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Abstract
Down-conversion (DC) and down-shifting (DS) layers are optical layers mounted on the
top surface of a solar cell that can potentially increase the solar cell efficiency. The effect
of DC and DS layers to enhance the performance of single-junction solar cells has been
studied by means of simulation and experimental work. In this thesis a model is
developed to study the effects of DC and DS layers by modifying the incident spectrum.
The effect of the layers on ideal cells as well as commercial grade silicon and CIGS solar
cells that are modeled in a device simulator is examined.
Silicon nanocrystals (Si-nC) embedded in a silicon dioxide matrix to act as a DS layer
were fabricated and characterized at McMaster University as part of this project. The
measured optical properties as well as the photoluminescence measurements are used
as input parameters to the optical model. The enhancement due to the Si-nC when
coupled to silicon and CIGS solar cells is explored. Beside the DC and DS effects, there is
also disturbance to the surface reflections due to the addition of a new layer to the top
surface and is referred to as antireflection coating (ARC) effect. For the simulated silicon
solar cell under the standard AM1.5G spectrum (1000W/m2), a maximum increase in Jsc
of 8.4% is achieved for a perfect DS layer as compared to a reference cell, where 7.2% is
due to ARC effect and only 1.2% is due to DS effect. On the other hand, there is an
increase in Jsc of 19.5% for the CIGS solar cell when coupled to a perfect DS layer. The
DS effect is dominant with 18%, while the ARC effect contributes only 1.5% to the total
Jsc enhancement.
Accurately characterizing DS layers coupled to solar cell requires knowledge of optical
properties of the complete structure. Internal quantum efficiency is an important tool
for characterizing DS systems, nevertheless, it is rarely reported. In addition, the ARC
effect is not experimentally decoupled from the DS effect.

In this work, a

straightforward method for calculating the active layer contribution that minimizes
error by subtracting optically-modeled electrode absorption from experimentally
measured total absorption.
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Chapter 1: Introduction

Chapter 1: Introduction
It is becoming more evident that greenhouse gas emissions have to be reduced in order
to avoid dangerous repercussions from climate change. The threat has made our world
more vulnerable and the Group of eight (G8) nations have agreed to reduce greenhouse
gas emissions to mid-century by keeping atmospheric carbon dioxide (CO2)
concentrations in the “safe zone” – below 450 ppm [1]. Despite this restriction, global
emissions of CO2 from fossil fuel combustion and industrial processes, including but not
limited to cement production, have reached a new massive high of 35.3 billion tonnes
CO2 in 2013, as shown in Figure 1.1. This is a 2.0% increase from 2012, which is a
continuing trend over the past decade [2]. Now more than ever, there is pressure to use
alternative sources of clean energy, more specifically renewable energy.

Figure 1.1. CO2 emission totals of fossil fuel use and industrial processes per region/country for the time
1970-2013 [2].

Solar energy, a source of renewable energy, is the third source of renewable energy in
terms of global power generation, after hydropower and wind energy. The cumulative
global photovoltaic (PV) capacity installed as of the end of 2015 is 242 GW, up from 177
GW in 2014 [3]. While Europe represented a major part of all global installations, Asia’s
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share grew rapidly in 2012 and this growth was confirmed in recent years. Figure 1.2
shows the relative share of cumulated PV installations in four regional market segments.

Figure 1.2. PV installation (MWpDC) from 2008 to 2015 by region, figure reproduced from [3].

Motivation
Silicon based solar cells and modules have dominated the market for a long time with
more than 80% market share. Crystalline silicon (c-Si) is approaching its theoretical
limit of 31% [4] with record efficiency of 25.6% for solar cells and 23.8% for modules
[5]. Emerging thin film technologies such as copper indium gallium selenide (CIGS) and
cadmium telluride (CdTe) are showing an increase in market share after remarkable
increases in their respective efficiencies. Record thin film efficiencies are now 21.0% for
solar cells and more than 15% for modules. Table 1.1 lists the record efficiencies of some
of the common single-junction solar cells such as c-Si, multicrysalline silicon (mc-Si),
gallium arsenide (GaAs), CIGS, and CdTe [5].
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Table 1.1. Performance parameters for common single-junction solar cell materials measured under the
global air mass (AM) 1.5 spectrum (1000 W/m2 ) at 25 °C [5].

Cell type

Area (cm2)

Voc (V)

Jsc (mA/cm2)

FF (%)

η(%)

c-Si
mc-Si
GaAs
CIGS
CdTe

143.7
242.74
0.9927
0.9927
1.0623

0.74
0.6678
1.122
0.757
0.8759

41.8
39.80
29.68
35.70
30.25

82.7
80.0
86.5
77.6
79.4

25.6
21.3
28.8
21.0
21.0

Single-junction semiconductor solar cells efficiently absorb photons with energy close to
the semiconductor bandgap. Photons with energy smaller than the bandgap, also called
sub-bandgap photons, are not absorbed by the solar cell and thus their energy is lost,
which is known as transparency loss. Photons with energy larger than the bandgap are
absorbed, but the excess energy is lost as heat due to nonradiative relaxation of the
excited electrons towards the edge of the conduction band, which is known as
thermalization loss. Transparency and thermalization losses are the two main loss
mechanisms in single-junction solar cells and together they account for almost 50% of
the incident power of the solar spectrum, as shown in Figure 1.3.
There have been many advances in photovoltaic technology that have led to the
beginning of a so-called third generation. First generation technology was based on
conventional silicon wafers. With the advances in thin film technology, the photovoltaic
industry was ready to switch to a second generation based on thin-film solar-cell
technology. It is interesting to note that the efficiency of second generation cells is lower
than that of first generation cells, but the cost-effectiveness of second generation cells
outweighs this drawback. To progress further, the photovoltaic industry was looking
forward for a third generation technology. Third generation technology aims to achieve
higher conversion efficiency than the theoretical limit of single-junction solar cells by
minimizing transparency and thermalization losses, while maintaining cost-effective
production. Different approaches have been proposed to utilize the broadband solar
spectrum, such as multi-junction solar cells [6], intermediate band solar cells [7],
multiple carrier excitation [8], hot carrier solar cells [9], and optical up- and downconversion [10], [11]. While most approaches aim to modify the design of the solar cell
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to absorb the broadband solar spectrum, up- and down-conversion processes modifies
the solar spectrum to be better absorbed by a single-junction solar cell. Up- and downconversion processes aim to increase the solar cell efficiency beyond the theoretical limit
without changing the design of the cells. As in other approaches, up- and downconversion processes aim to mitigate surface recombination, thermalization and subbandgap losses.

Figure 1.3. Theoretical losses and limiting efﬁciencies for single-junction bandgap devices. Both
thermalization and sub-bandgap losses account for more than 50% incident intensity losses. Reproduced
with permission from [12].

Down-conversion (DC) layers absorb high energy photons and convert them to two or
more lower-energy photons that can be absorbed efficiently by the solar cell. Therefore
DC layers located on the top surface of solar cells can be used to reduce surface
recombination and thermalization losses. Unlike other third generation methods, there
is no change in the solar cell design since the DC layers are only optically coupled to the
front surface of a solar cell, as shown in Figure 1.4. Down-conversion was first
introduced by Dexter in the 1950s followed by Hovel et al in the late 1970s to overcome
the poor ultra-violet (UV) response of single-junction solar cells with bandgaps
optimized for maximum efficiency, where UV is portion of spectrum from 100 nm to
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400 nm [13], [14]. Despite the increase in solar cell efficiency since the 1970s,
commercial solar cells with poor front passivation can suffer from poor UV response due
to high surface recombination.

Figure 1.4. Schematic of a down-conversion layer located on front surface of a single-junction solar cell.

On the other hand, up-conversion (UC) is the conversion of two or more low-energy
photons to one high-energy photon. UC layers located on the rear surface of a bifacial
solar cell utilize sub-bandgap photons that are otherwise transmitted through the solar
cell. A schematic of an UC layer located at the bottom of a bifacial solar cell with a back
reflector is shown in Figure 1.5. Unlike down-conversion, up-conversion layers do not
disturb the incident photons. The up-converted photons that are absorbed by the solar
cell simply contribute to electron-hole generation and as a result increase the shortcircuit current beyond that of a solar cell with no u-conversion layer. In addition, with a
reflector placed behind the UC layer almost all up-converted photons are directed
towards the solar cell for absorption. Detailed balance calculations show that the
efficiency of silicon solar cells can increase from 30% to 40.2% when coupled to an UC
layer [10]. However, UC involves the absorption of two or more photons sequentially,
thus the intensity of converted photons scales quadratically with incident light intensity.
Another challenge is to find efficient materials with wide absorption profiles in the longwavelength range (1100 nm – 2500 nm) yet have rich electronic energy levels that can
up-convert the absorbed photons to visible or near infra-red photons with a sufficient
efficiency. Trivalent erbium, Er3+, is ideally suited for the UC of near-infrared light due
to its ladder of nearly equally spaced energy levels that are multiples of the 4I15/2 to 4I13/2
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transition. The Er3+ ion is well suited for silicon solar cells as the absorption spectrum is
centered at 1520 nm whereas it emits at 980 nm, 880 nm and 650 nm. Another
common choice for UC are coupled Er3+/Yb3+ ions, which are suitable for higher
bandgap devices such as CdTe (1.5 eV) or amorphous silicon (1.7 eV) solar cells since the
absorption profile of Yb3+ is centered at 980 nm. The hexagonal sodium yttrium fluoride
(β-NaYF4) is the prominent host material used in UC applications [15]–[17].
Experimental results show an increase in the short-circuit current density of a bifacial
silicon solar cell of 13.1mA/cm2 under concentration of 210 suns due to the presence of
such a UC layer, which corresponds to 0.19% relative increase in solar cell efficiency
[15].

Figure 1.5. Schematic of up-conversion layer located on the rear surface of a bifacial solar cell with a back
reflector.

For the standard AM1.5G spectrum, 27% of photons are in the 280 - 550 nm range and
available for down-conversion, whereas 19% of the photons are in the range 1100 –
2500 nm (sub-bandgap photons for silicon) and therefore available for up-conversion,
as shown in Figure 1.6.
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Figure 1.6. The standard AM1.5G spectrum showing the absorbed part that is used by the silicon solar cell
and other parts that can contribute to up- and down- conversion processes.

Thesis Objective
The objective of this thesis is to model and characterize the enhancement in system
conversion efficiency of single-junction solar cells when down-conversion and downshifting layers are located on the top surface. The work in this thesis can be divided into
two main parts, modelling and characterization. The modelling is the main part of the
thesis where the focus is on simulating and modelling the effect of DC layers. Downconversion and down-shifting effects are modeled by modifying the incident spectrum
with respect to their absorption profiles, photoluminescence spectra, thickness of the
layers, and photoluminescence quantum yield (PLQY). The incident spectrum is
modified based on optical calculations using the transfer matrix method and is
simulated in MATLAB. Although the DC model developed here is a general model, in
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this thesis the model is calibrated based on measured parameters of silicon
nanocrystals. The effect of coupling down-conversion and down-shifting layers to solar
cells is investigated by developing models of monocrystalline silicon and CIGS solar cells
in the numerical device simulator TCAD Sentaurus by Synopsys (G-2012.06, Mountain
View, California). The input parameters are based on values reported in the literature.
The second part of the thesis focuses on the characterization of silicon solar cells with
and without silicon nanocrystals embedded in a silicon dioxide matrix. Silicon solar cells
fabricated at Carleton University are characterized by measuring the current densityvoltage curve (J-V) and the quantum efficiency of the cells. The internal and external
quantum efficiencies of a system of the silicon nanocrystals mounted on top of the
silicon solar cells is determined. Expressions are derived to decouple the DS effect from
the enhancement due to surface reflections.

Thesis outline
This section summarizes the content of each chapter of this thesis. There are a total of
seven chapters including this introductory chapter. An overview of fundamental
concepts of solar cells and semiconductor equations is presented in Chapter 2.
Moreover, an overview of how solar cells are characterized by means of I-V curves and
quantum efficiency are explained. Finally, efficiency limits of single-junction solar cells
are derived and presented.
A detailed literature review on down-conversion and down-shifting processes is
presented in Chapter 3. First an overview of the efforts of modeling down-conversion
process from detailed balance to more practical studies is discussed. Then experimental
work using different materials such as rare earth ions, quantum dots and organic dyes to
achieve down-conversion and down-shifting effects is summarized with most recent
results. Finally, as silicon nanocrystals are the material used for DS process in this
thesis, the principle theory of silicon nanocrystals is discussed.
Modelling of single-junction solar cells such as silicon and CIGS is discussed in detail in
Chapter 4. A brief introduction to the semiconductor device simulation software
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package TCAD Sentaurus by Synopsys is given, while also illustrating how the basic
theory introduced in Chapter 2 is incorporated in the software. The material parameters
used in each model are summarized and simulation results such as J-V curves and
quantum efficiency are presented. The effect of changing some parameters such as
surface recombination velocity or minority carrier lifetime on the solar cell performance
is discussed. The developed solar cell models will be used in the DC model discussed in
chapter 5.
In Chapter 5, the model of down-conversion and down-shifting layers is discussed.
Improvement to the basic model is presented by incorporating a model to calculate
transmission, reflection and absorption of photons emitted from a medium stacked
within a number of thin-film layers. The enhancement in solar cell conversion efficiency
is explored when ideal down-conversion and down-shifting layers are located on the top
surface. Then the effect of coupling a practical material for down-shifting layer such as
silicon nanocrystals is examined where measured parameters are input to the model.
Chapter 6 focuses on the experimental work where the solar cells and down conversion
layers are characterized. The silicon solar cells fabricated at Carleton University are
characterized by measuring the quantum efficiency and plotting the I-V curves. The
quantum efficiency of the silicon nanocrystals coupled to the silicon solar cells are
measured and analyzed. Expressions are derived to decouple the ARC and DS effects
using experimental results and optical modelling.
Finally, the thesis conclusion is discussed in Chapter 7.
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Chapter 2: Physics of Solar Cells
A brief overview of the physics of semiconductors is presented throughout this chapter.
It should be noted that in this chapter, an overview of the solar cells fundamentals are
also discussed, and for more details the reader is referred to [18]–[20]. Light absorption
as well as the main recombination losses in solar cells with their impacts on the
conversion efficiency of sunlight are illustrated. Finally, the figures of merits of solar
cells are presented and the limiting efficiency of the technology is discussed.

Light Absorption in Semiconductors
Light absorption is essential for the operation of solar cells where an election-hole pair
is generated. If a beam of light characterized by a given intensity and wavelength is
incident on an absorbing material, a portion of the incident power is reflected by the
surface while the remainder is transmitted into the absorber material. The transmitted
light into the absorber material is attenuated exponentially as it penetrates into the
material. The entity of the attenuation of the light propagating through an absorbing
material depends on the wavelength λ of the photons and on the material absorption
characteristics. According to the Beer-Lambert law, the light intensity in an absorber
material after a distance x is given by:
𝐼(𝑥) = 𝐼0 (0)𝑒 −𝛼(𝜆)𝑥

(2. 1)

where I0 is the intensity of light at the interface where x = 0, 𝜆 is the wavelength in
meters and 𝛼 is the absorption coefficient in units of inverse meters. The absorption
coefficient is a property of a material and is related to the imaginary part of the complex
refractive index, k, according to:
𝛼(𝜆) =

4𝜋𝑘
𝜆

(2. 2)

Photogeneration is the excitation of an electron from the valence band (VB) to the
conduction band (CB) after the absorption of a photon. Since the process depends on
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the electron density in the valence band as well as the density of available states in the
conduction band, the absorption coefficient of a material is dependent on the band
structure. Semiconductors can be categorized according to their bandgap structure to
direct and indirect bandgap materials. In direct bandgap materials, like GaAs, the CB
minimum and the VB maximum occur at the same wave vector value. Therefore a
photon with energy equal to the bandgap of the material is sufficient to excite an
electron from CB to VB. In indirect bandgap semiconductors, like silicon, the CB
minimum and VB maximum have different wave vector values, then a photon on its own
cannot excite an electron to the CB as a change in momentum is required and photons
have very little momentum. A phonon, lattice vibration, is required to give up its
momentum to the electron so that both energy and momentum are conserved. Thus the
absorption of indirect bandgap materials tends to be weaker than direct bandgap
materials.
In direct bandgap materials, the absorption of a photon with energy Eph = hc/λ, where h
is Plank constant, c is the speed of light and λ is the photon wavelength, excites an
electron from initial state in the valence band to a final state in the conduction band.
The higher the photon energy, the more the initial and final energies are away from the
band edge. Since the probability of absorption depends on the density of electrons at the
initial state and the density of empty states in the final state, and both increase with
energy away from the band edge, the absorption coefficient increases rapidly with
higher photon energies. An approximated theoretical model for the absorption relates
the absorption coefficient for direct band-gap material to the photon energy according
to [19]:
𝛼 ∝ √𝐸𝑝ℎ − 𝐸𝑔

(2. 3)

where Eg is the energy bandgap of the semiconductor.
In indirect bandgap semiconductors, the probability of light absorption in these
semiconductors is significantly lower than that of direct bandgap materials due to
momentum conservation. The theoretical value of the absorption coefficient for indirect
bandgap materials can be approximated as
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𝛼 = 𝛼𝑎 + 𝛼𝑒

(2. 4)

where 𝛼𝑎 and 𝛼𝑒 are the absorption coefficients contributions for a transition involving
phonon absorption and emission, respectively, and are given by:
𝛼𝑎 ∝

(𝐸𝑝ℎ − 𝐸𝑔 + 𝐸𝑝 )
𝐸𝑝
𝑘
𝑒 𝐵𝑇

2

(2. 5)

−1

and
𝛼𝑒 ∝

(𝐸𝑝ℎ − 𝐸𝑔 − 𝐸𝑝 )
1−

2

−𝐸𝑝
𝑒 𝑘𝐵 𝑇

(2. 6)

where Ep is the phonon energy, kB is Boltzmann constant and T is the temperature in
Kelvin.
Other absorption processes are possible, like that occurring when the photon energy is
sufficiently large to allow a direct excitation across the forbidden bandgap of an indirect
bandgap semiconductor or the two-step absorption in direct bandgap semiconductors,
which involves the emission or the absorption of phonons.
Figure 2.1 shows the absorption coefficients for Si, GaAs, germanium (Ge), CIGS, and
CdTe which are common semiconductors for photovoltaics [21]–[24]. As can be seen
direct semiconductors such as GaAs and CIGS have a sharper edge than indirect
semiconductors such as Si. Absorption coefficients are important characteristics of
semiconductors when designing solar cells as we can determine the required thickness
of each material in order to absorb > 99% of the incident sunlight.
In order to simulate an optoelectronic device such as a solar cell, the calculation of the
optical generation rate, GOPT, is required. The optical generation rate account for the
number of photogenerated electron-hole pairs per unit volume per unit time inside the
absorber material. When calculating the optical generation rate, reflection at the
material surface must be considered as well as the transmittance. The optical generation
rate at position x can be expressed in terms
𝑔(𝜆, 𝑥) = (1 − 𝑅(𝜆))𝛼(𝜆)𝑏(𝜆) ∙ 𝑒 −𝛼(𝜆,𝑥)∙𝑥
Ahmed Gabr – PhD Thesis
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where R is the reflectance and b is the incident photon flux. The total generation rate is
computed by integrating over all photon wavelengths.
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Figure 2.1. Absorption coefficients for some common semiconductor materials used for photovoltaics.

Semiconductor Model Equations
2.2.1.Drift-diffusion
Electrons and holes in semiconductors move from regions of high concentration to
regions of low concentration, thus introducing a diffusion current. The flux of particles
movement is in the negative direction of the concentration gradient. Thus the diffusion
current densities for electrons and holes are given by Fick’s law as:
𝑑𝑖𝑓𝑓
𝐽⃗𝑛
= 𝑞𝐷𝑛

Ahmed Gabr – PhD Thesis

dn
𝑑𝑥

and

𝑑𝑖𝑓𝑓
𝐽⃗𝑝
= −𝑞𝐷𝑝

dp
𝑑𝑥

(2. 8)
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where Dn and Dp are the diffusion constants for electrons and holes, respectively, and n
and p are the electrons and hole densities, respectively. In the presence of an electric
field, E, electrons in the crystal structure will move in an opposite direction to the
applied electric field, thereby introducing a drift current. In low electric fields (<10 4
V/cm), the drift velocity of carriers, vd, is proportional to the applied electric field
through the carrier mobility, µ. The drift current density for electrons and holes in the
CB and VB, respectively, can be written as
𝑑𝑟𝑖𝑓𝑡
𝐽⃗𝑛
= 𝑞𝑛𝜇𝑛 E

and

𝑑𝑟𝑖𝑓𝑡
𝐽⃗𝑝
= 𝑞𝑝𝜇𝑝 E

(2. 9)

where 𝜇𝑛 and 𝜇𝑝 are the electron and holes mobilities, respectively, E is the applied
electric field. In sufficiently high electric fields, a saturation drift velocity is achieved,
but such high electric fields are not typical in single junction solar cells. In
nondegenerate materials, the Einstein relation links the diffusion coefficients to the
carrier mobilities as:
𝐷=𝜇

𝑘𝐵 𝑇
𝑞

(2. 10)

The total hole and electron current densities are the sum of their drift and diffusion
components; equations (2.9) and (2.10) become:
𝐽⃗𝑛 = 𝑞𝐷𝑛 ∇n + q𝑛𝜇𝑛 E

and

𝐽⃗𝑝 = −q𝐷𝑝 ∇p + q𝑝𝜇𝑝 E

(2. 11)

The total current is then
𝐽⃑ = 𝐽⃗𝑛 + 𝐽⃗𝑝 + 𝐽⃗𝐷

(2.12)

where 𝐽⃗𝐷 is the displacement current given by
𝐽⃗𝐷 = 𝜀

𝜕𝐸⃗⃗
𝜕𝑡

(2. 13)

and 𝜀 is the electric permittivity of the semiconductor. The displacement current can be
neglected in solar cells since they are static devices.
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2.2.2.Poisson’s Equation
Poisson’s equation relates the divergence of the electric field, E, to the free charge
density, 𝜌, as:
∇ ∙ (𝜀E) = 𝜌

(2. 14)

The free charge density is the sum of electron and hole concentrations as well as the
donor and acceptor impurity concentrations, hence:
𝜌 = 𝑞(𝑝 − 𝑛 + 𝑁𝐷 − 𝑁𝐴 )

(2. 15)

where ND and NA are donor and acceptor concentrations (assumed 100% ionized),
respectively. Combining equations (2.14) and (2.15), and expressing the electric field, E,
in terms of the gradient of electrostatic potential field as 𝐸 = −∇φ, we arrive at the
definition of Poisson’s equation:
∇ ∙ (𝜀∇φ) = −𝑞(𝑝 − 𝑛 + 𝑁𝐷 − 𝑁𝐴 )

(2. 16)

2.2.3.Continuity Equations
The electron and hole continuity equations are based on the fact that there is
conservation of the number of carriers. Therefore, the continuity equation for electrons
and holes are formulated as:
∇ ∙ ⃗⃗⃗⃑
𝐽𝑛 = 𝑞 (𝑅𝑛 − 𝐺𝑛 +

𝜕𝑛
)
𝜕𝑡

and

− 𝛻 ∙ ⃗⃗⃗⃑
𝐽𝑝 = 𝑞 (𝑅𝑝 − 𝐺𝑝 +

𝜕𝑝
)
𝜕𝑡

(2. 17)

where Gn(p) is the optical generation rate of electrons (holes), Rn(p) is the recombination
rate for electrons (holes). Under steady-state conditions the net rate is zero and
therefore the continuity equations reduce to:
∇ ∙ ⃗⃗⃗⃑
𝐽𝑛 = 𝑞(𝑅𝑛 − 𝐺𝑛 )

and

− 𝛻 ∙ ⃗⃗⃗⃑
𝐽𝑝 = 𝑞(𝑅𝑝 − 𝐺𝑝 )

(2. 18)

The continuity equations (2.18) along with the total current density for holes and
electrons defined in (2.11) and Poisson‘s equation (2.16) form the coupled set of
nonlinear differential equations for semiconductor devices that can be solved
numerically.
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Recombination Processes
Recombination processes in semiconductors represent the losses of free carriers due to
recombination of holes and electrons. There are several recombination mechanisms
important to the operation of solar cells – recombination through traps (defects) in the
forbidden gap, radiative (band-to-band) recombination, and Auger recombination.
These three processes are illustrated in Figure 2.2.

Figure 2.2. Schematic diagram showing the three main recombination processes: Radiative, Auger and
SRH.

2.3.1.Radiative Recombination
Radiative recombination involves the transition of an excited electron in the conduction
band to recombine with a hole in the valence band with the emission of a photon with
energy equal to the energy difference between the electron excited state and ground
state, or valence band. The net radiative recombination rate is given by:
𝑈𝑟𝑎𝑑,𝑛𝑒𝑡 = 𝐵𝑟𝑎𝑑 ∙ (𝑛𝑝 − 𝑛𝑖2 )

(2. 19)

where Brad is the radiative recombination coefficient and is a material property as it
depends on the intrinsic carrier concentration, ni, the bandgap of the material, its
Ahmed Gabr – PhD Thesis
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absorption as well as the optical properties of the structure. The radiative recombination
is very small for indirect bandgap semiconductors such as silicon (10-15 cm3s-1)
compared to direct bandgap semiconductors such as GaAs (10-10 cm3s-1). When the
system is in thermodynamic equilibrium, no net emission takes place.

2.3.2.Auger Recombination
In Auger recombination, the collision of two similar carriers results in one carrier losing
its energy and recombining with a carrier of opposite polarity while the second carrier
gains the kinetic energy and is therefore excited to a higher state before losing its energy
usually in the form of heat, and subsequently returning to its original energy state. The
Auger recombination rate is expressed as:
2
𝑈𝐴𝑢𝑔 = (𝐶𝑛 𝑛 + 𝐶𝑝 𝑝)(𝑛𝑝 − 𝑛𝑖,𝑒𝑓𝑓
)

(2.20)

where Cn and Cp are material specific coefficients. The coefficients can be extended to be
temperature dependence such that:
𝑛
𝑇
𝑇 2
−
𝐶𝑛 (𝑇) = (𝐴𝐴,𝑛 + 𝐵𝐴,𝑛 ( ) + 𝐶𝐴,𝑛 ( ) ) ∙ [1 + 𝐻𝑛 ∙ 𝑒 𝑁0,𝑛 ]
𝑇0
𝑇0

(2. 21)

and
𝑝
𝑇
𝑇 2
−
𝐶𝑝 (𝑇) = (𝐴𝐴,𝑝 + 𝐵𝐴,𝑝 ( ) + 𝐶𝐴,𝑝 ( ) ) ∙ [1 + 𝐻𝑝 ∙ 𝑒 𝑁0,𝑝 ]
𝑇0
𝑇0

(2. 22)

where T0 = 300 K. AA, BA, CA, and H are fitting parameters for electrons and holes and
are material specific parameters. At high injection levels, the Auger coefficient decreases
and therefore H is used to empirically model this effect. This mechanism is usually
important in highly doped materials or under high injection conditions.

2.3.3.SRH Recombination
Shockley-Read-Hall (SRH) recombination is the most important recombination process
in semiconductors. SRH recombination accounts for non-radiative recombination
through defects or traps states. The trap-assisted recombination process occurs when an
Ahmed Gabr – PhD Thesis
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electron relaxes down to the defect level from the conduction band and then from the
defect level to the valence band by exploiting a two-step process. Defect states close to
the band edge usually capture and release one type of carriers are referred to as trap
states. While defect levels deep in the bandgap are referred to as recombination centers.
The net SRH recombination rate per unit volume per second through a single level trap
located at energy E = Et within the forbidden bandgap is given by:
𝑈𝑆𝑅𝐻,𝑛𝑒𝑡

𝑛𝑝 − 𝑛𝑖2
=
𝜏𝑆𝑅𝐻,𝑝 (𝑛 + 𝑛𝑡 ) + 𝜏𝑆𝑅𝐻,𝑛 (𝑝 + 𝑝𝑡 )

(2. 23)

where 𝜏𝑆𝑅𝐻,𝑛 and 𝜏𝑆𝑅𝐻,𝑝 are the SRH carrier lifetimes for electrons and holes,
respectively, and nt and pt are the trap concentrations at the trap level and are given by
𝑛𝑡 = 𝑛𝑖 𝑒

𝐸𝑡 −𝐸𝑖
𝐾𝐵 𝑇

and

𝑝𝑡 = 𝑛𝑖 𝑒

𝐸𝑖 −𝐸𝑡
𝐾𝐵 𝑇

(2. 24)

where Et is the energy level associated with the defect, Ei is the intrinsic energy level. It
is worth noting that the maximum value of 𝑈𝑆𝑅𝐻,𝑛𝑒𝑡 occurs when Et is exactly in the
middle of the bandgap. For equal capture times, the maximum value of 𝑈𝑆𝑅𝐻,𝑛𝑒𝑡 occurs
when n = p, as shown in Figure 2.3.
Equation (2.23) further simpliﬁes in the quasi-neutral region of a doped semiconductor
where either 𝑛 ≫ 𝑝, 𝑛𝑡 , 𝑝𝑡 , or 𝑝 ≫ 𝑛, 𝑛𝑡 , 𝑝𝑡 . Under these conditions, the minority carrier
recombination rate in n- or p-type material becomes
𝑈𝑆𝑅𝐻,𝑛−𝑡𝑦𝑝𝑒 =

∆𝑝
𝜏𝑆𝑅𝐻,𝑝

and

𝑈𝑆𝑅𝐻,𝑝−𝑡𝑦𝑝𝑒 =

∆𝑛
𝜏𝑆𝑅𝐻,𝑛

(2. 25)

where ∆n and ∆p are the excess minority carrier concentrations.
Defects are more likely to occur at surfaces and interfaces between different materials.
Surface recombination process is described in a very similar manner to bulk SRH theory
but in this case surface recombination is a 2-dimensional recombination process. The
net surface recombination rate per unit area can be expressed by:
𝑆𝑅𝐻
𝑈𝑠𝑢𝑟𝑓,𝑛𝑒𝑡
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𝑛𝑝 − 𝑛𝑖2
=
(𝑛 + 𝑛𝑡 ) (𝑝 + 𝑝𝑡 )
+ 𝑆
𝑆𝑝
𝑛

(2. 26)
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where Sp and Sn are the surface recombination velocities (SRV) for holes and electrons,

SRH rate (a.u.)

respectively, and is expressed in units of cm/s.
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Figure 2.3. SRH recombination rate as a function of the ratio n/p for trap level at the middle of the
bandgap and equal capture times for electrons and holes.

