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Abstract

The objective of this thesis work is to improve the optical absorption of silicon (Si) solar
cell by increasing solar absorption. For this purpose, a hybrid design of silicon (Si) solar cell is
designed with guided-mode resonance filter (GMRF) to increase absorption efficiency. The
GMREF is a resonant waveguide grating (RWG) structure, which increases the resonant field and
enhances the propagation path for light within the cell material. Light confinement in silicon (Si)
solar cells through GMRF structure is theoretically demonstrated. The GMRFs are designed in
Fourier Modal Method (FMM) using regression algorithm. A hybrid design of Si solar cell with
GMREF is designed in the Finite-Difference Time-Domain (FDTD) software. The waveguide
grating structure is defined by designing a grating structure in fused silica (SiO2) material coated
with a high index thin layer of amorphous titanium dioxide (TiO2) material. The designed
waveguide grating structure exhibits a 100% resonance reflectance response at a particular

resonance wavelength A:.

One of the possible optimized designed parameters for the waveguide grating structure
are: grating period d = 316 nm, grating grooved height hg = 120 nm, structural-line width w =
205 nm, fill factor f = 0.65, refractive index of SiO2 ns = 1.45, refractive index of TiO2 n; = 2.385,
thickness of TiO: layer t = 50 nm, angle of incidence ;i = 18° and resonance wavelength A, =
632.8 nm (Helium-neon laser), whereas, the realizable designed parameters for Si solar cell are:
refractive index of Si material N = 3.882 + i(0.019) at resonance wavelength A, = 632.8 nm, cell
thickness T = 500 nm. Compared to a planar Si solar cell, approximately 38% enhancement in
the optical absorption is achieved over the 550-750 nm wavelength range for a GMRF enabled Si
solar cell. This improvement in optical absorption of hybrid device structure inspires the
application of Guided-Mode Resonance (GMR) effect in solar cells where increased absorption
efficiency is a key demand. The GMRF enabled solar cells possesses the capability to indicate a
new hybrid-design concept to improve the optical absorption. An appropriate optimization of
grating design parameters in simulation guides to effective hybrid device operation. The
theoretical explanation demonstrates the prospective of appropriate designed GMRF

characteristics in silicon (Si) solar cells.

Keywords: Guided-Mode Resonance Filters (GMRFs), enhanced light absorption, silicon solar
cells, Fourier Modal Method (FMM), Finite-Difference Time-Domain (FDTD)

Vii



Contents

ACKNOWIBAGEMENTS ...ttt bt n s Vi
N o1 = Tod OSSPSR vii
(O8] 1115311 1 P PUTS viii
LSt Of FIgUIES vttt e e e e e xi
T o) 21 o) 1R Xiv
List of Abbreviations and SymboOLS ..........o.iiiiiiiii e XV
Author's List of Journal Publications .............c.coiitiiiiiiiiiii e XVii
Chapter 1:  INTRODUCTION. .....cctiiiiiieeieieie sttt ease st saene s e 1
1.1 S T0] P T =TT 0 YU RRSPS 1
1.2 Model and working principle of solar Cell..........cccoiviiieiiiiec e 3
1.3 Power conversion efficiency and limitations in standard cell .............c.cccccoe e 5
1.4 Advances in Solar CEIl CONCEPL ......ocveivieiicieieee e 6
1.5 Historical BaCKgroUNG...........ooiiiiiiiiieee e 7
1.6 Guided Mode Resonance Filter (GMRF) ..o 9
1.6.1  GMRF SEIUCKUIE ...ttt ettt 10

1.6.2  Working prinCiple of GMRF ..........oco it 11

1.7 Applications of Guided Mode Resonance Filters (GMRFS) ........ccccooviiiiiencncnene. 13
1.8 An overview of efficiency improvement techniques in solar cells .............cc.ccovnee. 13
1.8.1  Multi-junction SOIAr CelIS...........ooiiiiiiiiii s 14
1.8.2  Impurity photovoltaic, intermediate band and quantum well solar cells................ 16
1.8.3  HOUCAMIEr CEIIS ... 17
1.8.4  Absorption enhancement by spectral CONVErsSioNn ...........ccccocvvevvieviecieesie e 17
1.8.,5  Absorption enhancement by plasmonic effects...........cccoovevveiiiiiie i 18

1.9 Absorption enhancement in thin-film Si solar cells with photonic devices............... 19

viii



1.9.1 Ordered and correlated disorder photonic lattiCes..........ccccvvevviiveriveieiiesieie s 19

1.9.2 Rough texture and hybrid photonic StruCtures............cccooevveve i 22
1.9.3  GMRF PhotONiC SITUCTUIES ...c.vecuieiiieiece e 23

1.10 SUIMMIAIY ..ttt ettt e ekt et e et e s ab et e an bt e e an b e e e sab e e e nnbe e e nnbe e e nnneeans 26
RETEIENCES ...t bbbt bbbttt e bbbt b 28
Chapter 2. DEVICE DESIGN METHODOLOGY .....ccoiiiiiiiiieiesieesiesie e 35
2.1 Fourier Modal MEthod...........ooiiiiiie e 35
2.1.1  THeory OF FIMIM ..ot 36
2.1.2 Rayleigh expansion and demonstration of modal fields within 1D grating ........... 37

2.1.3  Fourier expansion of permittivity distribution and eigenvalue equations for TE and

TIM MOGES ...ttt bbbt b bbb et n et 39
2.2 Finite Difference Time DOMAIN ........cccoooiiiiiiiiieieie s 42
2.2.1  Two-Dimensional FDTD €qUALtIONS .........cccciveieiieiieeie e 42
2.2.1.1  TEWAVES ....ociiiiiiii et 42
2.2.1.2  TIMIWAVES ......ooiiiiiiiiiieitieie e 43

2.2.2  SPACE AN TIME STEPS .. .euiiteiiieiieie ettt bbb 44
2.2.3  FDTD SIMUIGTION PrOCESS .....ccuviuieieierientesie sttt 44
2.24  OUIPUE DAt ..ot 44
2.3 SUMMIBIY ..ttt b e bbb b e n e nns 46
RETEIENCES ...ttt b bbbt bbbttt b et bbb 47
Chapter 3:  DESIGN AND SIMULATION OF GMRFS.......ccccoveiiiieiiaie e seesie e 48
3.1 Guided Mode Resonant Filters (GMRFS) .........cociiiiiiiiiiiie e 48
3.2 Design and simulation of GMRF StrUCLUIE...........cccveiieiie i 49

3.2.1 Effect of variable parameters on spectral reflectance response of GMRF structure... 52

3.3 SUMMIAIY ..ttt et e ek b e e et e e bt e aa b e e e anb e e e an b e e e nnb e e e nnbeeennbeeennneeans 61



RETEIENCES ... oot e et e e ettt e e e et e e ettt e e e e e e e et e e e e e e e e e aaaaes 62

Chapter 4:  HYBRID DESIGN OF GMRF AND SILICON (Si) SOLAR CELL.......c.cccvu... 63
4.1 GMR enabled Si solar Cell...........ooiiiiii 63
4.2 Hybrid design of GMRF with Si solar cell.............ccooo i 64

4.2.1 Design and simulation results of hybrid deviCe...........ccccooiiiiiiiiiiie 65
4.2.2  Optical ADSOIPLION .....ooviiiiieiiieee e 66
4.3 SUMMIBIY .. b bttt b ettt r e ns 70
RETEIENCES ...ttt b bbbt bbbt bbb 71

Chapter 5 CONCLUSIONS AND OQUTLOOK ......cciiiiiieiiesiieie s sie et 72
5.1 CONCIUSIONS ...t bbbttt bbb e ene s 72
5.2 OULIOOK ...ttt 74

