back into lower
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Figure 46: Photoluminescence spectroscopy system configuration. Laser
beams are set up along the same optical path to enable quick
switching between excitation wavelengths.

energy states. The laser wavelength is generally chosen to provide in-
cident photons of energy greater than the intended transition(s) un-
der study.

In the case of our nanowire samples, the radiative recombination
can occur in the GaN regions, or the InGaN quantum dots. The emis-
sion from the p-GaN and n-GaN regions require photoexcitation via
an ultraviolet laser, but the study of the InGaN quantum dots can
proceed with a purple or blue laser since the emission produces vis-
ible photons. Photoluminescence from the quantum dot region is ex-
pected to correspond to the transition energy between the lowest oc-
cupied quantum well electron states and the highest unoccupied hole
quantum well states. The molar fraction of indium in the quantum
dots as well as the height of the quantum dots dictates these transi-
tion energies.

A photoluminescence setup at the University of Ottawa was con-
structed to use six lasers which can be selectively used for excitation
using a series of mirrors on flip mounts. The setup is illustrated in Fig-
ure 46. A 200 mW InGaN diode laser of wavelength 405 nm is used as
the excitation source for exciting carriers in the InGaN quantum dots.
The beam is directed towards an adjustable neutral density filter and
passes through two apertures to improve collimation and alignment
of the beam. Light from a laser is directed towards a 45° dichroic
longpass filter which reflects the laser beam towards the objective.
The beam is focused onto the sample through either an f=10 cm UV-
fused silica concave lens for a larger spot or a Olympus® SLMPLN
50X objective with a numerical aperture of 0.35 for microphotolumi-
nescence. Optical power incident on the sample is measured using a
Newport®

842-PE optical power meter which can selectively enter or
leave the beam path through a flip mount.

A Cryo Industries of America® cryostat is used to house the sample
for temperature control. The cryostat temperature is varied using liq-
uid nitrogen and a programmable Cryocon® temperature controller.
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Liquid nitrogen is poured in from the top and directly cools the cop-
per cold finger. The sample is mounted on a copper stage connected
to this cold finger. A Varian® roughing pump coupled to a Varian®

turbo pump is used to provide the vacuum sufficient to eliminate the
possibility of condensation within the cryostat. The sample is affixed
to the stage using Elmer’s® rubber cement.

The photoluminescence signal is collected and collimated back through
the focusing optic, passed back through the dichroic filter, and re-
focused towards the slit of an iHR 320 Horiba Jobin-Yvon® spec-
trometer of focal length 320 mm. The light was filtered a 450 nm
longpass filter to block stray laser light prior to entry in the slit.
Two liquid nitrogen-cooled detectors, a Horiba® Symphony® silicon
CCD detector and a Horiba® Symphony InGaAs CCD detector, are
attached to the spectrometer can be used for either visible light or
near-infrared spectroscopy, respectively. The diffraction grating with
1200 lines/mm blazed at 500 nm is used to diffract the photolumi-
nescence signal. The spectrometer and CCD detectors are computer
controlled using proprietary SynerJY® Symphony® Software, as well
as a custom LabVIEW® application which was developed as part of
this thesis to incorporate photoluminescence mapping, temperature
control, and automatic measurements into a single setup.

Simultaneous microscopy of the sample is achieved through the
same objective lens, where a 30:70 beamsplitter reflects a portion of
the emitted light from the sample towards a Thorlabs®

1.4-megapixel
CMOS camera coupled with a Thorlabs® zoom lens. During imaging
and sample positioning, the sample is illuminated using a consumer
grade LED lamp. The photoluminescence system is positioned atop
an optical table where the lasers are encased within a box of black
aluminum sheets with an opening for outputting the laser beam.

The choice of 405 nm for the excitation wavelength allows for the
direct excitation of the InGaN regions since GaN remains transparent
in 405 nm light. Bulk InGaN regions emit light in a very broad spec-
trum from 500 nm to 700 nm. The photoluminescence was measured
on samples with and without InGaN quantum dots as shown in Fig-
ure 47 and those with and without core-shell structures 48. When
comparing the photoluminescence of nanowires with quantum dots
to those with a bulk-like InGaN region in Figure 47, the emission
is broadened significantly. The broadening is accompanied by a red-
shift, resulting in a yellow-red appearance. The emission extends to
almost 800 nm. The broadening is attributed to the indium accumula-
tion process which forms the quantum dots structure. The integrated
intensity of photoluminescence emission is greater for the nanowires
with quantum dots despite a lower intensity at the centre emission
wavelength.
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Figure 47: Photoluminescence spectra of samples MN1672 (without dots,
but with a bulk-like InGaN intrinsic region) and MN1673 (with
10 InGaN dots in the intrinsic region) at 78 K. The sample with-
out dots contains a bulk-like InGaN region. The sample with 10

quantum dots demonstrates a broader photoluminescence spec-
trum that extends to the edge of the visible spectrum. This is at-
tributed to increased indium composition in a multiple quantum
dot region versus a bulk-like InGaN region.

In Figure 48, the photoluminescence signal is stronger when nanowires
were covered in an AlGaN passivation shell. This change is expected
to reduce the surface recombination at the nanowires by introducing
a larger bandgap material around the nanowires. Two broad peaks
in the signal are seen at 575 nm and 675 nm which could be due
to monolayer differences in dot thicknesses (centred around 3nm)
predominant in the nanowires. Excited carriers are spatially isolated
from the nanowire-air or nanowire-polyimide interface which contain
more surface states than the passivated AlGaN/GaN interface.
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Figure 48: Photoluminescence spectra of samples MN656 (bare GaN
nanowires with 10 InGaN quantum dots) and MN797 (core-shell
structure around GaN nanowires with 10 InGaN quantum dots)
at 78K. With the addition of an AlGaN shell, the photolumines-
cence signal is significantly improved due to less surface recom-
bination of photogenerated carriers.

4.9 electroluminescence

While photoluminescence provides insight into the material proper-
ties, the transport of carriers across the multiple quantum dots to the
GaN regions is critical to the operation of a solar cell. Where photo-
luminescence depends on the optical absorption and recombination
rates at various parts of the nanowire heterostructure to provide lu-
minescence, electroluminescence is related to the radiative recombi-
nation rates between the electron and hole quantum dot states, the
carrier transport and the energy difference between these states. Elec-
troluminescence occurs when an applied forward bias electric poten-
tial difference forces the electron and holes together in an active re-
combination region. This is following the operating principle of light
emitting diodes (LEDs). In the case of the samples discussed in this
thesis, the active region is a multiple quantum dot/quantum well
region of confined energy states which support a higher radiative re-
combination rate.

The electroluminescence signal strength is typically several orders
of magnitude above the photoluminescence in intensity so is much
easier to detect than photoluminescence. In the nanostructured so-
lar cells under investigation, the radiative recombination in the p-
GaN and n-GaN regions is very small, resulting in little luminescence
in the near UV. This is especially true under higher injection levels
where carriers are swept into the quantum dots faster and spend less
time in the quasi-neutral regions of the nanowire. Electrons and holes
are injected electrically and are accelerated into the quantum dot re-
gion which consists of multiple quantum dots with slightly varying
dimensions and indium compositions.
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Figure 49: Photographs of electroluminescence from a single nanowire solar
cell as various voltages.

4.9.1 Single Junction LED Electroluminescence

Electroluminescence spectroscopy was performed similarly to photo-
luminescence spectroscopy regarding the collection of emitted pho-
tons, but the device is electrically forward biased using an applied
voltage such that carriers are injected to the device and the resulting
luminescence spectrum is measured. For the fabricated p-i-n junction
nanowires samples, the electrical connections are made with appa-
ratus shown in Figure 43. Once a voltage is applied to the contacts,
luminescence is clearly visible as shown in Figure 49.

In single junction nanowires, electroluminescence begins at approx-
imately 1.5 V forward bias, where a faint red glow appears. With
higher applied voltages, the intensity increases rapidly and blueshifts
towards a white-yellow colour that can be seen in Figure 49. As the
current through the device increases beyond 30 mA/mm2 the risk of
spontaneous, permanent short-circuiting of the cell increases signifi-
cantly. Fortunately, this is two orders of magnitude higher than any
current that would be produced under 1-sun of solar irradiance. The
exact process for catastrophic cell shorting is unknown, but it is pos-
sible it is as a result of the dielectric strength of polyimide at such
small thicknesses. The dielectric breakdown of the filling materials
between nanowires, polyimide, has been measured to be 10-40 V for
distances of 0.12-1.6 µm[192–194]. This corresponds to a 1-4 MV/cm
in dielectric strength. This agrees well with the 0.7 µm tall single
junction nanowires shorting at voltages over 9 V.

The nanowires can be operated beyond their equivalent open cir-
cuit voltage in photovoltaic mode, where the consumed current be-
gins to produce light. A nanowire solar cell operating as an LED
was imaged in a low magnification (4X) optical microscope as shown
in Fig 51. The electroluminescence demonstrates a variety of colours
with a highly non-uniform luminescence pattern resulting from either
individual nanowires or clusters of nanowires despite the entire area
being covered of nanowires. In order of predominance, the emission
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Figure 50: Copper stage and probe system designed for current-voltage mea-
surements and electroluminescence spectroscopy inside a cryo-
stat.

colour from localized spots are green, yellow, cyan, orange, turquoise,
red and some violet. The left side of the image is clearly brighter and
more yellow than the right which is likely a result of the electrical
probe being placed on the left side of the cell. There are significant ar-
eas of the cell which do not electroluminesce. Despite the nanoscale
diameter of the nanowires, luminescence appears to originate from
half-micron scale points which would cover an area occupied by tens
of nanowires. This corresponds to the diffraction limit of light. The
significant differences in colour between bright spots suggest that are
either many single nanowire emitters, or that bunches of nanowires
emit similar colours.

4.9.2 Six Junction LED Electroluminescence

Monolithic six-junction nanowire LEDs were grown, fabricated and
provided by Dr. Sharif Sadaf and tested as a function of forward
electrical bias. The increased number of junctions in series increases
the operating voltage of the device, where significant luminescence
is only seen above 10 V. The luminescence was observed through a
higher magnification microscope where the spatially resolved lumi-
nescence is diffraction limited as shown in Figures 52 and 53. The
points of light are approximately 500 nm in diameter, corresponding
roughly to the diffraction limit (Abbe limit) of visible light where the
smallest feature size is approximately

d =
λ

2NA
, (240)

where λ is the wavelength of the emitted light, and NA is the nu-
merical aperture of the objective. As each point of light can in princi-
ple result from tens of nanowires, it is unlikely that the vast majority
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Figure 51: Electroluminescence microscopy at 4X magnification of the In-
GaN/GaN quantum-dot-in-nanowire solar cell with 30 mA of
injected current. The straight black pattern outlines the metallic
contacts of solar cell in which light cannot pass through.
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Figure 52: High resolution electroluminescence microscopy of a six junction
InGaN/GaN quantum-dot-in-nanowire solar cell at 13 V forward
bias.

of emission spots are a result of multiple nanowires for the follow-
ing reasons. First, most spots demonstrate a consistent Airy pattern
around them, which would be modified significantly if two or more
nanowires were emitted very close to each other from interference
effects. Second, the shape of the spots is generally circular and have
a consistent size which would suggest a single location of emission.
Third, it is unlikely that there is emission from multiple nanowire
clusters when most of the nanowires are not emitting. Also, emission
spot size is roughly a function of the emission colour. Fourth, dis-
tinct colours are observed more often in the luminescence pattern as
opposed to white light that would either be the result of multiple
nanowires or multiple dots with different indium compositions or
thickness. Therefore, we can conclude that the luminescence pattern
from microscopic electroluminescence is a result of single nanowires.

This result enables a rough estimate of the participation fraction
of nanowires at a certain bias voltage, which may provide insight
into the performance issues as solar cells. From electroluminescence
imaging, the participation fraction reaches an average of 1% over the
entire cell when nearing the maximum allowed voltage.

As a function of voltage, the six junction solar cells demonstrate
luminescence beginning at around 4 V and increasing further to 16

V as shown in Figure 54. The voltage was not increased beyond 16 V
to reduce the risk of a catastrophic short-circuit of the device. When
the voltage is increased, the participation fraction of the nanowires in-
creases along with a blue-shift and broadening in the emission wave-
length of some nanowires. The increased participation fraction is at-
tributed to non-uniform resistivity of each nanowire and/or contact
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Figure 53: High resolution electroluminescence microscope image at low for-
ward bias showing multiple nanowires in close proximity emit-
ting very different colours.

with either the ITO or the substrate. More resistive nanowires will re-
quire more voltage to support increases current flow, which is linked
to the luminescence intensity of the nanowires. The broadening is pos-
sibly from additional nanowires/quantum dots in close proximity to
each other emitting different photon wavelengths.

The blueshift with increased carrier injection is likely a result of
the filling of lower energy quantum dot states in certain nanowires,
increasing the probability of recombination from higher energy quan-
tum dot states. Electron-hole recombination rates are generally higher
in lower energy transitions in many semiconductor systems where
carriers will relax to the lowest energy state available prior to recom-
bination. The luminescence of the nanowires is also quite dynamic,
where some nanowires vary in luminescence intensity over time at a
constant voltage. The time scale is on the order of 1-10 seconds. This
is attributed to the interplay between the current-dependent series re-
sistance as a function of temperature in emitting nanowires at a bias
near the threshold voltage of some other nanowires. The effect is ap-
parent in a few percent of nanowires at any given time. The increase
in voltage required for multijunction nanowires is expected due the
natural series connection of monolithic devices with tunnel junctions.

The electroluminescence of single junction nanowires was observed
through high magnification to reveal diffraction limited emission spots
similar to those found in the 6J nanowire LEDs. Emission spots are
shown in Figure 55 with and without background light or electrical
bias. Participation fractions were similar in the 1J and 6J devices, sug-
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Figure 54: Electroluminescence microscopy using the 100X objective of six-
junction InGaN/GaN-quantum-dot-in-nanowire LEDs up to 16V.
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gesting the tunnel junctions in the 6J device are fairly reliable and
that the non-uniformity in electroluminescence is likely due to the
variation in nanowire contact quality with the ITO.

4.9.3 Electroluminescence Spectroscopy

The emission spectrum of the nanowires is similar when driven by
applied voltage or incident light. For the single junction nanowires,
electroluminescence spectroscopy was performed inside the cryostat.
The electroluminescence was measured as a function of both temper-
ature and wavelength. The temperature was varied from 78 K to 290

K and is shown in Figure 56. The integration time was set to 1 sec-
ond with an approximate collection area of tens of microns. The inte-
grated electroluminescence signal increases when the temperature is
lowered from room temperature. Once the temperature reaches 200 K,
the electroluminescence is maximized from the balance between the
reduction of nonradiative recombination and the dopant activation
level. The electroluminescence signal reaches a peak at about 670 nm.
This matches the centre wavelength of the photoluminescence signal
as well for the same sample as shown in Figure 47.

Electroluminescence at 78 K as a function of applied voltage is
shown in Figure 57. At 78 K, the voltage to the nanowire cell was
ramped up to 4 V from 1.5 V where the signal is barely detectable.
There is a significant blueshift in the emission spectrum from about
750 nm to 650 nm when near the maximum safe current. The emis-
sion spectrum is very broad, extending further to higher and lower
wavelengths as a function of voltage. Under high bias, the number
of injected carriers leads to more of the lower energy states in the
InGaN/GaN quantum dots becoming filled, leaving more radiative
recombination events from the higher confined states in the quantum
dots. On the red side of the emission (>800 nm) there is another in-
crease in the emission spectrum which cannot be explained by filling
of confined states. It is possible that additional radiative recombina-
tion past 800 nm is a result of deep trap-assisted transitions or new
transitions between confined electron and hole states. At low tem-
peratures, the usual nonradiative recombination events through such
trap states are not dominant, leaving the usually longer radiative life-
times to dominate. At 4 V, the electroluminescence signal saturates
the detector pixels near the centre wavelength.

At room temperature, the luminescence is about three orders of
magnitude lower than at 200 K, indicating that the device perfor-
mance is being limited by nonradiative recombination. The emission
spectra at room temperature from electroluminescence is shown in
Figure 58. The peak wavelength blueshifts similarly at room tempera-
ture and at 78 K. The peak emission wavelength corresponds closely
to the emission at 78 K. With increasing forward bias, blue and near-
infrared emission does not extend as far as it would at 78 K. At transi-
tion energies less than 1.5 eV, radiative recombination from deep traps
is possibly restricted with the prevalence of phonon-assisted Auger re-
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Figure 55: Electroluminescence microscopy of single junction InGaN/GaN-
quantum-dot-in-nanowire LEDs under (a) no bias but with illu-
mination, (b) 7 V bias but no illumination, (c) 7V bias with illu-
mination.
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Figure 56: Electroluminescence spectra as a function of temperature. The
plots to the top and right are slices through 200 K and 670 nm,
respectively.
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Figure 57: Single junction nanowire electroluminescence spectra at 78 K as
a function of forward bias.

combination. This explanation is consistent with previous work, that
has shown that Auger recombination in InGaN quantum wells that
emit in the green region is highly temperature dependent[195].