Effective Carrier Lifetime
An expression of lifetimes for each recombination mechanism can be derived:
𝜏𝑛,𝑟𝑎𝑑 =

1
𝐵𝑟𝑎𝑑 𝑁𝐴

and 𝜏𝑝,𝑟𝑎𝑑 =

1
𝐵𝑟𝑎𝑑 𝑁𝐷

(2. 27)

The minority carrier lifetimes are modeled empirically based on doping dependent
equation as follows:
𝜏𝑛,𝑑𝑜𝑝 (𝑁𝐴,0 ) = 𝜏𝑚𝑖𝑛 +

𝜏𝑚𝑎𝑥 − 𝜏𝑚𝑖𝑛
𝜏𝑚𝑎𝑥 − 𝜏𝑚𝑖𝑛
𝛾 and 𝜏𝑝,𝑑𝑜𝑝 (𝑁𝐷,0 ) = 𝜏𝑚𝑖𝑛 +
𝛾
𝑁
𝑁
1 + (𝑁𝐴,0 )
1 + (𝑁𝐷,0 )
𝑟𝑒𝑓
𝑟𝑒𝑓
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where 𝜏𝑚𝑖𝑛 , 𝜏𝑚𝑎𝑥 , 𝑁𝑟𝑒𝑓 and 𝛾 are material constants.
In n-type doped material, the hole lifetime for a two electron collision followed by a
recombination with a hole is given by:
𝜏𝑝,𝐴𝑢𝑔 =

1
𝐶𝑛 𝑁𝐷2

(2. 29)

Similarly, in p-type doped material, the electron lifetime for a two hole collision
followed by a recombination with an electron is given by:
𝜏𝑛,𝐴𝑢𝑔 =

1
𝐶𝑝 𝑁𝐴2

(2. 30)

The effective lifetime is combination of all lifetimes and therefore can be expressed as
1
𝜏𝑒𝑓𝑓

=

1
𝜏𝑟𝑎𝑑

+

1
𝜏𝑆𝑅𝐻

+

1
𝜏𝐴𝑢𝑔

(2. 31)

Solar Spectrum
Photovoltaics convert the incident solar spectrum into electricity. The incident solar
spectrum that is emitted from the sun is composed of photons with a distribution of
energies, or in other words, with different wavelengths. The surface of the sun is
maintained at a temperature of approximately 5800 K and the sun radiation can be
modeled as a black body emission according to Plank’s law [25]
𝐹(𝜆, 𝑇) =

2𝜋ℎ𝑐 3
𝜆5 (𝑒 ℎ𝑐/𝜆𝑘𝐵 𝑇 − 1)

(2. 32)

where F(λ) is the spectral irradiance. Equation (2.32) represents the irradiance at the
surface of the sun in W/m2 per unit wavelength in m with a total power density of 63
MW/m2. By the time this energy has traveled 150 million km to the earth, the total
extraterritorial power density decreases to almost 1367 W/m2, which is referred to as
solar constant. Using equation (2.32) and considering the sun’s radius and the distance
from the sun to the earth, the black body radiation at T = 5800 K just outside the earth’s
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atmosphere can be used to model the extraterrestrial spectrum, AM0, as shown in
Figure 2.4.
It is important to distinguish between the irradiance at the top of the earth’s atmosphere
and the irradiance reaching the surface of the Earth. While the former is mostly
constant, the latter is affected by many factors including latitude, time of day and year,
cloud cover, and absorption/scattering in the atmosphere. For example the Ozone
absorbs a significant amount of radiation in the ultraviolet region, while water vapor
and carbon dioxide absorb primarily in the visible and infrared parts of the spectrum.
The amount of sunlight either scattered or absorbed depends on the length of the path
through the atmosphere, which is quantified using air mass (AM). The air mass is
defined as
AM =

1
𝑐𝑜𝑠𝜃𝑧

(2. 33)

where θz is the zenith angle or the angle between a line pointing at the sun and the
normal to the earth’s surface. At a zenith angle of zero degrees the sun is directly
overhead and the air mass value is 1 (AM1). For altitudes higher than sea level the air
mass is less than unity and hence AM0 represents the irradiance above the Earth’s
atmosphere (extraterrestrial spectrum). For zenith angles larger than zero, the air mass
is larger than unity. For example, AM2.0 is when the Sun makes a 60° angle with the
vertical (meaning light effectively travels through twice as much atmosphere).
Scattered sunlight that reach the earth’s surface are called diffuse radiation, while
parallel rays that reach the earth’s surface are called direct radiation. Therefore at a
given air mass the two components, direct and diffuse, make up the global spectrum.
The AM1.5 (θz = 48.19°) is the standard spectrum for characterizing solar cells because it
represents “a reasonable average for the 48 contiguous states of the United States of
America over a period of one year” as quoted by the national renewable energy
laboratory (NREL) [26]. The direct component of the AM1.5 spectrum is usually used to
characterize concentrated photovoltaic systems, and is denoted as AM1.5D. While for
unconcentrated photovoltaic systems the total global AM1.5 spectrum is used as the
standard spectrum and is denoted as AM1.5G.
Ahmed Gabr – PhD Thesis
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Figure 2.4. Comparison between extra-terrestrial (AM0) solar spectrum (red line) and black body
radiation at temperature 5800 (purple). The standard spectrum AM1.5G (blue line) and AM1.5D
spectrum (green line), where G and D stand for global and direct, respectively, are also shown.

Solar Cell J -V Characteristics
Semiconductor solar cells are p-n junctions where electrons and holes are excited within
the semiconductor material, when the junction is illuminated. The junction separates
these electrons and holes, and provides the electrical potential to drive them through an
external circuit as current. The better the junction is at separating charge, the higher the
voltage the solar cell can produce.
A typical planar p-n junction solar cell consists of a thick n- or p-type slab of
semiconductor (substrate) with a thin p- or n-type layer (emitter). Current is extracted
by electrical contacts to each region. When sunlight is incident from the top of the
device, the current density-voltage (J–V) behavior of an ideal p-n junction solar cell is:
𝑞𝑉

𝐽(𝑉) = 𝐽𝐿 − 𝐽0 (𝑒 𝑛𝑘𝐵 𝑇 − 1)
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where J is the total current density of the solar cell, JL is the light generated current
density, J0 is the saturation current density, V is the voltage, and n is the ideality factor.
The light generated current density, JL, is determined by how many photocarriers are
excited and collected by the device. The dark current (or saturation current), J0,
describes how “leaky” the junction is. The larger the J0, the worse the junction is at
separating the photocarriers. The -1 term can usually be neglected since the exponential
term is much greater than 1. The ideality factor is determined by the recombination
mechanisms in the solar cell and will have an effect on the shape of the curvature of the
J-V curve. For single junction solar cells, the ideality factor lies between n = 1 and n = 2.
Figure 2.5 depicts a typical J–V curve of a single junction solar cell and is described by
equation (2.34). Important parameters can be identified from the J-V curve and are the
key descriptors of photovoltaic performance.
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Figure 2.5. Typical J-V curve of a single junction solar cell calculated from equation 2.34.
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The short-circuit current density (Jsc) is the current measured through the solar cell
when the voltage across the solar cell is zero (V = 0). As can be seen from equation
(2.34), at short-circuit condition Jsc is equal to JL. However in the case of high series
resistance, the measured short-circuit current, Jsc, is less than the light generated
current, JL.
The open-circuit voltage, Voc, is the measured voltage at the solar cell output when the
current is zero, and it is the maximum voltage available from a solar cell. It can be
expressed as:
𝑉𝑜𝑐 =

𝑛𝑘𝐵 𝑇
𝐽𝐿
ln ( + 1)
𝑞
𝐽0

(2. 35)

The power generated by the solar cell is given by the product of the voltage and current,
P = JVA, where A is the area of the solar cell. The maximum amount of power that the
solar cell can produce, Pmax, occurs at a maximum power point with certain voltage Vm
and current density Jm. This determines the solar cell’s conversion efficiency, η:
𝜂=

𝑃𝑚𝑎𝑥 𝐽𝑚 ∙ 𝑉𝑚 ∙ 𝐴 𝐹𝐹 ∙ 𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐 ∙ 𝐴
=
=
𝑃𝑖𝑛
𝑃𝑖𝑛
𝑃𝑖𝑛

(2. 36)

The quantity FF is the fill factor of the cell, which describes how closely the cell can
operate to Jsc and Voc. Pin is simply the total incident optical power on the device. The
amount of sunlight striking a solar cell at any given time can vary greatly, depending on
the time of day, weather conditions, etc. For this reason, solar cell efficiency is evaluated
under standard test conditions. The Standard Test Condition (STC) is an AM1.5G
spectrum with total incident intensity of 1000 W/m2 and a cell temperature of 25 °C.
Solar cells can be modeled by an equivalent circuit model. The equivalent circuit model
consists of a current source representing the incident light intensity in parallel with a
diode, a nonlinear resistive element. Parasitic resistance can be added to the model in
terms of series resistance, Rs, and shunt resistance, Rsh. Series resistance represent
series resistive losses mainly at the contacts but also at the base, emitter and metal grid.
Shunt resistance represents leakage of current throughout the device. A schematic of the
equivalent circuit model is shown in Figure 2.6 with Rs and Rsh resistances.
Ahmed Gabr – PhD Thesis

Page 24

Chapter 2: Physics of Solar Cells

Figure 2.6. Equivalent circuit model for solar cell including series and shunt resistances.

The diode equation with parasitic resistances can be written as:
𝐽 = 𝐽𝑠𝑐 − 𝐽0 (𝑒

𝑞(𝑉+𝐽𝐴𝑅𝑠 )
𝑛𝑘𝐵 𝑇

− 1) −

𝑉 + 𝐽𝐴𝑅𝑠
𝑅𝑠ℎ

(2. 37)

The effect of increasing the series resistance or decreasing the shunt resistance on solar
cell J-V curve is shown in Figure 2.7. The J-V curves are obtained by simulating the
equivalent circuit model shown in Figure 2.6 in LTSpice, a circuit simulator software,
and changing the series resistance as in Figure 2.7 (a) or decreasing the shunt resistance
as in Figure 2.7 (b). As can be seen from the curve, Rs should be as small as possible
which means eliminating any possible resistive losses and ideally Rs is zero. While shunt
resistance should be as large as possible with no leakage currents throughout the device,
ideally Rsh is infinity.

Spectral Response and Quantum Efficiency
Quantum efficiency (QE) is an important measure of the spectral response of a solar
cell. It is a measure of how good is the solar cell in converting an incident photon to
electron-hole pair, and then collecting the carriers. The quantum efficiency for photons
with energy below the band gap is therefore zero.
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Figure 2.7. Effect of (a) increasing Rs and (b) decreasing Rsh on the J-V characteristics of a solar cell.
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Two types of quantum efficiency of a solar cell are considered: External quantum
efficiency (EQE) and internal quantum efficiency (IQE). EQE is defined as the ratio of
the number of carriers contributing to the electrical current under short-circuit
conditions to the number of incident photons with energy Eph, therefore EQE is given by
𝐸𝑄𝐸(λ) =

𝐽𝑠𝑐 (𝜆)
𝑞𝜙(𝜆)

(2. 38)

where ϕ(λ) is the photon flux (photons/m3) and is given by:
𝜙(λ) =

𝐼𝑖𝑛 (𝜆)
𝐼𝑖𝑛 (𝜆)
=
ℎ𝑐/𝜆
𝐸𝑝ℎ (𝜆)

(2. 39)

where Iin is the incident spectral irradiance. IQE is defined as the ratio of the number of
collected carriers contributing to the electrical current under short-circuit to the number
of absorbed photons by the active layer of the solar cell, hence IQE is given by:
𝐼𝑄𝐸(λ) =

𝐽𝑠𝑐 (λ)
𝐸𝑄𝐸(λ)
=
𝑞𝜙(𝜆)𝐴PV (𝜆) 𝐴PV (𝜆)

(2. 40)

where APV(λ) is the absorption in the active layer. IQE eliminates the effects of front
surface reflectance, parasitic absorption, and transmittance at the back surface and
therefore is higher than EQE but always less than 1. The solar cell’s short-circuit current
density is related to the EQE through
𝐽𝑠𝑐 = 𝑞 ∫ 𝜙(𝜆) ∙ 𝐸𝑄𝐸(𝜆)𝑑𝜆

(2. 41)

Another important parameter for solar cells and is related to the QE is the spectral
response. The spectral response (SR) is defined as the ratio of the generated current by
the solar cell to the incident power, where QE can be either IQE or EQE:
𝑆𝑅(λ) = 𝑞

𝑄𝐸(λ)
𝐸𝑝ℎ (𝜆)

(2. 42)

The quantum efficiency (both internal and external) and spectral response (both
internal and external) of a typical silicon solar cell simulated in TCAD Senturus are
shown in Figure 2.8. The reflectance is reduced by placing an optimized ARC composed
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of a silicon nitride (Si3N4) layer of thickness 80 nm. ARC is a thin non-absorbing thin
film that is applied to the solar cell surface to reduce reflection. The thickness of the film
is chosen specifically so that destructive interference occurs between waves reflected
from the semiconductor and waves reflected from the top surface of the ARC layer so
that no reflection. The thickness is calculated so that the wavelength in the dielectric
material is one quarter the wavelength of the incoming wave and be calculated as
follows:
𝑑=

𝜆
4𝑛

(2. 43)

where d and n are the ARC thickness and refractive index, respectively. Since Si3N4 has a
refractive index of 2, therefore according to equation (2.43) an 80 nm thick layer would
give zero reflection at 640 nm, as indicated in Figure 2.8.
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Figure 2.8. Quantum efficiency and spectral response of a simulated silicon solar cell in TCAD Sentaurus.
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Efficiency Limits
Shockley-Queisser limit has long been recognized as the theoretical limit of the
efficiency of an ideal single p-n junction solar cell [4]. The limiting efficiency is achieved
based on the detailed-balance model which makes the following assumptions:


A photon with energy greater than the bandgap of the cell is absorbed and
generates an electron-hole pair with an IQE of 1.



Only radiative recombination is allowed. That is, there are no recombination
centers which reduce the lifetime and hence the collection efficiency of carriers
that are a common feature of the materials that make real cells. Essentially, this
and the previous point mean that the absorber is a perfect defect-free material
with IQE = 1.



Finally, the detailed-balance model makes the assumption that the number of
photons absorbed by the cell must be equivalent to the number of photons
reemitted through radiative recombination plus the number of electron-hole
pairs extracted at the cell chemical potential by the contacts. The influence of
photon recycling whereby the radiative recombination of electron-hole pairs are
re-absorbed is accounted for in this theoretical limit.

The black body spectrum is frequently used in the literature as the incident spectrum
since it eases the calculation and gives an analytical set of equations that can be used to
quickly estimate the detailed-balance efficiency of a given cell. However, in this work we
will be using an actual spectrum for comparison of the performance of various cell
designs. The spectra used in the analysis are AM0, AM1.5G and AM1.5D, as shown in
Figure 2.4.
The operating current density of a single-junction cell is calculated by a simple current
balance defined as
𝐽 = 𝑞 (∫ 𝐺𝑜𝑝𝑡 𝑑𝑉 − ∫ 𝑈𝑑𝑉)
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where Gopt is the net optical generation rate of electron-hole pairs due to the incident
solar spectrum, and U is the net recombination rate. The first term is the total
generation of the electron-hole pairs throughout the volume per area is denoted as JL,
the light generated current density. The second term is the net recombination rate and
in detailed balance calculations only radiative recombination is assumed. Substituting
for the radiative recombination rate and integrating over the volume we can reach to the
solar cell equation as [4]:
𝑞𝑉

𝐽(𝑉) = 𝐽𝑠𝑐 − 𝐽0 (𝑒 𝑘𝐵 𝑇 − 1)

(2. 45)

where the ideality factor is assumed 1 and Jsc is assumed equal to JL. The short-circuit
current is simply the integration of the incident photon flux for a given bandgap. The
saturation current is dependent on the rate of radiative recombination at equilibrium
and is given by:
2𝜋𝑘𝐵 𝑇 ∞
𝐸2
𝐽0 = 𝑞 3 2 ∫ 𝐸
𝑑𝐸
ℎ 𝑐
𝐸𝑔 𝑒 ⁄𝑘𝐵 𝑇 − 1

(2. 46)

The integral is solved numerically. Now the open-circuit voltage is calculated by setting
the current in equation (2.45) to zero:
𝑉𝑜𝑐 =

𝑘𝐵 𝑇
𝐽𝑠𝑐
ln ( + 1)
𝑞
𝐽0

(2. 47)

Finally to find the efficiency we have to find the maximum power generated by the solar
cell as a ratio of the incident power, as in equation (2.36). The maximum power point on
J-V curve occurs at V = Vm and J = Jm where the product Pm = Jm * Vm gives the largest
possible power output of the device. The maximum power point is found by solving
∂P
𝜕(𝐽𝑉)
𝜕𝐽
|
=
|
= [𝐽 + 𝑉 ]|
=0
𝜕𝑉 𝑉=𝑉𝑚
𝜕𝑉 𝑉=𝑉𝑚
𝜕𝑉 𝑉=𝑉𝑚

(2. 48)

Eliminating Jsc from equation (2.45) using equation (2.47) we can rewrite the J-V
relation in terms of Voc as:
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𝑞𝑉𝑜𝑐

𝑞𝑉

𝐽(𝑉) = 𝐽0 (𝑒 𝑘𝐵 𝑇 − 𝑒 𝑘𝐵 𝑇 )

(2. 49)

Multiplying equation (2.49) by V and differentiating with respect to V as in equation
(2.48) we get,
𝑞𝑉𝑜𝑐

𝐽0 [𝑒 𝑘𝐵 𝑇 − (1 +

𝑞𝑉
𝑞
𝑉) 𝑒 𝑘𝐵 𝑇 ] = 0
𝑘𝐵 𝑇

(2. 50)

We solve the equation numerically to find Vm and then substitute V = Vm in equation
(2.49) to get Jm. The product will yield the maximum output power as a function of
bandgap. The fill factor can then be calculated as:
𝐹𝐹 =

𝑉𝑚 𝐽𝑚
𝑉𝑜𝑐 𝐽𝑠𝑐

(2. 51)

Figure 2.9 shows the calculated Jsc, Voc, FF, and η as a function of bandgap energy for
AM0, AM1.5G and AM1.5D spectra. The first observation is that the Jsc is higher for
AM0 than AM1.5G since it has a higher power density (more photons) and therefore it is
expected to have higher Jsc. The second observation, it is not surprising that Jsc
increases as the bandgap decreases, since smaller bandgap materials can absorb more
photons and hence suffer less from transmission losses where photons with energies
below the bandgap are transmitted.
The open-circuit voltage increases almost linearly with increasing bandgap and shows
very small dependence on the spectrum, as shown in Figure 2.9 (b) where the three
curves for the three spectra lie on top of each other. This is expected since Voc should be
larger for larger bandgap materials. Analytically Voc increases logarithmically with the
ratio of Jsc to J0, as in equation (2.47). Since J0 decreases significantly for larger
bandgaps Voc increases with increasing bandgap.
Fill factor shows an insignificant dependence on the spectrum, as shown in Figure 2.9
(c), and increases rapidly before reaching a plateau with increasing bandgap. As defined
in equation (2.51) the fill factor depends on both Jsc and Voc as well as the maximum
power, Pmax. Fill factor is generally reduced from recombination losses as well as series
and shunt resistances.
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Figure 2.9. Dependence of the (a) short-circuit current density, Jsc, (b) open-circuit voltage, Voc, (c) fill
factor, FF, and (d) conversion efficiency as a function of bandgap energy in eV. Each incident photon with
energy higher than bandgap is assumed to generate one electron and contribute to the total current under
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three different spectra: AM0 (1349 W/m2), AM1.5G (1000 W/m2) and AM1.5D (900 W/m2) and at
T=300 K. Figures of merits of record cells (Si, GaAs, CIGS and CdTe) under AM1.5G spectrum are shown
in black markers. The inset is shown the small variations in Voc and FF due to different spectra.

Finally, the conversion efficiency is shown in Figure 2.9 (d) and it depends on Jsc, Voc,
FF as well as the incident power, as in equation (2.36). Since Jsc decreases and VOC
increases with increasing bandgap energy, we expect the efficiency (product of Jsc and
Voc) to have an optimum value as a function of bandgap. The incident power densities
are 1349 W/m2, 1000W/m2 and 900W/m2 for AM0, AM1.5G and AM1.5D, respectively.
The optimum bandgap range is in 1.1 – 1.45 eV with the highest efficiency of 33% at
1.3 eV calculated for the AM1.5G spectrum. It is not surprising that GaAs solar cells have
the highest record efficiencies for single-junction solar cells under AM1.5G spectrum
with efficiency of 28.8% [5].
Also shown on Figure 2.9 as dotted vertical lines are some of the common materials for
solar cells such as silicon, GaAs, CdTe, CIGS, Ge and amorphous silicon (a-Si) with
bandgaps of 1.12 eV, 1.43 eV, 1.46 eV, 1.2 eV, 0.67 eV and 1.72 eV, respectively. The Jsc,
Voc, FF and efficiency for the record cells are also shown in Figure 2.9 for materials
silicon (square), GaAs (circle), CdTe (astric), CIGS (cross), and a-Si (triangle) according
to the latest efficiency tables [5].
It is worth noting that for crystalline silicon (c-Si) the upper bound limit of the Jsc is
43.8 mA/cm2 while for a-Si it is 21.9 mA/cm2. Comparing the c-Si limit with the shortcircuit current density exhibited by the record efficiency cells, which is about
41.8 mA/cm2 for silicon, and 16.36 mA/cm2 for a-Si [5]. Therefore it seems that for
silicon technology and other technologies such as GaAs, CIGS and CdTe, light-trapping
strategies are very effective in ensuring an absorbance close to unity.
For silicon, the estimated Voc can be as high as 750 mV while the Voc for the record c-Si
solar cell is 740 mV and for the mc-Si solar cell is 667.8 mV [5]. The c-Si silicon Voc is
very close to the upper limit while the mc-Si has lower Voc due to bulk and surface
recombination losses which are inherent to the multicrystalline nature of the material.

Ahmed Gabr – PhD Thesis

Page 33

Chapter 3: Down-Conversion and Down-shifting Processes

Chapter 3: Down-Conversion and Downshifting Processes
Introduction
Down-conversion refers to a process in which a high-energy photon is absorbed and two
or more lower-energy photons are emitted, with expected quantum yield higher than
100%, where quantum yield represents the ratio of re-emitted photons at longer
wavelengths to absorbed photons. On the other hand, down-shifting (DS) process is
similar to DC, but there is only one photon converted for every photon absorbed and
therefore the quantum yield of the conversion process cannot exceed 100%. Both DC
and DS layers are located on the top surface of a solar cell, and they convert photons in
the UV/blue region of the incident spectrum to photons in the visible or near-IR for
efficient absorption in the solar cell. As DC and DS processes require only one photon
per conversion event, the intensity of converted photons scales linearly with the incident
light intensity.
Down-conversion was first introduced in the 1950s by Dexter using rare earth ions [13].
The process involved simultaneous energy transfer from a donor ion to two acceptors
ions, each accepting half the energy of the excited donor ion. Lanthanide ions are the
most common materials for DC due to their unique and rich energy-level structure
which allow for efficient spectral conversion [27].
Down-shifting was first introduced in the late 1970s by Hovel to improve the poor UV
spectral response of silicon, GaAs, amorphous silicon and CdS-Cu2S solar cells [14]. DS
layers can be applied to improve solar cells with poor blue response and mitigate surface
recombination losses; however, thermalization losses cannot be mitigated. Shifting the
photons in the UV region to wavelengths where the quantum efficiency of the solar cell
is higher than in the UV region enhances the carrier collection and therefore can
effectively enhance the overall conversion efficiency.
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The DC or DS layers consists of a material with a certain bandgap Eg in which an
intermediate level is located between the highest energy level, E2 and the lowest energy
level, E0. In case of a semiconducting material, the bandgap corresponds to the
difference between the conduction band and the valence band. In case of an organic dye,
the bandgap corresponds to the difference between highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). Figure 3.1 summarizes
the general mechanisms in DC and DS layers where absorption of incident high-energy
photons and re-emission at lower energies, can be achieved with a three-level system.
The absorption of a high-energy photon leads to an electronic transition from the lowest
level to the highest excited level. In case of DC, a two-step emission of two lower-energy
photons accompanied by the radiative recombination of an electron from the highest
level to the intermediate level then from the intermediate level to the lowest level.
Therefore for each incident photon, two or more low-energy photons are emitted which
leads to generation of electron-hole pairs in the solar cell and thus an increase in the
short-circuit current. On the other hand, for the DS case, a fast non-radiative
recombination generally takes place between the highest level and the intermediate
level; followed by photon emission due to the radiative recombination of an electron in
the intermediate level to the lowest level. Although there is one photon emitted for each
incident photon absorbed, an increase in the electron-hole pair generation is expected
since the probability of collecting the photons by the solar cell is higher in the visible
region than in the UV/blue region.

Figure 3.1. Schematic energy diagrams showing the different mechanisms in DC and DS. (a) A high energy
photon (blue) is absorbed in the DC layer followed by emission of two lower-energy photons (red). (b) A
high energy photon (blue) is absorbed in the DS layer and one lower-energy photon (red) is emitted with
thermalization losses (grey).
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Different materials can be used as DC or DS layers for all types of existing solar cells and
can be categorized into three groups: rare-earth complexes, quantum dots, and organic
dyes, as will be discussed in section 3.3 [28]. However there are some common
properties that are desirable for these materials to have:
1. High quantum yield: Near unity PLQY for DS layers, and 200% or even 300% for
DC layers.
2. Selective absorptivity: A relatively wide absorption spectrum is desirable to cover
the region where the EQE of the cell is low due to interface recombination and
window layer absorption. In addition the absorption coefficient has to be high in
the short-wavelength region and near zero at longer wavelengths, thus
transparent to long wavelength.
3. A narrow emission band where the emission peak coincides with the maximum
EQE of the solar cell.
4. Absorption and emission overlap: The energy difference between the absorption
and the emission spectra (Stokes’ shift) has to be large enough to avoid losses due
to re-absorption of the emitted photons.
Since DC and DS layers are located on the top surface of a solar cell, they disturb the
reflectivity of the front surface of a solar cell. A low refractive index is usually desirable
to minimize front reflections (more details will be discussed in chapter 4). On the other
hand, re-emitted photons within the DC or DS layer can be directed to the solar cell by
total internal reflection when the DC or DS layer has a high refractive index (ideally the
same as the solar cell). Therefore it is very important to optimize the layer thickness of
the DC or DS layer as well as decouple the DC or DS effect from the enhancement due to
reflection losses from the front surface when studying the DC and DS processes.
Decoupling the two effects is challenging, although it is easier from a modelling
perspective as you can assume a DC or DS layer with zero PLQY. However, in
experimental work it is very crucial in selecting the reference cell. Ideally the reference
cell should have a non-absorbing layer but with a similar thickness and refractive index
as the DC or DS layer. This is not feasible experimentally and therefore other techniques
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to decouple the two effects must be developed. Details of decoupling the effects by
experimental data and optical modelling are discussed in Chapter 6.
Experimental work of DC and DS layers based on those three groups is summarized
with most recent results in section 3.3. But first an overview of the efforts of modeling
DC and DS from detailed balance to more practical studies is discussed in the next
section.

Modelling
3.2.1.Upper Efficiency Limit
The Shockley-Queisser limit places the maximum solar conversion efficiency around
33% with a bandgap of 1.3 eV under the AM1.5G standard spectrum [4]. Trupke et al has
studied the theoretical limit of DC for solar cells based on the hypothesis that no
recombination losses occur when a DC layer is located on the front or rear surface of a
single junction solar cell [11]. The schematic representation of the proposed model of a
solar cell in combination with a DC layer is presented in Figure 3.2. In this case, the DC
is a three-band system: (1) the absorption of a high-energy photon leading to a
transition from the lowest level to the highest excited level representing a band-to-band
transition, (2) a two-step recombination of the electron between the conduction band
and an intermediate level and between the intermediate level and the valence band,
accompanied by the emission of two lower-energy photons. These three types of
transitions may be seen as three independent two-band systems with individual
electrochemical potentials and can be represented by three solar cells C2, C3 and C4
that are connected in series. The two solar cells C3 and C4 with small bandgaps
represent the intermediate transitions, whereas the band-to-band transitions are
represented by C2. The DC is radiatively coupled to the solar cell which is represented
by C1 in Figure 3.2.
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Figure 3.2. Equivalent circuit of the system. The luminescence layer is represented by three solar cells, C2,
C3 and C4 connected in series representing the band-to-band transitions and the two intermediate
transitions, respectively. C1 represents the solar cell.

Using the equivalent circuit model, the DC is described as follows: incident high-energy
photons are absorbed by C2 which drives C3 and C4 into forward bias and causes them
to emit photons, which are absorbed by the solar cell, C1.
A limiting efficiency of 39.63% is found for single-junction solar cell with bandgap of
1.05 eV for a rear-converter (RC). The refractive index of the solar cell and DC layer is
assumed to be 3.6. For a front-converter (FC), the maximum efficiency is smaller, 36.8%
for a bandgap of 1.1 eV, as shown in Figure 3.3. The efficiency decreases below the SQ
limit for bandgaps higher than 2 eV since the down-converted photons are not absorbed
by the solar cell and therefore are wasted. For smaller bandgap the maximum efficiency
is lower than that for RC since only a portion of re-emitted photons (probably more than
half) is directed towards the solar cell. If the absorption within the intermediate states is
relaxed (only 1%) while allowing band-to-band absorption, a limiting efficiency of 38.6%
is estimated for a bandgap of 1.1 eV. It was estimated that more than 90% of emission by
the FC is in the direction of the solar cell for a solar cell and FC with refractive index of
3.6.
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Figure 3.3. Efficiencies versus bandgap energy for Shockley–Queisser limit (solid line), downconverter at
the front surface of a solar cell (empty squares), and downconverter at the rear surface of a bifacial solar
cell. (solid circles). Reproduced with permission from [11].

Badescu et al. enhanced the model by considering the effects of non-unity radiative
recombination and reflection losses from the surface [29]. First, the results of Trupke et
al. are qualitatively confirmed. Then when front reflections are included in the model
the limiting efficiency for a single-junction solar cell with bandgap 1.1 eV drops from
31% to 22%. Still both FC and RC configurations exhibit larger efficiency than that of a
single cell with 26% and 27%, respectively. Varying the radiative recombination for both
converter and cell only increases the efficiency for high (near-unity) radiative
recombination efficiency values. Interestingly, they report in this case that the RC
combination yields a higher efficiency than the FC combination for high-quality solar
cells, while for low-quality solar cells, this is reversed. Extending the model to include
more realistic materials and considering different refractive indices of the solar cell and
DC layer, lead to the conclusion that FC may not always be beneficial [30].
Depending on the refractive index of the DC layer, up to half of the photons can be lost
to the environment. Increasing the refractive index, nDC, to match that of silicon
increases the total internal reflection but unfortunately increases reflection at the air–
DC interface. A proposed solution is introducing a second antireflection layer between
the DC and the semiconductor; in this case, the efficiency of the device becomes
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independent of nDC [30]. The inclusion of antireflection coating and light trapping
texture show a limiting efficiency of 39.9% for a solar cell with bandgap of 1.1 eV [30].
Table 3.1. Maximum conversion efficiency for non-concentrated solar radiation for bandgap energy of
1.1 eV. In all cases, solar cell and converter refractive index are assumed 3.6. Both rear converter (RC) and
front converter (FC) configurations were modeled.