N 410 1) €01 (O 76



List of Figures

Figure 1.1: Graphical representation of solar spectrum irradiation densities; (AM 0 shows the
blue curve for spectral irradiation density of outside atmospheric layer, AM 1.5 shows red curve
for earth’s surface and black curve shows black body radiation at 6000 K) [12]. ....cccceevvviivnnnnn 3
Figure 1.2: The schematic view of a p-n junction solar cell at equilibrium [14]..........c.cooriiinnns 4
Figure 1.3: Energy band diagram of a p-n junction solar cell when strikes with a photon of
ENEIGY (NV > Eg). oottt bbbttt bbb r s 4
Figure 1.4: Processes for the limitation in the performance of a p-n junction solar cell: (a) 1-

thermalisation loss, (b) 2 & 3-junction and contact voltage loss, and (c) 4-recombination loss

Figure 1.5: Schematic view of GMREF structure with reflected and transmitted waves [62]. ...... 11
Figure 1.6: GMR effect in SiO> grating structure coated with TiO> layer of thickness t = 50 nm,
with design parameters; d = 316 nm, hyg = 120 nm, w = 205 nm, duty cycle = 65%, n; = 2.385, na
=1, ns = 1.45. the GMR occurs at a resonance wavelength of 632.8 nm at an incident angle of 6
TSRS SROS PSRRI 12
Figure 1.7: (a) A schematic diagram of triple-junction solar cell made up of GalnP/GaAs/Ge. (b)
Quantum efficiency of triple-junction solar cell in wide range of solar spectrum [92]................ 15
Figure 1.8: Schematic diagram of sub-band-gap photons absorption through (a) Impurity level,
(b) Intermediate bDand-gap [94]. ... .voeiieeieee e 16
Figure 1.9: (a) Schematic view of metal nano-particles enabled Si solar cell (b) Improvement in
photo-current response at Plasmon resonance wavelength for variable metal nano-particle sizes
(a.u. denotes arbitrary Units) [L03].......cccouereriieririeii e 19
Figure 1.10: Schematic diagrams of (a) thin-film Si solar cell with 1D gratings structure (b) thin-
film Si solar cell with 2D square lattices structure [L06].........cccovevveiiiiieiieericicseee e 21

Figure 1.11: A schematic diagram of thin-film Si solar cell with disordered 1D grating structure

Figure 1.12: Schematic diagrams of (a) thin-film Si solar cell with rough texture photonic

structure (b) thin-film Si solar cell with hybrid photonic structure [106]..........ccccooeiviviiiiiiieenen. 22
Figure 1.13: The schematic diagram of (a) GMRF enabled thin-film a-Si:H solar cell [87] (b)
GMREF enabled thin film Si solar Cell [116]. ....c.ccviiiiiiiieei e 24

Xi



Figure 2.1: Schematic view of diffraction grating with reflected and transmitted propagating
fields in different Orders [10] .....c.viieie e 38
Figure 2.2: Flow chart of the FDTD SIMUulation ProCess ..........cccoererereneninieieeeie e 45
Figure 3.1: Schematic view of the guided mode resonance filter (GMRF) structure with thin
amorphous TiO2 layer coated on SiO2 gratings [4] ....cocveivriririiiire et 50
Figure 3.2: Spectral reflectance response of a GMRF structure when illuminated by (a) TE-
polarized light at 2= 632.80 nm and (b) TM-polarized light at r=577.6 NM ........cccccvvvrrrennns 51
Figure 3.3: 2D simulation results for effect of variation in incident angle 6i of incoming light on
the resonance wavelength Ar of the GMRF structure (a) for TE-polarized light (b) for TM-
(010 F= T 74T I 1T | 1 PSSR 51
Figure 3.4: 3D simulation results for effect of variation in incident angle 6; of incoming light on
the resonance wavelength /; of the GMRF structure (a) for TE-polarized light (b) for TM-
(010 F= T 74T I 1T | 1 OSSOSO 52
Figure 3.5: Effect of variations in design parameters of fill factor f and grating height hg on the
spectral reflectance response of the RWG structure; (a) at d = 312 nm, (b) at d = 313 nm, (c) at d
=314 nm, (d) at d =315 nm, (e) at d = 316 nm, (f) at d = 317 nm, (g) atd = 318 nm, (h) at d =
319 nm, (i) at d =320 NM, FESPECLIVEIY .....ooiveiieiiee e e 56
Figure 3.6: Effect of variations in design parameters of incident angle & and resonance
wavelength /r on the spectral reflectance response of the RWG structure; (a) at d = 312 nm, (b) at
d =313 nm, (c) atd =314 nm, (d) atd = 315 nm, (e) atd = 316 nm, (f) atd = 317 nm, (g) at d =
318 nm, (h) at d = 319 nm, (i) at d = 320 M, reSPECtiVElY .........ccceeveiiiiiiece e, 58
Figure 3.7: Effect of variations in design parameters of refractive indices of SiO2 ns and TiO2 ny
on the spectral reflectance response of the RWG structure; (a) at d = 312 nm, (b) at d = 313 nm,
(c) at d =314 nm, (d) at d = 315 nm, (e) at d = 316 nm, (f) at d = 317 nm, (g) at d = 318 nm, (h)
at d =319 nm, (i) at d = 320 NM, reSPECLIVEIY ......ocovveiiiiiece e 60
Figure 4.1: Schematic view GMRF enabled Si solar cell hybrid device with parameters; TiO2
layer thickness t = 50 nm, grating period d = 316 nm, grating height hg = 120 nm, structure-line
width w = 205 nm, and Si solar cell thickness T =500 NM [4]......cccooiiiiininiiiee e 64
Figure 4.2: Design of refractive-index distribution of hybrid device in the FDTD designer [4]. 65
Figure 4.3: Simulation result of GMRF structure with parameters; TiO layer thickness t = 50

nm, grating period d = 316 nm, grating height hg = 120 nm, line-width w = 205 nm, incident

xii



angle 6; = 18° resonance wavelength A, = 632.8 nm, refractive index of TiOz ny = 2.385,
refractive index of SiO2 ns=1.45, and fill factor f = 0.65 [4]......cccociiiiiiininiie e 66
Figure 4.4: Propagation of light at resonance wavelength A = 632.8 nm (a) in a hybrid device
structure (b) in a planar Si solar cell. The direction of propagation of light is from left to right in
FIQUres (2) and (D) 4] .oveoeeie e 66
Figure 4.5: Absorption of light and electric field distribution within a hybrid structural device at
resonance wavelength A =632.8 nm (a) at k = 0, (b) at k = 0.019 (original value of k at Ar = 632.8
nm) (c) at k = 0.03. The direction of propagation of light is from left to right in figures (a), (b)
100 N (o) TN I OSSR 68
Figure 4.6: Absorbance spectra of a GMRF enabled Si solar cell at geometrical parameters of
grating; d = 316 nm, hg = 120 nm, w = 205 nm, f = 0.65, 4, = 632.8 nm, 6; = 18° t = 50 nm and
thickness of Si solar cell T = 500 nm. Optical absorption in Si material at (a) k = 0, (b) k = 0.019
(original value of k at 2y =632.8 nm), and () at K = 0.03 [4]. .cveeoveeiieiieiiceceece e 69

Xiii



List of Tables
Table 3.1: Effect of variation of grating period d values on design parameters: fill factor f and

grating height hg OF GIMRF SETUCTUIE ........eouiiiiieie e e 54
Table 3.2: Effect of variation of grating period d values on resonance wavelength A of GMRF

L (Vo U] TR 56

Xiv



List of abbreviations and symbols

RETs
RE

PV
uv
AMO
AM15
GMRF
GMRFs
GMR
TE
™
RWG
1D

2D

3D

IPV

QW
ARC
AR

RMS

FMM

Renewable Energy Technologies
Renewable Energy
Photovoltaic

Ultraviolet

Air Mass 0

Air Mass 1.5

Guided Mode Resonance Filter
Guided Mode Resonance Filters
Guided Mode Resonance
Transverse Electric