4.10 summary of experimental characterization

In summary, this chapter details the characterization methods and ex-
perimental results used to determine the electrical, optical and mor-
phological properties of InGaN/GaN quantum-dot-in-nanowire solar
cells and LEDs. A variety of microscopy techniques and tools was
used to obtain the nanowire density, shape, diameter, growth charac-
teristics and height. Multiple samples of varying designs were char-
acterized. Only the p-i-n junction designs are viable as solar cells and
were the main focus of the chapter. Designs with n-p-n configurations
and multiple junctions were designed as light emitting diodes as were
characterized by their electroluminescence and their tunnel junction
functionality for future multijunction nanowire solar cell designs. The
single junction nanowires were found to have an approximate diam-
eter of 90 nm, a variation in height between 500-600 nm, and a den-
sity of approximately 10

10 cm−2. Electrical characterization of the
nanowires consisted of current-voltage measurements with and with-
out illumination from a solar simulator. Inside a cryostat, the photolu-
minescence and electroluminescence from the InGaN quantum dots
of the GaN nanowires were measured as a function of temperature
from 78 K to 295 K. Under forward voltage bias, the nanowire cells
emitted a red light which shifted to yellow and green with increasing
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Figure 58: Single junction nanowire electroluminescence at room tempera-
ture as a function of forward bias.

current injection. The electroluminescence was imaged using a micro-
scope as mapped down to the diffraction limit. The emission spectra
from nanowires ensembles were found to be spatially sparse, fairly
monochromatic per emission spot, and exhibited very consistent spot
sizes and Airy patterns. The combination of these observations leads
to the most likely conclusion that the micro-electroluminescence im-
ages are a result of single nanowires with emitting nanowires mak-
ing up to 1% of the total nanowire count. The photoluminescence
of the nanowires was measured as a function of temperature under
monochromatic illumination of a 405 nm laser. An increasing photo-
luminescence signal was measured with decreasing temperature as
expected. The addition of quantum dots and a core-shell structure
provided an increase and broadening in the integrated photolumines-
cence signal. From quantum efficiency measurements, sub-bandgap
photocurrent was detected for the first time in the axial quantum-dot-
in-nanowire heterostructure devices, and at longer wavelengths than
any InGaN/GaN nanowire structure to date. The performance was
inversely proportional to monochromatic beam light intensity, which
counterintuitively suggests intermediate band effects were inhibited
by photofilling of the quantum dot states. This could be due to con-
fined excited carriers affecting inter-dot transport and/or photofill-
ing.



5
M O D E L L I N G A N D S I M U L AT I O N O F I N G A N
D O T- I N - W I R E S O L A R C E L L S

"Even in an era of targeted experimentation and daunting theoretical
prowess enhanced by large-scale computing, many-body physics is still a

humbling natural science based on discovery."

—Nathan Gemelke, 2016

5.1 introduction

The results from the previous chapter suggest that the InGaN quan-
tum dots play a central and complex role in the carrier transport,
luminescence, and recombination across the p-i-n junction of InGaN/-
GaN nanowires on silicon. The introduction of deep states provided
by InGaN/GaN quantum wells/dots in a p-i-n junction not only pro-
vides a stepping stone for lower energy photons to excite electrons
eventually to the conduction band of GaN, but introduces a signifi-
cant and often dominant recombination pathway and trap for carriers.
The realization of a functioning intermediate band solar cell necessi-
tates high material quality to reduce non-radiative recombination as
much as possible, along with high absorption and high mobility.

This chapter builds upon the theory discussed in Chapter 2 and the
experimental results of Chapter 4 in order to better understand the
physical processes occurring in the nanowires and provide a strategic
route towards a more efficient intermediate band solar cell built from
InGaN/GaN quantum-dots-in-nanowire heterostructures. This chap-
ter includes the simulation of quantum-confined carrier wavefunc-
tions coupled with drift diffusion device simulations to model the
physics of InGaN/GaN quantum-dot-in-nanowire heterostructures.
The modelling includes two different approaches to carrier trans-
port through the InGaN multiple quantum well regions for solar cell
operation: a quantum well miniband transport model as well as an
inter-well tunneling model through adjacent quantum wells. The ad-
ditional current generated through the InGaN quantum dots is used
to determine the possible performance enhancement as an intermedi-
ate band solar cell assuming the intermediate band is isolated from
the conduction and valence bands.

It is important to note that a true intermediate band is not sim-
ulated, since this necessitates distinct and correlated carrier popula-
tions between the quantum dots states, conduction band and valence
band. The current enhancement from sub-bandgap processes is sim-
ulated despite this shortcoming. The nanowires are also simulated as
LEDs in a more advanced coupled quantum dot framework which
solves for quantum dot density of states in cylindrical dots with wet-
ting layers, and solves the drift-diffusions in Chapter 2 to determine
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the emission wavelengths and current-voltage characteristics of the
nanowires.

In this chapter, the following simulations with Crosslight® APSYS
are performed:

• InGaN/GaN miniband solar cell

• InGaN/GaN coupled-well solar cell

• InGaN/GaN quantum dot wavefunctions

• InGaN/GaN quantum dot LED electroluminescence

• Self-consistent quantum well polarization effects in InGaN /
GaN quantum wells

5.2 modelling quantum heterostructures

The number and energies of sub-bandgap states in intermediate band
solar cells are important for efficient solar power conversion. The
intermediate band in our nanowires is formed by InGaN quantum
dots, which have up to 40% indium. The bottom of the conduction
band well is 1 eV lower in energy from the conduction band, and
the top of the valence band well is 0.4 eV higher than the valence
band of GaN. These values are based on approximate valence band
offsets[196, 197]. The confinement effects from the quantum dots can
increase the difference in energy between the lowest confined conduc-
tion band and highest confined conduction band state, and therefore
do not correspond exactly to the difference in bulk bandgaps. In this
section, we aim to calculate the approximate energies of the confined
quantum dot states in the nanowires studied in this thesis. This will
provide an idea of how the quantum dot states change with indium
composition and barrier design. The modelling of the quantum dots
states and confined electron wavefunctions was performed with the
Crosslight® APSYS wave equation solver. A 2D mesh was constructed
with a cylindrical symmetry to provide the complete mesh for the
quantum dots.

A two-dimensional rectangular section of InxGa1−xN dot is used
to define the quantum dot. The mesh is iterated angularly to produce
the cylindrical dot in three-dimensions. The surrounding material is
set as pure GaN, as shown in Figure 59. The density of the mesh is
increased inside the quantum dot region to better sample the wave-
function. The confined carrier wavefunctions and states are solved
using multi-band ~k · ~p theory. The strained wurtzite offset model in
Crosslight® APSYS was used to arrive at a more accurate bandgap
configuration between InGaN and GaN due to strain. Odd and even
boundary conditions were set for the confined wavefunctions due to
symmetry. Electron and hole states were solved for using a single
band effective-mass approximation which is usually accurate for elec-
trons. However, any mixing between the light and heavy hole bands
is not captured, rendering the energies less accurate. In addition, the
ordering of the hole states and shape of the hole wavefunctions are
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Figure 59: A cross-sectional view of the InGaN quantum dot mesh with
ground state wavefunction is shown surrounded by GaN in cylin-
drical symmetry. The x and y axes are not to scale.

expected to be rough approximations that are acceptable for solar
cell applications. The square of the single particle wavefunctions are
shown in Figures 60 and are not to scale. The quantum dot dimen-
sions were set at 3 nm in height and 20 nm in radius, corresponding
to scanning transmission electron microscope images shown in Chap-
ter 4.

The confined states for three different indium compositions inside
the cylindrical dots and are shown in Figure 61. Heavy holes states ap-
pear as the ground states in the simplified model of the dots (no mix-
ing of the valence bands). When photocarriers are generated in the
InGaN quantum dots, they can be confined due to the combination
of high and thick potential GaN barriers. The carrier wavefunctions
provide insight into the confinement provided in the InGaN dots, and
therefore the possibility of transport through tunneling between dots.
The wavefunctions of confined states are shown as 2D slices from 0

to r in Figure 60 if rotated about the z axis, with even or odd parity.
The hole states are found to resemble the electron states very closely
since a simple effective mass model is used and a full ~k · ~p theory
with mixing is not applied.
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Figure 60: Square of the single particle wavefunctions of the more confined
electron (red) and heavy hole (blue) states in InGaN/GaN quan-
tum dots (translucent orange) for a 40% indium quantum dot of
height 3 nm and radius of 20 nm. Wavefunctions are sorted pri-
marily by their parity (even, odd) and by their energy difference
from the bulk band edge. Energies are relative to the bulk GaN
valence band.
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The quantum dot states were solved for three different indium com-
positions of 20%, 30% and 40%, while keeping the host matrix as GaN.
With decreasing indium composition, the confinement is reduced and
the bandgap of InGaN increases. The split-off states could not be cal-
culated but are expected to add to the number of states in the valence
band about 0.5 eV higher in energy in the wells. In total, there are
about 80 unique states in the quantum dots with 20% indium and
about unique 120 states confined in the 40% indium quantum dots,
each of which are doubly generate due to spin. The reference energy
is set at the bottom of the conduction band energy of bulk InGaN.

Figure 61: Single particle quantum dot confined state energies at three dif-
ferent indium compositions. From left to right, they are 20%, 30%
and 40%. The electron states are shown in red, heavy holes in
dark blue, and light hole states in light blue. Split-off states are
not shown. The grey area indicates the bulk bandgap on InGaN.

The high density of states allows for rapid thermalization of ex-
cited electrons to the lowest unoccupied electron states, and similarly
for holes to the top of the hole states. At high indium compositions,
significant gaps over 100 meV begin to appear between the electron
states which may result in longer electron relaxation lifetimes in these
higher states. The highest hole states demonstrate heavy hole charac-
ter with a small gap before the light hole states appear. Confinement
effects are shown to shift the electron and hole states from the bulk
band energies by up to 125 meV. These simulations are useful for
providing a more accurate picture of the density of states for device
simulation, as well as understanding the necessary steps to fulfil the
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photofilling requirements of intermediate band states for maximum
power conversion efficiency. In later sections in this chapter, approxi-
mations are made to treat the quantum dots as quantum wells using
a full 6x6 band ~k · ~p. This approximation is justified as the quan-
tum dot state distribution calculated above is qualitatively similar to
the quantum well states as the heavy hole states are always the low-
est grouping of states, followed by a grouping of light holes. This
assumption is used only to determine the approximate energy lev-
els, their character, and their change as a function of electric field.
Photofilling characteristics and of the quantum states is expected to
be significantly different in quantum well and dots geometries due to
the change in the density of states.

5.3 crosslight apsys

Drift diffusion simulations were accomplished using Crosslight® AP-
SYS, a drift-diffusion semiconductor simulation software with a spe-
cial focus on the InGaN/GaN material system and quantum wells.
The simulation strategy of Crosslight makes various assumptions which
serve to reduce the complexity of the simulation where negligible ef-
fects on the overall performance of the solar cell is concerned. The
simulation work discussed in this thesis does relax some of these as-
sumptions in order to illustrate their effect on the nanowire solar cell
operation.

First, the model treats the nanowire solar cell as a bulk device with
multiple quantum dots or wells as it assumes the confinement effects
of the nanowire geometry are negligible. Second, the morphology of
the surface of the solar cell is also highly irregular and densely packed
with material as the tops of the nanowires coalesce as the growth pro-
ceeds. This results in the optical properties of the nanowires resem-
bling more of rough bulk surface than a regular sub-wavelength array.
Therefore, the optical characteristics of the device are modelled by us-
ing the absorption coefficient of GaN and calculated for the quantum
well region using ~k ·~p theory. The reflectivity of the simulated devices
was set to 0% to focus on the internal performance of the solar cell.

The simulations assume no background doping level in the in-
trinsic region, and abrupt interfaces and doping profiles. All sim-
ulations are run at 300 K such as to simulate expected operation
in standard conditions. Illumination is simulated through a normal-
incidence AM1.5G solar spectrum obtained from the National Renew-
able Energy Laboratory (NREL) data resource[198].

The simulations were performed in two dimensions (the growth
direction z and a single lateral dimension x), with results generalized
to the third dimension to provide performance metrics for real de-
vices. Quantum dot states and wavefunctions were modelled in two
dimensions (z and r), and extended to three dimensions with cylindri-
cal symmetry. Boundary conditions where the wavefunction should
be zero 3 nm above and below each dot, and 5 nm radially beyond
the edge of each dot. In more complex transport modelling which
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involves illumination with light, the quantum dots are approximated
as quantum wells.

5.3.1 Simulation as Light Emitting Diodes

Under forward bias beyond the turn-on voltage, the nanowires op-
erate as light emitting diodes, where the distribution of quantum
dot sizes and indium composition create a broad spectrum of emit-
ted light through the variety of optical transition energies. Optical
transitions can be red-shifted with increases in dot diameters and
thicknesses, up to the point where they approach the bulk bandgap
energies. Due to the tendency for indium segregation in dots, some
regions of the dots may include higher indium compositions, where
even lower energy transitions can be seen. This is apparent in exper-
imental electroluminescence spectroscopy of the nanowire solar cells
in Chapter 5, where emission wavelengths up to 800 nm can be seen
(1.54 eV), despite an estimated 40% average indium composition. This
indicates that there are some dots with up to about 50% indium. It is
also possible that some quantum dots contain relatively little indium
and thus provide higher energies transitions for radiative recombina-
tion. All these effects lead to a broadening of the electroluminescence
spectrum.

In quantum dots of relatively large lateral sizes ( 40 nm in diam-
eter), the density of states resembles that of quantum wells, which
is step-like in character. The energy separation between most states
is within the thermal energy at room temperature (kT) meaning that
carriers quickly relax to the lowest unoccupied state through phonon
scattering. If lower confined states remain occupied, the carrier may
recombine radiatively at a higher energy level, producing a higher
energy photon than expected. This effect increases as the number of
carriers injected into the dots increases. It is also evident in the exper-
imental results where a blue-shift in the emission spectra is observed.

To reproduce the spectrum of the nanowire devices in forward bias
through simulation, the quantum dot states are taken into account
through an approach that couples the standard device drift-diffusion
simulation with the quantum well and dot states. The nanowires are
modelled as bulk devices with a region of weakly coupled quantum
wells. The additional confinement effects from the quantum dots are
captured through an initial, but separate simulation which solves the
Schrödinger equation for the wavefunctions and states for each of
the electron, heavy hole and light hole bands, and adds the density
of states of the dot to the quantum well region. The final density of
states is then used in the drift-diffusion simulation for recombination,
absorption and transport physics in Crosslight. This is intended to
account for additional indium segregation that creates dot-like states
which increase the energy of optical transitions. This is similar to
the treatment of quantum dots forming from wetting layers in the
Stranski-Krastanov growth mode.
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layer material thickness doping

Emitter p-GaN 300 nm 10
19 cm−3

Barrier GaN 3 nm –

QD Region 10 x (InGaN/GaN) 10 x (3 nm/3 nm) –

Base n-GaN 270 nm 10
19 cm−3

Table 6: Simulated quantum-dot-in-nanowire LED device structure parame-
ters.

The electroluminescence of InGaN/GaN nanowires was simulated
in Crosslight® APSYS. The simulation script is provided in the appen-
dices. The simulation begins with the solving for all the electron and
hole states of 4 types of InGaN quantum dots to account for varying
indium compositions in real stacked quantum dots. The quantum dot
heights were fixed at 3 nm, as control over the quantum dot height is
more readily achieved than the indium composition. In addition, the
indium composition has a greater effect on optical transition energies
than fluctuations in the dot sizes. The dot diameters are set at 40 nm
and assumed to be disc-shaped.

Coupling between different quantum dot states is enabled and
changes the total number of states due to hybridization. Spectral
broadening is modelled in two ways. The first type of broadening is
intended to capture the inhomogeneous distribution of quantum dot
indium compositions by solving the Schrödinger equation for a vari-
ety of dot configurations separately to obtain the density of states con-
tribution each different dot would provide. For example, a quantum
dot with a larger thickness would provide optical transitions closer to
the bulk bandgap energy (redshift). The second type of broadening
is achieved by introducing a broadening factor, GB that arises from
finite intraband relaxation times in the conduction and valence bands
prior to radiative recombination, carrier-carrier scattering, or carrier-
phonon scattering. For the purposes of this simulation, both types
of broadening are treated as fitting parameters to experimental data.
The device structure is described in Table 6.