Surface reflections
No
No
No
Yes
Yes
Yes

DC
RC
FC
RC
FC

Optimum efficiency
30.9%
39.63%
38.6%
22%
27%
26%

Reference
[4]
[11]
[11]
[29]
[29]
[29]

3.2.2.Spectrum Modification
There have been several research groups investigating the potential enhancement of DC
and DS layers by modelling their effects on a solar cell performance. A system of a solar
cell coupled to a DC or DS layer can be modelled by modifying the incident spectrum
and using this modified spectrum as input data for solar cell simulation models in
device simulation software. In this case, the incident photon flux ϕinc(λ), is reduced by
the absorption of photons in the DC/DS layer. The number of absorbed photons in the
DC/DS layer ϕa(λ) is calculated from the absorption coefficient of the DC/DS material
through the Beer-Lambert law. Since the DC/DS will re-emit at longer-wavelength, the
photon flux of the emitted photons ϕe(λ) is calculated from the emission spectrum. Since
only a fraction of the absorbed photons will be re-emitted, a PLQY factor is used to
account for this fraction. In addition, due to the isotropic emission of the DC/DS layer,
only a part of the emitted photons are used by the solar cell. Thus Ttrap is another factor
used to determine the fraction of the re-emitted photons that are directed to the solar
cell, which must be integrated over all emission angles. Therefore the modified photon
flux that serves as input data for the solar cell simulation model is given by:
𝜙𝑚𝑜𝑑 (λ) = 𝜙𝑖𝑛𝑐 (λ) − 𝜙𝑎 (λ) + 𝑃𝐿𝑄𝑌 ∙ 𝑇𝑡𝑟𝑎𝑝 (λ) ∙ 𝜙𝑒 (λ)

(3. 1)

Solar cell simulation models have been developed in different software packages with
PC1D being the most popular due to its simplicity. PC1D is developed by the University
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of New South Wales in Australia [31]. Other sophisticated software packages include
TCAD Sentaurus [32], Silvaco [33] and Crosslight [34].
Conversion efficiency of mc-Si solar cell modeled in PC1D with and without DS layers
was evaluated by Jestin et al [35]. A reference mc-Si solar cell with a 106 nm SiO2 ARC
layer is compared with mc-Si with silicon nanocrystals (Si-nC) based DS layers of
variable thicknesses. The simulated reference cell has an efficiency of 15.5% and when
coupled to DS layer the efficiency decreases to 14.3% and 14.7% for DS layer thickness of
235 nm and 677 nm, respectively. Only 50% of the re-emitted photons are assumed to
reach the solar cell. A system efficiency of 15.0% is achieved when the DS layer thickness
is decreased to 80 nm. A positive enhancement to the system efficiency of 0.2% and
0.4% (absolute) is observed when the surface recombination velocity is increased to 10 5
cm/s and 106 cm/s, respectively, suggesting that DS layer are effective for solar cells
with poor UV spectral response. While in [36], Silvaco software tool is used to model a
Si-nC based DS layer on top of mc-Si. PLQY was assumed 10% at an emission peak
centered at 799 nm. A relative increase of 6% in short-circuit current was simulated
under standard spectrum AM1.5G.
The PC1D model was used to model quantum dots (QDs) dispersed in a PMMA layer on
top of a mc-Si as a function of the concentration of quantum dots [37], [38]. When
calculating the emitted photons, 75% of photons are assumed to be directed to the solar
cell due to total internal reflection in the DS layer and a QD quantum yield of 80% was
assumed. Simulated results using the modified spectra show a relative increase of 10%
in short-circuit current for high concentration of QD. It is worth mentioning that reabsorption of photons in QDs was not considered in the model and therefore the relative
increase in short-circuit current represents an upper limit.
The model for QD as DS with silicon solar cell was extended for non-AM1.5G spectra,
including varying air mass between 1 and 10, for global, diffuse and direct spectra [38].
Spectra were modeled using SPCTRAL2 [39]. Relative increases in short-circuit current
of 9.6%, 6.3% and 28.6% for AM1.5 global, direct and diffuse spectra, respectively, were
simulated. The diffuse spectrum achieved the highest increase due to high UV and
visible content compared to global and direct spectra. Similar results were achieved for
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higher AM values but with a lower increase in efficiency due to lower UV and visible
content of spectra compared to AM1.5.
Further modeling taking into account more realistic irradiation patterns (as measured
by a Dutch meteorological station on a yearly basis) shows that the improvement in the
short-circuit current varies between 7% and 23% and is linearly related to the average
photon energy (APE) [40], [41]. A 12.8% relative increase in the annual short-circuit
current for the Dutch climate was determined using the annual distribution of average
photon energy values and its linear relation with short-circuit current, which is to be
compared with the 10% increase in case of the AM1.5G spectrum.
While solar cells are designed and tested according to standard test conditions
(1000 W/m2 irradiation, AM1.5G global spectrum, and cell temperature of 25°C);
outdoor conditions exhibit daily and seasonal variations that affect the incident
spectrum. Spectral conditions for solar cells vary from AM0 (extraterrestrial) via AM1
(equator, summer and winter solstice) to AM10 (sunrise, sunset). The weighted APE can
be used to parameterize such spectral variations [42]. APE (using the range 300 to
1,400 nm) of AM1.5G is 1.674 eV, while the APEs of AM0 and AM10 are 1.697 and 1.307
eV, respectively. Furthermore, the APE of the AM1.5 diffuse spectrum, which is blue
rich, is calculated to be 2.005 eV. As DC and DS effectively red-shift spectra, the more
blue an incident spectrum contains (high APE), the higher the gain that can be expected.
Therefore DC and DS mounted on top surface of solar modules can be more beneficial
for regions with high diffuse irradiation fraction of the incident spectrum.
A Monte Carlo ray-tracing model was presented, in which photon transport phenomena
in the converter and solar cell system are coupled to nonlinear rate equations that
describe luminescence [43]–[45]. An in-house ray tracer software called Raylene was
developed at the Australian National University [43], [44]. The software is used to
investigate the effect of using violet, yellow, orange Lumogen-F organic dyes with mc-Si
and CdTe modules. The PLQY of the mixture of organic dyes was assumed >95% and
that 87% of emitted photons reach the PV module. A 0.3% absolute increase in
efficiency is observed for mc-Si module when a mixture of violet and yellow dyes are
used as DS layer [43]. Comparatively, simulation results show an increase in the
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efficiency of CdTe modules from 9.6% to 11.2% which corresponds to a relative increase
of 17% when using mixture of violet, yellow and orange organic dyes as DS layer [44].
While in [45] the model was used to help select candidate materials for up-conversion
(UC) and DC, but was set up for use with rare earth ions. Results show that for DC
layers, the potential gain in Jsc may reach 7 mA/cm2, with an optimistic set of
parameters.
Table 3.2. Selected modeling work on DS layers coupled to single-junction solar cells.

Solar
cell

η

DS
material

PLQY

Δη

Spectrum

Software

Ref

mc-Si

15.5%

Si-nC

-

-0.5%

AM1.5G

PC1D

[35]

mc-Si

14.2%

Si-nC

10%

0.9%

AM1.5G

Silvaco

[36]

mc-Si

14.49%

QDs

80%

1.33%

AM1.5G

PC1D

[33]

mc-Si

14.5%

QDs

80%

0.9%

AM1.5D

PC1D

[38]

mc-Si

14.5%

QDs

80%

4.15%

AM1.5d

PC1D

[38]

mc-Si

14.8

Lumogen-F

> 95%

0.3%

AM1.5G

Raylene/PC
1D

[43]

a-Si

6.5%

QDs

80%

0

AM1.5G

PC1D

[37]

CdTe

9.6%

Lumogen-F

> 95%

1.6%

AM1.5G

Raylene

[44]

Experimental Down-Shifting Layers
3.3.1.Rare-Earth Ions
Lanthanide ions have been used for a long time as efficient luminescent materials in
glass matrices for spectral conversion for a wide range of applications such as
fluorescent tubes, lasers, LEDs, television and computer displays, optical fibres, optical
amplifiers, and optical waveguides [46]–[48]. Lanthanides are a group of elements
where the 4f inner shell is filled with electrons. They are mostly stable in the trivalent
form and the ions have the electronic configuration 4fn5s25p6 where n varies from 0 to
14. The partly filled inner shell is responsible for the optical properties of the
lanthanides. The energy level diagrams for the trivalent lanthanide ions have been
constructed by Dieke and extended by Wegh et al [49], [50].
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Examining the possible energy transfer mechanisms in single and couple lanthanide
ions is sketched in Figure 3.4. In Figure 3.4 (a) only one ion is used and after the
excitation with one high energy photon (purple line), two visible photons (red lines) can
be emitted or alternatively IR photons with possible competing non-radiative
recombination at different levels. The emission of two photons after absorption of a
photon within one ion is usually referred to as quantum cutting. while if the emission of
two photons is due to energy transfer between two different ions then it’s called downconversion, analogous to up-conversion [27]. Energy transfer between two ions can take
one of the following three mechanisms, as shown in Figure 3.4 (b-d). Figure 3.4 (b)
shows the emission of two photons from ion pairs via cross-relaxation between ions I to
II (denoted by (1)) followed by energy transfer from ions I to II (denoted by (2)). Both
energy transfer steps are followed by emission from ion II. Figure 3.4 (c-d) show
mechanisms involving a single energy transfer between ions I and II and emission of
photons by both ions. Several types of energy transfer processes between two rare earth
ions can occur, especially in highly doped materials. The dominant mechanism behind
this is usually the dipole–dipole resonant interaction between closely located ions. As
the strength of the dipole–dipole interaction rapidly decreases with increasing distance
between the ions, its overall importance depends strongly on the doping concentration,
the host material, and the tendency of ions to form clusters.
The first experimental report of quantum yield above 100% was in 1974 and reported by
two research groups where one ultraviolet photon (185 nm) is converted into two visible
photons in YF3:Pr3 [51], [52], 20 years after the Dexter ‘s proposal of down-conversion in
1957 [53]. A UV photon is absorbed in the YF3 host lattice, and the energy is transferred
to the high energy 1S0 level of Pr3+. From there a visible photon (408 nm) is emitted
after a transition to 1I6 level followed by another transition to 3H6 level where a second
visible photon (620 nm) is emitted. This is an example of quantum cutting mechanism
as shown in Figure 3.4 (a). The quantum yield was estimated to be 140 ± 15%
[52]. Later, R. T. Wegh et al. showed the emission of two visible photons in LiGdF4:Eu3+
when excited by a UV photon; however, in this case, two sequential energy transfer steps
in the Gd3+–Eu3+ couple were observed [27]. Here since the emission of the photons
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included energy transfer between Gd3+–Eu3+ couple, it is referred to as downconversion.

Figure 3.4. Quantum cutting mechanism for rare-earth ions: (a) two photon emission from single ion, and
down-conversion mechanisms for rare-earth ions: (b) cross-relaxation from ion I to ion II and energy
transfer from ion I to ion II, (c) cross-relaxation followed by emission from ions I and II and (d) emission
from ion I followed by energy transfer to ion II then emission from ion II. Reproduced with permission
from [27].

To that point the aim was to achieve quantum yield higher than unity with emission in
the visible for light emitting devices. After the proposal of DC as a third generation
technique for PV in 2002, lanthanides have gained attention as a potential candidate for
DC layers. The first experimental demonstration of down-conversion for PV involved
the Tb3+–Yb3+ couple where quantum cutting was achieved through cooperative energy
transfer from Tb3+ to two Yb3+ ions [54]. The experiment results in the emission of two
photons at 980 nm from Yb3+ ions after cooperative energy transfer from an excitation
at 485 nm, as shown in Figure 3.5. The energy transfer efficiency was estimated to be
88%. The DC quantum efficiency, ηQE, is related to the energy transfer efficiency, ηET, by
the following relation:
𝜂𝑄𝑌 = 𝜂𝐼 (1 − 𝜂𝐸𝑇 ) + 2𝜂𝐼𝐼 𝜂𝐸𝑇
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where ηI and ηII stand for the quantum efficiencies of the donor and acceptor ions (in
this case Ce3+ and Yb3+), respectively. Assuming that all the excited Yb3+ ions and the
residual excited Ce3+ ions decay radiatively, i.e., ηCe = ηYb =1, the upper limit values of
the DC quantum efficiency is calculated to be 188% [54].

Figure 3.5. Schematic diagram of cooperative energy transfer from Tb to two Yb ions. Excitation of Tb 3+
into the 5D4 state is followed by energy transfer to two neighboring Yb 3+ ions that are excited to 2F5/2 state.
Finally emission of 980 nm photons occurs after relaxation to the ground state of Yb3+.

In two recent review papers, B.S. Richards and Strumpel et al. have presented the
different single and couple lanthanide ions that could be considered for downconversion for PV applications [55], [56]. The practical relevance of quantum cutting is,
in fact, very limited for PV applications. Both in one-ion or two-ion systems, absorption
is usually either in the vacuum UV, for example, the Pr3+ is excited at 185 nm or the Gd
is excited at 202 nm, or in the UV-A and UV-B (280–360 nm), where there is no or very
little irradiation in the terrestrial solar spectrum (~2% of total irradiation).
Considering the energy levels of all the lanthanide ions, it is evident that the energylevel structure of Ytterbium ion, Yb3+, is ideally suited to be used in DC for PV
applications. The Yb3+ ion has a single excited state denoted by 2F5/2, which corresponds
to emission range of 950 – 1150 nm peaking at 980 nm. The absence of other energy
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levels allows energy transfer from other lanthanides ions with higher excited states to
Yb3+ emitting photons at 980 nm that can be efficiently absorbed by single-junction
solar cells. Efficient DC by Yb3+ requires a donor ion with an energy level around 2.5 eV
or higher and an intermediate energy level around 1.25 eV (equivalent to 980 nm). From
Dieke’s diagram one finds that there are several ions that can be coupled with Yb3+ such
as Pr3+, Er3+, Nd3+, Sm3+, Dy3+, and Ho3+ for a resonant two-step energy transfer
process. Also cooperative sensitization is possible where energy transfer occurs from
high excited state (250-500nm) of the donor to two neighboring acceptor ions without
an intermediate level such as Tb3+, as shown in Figure 3.5 [54], [57]. Selected systems
for PV applications involving Yb3+ are reported in Table 3.3.
Most of the Yb3+ systems lack high absorptions and thus they present limited interest for
solar energy conversion because the total amount of light which can be absorbed is small
despite some impressive quantum yields. The luminescence intensity can be increased
by using a broad-band absorbing ion such as Ce3+. Unlike other trivalent lanthanides,
Ce3+ has very high absorption cross section which originates from the allowed transition
from the 4f ground state to the 5d excited one. Down-conversion for two near-infrared
photons per absorbed blue photon was realized in the Ce3+/Yb3+ ions co-doped borated
glasses. Upon excitation of Ce3+ ion with an UV photon at 330 nm, two photons at
980 nm are emitted from the Yb3+ ions [58]–[60]. The cooperative energy transfer is
initiated in the Ce3+ after excitation to the 5d followed by cooperative energy transfer to
the 2F5/2 state of Yb3+, as depicted in Figure 3.6. The expected energy transfer efficiency
and DC quantum yield are 74% and 174%, respectively [58], while in [59] the quantum
yield was estimated to be much less due to non-radiative recombination.
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Figure 3.6. Schematic diagram of cooperative energy transfer from Ce 3+ to two Yb3+ ions. Excitation of
Ce3+ into the 5d level is followed by energy transfer to two neighboring Yb3+ ions that are excited to 2F5/2
state. Finally emission of 980 nm photons occurs after relaxation to the ground state of Yb3+.

The overall DC efficiency is enhanced by the introduction of an additional ion such as
Tb3+ to the Ce3+/Yb3+ couple in different host materials, despite the double energytransfer Ce-to-Tb-to-Yb [61]–[63]. The energy transfer mechanism is shown in
Figure 3.7. Haung et al. report an enhancement in Yb3+ emission intensity by a factor of
30 in the presence of Ce3+ [61]. However J. Sun et al. estimated the DC efficiency to be
132% [62]. In a more recent study it was reported that the near-infrared (NIR) emission
intensity of Yb3+ in a tri-doped sample under excitation of 355 nm is 1.4 times that of
Ce3+–Yb3+ co-doped sample and is 23 times that of Tb3+–Yb3+ co-doped phosphors with
optimal composition [63].
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Figure 3.7. Schematic energy-level diagram of the ternary phosphor GdBO3:Ce,Tb,Yb. Dotted arrows
denote either nonradiative or energy-transfer processes. Reproduced with permission from [61].

Until now, very few papers reported successful DC experiments with actual solar cells
primarily due to the low quantum yields. In a recent paper, authors reported the
coupling of a 3 mm sample of Pr3+, Yb3+ codoped in Oxyfluoride glass to a 2 cm x 2 cm cSi solar cell [64]. Despite a DC quantum yield of 158%, the EQE of the cell decreased
after adding the DC layer. Two reasons may explain this deceptive result: reflection
losses due to the added layer and, possibly, a lower quantum yield than initially
calculated.
On the other hand, DS layers based on lanthanide ions are more popular. DS process is
easier to put into practice than DC because there is no need to precisely match transition
energies in the donor and acceptor ions. Eu is one of the most ions used in DS layers as
it has many absorption lines in the UV spectral range and intense emission lines in the
red spectral range. The absorption band extends from 200 – 440 nm and is centered at
310 nm. Whereas the emission band is in the range 580 – 650 nm with a main line at
612 nm related to the 5D0 - 7F2 transition and appears to be quite independent of the
host material or the sensitizer [65].
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Table 3.3. Selected DC systems containing Yb3+ ion and studied as potential candidates for enhancing the
efficiency of silicon solar cells. The excitation, λexc. and emission, λem, wavelengths as well as the PLQY are
indicated.

Sensitizer : Emitter

λexc (nm)

λem (nm)

PLQY

Ref

Pr3+ : Yb3+

482

976

194%

[66]

Pr3+ : Yb3+

441

980

140%

[67]

Pr3+ : Yb3+

330

980

150%

[64]

Tm3+ : Yb3+

474

970 - 1010

173%

[68]

Eu2+ : Yb3+

260 - 400

980

164%

[69]

Nd3+ : Yb3+

350

986

140%

[70]

Er3+ : Yb3+

300 – 380 / 490

1000

195%

[71]

Er3+ : Yb3+

350 – 415

1000/1540

~200%

[72]

Ho3+ : Yb3+

287/535

985/1180

246%

[73]

Tb3+ : Yb3+

488

1000

188%

[54]

Tb3+ : Yb3+

485

1000

196%

[57]

Ce3+ : Yb3+

330 (250 – 380)

980

174%

[58]

Ce3+ : Yb3+

400 - 500

550/1030

96%

[59]

Ce3+ : Yb3+

400 - 500

1000

60%

[60]

Tb3+/Ce3+ : Yb3+

320 - 390

980

132%

[62]

Tb3+/Ce3+ : Yb3+

320 - 390

980

110%

[63]

To our knowledge, the first demonstration of downshifting increasing the efficiency of
both c-Si and a-Si solar cells dates back to 1997 [74]. Commercial c-Si PVC and a-Si PVC
cells were coated with an organically modified silicate (ORMOSIL) composite phosphor
films containing Eu3+ or Tb3+ ions. The rectangular sizes of the silicon cells were 2.5 x 5
and 5 x 8 cm for c-Si and a-Si, respectively. An absolute increase in the conversion
efficiency of 1.2% was observed under AM1.5G illumination for the c-Si PVC cell coated
with the ORMOSIL– Eu3+ complex, while the Tb3+ coating was detrimental. In order to
lower the amount of light scattered by the ORMOSIL– Eu3+ complex coating, a silica gel
layer was added resulting in an absolute increase in efficiency of 1.4%. The final absolute
efficiency of the commercially available solar cell was 9.1%. Conversely, the efficiency of
the a-Si PVC cell increased by 8% when an ORMOSIL– Tb3+ complex layer was added
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[74]. It is worth mentioning here that despite the absolute enhancement in the cells, the
conversion efficiencies of the cells are relatively low and therefore the impact when
adding a DS layer is evident. In addition the reference cell was a bare cell with high
reflection losses and these losses decrease by adding the DS layer. Therefore the
increase in efficiency might be due solely to the decrease in reflection losses.
These results were confirmed 3 years later by the same authors [75]. The ORMOSIL–
Eu3+ solution was dip-coated onto a quartz plate until a 300-nm thick film was obtained.
A DS layer was then assembled from three such plates with Ag paste and coupled to
commercially available c-Si PVC hybrid cells. The photovoltaic output of the composite
device increased by 10–15% with respect to the uncoupled cell, that is adding about 1%
to the absolute external quantum efficiency [75]. This is in fact a good performance
because the absorption spectrum of the Eu3+ complex only marginally overlaps with the
solar spectrum in the range of 300–390 nm, which represents merely 2% of the solar
spectrum.
In another attempt, Eu3+ ions encapsulated into silicate glass by a sol-gel procedure
resulted in a 1.03 mA/cm2 increase in the short-circuit current density of a c-Si cell.
[76]. In another report, a relative increase of 2.8% and 1.1% in the maximum power and
short-circuit current density, respectively, of a silicon module were measured under
AM1.5G conditions. [77]. A very recent report shows that Eu3+ incorporated in a PMMA
matrix can enhance the UV response of a c-Si solar cell [78]. Only enhancement in the
EQE was shown with estimation of 0.18% absolute increase in total efficiency. The
authors argue that the introduction of Eu3+ ions not only enhances the cell by downshifting effect, but also by protecting the PMMA from UV. They show good stability of
the DS layer and PMMA at high temperatures. In addition, they perform a cost analysis
claiming that adding a DS layer is cost effective.
Inorganic materials can be used as host materials for lanthanides ions such as Eu. In
2009, a study introducing Eu3+ ions into silica film by a sol-gel method as a DS layer for
c-Si solar cell was reported. There was a ~10% relative increase in efficiency when the
Eu was used as a DS layer [79]. To confirm the DS effect, the cell was compared with a
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solar cell with a silica film on the top surface so that there is almost no change in
reflection losses when adding the Eu ions.
Other host materials such as KCaGd(PO4)2:Eu3+ dispersed in PMMA were screenprinted on the top of the Si3N4 reflective layer of polycrystalline silicon solar cells to
form a 3–4 mm thick film. Thus, the efficiency of the solar cells increased by 0.5% due
to the conversion of 350–400 nm photons into red photons (580–710 nm) and to a
lower reflectivity [80]. Screen-printed c-Si cells are drawing attention and downshifting
has also been applied in an effort to improve their overall efficiency. Since lanthanidedoped inorganic phosphors are difficult to disperse in solvents, investigators have
turned to yttrium hydroxide nanotubes doped with Eu3+. This nanomaterial can be
conveniently synthesized via the hydrothermal route at low temperature (180 °C) and is
then spin cast on the front face of the cell. The authors claim that under AM1.5G
illumination the yield of the cell increases from 15.2% to 17.2% upon adding the DS layer
[81], an amazing 2% absolute. Moreover, the authors report that the open-circuit voltage
of the cells was influenced. The measured EQE shows an increase in the 550 – 700 nm
range, which does not correspond to the absorption spectrum of the Eu, which might
suggest that the improvement was due to enhancement in the transmission of incident
photons into the cell.
Other ions have also been used for DS, such as Dy and Sm [82]–[85]. Divalent and
trivalent Sm ion in a KMgF3 matrix have been shown to enhance the performance of
CdTe solar cells by 5% [82]. The Sm ion PL has several peaks extending from 560 nm to
720 nm with the main peak centered at 694 nm, while it absorbs photons with
wavelength below 500 nm with two main absorption peaks at 324 nm and 381 nm.
Crystalline titanium dioxide, TiO2, with bandgap of 3.0 – 3.2 eV has been reported as a
host material for rare earth materials [86]. TiO2 is a good host material for its high
refractive index, excellent transparency for visible/NIR light and low maximum phonon
energy. The energy transfer to different rare earth ions (Sm3+, Eu3+, Yb3+, Nd3+, Er3+,
Tb3+ and Tm3+) was tested and discussed by K. L. Frindell et al. [86]. Successful energy
transfer from titania films to the lanthanides resulting in visible emission (Sm 3+, Eu3+),
NIR (Yb3+ and Nd3+) and at 1540 nm (Er3+) was reported. There was no fluorescence for
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Tm3+ and Tb3+ ions which indicates no energy transfer from titania films to these rare
earth ions. Energy transfer mechanism was suggested to take place between the defect
levels, which have energy levels of around 19,000 – 21,000 cm-1, and rare earth ions. It
is evident from the excitation and emission spectra that down-shifting is occurring and
not down-conversion. In addition there was no reporting of the conversion efficiency.
Table 3.4. Selected experimental results of different rare earth-based DS with different single-junction
solar cells. The solar cell efficiency, η, is compared with the system efficiency, ηsys, composed of the solar
cell and the DS layer. Both absolute, ΔηA, and relative, ΔηR, change in efficiency are reported.

SC

η (%)

DS
material

Host
material

ηsys (%)

ΔηA
(%)

ΔηR
(%)

Spectrum

Ref

c-Si

7.9

Eu3+

ORMOSIL

9.3

1.4

18

AM1.5G

[74]

a-Si

3.2

Tb3+

ORMOSIL

3.5

0.3

8

AM1.5G

[74]

c-Si

-

Eu3+

PVA

-

-

2.8

AM1.5G

[77]

c-Si

11

Eu3+

SiO2

12.04

1.04

9.5

AM1.5

[79]

Si

16.52

Eu3+

KCaGd(PO4)2

17.0

0.48

3

-

[80]

CdTe

-

Sm3+

KMgF3

-

-

5

AM1.5

[82]

DSSC

3.0

Dy3+

LaVO4

3.7

0.7

23

Undefined

[83]

c-Si

15.3

Ce3+

YAG

15.46

0.16

1

AM1.5

[85]

InGaP

9.28

Eu3+

-

9.48

0.20

2

AM1.5G

[87]

3.3.2.Quantum Dots
Quantum dots (QD) are nanometer-sized features in semiconductors, which can be
prepared by a number of methods such as colloidal synthesis, plasma synthesis or
mechanical fabrication. The exact size and shape of the QD determine many of its
electrical and optical properties. Quantum dots were first proposed for use in
luminescent concentrators to replace organic dye molecules [88], [89]. QDs have
advantages over organic dyes in that 1) their absorption edge can be tuned by changing
the QD diameter 2) they have a broad absorption profile, 3) are inherently more stable
than organic dyes, and 4) have relatively high quantum yield with more than 80%. On
the other hand, the overlap of the absorption and the emission band can lead to
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significant reabsorption losses, although this can be minimized by spreading the size of
QDs [88].
Common QDs used for DC and DS applications are CdSe [90], [91], CdS [91]–[95], SinC [96], ZnS [97] and PbS [98] with their absorption and emission bands summarized
in Table 3.5. Multugin et al. claimed a two-fold increase in efficiency applying CdSe/ZnS
core-shell QDs embedded in PMMA layer on top of mc-Si solar cell [90]. However the
quality of their bare mc-Si solar cell was very poor, only 2.4% efficient.
Table 3.5. Common quantum dots used as down-shifting layers.

QD

Absorption λmax (nm)

Emission λmax (nm)

Ref

Si-nC

300 - 500

700 - 900

[35]

CdSe/ZnS

220 - 620

470 - 620

[91]

CdS

300 - 480

430 - 600

[95]

A series of reports on DS using QD were published from the National Chiao Tung
University, Taiwan [93][94]. In [93] the authors demonstrated a 33% increase in
efficiency when CdS QDs are used as a DS layer on top of c-Si nanopillar arrays. While
there was only 2.8% relative increase in Jsc, there was about 15% relative increase in FF
and the Voc remained unchanged. They attributed the increase in FF due to the
enhancement in series resistance but could not explain why. In addition there was an
enhancement in reflectivity in the range of 400-1100 nm which mainly caused the
increase in Jsc. They also tried the CdS QD on GaAs solar cell [94][95]. The conversion
efficiency of a cell with QD increased by 3.35% and 0.55% when compared to GaAs solar
cell with and without ARC, respectively [94]. The Voc remained constant and FF
degraded by less than 1%. However, most of the enhancement is believed to be due to
lower reflection losses instead of DS effects, as the EQE of the cells show. Two years
later a more conclusive report on using CdS and CdSe/ZnS on top of GaAs solar cell was
presented [91]. The reflection losses and DS effects were decoupled analytically. Results
show that out of the 25% relative enhancement, 24% was due to reflection losses while
only 1% was due to DS effect.
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Another common type of QD, or nanocrystals, for DS applications is Si-nC. Si-nC will be
discussed in more detail in chapter 4, but some results are presented in this section for
comparison. Si-nC are embedded into spin-on-glass (SOG) antireflection SiO2 based
solution and coupled to a standard silicon solar cell [96]. The Si-nC layer was estimated
to be 130 nm thick with emission peak centered at 700 nm. A small improvement in
short-circuit current density of 2.5 mA/cm2 was observed. In [35], [99], a reference mcSi solar cell with 105 nm SiO2 ARC layer is compared with two mc-Si cells coupled with
Si-nC (DS1 and DS2 layers) of layer thickness 235 nm and 677 nm, respectively. The
measured efficiency of the reference cell under AM1.5G is 15% while for the mc-Si
coupled with DS1 and DS2 the efficiency are 9.5% and 9.95% respectively. The
degradation in efficiency is believed to be due to the high reflectance from the top
surface of the DS layers. Decoupling of the down-shifting effect and the ARC effect was
performed to show an enhancement in the IQE of 0.8% and 14% for DS1 and DS2,
respectively, due to down-shifting effects when compared to the reference cell.
Table 3.6. Selected experimental results of different quantum dots-based DS with different single-junction
solar cells.

SC

QD

Relative η (%)

Spectrum

Ref

c-Si

Si-nC

0.4

AM1.5

[96]

mc-Si

CdS/ZnS

211

Xe lamp

[90]

c-Si

CdS

>4

AM1.5G

[92]

c-Si

Si-nC

No improvement

AM1.5G

[35]

c-Si nanopilar array

CdS

33

AM1.5G

[93]

GaAs

CdS

18.9

AM1.5G

[94]

3.3.3.Organic Dyes
Organic dyes were proposed in the 1970s as luminescent layers to enhance the UV
response of single-junction solar cells [14], [100], [101]. The first experimental report by
Hovel et al. examined the effect of adding fluorescent organic dyes to GaAs and a-Si
solar cells. An absolute 2% increase in efficiency was observed for the GaAs solar cell
while very small improvement in the case of a-Si. Hovel et al. indicated that careful
design of ARC can further enhance the performance by minimizing reflection losses in
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NIR regions. While these results were promising, the photostability of organic dyes over
prolonged periods of UV exposure remains questionable.
Organic dyes nowadays exhibit relatively high absorption coefﬁcients, close to unity
quantum yield, and are easy to process in polymeric matrices [102]. Their drawbacks are
their narrow absorption bands and their small overlap between absorption and emission
profiles, which results in re-absorption losses. One way to overcome this drawback is by
mixing several dyes within one layer in order to improve their absorption bandwidth
and to expand their Stokes-shift [43], [44], [103]. Researchers choose dyes that are
commercially available such as Lumogen® F,

and Keyplast dyes for plastics from

vendors such as BASF and Keystone [104], [105]. Table 3.7 shows the properties of some
of the common commercial organic dyes used as down-shifting layers.
Table 3.7. Some of the commercial organic dyes that are used as down-shifting layers

Organic Dye

Absorption λmax

Emission λmax

PLQY

Ref

Lumogen® F V570

378 nm

413 nm

> 85%

[104]

Lumogen® F Y083

476 nm

490 nm

> 85%

[104]

Lumogen® F O240

524 nm

539 nm

> 90%

[104]

Lumogen® F R305

578 nm

613 nm

> 90%

[104]

MPI-505

450 nm

495 nm

> 85%

[106]

Sumipex 652

470 nm

520 nm

91%

[107]

Organic dyes are efficient DS layers when coupled to different solar cells such as c-Si
[108], [109], mc-Si [107], [110], [111], a-Si [14], GaAs [14], CdTe [106], [112]–[116], CIGS
[117], [118], and DSSC [14], [111]. Experimental work has advanced using organic dyes to
implement the DS layers on encapsulated modules [117]. Some of the results are shown
in Table 3.8 for different single-junction solar cells and modules. As can be seen, the
absolute increase in efficiency is in the order of 1-2%, with relative efficiency
enhancement as high as 29%. Some of the high relative efficiency improvements
reported are due to the fact that the reference cell is a bare cell with no ARC, and thus
suffers high reflectance losses to begin with. However a number of studies decouple the
reflection losses from the downshifting effect after adding DS layers. A large increase in
efficiency could be primarily due to enhancement in reflection losses while there is only
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a very small enhancement from down-shifting effect. In [117] the effects were decoupled
and it was shown that when coupling an 80% dye to CIGS module, an increase of 1.5
mA/cm2 to Jsc is observed. Out of this increase 0.5 mA/cm2 was a result of reduced
reflection losses while 1 mA/cm2 due to the down-shifting effect. On the other hand, E.
Klampaftis et al. demonstrated a maximum increase in Jsc of 2.3 mA/cm2 based on an
organic dye DS layer of 90% quantum efficiency [118]. However, 1.8 mA/cm2 was due to
better optical coupling into the cell, and only 0.5 mA/cm2 due to the down-shifting
effect.
Table 3.8. Selected experimental results of different organic dyes-based DS with different single-junction
solar cells. The solar cell efficiency, η, is compared with the system efficiency, ηsys, composed of the solar
cell and the DS layer. Both absolute, ΔηA, and relative, ΔηR, change in efficiency are reported.