Transverse Magnetic

Resonant Waveguide Grating
One-Dimensional
Two-Dimensional
Three-Dimensional

Impurity Photovoltaic
Intermediate Band

Quantum Well

Antireflection Coating
Antireflection

Root Mean Square

Fourier Modal Method

XV



FDTD

FWHM
Symbols

Os
02
CH4
N20
H20
CO2
Voc

eV

Si
GaAs
Ge
InAs
Ag
a-Si:H
SiO»
TiO2

Finite Difference Time Domain

Full Width at Half Maximum

Ozone

Oxygen

Methane

Nitrous oxide

Water

Carbon dioxide
Open-circuit voltage
Short-circuit current density
Electron volts
Silicon

Gallium Arsenide
Germanium

Indium Arsenide

Silver

Hydrogenated Amorphous Silicon

Fused silica

Titanium dioxide

XVi



Author’s list of Journal Publications

*Journal Article
Muhammad Sohaib Badar, Muhammad Rizwan Saleem

Improved absorption efficiency of silicon (Si) solar cells through Resonant Waveguide Gratings
(RWGSs) — A hybrid design of RWG and Si solar cell

Published in “Optik-International Journal for Light and Electron Optics”
Available online: 4™ October 2016

Year: 2017

Volume: 128

Pages: 50-56

*Attached as annexure |

XVii



Chapter 1
INTRODUCTION

The energy coming from the Sun in the type of heat and radiant light is known as the solar
energy. Depending on energy conversion technologies, solar energy can be converted into
different useable energy types. In this thesis work, we focus on the conversion of sunlight into
electrical energy by solar photovoltaic (PV) technology. The power transformation efficiency of
solar cell depends on the absorption of light coming from the Sun. There are many limitations
that effect the power transformation efficiency of a solar cell. In literature, many techniques have
been evolved to increase the efficiency of solar cells. Here, we report an efficient light trapping
mechanism named as “guided-mode resonance filter (GMRF)” to increase the probability of light
absorption in silicon (Si) solar cells. The GMRF structure traps the incoming sunlight and
enhances the optical absorption of Si solar cell. A brief introduction about the history and
working principle of GMRF structures is presented in this chapter. Recent developments in
efficiency improvement techniques of solar cells is also reviewed, whereas, an overview of
improvement of light absorption in thin-film Si solar cells through photonic devices is also

described in this chapter.

1.1 Solar Energy

Renewable Energy Technologies (RETs) have gained interest day by day in the world
energy mix in the past two decades [1]. In 2012, almost 13.2% of the total world energy supply
was based on renewable energy resources and this percentage increased up to 18% in 2013,
nearly 5% expansion from 2012 [2]. The advances in research and development of renewable
energy technologies (RETSs) have shown that with all developed technologies, renewable energy
resources i.e., wind energy, biofuels, ocean energy (tidal and wave energy), solar photovoltaic
technologies and solar thermal technologies could perform a vital part in the world energy mix in
upcoming decades [3]. Amongst all renewable energy (RE) resources, solar energy is the most
abundant and clean energy source that can contribute maximum in the overall energy production

of renewable resources [4, 5]. In our solar system, the Sun has been the continuous source of



solar energy, well beyond the existence of the Earth and expectation to shine till by the end of
this world. Hence, the continuous availability of this energy source shows that solar energy has a
huge potential to contribute in overall world energy production to serve for energy consumers
[6]. However, because of high capital cost, less efficiency and reliability issues [7], solar energy

shares less percentage of its huge potential in useful energy production.

Solar radiations/energy coming from the sun can be converted into different useful energy
productions i.e., electrical, thermal and chemical energy [8]. In this research work we focus on
the first one, which is defined as the photovoltaic (PV) energy transformation. A photovoltaic
(PV) device or solar cell comprises of two terminals named as; Anode and Cathode. When
sunlight falls on such device it excites the electron-hole pairs inside the active layer of the cell
and creates a potential difference between the two terminals [9]. The light incident on the solar
cell is physically composed of energy packets of photons; in 1905 Albert Einstein observed that
electrons were radiated due to absorption of light quanta (photons) through a solid (preferably
metal) substance. The sunlight coming from sun is in the form of irradiations can be
approximated by a black body held at a temperature of 6000 K emitting as per Planck’s
distribution. While reaching at the surface of earth, such radiations interfered by different
atmospheric layers, present in earth’s atmosphere which eventually weakens the strength of
sunlight based irradiance. Almost 25% of the component of sunlight is scattered, reflected and
absorbed by the atmospheric layers and rest of the 75% component reaches directly towards the
earth’s surface [10]. This direct component of sunlight eventually takes part in the transformation
of light energy into electrical energy by solar cells. In visible and Ultraviolet (UV) region of
solar spectrum, light is absorbed by different gaseous molecules present in atmosphere like
ozone (O3), oxygen (O2), methane (CH4) and nitrous oxide (N20). Similarly, light is absorbed by
water vapors (H20) in mid-infrared and by carbon dioxide (CO) in far-infrared region [11]. The
comparison of solar spectrum irradiation densities among outside atmospheric layer (represented
by AM 0), on the earth’s surface (represented by AM 1.5G) and black body radiation at 6000 K
is shown in Figure 1.1. The curve represented by AM 1.5 G depicts the standard reference
spectrum in photovoltaic, under the specified atmospheric conditions at an angle of incidence 48°
[12].
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Figure 1.1: Graphical representation of solar spectrum irradiation densities; (AM 0 shows the blue curve
for spectral irradiation density of outside atmospheric layer, AM 1.5 shows red curve for earth’s surface
and black curve shows black body radiation at 6000 K) [12].

1.2 Model and working principle of solar cell

A photovoltaic (PV) cell is usually defined by a semiconductor p-n junction. A p-n
junction is formed by the integration of a n-type semiconductor material (doped with pentavalent
impurity) and p-type semiconductor material (doped with trivalent impurity). These n-doped and
p-doped semiconductor materials consist of charge carriers i.e., electrons and holes, respectively.
By recombination factor and diffusion of charge carriers, a depletion region is formed in between
the p-n junction and an electric field occurs due to donors and acceptor ions in this regime. At
equilibrium state, this electric field provides a drift force to counter the diffusion force to prevent

any charge flow in depletion region, as demonstrated in Figure 1.2.

The major component of photovoltaic cell is its forbidden energy band gap [13], if a
photon of energy (hv) greater than or equal to that of forbidden energy band gap (Eg) strikes over
the surface of solar cell then a free electron-hole pair (also named as exciton) is induced in space
charge region of a p-n junction solar cell. This free electron-hole pair has enough energy to jump
out of the depletion region to take part in conduction process, the free electron will move
towards anode and free hole will move towards cathode terminal of solar cell. Figure 1.3

represents the energy band diagram of a p-n junction solar cell under illumination.

3
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Figure 1.3: Energy band diagram of a p-n junction solar cell when strikes with a photon of energy (hv >

Eq).
After the emission of photons from the p-n junction the charge carriers i.e., electron or hole will

recombine. Hence, the open circuit photo voltage Vo is given by;

eVoc = Erc — Erv, (1.1)
where, e represents the elementary charge, Erc and Erv are quasi-fermi levels of energy for

conduction and valence bands, respectively [15].



1.3 Power conversion efficiency and limitations in standard cell

Power conversion efficiency of a standard PV device or a single p-n junction solar cell is
defined as a function of the forbidden energy band gap. Hence, photons coming in the incident
light must have energy value greater than or equal to the value of forbidden energy gap to excite
electrons from valance band to conduction band of solar cell [16]. Whereas, an excited electron-
hole pair loses its energy quickly due to improper thermalization. Hence, the power conversion
efficiency of a standard solar cell is restricted up to 44% through this loss. Another important
limitation in conversion efficiency is recombination loss or factor; this loss can be controlled by

using semiconductor materials with high life-times for the photo-generated charge carriers [17].