The simulated spectrum was fitted to experimental electrolumines-
cence spectra from Figure 56 in Chapter 4 to obtain a rough approxi-
mation of the indium composition, effects of quantum dot formation
and shape, emission, absorption, and broadening. The fitted data is
shown in Figure 62.

The quantum dot thickness did not significantly change the emis-
sion energy within the usual quantum dot thicknesses (2-5 nm) since
the dots are already quite large. The most relevant fitting parame-
ters were found to be indium composition and the broadening pa-
rameter. To achieve the fit, the indium compositions of equal num-
bers of four different quantum dots were found to be 35%, 40%, 45%,
and 50%. This corresponds well to the energy dispersive (EDS) X-ray
spectroscopy from transmission electron microscopy from the work
of Nguyen et al. on similar nanowires[190]. The broadening parame-
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Figure 62: Fitted electroluminescence spectra of a 10InGaN/GaN quantum-
dot-in-nanowire LED. Simulated results are drawn in black at
multiple carrier injection rates. Coloured lines indicate experi-
mental results.

ter (as described in Chapter 3 in Equations 192 and 193) (τb) was set
at 5 x 10

−15 s. This short timescale, while originating from the carrier
thermalization time, is used to artificially model the large changes
in indium composition and dot size. The blue-shift of the electro-
luminescence peak with applied voltage is reproduced in the simu-
lation as well as the approximate centre emission wavelength. The
difference in magnitude between the simulated and measured elec-
troluminescence spectrum was not quantified as it depends on many
unknown parameters and is simply scaled to illustrate the shape of
the emission spectra. The shape of the measured and simulated elec-
troluminescence spectra are similar. The simulation results produce
a Gaussian-like emission spectra which would have a smaller γ co-
efficient and larger σ if fitting to a Voigt function. In summary, we
investigated the luminescence properties of the nanowire solar cells
as LEDs to determine an approximate distribution of the indium com-
position in the dots. The indium composition appeared to be centred
around 42% with the broadening associated to dots with larger or
smaller indium fractions.

5.3.2 Miniband Transport Model

An efficient quantum well solar cell relies on efficiency carrier trans-
port through the barrier layers. This transport can be realized by car-
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riers tunneling through barrier layers if the barriers are not too high
in energy, as well as through thermally or optically assisted hopping
between wells under high fields. This is usually an inefficient type of
transport. In an InGaN/GaN superlattice, thermal excitation is neg-
ligible as the barrier heights are two orders of magnitude higher in
energy than the thermal energy of the trapped carriers. Relying on ef-
ficient well-to-well transport requires extremely long carrier lifetimes
and high mobilities such that the collection of carriers at the p and n
regions occurs before any non-radiative recombination. In LEDs, this
type of quantum well transport can be tolerated if carriers remain
trapped prior to radiative recombination.

With very narrow quantum well barriers (<2 nm), the confined
wavefunctions of each well can hybridize to form extended well states.
The limit of this hybridization can create a miniband of states which
span the multiple quantum well region. This allows carriers to accel-
erate across the quantum well region from the electric field, removing
the need for tunneling through large energy barriers. This transport
regime is ideal for intermediate band solar cells which may not have
very long non-radiative recombination lifetimes to support many hop-
ping and tunneling events.

Even with InGaN/GaN quantum dots and wells, the hole trans-
port is much lower than the electron transport due to high effective
mass and low mobilities and insufficient hole populations from dop-
ing. In these nanowires, it has been shown that hole transport can be
improved through p-type modulation doping of the barrier layers be-
tween quantum confined structures[190]. The polarization field that
occurs in InGaN/GaN interfaces does not pose as much of a barrier
to miniband conduction but may introduce energy barriers for carri-
ers to escape the miniband to the p and n regions. Polarization due
to heterointerfaces is not modelled in the miniband regime but are
modelled in a later section with independent quantum wells.

A p-i-n solar cell was modelled using Crosslight® APSYS with an In-
GaN/GaN quantum well superlattice structure occupying the entire
intrinsic region. The quantum dots were modelled as quantum wells
due to their large diameters of 40 nm, which has been determined
to be the energetically favourable diameter of InGaN/GaN quantum
dots[45] and corresponds to transmission electron microscopy of the
dot dimensions shown in Chapter 4. The number of layers was varied
from a single quantum well to 100 quantum wells. Miniband states
are determined according to the theory presented in Chapter 2. The
number of well is not strictly the important metric in the miniband
regime, since photons are absorbed evenly throughout the region, but
rather the width of the miniband region determines the number of
photons absorbed. The effect of doping, mobility, carrier lifetime, in-
dium composition, and well thicknesses are examined. The simula-
tion file can be seen in the appendix.

The simulated structure was set to correspond to InGaN/GaN quan-
tum dots in the samples that were characterized, of which most had
10 nominally identical wells. All quantum wells were assumed to be
identical, so the energy states for a single well are the same for 100
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wells. The barriers and wells were set to 3 nm thickness, for a super-
lattice period of 6 nm. The doping was set to the approximate values
of the grown structures, which is p= 5 x 10

18 and n= 1 x 10
19. Re-

flectivity at the front surface is fixed at zero. Transmission through
the gallium nitride substrate is set at 90%, which is the expected bulk
to bulk transmission as a result of the refractive index difference be-
tween silicon and gallium nitride. The thickness of the emitter was
optimized at 50 nm. If the wells are too far from the top surface, ul-
traviolet and blue light is not absorbed in the junction, whereas if the
wells are too close to the surface, red light is absorbed after the junc-
tion. Contacts were modelled as perfect, transparent contacts which
cover the entire top of the surface. In practice, the typical thickness of
indium tin oxide used on the nanowires has a resistance of approxi-
mately 60 Ω/�, which was about 600 Ω/� before annealing. ITO is
also only about 90% transparent for relevant wavelengths.

The quantum efficiency was calculated based on the collection prob-
ability per incident photon as a function of wavelength. It is important
to note that the quantum efficiency being simulated assumes excited
carrier population in the quantum wells are coupled to the GaN con-
duction band. This is the operation of a quantum well solar cell, and
not an intermediate band solar cell. Since there are only about 80%
as many photons from 600-1200 nm as from 375 nm to 600 nm, so we
cannot fully rely on an abundance of near-infrared secondary absorp-
tion events nor lucky absorption of just the right photons to excite a
carrier exactly the bandgap. There will be some inevitable absorption
of high energy photons from intermediate band states to conduction
band states that could be accomplished with longer wavelength pho-
tons. This effect is not captured in this thesis, which uses the quan-
tum efficiency to gauge the absorption characteristics and viability of
carriers in intermediate states for subsequent absorption in a true in-
termediate band solar cell. The maximum possible intermediate band
solar cell quantum efficiency is always lower than unity in any inter-
mediate band solar cell. The valence to intermediate band quantum
efficiency is shown as a function of number of wells in Figure 63. The
lower quantum efficiency for wavelengths below the bandgap of GaN
(375 nm) is a result of photon absorption too close to the top contact.
The low quantum efficiency at longer wavelengths is addressed with
a thicker miniband region as expected. Once the miniband is longer
than 500 nm, a slight decrease in the quantum efficiency is observes
as the drift current becomes weaker from the lower electric field.

In this simulation, lifetimes are fixed at 1 ms and mobility is as-
sumed to be very high in the miniband region. This provides a view
into the maximum possible quantum efficiency possible given the
number of quantum wells used. With up to 100 wells, the quantum
efficiency approaches 97%.

The simulation results of InGaN/GaN quantum well miniband so-
lar cells are inconsistent with measured current-voltage characteris-
tics of the nanowires solar cells studied in this thesis for the follow-
ing reasons. Firstly, the superlattice period is 6 nm, with 3 nm GaN
barriers and 3 nm InGaN wells. At high indium compositions (>40%),
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Figure 63: Valence band to intermediate band quantum efficiency as a func-
tion of quantum well number for a nearly perfect multiple quan-
tum well miniband solar cell.

the wells are quite deep and tunneling between wells is very unlikely
for confined carriers. The transport regime is fundamentally different
in the grown nanowires. With the current GaN barrier thicknesses,
the built in electric field is also insufficient to enable Wannier-Stark
hopping between the wells. Therefore, the nanowires do not form a
high mobility miniband region. Secondly, the recombination rate in
the simulated miniband is much longer than what is expected in the
nanowires.

Band diagrams of the InGaN/GaN miniband solar cell were cal-
culated from the doping profile, materials and carrier concentrations
for equilibrium, short-circuit, and maximum power point conditions,
as shown in Figure 65. A cell with ten quantum wells was simulated
with the miniband levels being calculated from the hybridization of
the individual quantum well subbands. The illumination was set at 1-
sun of the AM1.5G spectrum. Polarization effects were not taken into
account in the miniband model as the carrier transport is unaffected
by any potential barriers in an ideal miniband region.

Current-voltage characteristics were calculated up to 1.8 V as shown
in Figure 64. In these simulations, the minibands are coupled directly
to their respective conduction and valence bands so intermediate
band physics are not captured. In a functioning intermediate band
solar cell, the decoupling of the miniband and the conduction band
forces only sequential absorption processes to contribute to the pho-
tocurrent to produce a higher voltage. This would make the operating
voltage correspond to a pure gallium nitride junction and not of the
InGaN/GaN miniband. In our simulations, tunneling between the in-
termediate band and the quasi-neutral regions is responsible for the
current.
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Figure 64: Band diagrams of a 10 InGaN/GaN quantum well miniband solar
cell at (a) equilibrium, (b) at short circuit and (c) at the maximum
power point.
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Figure 65: Current-voltage characteristics of a miniband solar cell from 1

well up to 100 wells.

The quantum well miniband solar cell produces a short-circuit cur-
rent of 5 mA/cm2 and an efficiency of 7.5% with a single quantum
well ( 3 nm miniband). With up to 100 wells, the simulation shows
a short circuit current of 20.8 mA/cm2 and a maximum efficiency
of 20.8% ( 600 nm miniband). The absorption from the quantum
wells is approximately 10

4 cm−1 or greater, which is consistent with
bulk InGaN/GaN superlattice structures[159–161]. The slight voltage
drop observed for higher well counts is attributed to increased non-
radiative recombination rates with the lower average field strength.
With a few wells, a sloping current-voltage characteristic is indicative
of recombination from inefficient light absorption with a single well.

5.3.3 Coupled Quantum Well Model

In contrast to the miniband model, which portrays consistent mobility
throughout the InGaN/GaN quantum dot/well region, the high gal-
lium nitride barriers between wells can lead to poorer transport prop-
erties. This is especially true in the case of hole transport, where hole
mobilities in InGaN and GaN are less than 10 cm2/V· s[199]. In this
regime, carrier transport occurs through sequential or non-local hop-
ping processes between the quantum wells. In such tunneling models,
the superlattice period is now important since the transport character-
istics of carriers depends on the wavefunction overlap between wells
and the barrier heights. As excited carriers are moving across the
quantum well region, they can either hop over or become trapped in
the well. For trapped carriers, they can either escape optically or un-
dergo recombination. For the coupled quantum well simulations, the
quantum transport model in Crosslight® APSYS enables a more realis-
tic picture of carrier transport in the current nanowire samples where
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carriers can be directly excited from quantum well states to extended
bulk states, hop between adjacent wells and non-adjacent wells.

Carrier transport is heavily dependent on the barrier heights and
thicknesses. Using ~k ·~p calculations for the quantum well region, the
state configuration can be calculated as a function of the barrier char-
acteristics. The inter-well barrier thicknesses for a ten quantum well
device were varied at equilibrium to determine the spatial overlap of
adjacent quantum well subbands as shown in Figures 66 and 67. As
the barriers get smaller, overlap between the quantum well subbands
becomes possible. With 4 nm barriers, only the nearly de-localized
states at the top of the wells are coupled to adjacent wells due to
the tilting of the potential from the built-in electric field. At the max-
imum power point of the device, this potential is roughly flat, so the
coupling is negligible between wells. Carriers will have to rely on pho-
tonic excitation to escape the well. When the barriers are 1.5 nm thick,
coupling begins to be significant. The ground state wavefunctions in
the well extend deep into the wells and would likely overlap at the
maximum power point of the solar cell. With 1 nm or thinner barriers
and, the wavefunctions are fully coupled and transport through the
superlattice is driven by miniband conduction. A closer view of the
quantum well subbands can be seen in Figure 67.

The nanowires are modelled again as bulk devices with multiple
coupled quantum wells. The carrier concentrations and the conduc-
tion and valence bands are calculated self-consistently. The n-type
layer thickness is set to that of the grown nanowire structures, which
is 270 nm respectively. The p-type region is made thinner to im-
prove the device performance in the UV. The device model was var-
ied by the number of InGaN wells with 40% indium in each quan-
tum well. The quantum dots are modelled as quantum wells again
due to the large lateral dimension of the dots creating a well-like
density of states that helps to simplify calculations. The simulated
quantum efficiency is calculated at short-circuit as a function of wave-
length up to 650 nm in Figure 68. The quantum efficiency does not
extend as far into the infrared as it does in the miniband model.
The sub-bandgap current generation is qualitatively similar to the
experimental quantum efficiency shown in Figure 39. Lifetimes are
set to very long times in the milliseconds to ensure the tunneling of
carriers to the quasi-neutral regions so the increase in quantum effi-
ciency corresponds to increased absorption. The quantum efficiency
reaches up to 10% with ten quantum wells. Additional simulations
with realistic carrier lifetimes of 1 µs reveal a decreasing quantum
efficiency with any increase in quantum wells beyond the single well
case. When simulating more than 4 quantum wells, the sub-bandgap
quantum efficiency becomes negligible. Therefore, carrier transport
in the nanowires must rely on secondary optical absorption events
as well as some degree of non-local transport where the carriers can
couple to extended states beyond the adjacent wells. Nevertheless,
this provides additional support to the notion that any practical in-
termediate band solar cell built from InGaN quantum dots or wells
should form a miniband of intermediate band of states since carrier
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Figure 66: Simulated band diagram of a coupled quantum well solar cell at
equilibrium with localized quantum well subbands for quantum
well barriers of various thicknesses. Note that not all quantum
states are drawn.
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Figure 67: Close-up view of simulated localized quantum well subbands
and their penetration depth to adjacent wells as a function of
barrier thickness.
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Figure 68: Internal quantum efficiency of a ten-well InGaN/GaN solar well
with quantum mechanically coupled wells as a function of well
number and wavelength.

re-trapping is a very common and detrimental effect. By providing
the required numbers of wells for sufficient intermediate band ab-
sorption (>30), carrier re-trapping cannot be allowed to occur. Mini-
band conduction would allow carriers to move towards the edge of
the multiple quantum well region and avoid re-trapping processes.
This can be related to the figure of merit where the effective mobility
in the multiple quantum well region is increased in the miniband cou-
pled regime, and hence leads to a more efficient intermediate band
device.

The simulated quantum efficiency as a function of wavelength for
different indium composition is shown in Figure 69. As the indium
fraction is increased, the wells become deeper allowing lower energy
photons to be absorbed. The overall shape of the curves is a result of
constructive and destructive interference in the thin nanowire layer.

When the well indium composition is increased, the current genera-
tion is progressively increased at longer photon wavelengths. With an
indium fraction of 60%, the quantum efficiency is extended to almost
850 nm. The quantum efficiency cut-off corresponds to the energy
difference between the electron and hole quantum well states. The
quantum efficiency reaches a peak at approximately 11%. The lower
quantum efficiency below 350 nm is a result of the 300 nm thick p-
GaN top layer of the nanowire.

The quantum efficiencies of a quantum-dot-in-nanowire solar cell
with miniband transport are higher than the equivalent device with
an inter-well tunneling model that assumes localized quantum well
states. The higher effective mobility of the miniband superlattice, cal-
culated to be 32 cm2/V · s for electrons and 53 cm2/V · s, helps to
transport carriers across the quantum well region without relying on
tunneling through high GaN barriers. The quantum efficiency below
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Figure 69: Quantum efficiency as a function of indium composition in a ten
quantum wells InGaN/GaN quantum well solar cell.

300 nm is highly dependent on the thickness of the top p-GaN layer
but is unimportant due to the lack of photons in this region under
the AM1.5G spectrum.