SC

η (%)

Organic dye

Host
material

ηsys
(%)

ΔηA
(%)

ΔηR
(%)

Spectrum

Ref

GaAs

11.5

Coumarin
(540),
Rhodamine 6G

PMMA

13.5

2

17.4

AM0

[14]

mc-Si

5.14

MPI-503C
(red)

Paint
thinner

6.61

1.53

29

Undefined

[110]

mc-Si

6.03

MPI-507C
(pink)

Paint
thinner

7.65

1.62

27

Undefined

[110]

CdTe

9

Lumogen-F
Y,O

PMMA

-

-

20

AM1.5G

[113]

A further interest that can be found in organic dyes, in addition to the efficiency
enhancement of photovoltaics modules, is the coloration of the modules for their
integration in urban environments [119]. Indeed, owing to the intrinsic properties of
photoactive materials and antireflective coatings, solar cells appear to be dark. However,
any coloration of the surface of the antireflective coating immediately lowers the energy
conversion efficiency. A compromise is to change the refractive index and the thickness
of the antireflection film.
While most work has been focused on system performance and PV enhancement, an
interesting cost analysis was presented in [116]. Three factors that affect the
effectiveness of a DS layer: PLQY, absorptivity and the actual cost per gram. The higher
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the PLQY means more enhancements to the solar cell and therefore higher annual
energy yield is expected. Although an organic dye can be expensive, if it has high
absorptivity, then only small amount is needed and therefore it might be cost effective to
use it instead of a cheaper but less absorptive dye.

3.3.4.Summary
In summary, an overview of the DC and DS materials was presented in this section.
Rare-earth materials have certainly some inimitable advantages such as high
photostability and very little reabsorption losses. However, they have disadvantages
such as very small absorption coefficients resulting in overall low DC enhancement. Yb
ion has been the most suitable ion for PV applications as the emission line is at 980 nm.
However the challenge remains in finding a sensitizer ion that both has high absorption
coefficient and efficient energy transfer. Ce and Tb ions both remain good choices as
they exhibit several absorption lines in the UV range of the spectrum.
Effectively it seems DC is only possible through rare earth ions, although there has been
some reports claiming DC effects in QDs [120], [121]. While there is experimental
evidence for DC effects in Si-nC, the efficiency still remains significantly below 200%
[120]. In the case of the CdSe/ZnS QD [121], I believe the calculation of the internal
quantum efficiency was not correct due to the exclusion of diffuse reflectance. More
information on specular and diffuse reflectance will be presented in chapter 6
On the other hand, there have been several experimental reports on coupling different
materials to single-junction solar cells for DS applications. While Eu ions and CdS QDs
are good candidates, organic dyes show better results for their high PLQY and low cost.
However, most DS layers are suitable for solar cells with poor UV response, otherwise
the conversion efficiency of the cell might degrade when a DS layer is added on the top
surface. In addition, while some of the research groups report high relative increase in
efficiency, most of the enhancement is due to a decrease in reflection losses (ARC
effects) with almost no, or very little, DS effects. In some cases, this is due to the fact
that the reference cell is a bare cell or a very poor solar cell to start with.
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In this thesis the focus is on Si-nC embedded in SiO2 as a DS layer. Si-nC exhibit strong
absorption below 500 nm with PL centered at 800 nm. Si-nC is the selected DS layer for
our numerical simulation in chapter 5, and in our experimental results in chapter 6.
However, it is important to understand the physical behaviour of Si-nC and therefore
the next section is dedicated for the theory of Si-nC.

Silicon Nanocrystals
3.4.1.Luminescence from Silicon Nanocrystals
Silicon has been the dominant material in modern microelectronics technologies for
over 50 years, owing to its natural abundance, low cost, stable and well-passivating
native oxide, and universally adequate electrical properties. However, for all of its
favourable properties, bulk silicon is a very poor luminescent material and thus has very
limited applications in optoelectronics. While suﬃcient performance has been attained
in other key components of silicon photonics including waveguides, modulators, and
detectors [122], the continued lack of an eﬃcient silicon-based light source remains a
major obstacle, preventing silicon-based optoelectronic devices from becoming a viable
technology.
The poor radiative eﬃciency of bulk silicon is a consequence of its indirect bandgap, a
fundamental property of silicon band structure. In indirect bandgap materials such as
silicon, the minimum of the conduction band is oﬀset from the maximum of the valence
band. As can be seen in Figure 3.8, the minimum of the conduction band is located at Γ
point while the maximum of the valence band is close to Χ point [123]. As a result, there
is a diﬀerence in the wave vectors of the initial and final states of electron transitions
between the conduction band minimum and valence band maximum. Therefore,
radiative recombination in silicon requires phonon mediation (i.e., phonon absorption
or emission) involving a phonon with a wave vector of equal magnitude and opposite
direction to that of the initial state in order to conserve momentum [124]. Phonon
assistance is a slow process due to the weak electron-phonon interaction. This leads to a
substantial increase of the radiative lifetime to be on the order of milliseconds, which is
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very long compared to that in a direct bandgap semiconductor like GaAs, which has a
radiative lifetime on the order of nanoseconds [125].

Figure 3.8. Energy band structure of silicon crystals. An offset in the k-space between the minimum of the
conduction band and the maximum of the valence band exists for indirect semiconductors. Reproduced
with permission from [123].

At room temperature, non-radiative processes such as Auger and SRH recombination
dominate due to their relatively short lifetimes. Auger recombination rates are
dependent on the doping level and becomes the dominant recombination process for
high doping levels [126], [127]. By contrast, the SRH recombination rate is dependent
on the concentration of deep trap states and typically has a lifetime on the order of
nanoseconds [124]. The radiative and non-radiative lifetimes, denoted as τR and τNR,
respectively, determine the radiative eﬃciency η of a semiconducting material as
defined as:
𝜂=𝜏
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In order to obtain efficient luminescence from a material, the radiative τR lifetime must
be signiﬁcantly shorter than the non-radiative τNR lifetime. At low temperatures where
the non-radiative recombination rates are significantly reduced, the radiative
recombination process becomes dominant and efficient luminescence has been
observed under such conditions [128], [129]. Unfortunately, cooling to such extremes is
impractical for most device applications and so it is necessary to devise methods of
overcoming the limitations imposed by the indirect band structure. It was shown
previously that the internal quantum efficiency of Si-nC samples annealed at 1250 °C
can reach as close as 100% according to the ratio of the radiative to non-raditaive
lifetimes [130].
Origin of Luminescence
After the discovery of visible luminescence from nanocrystals [131] and porous [132]
silicon in 1990, challenges of silicon band structure were overcome by creating a strong
confining potential for carriers inside the nanocrystals silicon embedded in large
bandgap matrix such as SiOx. The large bandgap matrix provides a high potential barrier
for the carriers that define the energy spectrum of the nanocrystal. When the silicon
dimensions are reduced suﬃciently, the uncertainty in the charge carrier momentum
exceeds the diﬀerence in the initial and final wave vectors. Having relaxed the
requirement for conservation of momentum, so-called “quasi-direct” transitions can
take place in which radiative recombination is allowed to occur without phonon
mediation which significantly increases the light emission eﬃciency of the material. H.
Takagi et al observed a shift in emission peak which is inversely proportional to the
crystallite size for small nanocrystals with size ranging from 2.8 to 5 nm [131]. Three
months later, L. T. Canham experimentally showed eﬃcient visible red luminescence
from porous silicon at room temperature when excited by blue or green laser [132]. The
visible luminescence was attributed to the quantum confinement effects when the
dimensions of silicon crystals are reduced beyond the exciton Bohr radius (~ 5 nm).
According to the model devised by L. Brus, the energy of the ﬁrst excited electronic state
in a spherical semiconducting nanocluster (E*) can be approximated by Equation (3.4)
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[133]. The equation includes terms for the bandgap energy of the bulk material (Eg*),
energy shifting due to quantum conﬁnement eﬀects on the electrons and holes, and
Coulomb interactions between the charged particles.
𝐸 ∗ ≅ 𝐸𝑔 +

ℏ2 𝜋 2 1
1
1.8𝑞 2
(
+
)
−
2𝑅 2 𝑚𝑒 𝑚ℎ
𝜀𝑅

(3. 4)

where R is the radius of the nanocrystal, me is the eﬀective mass of electrons, mh is the
eﬀective mass of the holes, and ε is the permittivity of the semiconductor.
Considerable research in the past two decades based on both theoretical and
experimental studies investigated the origin of the luminescence from silicon
nanocrystals in which two models have been proposed [131], [132], [134]–[140]. The
first model describes the luminescence in Si-nC in terms of carrier quantum
confinement effects [131], [132], [134]–[136]. The second model attributes the Si-nC
luminesce to oxygen-related surface and/or interface defects in the SiO2 films [137]–
[140], while confirming the change in the silicon band structure due to quantum
confinement. The absence of a generally accepted model is due to the variety of
experimental results in the literature that is dependent on preparation conditions,
method of fabrication, annealing temperature, annealing time, silicon composition and
characterization accuracy, and in some cases results contradicted each other. In
addition, the interpretation of the results of emission from a single nanocrystal is
different than an ensemble of nanocrystals due to the various mechanisms of interaction
amongst the nanocrystals in an ensemble such as Froster transfer, energy transfer
between adjacent nanocrystals.
The first proposed model suggested that light emission was due to band-to-band
radiative recombination of electron-hole pairs confined within the crystals.
Experimental studies showed that the PL emission peak red-shifts with increasing the
size of the Si-nC, which supports the quantum confinement theory. To further supress
any luminesce from defects, hydrogen passivation of Si-nC was carried out [134]. It was
observed that the PL peaks shape were the same while PL intensity increased by a factor
of 2 suggesting that non-radiative recombination through the defect levels were reduced
Ahmed Gabr – PhD Thesis

Page 62

Chapter 3: Down-Conversion and Down-shifting Processes

and that luminescence is indeed due to band-to-band radiative recombination. As a
simple model, the bandgap of the Si-nC can be estimated by the following relation
𝐸𝑔 (𝑑) = 𝐸𝑔_𝑏𝑢𝑙𝑘 +

𝐶
𝑑𝑛

(3. 5)

where Eg(d) is the estimated bandgap of the nanocrystal, Eg_bulk is the bandgap of the
bulk silicon, C is a positive constant, d is the diameter of the nanocrystal, and n is a
constant in the range 1 to 1.5. It is obvious that the bandgap of the nanocrystal is larger
than the bulk and increases as the diameter of the nanocrystal decreases.
In the second model, it was found that as the crystallite size decreases to few
nanometers, the PL emission peak did not shift to higher energy beyond 2.1 eV even for
small crystallites below 3 nm [135], [138], [139], which contradicts the confinement
theory that the bandgap of silicon increases beyond 3 eV when the size decreases below
2 nm and reaches 6 eV for size less than 1 nm [136]. In addition, the fact that surface
passivation affect both the intensity the wavelength of emission peak suggests that PL
from Si-nC is dominated by these defect centers. A three-level model was proposed to
explain the luminescence of the Si-nC and is explained as follows [137], [140]. The
absorption of photons is due to the band-to-band transition and is affected by the
quantum confinement. A fast relaxation in the order of nanosecond to an interface state
followed by a slow radiative recombination process in the order of (μs) emitting a
photon with peak wavelength centered at 800 nm.
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Figure 3.9. Schematic energy diagram of a three-level model to explain the luminescence of Si-nC from a
defect level.

Wolkin et al. tried to explain the three level model by comparing the PL emission peaks
of hydrogen- and oxide-passivated porous silicon samples [139]. In their work, it was
found that hydrogen-passivated silicon nanocrystals emit light with an energy
corresponding to free excitonic recombination for all sizes. However, there are three
different recombination mechanisms in oxygen-passivated silicon nanocrystals. For
crystallites of a size larger than 3 nm, recombination is via free excitons. For smaller
diameters, electrons become localized on the Si atoms in Si=O bonds at the nanocrystal
surface thereby reducing the emission energy below that of free excitonic
recombination. At nanocrystal diameters below 2 nm, the holes also become localized
on the Si atoms in Si=O bonds preventing the emission energy increasing with further
reductions in size. The eﬀects of the silicon nanocrystal size and passivation on the
electronic states in silicon nanocrystals and the emission energy are illustrated in
Figure 3.10 and Figure 3.11, respectively. Several other groups have suggested that
absorption is due to band-to-band quantum confined silicon nanocrystals while
emission is mainly due to transition between defect states in the passivation layer [137],
[138].
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Figure 3.10. Electronic states in silicon nanocrystals as a function of crystallites diameter. As suggested by
the quantum confinement model, bandgap increases with decreasing crystallites diameter. For oxygen –
passivated samples, recombination is due to free excitons in zone I. In zone II, recombination is due to
trapped electron and free hole. In zone III, recombination is due to trapped excitons. Reproduced with
permission from [139].

Figure 3.11. Comparison between experimental and theoretical PL energies in porous silicon as a function
of crystallite diameter. The upper line is the free exciton band gap according to the quantum confinement
model and the lower line is the lowest transition energy in the presence of a Si=O bond. The black and
white circles represent the peak PL energies obtained from samples with diﬀerent porosities kept under
Ar atmosphere and exposed to air, respectively. In zone I the PL peak energies are identical, for both
hydrogen- and oxygen –passivated samples. Reproduced with permission from [139].
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Although it is certain that quantum confinement plays a fundamental role in
determining the absorption and emission properties of Si-nC, an extension to the pure
quantum conﬁnement model is required in order to consider surface eﬀects, especially
when the nanocrystals have sizes smaller than 3 nm. Shallow surface trap states due to
the formation of Si=O bonds have been shown to be able to ﬁt the PL peak energy vs size
data, as shown in Figure 3.11.
The PL of Si-nC has a Gaussian shape with a tunable emission peak ranging from
650 nm up to 950 nm. The position of the emission peak is dependent on the Si
concentration and the annealing temperature while independent of the annealing time
and excitation energies [134], [137]. It was shown that for a given Si concentration, the
PL emission peak red-shifts with increasing annealing temperature [134]. Similarly, for
a given annealing temperature, the PL emission peak red-shifts with increasing the Si
concentration. In both cases, increasing the annealing temperature or Si concentration
result in a larger diameter of the silicon nanocrystals. Figure 3.12 shows the dependence
of the PL emission peak on the annealing temperature (1000 ˚C to 1300 ˚C)

for

different Si concentrations (35 to 44 at. %) for Si-nC embedded in SiOx matrix and
fabricated by PECVD [134]. The spread of the emission peak wavelength decreases with
increasing annealing temperature: spectral range of 650 – 900 nm at 1100 ˚C to a
narrow 830 – 950 nm at 1300 ˚C. Similarly, emission peak wavelength increases
linearly from 1100 ˚C to 1300 ˚C for low Si concentration (35 at. %), while PL is not
visible at annealing temperature of 1000 ˚C. However for the high Si concentration (44
at. %) the peak emission is contained within 50 nm spectral change when varying the
annealing temperature. Although it is believed in [134] that the luminescence from SinC is due to carrier quantum confinement, it was not possible to further tune the
emission peak for bandgaps beyond 2 eV (~ 650 nm) despite the small size of Si-nC
reported.
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Figure 3.12. Change in PL emission peak as a function of annealing temperature for different si
concentrations. Reproduced with permission from [134].

Timmerman et al. have demonstrated that quantum cutting, or down-conversion, is
possible in closely spaced Si-nC embedded in SiO2 matrix where two photons are
emitted for each high-energy photon absorbed [120]. A high-energy (>3 eV) photon is
absorbed in a Si-nC creating a hot electron-hole pair with excess energy. The excited
electron deep in the conduction band then relaxes to the edge of the conduction band
giving its energy to a neighbouring nanocrystal where an electron-hole pair is then
excited. This energy transfer occurs through intraband Auger processes [26]. The
excited electrons in both Si-nC then radiatively recombine, emitting two photons with
energies half of the original exciting photon. A schematic of the down-conversion
process in Si-nC is shown in Figure 3.13.
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Figure 3.13. Down-conversion process via neighbouring Si-nC. (1) A high-energy photon excites an
electron deep into the conduction band; (2) the excited electron relaxes to the edge of the conduction
band transferring its energy to excite an electron in a neighbouring Si-nC through intraband Auger
process; (3) the electrons in both Si-nC radiatively recombine, emitting two photons with lower energy
than the original exciting photon.

The quantum cutting observation is supported by measuring the relative quantum yield
of Si-nC samples. A linear increase in the relative quantum yield as a function of
incident photon energy was observed for photons with energy greater than 3 eV, which
coincides with double the estimated band gap of the Si-nC, 1.5 eV. Timmerman et al.
extended their study to measure the quantum yield for different samples for photons
with energies up to 5 eV to observe a step-like quantum yield curve as a function of the
incident photons energy [141], as shown in Figure 3.14. The step-like quantum yield
curve suggests the possibility of emission of 2 or more photons after the absorption of a
single high-energy photon. Although the absolute quantum yield can vary from sample
to another, the shape of the curve is very similar. In addition the position and the width
of the steps are dependent on the size distribution of the nanocrystals. The quantum
cutting process was explained as energy transfer to neighbouring nanocrystals within
proximity. To confirm this observation, Timmerman et al. performed two more
experiments [141]. First, quantum yield was measured for two samples with similar
nanocrystals size but different concentrations with the lower concentration having lower
quantum yield. The second experiment was done on a free-standing colloidal silicon
nanocrystal and was showing a decrease in quantum yield as a function of photon
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energy. The decrease in the quantum yield is due to new trapping and recombination
centers being activated.

Figure 3.14. External quantum yield of photoluminescence as a function of photon energy for two Si-nC
samples. Black dashed lines, indicating the ‘steps’, serve only as a guide to the eye. The lower panels show
multiples of the photoluminescence spectra of each sample. Reproduced with permission from [141].

Silicon Nanocrystals as Down-Conversion Layers
Si-nC have a series of properties which makes them very attractive as a candidate
material for down-conversion: (i) the photoluminescence quantum-efficiency can be
very high achieving internal quantum efficiencies up to 100% [130], (ii) Si-nC show
strong absorption in the UV (below 500 nm), (iii) the photoluminescence emission peak
can be tuned in the range between 650 and 950 nm, (iv) a wide separation between the
absorption and the emission profile. Therefore there have been several research groups
using Si-nC embedded in SiOx matrix as a down-conversion layer. Si-nC based downconversion layer are used in this thesis for both modelling and experimental work.
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Quantum Yield of Silicon Nanocrystals
One of the important characteristics of Si-nC is quantum yield (QY), or quantum
efficiency. Quantum yield is defined as the ratio of the number of emitted photons to the
number of absorbed photons. Experimentally quantum yield can be measured as per the
previous definition using an integrating sphere with a photodetector and an excitation
source such as laser or a monochromatic source [141]–[145]. The number of absorbed
photons is represented by the decrease in the excitation source intensity when the
sample is present. While the number of emitted photons is represented by the detected
photoluminescence of the sample. Another way to measure the QY is by measuring the
radiative and non-radiative decay rates and calculate the QY using the relation given in
in equation (3.3) [130], [146]. Both measurements are equivalent and are generally
accepted in the literature to report for the QY of Si-nC.
Quantum yield measurement of Si-nC has been an important subject of research for the
past 2 decades. The reported QY ranges from few percent for oxidised Si-nC to high QY
as 60% and 70% by passivating the si-nC with organic legends [142], [143]. Exposing
these samples to air results in a significant decrease in QY and 5%-8% ensemble QY was
reported [142]. Careful single Si-nC PL studies reported quantum yields as high as 59%
[146], 88% [147] and 100% [130] for selected individual nanocrystals. However, the
overall ensemble quantum yield in these studies was typically between 2% and 5%, since
the ensemble quantum yield was limited by a majority of non-luminescent particles, or
“dark nanocrystals”, while for a few single particles (bright nanocrystals) the quantum
yield approached unity. Table 3.9 summarizes selected reports on QY of Si-nC over the
past two decades for free standing and matrix embedded Si-nC. In summary, high QY of
Si-nC can be achieved when fabricated in an oxygen-free environment and passivated
with organic ligands, which might limit its commercialization process until proven
stable over time.
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Ensemble Si-nC

Free standing Si-nC

Table 3.9. Selected reports on the quantum yield of free standing silicon nanocrystals.

Passivation

QY

λexc (nm)

λem (nm)

Ref

Year

NA

88%

488

650

[147]

1999

Oxidized

5 - 35%

325

660 – 785

[148]

2002

No passivation

59%

488

750

[146]

2006

Oxidized

100%

457

800

[130]

2006

Oxidized

45%

390

720

[144]

2009

Oxidized

~ 5%

355

660, 770, 970

[149]

1993

Oxidized

5%

350

~700

[150]

1993

Oxidized

3.9%

-

-

[151]

1999

Organic ligands

62%

380

789

[142]

2006

Organic ligands

60 - 70%

380 - 400

800

[143]

2006

Oxidized

5 - 90%

250 – 460

-

[141]

2011

Organic ligands

5 - 43%

365

750

[152]

2012

Organic ligands

13 - 37%

400

600 – 750

[145]

2012
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Chapter 4: Numerical Modelling of Solar Cells
Device Modelling
4.1.1.Introduction
Technology Computer-Aided Design (TCAD) Sentaurus by Synopsys is a commercial
semiconductor device software package that solves the set of coupled partial differential
equations including the diffusion and transport equations to model the structural
properties and opto-electrical behaviour of complex epitaxial structures. The software
package provides a selection of tools to perform the aforementioned calculations which
provides structured application of the software with visualization aids to observe the
physical properties inside the device structure under various forms of perturbation. The
tools which have been used in this work include [32]:
Sentaurus Workbench (SWB), is a complete graphical environment for creating,
managing, executing, and analyzing TCAD simulations. Its graphical user interface
allows users to navigate and efficiently automate typical tasks associated with running
TCAD simulations such as managing the information flow, including preprocessing of
user input files, parameterizing projects, setting up and executing tool instances,
parameter variations, and visualizing results with appropriate viewers. It automatically
creates the output file of one tool and then, after its successful completion, passes the
output files to the next tool in the queue, thereby removing the need for manual control
by the user.
Epi, the user defines the basic structure of the device specifying the X and Y dimensions
for 2D simulation or X, Y and Z dimensions for 3D simulations. For each epitaxial layer,
the user defines the material, layer thickness, doping concentration, mesh refinement
and mole fraction, including gradients in both doping and mole fraction. It also contains
information about the source parameter files (<material>.tcl or <material>.par) to be
used by MatPar tool (see next) to generate user-defined material parameter files. The
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Epi tool generates a scheme command script automatically to create the multilayer
structure as input to the Sentaurus Structure Editor.
MatPar, creates the material parameter files which will be used by the Sentaurus
Device engine for simulating the electrical and optical characteristics of the device. The
.par user defined files are imported to Sentaurus Device.
Sentaurus Structure Editor (SDE), is a device editor and process emulator based
on CAD technology. It has three distinct operational modes: 2D structure editing, 3D
structure editing, and 3D process emulation. It can utilize, as an input, a script file
written by the user or input from Epi tool in order to create the device structure, or can
be used as a stand-alone tool to create an epitaxial structure. It discretizes the structure
into a mesh consisting of discrete points using a Delaunay mesh generator whereby the
physical equations of interest will be solved. The output file created by this tool contains
the geometrical, material, contact and doping information about the device. It is this file
that is used by Sentaurus Device to perform device simulations.
Sentaurus Device (SDevice), numerically simulates the electrical behaviour of the
modeled semiconductor device. It solves numerically the set of diffusion and transport
equations depending on the physical parameters and boundary conditions defined by
the user in the virtual device. The equations are solved at each discrete point in the
mesh self-consistently until the user-defined convergence criteria are met. The
numerical methods for solving this set of nonlinear equations are based on Newton's
root finding algorithm.
Sentaurus Visual (SVisual), is a 1-D, 2-D, and 3-D visualization tool. The tool
supports TCL scripting, enabling the extraction of simulated data for further analysis
and post processing.
The simulation tool flow of TCAD Sentaurus is shown in Figure 4.1 and is summarized
as follows. The layer structure of the device is defined in the Epi tool, where each layer‘s
material information such as doping, thickness, and mole fraction are defined. The Epi
tool then generates two files. A scheme commands file input to Sentaurus Structure
Editor (SDE) with the structure and meshing information. The SDE completes the
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structure by adding more layers such as ARC layers and/or contacts, add doping
profiles, and refining the mesh using a built-in tool (Sentaurus Mesh Generator). The
output file is sent to Sentaurus Device (SDevice) for optical and electrical stimulations.
The second output file from the Epi tool is used by the Matpar tool to generate the final
parameter files which will be used by SDevice. The user-defined parameter files contain
the properties of all materials in the structure such as bandgap, electron and hole
effective masses, doping dependent mobilities, complex refractive indices, etc. However,
the user can also generate material files without the use of MatPar. A literature review
was done to find the relevant properties for the materials used in this work, as will be
discussed in section 04.2. For simple structures such as a silicon solar cell, there is no
specific need to use the Epi and MatPar tools. The structure of the device can solely be
created in SDE and the corresponding material properties files are imported directly to
SDevice. Optical and electrical simulations are then carried out in the SDevice. The
optical simulation computes the reflection, transmission and absorption within each
layer of the device structure accounting for the wavelength dependent complex
refractive index of each material using the Transfer Matrix method (TMM). However,
other methods such as ray tracing and finite-difference time domain are also available.
The TMM method is adopted for its simplicity and efficiency, and will be discussed in
section 4.1.2. The simulation can be done using the standard spectrum AM1.5G for
producing J-V curves, or a tunable monochromatic source for quantum efficiency
measurements. The partial differential equations are then solved in SDevice to find a
numerical solution under specific illumination and bias conditions. The coupled partial
differential equations are solved repeatedly as the bias is swept in order to produce the
J-V curve. Whereas for the quantum efficiency simulation, the wavelength of the
monochromatic source is swept and the equations are solved for short-circuit current
condition, although can also be solved at a particular bias to produce quantum efficiency
as a function of bias. Finally, the Sentaurus Visual tool is used to plot the output results
of the simulation such as J-V curves, quantum efficiency, energy band diagrams, etc.
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Figure 4.1. Simulation tool flow in TCAD Sentaurus showing the main tools for solar cell simulation. The
tool flow with solid arrows is used for simple structures such as silicon solar cell where only one material
is used.

4.1.2.Transfer Matrix Method
While there are multiple ways to simulate the reflection in thin films, such as the raytracing method [50] and the transfer matrix method (TMM) [153], the latter is more
commonly used and will be used throughout this thesis. There are many references
describing the TMM method with some variations [153]–[155], although the approach
presented here is adopted from [153].
First we define the optical properties of a medium. Refractive index is defined as the
ratio of the velocity of light in free space c to the velocity of light in the medium v. When
the refractive index is real, it is denoted by n, but it is frequently complex and then is
denoted by N.
𝑁=
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𝑐
= 𝑛 − 𝑖𝑘
𝑣

(4. 1)
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where k is the extinction coefficient and is related to the absorption coefficient α, as was
defined in equation (2.2).
Light waves are electromagnetic in nature, and a homogeneous, linearly polarized
harmonic wave may be represented by expressions of the form
2𝜋𝑁
𝐸 = 𝐸0 𝑒𝑥𝑝 [𝑖𝜔𝑡 − (
) 𝑧 + Φ]
𝜆

(4. 2)

where E is the electric field, E0 is the electric amplitude, z is the distance along the
direction of propagation, and Φ is an arbitrary phase. A similar expression holds for H,
the magnetic field propagating perpendicular to the electric field, as:
𝐻 = 𝐻0 𝑒𝑥𝑝 [𝑖𝜔𝑡 − (

2𝜋𝑁
) 𝑧 + Φ′]
𝜆

(4. 3)

The optical admittance is defined as the ratio of the magnetic and electric fields and is
given by:
𝑌=

𝐻
𝐸

(4. 4)

where Y is usually complex. In free space, the optical admittance is real and is denoted
by Y. The optical admittance of a medium is associated with the refractive index by
𝑌 = 𝑁Y

(4.5)

For oblique incidence the wave is split into two linearly polarized components, one with
the electric vector in the plane of incidence, known as p-polarized (or transverse
magnetic field (TM)) and one with the electric vector normal to the plane of incidence,
known as s-polarized (or transverse electric field (TE)). The propagation of each of these
two waves can be treated quite independently of the other. Calculations are simplified
only if energy flows normal to the boundaries and electric and magnetic fields parallel to
the boundaries are considered, because then we have a formulation that is equivalent to
a homogeneous wave.
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Figure 4.2. (a) Convention defining the positive directions of the electric and magnetic vectors for ppolarized light (TM waves). (b) Convention defining the positive directions of the electric and magnetic
vectors for s-polarized light (TE waves).

At a boundary between two media, denoted by suffix 0 for the incident medium and by
suffix 1 for the exit medium, the incident beam is split into a reflected beam and a
transmitted beam. The expression for optical admittance is then modified to take into
account the angle of incidence, θ0, which is given by
𝑁

and

𝜂𝑇𝑀 = 𝑐𝑜𝑠𝜃 Y

(4.6)

𝜂𝑇𝐸 = 𝑁Y𝑐𝑜𝑠𝜃

where θ1 is calculated using Snell’s law, in which complex angles may be included
𝑁0 𝑠𝑖𝑛𝜃0 = 𝑁1 𝑠𝑖𝑛𝜃1

(4.7)

The amplitude reflection and transmission coefficients are given by
𝑟=

𝐸𝑟 𝜂0 − 𝜂1
=
𝐸𝑖 𝜂0 + 𝜂1

(4. 8)

𝑡=

𝐸𝑡
2𝜂0
=
𝐸𝑖 𝜂0 + 𝜂1

(4. 9)

and

The reflectance and transmittance can then be calculated from the amplitude reflection
and transmission coefficients, assuming incident medium is absorption free, as follows
𝑅 = 𝑟𝑟 ∗ = (
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𝜂0 − 𝜂1 𝜂0 − 𝜂1 ∗
)(
)
𝜂0 + 𝜂1 𝜂0 + 𝜂1

(4. 10)
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and
𝑇=

4𝜂0 ℝe(𝜂1 )
(𝜂0 + 𝜂1 )(𝜂0 + 𝜂1 )∗

(4. 11)

The above analysis can be extended in case of a thin film of material of thickness d
covering the surface of a substrate, such as the case of a single layer ARC, as shown in
Figure 4.3. The presence of two (or more) interfaces means that a number of beams will
be produced by successive reflections and the properties of the film will be determined
by the summation of these beams.

Incident wave
n0
Boundary a
d

n1
Boundary b
n2
z

Figure 4.3. Plane wave incident on a thin film.