In 1961, Shockley and Queisser shown that recombination process in solar cells are
radiative in nature [18]. Hence, the limitations on the operation of a solar cell can be derived
from the symmetry between the absorbed and emitted radiations during radiative recombination.
The value of the maximum photo current can be calculated by the difference between absorbed
and emitted radiation. In this way, Shockley and Queisser were able to define an efficiency limit
for a single p-n junction solar cell (at 6000 K) irradiated by a black body up to 31%, having a
band gap of 1.3 eV (electron volts). This decrement in efficiency limit than the previous value of
44% is because of voltage decreases at the contact and junction of solar cell. Owing to such loss
the output voltage of solar cell becomes lower than band gap potential [19]. Figure 1.4 depicts
the limitations in the performance of a standard solar cell, process 1 indicates the thermalisation
loss, process 2 and 3 indicates junction and contact voltage loss respectively and process 4
indicates the recombination loss [17].
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Figure 1.4: Processes for the limitation in the performance of a p-n junction solar cell: (a) 1-
thermalisation loss, (b) 2 & 3-junction and contact voltage loss, and (c) 4-recombination loss [17].
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1.4 Advances in solar cell concept

Solar cell technology is gaining interest as the most effective renewable energy technology
to convert sunlight into electrical energy [20]. There are various forms of solar cells, for
example, wafer-based silicon, thin-film silicon and tandem solar cells [21-23]. Such
categorization of solar cells depends on the fabrication processes and required materials one aims
for [16]. The wafer-based silicon solar cells are basically single crystalline or polycrystalline
silicon solar cells and they belong to first generation category of solar cells. They are very much
high in cost and have high efficiency limit up to 25% with an energy band gap of 1.1 eV [24].
Thin film solar cell technology belongs to second generation solar cells; they are cheap in cost in
contrast to first generation solar cells and have low efficiency. However, during recent advances

in thin film solar cell technology, their efficiency reached up to 20% [25].

Whereas, third generation solar cells have come up with more economical and efficient
solar cell technologies i.e., multi-junction or tandem solar cells. Tandem solar cells are basically
a combination of multiple cells with distinct energy band gaps; this approach enhances the
probability of photon absorption in multi-junction solar cells with distinct energy values [26].
The cells are stacking in such a manner that cell with greater band gap will be on the top,
photons with greater energy absorbed in uppermost cell and low energy photons will continue to
absorb in cells with lower band gaps. Efficiency of these multi-junction cells depend on the
number of cells in the stack arrangement, almost 86.8% efficiency has been evaluated for an
infinite stack of separately operated cells. However, with limited number of cells in stack almost
41% and 51% efficiency values have been calculated for double and triple junction tandem solar
cells, respectively [27]. Similarly, other advance concepts like multiple electron-hole pair per
photon, hot carrier cells, multiband and impurity photovoltaic cells, and thermo photovoltaic and
thermo photonic devices are also the part of third generation solar cells [17]. All these advanced
techniques are developed to boost the performance of a solar cell for an efficient transformation

of sunlight into electrical energy.

It has been found that the energy transformation efficiency of a solar cell strongly depends
on the absorption coefficient of the light within the material [28]. The absorption coefficient can
be increased using efficient light-trapping techniques to refine the performance of a solar cell

[29]. The light coming from the sun can be easily confined within the cell by designing proper



photonic nanostructures, which will reduce the losses of reflection and scattering of light on the
surface of the cell [30]. In this research work we have proposed a hybrid design of silicon (Si)
solar cell with Guided Mode Resonance Filter (GMRF) to enhance the optical absorption of a

silicon solar cell.

1.5 Historical Background

The phenomenon of diffraction of light had been introduced since the time of Newton, but
in 1786 Rittenhouse, first time practically shown the concept of diffraction grating made from
hairs separated by two fine screws’ threads [31]. Later on, in 1902, Wood experienced quick
variations in intensity of light reflected by metallic gratings with respect to little variations in
incident angle and wavelength of incident light [32]. During an experimental work, Wood
observed that when the metallic grating structure is illuminated by a TM polarized light, the
diffracted spectrum of the grating structure showed quick growth in light intensity by a factor of
ten in a wavelength interval “smaller than the space among the grating lines”. These
irregularities in diffracted spectrum were named as Wood’s anomalies [32]. Lord Rayleigh, in
1907, described a theoretical analysis on Wood’s grating structure, and observed that at
particular wavelengths Wood’s anomalies correlate with the new propagating diffraction orders
appear from the grating structure at the grazing incidence eventually redistributed the total power

in various diffraction orders quickly [33].

Rayleigh had considered a pure conducting grating material in his study, whereas, Fano in
1941, considered gratings made of lossy metal material [34]. During this study, he discovered
two different types of anomalies: a Rayleigh-type, distinguished by a “sharp peak” in the
diffracted spectrum, and a second one he defined as being “diffuse”, distinguished by a
maximum and minimum in diffracted spectrum [35]. During his experimental work, Wood had
observed these anomalies only for TM (i.e., electric field is perpendicular to grating lines)
polarized light, but later Palmer had shown that if gratings are of good depth, anomalies will also
happen for the TE (i.e., electric field is parallel to grating lines) polarized light [36]. According
to a new theoretical approach adopted by Hessel & Oliner in 1965 [37], Wood’s anomalies are
defined as the guided waves rather than the scattered waves and because of these guided waves
assisted by the grating a resonance phenomenon occurred which is basically the second type of

anomaly. These guided waves are leaky in nature because of complex wave numbers [37].



The grating structures were not only made from metals but also non-metallic or dielectric
materials can be used for this purpose. In 1973, Neviere et al., had shown diffraction of light
through non-metallic grating structures in his theoretical studies. These proposed non-metallic
grating structures were designed by dielectric waveguides covered with corrugated photo-resist.
These theories had clearly shown that when these dielectric waveguide grating structures were
illuminated by incident light then at specific incident angle, a resonant response was shown for
both TE [38] and TM [39] polarized incident lights that is due to the excitation of guided modes
in the waveguide. In 1985, through experimental work, Mashev & Popov had revealed a resonant
reflectance response in the zeroth order diffracted reflected wave due to the excitation of leaky

modes in a waveguide grating structure [40].

In 1989, Bertoni et al., presented a dielectric slab structure created by sequential square
bars of variable refractive indices. They showed that total reflection or total transmission of light
could be acquired at different frequencies for the structure. They elaborated this concept by the
excitation of guided modes through the structure, which re-radiated along the structure and
combined directly with the reflected and transmitted light. When re-radiated light and reflected
light waves were in phase matching condition then a strong reflection occurred, otherwise a
strong transmission occurred [41]. Whereas, the phases were frequency dependent, the reflection
displayed a (resonant) frequency selective behavior. In 1990, Gale et al., described through their
experimental work that the dielectric grating structures showed highly efficient resonant
reflectance response in the visible region, highly applicable in security and anti-counterfeiting

systems [42].

In the last decade of 20" century, Wang & Magnusson had worked on the sub-wavelength
dielectric waveguide grating structures. They indicated in their various research articles that
incident light waves diffracted in both forward and backward directions through dielectric
grating structure, a 100% energy exchange occurred between these forward and backward
diffracted waves over specific wavelength ranges due to the coupling effect between the
propagating diffracted waves and leaky waveguide modes [43-48]. In their research work, they
defined such resonant response from waveguide grating structure as “Guided Mode Resonance
Filters (GMRFs)” and proposed different applications for GMRFs, for example, laser cavity
mirrors, polarizer, tunable filters and electro-optic switches [45]. In 1996, Peng & Morris



proposed in their research that these resonant waveguide grating structures not only designed in
one dimensional pattern, but also feasible in two dimensional pattern [49]. They revealed in their
research work that two dimensional resonant waveguide grating structures showed two
resonance peaks in reflectance spectrum when a plane light wave was incident on the structure,

as compared to a one dimensional structure [50].