The tunneling between adjacent wells depends mainly on the bar-
rier thicknesses, carrier energy and barrier potential energy. In In-
GaN/GaN quantum wells/dots with high indium fractions, the bar-
rier is quite high, making typical quantum well solar cell operation
nearly impossible for typical superlattice designs. This barrier height
can also help ensure intermediate band operation to prevent carriers
from tunneling out of the potential well. With carriers facing barriers
up to 1 eV barriers, the barriers must be very thin to approach the
miniband condition. The tunneling probability can be calculated by
Solving the time-dependent Schrödinger equation when a free parti-
cle encounters a rectangular barrier with the appropriate boundary
conditions at the barrier interfaces to ensure a continuous function.
The solution for when the particle has an energy lower than the bar-
rier (E < V0) approximated as

Tb =

 1

1+
V20 sinh2(k1aw)

(4E(Vb−E))

2 , (241)

where

k1 =

√
2m∗E

 h2
, (242)

and Vb is the potential energy barrier height, E is the carrier energy,
and aw is thee barrier width.
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Figure 70: Tunneling probability of a carrier in a 1 eV potential barrier
In0.4Ga0.6N/GaN quantum well.

Figure 70 shows the tunneling probability according to Equation
241 for a 1 eV potential barrier for a trapped electron. The result
shows that tunneling is only significant for thin barriers or carriers
in higher states. With holes, which have significantly more mass but
lower potential barriers, the tunneling characteristics even poorer. De-
spite the lower valence band barriers, the large effective masses of
holes in InGaN () 1.3 m0) prevents any appreciable tunneling unless
the barriers are nearly 0.5 nm thick. From quantum dot state simu-
lations earlier in this chapter, we can expect that most carriers will
have energies from 0.1-0.2 eV from the bottom so barriers that are
less than 1.5 nm are required for appreciable electron tunneling prob-
ability. Hole transport may rely more on optical transitions to move
to adjacent wells.

5.3.4 Effect of Polarization in InGaN Quantum Wells

One of the distinguishing features of III-nitride materials is the polar-
ization effects that arise from heterointerfaces. These effects lead to
significant electric fields unrelated to doping that affect carrier trans-
port and are discussed in more detail in Chapter 2. In quantum wells,
the polarization at the InGaN/GaN interface can distort the potential
carriers are subject to inside the multiple quantum well region. The
effect on carrier transport depends on the polarity of the nanowire
structures, which can either be N-face (or N-polar) or Ga-face (or Ga-
polar). In LEDs, this effect can be quite detrimental to performance
since the electron and hole can be spatially separated resulting in
reduced radiative recombination. In solar cells, the effect can be de-
sirable since the reduced recombination (even if it is radiative) can
help carrier collection efficiency. In traditional quantum well solar
cells, the quantum well region can be designed to screen most of
the polarization charge through doping. This effect has been virtu-
ally eliminated to increase the carrier transport properties[200]. The
polarization effect leads to the quantum confined stark effect which
changes the absorption coefficient with the introduction of this field.
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If this effect is present, the electron states are usually shifted to lower
energies while the hole states are shifted higher, enabling red-shifted
luminescence.

Crosslight® APSYS captures the polarization effects through a po-
larization charge model that adds a three-dimensional charge distri-
bution within the drift-diffusion simulation. The modelling follows
the formalism of Fiorentini et al.[201] for calculating the non-linear
polarization for III-nitride materials. This provides the sheet charge
that is confined to interfaces. In this case, the interface is formed
by In0.4Ga0.6N and GaN. The growth conditions of the initial GaN
growth determines the polarity of the nanowires.

With increasing indium composition, the polarization effects in in-
dium become increasingly complex. In some devices, the polarization
fields can be screened by significant doping profiles in the range of
10
19 cm−3. In our nanowires, however, the quantum dot region is not

intentionally doped. Modulation doping of magnesium in the barri-
ers between quantum dots in the nanowires by Dr. Zetian Mi has been
used to increase hole transport[190] and can be used in principle to
counter polarization effects. Thus, it is possible that the modulation
doping screens the polarization charge. Through a design similar to
the AlGaN/GaN core-shell nanowires studied in this thesis, polariza-
tion effects have been shown to be drastically reduced[202]. Further
evidence of polarization reduction is provided by Kim et al. who re-
port on the blue-shift being indicative of polarization screening[203].
In contradiction, however, Park et al. have claimed that a blue-shifted
in photoluminescence is evidence of the quantum confined stark ef-
fect[204].

Counterintuitively, the blue shift can be explained by both an in-
crease and decrease in the polarization field. Electroluminescence
spectra shown in Chapter 5 reveal a significant blue-shift with in-
creasing injection current. Since the increase in current corresponds
to an increase in forward bias, the change in electric field begins to
reverse the tilt of the p-i-n junction from short-circuit current. This
shifts the energy levels in the quantum dots. In both simulation and
experiment in this thesis, a blue-shift is observed. The other effect
occurs with high indium compositions (>40%) that create the deep
wells we find in our nanowires. The piezoelectric field component
of the polarization in high indium InGaN/GaN multiple quantum
wells has been shown to improve hole transport for Ga-face growth
polarizations[205]. This is due to the narrowing of the effective quan-
tum well width experienced by the hole under high polarizations.
Holes that encounter such a potential have a greater change of fly-
ing over the wells, lowering the hole capture rate in the wells. This
results in a blue-shift of the spectrum. In any case, in a solar cell,
the quantum-confined Stark effect may help to improve performance
through reduced recombination from the smaller electron and hole
wavefunction overlap if transport through the miniband is efficient.

To demonstrate the effect of polarization on the quantum dot states,
a device with 10 quantum wells was simulated with and without po-
larization effects. Both Ga-face and N-face polarizations were simu-
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Figure 71: Simulated lowest electron state and highest hole state energies in
one of ten InGaN/GaN quantum wells as a function of crystal
polarization type and screening. The difference between the two
levels is the expected transition energy and corresponds to the
purple axis on the right.

lated. The polarization screening was varied from completely screened
to completely unscreened. The indium composition in each quantum
well were kept the same at 40%. The quantum states were calculated
using an 6x6 ~k ·~p Luttinger-Kohn Hamiltonian model in Crosslight®

APSYS which includes the mixing of heavy holes, light holes, and
split-off hole subbands. The typically forbidden radiative transitions
in zinc-blende III-V materials are generally allowed in III-V nitrides
due to the polarization effects from the wurtzite crystal structure
that break the symmetry of the conduction and valence band struc-
ture[206]. This places little importance on the optical selection rules
for radiative transitions. The difference between the lowest confined
electron state and highest hole state in a specific quantum well was
calculated and defined as transition energy. The transition energies
are shown as a function of polarization screening in Figure 71. It is
worth noting that there is almost always some polarization screening
in real devices, so the total polarization effect is never near 100% of
the maximum value. The measured polarization strength from the lit-
erature seems to correspond about 50% in devices which demonstrate
significant effects[207, 208].

With the presence of polarization, a significant red-shift of the spec-
trum occurs. The heavily distorted potential of the wells lowers the
bulk conduction band energy on one side of the well, where electrons
and holes states move closer to each other. With increased screenings
of the polarization charge, the energies generally shift higher. Inter-
estingly, the highest energy transition energies are found in the 25%
Ga-face polar configuration (when 75% of the polarization effect is
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screened). This maximum in transition energy is caused by the pres-
ence of the built-in electric field of the p-i-n junction which has rela-
tively high doping concentrations of 0.5 x 10

19 cm−3 to 1 x 10
19 cm−3

in the p and n regions. The electron states are shifted higher in energy
as the polarization points in the [0001] direction, increasing from 1.25

eV at maximum N-face polarization to 1.72 eV at the maximum pos-
sible Ga-face polarization, with a small dip from 25% to 50% Ga-face
polarization. The hole states start at -0.70 eV with maximum N-face
polarization and shift lower in energy until a minimum of -0.83 eV
and increase again reaching a peak of -0.34 eV at maximum Ga-face
polarization. All energies are relative to the Fermi level in equilibrium
conditions.

The band diagrams of N-face and Ga-face InGaN/GaN quantum
wells with 50% polarization screening in the absorber region of the
p-i-n junctions are shown in Figure 72 and 73.

Figure 72: Band diagram of a 10 InGaN/GaN quantum well solar cell with
50% Ga-face polarization.



5.4 summary 147

Figure 73: Band diagram of 10 InGaN/GaN quantum well solar cell with
50% N-face polarization.

The electric field caused by the polarization effects were calculated
using Crosslight® APSYS and are shown in Figure 74. The polariza-
tion screening was varied from 100% to 0% for both types of polariza-
tion charge configurations. The electric field fluctuates between posi-
tive and negative values in the presence of polarization charges with
a period equal to that of the quantum wells. The electric field profile
of the p-i-n junction becomes dominated by the polarization charge
once screening less than 75% (25% of maximum polarization charge
effect). The electric field magnitude can reach levels higher than 3

MV/cm−1 without any screening. In the completely screened case,
the electric field is roughly constant at about below 450 kV/cm−1.
Near the ends of the multiple quantum well region, the electric field
increases slightly in the completely screened polarization charge case.
The non-symmetric electric field profile in Figure 74 is due to the non-
symmetric doping profile. The electric field drops at the two ends of
the multiple quantum well region in the N-face polarization configu-
ration. With the Ga-face polarization configuration, the large electric
fields at the ends create large energy barriers for carriers to escape
the multiple quantum well region. Current flow in this short-circuit
condition is severely restricted since the energy barrier increases from
about 0.25 eV in the N-face condition to about 1.2 eV in the Ga-face
condition. Note that the results are reversed if the junction is n-i-p
(with n being on top of p).

5.4 summary

In summary, the performance of a single junction quantum-dot-in-
nanowire LED was simulated using Crosslight® APSYS. The states
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Figure 74: Electric field profile as a function of polarization direction and
effect across 10 InGaN/GaN quantum wells.

and wavefunctions of four different quantum dots were solved and
used in a drift-diffusion simulation in which the electroluminescence
spectrum was calculated. Simulated devices were operated as LEDs
which allowed for a quantum dot states and wavefunctions coupled
into a drift-diffusion model with no incident illumination. The cal-
culated emission spectrum was fitted to experimental electrolumi-
nescence spectra to verify quantum dot indium composition. The
fitting parameters were used to inform subsequent solar cell mod-
els which rely on miniband and self-consistently coupled quantum
well absorber regions. The current generation from sub-bandgap pro-
cesses was calculated from drift-diffusion simulations coupled to var-
ious quantum well models. The first model assumed miniband trans-
port throughout a fully coupled multiple quantum well region and
has shown significant quantum efficiency in short-circuit conditions
where performance is limited by the absorption in the quantum wells.
The current-voltage curves of an idealized quantum well miniband
solar cell were plotted in the case of the quantum well states (inter-
mediate band) being coupled to the conduction band (lower voltage).
A second model for quantum well coupling was used to calculate the
solar cell performance with independent quantum well states. The
coupling between the quantum wells subbands was assessed as a
function of barrier thickness. Significant coupling was found to oc-
cur with wells thinner than 1.5 nm for InGaN/GaN wells with 40%
indium. The final section investigates the effect of polarization on the
proposed device structure. Interface charges were introduced, and
the band profile and quantum states were assessed in equilibrium
conditions. In a p-i-n configuration, it appears that a solar cell bene-
fits from the N-face polarization due to the reduced electric fields at
the edges of the multiple quantum well region that prevent electrons
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and holes from reaching the quasi-neutral p-type and n-type regions,
respectively.



6
M U LT I J U N C T I O N I N G A N O N S I L I C O N

"There exists everywhere a medium in things, determined by equilibrium."

— Dmitri Mendeleev, 1880

6.1 introduction

The wide bandgap range of InGaN compounds is the key to its use
in solar cells. In the as-grown nanowire designs, the InGaN sections
were designed to enable low energy photon absorption in a GaN de-
vice. By decoupling the InGaN quantum dots/wells from the GaN
emitter and base of the solar cell, a higher operating voltage can be
maintained in addition to the current produced from sub-bandgap ab-
sorption events. This strategy is difficult to realize since non-radiative
recombination throughout the device must be very low. This requires
high material quality such that carriers can undergo sequential ex-
citation to the extended states of GaN. This problem is the primary
reason for low open circuit voltage in the measured nanowire solar
cells shown in Chapter 4.

An alternative approach involves multiple junctions of InGaN ma-
terial in a monolithic stack connected via highly doped tunnel junc-
tions. Some research has been done investigating the potential for
InGaN solar cells on silicon with promising efficiencies with two and
three-junction designs predicting efficiencies of 31% and 35% at 1-
sun[209–211]. However, there are a few major issues with traditional
designs of InGaN on silicon. The main issue is ensuring high In-
GaN material quality when grown on silicon. There has been some
progress in InGaN/Si heteroepitaxy using a lower growth tempera-
ture to avoid indium segregation and desorption during growth[212].
Despite the progress, growing compounds with high indium incor-
poration (>40%) remains difficult to achieve. For solar cells, indium
compositions up to 60% are required to produce subcells that absorb
in the red portion of the spectrum. Solar cells with more than one
InGaN junction require even higher indium compositions. Another
issue is that InGaN with more than 60% indium fractions can accu-
mulate charge at the interfaces and form inversion layers that restrict
carrier transport[213].

Achieving sufficient p-type doping has long been a problem for
InGaN compounds. It turns out that many wide bandgap semicon-
ductors suffer from doping issues that are a result of the polarity of
the material. Magnesium has emerged as the dopant of choice for
InGaN-based devices as it has led to the highest dopant concentra-
tions achieved in InGaN, despite the dopant ground state level being
quite deep[214]. Fortunately, with annealing it has been shown that
an extended shallow acceptor level is within the ionization energy

150
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of this deep level, providing the route to functional devices we have
today[215]

High doping is usually required in InGaN devices to ensure high
conductivity and sufficient electric fields in the intrinsic absorber re-
gions to sweep out carriers before recombination can occur[216]. High
magnesium doping in InGaN has been challenging to achieve. The
low dopant solubility makes it difficult to add more magnesium into
the lattice, while passivation by hydrogen atoms leads to Mg-H com-
plexes that interfere with the performance of the dopant[217, 218].

In the case of the nanowire growth, some of these difficulties can be
alleviated. The lattice mismatch between silicon and InGaN is not an
issue with nanowire growth, where strain energy can be released at
the surface of the nanowire for nearly-defect free GaN material[219].
In addition, high indium incorporation can be realized with quan-
tum wells/dots which perform the absorption while managing strain
along the growth-axis through strain compensative design using Al-
GaN[220, 221]. In fact, it has been shown that indium compositions
up to pure InN have been demonstrated in nanowires on silicon[222].

Numerical simulations of a four-junction InGaN solar cell have
shown than conversion efficiencies up to 46.45% are possible under
1000X concentrated sunlight[223]. This result is achieved using an
InN bottom subcell, which may not be practical due the difficulty
in growing it sufficiently thick. By restricting ourselves to a silicon
bottom subcell, cost-effective InGaN/Si dual-junction subcells can be
fabricated with relatively high efficiency.

Since this thesis focuses on InGaN/GaN quantum dot-in-nanowires
on silicon as the solar cell platform, InGaN nanowires on silicon can
be grown to form the dual junction solar cell. A top nanowire junc-
tion has already been demonstrated with a pure InGaN nanowire on
a silicon substrate[224], and even a pure InN nanowire cell has been
shown to operate on silicon[225]. Alternatively, an InGaN/GaN su-
perlattice can provide tunable absorption characteristics for the top
subcell.

In this chapter, a bulk InGaN junction is designed to optimize the
current distribution with a silicon bottom subcell. The absorption
characteristics for the specific InGaN alloy are determined from inter-
polation of the spectral absorption coefficients obtained from experi-
mental and theoretical parameters. The dual junction InGaN/Si solar
cell is simulated using Crosslight APSYS. The extension towards a
nanowire-based top subcell can be accomplished through modelling
the light trapping characteristics of nanowires to absorb a similar
amount of light as bulk top subcell despite being thinner. This type
of modelling can be approached by finite difference time domain
(FDTD) simulations or rigorous coupled wave analysis (RCWA) tech-
niques and is outside the scope of this thesis.

6.1.0.1 Absorption Coefficients for InGaN

The real and complex refractive indices (n and k) for GaN are well-
known as thick, high quality layers can be grown on sapphire sub-
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strates. The change of the n and k values with increasing the addi-
tion of indium is less known. In the absence of experimentally de-
termined refractive indices that drift-diffusion simulations of devices
using bulk sections of InGaN require, interpolation can be used to
obtain approximate values for arbitrary indium fractions. The absorp-
tion coefficients are obtained from experimental work in the litera-
ture on various InGaN alloys[85, 113, 160, 161], where the parameters
are shifted by wavelength to correspond exactly to the bandgap of
the alloy being used in simulation. The dispersion of n and k by
the corresponding bandgap shift with additional indium. A linear in-
terpolation for all indium compositions is used from experimentally
determined n and k values for GaN and InN. The effect of the n
and k values on the simulations is not crucial for nanowires without
bulk InGaN regions. The nanowires that contain InGaN in the form
of quantum wells/dots have absorption characteristics that are calcu-
lated from quantum mechanical methods described in Chapter 2.