Calculating the forward and backward components of E and H at the interfaces, the final
expression connects the tangential components of E and H at the incident interface with
the tangential components of E and H transmitted through the final interface, which can
be written in a matrix form as
[

𝐸𝑎
𝑐𝑜𝑠𝛿
]=[
𝐻𝑎
𝑖𝜂1 𝑠𝑖𝑛𝛿

(𝑖𝑠𝑖𝑛𝛿)/𝜂1 𝐸𝑏
][ ]
𝐻𝑏
𝑐𝑜𝑠𝛿

(4. 12)

where δ is the phase factor and is given by
𝛿 = 2𝜋𝑁1 𝑑𝑐𝑜𝑠𝜃1 /𝜆

(4. 13)

Normalizing equation (4.12) by dividing both sides by Eb, one can arrive to
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[

𝐸𝑎 /𝐸𝑏
𝑐𝑜𝑠𝛿
B
]=[ ]=[
𝐻𝑎 /𝐸𝑏
𝑖𝜂1 𝑠𝑖𝑛𝛿
C

(𝑖𝑠𝑖𝑛𝛿)/𝜂1
1
][ ]
𝜂
𝑐𝑜𝑠𝛿
2

(4. 14)

where the input optical admittance is now defined as
𝑌=

𝐶
𝐵

(4. 15)

The matrix in equation (4.14) can be extended to include m-layers of thin films on the
front surface of a substrate
𝑞

𝑐𝑜𝑠𝛿𝑟
B
[ ] = {∏ [
𝑖𝜂r 𝑠𝑖𝑛𝛿𝑟
C
𝑟=1

(𝑖𝑠𝑖𝑛𝛿𝑟 )/𝜂r
1
]} [ ]
𝜂m
𝑐𝑜𝑠𝛿𝑟

(4. 16)

where the sufﬁx m denotes the substrate. The reflectance, transmittance and absorbance
are given by
𝜂0 𝐵 − 𝐶 𝜂0 𝐵 − 𝐶 ∗
𝑅=(
)(
)
𝜂0 𝐵 + 𝐶 𝜂0 𝐵 + 𝐶

(4. 17)

𝑇=

4𝜂0 ℝe(𝜂𝑚 )
(𝜂0 𝐵 + 𝐶)(𝜂0 𝐵 + 𝐶)∗

(4. 18)

𝐴=

4𝜂0 ℝe(𝐵𝐶 ∗ − 𝜂𝑚 )
(𝜂0 𝐵 + 𝐶)(𝜂0 𝐵 + 𝐶)∗

(4. 19)

Materials Properties
In this section an overview of the main semiconductors properties will be discussed. The
focus will be on silicon and CIGS materials since solar cell designs using these two
materials will be modeled later in this chapter.

4.2.1.Bandgap Structure
The intrinsic carrier density ni is a fundamental quantity in semiconductor physics
which plays a significant role in the simulation of solar cells. In fact, ni has a strong
impact on the recombination losses and carrier mobilities which limit the ultimate
conversion efficiency of solar cells. Therefore, in order to model solar cells, ni must be
accurately determined. Prior to 1990, the most commonly adopted value for crystalline
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silicon at T = 300 K was ni = 1.45 x 1010 cm-3 which was affected by significant deviations
from experiments. In 1991, Sproul and Green measured the intrinsic concentration to be
ni = 1.0 x 1010 cm-3 at 300 K, which is still the most widely accepted value within the PV
community [156]. However, recent theoretical investigations [157] reinterpreted the
Sproul and Green experiment, demonstrating that their measurements were influenced
by the bandgap narrowing (BGN), although at relatively low doping densities. BGN is
the reduction of bandgap at particular high doping concentrations due to the
broadening of impurity levels into am impurity band. Using a theoretical study based on
the finite-temperature full random-phase approximation model of BGN proposed by
Schenk [158], an accurate value for ni = 9.65 x 109 cm-3 for undoped crystalline silicon
was determined. The result is consistent with the experiments by Sproul and Green
[156] and Misiakos and Tsamakis [159] which gave the effective ni due to bandgap
narrowing instead of ni for undoped silicon. The effective intrinsic concentration, ni,eff, is
given by
2
𝑛𝑖,𝑒𝑓𝑓
= 𝑛𝑖2 𝑒 Δ𝐸𝑔/𝑘𝐵 𝑇

(4. 20)

where Δ𝐸𝑔 is the bandgap narrowing due to doping. The temperature dependent
bandgap relation was proposed by Varshni as [160]:
𝐸𝑔 (𝑇) = 𝐸𝑔 (0) −

𝛼𝑇 2
𝑇+𝛽

(4. 21)

where Eg(0) is the bandgap energy at 0 K , and α and β are material specific parameters.
The temperature dependent bandgap energy for silicon is plotted in Figure 4.4 where
Eg(0) is 1.170 [161] and α and β are 3.2 eV/K and 4.3 K, respectively [32].
In Sentaurus, there are different models to model the bandgap narrowing such as
Bennestt-Wilson, Del Alamo, Slotboom and Schenk [32]. The effective band gap is
calculated as [32], p251:
𝐸𝑔,𝑒𝑓𝑓 (𝑇) = 𝐸𝑔 (𝑇) − 𝐸𝑏𝑔𝑛

(4. 22)

where 𝐸𝑏𝑔𝑛 is determined by the bandgap narrowing model used.
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The Schenk model is used for silicon and the bandgap narrowing as a function of donor
and acceptor concentrations is shown in Figure 4.5.

Silicon Bandgap Energy (eV)
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Figure 4.4. Temperature dependence of the intrinsic silicon bandgap energy after Varshni relation.
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Figure 4.5. Bandgap narrowing due to acceptor (left) and donor (right) doping concentrations using the
Schenk model.
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In devices that contain different materials such as CIGS, the electron affinity χ is also
important to determine the alignment of the conduction and valence bands at material
interface. The electron affinity is defined as the difference between the lowest energy of
the conduction band and the vacuum level. The affinity is temperature dependent and is
affected by bandgap narrowing:
(𝛼 + 𝛼2 )𝑇 2
χ(𝑇) = 𝜒0 +
+ 𝐵𝑔𝑛2𝐶ℎ𝑖 ∙ 𝐸𝑏𝑔𝑛
2(𝑇 + 𝛽 + 𝛽2 )

(4. 23)

where χ0 is material property representing the electron affinity at 0 K, and Bgn2Chi
accounts for the split between conduction and valence bands due to bandgap narrowing,
default value is 0.5. The bandgap of CIGS as a function of the molar fraction x can be
written as [162]:
𝐸𝑔 = 𝐸𝑔 (0) + Δ𝐸𝑔 𝑥 − 𝑏𝑥(1 − 𝑥)

(4. 24)

where Eg(0) is the bandgap energy of CuInSe2, ∆Eg is the bandgap difference between
CuInSe2 and CuGaSe2, b is the bowing coefficient, and the molar fraction x describes the
concentration ratio of Ga and In as In1-xGax. Eg(0) is in the range of 1 eV and ∆Eg is in
the range of 0.6 eV while the bowing coefficients vary from 0.02 to 0.26. A good review
on the bowing coefficient can be found in [163]. In our model the fitting parameters of
1.035, 0.653 and 0.264 for Eg(0), ∆Eg, and b respectively are used after P. D. Paulson et
al. [164]. The electron affinity as a function of molar fraction is given as:
χ(𝑥) = 𝜒(0) − (𝐸𝑔 (𝑥) − 𝐸𝑔 (0))

(4. 25)

where 𝜒(0) is the electron affinity of CIS and is equal to 4.8 eV, Eg(x) is the bandgap of
CIGS, and Eg(x) is the bandgap of CIS. The density of states for electrons and holes are
calculated in Sentaurus using the following general formula [32], page 262:

𝑁𝐶,𝑉 (𝑇) = 𝑁𝐶,𝑉 (300 𝐾) (

𝑇
300 𝐾

3
2

)

(4. 26)

and the effective masses are calculated from the density of states as [32], page 262:
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2

𝑚𝑒/𝑝

𝑁𝐶/𝑉 (300 𝐾) 3
=(
)
2.5094 × 1019

(4. 27)

The electron and holes effective masses of 0.09 and 0.71 [165], respectively, and
therefore the electron and hole density of states are calculated from equation (4.27) to
be 6.8 x 1017 cm-3 and 1.5 x 1019 cm-3 respectively.

4.2.2.Optical Properties
M. Green has reported the optical properties of silicon in 1995 and further updated
them in 2008 [21], [166]. The data is given at 300 K over the 250 – 1450 nm range in
10 nm intervals. Calculated extinction coefficient is accurate up to 460 nm and beyond
this wavelength the absorption coefficient is considered more accurate. Therefore in the
range 460 – 1450 nm, the extinction coefficient from the absorption coefficient is
calculated using the expression in equation (2.2). The absorption profile of crystalline
silicon is plotted in Figure 4.6.
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Figure 4.6. Absorption coefficient of silicon after M. Green [166].
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CIGS is a direct bandgap material and therefore has a relatively sharp absorption edge
near the bandgap with a high absorption coefficient compared to silicon. It requires a
CIGS film of only 1 μm thickness to absorb more than 90% of the incident solar
spectrum with photon energies higher than the bandgap. The complex refractive index
for different molar fraction x is obtained from P. D. Paulson et al [164]. The calculated
absorption profile for CuIn1-xGaxSe2 with different (In,Ga) composition is plotted in
Figure 4.7 for x = 0, 0.33, 0.45, 0.66 and 1.
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Figure 4.7. Absorption coefficient of CuIn1-xGaxSe2 for molar fractions of 0, 0.31, 0.45, 0.66 and 1 [164].

4.2.3.Carrier Mobility
Electrons and holes are accelerated by electric fields, but their momentum is reduced
because of various scattering processes such as from phonons, impurity ions, and
surfaces. The carrier mobility is strongly linked to local electric field, lattice temperature
and doping concentration. In presence of low electric fields, carriers are almost in
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equilibrium with the lattice and the mobility depends on phonon and impurity
scattering which leads to mobility degradation. In case of high electric field intensity the
carrier mobility is reduced because the carriers -that gain energy- have more probability
to take part of more scattering processes. The simplest form is a temperature dependent
mobility expression and it accounts for phonon scattering. It is called constant mobility
model and it is doping independent. It is given by [32] (p302),
−𝜁
𝑇
𝜇 = 𝜇𝐿 (
)
300 𝐾

(4. 28)

where 𝜇𝐿 is the mobility due to lattice scattering and it is a property of the material, T is
the lattice temperature, and 𝜁 is an empirical fitting parameter.
It was recommended by Altermatt’s review paper to use the Klaassen’s mobility model
for silicon since it accounts for majority and minority carrier mobilities. The model is
implemented in Sentaurus using the Phillips unified mobility model. More information
on the Klaassen model is found in [167].
On the other hand there is a large spread in mobility values reported for CIGS [20]. In
addition, it has been reported that mobilities do not change significantly over hole
concentrations ranging from 1016 to 1019 cm-3 [168]. Therefore, in our model, the
electron and hole mobilities are are fixed at 200 and 25 cm2/Vs, respectively [168].

4.2.4.Recombination Processes and Minority Carrier Lifetimes
Radiative, Auger and SRH recombination losses and carrier lifetimes were discussed
sections 2.3 and 2.4, respectively. Under most conditions, the recombination rate for
each mechanism, in each region, is dependent on the population of excess minority
carriers in that region. As the bias on a cell increases from the short circuit toward the
open-circuit condition, the excess minority carrier populations increase exponentially as
a function of bias voltage. Usually one of these mechanisms, in one particular region of
the device, is dominant and limits the open-circuit voltage.
The radiative recombination is modeled in Sentaurus using the equation
𝑅𝑟𝑎𝑑,𝑛𝑒𝑡 = 𝐵𝑟𝑎𝑑 ∙ (𝑛𝑝 − 𝑛𝑖2 )
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where Brad is the radiative recombination coefficient. Radiative recombination is very
low in silicon and therefore it is usually ignored. Auger recombination dominates over
SRH recombination at high doping concentrations, and it is modeled in Sentaurus as,
2
𝑅𝐴𝑢𝑔 = (𝐶𝑛 𝑛 + 𝐶𝑝 𝑝)(𝑛𝑝 − 𝑛𝑖,𝑒𝑓𝑓
)

(4. 30)

where Cn and Cp are material specific coefficients. The coefficients can be extended to be
temperature dependent such that:
𝑛
𝑇
𝑇 2
−
𝑁
𝐶𝑛 (𝑇) = (𝐴𝐴,𝑛 + 𝐵𝐴,𝑛 ( ) + 𝐶𝐴,𝑛 ( ) ) ∙ [1 + 𝐻𝑛 ∙ 𝑒 0,𝑛 ]
𝑇0
𝑇0

(4. 31)

𝑝
𝑇
𝑇 2
−
𝑁
𝐶𝑝 (𝑇) = (𝐴𝐴,𝑝 + 𝐵𝐴,𝑝 ( ) + 𝐶𝐴,𝑝 ( ) ) ∙ [1 + 𝐻𝑝 ∙ 𝑒 0,𝑝 ]
𝑇0
𝑇0

(4. 32)

and

where T0 = 300 K. AA, BA, CA, and H are fitting parameters for electrons and holes and
are material specific parameters.
SRH recombination is implemented in Sentaurus using the formula in equation (2.24),
rewritten again here:
𝑆𝑅𝐻
𝑅𝑛𝑒𝑡

𝑛𝑝 − 𝑛𝑖2
=
𝜏𝑆𝑅𝐻,𝑝 (𝑛 + 𝑛𝑡 ) + 𝜏𝑆𝑅𝐻,𝑛 (𝑝 + 𝑝𝑡 )

(4. 33)

where 𝜏𝑆𝑅𝐻,𝑛 and 𝜏𝑆𝑅𝐻,𝑝 are the SRH carrier lifetimes for electrons and holes,
respectively, and nt and pt are the trap concentrations at the trap level. The doping
dependence of the SRH lifetimes is modeled in Sentaurus with the Scharfetter relation
given in equation (2.28), rewritten again:
𝜏𝑑𝑜𝑝 (𝑁𝐴,0 + 𝑁𝐷,0 ) = 𝜏𝑚𝑖𝑛 +

𝜏𝑚𝑎𝑥 − 𝜏𝑚𝑖𝑛
𝑁𝐴,0 + 𝑁𝐷,0 𝛾
1+( 𝑁
)
𝑟𝑒𝑓

(4. 34)

where 𝜏𝑚𝑖𝑛 , 𝜏𝑚𝑎𝑥 , 𝑁𝑟𝑒𝑓 and 𝛾 are material constants. For silicon 𝜏𝑚𝑖𝑛 = 0 and 𝛾 = 1. The
surface SRH recombination is activated in Sentaurus at interfaces. The formula
implemented is similar to the bulk SRH given in equation (4.9) and is given in (2.26),
rewritten here again:
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𝑆𝑅𝐻
𝑅𝑠𝑢𝑟𝑓,𝑛𝑒𝑡

𝑛𝑝 − 𝑛𝑖2
=
(𝑛 + 𝑛𝑡 ) (𝑝 + 𝑝𝑡 )
+ 𝑆
𝑆𝑝
𝑛

(4. 35)

where ns and ps are the electron and hole concentrations at the surface, nt and pt are the
electron and hole concentrations at the defect energy level, Et and the Sp and Sn are the
minority carrier surface recombination velocities (SRV) for holes and electrons,
respectively, and is expressed in units of cm/s. The doping dependence of surface
recombination velocities are modeled in Sentaurus according to [169]:
𝛾

𝑁𝐴,0 + 𝑁𝐷,0
s = 𝑠0 [1 + sref (
) ]
𝑁𝑟𝑒𝑓

(4. 36)

where 𝑠0 , 𝑠𝑟𝑒𝑓 , 𝑁𝑟𝑒𝑓 and 𝛾 are material constants. In our simulations, we assume
minority carrier surface recombination is doping independent by setting sref to zero.
The dominant recombination process in silicon is SRH recombination process and it
increases considerably for multicrystalline wafers due to grain boundaries. At high
doping concentrations (>1 x 1017 /cm3), the Auger recombination becomes the dominant
process, as shown in Figure 4.8. The coefficients used in the simulation are shown in
Table 4.1 and they are based on Altermatt review paper [170].
Table 4.1. Coefficients of three main recombination processes in silicon solar cells [170].

Process

Auger

Radiative
SRH
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Parameter

Electrons

Holes

AA (cm6/s)

2.8 x 10-31

7.91 x 10-32

BA (cm6/s)

0

-1.239 x 10-32

CA (cm6/s)

0

3.231 x 10-32

H

8

8

N0 (cm-3)

2.5 x 1017

2.5 x 1017

Brad (cm3/s)

4.73 x 10-15

4.73 x 10-15

𝜏𝑚𝑎𝑥 (s)

1.5 x 10-3

1.5 x 10-3

Nref (cm-3)

1 x 1018

1 x 1018

Page 87

Minority carrier life time (s)

Chapter 4: Numerical Modelling of Solar Cells

-2

10

-4

10

rad

-6

10

SRH

-8

Aug

10

eff

-10

10

15

10

16

10

17

10

18

10

19

10

20

10

15

10

Donor concentration, ND (cm-3)

16

10

17

10

18

10

19

10

20

10

Acceptor concentration, NA (cm-3)

Figure 4.8. Minority carrier life times of radiative, SRH, Auger and the effective life time for holes in ntype silicon (left) and electrons in p-type silicon (right). Parameters used to calculate life times are based
on Altermatt review paper [170].

A polycrystalline CIGS solar cell is composed of grains arranged at random orientations.
The grains are relatively large, on the order of 1 μm, and therefore the material is
crystalline over the width of a grain. However at the grain boundaries, intrinsic defects
such as dislocations, vacancies, interstitials (misplaced atoms) and antisite defects,
introduce electronic states within the bandgap that affect the transport and
recombination properties. These electronic states will behave depending on their
position within the bandgap of the material and their capture cross-section. Shallow
defects close to the conduction band act as acceptor defect levels and attract electrons.
Similarly, shallow defects close to the valence band act as donor defect levels and attract
holes. Deeper defect levels close to the center of the bandgap are called recombination
centers and attract both carriers.
It has been reported in the literature that the PL decay time in a CIGS solar cell is much
longer than that in the as-grown films [171], [172]. This was explained as due to the
deposition of CdS or other buffer layers that passivates the CIGS film surface. W.
Metzger et al. have shown that the life time decreases by two orders of magnitude when
high quality CIGS films are exposed to air. Therefore deposition of CdS protects the
CIGS film and hence results in longer life times.
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The recombination coefficients for the three processes are summarized in Table 4.2
[173]. Auger process is negligible in CIGS materials and therefore disabled in the
simulations. SRH is usually the dominant recombination process up to a doping
concentration of 1017 cm-3, where radiative recombination becomes the dominant
process for higher doping concentration, as shown in Figure 4.9.
Table 4.2. Recombination coefficients for the recombination processes in CIGS.

Process

Auger

Radiative

Parameter

Electrons

Holes

AA (cm6/s)

0

0

BA (cm6/s)

0

0

CA (cm6/s)

0

0

H

0

0

N0 (cm-3)

0

0

Brad (cm3/s)

2.67 x 10-9

2.67 x 10-9

𝜏𝑚𝑎𝑥

3 x 10-9

3 x 10-9

Nref (cm-3)

1 x 1018

1 x 1016

SRH
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Figure 4.9. Minority carrier life times of radiative, SRH and the effective life time for holes (left) and
electrons (right) for CIGS. Parameters used to calculate life times are based on [173].
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Solar Cell Models and Results
In this section, the models for different solar cells are discussed. The developed models
will be used in examining the effect of adding DC and DS layers, as will be seen in
chapter 6. Therefore the objective of the models developed in this section is not to find
the best solar cell design, or to fit experimental design. The objective is to develop a
solar cell model that represents commercial grade solar cells based on well-known
material parameters.

4.3.1.Silicon Solar Cells
Silicon photovoltaics have dominated the PV market from the beginning and they share
more than 80% of the PV market today despite the emerging thin-film and concentrated
photovoltaic technologies. One of the reasons for silicon to be dominant in PV comes
from the fact that microelectronics has developed silicon technology to a great extent.
Numerical modelling of silicon solar cells had evolved over the years to optimize the cell
design. The simulation of solar cells depends on the material parameters, as mentioned
in section 4.1. Although silicon is the most researched material due to its wide use in
both photovoltaic and microelectronics industries, more accurate material properties
such as intrinsic carrier concentration, minority carrier mobility and recombination
coefficients, are being published that further improves the developed models.
Typical p-n homojunction cells require a number of features such as: (1) a substrate
thickness exceeds the absorption depth for efficient light absorption unless there is a
light trapping mechanism, (2) junction should be shallow compared to diffusion length
to avoid having a dead layer especially when one carrier type has very poor mobility,
such as holes in silicon, (3) emitter should be doped heavily to improve conductivity, (4)
reflection of light should be minimized by means of light trapping techniques.
Structure
Most commercial silicon modules are constructed by connecting a number of solar cells
(50, 60 or 72) in series. Each cell has a surface area of almost 15 x 15 cm2. With the
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enhancement in light trapping, cells are now thinner with a thickness of 180 μm. To
model the solar cell it is not required to simulate the whole structure as the solar cell is
highly symmetric. Therefore a small part of the cell is simulated. The smallest symmetry
element spreads out horizontally from the middle of the front metal finger to the
midpoint between two front metal fingers, whereas vertically, the whole structure must
be simulated. Thus, the symmetry element for a planar solar cell is only in 2-D.
Figure 4.10 shows the smallest symmetry element for the simulated silicon solar cell
with a width of 600 μm and thickness of 180 μm.

Figure 4.10. A two dimensional schematic of crystalline silicon solar cell implemented in TCAD Sentaurus.
The structure is 600 μm wide and 180 μm deep with a contact width of 5 μm. Schematic is not to scale.

A silicon solar cell is a p-n junction in its simplest form. The silicon substrate is boron
doped p-type with a background doping of 2 x 1016 cm-3. The emitter is n-type and can
be achieved by adding pentavalent phosphorus atoms, which introduces an extra
electron to the silicon atom, hence it is called donor atom. Phosphorus impurity atoms
can be added to the substrate either by ion implantation or diffusion. Ion implantation
allows greater control of the doping but is more costly and therefore diffusion is the
preferred method commercially. The diffused doping profile can be modeled as a
Gaussian or error function. Here the emitter is phosphorus doped using a Gaussian
function with a peak doping concentration of 2 x 1020 cm-3. The layer between the
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bottom contact and the substrate is usually heavily doped p-type to form an Ohmic
contact, and referred to as back surface field (BSF). BSF is also designed to form a
potential barrier to the minority carriers near the p-contact. While the introduction of
impurity atoms degrades the material quality, it is required to reduce the series
resistance in the emitter and increases the built-in potential which enhances the opencircuit voltage. The BSF has a boron doping profile which is modeled using a Gaussian
function with a peak doping concentration of 1 x 1019 cm-3. Both emitter and BSF doping

BSF Doping density (cm-3)

Emitter Doping density (cm-3)

profiles are shown in Figure 4.11.
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Figure 4.11. Simulated doping concentrations for (a) n+ emitter and (b) p+ BSF. Both doping profiles are
modeled in TCAD Sentaurus as Gaussian shapes with peak values of 2 x 1020 cm-3 for emitter and
1 x 1019 cm-3 for BSF.

The substrate should be as thick as possible to allow for maximum absorption and in
addition they are not affected by surface recombination at the rear surface. However
they suffer from series resistance. A typical thickness in the range of 200 – 300 μm is
common in industry for easier fabrication and handling of moderate thickness despite
the cost of using extra silicon. With advanced light trapping techniques and procedures
to handle thinner wafers, it is possible to achieve wafers in the range of 150 – 200 μm
with the same absorption as a 200 – 300 μm thick wafer.
Contacts are added to the top and bottom of the structure. The front contact finger is
12 µm thick silver with a width of 5 μm, which is equal to half of the width of the front
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contact finger. Front contacts should be wide to minimize series resistance, whereas
reducing this will decrease shadowing; implying design trade-offs. The back contact
covers the whole width of the device (600 μm).
The ARC is a thin optical layer with refractive index between that of the semiconductor
(silicon in our case) and air. For silicon the refractive index of ARC should be around 2.
Suitable materials for silicon solar cell are silicon nitride (SiNx), silicon dioxide (SiO2),
tantalum oxide (Ta2O5) and titania (TiO2). The layer thickness is optimized to achieve
zero reflection at a specific wavelength, usually 650 nm, where the incident photon flux
is at maximum. An ARC can reduce reflections in the visible range to below 5% as
compared with about 40% for a bare cell. In addition, an ARC layer can act as a
passivating layer, thus reducing surface recombination.
A graded mesh strategy along X and Y directions are adopted for the numerical
modelling. The mesh strategy is fine at vertices near interfaces where the solution to the
coupled differential equations varies strongly with distance, such as near the space
charge region or at interfaces, otherwise the convergence errors become significant. On
the other hand, the bulk region can have a course mesh vertices spacing. The advantage
of the graded mesh strategy compared to the uniform mesh strategy is minimizing
computational time while maintaining numerical accuracy near at interfaces. A
schematic of a solar cell with graded mesh strategy simulated in Sentaurus is shown in
Figure 4.12. It takes about 43 minutes to perform J-V simulation for the structure
below.
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Doping
concentration (cm-3)

Front Contact

Y (μm)

ARC

Emitter

Base

X (μm)
Figure 4.12. Generated structure in Sentaurus showing the graded mesh strategy for the silicon solar cell.
Table 4.3. Main Parameters of the simulated silicon solar cell.

Front contact
Front ARC

Emitter (n+)

Substrate layer

Parameter

Value

Contact resistivity (Ω cm2)

2 x 10-3

Material
Thickness (nm)

80

Depth (μm)

0.2

Doping Concentration (/cm3)

Back contact

2 x 1020

Surface recombination velocity (cm/s)

103

Thickness (μm)

180

Doping Concentration (/cm3)

2 x 1016

SRH life time (seconds) τn = τp

7.5 x 10-5

Radiative recombination Coefficient (cm3/s)
Back Surface Field
(BSF)

Si3N4

Depth (μm)
Doping Concentration (/cm3)
Surface recombination velocity (cm/s)
Contact resistivity (Ω cm2)
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The main design parameters used to simulate the silicon solar cell are summarized in
Table 4.3. These parameters are based on review papers [170], [174] and some
conventional silicon modules [175]–[177] that usually have efficiency in the range of 16%
with the exception of the SunPower x-series monrcrystalline silicon modules that have
efficiency of 21% [175].
Energy Bandgap Diagram
Examining the bandgap of the silicon solar cell under different conditions helps us
understand the changes in the majority and minority carriers. Figure 4.13 shows the
band energy diagram of the silicon solar cell under at equilibrium, short-circuit and
open-circuit. At equilibrium, the electric field due to ionized donors and acceptors
opposes diffusion of majority carriers across the depletion layer. However some
majority carriers cross the junction and thus become minority carriers. Minority carriers
will travel a distance on average equal to the carrier diffusion length before they
recombine. Minority carriers can be also drifted to the other side by the electric field at
the junction thus creating a drift current. The drift current is balanced by the diffusion
current so that the net current flow is zero. At equilibrium, the Fermi levels (dashed
lines) of p- and n-type layers are equal and constant throughout the device, as shown in
Figure 4.13 (a). This implies no net current is flowing. The difference between the work
function (not shown in this figure) of both layers is represented as built-in bias and is
dependent on the doping concentrations of donor and acceptors as well as the intrinsic
concentration of silicon.
At short-circuit condition and under illumination the quasi Fermi levels split, as shown
in Figure 4.13 (b). Light is absorbed within the active region, creating a population of
minority carriers in the emitter and the base. In the emitter and the base, there is a
gradient in the minority carrier quasi-Fermi levels (and hence in the minority carrier
concentrations). This gradient will cause minority carriers to diffuse towards the
junction, where the electric field within the depletion region accelerates them across the
junction and into the base (in the case of minority electrons) or into the emitter (in the
case of minority holes).
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diffusion away from the junction. With carriers steadily flowing in this way, a current
can be collected at the device terminals.
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Figure 4.13. Band diagram of silicon solar cell under (a) equilibrium, (b) short-circuit current and (c)
open-circuit voltage conditions. The top and bottom black lines are the conduction and valence bands,
respectively. The dotted blue line is the electron quasi fermi level while the dotted red line is the hole
quasi fermi level.
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At a particular bias, the width of the depletion region is reduced to the point that
carriers are no longer accelerated across the depletion region, and the current is reduced
to zero. This condition is open circuit (Figure 4.13 (c)). With zero net current, the quasiFermi levels are again flat, and carrier concentrations are increased since they are not
being removed through the external circuit.
Simulated Results
The performance of the silicon solar cell in terms of Jsc, Voc, FF and efficiency are
simulated by sweeping the voltage of the device under illumination using the AM1.5G
standard spectrum. Simulated results for silicon solar cells show a 17.7% efficiency with
Jsc of 36 mA/cm2 and Voc of 0.64 V. These results are comparable to the average
commercial cells which vary from 15% up to 21% by SunPower for monocrystalline
silicon modules.
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Figure 4.14. Simulated J–V curve for silicon solar cell with design parameters in Table 4.3.
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Another important characterization of a solar cell is the quantum efficiency. To simulate
the quantum efficiency of the silicon solar cell, a full wavelength sweep is required
within the range of the illumination spectrum. The EQE of the silicon solar cell along
with the reflectance are shown in Figure 4.15 . The ARC layer is optimized to minimize
reflection losses in the 500 – 700 nm where the flux of photons is a maximum in the
solar spectrum.
The shape of the EQE located in the long-wavelength region is dictated by the
absorption coefficient of silicon. As mentioned before silicon is an indirect bandgap
material and therefore the absorption profile reduces gradually as it approaches the
bandgap. In addition the oscillations seen at the long-wavelength of the EQE are due to
the internal reflectivity of the structure. These fast oscillations in the reflectance
originate from the constructive and destructive interference at the back surface of the
solar cell.
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Figure 4.15. Simulated external quantum efficiency and reflectance of silicon solar cell model.
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Design Considerations
In this section certain parameters such as doping concentration, layer thicknesses and
recombination will be varied to study their effects on the solar cell performance.
Substrate: The substrate is only lightly doped to increase the minority electron
diffusion length and to limit Auger recombination. On the other hand, higher doping is
favored when SRH recombination is present, since recombination is proportional to the
excess density which decreases, for a given voltage, as doping increases. This is balanced
with a reduction of lifetime itself. High doping also helps to minimize the seriesresistance losses associated with the transport of carriers to the back face in thick cells
with the majority-carrier contact at the back.
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Figure 4.16. The effect of varying the substrate doping concentration. The dotted line is guide to the eye.

Ahmed Gabr – PhD Thesis

Page 99

Chapter 4: Numerical Modelling of Solar Cells

As can be seen in Figure 4.16 the Jsc is reduced as the substrate doping concentration
increases, this is mainly due to the decrease in diffusion length which causes generated
minority carriers to recombine faster. On the other hand, the FF and Voc are enhanced
as doping concentration increases as a result of reducing recombination by reducing the
equilibrium minority carrier excess. The maximum efficiency is therefore found for a
substrate doping concentration of 1016 cm-3.
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Figure 4.17. The effect of varying the emitter doping concentration and junction thickness.

Emitter: The emitter is usually heavily doped to reduce series resistance. Sheet
resistance can also be reduced by increasing the emitter thickness for a fixed doping.
However, a large fraction of light is absorbed close to the surface and therefore the
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emitter should be thin so that generated carriers are within a diffusion length of the p-n
junction. Thus there is an optimum emitter doping concentration and thickness in order
to optimize the cell efficiency. Figure 4.17 illustrates the effect of varying the emitter
doping concentration and junction thickness.
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Figure 4.18. The effect of varying the BSF thickness and doping concentration

Back surface field: Rear surface recombination can be reduced by forming a heavily
doped layer at the back surface of the p-type base. The p+-p junction forms a potential
barrier to the minority electrons, and therefore reduces the effect of rear surface
recombination. In addition the p+-p junction adds to the built-in bias and therefore
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enhances Voc. Figure 4.18 illustrates the effect of varying the BSF thickness and doping
concentration.
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Figure 4.19. Effect of increasing the front contact series resistance on the J-V curve.