In 1997, Sharon, Rosenblatt & Friesem introduced a basic ray picture model to
demonstrate a reflectance response at resonance, due to the complete destructive interference at
transmission side and complete constructive interference at reflection side of a waveguide
grating structure [51]. They had also shown in their experimental work the fabrication of
semiconductor based resonant waveguide grating devices [52]. Fan & Joannopoulos presented a
three-dimensional photonic crystal theory in 2002, to examine the temporary response of
reflection and transmission of light through two-dimensional resonant waveguide grating
structures. In their theory, they revealed that two-dimensional structures support two kinds of
guided modes, one is conventional guided modes having very long life times and do not couple
with the far field, and second are named as guided resonances that couples with the far field and

result in short life time [53].

The concept of GMRF was originated by Wood, and because of this invention he
introduced a new field of research in science of physics. Later, the progress in this field invented
a concept of resonant waveguide grating structures quite efficient to show resonance reflectance
response in the narrow wavelength bands. Such resonant waveguide grating structures were
known by different technical names in the literature like, GMRFs, photonic crystal slabs, or
photonic crystal resonant reflectors. In this work, we have referred this concept by guided mode

resonance filters (GMRFs) and its application in photovoltaics.

1.6 Guided Mode Resonance Filter (GMRF)

The guided mode resonance filter (GMRF) is defined as a periodic dielectric grating
structure which enhances the resonant field by coupling the incident light to the leaky mode of
the waveguide of the grating for filtering applications. In other words, a diffraction grating with
periodic modulation of refractive index can generally be called as a GMRF [54, 55]. Materials
like metals, semiconductors and dielectrics can be used to fabricate these diffraction gratings

[56-58]. When these diffraction gratings are exposed to an incident plane wave then it diffracts
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into multiple diffraction orders i.e., diffracted plane waves will propagate in different directions.
Guided Mode Resonance (GMR) represents a narrow peak in the spectral response of a
waveguide grating structure related to the 100% energy trade between transmitted and reflected
waves. Guided Mode Resonance (GMR) effect occurs when one of the diffracted waves from the
waveguide grating structure is phase matched with a leaky waveguide mode [43, 45]. Due to the
periodic modulation of waveguide grating structure, the guided-modes are leaky in nature; hence
a sharp resonance peak will occur at a specific wavelength and angle of incidence of the incident
plane wave [59]. At defined optical parameters, a sharp resonance peak of 100% can be obtained

in reflectance or transmittance spectra.

In this research work we have proposed the application of GMR effect in silicon (Si) solar
cells. The GMRF is a Waveguide Grating Structure which enhances the resonant field and
elongates the propagation path for light within the Si solar cell material. The phase matching
phenomenon of grating structure, guides the incident light into multiple resonances in the device,
ultimately improving the possibility of light absorption due to enhancement in propagation
length.

16.1 GMRF Structure

The simplest structure of a GMRF comprises of a one dimensional (1D) grating
structure over a substrate layer as shown in the Figure 1.5. This single layer grating structure is
acting as a waveguide medium, having greater effective refractive index value as compared to
refractive indices of the substrate and cover. The waveguide layer can also be modified by
adding one or more homogeneous layers in between the gating layer and the substrate. Figure 1.5
shows that when a plane light wave of wavelength A is incident over a GMRF structure then it
splits into multiple diffraction orders. While, the diffracted waves are reflected backward and
transmitted forward. When one of the diffracted waves satisfy the phase matching condition,
then guided mode resonance effect will occur in the waveguide grating structure [45, 60]. The
direction of these reflected and transmitted diffracted waves in 1D-grating structure is calculated

by the following fundamental grating equation [61].

ngsin Oy, = n¢sin6; + mA/d, (1.2)
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where, d represents the grating period, 4 represents the wavelength of incident plane wave, 0;
represents incident angle of plane wave, 6m denotes the angle of diffraction, m = 0, +1, +2, +3,
....... is the order of diffraction. The refractive index distribution for GMRF structure should be
like ng > ns > n¢, where ng is the refractive index of grating structure periodically distributed
along the x-axis, nc and ns indicates the refractive indices of cover medium (normally air) and the

substrate, respectively.

Figure 1.5: Schematic view of GMRF structure with reflected and transmitted waves [62].

1.6.2 Working principle of GMRF

The theory of operation of GMREF structure is established on excitation of leaky
waveguide modes. When plane light waves are incident on the grating structure as shown in
Figure 1.5, the incoming light wave couples with the waveguide mode by diffraction on the
grating and resonance occurs; the resonance wavelength depends on the phase matching element
of the grating layer. The effective mode propagation constant S for the evanescent diffracted
wave at the phase matching condition is given by the equation [63];

B = ky(ngsin 6; — id/d), (1.3)

where, ko = 27/ is the wave vector, 4 is the wavelength of light in vacuum, nc is the refractive
index of cover medium (normally air), 6 the incident angle and d is the grating period. At
resonance, the reflected and transmitted waves consist of two coherent components: the direct
reflection/transmission, called the Fresnel reflection/transmission from the corrugated profile and

the diffracted coupled wave of the grating [64]. An interference occurs by the combination of
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these two waves that depends on the phase difference between two waves in the vicinity of the
resonance regime (phase can be varied from 0 to x). If the interfering waves have same phase
then there will be no transmission and all the energy will confine in reflection and this
phenomenon gives a 100% reflectance peak at a certain wavelength of incoming light wave,
which is defined as resonance wavelength [64-66]. The resonance wavelength relys on the
optical parameters of the grating structure i.e., grating period, grating grooved height, structural
linewidth and the refractive indices of materials and surroundings [67].

In this thesis work, a GMREF structure is designed by using high index titanium dioxide
(TiO2) layer over a grating structure of fused silica (SiO.) glass. The TiO2 layer is acting as a
waveguide medium in the structure. The GMR spectral response of the waveguide grating
structure is shown in Figure 1.6, with grating parameters; grating period d = 316 nm, grating
grooved height hg= 120 nm, structural line width w = 205 nm, incident angle of incident light 6;
= 18¢, refractive index of TiO2 ny = 2.385, refractive index of SiO2 ns = 1.45, refractive index of
air n, = 1, duty cycle = 65%. A GMR effect can be clearly seen at a resonance wavelength of

632.8 nm for a Transverse Electric (TE: electric field parallel to grating lines) polarized incicdent
light in Figure 1.6.

X:632.8
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Reflectance (R)

550 600 650 700 750
Wavelength 4 (nm)

Figure 1.6: GMR effect in SiO; grating structure coated with TiO; layer of thickness t = 50 nm, with
design parameters; d = 316 nm, hg = 120 nm, w = 205 nm, duty cycle = 65%, n; = 2.385, h, = 1, ns = 1.45.
the GMR occurs at a resonance wavelength of 632.8 nm at an incident angle of 6; = 18°.
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1.7 Applications of Guided Mode Resonance Filters (GMRFs)
The GMRFs which are basically defined as the resonant waveguide grating (RWG)

structures generate a resonance effect when a diffracted wave through a dielectric grating
structure is phase matched with a leaky waveguide mode at a particular wavelength and angle of
incidence of the incoming light wave [68]. The guided mode resonance (GMR) phenomenon
strictly depends upon the optical and geometrical parameters of the waveguide grating structure.
Along with dependency on these defined parameters, the GMR effect is also very sensitive to the
polarization states of the incoming light that is TE (Transverse Electric) and TM (Transverse
Magnetic) [45]. The waveguide grating structure shows resonance reflectance peaks at separate
positions for both TE and TM polarization states at same geometrical parameters [69]. This
sensitive behavior of GMRFs to polarization state of incident light make them very suitable
candidate for applications in narrow-band filters [65], polarizers [70, 71], electro-optic switches
[72, 73], laser mirrors [59, 74], wideband reflectors [75, 76], tunable filters [77—79], biosensors
[80, 81]. By using appropriate design parameters, a polarization-independent GMRF structure
can also be designed as biochemical sensors [82] and polarization-independent filters [70]. The
versatile behavior of guided mode resonance filters (GMRFs) make them suitable candidate for
application in different filtering devices such as frequency selective elements [83], security
devices [84], thin film light absorbers [30], photonic meta-surfaces [85], dispersive elements
[86], hybrid resonant elements [87].