6.2 simulation strategy

The InGaN/Si dual junction solar cell was simulated using Crosslight
APSYS with the silicon substrate as the bottom junction. This value
is similar to the 46% value determined by Hsu et al.[211], where the
simulated cell does not share the same n and k or bowing parameters
for InGaN used in this thesis. The n and k values used in this thesis
were obtained from the interpolation of multiple experimental values.
The band alignment is quite fortuitous such that silicon can form a
natural tunnel junction with InGaN [211]. In the case of Crosslight
simulations, the tunnel junction physics are not fully simulated but
treated as very narrow regions of perfect conductivity. The indium
fraction of InGaN that this occurs at is also near the ideal combination
of bandgaps for the highest solar cell power conversion efficiency
under the AM1.5G spectrum (1.66 eV/ 1.11 eV).

The initial step involves simulating an efficient silicon subcell. The
thickness of the silicon subcell was varied between 100 µm and 350

µm to determine the optimal performance. A traditional p-n junction
configuration was used. Highly doped cap and back surface field lay-
ers were added to reduce the surface recombination rates, resulting
in improved the efficiency from about 16% to 22% for the silicon sub-
cell alone. This increase arises from the increased operating voltage
from about 0.6 V to 0.65 V. The maximum short-circuit current was
approximately 38.9 mA/cm2 under 1-sun of the AM1.5G solar spec-
trum, which is in line with high efficiency silicon cell designs. The
ideal dual-junction solar cell based on silicon would operate on half
this current to satisfy the current-matching condition in the mono-
lithic structure. Therefore, we would expect the top InGaN subcell
to produce about 18-19 mA at short-circuit conditions to balance the
current production in the cell.

Multiple simulations of single junction p-i-n InGaN top subcells
were performed with a varying indium molar fraction. The optimal
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bandgap was determined when the InGaN subcell was found to pro-
duce 18-19 mA, leaving the rest of the photons for the silicon subcell.
The optimal configuration was found to correspond to In0.52Ga0.48N
as the top subcell. This alloy produced about 18 mA at the maximum
power point under AM1.5G illumination. From a Shockley-Read-Hall
recombination rate of 1.6x10

17 cm−3s−1, a thinner silicon subcell was
preferable over the typical 300 µm thick silicon substrate. This also as-
sumes a reflective back contact so a thinner silicon subcell would per-
form better. The simulations assumed 100% reflectivity of light at the
back from the metallic back contact. This provided long-wavelength
photons with an increased chance of absorption on a second pass
through the silicon wafer. A schematic of the optimized InGaN/Si
layer structure is shown in Figure 75.

6.3 dual junction ingan on silicon simulation results

The optimal thickness of the In0.52Ga0.48N top subcell was deter-
mined to be 2.9 µm which was sufficient to absorb the solar spectrum
at wavelengths shorter than 750 nm, yet thin enough for carriers to be
swept out of the intrinsic region efficiently. This cell design provides
about 20 mA of current at short circuit which drops to about 18 mA
at the maximum power point. The shunt resistance is due to the low
hole mobility of InGaN that is known to be significantly lower than
the electron mobility. This places constraints on the junction design,
where high doping must be used to increase the field strength in the
intrinsic region while keeping the junction thin. Additional cap (p++)
and back surface field (n++) layers were added to the In0.52Ga0.48N
subcell to increase its performance. Increased Shockley-Read-Hall re-
combination with additional doping is accounted for in the model
from empirical data in the Crosslight material models, thus striking
a balance between intrinsic region recombination and doping-related
recombination is required to maximize the cell efficiency.

The InGaN subcell is fundamentally different from the silicon sub-
cell in design and operation. The silicon subcell lifetimes are on the
order of microseconds or more, where thick weakly-doped layers can
result in a very efficiency subcell. High carrier mobilities in silicon
allow even the smallest fields to ensure sufficient carrier separation.
For silicon, the carrier separation is largely a result of the diffusion
of electron and holes. In InGaN, the crystal quality is poorer due to
significantly more defects when compared to the very high quality
of silicon substrates. Introducing intentional doping only adds to the
non-radiative recombination, especially since the electron mobilities
have been known to be significantly higher than then hole mobili-
ties[226]. This makes it difficult for photo-generated holes to be swept
to the edges of the device. A p-i-n junction design can separate the car-
rier generation regions from the doping. High doping levels are then
only used at the top and bottom of the device to create an electric
field across the intrinsic region.
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Figure 75: Schematic of the optimized InGaN/Si dual junction cell (not to
scale).
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Parameter Silicon Subcell InGaN Top Subcell 2J Cell

Voc 0.68 V 1.11 V 1.79

Jsc 20.5 mA 20 mA 18.5

Fill Factor 82.4% 81% 83.94%

Efficiency 11.5% 18% 27.8 %

Table 7: Performance characteristics of the simulated dual junction In-
GaN/Si solar cell.

While increasing the indium composition allows for more current
production in the top subcell at the expense of the silicon subcell,
the voltage decrease reduces the overall efficiency of the device. In
an ideal semiconductor with high electron and hole mobility, the in-
dium composition would be lowered so that more current would be
shared with the silicon subcell. The ideal composition would be about
46-50% indium (1.5-1.6 eV bandgap), depending on the absorption
characteristics of the as-grown material. The experimental absorption
can vary depending on the substrate due to strain in the InGaN epi-
layer but may be less variable in an InGaN nanowire configuration
due to less interaction with the substrate. The band diagrams of the
dual-junction solar cell are shown in Figures 76.

6.4 ingan on silicon current-voltage characteristics

The current-voltage characteristics were simulated using an AM1.5G
solar spectrum set at 1000 W/m2 and are shown in Figure 77. The
dual junction cell was about 27.8% efficient at its maximum power
point. This is very similar to simulated dual junction cells as mod-
elled by Hsu et al.[211], who have come up with numbers up to 31%
assuming all photons create electron-hole pairs and omitting resis-
tive losses. The overall dual junction cell produces about 18.7 mA of
current at Jsc with an open-circuit voltage of about 1.87 eV. The fill
factor is about 79%. The performance characteristics are summarized
in Table 7 Experimental absorption coefficients of InGaN with 54% in-
dium were slightly shifted to lower energies to obtain the absorption
coefficient for InGan with 52% indium.

6.5 discussion on nanowire top subcells on silicon

The dual junction solar cell can also be tailored to a top junction
made from InGaN nanowires as opposed to bulk InGaN to remove
the issues associated with lattice mismatched growth. The nanowires
can provide increased absorption over bulk InGaN such that the p-i-n
junction can be less than the nearly 3 µm thick InGaN absorber region.
The height of the nanowires required to absorb a sufficient amount
of light to achieve current matching with the bottom silicon subcell is
highly dependent on the nanowire morphologies. Thee 600 nm height
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Figure 76: Band diagram for an InGaN/Si dual junction solar cell at (a) equi-
librium, (b) short-circuit, and (c) at the maximum power point.
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Figure 77: Simulated current density-voltage (top) and power density-
voltage (bottom) curves under 1-sun illumination for individual
InGaN and Si subcells (lighter colours) and complete 2J cell (dark-
est line).
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of the nanowires grown at McGill is likely insufficient to achieve the
required absorption. From reflectivity measurements, the light inci-
dent on the nanowires is significantly scattered. The large amount of
scattering leads to an effective increase of the interaction path length
of the incident light. The enhancement in theory can approach the
limit of 4n2, where a 600 nm thick nanowire layer could approach
the 3 µm thickness found in the bulk InGaN design. However, the in-
dex of refraction difference between polyimide and InGaN leads to a
4n2 enhancement factor of approximately 4 and an effective thickness
of 2.4 µm. This calculation neglects any sub-wavelength type interfer-
ence effects of the nanowire ensemble. Thus, a thicker nanowire layer
is required.

The visible light absorption from the nanowires can be achieved us-
ing InGaN/GaN quantum wells instead of pure InGaN as it is easier
to increase the indium composition in the quantum well/dot config-
uration when compared to bulk-like InGaN. This technique has led
to promising quantum efficiencies in InGaN/GaN quantum well so-
lar cells[227] with quantum efficiencies over 70%, and solar cells with
35% indium quantum wells for power conversion efficiencies of over
3% in concentrated sunlight[228]. Quantum well solar cells can also
provide increased absorption to overcome the small losses of oper-
ating voltages[229] when compared to bulk devices. This route has
additional the benefit of using GaN as the host material and hence
generally improved material quality and mature growth techniques.
Current quantum well solar cells unfortunately usually do not pro-
duce high quantum efficiency throughout the range of their spec-
tral response. Polarization effects and material quality generally pre-
vent carriers from being collected efficiently over the entire quantum
well region. Further research on improving hole transport in high in-
dium InGaN quantum wells while leveraging polarization effects is
required to make such designs feasible. In addition, the use of InGaN
nanowires grown on a transparent substrate like sapphire can pro-
vide a straightforward way to measure the absorption of the nanowire
layer.

6.6 summary

In summary, a dual-junction solar cell was designed and simulated
using Crosslight APSYS. Absorption coefficients were obtained from
experimental data from similar InGaN alloy compositions. Absorp-
tion coefficients were shifted slightly in wavelength to correspond to
In0.52Ga0.48N with a corresponding bandgap of 1.66 eV. A silicon so-
lar cell was initially designed and optimized with an efficiency of 22%
using typical non-recombination rates in monocrystalline silicon. An
InGaN subcell was designed to be roughly current-matched on top
of the silicon subcell and the overall dual junction efficiency was op-
timized by varying the thicknesses of both subcells and the indium
composition of the top subcell. The best dual junction cell design fea-
tures a slightly overproducing silicon subcell to compensate for the
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lower fill factor of the p-i-n InGaN top subcell. Routes to extend the
model to a nanowire top subcell are discussed and rely on assessing
the absorption characteristics of a dense ensemble of randomly po-
sitioned and formed InGaN nanowires. As the nanowires are strong
and uniform scatters of light, the upper 4n2 limit of pure Lambertian
scattering is used to infer that the nanowire layer should be at least
800 nm thick to demonstrate sufficient absorption.
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7
D I S C U S S I O N A N D C O N C L U S I O N S

7.1 summary

The InGaN/GaN nanowire material system is a unique approach to-
wards high performance optoelectronic devices based on silicon. The
large tunability of the InGaN alloy enables devices to operate from
the ultraviolet to the infrared. For solar cells, this is a highly desirable
property where high efficiency solar cells still rely on a multitude of
different materials with expensive substrates. The nanowire growth
mode also enables the growth of stacked quantum dots, increasing
and broadening the absorption spectrum farther into the infrared and
even providing a means towards realizing intermediate band solar
cells with large bandgaps on inexpensive substrates. Using the cost-
effectiveness of silicon and the tunability of the InGaN, the nanowire
platform has multiple advantages unmatched by other material sys-
tems.

In this thesis, quantum dot-in-nanowire solar cells were grown on
silicon (111). Extensive microscopy was performed on fabricated and
unfabricated nanowires samples. Dense randomly positioned ”forests”
of nanowires were observed with some height variation and non-
uniformity in diameter owing to nanowire coalescence. The nanowire
composition was confirmed with energy dispersive X-ray spectroscopy
using a scanning electron microscope, where indium in the middle of
the nanowires was detected. Hexagonal shapes, as well as quantita-
tive height variation of the nanowires were confirmed with atomic
force microscopy.

A photoluminescence spectroscopy system was constructed for the
purposes of studying the optical properties of the quantum dots in-
side the nanowires. The emission from the quantum dots was mea-
sured with and without an AlGaN shell demonstrating that the im-
proved passivation at the surface improves the photoluminescence
and hence reduces the non-radiative recombination in nanowires. The
photoluminescence revealed a broad spectrum of emitted light from
500 nm to 750 nm with a 405 nm incident beam. The cryostat was
modified to include electrical probes that can apply a voltage cross
individual nanowire solar cells and LEDs. The electroluminescence
was shown to increase dramatically with lower temperatures, peak-
ing at around 200 K and then decreasing to 78 K. The quantum effi-
ciency of the nanowires was measured as a function of wavelength
and beam intensity demonstrating sub-bandgap current generation,
although with poor efficiency of less than 0.1%. This corresponds to
a quantum well solar cell with very deep wells. The current-voltage
characteristics were measured using a solar simulator at varying in-
tensities. Both the specular and diffuse reflectivities were measured
on fabricated and unfabricated nanowire cells as a function of wave-
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length, demonstrating a very low reflectivity without an explicit anti-
reflection coating.

Computer-aided simulations were performed to simulate the per-
formance of a solar cell and LED-based on the quantum dots and
quantum wells and their coupling and composition inside a GaN junc-
tion. Crosslight® APSYS was used to perform the drift-diffusion simu-
lations coupled with quantum well and dot nanostructures. Nanowires
were approximated as bulk structures with no reflectivity. Quantum
dots were approximated as quantum wells for the purposes of the
solar cell simulations. When operating as LEDs, the emission spec-
trum was fitted to experimental data, suggesting the indium compo-
sition was a distribution centred around 42%. Two coupling models
between quantum wells were implemented according to the carrier
transport regime between InGaN quantum dots. In a miniband model
that assumes very long carrier lifetimes, the quantum efficiency was
calculated at over 90% extending to about 650 nm with more than
80 quantum wells. This provides an idea into how many wells are
required for realizing intermediate band operation. The coupling be-
tween neighbouring quantum wells was assessed by calculating the
quantum well subbands energy levels and their penetration into the
barriers as a function of barrier thickness. This provided insight into
the optimal barrier and well thicknesses that can enable miniband
transport. This is expected to improve hole transport across the mul-
tiple quantum dot region.

7.2 towards improved intermediate band operation

It is clear that the nanowires studied in this thesis function well as
LEDs but are not very suitable solar cells in their current design. The
solar cells demonstrated efficiencies lower than 0.1%, rather than up
to roughly 10% in theory based on the modelled absorption from the
quantum dots. The characterization and modelling performed in this
thesis has revealed that while InGaN/GaN nanowires on silicon can
produce sub-bandgap current generation, the design of the nanowire
and quantum dots within can be modified to greatly enhance the per-
formance. Despite a high figure of merit for InGaN/GaN systems,
the nanowire solar cells suffer from design limitations and high per-
formance nonuniformity across the area of the nanowire device. In
addition, the absorption is insufficient for a high efficiency device
since the optical depth at visible wavelength is quite low.

The as-grown quantum-dot-in-nanowire devices have fairly decou-
pled quantum dot states, which could benefit from increased cou-
pling to promote carrier transport. The indium composition in the
dots and bulk nanowire, while high, is not enough to correspond
to the optimal direct and intermediate state transition energies ac-
cording to detailed balance calculations. In addition, quantum effi-
ciency calculations show that subbandgap absorption is not nearly
high enough with only 10 quantum dots. To address these issues and
realize the potential of such designs, the following changes are sug-
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gested for future InGaN/GaN quantum dot-in nanowire intermedi-
ate band solar cells:

• Thin quantum dots (∼1 nm) to reduce carrier-retrapping and
allowing for more quantum dots per nanowire

• Thin barriers between dots (∼1.5 nm) to promote miniband con-
duction of carriers through the barriers

• Increase indium composition in entire nanowire to suit the solar
spectrum

• Increase quantum dot count to increase absorption

• Optimize nanowire diameter and spacing for efficient light trap-
ping/concentration

In addition to these design changes, the following challenges re-
main in the growth and fabrication of the nanowire devices:

• Improved surface passivation for improved open circuit voltage

• Consistent nanowire morphology for less resistive losses and
increased nanowire participation

• More uniform quantum dot indium compositions for improved
transport and less thermalization losses

• Control over polarization charge screening for recombination
reduction and improved transport

There are multiple interesting avenues for future research and de-
velopment of InGaN/GaN intermediate band solar cells. Such efforts
can be divided into two main strategies.

7.2.1 Growth and Fabrication challenges

The first strategy involves addressing the growth and fabrication is-
sues which restrict the efficient operation of high indium InGaN al-
loys to levels significantly below their potential. Indium segregation
continues to be an issue that has been improved to some degree with
InGaN/GaN quantum well/dot structures, low temperature growth
conditions, and nanowire configurations. All the aforementioned tech-
niques are employed in realizing the nanowires grown in this the-
sis. In the case of nanowire devices, the numerous benefits to their
design tend to be hindered by the lack of uniformity in both pla-
narity and resistivity. The large variance in the resistivity between
nanowires of different geometries and proximity to the indium tin
oxide and contacts leads to nanowires which demonstrate such high
resistivity when compared to nearby nanowires that they are effec-
tively inactive. Scanning electron microscopy of the nanowires them-
selves reveals large variations in diameter, height, and connectivity
to other nanowires which can lead to difficulty in ensuring that the
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p-type tops of the nanowires avoid contact to the n-type regions of
other nanowires with polyimide while making low resistivity ohmic
contacts to the ITO layer. Microelectroluminescence imaging in this
thesis has shown that the nanowire solar cells are inconsistently par-
ticipating in electron and hole transport in the quantum dot region.
Obtaining a more uniform luminescence from nanowires is crucial in
delivering large area devices which on average perform efficiently.