Series resistance: The main impact of series resistance is to reduce the fill factor,
although excessively high values may also reduce the short-circuit current, as was shown
in Figure 2.7 in chapter 2. Figure 4.19 presents the effect of increasing the series
resistance on the J-V curve. As can be seen the FF is highly affected.
Surface recombination: The surface recombination velocity has a significant impact
on the variations of quantum efficiency of the solar cell. Higher surface recombination
velocity implies that the rate of recombination of charge carriers in the solar cell
increases and hence less carriers are collected. Figure 4.20 illustrates how the EQE of
the silicon solar cell decreases in the short-wavelength range when increasing the front
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surface recombination velocity. Similarly if the back surface recombination velocity is
increased, the long-wavelength part of the EQE would be decreased.
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Figure 4.20. Effect of increasing the surface recombination velocity on the short-wavelength part of the
external quantum efficiency of the silicon solar cell.

4.3.2.CIGS Solar Cells
Thin film Cu(In,Ga)Se2 (CIGS) solar cells have attracted considerable attention due to
their low cost and high efficiency. CIGS solar cell efficiencies have been shown to
systematically exceed 20% by NREL [178], ZSW [179], and Solibro [180]. Large area
commercial CIGS modules have achieved efficiencies up to 17% by Solar Frontier [181].
CIGS solar cells are composed of a hetrostructure junction with a wider bandgap n-type
material, which is typically CdS. The wide bandgap shifts the generation proﬁle directly
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into the absorber layer, which is referred to the CIGS layer, since the larger bandgap
energy minimizes absorption in the n-type layer. Such conﬁguration can form a very
eﬃcient solar cell. In this case, the n-type emitter layers are often referred to as
“window” layers, due to their intended photon transparency.
CuInSe2 and CuGaSe2 are both chalcopyrite semiconductors with direct bandgaps of
1.0 eV and 1.7eV, respectively. By exchanging In and Ga in the crystal, the bandgap can
be varied between these values. Experimentally, the best efficiencies for CIGS have been
obtained with bandgap of 1.2 eV, which corresponds to a molar fraction (Ga/(In+Ga)) of
0.3 [178], [179]. Characterization of CIGS thin films with different molar fractions have
shown that while adding gallium enhances the mobility of the material and therefore Voc
up to molar fractions of about 0.5. Beyond that Voc does not improve monotically due to
recombination centers deep in the bandgap as the bandgap gets wider.
While the fabrication of CIGS solar cells has evolved recently with four new record
efficiencies in the past 3 years, numerical modelling is still catching up. Unlike silicon,
numerical modelling of CIGS solar cells is requires extensive literature review for a
number of reasons: 1) the relatively complicated structure of the solar cell with more
than three different materials, 2) the lack of consistent material properties for all layers
especially CIGS thin-film, 3) the lack of solid understanding of some recombination
losses.
Numerical modelling of CIGS solar cells had been developed by a number of research
groups [182]–[186]. The model used in this thesis is based on a baseline model
developed in SUNLAB by Frederic Bouchard and Alex Walker in 2013 [183]. The
material properties such as bandgap, optical constants, electron affinity, carrier
mobilities, and lifetimes have been updated with more common data found in the
literature.
Structure
CIGS solar cells are almost always designed in a substrate conﬁguration starting from
soda-lime glass. The back contact is typically sputtered molybdenum (Mo) and a thin
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layer of MoSe2 forms at the CIGS/Mo interface due to diffusion of selenium from CIGS
into Mo.
The CIGS absorber material is deposited by a great variety of processes that can be
roughly categorized into vacuum co-evaporation and two-step selenization processes
[187]. Co-evaporation deposits all elements simultaneously on a heated substrate.
Intentionally or un-intentionally, gradients in the composition can be created.
Selenization processes deposit all metals onto a ﬁlm and react them in Se atmosphere to
form the intended compound. Since CIGS is a direct bandgap material with a high
absorption coefficient, a layer of thickness 2 - 3 μm is sufficient to absorb > 95% of the
photons with energy higher than the material bandgap. The CIGS layer is doped p-type
with typical doping concentration in the range 1016 - 1017 cm-3.
CdS buﬀer layers are typically deposited on top of the CIGS absorber by chemical bath
deposition. A buﬀer layer, such as CdS has proven beneﬁcial to device performance. The
CdS act as the n-type material with doping concentration in the range 1017-1018. CdS is
the most popular buffer layer for CIGS solar cells. The typical thickness of CdS is 50 nm
but it can range from 40 nm to 60 nm. Increasing the CdS thickness decreases the
current collection and therefore it should be as thin as possible. The quantum efficiency
at wavelength below 520 nm is proportional to the CdS thickness as it is commonly
assumed that most electron-hole pairs generated in the CdS layer are not collected.
Despite the low content of cadmium in CIGS solar cells that can be handled safely with
respect to environment concerns and hazards, researchers are looking into replacing the
CdS layer. The two approaches to achieve Cd-free solar cells are either omitting the CdS
layer and deposit ZnO layer directly on the CIGS absorber layer, or find another
material to replace CdS. A number of buffer layers have been proposed such as ZnS and
ZnSe [20]. Solar Frontier produces the highest Cd-free CIGS modules with efficiency of
17.5% [181]. A good review of alternative buffer layers can be found here [187].
Highly doped ZnO window layers are typically deposited by RF-sputtering and act as
transparent conductive oxide. Sometimes a thin layer of high-resistance (HR) ZnO is
deposited on top of the CdS buffer layer. Studies suggested that the role of the HR ZnO
layer is to reduce the impact of randomly occurring shunt paths in the device [187],
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[188]. The HR ZnO layer does not degrade the performance of the solar cell as long as it
is less than 100 nm thick. A thin metal grid is usually deposited on the top of the ZnO:Al
layer for laboratory solar cells to increase current collection and reduce contact
resistance. Commercial solar cells are usually monolithically connected in series to form
modules with no metal grids, which is one advantage of thin film technology [187].
CIGS solar cells do not suffer high reflection losses (< 10%) like silicon solar cells
(~30%), since the ZnO top layer has a low refractive index of 2, unlike silicon which has
a refractive index of 3.6, thus suffers high reflection losses. However for laboratory cells
it is beneficial to add an ARC layer to further reduce reflection losses. The common
material for such cells is MgF2 which has a refractive index of 1.4. A typical device
structure is shown in Figure 4.21.

Front
Contact

ARC – MgF2
TCO – ZnO/ZNO:Al (200 nm)
Emitter – nCdS (50 nm)

Absorber – pCIGS (2 µm)
Back contact - Molybdenum
Substrate - Glass
Figure 4.21. Schematic of typical structure of CIGS solar cell.

The CIGS solar cell model adopts typical material parameters reported in the literature
and are summarized in Table 4.4 [165], [183], [189], [190].
Energy Bandgap Diagram
The band alignment at the interface of CdS/CIGS is Type I with conduction band offset
(CBO) of 0.3 eV, which was guided by experimental and theoretical studies [191]. The
ZnO/CdS interface is Type II. The band diagram at short-circuit condition is shown in
Figure 4.22.
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Table 4.4. Parameter set for CIGS, CdS and ZnO for the simulation of CIGS solar cells.

Parameter

Symbol

CIGS

CdS

ZnO

Eg (eV)

1.2

2.5

3.4

Electron affinity

χ (eV)

4.8

4.5

4.8

Density of states

NC (/cm3)

6.8 x 1017

1.3 x 1018

3.0 x 1018

Density of states

NV (/cm3)

1.5 x 1019

9.1 x 1018

1.7 x 1019

Effective electron mass

me/m0

0.09

Effective hole mass

mh/m0

0.72

Dielectric constant

ε/ε0

13.6

10

6.8

d (nm)

2000

50

200

Donor concentration

ND (/cm3)

-

1017

1020

Acceptor concentration

NA (/cm3)

2.5 x 1016

-

-

SRH lifetime

τSRH (sec)

3 x 10-9

3 x 10-9

3 x 10-9

Bandgap

Layer thickness

ZnO

CdS

CIGS

EC

1.18 eV

Ef

Energy (eV)

1
0

EV
-1

2.4 eV

-2 3.3 eV
-3
-4
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Device depth (m)
Figure 4.22. Band diagram of CIGS solar cell under short-circuit conditions.
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Simulated Results
Simulated J-V curve of CIGS solar cell under illumination of AM1.5G spectrum is shown
in Figure 4.23. A Jsc of 31.9 mA/cm2 is achieved which is lower than the world record Jsc
of 35.7 mA/cm2. The Jsc can probably be further enhanced by adding an ARC layer. The
Voc of 0.67 V is highly lower than the record Voc of 0.76 V, this can be attributed to a
graded absorber layer in case of the world record solar cell. The overall efficiency of the
simulated solar cell is 16.34% with a relatively good fill factor of 76.8%.
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Figure 4.23. Simulated J-V curve for CIGS solar cell.

Simulated quantum efficiency of CIGS solar cells is shown in Figure 4.24. Front surface
reflection lowers the EQE of the solar cell and can be usually minimized with an ARC
layer. The irregularity of the reflectance is due to the different materials in the structure
with different refractive indices.
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The ZnO layer absorbs photons of wavelength < 400 nm and CdS absorbs photons of
wavelength < 520 nm. While only a small percentage of the absorbed photons in the CdS
layer contribute to carrier generation, photons absorbed in ZnO layer are completely
lost. Therefore, the IQE of a typical CIGS solar cell shows poor response in the shortwavelength region (280 – 500 nm) with a much better response in the visible-nearinfrared region (600 –1000 nm). Finally the low response in long-wavelength range is
due to recombination losses and incomplete absorption of photons near the CIGS
bandgap edge. The longer the wavelength, the deeper the generation of carriers, and the
higher the likelihood of recombination.

Quantum Efficiency / Reflectance

1
0.9
0.8
0.7

EQE
R

0.6
0.5
0.4
0.3
0.2
0.1
300

400

500

600

700

800

900

1000

1100

Wavelength (nm)
Figure 4.24. Simulated quantum efficiency curve of CIGS solar cell showing the EQE (blue) and
reflectance (red).
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Design Considerations
ARC layer: Simulated reflectance and EQE of solar cell with 120 nm MgF2 layer on top
surface is shown in Figure 4.25. As can be seen, the reflection losses are almost
negligible in the range 600 – 800 nm which is reflected in an increased EQE. The solar
cell efficiency increases to 18% mainly due to an increase in Jsc by ~4 mA/cm2. The
effect of the ARC layer on the solar cell performance is summarized in Table 4.5.

35
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Reflectance (%)
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Wavelength (nm)
Figure 4.25. ARC layer effect on the reflectance of CIGS solar cell.
Table 4.5. J-V metrics for CIGS solar cell with and without ARC layer.

Jsc (mA/cm2)

Voc (mV)

FF (%)

η (%)

No ARC

31.89

667

76.8

16.3

ARC

35.68

671

76.9

18.4

Surface recombination: The surface recombination near the CdS/CIGS interface is
varied in the model in order to change the short-wavelength spectral response of the
solar cell. High surface recombination at an interface is representative of poor
deposition techniques which can lead to high levels of defects. This contributes to
degradation processes that significantly impact the performance of the solar cell,
especially in the UV region. In this model, the SRV at the CdS/CIGS is varied from 104 to
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108 cm/s to model the effects of various levels of interface quality. Figure 4.26 shows the
simulated EQE of the CIGS solar cells with different SRV values. Table 4.6 summarizes
the J-V characteristics of the simulated CIGS solar cell.
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Figure 4.26. External quantum efficiency (EQE) of CIGS solar cells with different surface recombination
velocities (SRV).
Table 4.6. Simulated results for the CIGS solar cell with different surface recombination velocities.

SRV (cm/s)

Jsc (mA/cm2)

Voc (mv)

FF (%)

η(%)

1x104

33.15

677

77.2

17.3

1x105

32.98

675

77.2

17.2

1x106

31.89

667

76.8

16.3

1x107

30.24

660

76.8

15.3

1x108

29.96

658

76.8

15.1
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Chapter 5: Modelling of DC and DS layers
In this chapter the model for down-conversion and down-shifting layers is presented
along with a study of coupling DC/DS layers to different solar cells. First, the basic
numerical model is explained with emphasis on the input parameters to the model. Key
parameters such as the calculation of the fraction of re-emitted photons directed to the
solar cells are discussed in detail, including a comparison using different methods. The
basic model is further improved by adding a layer thickness optimization technique. The
model is then implemented and the effect of DC and DS layers is examined starting from
ideal layers and ideal cells to more realistic parameters. Then the effect of coupling a
practical material for DS layer such as Si-nC is examined where measured parameters
are input to the model. Two solar cells are included in our study here, a silicon and a
CIGS solar cell. Finally the two different effects arising from adding a DS or DC layer are
explored with a focus on decoupling the two effects. Therefore, the enhancement due to
each effect is reported independently.

Model
DC and DS layers located on the front surface of a solar cell essentially tailor the
incident spectrum to be more efficiently absorbed by the solar cell. In light of this, their
effects are modelled by modifying the incident spectrum according to their absorption
and emission spectra. Thus the incident spectrum is converted to photon flux ϕinc(λ) by
dividing by the photon energy, Eph, and it is then reduced by the number of absorbed
photons, ϕa, in the DC layer to give the transmitted photon flux, ϕt, so that:
𝜙𝑡 (𝜆) = 𝜙𝑖𝑛𝑐 (𝜆) − 𝜙𝑎 (𝜆)

(5. 1)

The absorbed photon flux primarily depends on DC layer properties such as the
absorption coefficient and thickness. The integrated photon flux of the emitted photons
ϕe(λ) is calculated from the integrated photon flux of the absorbed photons. Since the DC
re-emits at a longer-wavelength, the integrated photon flux of the emitted photons will
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be centred according to the emission peak of the DC layer. Due to the isotropic emission
of photons within the DC layer, only a fraction of the emitted photons are directed to the
solar cell. This fraction of the re-emitted photons that are directed to the solar cell is
denoted as Ttrap. Another important factor that is used in calculating the number of
emitted photons is the PLQY of the DC layer. The emitted photons are then added to the
transmitted photon flux to give the modified photon flux:
𝜑𝑚𝑜𝑑 (λ) = 𝜑𝑡 (λ) + 𝑃𝐿𝑄𝑌 ∙ 𝑇trap (𝜆) ∙ 𝜑𝑒 (λ)

(5. 2)

Accordingly, the final equation for the modified photon flux is
𝜑𝑚𝑜𝑑 (λ) = 𝜙𝑖𝑛𝑐 (𝜆) − 𝜙𝑎 (𝜆) + 𝑃𝐿𝑄𝑌 ∙ 𝑇trap (𝜆) ∙ 𝜑𝑒 (𝜆)

(5. 3)

The modified photon flux is then converted to the modified spectrum which serves as
input data for the solar cell simulation model. This was an overview of the basic DC
model, more details on each input parameter is explained in the following sections.

5.1.1.Incident Spectrum
The incident spectrum is the standard AM1.5G spectrum that is used for standard test
conditions. However, other spectra can also be used such as AM0 and AM1.5D. As a DC
layer effectively red-shifts the incident spectrum, the more blue an incident spectrum
contains, the more gain that can be expected in terms of solar cell efficiency. Therefore,
DC applications will be more beneficial for regions with high diffuse irradiation fraction,
or with very low air mass such as AM0, due to the Rayleigh scattering being stronger in
the blue. In contrast, it is expected that solar cells with DC layers will perform poorly in
regions with high direct irradiation fractions, such as around the equator, or in early
morning and evening due to the high air mass value.

5.1.2.Absorption Profile
The absorption of a DC layer can be calculated from the absorption coefficient and the
thickness of the DC layer through the Beer-Lambert law, as defined in equation (2.1).
However, in this work the transfer matrix method is used to calculate absorption in the
DC layer in order to consider interference effects resulting from other layers/interfaces.
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It is favorable to have a high absorption coefficient in the UV/blue region (<500 nm)
where the spectral response of commercials solar cells is usually poor.

5.1.3.Emission Profile
Depending on the DC layer the emission profile can be modeled using different profiles.
For the purpose of this work where Si-nC are considered as the DS layer, the emission
profile follows a Gaussian distribution and is given as
𝑔(𝜆) = 𝑎𝑒

−

(𝜆−𝜆peak )
2𝜎2

2

(5. 4)

where a is the amplitude, λpeak is the center wavelength of the Gaussian distribution and
σ is the standard deviation of the Gaussian function, which is related to the full width
half maximum (FWHM) by, FWHM = 2√2𝑙𝑛2 𝜎. The integrated PL must be normalized,
so for a Gaussian distribution this gives:
−

𝑃𝐿(𝜆) =

(𝜆−𝜆𝑝𝑒𝑎𝑘 )
2𝜎2

2

𝑔(𝜆)
𝑒
=
∫ 𝑔(𝜆′ )𝑑𝜆′
𝜎√2𝜋

(5. 5)

Since the DC re-emits at longer-wavelength, the integrated photon flux of the emitted
photons has a Gaussian distribution profile centred according to the emission peak of
the DC layer. It is desirable for DC layers to have an emission peak where the EQE of the
solar cell is the highest, which is usually in the range 700 – 900 nm for silicon. In
addition, a narrow emission profile is desirable over a wide emission profile.

5.1.4.PLQY
PLQY represents the ratio of re-emitted photons at longer wavelengths to absorbed
photons, as defined previously. The higher the PLQY, the higher the expected
enhancement to the solar cell. It is not only desirable to have high PLQY, but if PLQY is
below a certain threshold then it is likely that degradation in the solar cell is observed.
The threshold is dependent on a number of parameters such as, the incident spectrum,
IQE of the solar cell, DC absorption and emission profiles, and Ttrap.
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5.1.5.Ttrap
Ttrap represents the fraction of the re-emitted photons that are directed to the solar cell.
The geometric factor Ttrap can be as low as 50% depending on the refractive indices of
the DC layer, the solar cell and the medium above the DC layer (usually air). The
number of photons that is directed to the solar cell can be maximized by making use of
total internal reflection as light travels from a medium with high refractive index to a
medium with lower refractive index. Total internal reflection occurs when the incident
angle is larger than the critical angle, otherwise photons emitted with incident angle
smaller than the critical angle will probably be refracted and thus escape the structure
from the upper surface of the DC layer. The critical angle is given by:
𝑛𝑠𝑢𝑝
𝜃𝑐 = sin−1 (
)
𝑛𝐷𝐶

(5. 6)

where nDC and nsup are the refractive indices of the DC layer and the superstrate
(assumed air), respectively. The critical angle increases as nDC increases, as shown in
Figure 5.1 for a DC layer with refractive index in the range 1 to 3.6. Integrating over the
critical angle cone, the escape cone loss is given by [14]:
𝑇𝑒𝑠𝑐 =

4𝑛𝑠𝑢𝑝 𝑛𝐷𝐶
(𝑛𝑠𝑢𝑝 + 𝑛𝐷𝐶 )

2

∙

1 − 𝑐𝑜𝑠𝜃𝑐
2

(5. 7)

where the first term accounts for the transmission of photons from the DC layer to air
and the second term accounts for the fraction of emitted photons that lies within the
solid angle subtended by this escape cone. Trap is the complement of Tesc, and is plotted
in Figure 5.1 as a function of the DC refractive index. Ttrap is as low as 50% when
nDC = 1 = nsup and increases as nDC increases. For a DC layer with refractive index of 3.6
(same as silicon), only 1.34% of the emitted photons are lost.
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Figure 5.1. Critical angle (blue) and Ttrap (red) as a function of the DC refractive index and assuming
emerging medium is air with na = 1.

Figure 5.1 suggests that a DC layer with high refractive index is favorable in order to
maximize Ttrap factor. However a DC layer with high refractive index will increase the
front-side reflection of incident photons. In fact, an optimum refractive index of DC
layer for minimum front-side reflections is calculated as
𝑛𝐷𝐶 = √𝑛𝑠𝑢𝑝 ∙ 𝑛𝑠𝑢𝑏
where nsup and nsub

(5. 8)

are the refractive indices of the superstrate and substrate,

respectively. In this case where nsup = 1 (for air) and nsub = 3.6 (silicon), the optimum
value for nDC ~1.9. In order to get a feel of the favourable value for nDC that both reduce
front reflections and Tesc, the front surface reflection is calculated according to equation
(4.10) and is plotted in Figure 5.2. Fortunately the optimum nDC lies in the range 1.5 – 2,
where most materials used for ARC layer such as Si3N4 and SiO2 or encapsulation
materials such as glass and PMMA have refractive index in this range. Tesc is in the
range of 5 – 12% for nDC range of 1.5 – 2.
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Escape cone losses are very good in calculating a first estimate of the Ttrap factor.
However the DC layer thickness is not considered which can be either thin or thick. If
the layer is thin, which is usually the case, then interference effects must be considered
to accurately calculate Ttrap.

Tesc / Reflectance / Total losses
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40
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Total losses

35
30
25
20
15
10
5
0

1

1.5

2

2.5

3

3.5

DC refractive index
Figure 5.2. Tesc (blue) calculated from equation (5.7), front surface reflectance, R, (red) calculated from
equation (4.10) and the sum of both gives the total losses (green). The minimum of total losses suggests
an optimum nDC in the range 1.5 – 2.

In order to overcome the escape losses limitations, a more sophisticated model has been
adopted to calculate Ttrap for a stack of thin layers acting as DC layer. The interference
effects have been calculated using the equivalence of power radiated by a dipole antenna
[192]. The theory provides a formula for the calculation of the radiated power of a dipole
antenna, depending on the location and the orientation of the antenna, and includes the
effect of absorbing media. The radiated power of a dipole antenna is then related to the
probability for the emission of a photon by a dipole transition.
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The stack of thin-film structure, shown in Figure 5.3, consists of an emitting medium
with a thickness de and refractive index ne located between two stacks of thin-film
layers. The surrounding layers have thicknesses di and refractive indices ni. The layers’
thicknesses are on the order of one wavelength and lateral dimension that are much
larger, thus a one dimensional structure is assumed. In addition the emitting layer is
assumed a non-absorbing layer with real refractive index, while other layers can be
either non-absorbing layers with real refractive index, or absorbing layers with complex
refractive index. The stack ends in half-infinite media with indices of refraction n+ and
n- in the z+ and z- direction, respectively.

Figure 5.3. The emitting layer with refractive index ne is located within intermediate layers with refractive
indices of n+, ni, ni+1 and n-. The amplitude reflection coefficients for plane waves emitted from a point
source located Z+ from the top of the emitting layer are re+ and re- for the z+ and z- directions.

The amplitude of the wave vector for a material with refractive index ni is given by:
𝑘𝑖 =

2𝜋𝑛𝑖
𝜆

(5. 9)

Considering the z-axis to be perpendicular to the plane of the structure, the zcomponent of the wave vector is given by:
2
2
𝑘𝑧,𝑖 = √𝑘𝑖2 − 𝑘𝑥,𝑖
− 𝑘𝑦,𝑖
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The wav vector, ki, is related to the z-component of the wave vector, kz,i, by the incident
angle , θi, as:
𝑘𝑧,𝑖 = 𝑘𝑖 𝑐𝑜𝑠𝜃𝑖

(5. 11)

The amplitude reflection and transmission coefficients of a wave in medium ni on an
adjacent medium with index ni+1 are

TM
𝑟𝑖,𝑖±1

𝑘𝑧,1 𝑘𝑧,𝑖±1
− 2
𝑛𝑖2
𝑛𝑖±1
=
𝑘𝑧,1 𝑘𝑧,𝑖±1
+ 2
𝑛𝑖2
𝑛𝑖±1

𝑎𝑛𝑑

TE
𝑟𝑖,𝑖±1
=

𝑘𝑧,1 − 𝑘𝑧,𝑖±1
𝑘𝑧,1 + 𝑘𝑧,𝑖±1

𝑡𝑖,𝑖±1 = 1 + 𝑟𝑖,𝑖±1

(5. 12)

(5. 13)

The total Fresnel reflection and transmission coefficients are calculated for all layers in
the structure starting from the outer-most layer and iterated using:
𝑟𝑖,𝑗 =

𝑡𝑖,𝑗 =

𝑟𝑖,𝑖±1 + 𝑟𝑖±1,𝑗 exp(2𝑗𝑘𝑧,𝑖+1 𝑑𝑖+1 )
1 + 𝑟𝑖,𝑖±1 𝑟𝑖±1,𝑗 exp(2𝑗𝑘𝑧,𝑖+1 𝑑𝑖+1 )
𝑡𝑖,𝑖±1 𝑡𝑖±1,𝑗 exp(2𝑗𝑘𝑧,𝑖+1 𝑑𝑖+1 )
1 + 𝑟𝑖,𝑖±1 𝑟𝑖±1,𝑗 exp(2𝑗𝑘𝑧,𝑖+1 𝑑𝑖+1 )

(5. 14)

(5. 15)

which yields the total reflection and transmission coefficients for TE and TM modes in
𝑇𝑀,𝑇𝐸
𝑇𝑀,𝑇𝐸
both directions 𝑟𝑒,±
and 𝑡𝑒,±
. The reflection coefficients referenced to the location of

the emitting source within the structure is given as:
TM,TE
TM,TE
𝑎±
= 𝑟𝑒,±
exp(2𝑗𝑘𝑧,𝑒 𝑧± )

(5. 16)

The power density per unit dk2 is calculated depending on the location and orientation
of the dipole antenna. The power densities K for a dipole that is oriented perpendicular
to the x-y plane are given by:
𝐾⊥TM =

3
𝜅 2 (1 − 𝑎+TM )(1 + 𝑎−TM )
𝑅𝑒 [
]
4
𝑘𝑒3 𝑘𝑧,𝑒 (1 − 𝑎TM )

and

𝐾⊥𝑇𝐸 = 0

(5. 17)

Similarly, the power densities K for a dipole that is oriented parallel to the x-y plane are
given by:
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3
𝑘𝑧,𝑒 (1 − 𝑎+TM )(1 − 𝑎−TM )
3
(1 + 𝑎+TE )(1 + 𝑎−TE )
𝑇𝐸
𝐾∥TM = 𝑅𝑒 [
]
and
𝐾
=
𝑅𝑒
[
] (5. 18)
∥
8
8
𝑘𝑒 𝑘𝑧,𝑒 (1 − 𝑎TE )
𝑘𝑒3 𝑘𝑧,𝑒 (1 − 𝑎TM )
For a randomly oriented dipole antenna, with equal probability for all directions in
space, we get:
1
2
TM
𝐾RND
= 𝐾⊥𝑇𝑀 + 𝐾∥𝑇𝑀
3
3

1
2
TE
𝐾RND
= 𝐾⊥TE + 𝐾∥TE
3
3

and

(5. 19)

Finally the ratio of the emitted power density in the downward direction to the total
power density will give the transmittance in the downward direction, Ttrap. Ttrap is
integrated over all emission angles to remove the angular dependence and the final form
retains its wavelength dependence.

5.1.6.Optimization of DC Layer Thickness
DC layers mounted on the top surface of a solar cell affect the photon flux transmitted
into the solar cell and therefore mostly influence the Jsc. As in the design of ARC layers,
the objective is to minimize surface reflections and thus achieve the maximum Jsc
possible. For a DC or DS layer with a stack of thin films, this can be treated the same as
a multi-layer ARC layers. Therefore the optimum refractive of index of mth layer, nm, of a
multilayer ARC consisting of M layers is given by [193]:
(

𝑀+1−𝑚

𝑛𝑚 = 𝑛𝑠𝑢𝑝𝑀+1

)

(

𝑚

)

𝑀+1
∙ 𝑛𝑠𝑢𝑏

(5. 20)

where for a single layer M = 1 and the equation reduces to equation (5.8). This
expression suggests what the required refractive index should be to give zero reflections
at a specific wavelength, for example, at 650 nm where the spectrum irradiance is the
highest. Then, materials with the closest refractive index to the design value are chosen
and the layer thicknesses are optimized to maximize Jsc using the following equation:
𝐽𝑠𝑐 = 𝑞 ∫ 𝜙(𝜆) ∙ 𝐸𝑄𝐸(𝜆)𝑑𝜆

(5. 21)

where ϕ(λ) is the incident photon flux, and EQE is the external quantum efficiency of the
solar cell. In presence of DC layer, the photon flux reaching the solar cell is modified by
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the DC layer and as a result the EQE expression has to be modified to take into
consideration the DC absorption and emission, where EQEtot is the EQE of a solar cell
with a DC layer applied on front surface.
𝐸𝑄𝐸𝑡𝑜𝑡 (λ) = 𝐸𝑄𝐸ARC + Δ𝐸𝑄𝐸DC

(5. 22)

The first term describes the EQE of the solar cell with a DC layer (or an ARC layer)
considering only the change to the front-side reflections. In other words no re-emission
from the DC layer. Therefore EQEARC accounts for the fraction of transmitted photons to
the solar cell and is expressed as:
𝐸𝑄𝐸ARC (λ) = (1 − 𝑅tot (λ) − 𝐴p (λ)) ∙ 𝐼𝑄𝐸ref (𝜆)

(5. 23)

where Rtot(λ) is the total reflectance of the device with the DC layer on the top surface,
Ap(λ) is the parasitic absorption which includes the absorption in the DC layer and is
calculated by TMM, and IQEref is the IQE of the reference cell and is calculated
according to equation (2.40). This equation applies to any ARC layer since the DC
effects are not considered. The second term in equation (5.23) describes the portion of
re-emitted photons by the DC layer that is directed to the solar cell and is given by:
Δ𝐸𝑄𝐸𝐷𝐶 (λ) = PLQY ∙ 𝐴DC (𝜆) ∙ ∫ 𝑃𝐿(𝜆′ ) ∙ 𝑇𝑡𝑟𝑎𝑝 (𝜆′ ) ∙ 𝐼𝑄𝐸ref (𝜆′ )𝑑𝜆′

(5. 24)

where ADC is the absorption in the DC layer, PL is the emission profile of the DC layer,
Ttrap is the fraction of re-emitted photons that are directed to the solar cell, as was
discussed in section 5.1.5, and IQEref is the IQE of the reference cell.
Thus the DC layer thickness can be optimized by substituting equations (5.22)-(5.24)
into equation (5.21) in order to find the optimum thickness that will maximize Jsc.
Figure 5.4 summarizes the steps in modelling a DC layer with layer thickness
optimization.
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Figure 5.4. A flowchart of the simulation procedure with layer optimization.

Simulation Results
After developing the model for either DC or DS layers, now it is time to present the
implementation using the numerical model. In this section, four cases are being
explored, namely, ideal DC and solar cells, ideal DC layers, Si-nC as DS layer with both
silicon and CIGS solar cells. The input parameters to the model will be explained in each
case with simulation results presented and discussed.

5.2.1.Ideal Case
Here the upper limit for the DC layer will be explored. DC layers are assumed to be ideal
optical layers in that they absorb all incident photons with energy greater than the DC
layer bandgap (Eg). The energy of re-emitted photons is centred at an intermediate level
assumed to be exactly at half the DC bandgap (Eg/2). The emission profile will be
assumed as a single wavelength (equivalent to half the DC bandgap) or a Gaussian
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profile with FWHM of 100 nm, which represents a more particle profile, as shown in
Figure 5.5. The PLQY is assumed 200%.

Figure 5.5. Absorption (grey area) and emission (red area) spectra for ideal DC layer. The bandgap of the
DC is Eg and the emission is at Eg/2. Emission is assumed a) line or b) Gaussian distribution.

To explore the upper limit for the DC layer, the minimum total losses are assumed
According to Figure 5.2 the minimum total losses of 15.6% occur for a DC layer with
refractive index of 1.6. In this case the Ttrap is 90% as obtained from equation (5.5). It is
important to know that the reflectance calculated here is relative to the superstrate and
does not take into consideration the DC layer thickness, the substrate refractive index or
the incident wavelength.
The modified spectrum is calculated from equation (5.3) and is shown in Figure 5.6 for a
DC with bandgap 3 eV.
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Figure 5.6. Modified spectrum (light blue fill) effected by a DC layer with a bandgap of 3.0 eV (413 nm)
and PLQY = 200%. The AM1.5G spectrum is also presented (dark blue line) to highlight the changes to
the modified spectrum. The emission profile (black line) of the DC layer is modeled as a Gaussian function
centered at 1.5 eV (826 nm) with FWHM = 100 nm.