In this research work, we focus on GMRF applications in solar cell technology [47, 48].
To apply this concept, we designed a hybrid structure of resonant waveguide grating with silicon
(Si) solar cell. Due to GMR effect a rapid increase in the optical absorption of silicon (Si) solar
cell has been observed at a specific visible area of the solar spectrum. Hence, a reasonable

refinement in the efficiency of a Si solar cell is observed by applying GMRFs.

1.8 An overview of efficiency improvement techniques in solar cells

The energy transformation efficiency of a solar cell depends on the maximum number of
photon absorption within the solar cell material [15]. The most of the solar cell technologies
today are based on pure silicon (Si) wafer solar cells, almost 90% of the market today is served
with wafer based poly-crystalline and mono-crystalline Si solar cells, while the remaining 10% is

served by the thin film solar cell technologies [5]. The light coming from the sun brings photons
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of different energy levels, after striking over the top surface of solar cell material photons with
energy greater than the band-gap energy i.e., hv > E4 of the cell material are absorbed in the
material and excite electron-hole pairs within the active region of solar cell. While, photons
having energy lower than the band-gap energy i.e., hv < Egare not absorbed in the cell material
and eventually represents a transmission loss. This limited ratio of photon absorption in single
junction Si solar cells limits their theoretical efficiency up to 30% [88]. Due to this low
efficiency factor and high cost of ultra-pure Si materials, the Si wafer based solar cell
technologies cannot compete with the present conventional energy resources. In the past decade,
technology has been developing to improve the energy transformation efficiency of solar cells to
make them feasible for efficient electrical energy generation technology [5]. Solar spectrum
comprises of photons of different energy levels, whereas, single junction solar cells only absorb
those photons which are greater in energy than their band-gap energy level. This limitation in
photon absorption limits the efficiency of single junction solar cells [89]. There are other many
factors like thermalisation losses, recombination losses, and contact and junction voltage losses
that affect the energy conversion efficiency of solar cells [90]. Following are few recent
advances in solar cell technologies which are focusing on the economical and better efficiency

solar cell concepts.

1.8.1 Multi-junction solar cells

Multi-junction solar cells are also defined as tandem solar cells and in fact is the
first concept to improve the efficiency of solar cells in the broad band spectral range of solar
spectrum. These solar cells are designed by stacking multiple solar cell layers in such a way that
a layer of solar cell with maximum energy band gap value should be on top of the structure
following by layers of solar cells with decreasing energy band gap values. In this way, a multi-
junction structure of solar cells can be developed to absorb multiple photons of different energy
levels. The top layer absorbed photons of higher energy value while the lower energy photons
will be transmitted to lower layers with small energy band gap values. Hence, the strength of
charge carriers is increased within the active region of multiple-junction solar cell and net energy
conversion efficiency of the structure is ultimately improved [91]. A schematic diagram of triple-
junction solar cell is shown in Figure 1.7 (a), whereas, the quantum efficiency for the structure in

solar spectrum is shown in Figure 1.7 (b) [92].
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The triple-junction solar cell structure is designed by using compound semiconductor
materials i.e., indium gallium phosphide (GalnP) with band gap (Eg= 1.89 eV) is used as top cell
layer, gallium arsenide (GaAs) with band gap (Eq = 1.42 eV) is used as middle cell layer, and
germanium (Ge) with band gap (Eq = 0.42 eV) is used as bottom layer in the structure. The
quantum efficiency of the triple-junction solar cell clearly shows that each solar cell layer in the
structure is absorbing photons according to their band gap values. These multi-junction solar
cells can be used for efficient photon absorption in wide range of solar spectrum. Whereas, a
single-junction Si solar cell can only absorb photons within the wavelength range of 300 nm to
1100 nm [89]. A practical efficiency of over 39.0% has been achieved for the triple-junction
solar cell made up of GalnP/GaAs/Ge [92]. However, a theoretical study about multi-junction
solar cells has revealed that by increasing the number of cell layers an efficiency of 86% can be
achieved for such type of solar cells [22]. This concept of multi-junction solar cells was first

developed for space applications [93].
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Figure 1.7: (a) A schematic diagram of triple-junction solar cell made up of GalnP/GaAs/Ge. (b)
Quantum efficiency of triple-junction solar cell in wide range of solar spectrum [92].
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1.8.2 Impurity photovoltaic, intermediate band and quantum well solar

cells

The concept of impurity photovoltaic (IPV) solar cell elaborates an idea of
modifying the host material by adding suitable impurity states within the band gap region of the
respective solar cell to utilize sub-band-gap photons. In this way, multiple photons from the solar
spectrum can be absorbed by the IPV solar cells and therefore improves the energy conversion
efficiency [94]. Figure 1.8 (a) shows the schematic diagram of sub-band-gap photons absorption
through impurity level. The major challenge in this approach is to find a wide band-gap
semiconductor material which can easily merged with an efficient impurity otherwise IPV solar
cells are expected to be quite efficient. Another concept which describes the formation of a
narrow band gap inside the main band-gap of a solar cell material is called as intermediate band
(IB) solar cell. This concept has been experimentally demonstrated by implanting Indium
Arsenide (InAs) quantum dots in gallium arsenide (GaAs) semiconductor material [95]. In this
way, sub-band-gap photons are absorbed by the intermediate band as shown in Figure 1.8 (b).
The IPV and IB solar cells are similar in function with multi-junction solar cells as their main
goal is splitting of solar spectrum to absorb multiple photons, but the usage of same material
throughout and automatic interconnections between cells are prominent features in IPV and IB
solar cells. The defined efficiency limit for both IPV and IB solar cells is above 63% [96, 97].
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Figure 1.8: Schematic diagram of sub-band-gap photons absorption through (a) Impurity level, (b)
Intermediate band-gap [94].
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A multiple band-gap device having properties lying in between the properties of multi-
junction and hetero-junction solar cells is called a quantum well (QW) solar cell. A device in
which total current is calculated by adding the currents induced in all the materials but the
voltage is defined by the lowest band-gap material is called hetero-junction solar cell. While a
device in which the total voltage is calculated by adding individual voltages of all the cells but
the current is calculated by the poorest of the sub-cells is called multi-junction solar cell. An
efficiency improvement of 2% is indicated in a GaAsP/InGaAs (barrier/well) quantum well solar
cell [98]. The improvement in efficiency is assigned to absorption edge enhancement in the
quantum well solar cell. However, these modifications in solar cell concepts are still under

development and need to be improved further for attaining better efficiencies.

1.8.3 Hot carrier cells

When a high-energy photon absorbed in a single junction Si solar cell it excites
the electron-hole pairs and hence, increased the kinetic energy of electrons within the conduction
band. These high-energy electrons are defined as hot electrons. But because of lattice scattering
these hot electrons lose their Kinetic energy immediately within few picoseconds. This loss of
energy is called as thermalisation loss. By avoiding this loss, a prominent improvement in the
efficiency of a solar cell can be achieved. In this perspective, a concept of hot carrier solar cells
was developed that comprises of an absorber which sustain the energy of carriers for a long time
and collect charge carriers over a restricted domain of energies, such that the extracted hot
carriers are not cooled down by the cold carriers in the outer contacts [99]. The major challenge
in hot carrier solar cell concept is the design of contacts. The contacts should be designed in such

a way that they can easily take out hot carriers from solar cell at specific energy levels [100].