The very low open-circuit voltage of the fabricated cells indicates
that there is significant non-radiative recombination in the nanowires.
There are multiple potential causes that originate from the nanowires
themselves, such as poor transport of photo-generated carriers across
the quantum dot region, non-radiative recombination at the nanowire
surfaces, and the silicon/GaN interface. The increased recombination
from the quantum dots contributes to the poor device performance,
but only as a result of the unoptimized carrier transport characteris-
tics.

7.2.2 Design Optimizations

The second strategy involves modifying the design of the as-studied
InGaN/GaN quantum-dot-in-nanowire solar cells to better suit the
collection of electrons and holes. The current nanowire design is op-
timized primarily for light generation through electroluminescence
where ensuring the electron and hole radiatively combine as often
as possible is the priority. In LEDs, carriers are pushed towards each
other with increasing forward bias that can be stronger than the built-
in field required for p-i-n solar cell operation.

The primary modifications involve the thickness of the quantum
dots and barriers. It has been shown that in thinner quantum dots
or wells carrier escape is more likely[230], which is essential for an
intermediate band solar cell. Ideally, the carrier escape is through
optical means, but thermionic or tunneling escape is still preferable
to non-radiative recombination. In addition, while lifetimes are usu-
ally higher with larger wells, the effect reverses in ultra-thin quan-
tum wells[231]. With narrower wells the number of confined states
decreases, which can affect the photofilling of the intermediate band.
The barriers should also be sufficiently thin to enable miniband con-
duction despite the deep wells yet thick enough to prevent high
trapping rates for carriers in the extended GaN states. The optimal
thickness for 40% indium quantum dots seems to be about 1 nm
for quantum dots, and 1.5 nm for GaN barriers to support mini-
band conduction of electrons. Slightly thinner barriers are required
for miniband conduction of holes. More sophisticated measurements
or simulations of the re-trapping rate as a function of the electric
field, well/barrier dimensions and indium composition are required
to determine the optimal intermediate band solar cell design.

The host material has been shown to have about 5-10% indium in
some nanowires[190], which can in principle be extended to contain
more indium to approach 2.1 eV for the nanowire and 0.7 eV for
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the quantum dots. This bandgap leads to a higher theoretical power
conversion efficiency of the AM1.5G spectrum in intermediate band
solar cell operation.

Photofilling is another aspect of intermediate band solar cells that
is not covered in this thesis. The theoretical study of the quantum
dot nature in the nanowires and their confined states provides an
estimate of the density of states available in the system. While such
a solar cell operates most efficiently when the intermediate band is
half full, it depends on sunlight concentration, band position, capture
cross-sections for recombination events, quantum dot coupling, and
carrier trapping and escape rates. Most of these parameters are still
not very well known or easy to control in fabricated InGaN/GaN
quantum dot systems. Future research can investigate the parameter
space which can provide a consistent half-filled intermediate band in
a coupled quantum dot system.

The polarization direction of the nanowires is another factor that
greatly affects the potential of the InGaN/GaN platform for solar cell
operation. With the p-i-n junction configuration, N-face GaN orienta-
tions seem to provide a much lower energy barrier and at each end
of the multiple quantum well region for improved carrier transport.
This energy barrier decreases with additional screening in Ga-face
devices, so designs which are more-n-polar (as these nanowires are)
improve the quantum efficiency.

Future work involves tailoring the InGaN/GaN quantum dot-in-
nanowire on silicon material system towards improved photovoltaic
operation. For intermediate band solar cells, the growth of optimized
superlattice parameters is required. Since sub-bandgap current gen-
eration is substantially increased under concentrated sunlight, char-
acterization of samples with sunlight intensities up to 1000 suns with
a flash solar simulator may reveal effects related to photofilling ef-
fects of the intermediate band. The quantum efficiency change as
a function of temperature would be a very insightful measurement
to perform, where the nonradiative recombination rates can be in-
ferred based on the effect of reduced temperature. With the successful
demonstration of electroluminescence from six-junction nanowires,
multijunction solar cells built from nanowires on silicon can be in-
vestigated as a cost-effective route towards high efficiency solar cells.

Possible computational/theoretical efforts include the detailed bal-
ance calculations of InGaN/GaN intermediate band solar cells which
feature design parameters from the dot-in-nanowire material system.
Models which include the finite intermediate band widths that cor-
respond to the distribution of quantum dot states, valence band to
valence band transition events, and experimentally determined car-
rier capture and escape transition rates will lead to more attainable
performance results from simulations. An extension to the quantum
efficiency calculations in Chapter 5 can be done to estimate the max-
imum quantum efficiency in true intermediate band solar cells by
modelling the conduction band quasi-Fermi level as separate from
the intermediate band. This can provide insight into the photofilling
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and the additional inter-subband absorption characteristics that occur
in intermediate band solar cells.

In conclusion, this thesis investigates the InGaN/GaN quantum
dot-in-nanowire on silicon platform towards high efficiency solar cells.
The platform demonstrates significant promise for an intermediate
band solar cell or multijunction configurations on silicon. The plat-
form introduces unparalleled flexibility in many aspects of device de-
sign. The intermediate band energy, absorption, substrate, bulk band
gaps, reflectivity and transport properties can all be tuned for the
most desirable properties.

The morphology of the nanowires was assessed using a variety
of microscopy techniques. The current voltage characteristics were
measured under a solar simulator accounting for spectral mismatch.
Strong luminescence is observed from both photoluminescence and
electroluminescence spectroscopy. Sub-bandgap absorption is demon-
strated up to nearly 700 nm from quantum efficiency measurements.
The typical light biasing condition required for sub-bandgap current
generation does not seem to be required to produce current from
below the band gap of GaN. This suggests a complex interaction be-
tween carrier transport and incident light that requires further study
to fully understand. Simulations of quantum well solar cells were per-
formed using Crosslight® APSYS using two types of carrier transport
models for solar cell operation. The structure was also simulated as
an LED with the luminescence fitted to experimental data to extract
average indium compositions and transition energies. The introduc-
tion of polarization provided insight into how growth conditions can
be tailored to promote charge separation and how the polarization
screening affects transition energies.



A
A P P E N D I X A : S I M U L AT I O N S C R I P T S

The modelling of InGaN/GaN quantum dot and quantum well de-
vices in this thesis uses the drift-diffusion simulations coupled with
additional models that address the nanostructured active regions. This
appendix lists and discusses the scripts used to produce the simula-
tions results.

a.1 ingan gan quantum well layer structure : miniband

model

Below is the Crosslight APSYS script to calculate InGaN/GaN multi-
ple quantum well miniband solar cell quantum efficiencies and current-
voltage characteristics.

Script 1: InGaN/GaN quantum well layer structure: Miniband model

1 $ ----

begin_layer

$

$independent_mqw

column column_num=1 w=10 mesh_num=3 r=1.

6 top_contact column_num=1 from=0.0 to=10.0 contact_num=2

bottom_contact column_num=1 from=0.0 to=10.0 contact_num=1

$

layer_mater macro_name=ingan column_num=1 var_symbol1=x var1=0

n_doping=5.e24

layer d=0.1 n=8 r=0.8

11 layer_position label=bot location=bottom

layer_position label=before_well delta_y_from_top=0.02

$ ----

include file=solar.bar

include file=solar40.qw

16 include file=solar.bar

include file=solar40.qw

include file=solar.bar

include file=solar40.qw

include file=solar.bar

21 include file=solar40.qw

include file=solar.bar

include file=solar40.qw

include file=solar.bar

include file=solar40.qw

26 include file=solar.bar

include file=solar40.qw

include file=solar.bar

include file=solar40.qw

include file=solar.bar

31 include file=solar40.qw

include file=solar.bar
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include file=solar40.qw

$ ----

36 $

layer_position label=after_well delta_y_from_top=-0.02

layer_mater macro_name=ingan column_num=1 var_symbol1=x var1=0

p_doping=2.5e24

layer d=0.05 n=8 r=1.2

layer_position label=top location=top

41 $

end_layer

a.1.1 InGaN GaN quantum well file: Miniband model

Script 2: InGaN/GaN quantum well file (listings manual)

2 $

layer_mater macro_name=ingan column_num=1 &&

active_macro=InGaN/InGaN avar1=0.4 avar2=0.0 &&

avar_symbol1=xw avar_symbol2=xb

layer d=0.003 n=3 r=1

a.1.2 InGaN GaN barrier file: Miniband model

Script 3: InGaN/GaN barrier file (listings manual)

layer_mater macro_name=ingan column_num=1 var_symbol1=x var1=0

3 layer d=0.003 n=3 r=1

a.1.3 InGaN GaN quantum well solution file: Miniband model

Script 4: InGaN/GaN quantum well solution file: Miniband model

$file:solar.sol

2 $ *******
begin

$use_macrofile macro1=my.mac

load_mesh mesh_inf=solar.msh

output sol_outf=solar.out

7 more_output light_reflection = yes elec_mobility = yes

hole_mobility = yes &&

elec_conc_subb=5 hole_conc_subb=5 space_charge=yes &&

trap_information=yes

$ *******
12 include file=solar.doping

include file=solar.mater

set_active_reg tau_scat=0.5e-13
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$import_gain_data

$band_gap value=3.4 mater=1

17 $band_gap value=1.97 mater=2

lifetime_n value=1e-3 mater=1

lifetime_n value=1e-3 mater=2

lifetime_p value=1e-3 mater=1

lifetime_p value=1e-3 mater=2

22 electron_mobility value=1e-2 mater=1

electron_mobility value=1e-2 mater=2

hole_mobility value=1e-2 mater=1

hole_mobility value=1e-2 mater=2

bandgap_optical_gen allowed=yes bandgap_gen_iqe=1

27

$effective_miniband_model mater1=1 mater2=2 yrange=(0.103 0.160)

$10 wells

front_reflection power_transmission=0.99

$light_power spectrum_file=solarvisiblemr.am15g light_dir=top

32 $light_power incident_power=1 wavelength=1.35

$

index_spectrum spectrum_file=index_GaAs.dat mater=1

index_spectrum spectrum_file=index_In40GaN.dat mater=2

back_reflection power_transmission=0.90

37 $

newton_par damping_step=5. max_iter=100 print_flag=3

equilibrium

newton_par damping_step=5. print_flag=2 var_tol=1.e-1 res_tol=1.e

-1 &&

max_iter=100 opt_iter=15 stop_iter=80 change_variable=no &&

42 turnoff_update_lightprof=yes

scan var=light value_to=1 print_step=100. &&

init_step=1.e-10 min_step=1.e-16 max_step=10 $&&

$var2=time value2_to=100

$-------------------------------------------------$

47 $ EQE scan

$-------------------------------------------------$

newton_par damping_step=5 rate_damp=5e-4 var_tol=5.e-0 res_tol=5.

e-0 &&

max_iter=80 opt_iter=20 stop_iter=70 print_flag=2 &&

change_variable=yes recover_prev_mqw=yes extrapolate= yes &&

52 turnoff_update_lightprof=yes mf_solver=3

scan var=wavelength_scan value_to=0.7 &&

init_step=0.001 min_step=1e-6 max_step=0.002

light_power wavelength=0.25 incident_power=1

57 end

a.1.4 InGaN GaN quantum well plotting file: Miniband model

Script 5: InGaN/GaN quantum well plotting file: Miniband model

2 $file:solar.plt

begin_pstprc
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plot_data plot_device=postscript

$$-----EQUILIBRIUM -------$$

get_data main_input=solar.sol &&

7 sol_inf=solar.out &&

xy_data=[ 1 1] $scan_data=[1 1]

plot_multilayer_optics variable = transmission wavelength_range =

[0.3,0.8] &&

data_file =trans.dat1

plot_multilayer_optics variable = reflection wavelength_range =

[0.3,0.8] &&

12 data_file =reflec.dat1

plot_multilayer_optics variable = absorption wavelength_range =

[0.3,0.8] &&

data_file=absorp.dat1

plot_1d variable=band y_from_label=bot y_to_label=top &&

17 data_file=band-in40-eq.dat1

plot_1d variable=optical_gen &&

y_from_label=bot y_to_label=top data_file=optgen-in40-eq.dat1

plot_1d variable=band y_from_label=before_well y_to_label=

after_well &&

22 data_file=band-wells-in40-eq.dat1

plot_1d variable=potential y_from_label=bot y_to_label=top &&

data_file=potential-in40-eq.dat

27 $plot_1d variable=subb_elec_conc y_from_label=bot y_to_label=top

&&

$data_file=subb-elec-conc-eq.dat

$

$plot_1d variable=subb_hole_conc y_from_label=bot y_to_label=top

&&

$data_file=subb-hole-conq-eq.dat

32 $

$plot_1d variable=tunnel_enhancement y_from_label=bot &&

$y_to_label=top &&

$data_file=tunnel-in40-enhacement-eq.dat

37 $plot_1d variable=qdot_electron y_from_label=bot y_to_label=top

&&

$data_file=qdot-electron-eq.dat

$plot_1d variable=qdot_hole y_from_label=bot y_to_label=top &&

$data_file=qdot-hole-eq.dat

42 plot_1d variable=all_conc y_from_label=bot y_to_label=top &&

data_file=carrier-in40-conc-eq.dat

plot_1d variable=field_y y_from_label=bot y_to_label=top &&

data_file=field-in40-eq.dat

47

plot_1d variable=space_charge y_from_label=bot y_to_label=top &&

data_file=space-charge-in40-eq.dat

plot_1d variable=trap_conc y_from_label=bot y_to_label=top &&

52 data_file=trap-conc-in40-eq.dat
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$plot_1d variable=trap_level y_from_label=bot y_to_label=top &&

$data_file=trap-level-in40-eq.dat

57 $$-----AFTER LIGHT IS ON -------$$

get_data main_input=solar.sol &&

sol_inf=solar.out &&

xy_data=[ 2 2] $scan_data=[2 2]

plot_1d variable=band &&

62 y_from_label=bot &&

y_to_label=top data_file=band-in40-light.dat1

plot_1d variable=optical_gen &&

y_from_label=bot &&

67 y_to_label=top data_file=optgen-in40-light.dat1

plot_1d variable=band &&

y_from_label=before_well y_to_label=after_well &&

data_file=band-in40-light-wells.dat1 $cond_subband=1

val_subband=1

72

plot_1d variable=recomb_srh &&

y_from_label=before_well y_to_label=after_well data_file=srh.

dat1

plot_1d variable = elec_imref y_from_label = before_well &&

77 y_to_label = after_well data_file = elec-imref-light.dat1

plot_1d variable = hole_imref y_from_label = before_well &&

y_to_label = after_well data_file = hole-imref-light.dat1

82 plot_1d variable=recomb_rad &&

y_from_label=before_well y_to_label=after_well data_file=rad.

dat1

plot_1d variable=recomb_aug &&

y_from_label=before_well y_to_label=after_well data_file=

auger.dat1

87

plot_1d variable=all_conc &&

y_from_label=before_well y_to_label=after_well data_file=

conc-light.dat1

plot_1d variable = linear_elec_conc y_from_label = before_well

&&

92 y_to_label = after_well data_file = elec_conc-light.dat1

plot_1d variable = linear_hole_conc y_from_label = before_well

&&

y_to_label = after_well data_file = hole_conc-light.dat1

97 plot_1d variable = rec_elec_conc y_from_label = before_well

&&

y_to_label = after_well data_file = rec_elec_conc-light.dat1

plot_1d variable = rec_hole_conc y_from_label = before_well &&
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y_to_label = after_well data_file = rec_hole_conc-light.dat1

102

plot_1d variable = trapped_elec_conc y_from_label = before_well

&&

y_to_label = after_well data_file = trapped_elec_conc-light.

dat1

$plot_1d variable = trapped_hole_conc y_from_label = before_well

&&

107 $ y_to_label = after_well data_file = trapped_hole_conc-light.