An ideal solar cell is assumed with EQE of 1, i.e. no reflectivity, and a bandgap of 1.1 eV
(λ=1127 nm). The calculated short-circuit current density of the solar cell is
45.9 mA/cm2 for incident spectrum AM1.5G using equation (5.21). This represents the
upper limit for silicon solar cells without a DC. The Jsc for the solar cell and DC layer is
also calculated but with the modified spectrum instead of the standard AM1.5G
spectrum. The results are plotted in Figure 5.7 for the reference solar cell and when DC
layer is coupled assuming either a Gaussian or line emission. When adding the DC layer,
a maximum Jsc of 57 mA/cm2 is achieved and as expected it is for a DC layer with
bandgap 2.2 eV where the emission is at 1.1 eV, same as the bandgap edge of the ideal
silicon solar cell. As the bandgap of the DC layer increases, the enhancement Jsc
decreases due to the fact that there are less photons to be down-converted. However Jsc
never goes below the Jsc of the reference ideal solar cell. On the other hand, when the DC
bandgap is below 2 eV, all the photons absorbed are wasted since they are emitted at
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1 eV, which is below the bandgap of the solar cell. Therefore a degradation in the solar
cell performance is observed and the Jsc decreases to ~30 mA/cm2 in this case. In the
case that a Gaussian distribution is assumed for DC emission, it is noted that the
maximum Jsc for a DC bandgap of 2.2 eV is lower than the case of line emission, since in
case of a Gaussian emission not all of remitted photons will be absorbed by the solar cell
due to the fact the Gaussian function is centered at 1.1 eV. This is an important
observation since in real systems a Gaussian-like emission is expected and therefore the
bandgap of the DC has to be higher than twice the bandgap of the solar cell. Finally, a
maximum relative enhancement of 24% is calculated for a DC bandgap of 2.2 eV, which
is very close to the detailed-balance calculations that show a 25% relative increase in

Short-circuit current density (mA/cm2)

system efficiency [11].

No DC
DC with line emission
DC with gaussian emission
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Figure 5.7. Short-circuit current density for ideal DC as a function of DC bandgap with emission profiles
as a line (blue) and Gaussian (red). The Jsc for ideal silicon solar cell with AM1.5G incident spectrum is
shown as well (green). The dotted lines are guide to the eye.
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5.2.2.Ideal DC and DS Layers
In this section, an ideal DC layer is still assumed. However, the solar cell model
considers realistic loss mechanisms such as radiative and non-radiative recombination.
This approach is particularly useful when studying how changes in a cell's spectral
response affect the overall improvement gained by adding DC due to effects such as
surface recombination. In addition the study is expanded to model ideal DS layers as
well.
DC and DS layers are assumed to be ideal optical layers in that they absorb all incident
photons with energy greater than the DC or DS layer bandgap (Eg). For the DC, the
energy of re-emitted photons is centred at an intermediate level assumed to be exactly at
half the DC bandgap (Eg/2), as in the previous section. On the other hand, for the DS
layer we assume photons are re-emitted at the DS bandgap (Eg). Although it has been
shown that DS materials can have emission profiles that are red-shifted from the
absorption edge, or bandgap energy, we assume emission is at the bandgap since we are
modeling an ideal absorption profile.

Figure 5.8. Absorption (α) and emission (PL) spectra for ideal DC and DS layers. The bandgap of the DC
and DS are Eg and the emission is at Eg/2 and Eg for DC and Ds layers, respectively.

In both the DC and DS cases, the photons are re-emitted according to a Gaussian energy
distribution, as shown in Figure 5.8 (red). The PLQY is varied from 0 to 200% for DC
layers and from 0 to 100% for DS layers. The modified spectrum is calculated from
equation (5.3) and is shown in Figure 5.9 for a DC layer with a bandgap of 3.1 eV and
150% efficiency, along with the standard AM1.5G spectrum and the EQE of the reference
solar cell.
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Figure 5.9. Modified spectrum (light blue fill) effected by a DC layer with a bandgap of 3.1 eV and PLQY = 150%.
The AM1.5G spectrum is also presented (dark blue line) to highlight the changes to the modified spectrum. The
external quantum efficiency of the silicon solar cell simulated in TCAD Sentaurus is shown in red line.

The effect of varying the DC or DS PLQY on the overall performance of the silicon solar
cell as a function of the DC or DS layer bandgap is studied. For each case, simulated
device efficiencies are compared to simulations of a control structure in order to identify
the minimum PLQY required to observe an improvement in the overall photovoltaic
efficiency. The control simulations consist of the same silicon solar cell model
illuminated by the AM1.5G spectrum normalized to 1000 W/m2.
For the DC model, it can be seen in Figure 5.10 (a) that a minimal DC efficiency
threshold of 1% occurs for a DC bandgap of ≥ 3.4 eV (≤ 365 nm). Such a low threshold is
explained by the negligible EQE of the solar cell (shown in blue in Figure 5.10 (a)) at ≤
365 nm. As a result, any absorbed photons in this region will contribute to the current
density of the solar cell and thus enhance the efficiency. As the DC bandgap decreases <
3.4 eV, the DC absorption profile encroaches further into increasingly efficient regions
of the solar cell’s spectral response. Thus, the DC efficiency must increase in order to
compensate for this and provide an overall net benefit to the photovoltaic efficiency. It is
important to note that the reported thresholds are highly dependent on the spectral
response of the solar cell.
The simulations also reveal that for a perfectly efficient DC layer (PLQY = 200%), in
conjunction with the solar cell spectral response studied herein, the most effective DC
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bandgap is 2.6 eV, as shown in Figure 5.10 (c). In contrast, the detailed balance limit
predicts the most effective DC bandgap is 2.2 eV for an ideal Si solar cell [11]. The
difference is that in this study a Gaussian profile is assumed for emission. The solar cell
efficiency increases as the bandgap decreases since there are more photons being
absorbed up to the optimum bandgap. Decreasing the bandgap beyond the optimum
point shifts photons to lower regions of the EQE and thus the performance deteriorates.
As shown in Figure 5.10 (c), the photovoltaic efficiency increases from 14.2% to 16.6%;
this corresponds to a relative increase in efficiency of 17%.
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Figure 5.10. Simulation results for ideal DC and DS layers when coupled to a silicon solar cell. Minimum
PLQY required for a top-mounted, DC layer (a) and DS layer (b) as a function of the DC and DS bandgap,
respectively. Solar cell efficiency when coupled with (c) a 200% efficient DC layer, as a function of DC
bandgap, and d) a 100% efficient DS layer, as a function of the DS bandgap.
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For the DS model, the minimum DS efficiency required to effect an enhancement in the
photovoltaic efficiency is the same as for the DC case (1%) since the EQE of the solar cell
below 365 nm is negligible. However, as the bandgap of the DS decreases, the
absorption of the DS layer begins to overlap the region of increasing EQE which
therefore increases the minimum required DS layer efficiency, similarly to the DC case.
Comparing the DC case to the DS case (Figure 5.10 (a) vs. Figure 5.10 (b)), the minimum
DS efficiency follows the EQE of the solar cell since photons are emitted at those
energies, whereas the minimum DC efficiency increases sharply as the bandgap
decreases since the emitted photons are emitted at half the bandgap energy, which falls
in a region of low EQE.
For a perfectly efficient DS layer (PLQY = 100%), the maximum achievable photovoltaic
efficiency is 16.3% at a DS bandgap of 1.8 eV, showing a 15% relative increase in
efficiency above the base value of 14.2%. This maximum efficiency is very close to the
optimal DC case, as there are many more photons being absorbed by a DS with bandgap
of 1.8 eV than by a DC with bandgap of 2.6 eV. In addition, the optimum bandgap for an
ideal DS layer coincides with the maximum point of the EQE, since the re-emitted
photons are centred at the DS layer bandgap, as can be seen in Figure 5.10 (d).

5.2.3.Si-nC as DS Layer
In this section the performance effects of Si-nC embedded in a silicon dioxide matrix to
act as a DS layer mounted on the top surface of crystalline silicon and polycrystalline
CIGS solar cells are explored numerically. The choice of solar cells was based on that
silicon is the dominant technology in the market and thus it is a natural choice. On the
other hand, CIGS solar cells suffer from losses in the ZnO and CdS layers (<550 nm) as
mentioned in chapter 4. In addition DC and DS layers are beneficial for small bandgaps
solar cells and both solar cells have relatively small bandgap (1.1 eV) as compared with
GaAs, CdTe and a-Si solar cells.
Si-nC embedded in SiO2 matrix is an attractive candidate for a DS layer, as explained in
chapter 3. Si-nC exhibit a wide absorption profile below 500 nm and strong emission
profile with a peak centered at 800 nm ± 100 nm. For this study, experimental samples
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of Si-nC were fabricated by plasma-enhanced chemical vapour deposition (PECVD) at
McMaster University [194]. Their optical properties were measured using variable-angle
ellipsometric spectroscopy from 300 nm to 1700 nm. The measured absorption and PL
spectra are shown in Figure 5.11, which were used as the optical properties of the Si-nC
DS layer within the numerical model. More information on the growth and
characterization of the Si-nC can be found in Appendix A.
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Figure 5.11. Measured absorption profile (blue line) and photoluminescence emission spectrum (red line)
from a sample fabricated at McMaster University. The PL is centered at 840 nm with full wave half
maximum (FWHM) of 150 nm.

Si-nC Coupled to Silicon Solar Cells
Si-nC as a DS layer can reduce the surface recombination losses by shifting high-energy
photons to lower-energy photons where they are absorbed more efficiently by the solar
cell, ie. higher IQE. The model developed in chapter 4 is used in this simulation with
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varying SRV. The simulated IQE of the solar cells under study in this section are shown
in Figure 5.12 with varying the SRV from 103 to 107 cm/s to model the quality of the
front surface. The efficiency parameters are summarized in Table 5.1 for four different
solar cells (A-C).
Table 5.1. Simulated results for the silicon solar cell with different surface recombination velocities.

Cell

SRV (cm/s)

Jsc (mA/cm2)

Voc (mv)

FF (%)

η(%)

A
B

1x103
1x105

33.26
32.97

633.3
630.9

77.5
77.4

16.3
16.1

C

1x107

31.96

623.5

77.4

15.4

1
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Figure 5.12. Internal quantum efficiency of silicon solar cells with different surface recombination
velocities (SRV).

Ahmed Gabr – PhD Thesis

Page 131

Chapter 5: Modelling of DC and DS layers

The optimization of the Si-nC and SiO2 layers was carried out by ﬁnding the layer
thicknesses that maximize the short-circuit current density of the solar cell using
equations (5.23) to (5.25). The thickness range investigated was 0 – 300 nm and 0 –
1000 nm for SiO2 and Si-nC layers, respectively. Figure 5.13 shows the short circuit
current density of cell A as a function of the Si-nC thickness calculated using a
PLQY = 20%. The color lines refer to different thickness values of the SiO2 layer.
The dependence of Jsc on the DS double layer thickness is dependent on the double layer
transmittance, the emission of the Si-nC, and the IQE of the solar cell. For a given SiO 2
thickness, a different Si-nC thickness maximizes the Jsc. In fact, the oscillatory
behaviour of Jsc is a result of interference effects, which depends both on the refractive
index and thickness of each layer. Different thickness combinations produce different
phases between the wave reﬂected from the double layer stack top surface and the wave
reﬂected from the Si-nC/Si interface. This thickness dependent effect explains the
different thicknesses at which the short-circuit current has a maximum in Figure 5.13.
In addition, Figure 5.13 shows that the Jsc increases as the Si-nC layer thickness
increases until a maximum is reached. Moreover a cell coated with a SiO2/Si-nC double
layer stack shows a better performance than a cell coated with a single Si-nC layer, since
the maximum Jsc obtained with a single Si-nC layer (yellow line) is lower than the one
obtained with the double layer stack (SiO2 thicknesses of 30, 50 and 70 nm).
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Figure 5.13. Short-circuit current density, Jsc, as a function of Si-nC and SiO2 layer thicknesses for silicon
cell with SRV = 103 cm/s based on PLQY of 20%.

The optimum stack parameters for cells A and C are shown in Figure 5.14 as a function
of PLQY. Note that the Si-nC layer thickness increases and SiO2 layer thickness
decreases. The increase in Si-nC is mainly due to the fact that as PLQY is higher there is
chance that the absorbed photons within the DS layer will be better utilized by the solar
cell. The decrease in SiO2 layer thickness is to achieve an optimum ARC performance as
the Si-nC layer increases. This applies for all three cells but it is also noted that Si-nC
layer must be thicker for lower quality cells. It is interesting to find that the layer
thickness differ only by few nanometers. This means that the double layer stack is not
very sensitive to PLQY and SRV for this specific solar cell design. It is therefore expected
that the double layer stack acts mainly as ARC layer with very small DS effects.
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Figure 5.14. Optimized layer thicknesses for Si-nC (squares) and SiO2 (triangles) layers that maximize Jsc
of cell A (blue) and C (green) as a function of PLQY. Dotted lines are guide to the eye.

To investigate the efficiency enhancement to the solar cells due to the DS layer, the cells
are compared with a reference cell coated with a 110 nm thick of SiO2 acting as ARC
layer. In addition, the cells with the DS layer where PLQY = 0 can be used to single out
the DS effect from the Si-nC emission from the combined ARC action of the double stack
structure.
Figure 5.15 shows the EQE of the reference cell with only a SiO2 layer and the solar cell
with a double layer Si-nC/SiO2 with PLQY =0 and 20%. Overall, there is an
enhancement in the EQE when compared to the reference cell due to both ARC and DS
effects. The ARC effect is evident when comparing the reference cell with the solar cell
with DS where PLQY = 0 (red and green curves). There is almost an increase in EQE in
all wavelengths. Integrating both EQEs and taking the difference will give us the
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enhancement in Jsc due to ARC effect. Now to examine the DS effect, we compare the
two cells with DS where PLQY = 0 and 20% (green and blue). The EQE match very well
except in the short-wavelength region, as expected, due to the DS enhancement.
Integrating both EQE and taking the difference will give us the enhancement in Jsc due
to DS effect.
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Figure 5.15. EQE of the reference cell (red line), solar cells with DS, PLQY = 0% (green line) and PLQY =
20% (blue line). All cells have SRV = 107 cm/s.

The Jsc as a function of SRV is shown in Figure 5.16 for the reference cell, PLQY = 0,
50% and 100%. The total Jsc enhancement for SRV = 105 cm/s is 2.88 mA/cm2,
2.68 mA/cm2, and 2.48 mA/cm2, for DS layers with PLQY = 100%, 50% and 0%,
respectively. ARC effect is the dominant effect with an increase in Jsc of 2.4 mA/cm2.
While only 0.4 mA/cm2 and 0.2 mA/cm2 due to DS effect for DS layer with
PLQY = 100% and 50%, respectively. This corresponds to 6.8% and 1.14% relative
increase in Jsc due to ARC and DS effects, respectively, for DS with PLQY = 100%. It is
feasible to decouple the two effects in simulation as the PLQY can be set to zero.
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However experimentally this it is not possible to set the PLQY to zero and therefore
another method of decoupling must be derived, as will be discussed in the next chapter.
It is worth mentioning that failing to decouple the two effects might lead to wrong
conclusions on the DS efficiency to enhance a solar cell, especially when the reference
cell chosen has high surface reflections, for example a bare cell. In this case the main
enhancement will be due to ARC effect with little or even negative DS effect.
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Figure 5.16. Short-circuit current density as a function of surface recombination velocity for reference, DS
with PLQY=0, 50% and 100%.

Finally Jsc contributions due to ARC effect and DS effect as a function of PLQY for solar
cell D is shown in Figure 5.17. Jsc,ref is the short-circuit density when integrating the EQE
of the reference cell. ΔJsc,ARC is the short circuit density due to the ARC effects and is
almost constant as a function of PLQY. There are very small changes but this is due to
the change in layer thickness, as was shown in Figure 5.13. ΔJsc,DS is the short-circuit
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density due to the DS effects and it increases as the PLQY increases to reach a maximum
value of 0.42 mA/cm2.
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Figure 5.17. Contributions to Jsc enhancement due to ARC effect, ΔJsc,ARC, and DS effects, ΔJsc,DS, as a
function of PLQY for solar cell D (SRV = 107 cm/s).

Si-nC Coupled to CIGS Solar Cells
The CIGS solar cell model developed in chapter 4 is used in this section to explore the
effects of Si-nC as DS layer. Si-nC absorb in the UV-blue region up to 500 nm, in the
same spectral region as CdS. As a result, photons that would be absorbed in the CdS
layer are instead absorbed in the DS layer. In this study, five test CIGS solar cells of
increasingly poor CdS/CIGS interface quality are considered, where the surface
recombination is used to model said quality. The EQE of the CIGS solar cell are shown
in Figure 4.26. For each cell, the thicknesses of the double stack SiO2 and the Si-nC
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layers are optimized by maximizing Jsc for different values of the Si-nC PLQY using
equations (5.23) - (5.25). Figure 5.18 shows Jsc as a function of the Si-nC layer thickness
calculated for a PLQY of 20% for a CIGS solar cell with SRV = 107 cm/s. Figure 5.18
indicates that a maximum Jsc occurs for Si-nC layer thickness of 50 nm and SiO2 layer
thickness of 90 nm. For a DS layer in the absence of SiO2 (yellow line), there are more
reflections from the top surface and therefore results in lowest Jsc. This is expected since
the refractive index of ZnO and SiO2 are 2 and 1.5, respectively, and therefore SiO2 is a
perfect intermediate layer between air and ZnO. Si-nC has higher refractive index of 1.9
and as a result does not act as a good ARC compared to SiO2.
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Figure 5.18. Short-circuit current density, Jsc, as a function of Si-nC and SiO2 layer thicknesses for CIGS
cell with SRV = 107 cm/s based on PLQY of 20%.

Moreover, for Si-nC layers with low PLQY, Jsc decreases as the layer thickness increases,
since only a small fraction of the absorbed photons by Si-nC is re-emitted to the solar
cell. Therefore, there is a negative effect on the cell performance for increasing Si-nC
layer thickness. However, for higher PLQY, the Jsc increases as the thickness increases
until an optimum thickness of Si-nC layer is reached. Figure 5.19 shows the same cell as
in the Figure 5.18 but with a DS layer where PLQY is 80%. The Jsc increases as the Si-nC
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layer thickness increases until a plateau is reached at around 3000 nm. Although this is
a very thick layer of Si-nC to grow experimentally, for the purpose of simulation, this
represents the optimum layer thickness.
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Figure 5.19. Short-circuit current density, Jsc, as a function of Si-nC and SiO2 layer thicknesses for CIGS
cell with SRV = 107 cm/s based on PLQY of 80%.

After investigating other cells, the same trend was observed for the highest efficiency:
thin Si-nC layer for low PLQY and a thick layer for high PLQY (> 60%). Thin Si-nC layer
along with the SiO2 act as a good ARC layer, especially for low PLQY DS layers. This is
noticed as the first peak in all curves in Figure 5.19. As the Si-nC increases the DS effect
increases and therefore can surpass the first peak as in the case of high PLQY, as shown
in Figure 5.19. This observation is confirmed for other calls for different PLQYs as
shown in Figure 5.20 and hence the step response of the Si-nC layer thickness.
Figure 5.20 shows the optimized Si-nC layer thickness as a function of PLQY for
different CIGS cells. For a PLQY < 50% the layer thickness is in the range 50 – 60 nm,
which acts mainly as a double layer ARC stack with the SiO2 layer. Cells with poor UV
spectral response (i.e. a high SRV at the front surface) benefit more strongly from the
DS layer, and once the PLQY > 50%, the DS effect has higher impact. Cells with better
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UV spectral response (SRV = 104 cm/s) take advantage of the DS effect only when
PLQY > 70%. The SiO2 layer thickness is almost constant independent of the PLQY and
is in the range 100 – 110 nm.
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Figure 5.20. Optimized Si-nC layer thicknesses that maximize Jsc of cells with different SRVs as a function
of PLQY.

To investigate the efficiency enhancement to the solar cells due to the DS layer, the cells
are compared with a reference cell that has no ARC layer. In addition, the cells are also
compared to a passive cell, which is a CIGS cell with a DS layer on the top surface but
with zero re-emission of absorbed photons, i.e. an PLQY = 0. The passive cell is used to
single out the DS effect from the ARC effect.
The simulation results are compared based on the EQE where the EQE of the reference
cell, and cells with PLQY 0 and 80% are shown in Figure 5.21. It is evident that there is a
major improvement in the EQE of the cell due to improved optical coupling into the cell
arising from introducing the DS layer, as observed by the higher magnitude EQE for the
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green and blue data (passive and active cells respectively). This represents the biggest
enhancement to the reference cell, thus the ARC influence is the largest.
The enhancement of the EQE for the active cell in the long-wavelength region is similar
to the passive cell. The important benefit of the active cell over the passive cell is the
additional increase in the EQE in the short-wavelength region (300-500 nm). The EQE
of the passive cell is below that of the reference in the range < 370 nm due to the strong
absorption of Si-nC in this region. It is evident from the EQE of the cell with DS layer
where PLQY =20% that there is enhancement in the region < 380 nm. This increase in
EQE is due to the DS effects.
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Figure 5.21. EQE of a reference cell with no DS (red line), two cells with PLQY = 0% (green dotted line)
and PLQY = 20% (blue line). All cells have SRV = 107 cm/s

Figure 5.22 shows the short-circuit current density, Jsc, of the simulated reference, and
active (PLQY = 20%, 50%, 70% and 100%) CIGS solar cells as a function of the surface
recombination velocity at the CdS/CIGS interface. The reduced reflectivity caused by the
enhanced ARC properties of the DS layers is the dominant effect when compared the
active cells with the reference cell. For the cells with PLQY < 60% the DS effect is very
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small even for the highest SRV value, as shown in Figure 5.20. Therefore the Jsc shown
in Figure 5.22 as a function of SRV for cells with PLQY = 20% and 50% are very similar
with very small portion of ΔJsc,DS (0.15% and 0.43%, respectively). As the PLQY
increases the DS effect becomes more visible and therefore the ΔJsc,DS increases for DS
layers with PLQY of 70% and 100%. While DS effect increases only for cells with
SRV =107 cm/s and 108 cm/s for a DS layer with PLQY = 70%, for perfect DS layer
(PLQY = 100%) the DS effect is dominant for all cells.
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Figure 5.22. Short-circuit current density as a function of surface recombination velocity at the CdS/CIGS
interface for reference, passive and active cells. Active cells have DS layers with PLQY 20%, 50%, 70% and
100%.

In order to decouple the ARC and DS effects for the CIGS solar cell, the Jsc is compared
with that of a passive cell. However the passive solar cell must have a DS layer with the
same layer thickness as the active solar cell since the active cell has a very thick Si-nC
layer (2990 nm). This was not an issue in the case of silicon solar cell discussed in the
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last section since the layer thickness varied by less than 10 nm for all DS layers
independent of the PLQY, as shown in Figure 5.14.
Figure 5.23 shows the active cell and the passive cell with the same DS layer thickness as
the active cell for comparison. It is evident that the DS effect is dominant in this case. At
low SRV values, the passive cell performance has degraded when compared with the
reference cell. In this case a negative ARC effect is observed. The absorption in the thick
DS layer explains this negative effect. When SRV increases (>107 cm/s) the passive cell
is performing better than the reference cell and as a result a positive ARC effect is
observed. The DS effect is almost constant over the SRV change with relative
enhancement in Jsc of 18%. The ARC effect is -1.4% for good cells (SRV = 104 cm/s) and
increases to 1.5% for poor cells (SRV = 108 cm/s).
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Figure 5.23. Short-circuit current density as a function of surface recombination velocity at the CdS/CIGS
interface for reference, passive and active cells for PLQY =100%. The passive cell has DS layer thickness
similar to the active cell.
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Summary
A numerical model for DC and DS layers has been presented which considers the
absorption and emission profiles, PLQY, and reflection losses of the layers. The input
parameters to the model have been discussed in details with emphasis on Ttrap(λ), the
fraction of re-emitted photons by the DC layer in the direction of the solar cell. In other
models reported in the literature this parameter is constant (independent of λ) and
based on escape cone calculations. In addition, the model is improved to include the
optimization of DC and DS layer thicknesses to maximize the short-circuit current
density.
The effect of coupling idealized optical DC layers to an ideal silicon solar cell has been
presented to report the upper limit of the efficiency enhancement expected as compared
to detailed balance. A maximum of 57 mA/cm2 is achieved when applying an ideal DC
layer compared with 45.9 mA/cm2 for an ideal cell with no DC layer; this is a 24%
relative increase in Jsc. Moreover, ideal DC and DS layers were coupled to a model
representative of a commercial-grade silicon solar cell using the device simulator and
the efficiency enhancement was explored for such a cell. The simulation results show
that the optimum DC bandgaps have increased from 2.2 eV for the ideal cell case to
2.6 eV when coupled to this more realistic silicon solar cell. This is due to the Gaussian
distribution of the DC emission in the second case as opposed to line emission profile.
In addition the EQE of the modeled solar cell is low near the bandgap of the solar cell, as
opposed to 1 in case of ideal cell.
Furthermore, the effects of coupling Si-nC based DS layers to silicon and polycrystalline
CIGS solar cells have been studied using a device simulator. The Si-nC embedded in
SiO2 have been fabricated and characterized at McMaster University as part of a
collaborative project. The measured ellipsometry parameters as well as the
photoluminescence profile were used to calibrate the DS model. For the silicon solar
cell, a maximum increase in Jsc of 8.4% was achieved for a perfect DS layer
(PLQY = 100%) as compared to a reference cell, where 7.2% was due to ARC effect and
only 1.2% was due to DS effect. The layer thickness did not vary significantly during the
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optimization process which indicates that the ARC effect was dominant. On the other
hand, there an increase in Jsc of 19.5% was achieved for the CIGS solar cell when coupled
to a perfect DS layer. The DS effect was dominant with 18%, while the ARC effect
contributes only 1.5% to the total Jsc enhancement. Therefore for these specific silicon
and CIGS solar cell designs, the Si-nC embedded in a SiO2 matrix based DS layer is more
effective with the CIGS solar cell given PLQY is > 60%, otherwise an enhancement of
13% in Jsc is observed due to ARC effect.
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Chapter 6: Characterization of Silicon Solar
Cells and Silicon Nanocrystals
Experimental Setups
6.1.1.Quantum Efficiency Measurements
A Newport IQE-200 quantum efficiency measurement system is used to measure the
quantum efficiency of different silicon solar cells. In the EQE measurement, the number
of carriers collected is compared to the number of incident photons at a specific
wavelength. Therefore a tunable monochromatic source is used to shine light on the
solar cell, while two electrical probes are used to measure the current generated by the
solar cell. The system uses a Xenon lamp as its monochromator light source. The
monochromatic modulated beam is obtained using the system consisting of an Oriel
1/8 m monochromator, a chopper with a digital lock-in amplifier set at 87 Hz, ordersorting filters, and collimating lenses. The beamsplitter delivers the light simultaneously
to the device under test (DUT) and to the reference detector (CH1). Light reflected

Figure 6.1. A picture of IQE-200 system with integrating sphere not installed, and a simplified schematic
of IQE-200 setup.
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directly from the sample can be detected using the specular reflectance detector (CH3).
When the integrating sphere is installed, diffuse reflectance can be measured using the
diffuse reflectance detector (CH4). The three detectors are calibrated using NIST
traceable reference samples.

6.1.2.Oriel Solar Simulator
The Oriel 92191 solar simulator (SS) is powered by a 1600 W xenon lamp and is capable
of uniformly illuminating an area of 2″ by 2″ at up to 150 suns. A number of air mass
filter sets are used to correct the output spectrum to roughly match the required solar
spectrum such as: AM0, AM1D, AM1.5G, AM1.5D, and AM2D. In addition a number of
nickel plated mesh filters are used to achieve the required intensity. A reference silicon
solar cell is used to calibrate the intensity of the SS.

Experimental Results
6.2.1.Monocrystalline Silicon Solar Cells
Monocrystalline silicon solar cells were fabricated at the Carleton University
MicroFabrication Facility coordinated by Professor Garry Tarr as part of fourth year
course, ELEC4703. Two types of silicon wafers were used: Float Zone (FZ) and
Czochralski (Cz) according to the growth method of silicon crystals. p-type <100>
silicon wafers were used as a substrate. The emitter was doped by phosphorus diffusion
using an eight-stack Bruce Model BDF-8 furnace bank. The front metal (Ti/AG) is
composed of metal ﬁngers with different spacing for current collection. The back contact
is made of a 0.5 μm thick aluminum layer that covers completely the back surface. A
titanium silica layer was deposited on wafer PV14-1A to act as ARC layer, while wafer
PV14-LC did not have any ARC layer. The size of the cells on both wafers is 10 mm by 10
mm each. Table 6.1 summarizes the parameters for the fabrication process.
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Table 6.1. Fabrication process parameters of silicon solar cells

PV14-1A

PV14-LC

300 mm

300 mm

Wafer type

Cz p<100>

FZ p<100>

Wafer resistivity

1 – 4 Ω-cm

0.17 – 0.23 Ω-cm

Phosphorus Diffusion

10 Ω-cm2

80 Ω-cm2

Antireflection coating

Titanium silica

None

Wafer diameter

Figure 6.2 shows cross-sectional scanning electron microscopy (SEM) image of
fabricated silicon solar cell (PV14-1A).

200 nm

110 nm

ARC

350 nm

n-type emitter

p-type substrate
Figure 6.2. Cross-sectional SEM image of PV14-1A silicon solar cell.

PV14-1A wafer was sent to McMaster University for measurement of the optical
properties of the ARC layer. Ellipsometry measurements were performed using a JA
Woollam M2000UI variable-angle spectroscopic ellipsometer. Figure 6.3 shows the
optical constants for the titanium silica ARC layer. The refractive index is close to 2 for
wavelengths longer than 500 nm, which is close to the ideal refractive index of an ARC
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layer for silicon solar cells. A non-zero extinction coefficient, 𝑘, is observed in the shortwavelength region and hence there is absorption by the ARC at wavelengths below
650 nm.
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Figure 6.3. Absorption coefficient of titanium silica ARC layer calculated from the measured extinction
coefficient.

Current-Voltage (I-V) measurements are taken for the two cells with the Oriel SS
approximating the AM1.5D spectrum. A Keithley 2420 source meter unit with a 4-probe
connection to the solar cell is used to sweep the voltage and measure the generated
current. I-V curves for the solar cells are shown in Figure 6.4. As expected PV14-1A-1 (1
is the cell number on the wafer) has higher Isc as the ARC layer reduces reflection losses.
On the other hand, PV14-LC-7 (7 is the cell number on the wafer) has higher FF and Voc
because of better wafer quality which reduces SRH recombination losses. In addition the
PV14-LC-7 has higher substrate doping than PV14-1A-1, as deduced from the sheet
resistivity shown in Table 6.1. A high substrate doping concentration reduces SRH
recombination losses and therefore Voc is increased. This is at the expense of a lower Jsc
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due to longer diffusion lengths which causes minority carriers to recombine faster, as
was discussed in Figure 4.16. The results are summarized in Table 6.2.
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Figure 6.4. Measured I-V curve of solar cells PV14-1A-1 (blue) and PV14-LC-7 (red) under one sun.
Table 6.2. Solar cells measured parameters.