1.8.4 Absorption enhancement by spectral conversion
This concept is simplest than all the concepts presented above, a spectral
conversion is a phenomenon of increasing photon absorption in solar cells by transforming very
low energy photons and very high energy photons to an intermediate energy photons by using
conversion layers on top and bottom of a conventional cell structure. The conversion efficiency
of a simple Si solar cell for photons of energy 1.12 eV is very high, nearly 100%. Whereas, the
conversion efficiency for photons of high energy value (i.e., ~3 eV) and that of low energy value

(i.e., ~0.3 eV) is very low. Thus, the conversion of solar spectrum in such a way that it contains
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photons of intermediate energy levels (i.e., 1.12 eV) can greatly increase the efficiency of solar
cells. When two or more low-energy photons are combined to form a single high-energy photon
then the process is called up-conversion. Whereas, when one high-energy photon converts into
two or more low-energy photons then it is called as down-conversion. The down-conversion
material should be planted on the top side of solar cell so that it can convert very higher energy
photons into lower energy photons to improve the photon absorption in solar cell. While, the up-
conversion material layer should be planted at the bottom side of the cell structure with reflector
so that it can convert unabsorbed lower energy photons to higher energy photons and reflector
reflects these converted high energy photons into the cell structure to get absorbed. Up-
conversion phenomenon has been revealed by depositing NaYF4:20%Er3+ at the bottom of cell
[101] and down-conversion has been revealed by depositing Si nano-crystals in a spin-on-glass
matrix at the top of solar cells [102].

1.85  Absorption enhancement by plasmonic effects

The photon absorption on a specific wavelength can be increased by using surface
Plasmon. The random movement of free electrons in the conduction band is known as Plasmon.
When this random movement of conductive electrons is shifted towards the surface then it is
known as surface Plasmon. When a dielectric surface coated with a metallic structure is
illuminated by incident photons then it excites the surface Plasmon. The Plasmon excitation can
be achieved when metallic particles are smaller in size as compared to the wavelength of incident
photon. In solar cell technology surface Plasmon can increase the photon absorption by
electromagnetic field enhancement [103, 104]. A layer of metal nano-particles (Ag or Au,
particle sizes ranging from 20 to 100 nm) is planted on the top side of a solar cell in such a way
that the surface Plasmon can be animated in the nano-particle layer. Figure 1.9 (a) shows the
schematic diagram of the cell structure. The photon absorption can be increased at a specific
wavelength by altering the size and formation of the nano-particles. A comparison between the
photo current responses of a simple Si p-n junction diode and Si solar cell with metal nano-

particles layer has been revealed by Schaadt et al., (see Figure 1.9 (b)) [103].
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Figure 1.9: (a) Schematic view of metal nano-particles enabled Si solar cell (b) Improvement in photo-
current response at Plasmon resonance wavelength for variable metal nano-particle sizes (a.u. denotes
arbitrary units) [103].

1.9 Absorption enhancement in thin-film Si solar cells with photonic devices
Thin film solar cell technology is gaining interest in photovoltaic (PV) industry because of
its low-cost material usage [105]. A normal wafer based Si solar cell requires a very thick
material layer of almost 100 pum, while thin film Si solar cells can be easily designed with a thin
material layer of thickness ranging from 250 nm to 10 um, eventually reduces the material cost
for solar cells. Due to reduction in thickness of material layer the efficiency of thin film solar
cells is decreased because of the small diffusion lengths in thin films. This low efficiency
element can be eliminated in thin film silicon solar cells by using effective light-trapping
photonic devices, which increase the absorption of light within thin silicon layer [105, 106]. Due
to recent decrease in crystalline silicon solar cells prices, the application of thin film technologies
in crystalline Si solar cells are quite economical now. This section reviews the enhancement in
absorption of light inside thin film Si solar cells by applying different types of ordered,

disordered and hybrid photonic devices.

1.9.1 Ordered and correlated disorder photonic lattices
The efficient light confinement within the thin film crystalline Si solar cells can
be achieved by using photonic crystal structures. By using appropriate design parameters, most
effective light confining photonic patterns can be designed for thin film Si solar cells. Here, we

review simple designs of one-dimensional (1D) binary gratings and two-dimensional (2D) square
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grids of holes carved into the thin silicon film [107, 108]. An antireflection (AR) layer of
transparent dielectric material and a back reflector of silver material are mounted on the top and
bottom surfaces of both structures respectively. The schematic diagrams of 1D and 2D patterns
in 1 um thin silicon layer are shown in Figure 1.10 (a) and (b). The corrugated profile of the
pattern enables the incoming light to propagate in different directions that are essential for
integration of incident light with the partially-guided modes supported by solar cells. To explain
this technique in above proposed designs proper optimization of lattice parameters: materials’
fractions, etching depth and period are performed. The 2D lattice showed more short-current
density Jsc value as compared to 1D gratings (i.e., for 2D lattice Jsc = 25.38 mA/cm? and for 1D
gratings Jsc = 22.2 mA/cm?) [106]. This is due to the increase in diffraction channels for 2D
lattice structure, thus the light coupling phenomenon is increased within the active layer. The
employment of photonic structures on solar cells is quite beneficial for light trapping, as they
reduce reflection losses and increase the absorption of low energy photons within solar cells
[30]. The refractive index distribution for the structures is in such a way that effective refractive
index value of patterned region is in between index values of AR material and crystalline Si
layer. This moderate change in indices increases the coupling of light, thus sharp resonance
peaks occurs in the absorption spectra of periodic photonic structures. As the light coupling
phenomenon is more in 2D lattice, thus more resonance peaks occur and eventually increases the
photocurrent as compared to 1D grating. The spectral location of these resonance peaks can be
changed by varying the lattice parameters. The main drawback of these perfectly ordered
structures is the minimum number of diffracted waves available for light coupling phenomenon.
Hence, for ordered photonic structures resonance responses are very sharp in peak but narrow in

absorption cross section of each peak [106].

To improve light coupling, a concept of disorder in the lattice parameters of 1D grating
structure has been introduced to increase the coupling of light [109]. A schematic diagram of a 5
pm wide super-cell with 1D grating structure is shown in the Figure 1.11. The element of
disorder is introduced in the structure by changing the sizes and positions of grating’s Gaussian
distributions. The amount of disorder should be finite in the structure. It has been found that light
harvesting in disordered structure is improved as compared to an ordered structure. The
photocurrent value for an uncorrelated disordered structure is always higher as compared to a

simple ordered grating structure (i.e., for disordered structure is Jsc = 23.4 mA/cm? and for
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ordered structure is Jsc = 22.2 mA/cm?) [106]. By further introducing the concept of correlated
Gaussian disorder in the 1D grating structures it is noticed that light harvesting can be increased
up to broad-band spectral range [110]. Hence, the photocurrent value for correlated disordered
structure further increases up to Jsc = 24.32 mA/cm?. This improvement in the value of short
circuit current density for both ordered and disordered photonic structures proved that these
devices can efficiently trap the incoming light and improves the absorption efficiency of thin
film Si solar cells. Whereas, a flat Si solar cell only gives a short circuit current density of Jsc =
16.53 mA/cm? [111].

1D Grating 2D Square Lattices

Si
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Figure 1.10: Schematic diagrams of (a) thin-film Si solar cell with 1D gratings structure (b) thin-film Si
solar cell with 2D square lattices structure [106].
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Figure 1.11: A schematic diagram of thin-film Si solar cell with disordered 1D grating structure [106].
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1.9.2 Rough texture and hybrid photonic structures

Rough texture structures are another application of photonic structures for
efficient light confinement in thin film Si solar cells. The concept of irregular texture surfaces is
explained by surface optics [112]. Their light trapping mechanism is different from previously
described light trapping techniques. Due to scattering phenomenon of light through rough texture
structures; they diffuse the transmitted light. Which means that 1) photo-generation is caused by
random scattering; 2) their optical parameters are independent of absorber thickness; 3) these
structures are intrinsically broadband scatterers [113]. These properties make rough textures
quite suitable for PV applications. Figure 1.12 (a) shows the schematic diagram for a randomly
rough photonic structure mounted over a 1 um thin Si absorber layer. The rough interfaces of the
structure are designed in a thin silicon film by Gaussian Roughness, distinguished by root mean
square (RMS) variation of lateral correlation length Ic and height o. A transparent antireflection
coating (ARC) and a back reflector made of silver are coated on the top surface and bottom side
of the cell structure, respectively. To analyze the effect of rough textures on the solar cell
efficiency short-circuit current density is calculated as a function of Ic and o. At specific defined
irregular interface parameters (lc = 160 nm, ¢ = 300 nm) value of Jsc = 24 mA/cm? [106]. It can
be clearly seen from the calculated value of Jsc that rough texture photonic structures improve the

efficiency of a Si solar cell.