dat1

plot_1d variable = linear_bulk_elec y_from_label = before_well

&&

y_to_label = after_well data_file = bulk_elec_conc-light.dat1

112 plot_1d variable = linear_bulk_hole y_from_label = before_well

&&

y_to_label = after_well data_file = bulk_hole_conc-light.dat1

$plot_1d variable=field_mag &&

$ y_from_label=before_well y_to_label=after_well data_file=

field.dat1

117

plot_1d variable=total_curr_mag &&

y_from_label=before_well y_to_label=after_well data_file=

current.dat1

$

$plot_1d variable=tunnel_enhancement &&

122 $ y_from_label=before_well y_to_label=after_well &&

$ data_file=tunneling.dat1

plot_1d variable=elec_mobility &&

y_from_label=bot y_to_label=top &&

127 data_file=elec_mobility-light.dat1

plot_1d variable=hole_mobility &&

y_from_label=bot y_to_label=top &&

data_file=hole_mobility-light.dat1

132

plot_1d variable=elec_curr_y y_from_label=bot y_to_label=top

&&

data_file=electron-current.dat

$plot_1d variable=elec_curr_mag y_from_label=bot y_to_label=top

&&

137 $data_file=electron-current-mag.dat

plot_1d variable=hole_curr_y y_from_label=bot y_to_label=top &&

data_file=hole-current.dat

142 $plot_1d variable=hole_curr_mag y_from_label=bot y_to_label=top

&&

$data_file=hole-current-mag.dat

plot_1d variable=field_y y_from_label=bot y_to_label=top &&
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data_file=field-light.dat

147

plot_1d variable=potential y_from_label=bot y_to_label=top &&

data_file=potential-light.dat

$plot_1d variable=subb_elec_conc y_from_label=bot y_to_label=top

&&

152 $data_file=subb-elec-conc.dat

$

$plot_1d variable=subb_hole_conc y_from_label=bot y_to_label=top

&&

$data_file=subb-hole-conc.dat

$

157 plot_1d variable=space_charge y_from_label=bot y_to_label=top &&

data_file=space-charge-in40.dat

$plot_1d variable=trap_conc y_from_label=bot y_to_label=top &&

$data_file=trap-conc-in40.dat

162

plot_1d variable=trap_level y_from_label=bot y_to_label=top &&

data_file=trap-level-in40.dat

plot_1d variable=interband_pumping y_from_label=bot y_to_label=

top &&

167 data_file=interband-pumping-in40.dat

$$-----AT MAX POWER POINT-------$$

$get_data main_input=solar.sol &&

172 $ sol_inf=solar.out &&

$ xy_data=[35 35] $scan_data=[2 2]

$plot_1d variable=band &&

$ y_from_label=bot &&

$ y_to_label=top data_file=band-in40-vmax.dat1

177 $

$plot_1d variable=optical_gen &&

$ y_from_label=bot &&

$ y_to_label=top data_file=optgen-in40-vmax.dat1

$

182 $plot_1d variable=band &&

$ y_from_label=before_well y_to_label=after_well &&

$ data_file=band-in40-vmax-wells.dat1 $cond_subband=1

val_subband=1

$

$ plot_1d variable=recomb_srh &&

187 $ y_from_label=before_well y_to_label=after_well data_file=srh

-vmax.dat1

$

$plot_1d variable = elec_imref y_from_label = before_well &&

$ y_to_label = after_well data_file = elec-imref-vmax.dat1

$

192 $ plot_1d variable = hole_imref y_from_label = before_well &&

$ y_to_label = after_well data_file = hole-imref-vmax.dat1

$

$plot_1d variable=recomb_rad &&
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$ y_from_label=before_well y_to_label=after_well data_file=rad

-vmax.dat1

197 $

$ plot_1d variable=recomb_aug &&

$ y_from_label=before_well y_to_label=after_well data_file=

auger-vmax.dat1

$

$plot_1d variable=all_conc &&

202 $ y_from_label=before_well y_to_label=after_well data_file=

conc-vmax.dat1

$

$plot_1d variable = linear_elec_conc y_from_label = before_well

&&

$ y_to_label = after_well data_file = elec_conc-vmax.dat1

$

207 $plot_1d variable = linear_hole_conc y_from_label = before_well

&&

$ y_to_label = after_well data_file = hole_conc-vmax.dat1

$

$ plot_1d variable = rec_elec_conc y_from_label = before_well

&&

$ y_to_label = after_well data_file = rec_elec_conc-vmax.dat1

212 $

$plot_1d variable = rec_hole_conc y_from_label = before_well &&

$ y_to_label = after_well data_file = rec_hole_conc-vmax.dat1

$

$plot_1d variable = trapped_elec_conc y_from_label = before_well

&&

217 $ y_to_label = after_well data_file = trapped_elec_conc-vmax.

dat1

$

$$plot_1d variable = trapped_hole_conc y_from_label = before_well

&&

$$ y_to_label = after_well data_file = trapped_hole_conc-light

.dat1

$

222 $plot_1d variable = linear_bulk_elec y_from_label = before_well

&&

$ y_to_label = after_well data_file = bulk_elec_conc-vmax.dat1

$

$plot_1d variable = linear_bulk_hole y_from_label = before_well

&&

$ y_to_label = after_well data_file = bulk_hole_conc-vmax.dat1

227 $

$$plot_1d variable=field_mag &&

$$ y_from_label=before_well y_to_label=after_well data_file=

field-mag-vmax.dat1

$

$plot_1d variable=total_curr_mag &&

232 $ y_from_label=before_well y_to_label=after_well &&

$ data_file=current-mag-vmax.dat1

$$

$$plot_1d variable=tunnel_enhancement &&

$$ y_from_label=before_well y_to_label=after_well &&

237 $$ data_file=tunneling-vmax.dat1

$$
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$plot_1d variable=elec_mobility &&

$ y_from_label=bot y_to_label=top &&

$ data_file=elec_mobility-vmax.dat1

242 $

$plot_1d variable=hole_mobility &&

$ y_from_label=bot y_to_label=top &&

$ data_file=hole_mobility-vmax.dat1

$

247 $ plot_1d variable=elec_curr_y y_from_label=bot y_to_label=top

&&

$data_file=electron-current-vmax-vmax.dat

$

$$plot_1d variable=elec_curr_mag y_from_label=bot y_to_label=top

&&

$$data_file=electron-current-mag-vmax.dat

252 $

$plot_1d variable=hole_curr_y y_from_label=bot y_to_label=top &&

$data_file=hole-current-vmax.dat

$

$$plot_1d variable=hole_curr_mag y_from_label=bot y_to_label=top

&&

257 $$data_file=hole-current-mag-vmax.dat

$$

$plot_1d variable=field_y y_from_label=bot y_to_label=top &&

$data_file=field-vmax.dat

$

262 $plot_1d variable=potential y_from_label=bot y_to_label=top &&

$data_file=potential-vmax.dat

$

$$plot_1d variable=subb_elec_conc y_from_label=bot y_to_label=top

&&

$$data_file=subb-elec-conc-vmax.dat

267 $$

$$plot_1d variable=subb_hole_conc y_from_label=bot y_to_label=top

&&

$$data_file=subb-hole-conc-vmax.dat

$

$plot_1d variable=space_charge y_from_label=bot y_to_label=top

&&

272 $data_file=space-charge-in40-vmax.dat

$

$$plot_1d variable=trap_conc y_from_label=bot y_to_label=top &&

$$data_file=trap-conc-in40-vmax.dat

$

277 $plot_1d variable=trap_level y_from_label=bot y_to_label=top &&

$data_file=trap-level-in40-vmax.dat

$

$plot_1d variable=interband_pumping y_from_label=bot y_to_label=

top &&

$data_file=interband-pumping-in40-vmax.dat

282

$plot_3d variable=potential grid_sizes=100 100 &&

$ point_ll=(0. 0.) point_ur=(99. 0.422) &&

$ xrange=(0 99) yrange=(0. 0.422)

$plot_2d variable=total_curr grid_sizes=100 100 &&

287 $ point_ll=(0. 0.27) point_ur=(99. 0.35) &&
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$ xrange=(0 99) yrange=(0.27 0.35)

$plot_2d variable=hole_curr grid_sizes=100 100 &&

$ point_ll=(0. 0.) point_ur=(99. 0.422) &&

$ xrange=(0 99) yrange=(0. 0.422)

292 $plot_2d variable=elec_curr grid_sizes=100 100 &&

$ point_ll=(0. 0.) point_ur=(99. 0.422) &&

$ xrange=(0 99) yrange=(0. 0.422)

$$ -------------------------------------$$

297 $$ Plot Voltage

$$--------------------------------------$$

$get_data main_input=solar.sol &&

$ sol_inf=solar.out &&

$scan_data=[3 38]

302 $

$plot_scan scan_var=voltage_2 xrange=(0 3) user_ylabel=Current_A/

m &&

$ variable=current_2 yrange=(0 0.0002) data_file=IV.dat1

$

$plot_scan scan_var=voltage_2 xrange=(0 3) user_ylabel=Current_A/

m2 &&

307 $scale_vertical=100000 &&

$ variable=current_2 yrange=(0 20) data_file=IV-Am2.dat1

$

$plot_scan scan_var=voltage_2 xrange=(0 3) user_ylabel=

Current_mA/cm2 &&

$scale_vertical=10000 variable=current_2 yrange=(0 2) data_file=

IV-mAcm2.dat1

312 $$ -------------------------------------$$

$$ Plot EQE

$$--------------------------------------$$

get_data main_input=solar.sol sol_inf=solar.out &&

scan_data=(3 3)

317 plot_scan xrange=(0.325 1.1) scan_var=wavelength_scan &&

variable=pd_efficiency user_ylabel=EQE data_file=EQE-in40.dat1

end_pstprc

a.2 ingan gan quantum dot layer file : 3d quantum dot

Script 6: Quantum dot layer file

begin_layer

$

5 $ when we have more than one columns of complex structure,

indep_xmqw

$ is needed.

column column_num=1 w=0.02 mesh_num=8 r=1. indep_xmqw=yes

column column_num=2 w=0.005 mesh_num=4 r=1. indep_xmqw=yes

layer_mater macro_name=ingan var1=0. var_symbol1=x &&

10 active_macro=cx-InGaN avar1=0. avar_symbol1=xw column_num=1

layer_mater macro_name=ingan var1=0. var_symbol1=x &&

active_macro=cx-InGaN avar1=0. avar_symbol1=xw column_num=2
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layer d=0.003 n=6 r=1

$

15 $ QW/WL

layer_mater macro_name=ingan var1=0.40 var_symbol1=x &&

active_macro=cx-InGaN avar1=0.40 avar_symbol1=xw column_num=1

layer_mater macro_name=ingan var1=0.0 var_symbol1=x &&

active_macro=cx-InGaN avar1=0.0 avar_symbol1=xw column_num=2

20 layer d=0.003 n=12 r=1

layer_mater macro_name=ingan column_num=1 var_symbol1=x var1=0 &&

active_macro=cx-InGaN avar_symbol1=xw avar1=0

layer_mater macro_name=ingan column_num=2 var_symbol1=x var1=0 &&

25 active_macro=cx-InGaN avar_symbol1=xw avar1=0

layer d=0.003 n=6 r=1.

end_layer

a.2.1 InGaN GaN quantum dot gain file: 3D quantum dot

Script 7: Quantum dot layer file

2 $file:gan.gain

$*********************************************
begin_gain

use_macrofile macro1=my.mac

plot_data plot_device=postscript

7 include file=dot.mater

set_active_reg tau_scat=0.5e-13 qw_print=2 fd_mesh=300

sparse_eigen_solver use_mf=yes

12

self_consistent

band_distance data_point=300 data_file=band-dot.dat

gain_module apply_e_field=0 tilt_imref=no

17 $band_distance

sp.rate_wavel wavel_range=(0.35 0.90) pn_ratio=0.5 &&

conc_range=(1.e22 1.e25) curve_number=8 data_point=300 &&

data_file=spon-dot.dat

gain_wavel wavel_range=(0.35 0.90) pn_ratio=0.5 &&

22 conc_range=(1.e22 1.e25) curve_number=8 data_point=300 &&

data_file=gain-dot.dat

export_gain_data

$

27 end_gain

a.2.2 InGaN GaN quantum dot solution file: 3D quantum dot

Script 8: Quantum dot solution file
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2 begin

load_mesh mesh_inf=dot.msh zseg_num=1

output sol_outf=dot.out zseg_num=1

include file=dot.mater

include file=dot.doping

7

set_active_reg override_barrier

wurtzite_offset_model use_strained_bandgap=yes

partition_hydro_term=yes

12 cylindrical

wave_boundary point_ll=(0. 0.) point_ur=(0.025 0.009)

init_wave init_wavel=0.6

multimode mode_num=20 boundary_type1=(2 1 1 1) boundary_type2=(1

1 1 1)

17 direct_eigen

solve_lateral_wave quantum_wave=yes cond_valley=1 val_valley=1 &&

export_data=dot.qdd

$solve_lateral_wave quantum_wave=yes cond_valley=1 val_valley=2

&&

22 $ export_data=dot2v2.qdd

$solve_lateral_wave quantum_wave=yes cond_valley=1 val_valley=3

&&

$ export_data=dot3v3.qdd

$

end

a.2.3 InGaN GaN quantum dot plotting file: 3D quantum dot

Script 9: Quantum dot plotting file

$file:dot.plt

3 begin_pstprc

plot_data plot_device=postscript

get_data main_input=dot.sol &&

sol_inf=dot.out &&

xy_data=[ 1 1] scan_data=[1 1]

8

plot_1d variable=band from=(0.010 0.) to=(0.010 0.009) data_file=

dotbandi.dat

plot_1d variable=band from=(0.023 0.) to=(0.023 0.009) data_file=

dotbando.dat

$plot_2d variable=wave_intensity_all_modes level=20

13 plot_2d variable=wave_intensity mode_index=1 data_file=state1.dat

level=30

$plot_2d variable=wave_intensity mode_index=2 data_file=state2.

dat level=30
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$plot_2d variable=wave_intensity mode_index=3 data_file=state3.

dat level=30

$plot_2d variable=wave_intensity mode_index=4 data_file=state4.

dat level=30

$plot_2d variable=wave_intensity mode_index=5 data_file=state5.

dat level=30

18 $plot_2d variable=wave_intensity mode_index=6 data_file=state6.

dat level=30

$plot_2d variable=wave_intensity mode_index=7 data_file=state7.

dat level=30

$plot_2d variable=wave_intensity mode_index=8 data_file=state8.

dat level=30

$plot_2d variable=wave_intensity mode_index=9 data_file=state9.

dat level=30

$plot_2d variable=wave_intensity mode_index=10 data_file=state10.

dat level=30

23

extract_contour variable=wave_intensity at_fraction=0.5

end_pstprc

a.3 ingan gan quantum dot led layer file : quantum dot

led

Script 10: InGaN/GaN quantum dot LED layer file

2 $ ----

begin_layer

$

$independent_mqw

column column_num=1 w=100.0 mesh_num=2 r=0.85

7 top_contact column_num=1 from=0.0 to=100.0 contact_num=2

bottom_contact column_num=1 from=0.0 to=100.0 contact_num=1

$

$

layer_mater macro_name=ingan var1=0.0 column_num=1 var_symbol1=x

&&

12 n_doping=1.e25

layer d=0.3 n=10 r=1

$ ----

layer_position label=bot location=bottom

17 layer_position label=before_well location=top

layer_mater macro_name=ingan var1=0.0 column_num=1 var_symbol1=x

layer d=0.003 n=4 r=1

22 include file=ganled.qw

include file=ganled.qw

include file=ganled.qw

include file=ganled.qw

include file=ganled.qw
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27

include file=ganled.qw

include file=ganled.qw

include file=ganled.qw

include file=ganled.qw

32 include file=ganled.qw

$ ----

$

layer_position label=after_well location=top

37 layer_mater macro_name=ingan var1=0.0 column_num=1 var_symbol1=x

&&

p_doping=5.e25

layer d=0.27 n=10 r=1

layer_position label=top location=top

$

42 end_layer

a.3.1 InGaN GaN quantum well/dot layer file: Quantum dot LED

Script 11: InGaN/GaN quantum well/dot layer file

$

2 layer_mater macro_name=ingan var1=0.01 column_num=1 &&

var_symbol1=x &&

active_macro=InGaN/InGaN avar1=0.01 avar2=0.0 &&

avar_symbol1=xw avar_symbol2=xb

7 qdot_layer_mater macro_name=ingan active_macro=cx-InGaN &&

var_symbol1=x avar_symbol1=xw var1=0.300 avar1=0.300 &&

column_num=1 height=0.003

layer d=0.003 n=4 r=1

12 $

layer_mater macro_name=ingan var1=0.0 column_num=1 var_symbol1=x

layer d=0.003 n=4 r=1

a.3.2 InGaN GaN quantum dot LED solution file: Quantum dot LED

Script 12: InGaN/GaN quantum dot LED solution file

$file:ganled.sol

$ *******
begin

5 load_mesh mesh_inf=ganled.msh

output sol_outf=ganled.out

more_output nonlocal_current=yes qw_states=yes &&

hole_conc_subb=10 elec_conc_subb=10

$ *******
10 include file=ganled.doping

include file=ganled.mater
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temperature temp=300

15 set_wavelength wavelength=0.650 backg_loss=1000

led_simple wavelength=0.650 spectrum_num=200 photon_recycle=yes

&&

delta_wavel=0.3

$wurtzite_offset_model use_strained_bandgap=yes

20

$polarization_charge_model screening=0.5 vector=(0 1 0)

modify_qw tail_energy=0.03 $kp_bands=4 kp_pot_sym=no

25 modify_wurtzite mass_model=average

$self_consistent $wave_range=0.005

set_active_reg tau_scat=0.5e-13 $axial_approx=yes valence_mixing

=yes &&

$bandgap_renorm=yes

30

qdot_material surface_density=1e14 mater_active=2 coupled_dots=1

&&

tau_broaden=0.60e-14 import_dir=dot import_qdot_data=dot.qdd &&

tau_broaden2=0.60e-14 import_dir2=dot1 import_qdot_data2=dot.

qdd &&

tau_broaden3=0.60e-14 import_dir3=dot2 import_qdot_data3=dot.

qdd &&

35 tau_broaden4=0.60e-14 import_dir4=dot3 import_qdot_data4=dot.

qdd &&

weight=100 weight2=100 weight3=100 weight4=100

$

$--------------------NON-LOCAL TRANSPORT-------------------$

40 q_transport

$

$ MAIN SOLVER

$

45 newton_par damping_step=5. max_iter=100 print_flag=3 var_tol=1.e

-5

equilibrium

newton_par damping_step=5. print_flag=2 var_tol=1 res_tol=2 &&

max_iter=200 opt_iter=150 stop_iter=180 extrapolate=yes &&

50 change_variable=yes

$--------------------TURN ON LED-------------------$

scan var=voltage_1 value_to=-2.4 print_step=0.5 &&

init_step=0.1 min_step=1.e-10 max_step=2.5 $&&

55 $var2=time value2_to=1.0

newton_par damping_step=5. print_flag=2 var_tol=1 res_tol=2 &&

max_iter=150 opt_iter=50 stop_iter=120 extrapolate=yes &&

change_variable=no

60
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scan var=current_1 value_to=44. print_step=4 &&

init_step=0.1 min_step=1.e-5 max_step=5.