Cell area (cm2)

Isc (mA)

Voc (V)

FF (%)

η (%)

PV14-1A-1

1

25.9

0.550

76.36

10.9

PV14-LC-7

1

19.7

0.615

80.14

9.7

To investigate the spectral response of the solar cells, the EQE and total reflectance are
measured using the IQE-200 setup. The total reflectance is measured using an
integrating sphere to capture all of the light that is not absorbed, including scattered
light. As shown in Figure 6.5, the total reflectance has a minimum at 900 nm, which is
not typical for ARC layers designed for solar cells. ARC layers for solar cells are designed
to have minimum reflectance around 600 nm where the incident intensity is the highest.
On the other hand the diffuse reflectance is relatively low and accounts for scattered
light that escapes the device in all directions. The high diffuse reflectance at long
wavelengths is due to scattered photons with energy close to the bandgap of the silicon
material and therefore has small possibility of being reabsorbed by the active material.
With no integrating sphere the scattered light would be lost and would mistakenly be
attributed to absorption by the device. This is especially important for the short
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wavelengths since an error in absorption at these wavelengths can significantly affect
the shape of the IQE curve.
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Figure 6.5. Measured specular and diffuse reflectance using an integrating sphere for a silicon solar cell
with titanium silica as an ARC layer.

The IQE is calculated using equation (2.40) and therefore absorption in the active layer
must be measured. Determining the absorption in the active layer can be challenging in
cases where there are parasitically absorbing layers in the device, and usually requires
optical modelling to relate experimental measured total absorption to the absorption in
each layer. The absorption in each layer cannot be independently measured due to
interference effects. Therefore the transfer matrix method is used to calculate
interference of coherent and reflected waves at each interface in the device [195].
Using the measured values for the real and imaginary parts of the complex refractive
index (n and k, respectively, as a function of wavelength), the absorption in each layer of
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the device is calculated with an optical model using a transfer matrix formalism, as
discussed in section 4.1.2. From this, the parasitic absorption (absorption in the parts of
the device that are not part of the active layer) is separated from the total absorption.
Rather than using the optical model to predict the absorption in the active layer, which
is the main contribution of the total absorption, the modeled parasitic absorption is
subtracted from the experimentally measured total absorption. Therefore by subtracting
the parasitic absorption from the experimentally measured data the error due to
disagreement between the model and the measurements is minimized. The results are
plotted in Figure 6.6.
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Figure 6.6. Measured total absorption, simulated parasitic absorption and calculated absorption in the
active layer as a function of wavelength for a silicon solar cell.

Therefore equation (2.40) becomes:
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𝐼𝑄𝐸(λ) =

𝐸𝑄𝐸(λ)
1 − 𝑅(𝜆) − 𝐴p (𝜆)

(6. 1)

where R is the total reflectance and in this case includes diffuse reflectance, and Ap is the
modeled parasitic absorption.
Figure 6.7 shows the measured EQE and total reflectance as well as the calculated IQE
of the solar cell. The poor UV response of the solar cell is due to the parasitic absorption
in the ARC layer but also due to high surface recombination. The EQE increases
gradually as the reflectance decreases with maximum EQE in the 700 nm - 800 nm
range. Typically ARC layers are designed such that a minimum reflectivity is around
600 nm where most of the power of the solar spectrum exists; here the zero reflectance
is shifted to longer wavelengths and hence the ARC layer is thicker than what it should
be. The gradual decrease of the EQE at longer-wavelengths could have been improved if
a back surface field existed to enhance the collection of carriers at the bottom contact.
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Figure 6.7. Measured EQE and total reflectance of the silicon solar cell. The IQE is calculated according to
equation (6.1).
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The IQE, EQE and reflectance of PV14-LC-7 is shown in Figure 6.8. Since there is no
parasitic absorption then equation (6.1) reduces to only the reflectance term in the
denominator and hence no optical modelling is required. The reflectance is relatively
high due to the absence of ARC layer. Nevertheless the UV spectral response is almost
30%, which is much higher when compared with PV14-1A-1. This is due to the
absorption in the ARC layer in addition to poor surface passivation in case of PV14-1A-1.
The IQE is relatively high up to almost 700 nm then it gradually decreases until it
reaches the band edge of silicon. This could have been improved by applying a BSF at
the back of the cell to enhance the collection of carriers at the bottom contact.
Comparing the IQE of the two cell, it is evident that PV14-LC-7 in Figure 6.8 has higher
IQE and this is mainly due to the better quality of the wafer with less impurities and
defects and hence less SRH recombination.
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Figure 6.8. Measured external quantum efficiency and reflectance of PV14-LC-7 silicon solar cell. The IQE
is calculated according to equation (6.1).
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In the next section, the effect of DS layer on the cell performance is investigated.
Analysis from this section is used to decouple the ARC and DS effects.

6.2.2.DS Layer Mounted on Silicon Solar Cell
After measuring the quantum efficiency of the silicon solar cell, the next logical step is to
characterize the Si-nC and silicon solar cell as a system. Silicon nanocrystals embedded
in silicon oxide matrix were fabricated at McMaster University using a PlasmaEnhanced Chemical Vapour Deposition (PECVD) system. The Si-nC were grown on
fused silica substrates followed by annealing using a quartz tube furnace. The fused
silica Spectrosil 2000 UV coverslips (CFS-2525) are 0.5 mm thick from UQD Optics
[196]. The sample used here has been annealed at a temperature of 1135 °C with
estimated thickness of 484 nm. The measured PL and absorption coefficient are shown
in Figure 5.11. More information on the growth process can be found in Appendix A.
The double layer Si-nC/SiO2, is placed on the top surface of the silicon solar cell with the
Si-nC layer facing the solar cell, as shown in Figure 6.9. A refractive index matching
liquid from Cargille is used between the Si-nC and the silicon solar cell to eliminate the
reflection losses associated with the Si-nC/air interface [197]. The IQE-200 setup is
used to characterize the solar cell with the DS layer.

Figure 6.9. A two dimensional schematic of silicon solar cell with a titanium silica ARC layer. A double DS
layer consisting of quartz and Si-nC is placed on the top surface. Schematic is not to scale.
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The measured EQE and specular reflectance for the silicon solar cell with and without
the DS layer are shown in Figure 6.10. It is clear that there is enhancement in the EQE
from 500 – 680 nm and below 400 nm. However, there is clear degradation in the EQE
at longer wavelengths (> 680 nm). The enhancement and degradation in the wavelength
range 500 – 1200 nm are due to ARC effects, which include absorption in the DS layer.
The very small enhancement below 400 nm is mainly due to DS effects. In order to
confirm these observations the ARC and DS effects must be decoupled, as will be

External Quantum efficiency / Reflectance

discussed in the next section.
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Figure 6.10. Measured EQE and specular reflectance for silicon solar cell (PV14-1A-1) with (solid red) and
without (dotted blue) DS layer.

In order to calculate IQE of the solar cell with the DS layer, the parasitic absorption
must be modeled. The parasitic absorption includes absorption in the ARC layer as well
as the DS layer, as shown in Figure 6.11. The Si-nC absorb strongly up to 500 nm. Since
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the DS layer is relatively thick, the parasitic absorption is dominated by absorption in
the DS layer with negligible absorption in the underlying ARC layer.

The total

reflectance is represented by the specular reflectance only and is shown in Figure 6.11.
Finally, the active absorption can be determined from the total absorption less the

External Quantum efficiency / Reflectance

modeled parasitic absorption.
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Figure 6.11. Measured reflectance, total absorption, simulated parasitic absorption and calculated
absorption in the active layer as a function of wavelength for a silicon solar cell coupled to Si-nC based DS
layer.

After computing the active absorption, now the IQE for the solar cell with the DS layer
can be determined from equation (6.1), as shown in Figure 6.12. As observed from the
figure, IQEtot is higher than IQEref in the range below 400 nm due to the DS effect. The
DS layer absorbs significant number of photons in the UV range but due to low quantum
yield of the layer, only a few photons are re-emitted and hence a small contribution to
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the electrical current is obtained. The agreement between the two curves show the
accuracy of the measurement and the optical modelling of the layers. The difference
between the two curves in the range > 500 nm is less than 2%.
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Figure 6.12. Calculated IQE of the solar cell with and without the DS layer.

The Jsc for the reference cell and after adding the DS layer can be calculated by
integrating the EQE as in equation (2.41). The reference cell has Jsc,ref of 25.14 mA/cm2
assuming AM1.5G standard spectrum, which is very close to the measured Jsc in the last
section of 25.9 mA/cm2. The Jsc,tot for the solar cell with DS layer is 24.70 mA/cm2,
which means a total degradation of 0.44 mA/cm2 is observed. This is due to the low
efficiency of the DS layer sample used in this work. Only few of the photons absorbed in
the layer are contributing to the current that otherwise all those photons would have
been contributing to the current if the DS layer is not mounted. In addition the layers
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thicknesses are not optimized and therefore there is also degradation due to ARC effects.
Whether there is enhancement or degradation, it is very useful to decouple the ARC
effects from the DS effects. In the next section expressions are derived to decouple the
two effects.

6.2.3.Decoupling ARC and DS effects
In the last section, the short-circuit current density for a silicon solar cell with and
without a DS layer was calculated. An overall degradation in Jsc was observed due to the
DS layer. However both ARC and DS effects are observed as a result of adding a DS layer
to the solar cell and the two effects are mingled together in the short-wavelength range.
However, in the longer wavelength where there is no absorption in the DS layer, or very
little, the ARC effect is dominant. In most studies the two effects are not decoupled and
only the total enhancement or degradation is reported. Therefore, it is crucial to
decouple the two effects as the total enhancement can be due to mainly ARC effects,
especially if the reference cell has no or a poor ARC layer.
The first step is to calculate the EQE of the solar cell due to ARC effect only from the DS
layer (assuming no re-emission) from equation (5.23). Figure 6.13 shows the measured
EQEtot and the calculated EQEARC. When comparing EQEtot and EQEARC they agree very
well down to 400 nm beyond which the EQEtot is slightly higher. The small difference
between the two curves below 400 nm is due to the DS effects, as deduced from
equation (5.22).
The short-circuit current density components due to each effect are calculated as
follows:
Δ𝐽sc,ARC = 𝑞 ∫ 𝜙(𝜆) ∙ (𝐸𝑄𝐸ARC (𝜆) − 𝐸𝑄𝐸ref (𝜆))𝑑𝜆

(6. 2)

𝛥𝐽sc,DS = 𝐽sc,tot − 𝐽sc,ref − 𝛥𝐽sc,ARC

(6. 3)

and

where q is the electronic charge, ϕ is the photon flux density, and Jsc,tot, and Jsc,ref, are the
short-circuit current densities of the reference solar cell and the solar cell with DS layer
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mounted on top surface, respectively, which were calculated in the previous section. The
calculated total degradation due to ARC effects (ΔJsc,ARC) is -0.61 mA/cm2, while a small
enhancement due to DS effect (ΔJsc,DS) is observed to be to 0.17 mA/cm2.
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Figure 6.13. Measured EQE of the solar cell with DS layer and calculated EQE including ARC effects from
equation (5.23).

The total enhancement as well as the enhancement due to each effect can be computed
as a percentage as follows:
𝜂𝑡𝑜𝑡 =

𝐽𝑠𝑐,𝑡𝑜𝑡 − 𝐽𝑠𝑐,𝑟𝑒𝑓
𝐽𝑠𝑐,𝑟𝑒𝑓

𝜂𝐴𝑅𝐶 =
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𝛥𝐽𝑠𝑐,𝐴𝑅𝐶
𝐽𝑠𝑐,𝑟𝑒𝑓

(6. 4)

(6. 5)
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𝜂𝐷𝑆 =

𝛥𝐽𝑠𝑐,𝐷𝑆
𝐽𝑠𝑐,𝑟𝑒𝑓

(6. 6)

and the results are summarized in Table 6.3.
Table 6.3. Decoupling the ARC and DS effects with illustrating the short-circuit current density
contributions from each effect.

Jsc,ref

25.14 ± 0.50 mA/cm2

Jsc,tot

24.70 ± 0.49 mA/cm2

ΔJsc,ARC

-0.61 ± 0.12 mA/cm2

ΔJsc,DS

0.17 mA/cm2

ηtot

-1.75%

ηARC

-2.43%

ηDS

0.68%

The equations above are used to decouple the ARC and DS effects using combined
measured data and optical modelling. The parameters that need to be measured are the
EQE and reflectance of both the reference cell and the cell with the DS layer. In addition
the parasitic absorption must be calculated using TMM. This method is only valid if the
reference cell has the same cell design as the cell under test, specifically the electrical
properties. It does not matter if the reference cell has an ARC layer or not as this is
considered in the IQE of the reference cell. A flowchart of the required steps to decouple
the ARC and DS effects are summarized in Figure 6.14.
The conversion efficiency of the DS layer can be estimated from the measured EQE of
the solar cell with DS layer. The Si-nC re-emits a fraction of the absorbed photons at
longer wavelengths according to the photoluminescence quantum yield of the Si-nC.
Most of the re-emitted photons reach the underlying solar cell while a small fraction are
lost through the front surface, side or reflected from the DS/solar cell interface. All these
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losses contribute to the DS efficiency. Thus the DS efficiency, ηDS, describes the fraction
of re-emitted photons that are transmitted to the underlying solar cell. Investigating
equation (5.24), the EQE describing the DS effect can be expressed as:
Δ𝐸𝑄𝐸DS = 𝐴(𝜆) ∙ 𝜂DS (𝜆) ∫ 𝑃𝐿(𝜆′) ∙ 𝐼𝑄𝐸ref (𝜆′)𝑑𝜆′

(6. 7)

where A(λ) is the absorption in the DS layer, ηDS is the DS efficiency, PL(λ') is the
experimental photoluminescence of DS layer, and IQEref is the IQE of the reference cell.

Figure 6.14. A flowchart of the decoupling effects procedure.

Substituting equation (6.6) in equation (5.22) and solving for the DS efficiency we arrive
at:
𝜂𝐷𝑆 (𝜆) =

𝐸𝑄𝐸tot − 𝐸𝑄𝐸ARC
𝐴(𝜆) ∫ 𝑃𝐿(𝜆′) ∙ 𝐼𝑄𝐸ref (𝜆′)𝑑𝜆′

(6. 8)

The Si-nC PL is approximated by a Gaussian distribution with center wavelength of
842 nm and is shown in Figure 6.15 along with the measured PL. The measured PL was
excited using a laser beam with centered at 325 nm. Therefore using equation (6.8) the
DS efficiency at 325 nm is estimated to be 3%.
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Figure 6.15. Measured (solid red) photoluminescence of the Si-nC. A Gaussian distribution (dotted line) is
plotted with center wavelength of 842 nm.

6.2.4.Improvements to Decoupling ARC and DS effects
In the previous two sections the decoupling of the ARC and DS effects was discussed and
results were presented. The experiment can be further improved by making use of the
integrating sphere and measure the diffuse reflectance of the solar cell coupled to DS
layer. Diffuse reflectance is important in DC/DS applications for the following reasons:
1) the emission from Si-nC is isotropic and therefore can be only collected using an
integrating sphere, 2) the front surface is not uniform and as a result there are some
scattered photons, 3) in experiments where the refractive index matching liquid is used,
it adds a non-uniform thin layer at the Si-nC/silicon interface, and thus it causes some
scattering.
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Using an integrating sphere adds to the accuracy of the experiment. However the
detected diffuse reflectance is due to scattered photons from the Si-nC/silicon interface,
or from the isotropic emission of the Si-nC, or a combination of both. Since the reemitted photons have wavelengths different than the incident photon wavelength, the
measured diffuse reflectance must be carefully analyzed. Failure to carefully analyze the
data can lead to significant errors.
In order to distinguish between diffusely reflected photons with the same wavelength as
the incident photons (~350 – 500 nm), and the re-emitted photons which are centered
at 840 nm, a long wavelength pass (LWP) filter can be installed before Ch4 detector to
block all photons with wavelengths longer than 500 nm. Therefore the measured photon
flux represent only the diffuse reflectance. To detect the re-emitted photons from the DS
layer, a short wavelength pass (SWP) filter should be installed before the Ch4 detector to
block all photons with wavelength below 500 nm. The detected photon flux can then be
multiplied by the calibration file assuming emission at 840 nm. Finally the IQE can be
determined as follows:
𝐼𝑄𝐸(λ) =

𝐸𝑄𝐸(λ)
1 − 𝑅𝑠 (𝜆) − 𝑅𝑑 (𝜆) − 𝐴p (𝜆) − 𝐸𝑑 (𝜆)

(6. 9)

where Rs is the measured specular reflectance, Rd is the measured diffuse reflectance
(with LWP filter installed), Ap is the modelled parasitic absorption, and Ed is the
measured diffuse reflectance of the re-emitted photons from the DS layer (with SWP
filter installed).
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Down-conversion (DC) process is an optical process where two or more photons are
converted to longer-wavelengths. Down-shifting (DS) is a similar process but only one
photon is shifted to longer wavelengths where the solar cell absorbs efficiently.
Candidate materials for DC and DS layers were categorized to three groups: Rare-earth
(RE) ions, quantum dots (QD) and organic dye. Yb3+ ion is one of the potential
candidates for DC layers for photovoltaic applications since it exhibits an emission line
around 980 nm, which is below the bandgap for silicon and CIGS solar cells. However,
to date there are still no ground breaking results due to the weak absorption of the RE
ions. QDs have the advantage of tuning the emission profile by changing the size of the
QD, but they suffer from re-absorption due to the overlap between the emission and
absorption profiles. Organic dyes are becoming more popular in the literature as DS
layers for photovoltaic applications due to their almost unity photoluminescence
quantum yield (PLQY), low cost, and flexibility in changing the absorption and emission
profiles by mixing dyes. However, just like organic solar cells, the photostability of such
dyes is still a challenge. Unless a breakthrough occurs in RE and QDs as DC and DS
layers, organic dyes seem to be the only successful candidate.
Models of monocrystalline silicon and polycrystalline CuInxGa1-xSe (CIGS) solar cells
were developed in a semiconductor device simulator. The models were based on
extensive literature review to find the most accurate material properties such as carrier
mobilities, recombination life times, optical properties and bandgap structure.
Simulated results for monocrystalline silicon solar cells show efficiency of 17.7% with
short-circuit current density (Jsc) of 36 mA/cm2 and open-circuit voltage (Voc) of 0.64 V.
These results are comparable to the average commercial cells which vary from 15% up to
21%. On the other hand the simulated CIGS solar cell shows efficiency of 16% with Jsc of
31.9 mA/cm2 and Voc of 0.67 V. The Jsc can be improved by adding an anti-reflection
coating (ARC) layer while the Voc is usually enhanced by grading the absorber layer. In
other words the molar fraction of the CIGS material is varied gradually to better collect
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the photons while achieving higher Voc. Nevertheless, the objective in this thesis was not
to optimize the design but rather to develop a model that is comparable to commercial
grade solar cells. Both models are used to explore the effect of DS layers when mounted
on top surface of these cells.
DC and DS layers can be modeled by tailoring the incident solar spectrum to emulate
their effects. A model is developed to compute the spectral modifications in the incident
spectrum caused by the DC or DS layers using a custom built code. The modified
spectrum is then used as an input to a device simulator to evaluate the solar cell
performance. First, the effect of ideal DC layers mounted on ideal silicon solar cells (ie.
IQE = 1) is investigated. An upper limit of Jsc of 57 mA/cm2 is achieved for a DC layer of
bandgap 2.2 eV. This is a 24% relative increase when compared to Jsc of 46 mA/cm2 of
an ideal cell with no DC layer. Secondly, ideal DC and DS layers are used to evaluate the
performance of a silicon solar cell modeled in a device simulator. The PLQY as a
function of DC and DS bandgaps is presented. For a perfect DS layer (PLQY = 100%), a
15% relative increase is achieved with an optimum bandgap of 1.8 eV. The same relative
increase is achieved with a perfect DC layer (PLQY = 200%) with optimum bandgap of
2.6 eV. The model is then calibrated using measured optical properties and
photoluminescence profile of fabricated silicon nanocrystals (Si-nC) embedded in a SiO2
matrix. The effect of Si-nC based DS layer is investigated with silicon and CIGS solar
cells modeled in a device simulator. The DS model is further enhanced to include layer
thicknesses optimization to maximize Jsc. In addition, the DS effect due to shifting of
photons is decoupled from the ARC effect which is due to the change in surface
reflections. The decoupling is realized by assuming a DS layer with the same layer
thickness but with no re-emission (PLQY = 0) i.e. a passive layer. Therefore the ARC
effect can be obtained by comparing the passive cell with the reference cell, while the DS
effect is computed by comparing the active cell with the passive one. It is very important
to decouple the two effects as in some cases a relatively large enhancement can be
achieved only because the reference cell has no ARC layer. Therefore the enhancement
can be mainly due to ARC effects with very little or no DS effects. For the simulated
silicon solar cell, a maximum increase in Jsc of 8.4% was achieved for a perfect DS layer
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(PLQY = 100%) as compared to a reference cell, where 7.2% was due to ARC effect and
only 1.2% was due to DS effect. The layer thickness did not vary significantly during the
optimization process which indicates that the ARC effect was dominant. On the other
hand, there an increase in Jsc of 19.5% was achieved for the CIGS solar cell when coupled
to a perfect DS layer. The DS effect was dominant with 18%, while the ARC effect
contributes only 1.5% to the total Jsc enhancement. Therefore for these specific silicon
and CIGS solar cell designs, the Si-nC embedded in a SiO2 matrix based DS layer is more
effective with the CIGS solar cell given PLQY is > 60%, otherwise an enhancement of
13% in Jsc is observed due to ARC effect.
To fully explore the effect of Si-nC based DS layers, the Si-nC layer is mounted on top of
a monocrystalline silicon solar cell fabricated at Carleton University. The solar cell is
characterized at SUNLAB and showed an efficiency of 11% with Jsc and Voc equal to
26 mA/cm2 and 0.55 V, respectively. The ARC layer has non-zero extinction coefficient
up to 400 nm and this caused a poor UV spectral response. The Si-nC on top of the
silicon solar cell is characterized as a system using the IQE-200 setup at SUNLAB,
University of Ottawa. The poor performance of the Si-nC layer caused an overall
degradation to the solar cell performance. However, the external quantum efficiency
(EQE) of the system and the solar cell are analyzed and expressions are derived to
decouple the ARC effects from the DS effects. To the author knowledge this has not been
done experimentally so far.
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Silicon Nanocrystals Growth
by PECVD
Fabrication of Si-nC films was part of a collaborative project with McMaster University.
The fabrication and characterization of silicon-rich silicon-oxide (SRSO) films were
realized by Justin Sack [198]. A Plasma-Enhanced Chemical Vapour Deposition
(PECVD) system was used to grow the Si-nC on fused silica substrates followed by
annealing using a quartz tube furnace. The fused silica Spectrosil 2000 UV coverslips
(CFS-2525) are 0.5 mm thick from UQD Optics [196]. A picture of the PECVD system is
shown in Figure A-1 during one of my visits to McMaster University.
Regarding the SRSO deposition, silane (SiH4) is the source of silicon atoms that when
injected in the main chamber of the PECVD leaves free Si atoms to bond with the heated
substrate. The plasma source gas in the system is a mixture of Ar and O 2 with varying
ratio depending on the specific deposition parameters. The Si:O ratio was controlled by
varying the O2 flow rate rather than varying SiH4 flow. Varying the SiH4 flow has shown
a large change in the overall deposition rate and thus the O2 flow was changed to control
the Si:O ratio. SRSO films show a decrease in the refractive index, due to less silicon
content, when increasing O2 flow. The Ar flow was varied to compensate for increasing
or decreasing amounts of O2, which is known as argon-compensated deposition.
After the deposition in the PECVD system, the film is an amorphous mix of Si and O
with a high number of defects. To remove these defects and form the silicon
nanocrystals, high-temperature treatment is required. High-temperature annealing (up
to 1200°C) was performed in flowing H2 (5%) N2 (95%), which has been shown to
improve luminescence intensity due to Si-nC surface passivation [38]. It was noted that
higher annealing temperature caused a red-shift in the PL peak. This was due to the
formation of larger Si-nC with higher annealing temperatures.
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Figure A-1. The PECVD system used in the fabrication of Si-nC. A close-up of the main chamber showing a
quartz substrate on the heated sample stage.

Table A-1 shows the deposition parameters for two samples, A and B. Both films were
grown on 0.5 mm fused silica substrates at a deposition pressure of 2.1 mTorr while
maintaining the temperature at 120°C. The base pressure of the system was on the order
of 10-7 mTorr range, and magnetron power was set such that the effective forward power
was 500 W. Gas flows are maintained constant while deposition time was varied to get
different film thicknesses. There is almost a linear relation between deposition time and
film thickness. It is expected that on average 65 nm of film is grown every 10 minutes.
This relation was confirmed by growing 9 different samples with thicknesses varying
from 135 nm up to 528 nm in duration of 20 minutes to 80 minutes, respectively. All
films were allowed to cool one hour after deposition before removing them from the
PECVD main chamber. Finally films were annealed in a quartz tube furnace at 900°C,
1000°C, 1100°C and 1135°C in flowing H2 (5%) and N2 (95%).
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Table A-1. Deposition parameters for films A and B with the same gas flows and partial pressures (PP) but
different deposition times.

Ar + SiH4
flow

Ar + SiH4
PP

Ar + O2
flow

Ar + O2 PP

Ar flow

Ar PP

Deposition
time

A 2.50 sccm

0.22 mTorr

5.40 sccm

0.47 mTorr

18.9 sccm

1.41 mTorr

70 min

B 2.50 sccm

0.22 mTorr

5.40 sccm

0.47 mTorr

18.9 sccm

1.41 mTorr

80 min

Although there have been several SRSO films fabricated throughout this project,
samples A and B will be used in this work since they are the most efficient ones. The film
thickness after growth was determined to be 465 nm and 528 nm for samples A and B,
respectively. Both samples were annealed at 1135°C in flowing H2 (5%) and N2 (95%).
This annealing temperature gave the highest luminescent efficiency, as expected from
the literature that annealing should be in the range of 1100-1200°C for efficient
luminescence. After annealing the film thicknesses shrinks and is estimated to be
430 nm and 484 nm for samples A and B, respectively. The decrease in thickness after
high-temperature annealing is due to the removal of vacancy defects and thus the
amorphous film is compressed.

A.1. Transmission Electron Microscopy
The Titan 80-300LB, a High-resolution Transmission Electron Microscopy (HR-TEM),
made by FEI and is located at the Canadian Centre for Electron Microscopy, was used to
view the Si-nC embedded in a quartz matrix. Figure A-2 shows HR-TEM images of
sample B. The image on the left is a dark-field (DF) TEM image and shows the
distribution of Si-nC throughout the film represented by white dots. The bright region
on the top left is the substrate, while the bottom right region is the edge of the film. The
dark region suggests a large Si-nC near the surface of the film. This is suggested to be
due to a temperature gradient. In such a thick film, higher temperatures cause larger SinC to form near the surface while deeper in the film the temperature is lower and
therefore relatively smaller Si-nC are formed. The right image in Figure A-2 is a
magnified image showing some Si-nC, a few of which have been circled to indicate the
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nanocrystal’s diameter. The diameter is estimated to be 4 nm on average although the

Figure A-2 Dark-field TEM image showing the distribution of Si-nC in the film (left). HR-TEM image of SinC showing crystalline regions embedded in SiO2 matrix (right). Both images are for sample B. TEM images
after [198].

quality of the images does not allow us to confirm this diameter.

A.2. Ellipsometry
In order to measure the optical constants and thickness of the Si-nC films, A J.A.
Woollam variable angle spectroscopic ellipsometer was used. Ellipsometry is a measure
of the change in polarization and is quantified by two angles: the amplitude ratio (Ψ)
and phase difference (Δ). Both angles are related to the complex reflectance ratio ρ, as
𝜌=

𝑟𝑝
𝑟𝑠

= 𝑡𝑎𝑛ΨeiΔ

(A.1)

where rp and rs are the parallel and perpendicular Fresnel reflection coefficients,
respectively. The experimental values of Ψ and Δ are then compared with a model in
order to get optical constants and film thickness. In this work the Tauc-Lorentz
oscillator model was used to fit the measurements [199]. Using an iterative procedure,
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the optical constants are verified by a Mean Square Error (MSE) value. Low MSE values
indicate that the measured values are close to the predicted values.
The measured refractive index and extinction coefficient of films A and B are shown in
Figure A-3. Sample B has slightly higher refractive index since it is more silicon rich.
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Figure A-3. Optical constants of samples A and B after annealing at 1135°C.

A.3. Photoluminescence Quantum Yield
Photoluminescence (PL) spectroscopy was performed using a continuous-wave 405 nm
GaN laser at 21 µW. The beam was focused perpendicular to the sample surface using a
50X long working distance objective lens for spot sizes of ~5 µm. A 7.5 cm convex lens
was used as the objective to focus the incident laser beam over a larger area for spot
sizes of ~150 µm. PL was collected through the same objective lens using a Yvon-Jobin
spectrometer and a liquid nitrogen-cooled CCD detector. Reflected excitation light was

Ahmed Gabr – PhD Thesis

Page 184

Silicon Nanocrystals Growth by PECVD

filtered out using a 450 nm long-wave pass filter prior to entering the spectrometer. A
picture of the calibrated PL measurement setup is shown in Figure A-4.

Figure A-4. Photoluminescence quantum efficiency measurement setup at McMaster University showing
the 3.3” diameter integrating sphere. The coupled fiber shown is connected to a calibrated spectrometer.

Two quantities were measured using this setup, the photoluminescence external
quantum efficiency (PLEQE) and the photoluminescence internal quantum efficiency
(PLIQE). The PLEQE is defined as the ratio of the emitted photon flux to the incident
photon flux, as
𝑃𝐿𝐸𝑄𝐸 =

𝜙𝑒
𝜙𝑖

(A.2)

where 𝜙𝑒 and 𝜙𝑖 are the emitted photon flux and the incident photon flux, respectively.
The incident photon flux is calculated by measuring the intensity of the laser source
coupled to the integrating sphere with no sample in the integrating sphere. While the
emitted photon flux is measured with the sample in the integrating sphere and a low
pass filter to block the laser beam from entering the fibre at the output port. On the
other hand the PLIQE is defined as the ratio of the emitted photon flux (𝜙𝑒 ) to the
absorbed photon flux (𝜙𝑎 ), as
𝜙

𝑃𝐿𝐼𝑄𝐸 = 𝜙𝑒

𝑎
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The absorbed photon flux is calculated as follows:
𝜙𝑎 = 𝜙𝑟𝑒𝑓 − 𝜙𝑠

(A.4)

where 𝜙𝑟𝑒𝑓 are 𝜙𝑠 the reference and sample photon fluxes, respectively. The reference
and sample, Si-nC in this case, are measured by measuring the laser source intensity
with the substrate and the sample in the integrating sphere, respectively.
The PL results are shown in Figure A-5 for Si-nC sample with an emission spectrum
centered at around 840 nm. As can be seen that the PL intensity is higher for sample B,
the thicker film, which is due to more silicon atoms that are present in the film and thus
larger number of Si-nCs that are present. This agrees with the higher refractive index for
sample B, as was shown in Figure A-3. The red-shift in the PL indicates that thicker
films incorporate larger Si-nCs.
The PLIQE of the Si-nCs samples A and B were found to be 0.65% and 0.73%,
respectively. While the PLEQE is slightly lower and is were found to be 0.11% and 0.19%,
respectively. The PLEQE for sample B is almost double that of sample A since the film is
thicker and therefore it emits more photons. However when we compare PLIQE , which is
the ratio of emitted photon flux to absorbed photon flux, there is a small difference
between the two films and it is within the experimental error. Therefore thicker films
will emit more but not necessarily more efficient. The efficiency could be further
improved by ensuring oxygen-free growth conditions and passivating the Si-nCs by
organic ligands, as suggested in the literature. Although higher conversion efficiency is
required in order to observe an enhancement in the solar cell, the objective at this stage
of research was to accurately characterize the Si-nC, as indicated in [198].
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Figure A-5. Calibrated PL spectra of A and B Si-nC films of varying thicknesses deposited on fused silica.
PL intensity increased as a function of thickness, and a slight red-shift was seen in the thicker film.
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