65 $--------------------RAY TRACE------------------$

$export_raytrace ray3d_convert=yes

end

a.3.3 InGaN GaN quantum dot LED plotting file: Quantum dot LED

Script 13: InGaN/GaN quantum dot LED plotting files

$file:ganled.plt

$ **************
begin_pstprc

5 plot_data plot_device=postscript

get_data main_input=ganled.sol sol_inf=ganled.out &&

xy_data=(1 1)

10 plot_1d variable=band y_from_label=before_well y_to_label=

after_well &&

data_file=band-wells-eq.dat

plot_1d variable=band y_from_label=bot y_to_label=top &&

data_file=band-all-eq.dat

15 plot_1d variable=potential y_from_label=bot y_to_label=top &&

data_file=potential-eq.dat

plot_1d variable=subb_elec_conc y_from_label=bot y_to_label=top

&&

data_file=subb-elec-conc-eq.dat

plot_1d variable=subb_hole_conc y_from_label=bot y_to_label=top

&&

20 data_file=subb-hole-conq-eq.dat

plot_1d variable=tunnel_enhancement y_from_label=bot y_to_label=

top &&

data_file=tunnel-enhacement-eq.dat

$plot_1d variable=qdot_electron y_from_label=bot y_to_label=top

&&

$data_file=qdot-electron-eq.dat

25 $plot_1d variable=qdot_hole y_from_label=bot y_to_label=top &&

$data_file=qdot-hole-eq.dat

plot_1d variable=all_conc y_from_label=bot y_to_label=top &&

data_file=carrier-conc-eq.dat

plot_1d variable=field_y y_from_label=bot y_to_label=top &&

30 data_file=field-eq.dat

get_data main_input=ganled.sol sol_inf=ganled.out &&

scan_data=(1 6)

35 $ convert to A

plot_scan scan_var=voltage_1 variable=current_1 &&
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data_file=with_q_transp.dat &&

scale_vertical=0.0003 &&

user_ylabel=Current<A> scale_horizontal=-1

40

plot_scan scan_var=current_1 variable=led_effi &&

data_file=eff_with_q_transp.dat &&

scale_horizontal=0.0003 &&

user_xlabel=Current<A>

45

get_data main_input=ganled.sol sol_inf=ganled.out &&

xy_data=(6 6)

plot_1d variable=band y_from_label=before_well y_to_label=

after_well &&

50 data_file=band4-wells.dat

plot_1d variable=band y_from_label=bot y_to_label=top &&

data_file=band4-all.dat

55 plot_1d variable=elec_curr_y y_from_label=bot y_to_label=top &&

data_file=electron-current.dat

plot_1d variable=elec_curr_mag y_from_label=bot y_to_label=top

&&

data_file=electron-current-mag.dat

plot_1d variable=hole_curr_y y_from_label=bot y_to_label=top &&

60 data_file=hole-current.dat

plot_1d variable=hole_curr_mag y_from_label=bot y_to_label=top

&&

data_file=hole-current-mag.dat

plot_1d variable=field_y y_from_label=bot y_to_label=top &&

data_file=field.dat

65 plot_1d variable=potential y_from_label=bot y_to_label=top &&

data_file=potential.dat

plot_1d variable=subb_elec_conc y_from_label=bot y_to_label=top

&&

data_file=subb-elec-conc.dat

plot_1d variable=subb_hole_conc y_from_label=bot y_to_label=top

&&

70 data_file=subb-hole-conq.dat

plot_1d variable=tunnel_enhancement y_from_label=bot y_to_label=

top &&

data_file=tunnel-enhacement.dat

$plot_1d variable=qdot_electron y_from_label=bot y_to_label=top

&&

$data_file=qdot-electron.dat

75 $plot_1d variable=qdot_hole y_from_label=bot y_to_label=top &&

$data_file=qdot-hole.dat

plot_1d variable=all_conc y_from_label=bot y_to_label=top &&

data_file=carrier-conc.dat

$-

80

plot_3d variable=potential grid_sizes=100 100 &&

point_ll=(0. 0.) point_ur=(99. 0.422) &&

xrange=(0 99) yrange=(0. 0.422)

85 plot_2d variable=total_curr grid_sizes=100 100 &&
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point_ll=(0. 0.27) point_ur=(99. 0.35) &&

xrange=(0 99) yrange=(0.27 0.35)

plot_2d variable=hole_curr grid_sizes=100 100 &&

point_ll=(0. 0.) point_ur=(99. 0.422) &&

90 xrange=(0 99) yrange=(0. 0.422)

plot_2d variable=elec_curr grid_sizes=100 100 &&

point_ll=(0. 0.) point_ur=(99. 0.422) &&

xrange=(0 99) yrange=(0. 0.422)

95 get_data main_input=ganled.sol sol_inf=ganled.out &&

xy_data=(4 17)

led_spectrum scale=1 data_file=Simulated_EL.dat scale_wavelength

=1000

end_pstprc

a.4 ingan gan quantum well layer file : coupled well

Script 14: InGaN/GaN quantum well layer file: Coupled wells

1

$ ----

begin_layer

$

$independent_mqw

6 column column_num=1 w=10.0 mesh_num=2 r=1.

top_contact column_num=1 from=0.0 to=10.0 contact_num=2

bottom_contact column_num=1 from=0.0 to=10.0 contact_num=1

$

layer_mater macro_name=ingan column_num=1 var_symbol1=x var1=0 &&

11 n_doping=1.e+25

layer d=0.27 n=20 r=0.8

layer_position label=bot location=bottom

layer_position label=before_well location=top

$ ---- QUANTUM WELLS-----$

16 $

include file=solar.bar

include file=solar40.qw

include file=solar.bar

include file=solar40.qw

21 include file=solar.bar

include file=solar40.qw

include file=solar.bar

include file=solar40.qw

include file=solar.bar

26 include file=solar40.qw

include file=solar.bar

include file=solar40.qw

include file=solar.bar

include file=solar40.qw

31 include file=solar.bar

include file=solar40.qw

include file=solar.bar

include file=solar40.qw

include file=solar.bar
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36 include file=solar40.qw

include file=solar.bar

$

layer_position label=after_well location=top

layer_mater macro_name=ingan column_num=1 var_symbol1=x var1=0 &&

41 p_doping=5.e+24

layer d=0.2 n=30 r=-1.4

layer_position label=top location=top

$

end_layer

a.4.1 InGaN GaN quantum well solution file: Coupled well

Script 15: InGaN/GaN quantum well solution file: Coupled wells

$file:solar.sol

$ *******
4 begin

load_mesh mesh_inf=solar.msh

output sol_outf=solar.out

more_output light_reflection = yes qw_states=no $elec_mobility =

yes &&

$ hole_mobility = yes space_charge=yes

9 $ *******
include file=solar.doping

include file=solar.mater

$-------------------------------------------------$

$ Lifetimes

14 $-------------------------------------------------$

$lifetime_n value=1e-13 mater=1

$lifetime_n value=1e-13 mater=2

$lifetime_p value=1e-13 mater=1

$lifetime_p value=1e-13 mater=2

19 $temperature temp=300

$-------------------------------------------------$

$ Doping

$-------------------------------------------------$

$dopant_ionization_model mater = 1 mott_trans_correction = no

24 set_active_reg tau_scat=0.5e-13 $valence_mixing=no axial_approx=

yes fd_mesh=60

$modify_wurtzite

$self_consistent wave_range=0.005 impose_limit=yes

$modify_qw more_val_energy=1.3 more_cond_energy=1.3 &&

$kp_bands=4 kp88_cond_parab=yes kp_pot_sym=no use_bulkmass=no

tail_energy=0.03

29 $import_gain_data

$bandgap_optical_gen allowed=yes bandgap_gen_iqe=1

$q_transport sequential_model=no n_side_down=yes

optic_pumped_escape=no &&

$optic_pumped_fly=no q_trap_tau=1.e-11

$set_elec_mean_fp=0.01 set_hole_mean_fp=0.01

34 $effective_miniband_model mater1=1 mater2=3 yrange=(0.503 0.506)

$-------------------------------------------------$
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$ Reflection

$-------------------------------------------------$

front_reflection power_transmission=1.00

39 $light_power spectrum_file=solarvisiblelr.am15g light_dir=top

$light_power incident_power=1.e4 wavelength=1.35

$

back_reflection power_transmission=0.90

$-------------------------------------------------$

44 $ Tunneling

$-------------------------------------------------$

$tunneling point_ll=(0., 0.276) point_ur=(10 0.279) &&

$ barrier_type=rectangle trans_broad =no &&

$ broad_width=.2

49 $

$ start solving

$

newton_par damping_step=5. max_iter=100 print_flag=3

equilibrium

54 $-------------------------------------------------$

$ Light scan

$-------------------------------------------------$

newton_par damping_step=5. print_flag=2 res_tol=5.e-1 var_tol=5.e

-1 &&

max_iter=60 opt_iter=10 stop_iter=40 &&

59 turnoff_update_lightprof=yes extrapolate= yes &&

change_variable=no recover_prev_mqw=no update_mqw=yes

scan var=light value_to=1 print_step=2000. &&

init_step=1e-3 min_step=1.e-9 max_step=100 $&&

$var2=time value2_to=100

64 $

$-------------------------------------------------$

$ EQE scan

$-------------------------------------------------$

newton_par damping_step=5 rate_damp=1e-4 var_tol=1.e-1 res_tol=1.

e-1 &&

69 max_iter=100 opt_iter=20 stop_iter=50 print_flag=2 &&

change_variable=yes recover_prev_mqw=no extrapolate= no &&

turnoff_update_lightprof=no mf_solver=3

scan var=wavelength_scan value_to=0.7 &&

init_step=0.001 min_step=1e-9 max_step=0.002

74 index_spectrum spectrum_file=index_GaAs.dat mater=1

index_spectrum spectrum_file=index_GaAs.dat mater=2

light_power wavelength=0.25 incident_power=1

$-------------------------------------------------$

$ Voltage scan

79 $-------------------------------------------------$

$scan var=voltage_2 value_to=2.8 print_step=4. &&

$ init_step=0.001 min_step=1.e-5 max_step=0.02

$scan var=voltage_2 value_to=0. print_step=4. &&

$ init_step=0.1 min_step=1.e-5 max_step=0.5

84 end

a.4.2 InGaN GaN quantum well plotting file: Coupled well
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$file:solar.plt

begin_pstprc

4 plot_data plot_device=postscript

$$-----EQUILIBRIUM -------$$

get_data main_input=solar.sol &&

sol_inf=solar.out &&

xy_data=[ 1 1] $scan_data=[1 1]

9 plot_multilayer_optics variable = transmission wavelength_range =

[0.3,0.8] &&

data_file =trans.dat1

plot_multilayer_optics variable = reflection wavelength_range =

[0.3,0.8] &&

data_file =reflec.dat1

plot_multilayer_optics variable = absorption wavelength_range =

[0.3,0.8] &&

14 data_file=absorp.dat1

plot_1d variable=band &&

y_from_label=bot &&

y_to_label=top data_file=band-in40-qw2.dat1

plot_1d variable=optical_gen &&

19 y_from_label=bot &&

y_to_label=top data_file=optgen-in40-qw2.dat1

plot_1d variable=band &&

y_from_label=before_well &&

y_to_label=after_well

24 $$-----AFTER LIGHT IS ON -------$$

get_data main_input=solar.sol &&

sol_inf=solar.out &&

xy_data=[ 2 2] $scan_data=[2 2]

plot_1d variable=band &&

29 y_from_label=bot &&

y_to_label=top data_file=band-in40-qw2-light.dat1

plot_1d variable=optical_gen &&

y_from_label=bot &&

y_to_label=top data_file=optgen-in40-qw2-light.dat1

34 plot_1d variable=band &&

from=[5 0.24] to =[0 0.3] &&

data_file=band-in40-qw2-light-path.dat1 $cond_subband=1

val_subband=1

plot_1d variable=recomb_srh &&

y_from_label=before_well &&

39 y_to_label=after_well data_file=srh.dat1

plot_1d variable=recomb_rad &&

y_from_label=before_well &&

y_to_label=after_well data_file=rad.dat1

plot_1d variable=recomb_aug &&

44 y_from_label=before_well &&

y_to_label=after_well data_file=auger.dat1

plot_1d variable=all_conc &&

y_from_label=before_well &&

y_to_label=after_well data_file=conc.dat1

49 plot_1d variable=field_mag &&

y_from_label=before_well &&

y_to_label=after_well data_file=field.dat1

plot_1d variable=total_curr_mag &&

y_from_label=before_well &&
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54 y_to_label=after_well data_file=current.dat1

plot_1d variable=tunnel_enhancement &&

y_from_label=before_well &&

y_to_label=after_well data_file=tunneling.dat1

$$ -------------------------------------$$

59 $$ Plot Voltage

$$--------------------------------------$$

$get_data main_input=solar.sol &&

$ sol_inf=solar.out &&

$scan_data=[4 4]

64 $

$plot_scan scan_var=voltage_2 xrange=(0 3) user_ylabel=Current_A/

m &&

$ variable=current_2 yrange=(0 0.0002) data_file=IV.dat1

$

$plot_scan scan_var=voltage_2 xrange=(0 3) user_ylabel=Current_A/

m2 &&

69 $scale_vertical=100000 &&

$ variable=current_2 yrange=(0 20) data_file=IV-Am2.dat1

$

$plot_scan scan_var=voltage_2 xrange=(0 3) user_ylabel=

Current_mA/cm2 &&

$scale_vertical=10000 variable=current_2 yrange=(0 2) data_file=

IV-mAcm2.dat1

74 $$ -------------------------------------$$

$$ Plot EQE

$$--------------------------------------$$

get_data main_input=solar.sol sol_inf=solar.out &&

scan_data=(3 3)

79 plot_scan xrange=(0.325 0.7) scan_var=wavelength_scan &&

variable=pd_efficiency user_ylabel=EQE data_file=EQE-in40-qw2.

dat1

end_pstprc

a.5 adding ingan gan quantum well polarization

To enable the polarization charge effects and control the screening,
the following script is added to the InGaN/GaN quantum well LED
code

Script 16: Adding InGaN/GaN quantum well polarization

polarization_charge_model screening=0 vector=(0 -1 0)

3 self_consistent wave_range=0.01

The self-consistent model is required to account for the highly tilted
quantum wells potentials.
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