Air
ARC

Silicon

Silver

Figure 1.12: Schematic diagrams of (a) thin-film Si solar cell with rough texture photonic structure (b)
thin-film Si solar cell with hybrid photonic structure [106].
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Another concept that has been proposed for the efficient light confinement within the
active cell layer is known as hybrid interface/hybrid photonic structure. It is in principle, a hybrid
design of diffraction gratings and shallow rough interface [114, 115]. Figure 1.12 (b)
demonstrates the schematic layout of the hybrid structure, the gratings are designed in a 1 pum
thick Si solar cell layer with parameters: etched area width b = 180 nm, period a = 600 nm, and
grating depth h = 240 nm. In this hybrid structure the parameters for rough interface are quite
small as compared to optimal rough texture structures (Ic = 60 nm, ¢ = 80 nm). Thus, in
composite structure the roughness of rough interface is reduced to a very small value as
compared to rough texture surfaces. The short-circuit current density determined for the hybrid
structure is Jsc = 23.7 mA/cm? which is almost equal to the Jsc value of rough texture structures
with rough interface of 300 nm. Consequently, the hybrid structure reduces the ¢ to 60 nm. This
reduction in ¢ value shows that the hybrid interface is a better technique to enhance broad-band

absorption of light within thin layer Si solar cells [106].

1.9.3 GMRF photonic structures

Guided mode resonance filters (GMRFs) are resonant waveguide grating (RWG)
structures which couples the incident light to leaky waveguide modes in the waveguide region to
create sharp peak resonance responses. A resonance peak occurs, when a diffracted wave
originated by the diffraction gratings is phase coupled with a leaky waveguide mode within the
waveguide layer [45]. This guided mode resonance (GMR) effect is quite efficient in improving
the absorption efficiency of a thin-layer Si solar cell. By selecting appropriate design (i.e.,
grating period, structure-line width, grating height, waveguide thickness, and fill factor) and
optical parameters (i.e., refractive indices of structure materials and surroundings, incident angle,
and wavelength of incident light), a multiple resonating GMR structure can easily be designed to
increase the probability of light absorption in thin-film absorbing layers. The GMR effect
elongates the photon propagation path within the active layer of Si solar cell, so that even low
energy photons will get enough energy to be absorbed [66]. To demonstrate this GMR effect in
thin layer Si solar cells, a grating structure of hydrogenated amorphous silicon (a-Si:H) and a
waveguide layer of indium titanium oxide (ITO) coated over a glass substrate has been proposed
recently [87]. Figure 1.13 (a) illustrates the schematic view of this proposed structure. A 100%
resonance reflectance response and an absorbance enhancement of almost 35% for GMR enabled

a-Si:H solar cell as compared to simple solar cell has been observed at a specific resonance
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wavelength. With this enhancement in absorption of light, almost 40% enhancement in short-
circuit current density for patterned structure has been observed as compared to planar solar cell
[87].

Figure 1.13: The schematic diagram of (a) GMRF enabled thin-film a-Si:H solar cell [87] (b) GMRF
enabled thin film Si solar cell [116].

In another approach of designing GMR structure with thin-layer Si solar cells, a concept
of introducing two filling-factor gratings has been demonstrated in GMR enabled thin-film Si
solar cells [116]. Figure 1.13 (b) illustrates the schematic diagram of GMR enabled thin-layer Si
solar cell with duo filling-factor gratings designed in poly-Si film placed on a quartz substrate.
The concept of two filling factors fi and f, are defined in one grating period 4 of the GMR
structure as shown in Figure 1.13 (b), (the sum of two fill factor is f1 + f> = 0.5). The resonance
peak occurs at a phase matching condition between diffracted waves and leaky waveguide modes
in the structure, the presence of two fill factor values within a single period of gratings enabled
the resonance wave to bounce several times in the active region of the solar cell [116]. Thus,
eventually enhance the probability of light trapping within the Si solar cell region and hence,
enhance the absorption efficiency of thin-layer Si solar cell. Through simulation results a 3-fold
enhancement in absorption of light has been observed in wavelength range of 920-1040 nm for
GMR enabled Si solar cell in contrast to a planar solar cell.
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In the recent past many strategies have been used to upgrade the absorption efficiency of
solar cells such as, diffractive optics [117, 118], antireflective layers [119, 120], plasmonics
[121, 122], photonic crystals [123], guided-mode excitations [124], and 3D structures such as
nano-wire [125], nano-dome [126], and nano-cone solar cells [127], but none of them is defined
as the most promising light trapping technique within solar cells. The guided mode resonance
filters have been recently defined as the highly sensitive and efficient light trappers which can
elongates the photon propagation path in the thin absorbing layers by slow absorption of photons

in broad-band solar spectrum [47, 48, 86].
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1.10 Summary

Solar energy is the most vital renewable energy resource which can be utilized to produce
a large amount of useful energy. We can extract three types of energies from solar energy i.e.,
electrical energy, thermal energy and chemical energy. The transformation of solar energy into
electrical energy is gaining interest as an efficient technology for production of electricity. This
chapter describes a very brief overview about solar cell technology. Solar cell is a device which
when illuminated by sunlight, absorbs high energy photons and electron-hole pairs originated in
the active layer of solar cell that eventually produce a potential difference at the output terminals
of the device. There are many limitations in the performance of a solar cell which can limit its
efficiency. The recent advances in the solar cell technology have shown that these losses or
limitations can be minimized by using appropriate device structures for example, thin film solar
cells, multi-junction or tandem solar cells, several electron-hole duos per photon, hot carrier
cells, multiband and impurity photovoltaic cells, thermo photovoltaic and thermo photonic
devices etc.

It has been found that the power transformation capability of a solar cell strongly depends
upon the absorption coefficient of the incoming light within the cell material. This target can be
achieved by using efficient light trapping techniques. One of the most effective light confining
techniques is GMRF. This chapter summarizes the historical background of guided mode
resonance phenomenon. Wood has discovered guided mode resonance (GMR) effect in his
experimental work and named this concept as Wood'’s Anomalies. Later on, different researchers
have contributed in this field and illustrated that these resonance effects are very sensitive and
show 100% light intensity on specific resonance wavelengths. Due to these distinctive properties
of GMR structures they have been proposed to use for different filtering applications in the field
of optics. A GMREF is a waveguide grating structure which couples the incident light in to leaky
waveguide modes and a guided mode resonance (GMR) phenomenon occurs at a specific
resonance wavelength of the incoming light. GMR effect increases the probability of light
absorption in solar cell due to enhancement in propagation length. Due to this enhancement in
propagation length, even low energy photons get enough energy to harvest more electron-hole
pairs within the active region of the cell material. This process eventually improves the operation

of a silicon solar cell.
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In the past decade, researchers have worked on the application of GMR effect in
photovoltaics (PV). As the PV industry is growing until recently and moving towards
economical and efficient solar cell concepts, the GMR devices can perform a remarkable role in
the progress of PV industry. The literature showed that different techniques have been
developing to upgrade the light absorption phenomenon in solar cells within a broad range of
solar spectrum such as advances in solar cell concepts like quantum well solar cells, hot carrier
cells, impurity photovoltaic, intermediate band gap, plasmonics, tandem solar cells, and spectral
conversion layers. Similarly, photonic devices such as 1D grating structures, 2D photonic
lattices, ordered and disordered 1D grating structures, randomly rough, hybrid interface, and
guided mode resonance filter (GMRF) photonic structures have also proved to be an effective
light confining methods for thin layer silicon (Si) solar cells. The high sensitivity and efficient
light confinement phenomenon of guided mode resonance filters (GMRFs) make them a strong

candidate for enhancement in light absorption of silicon (Si) solar cells.
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Chapter 2
DEVICE DESIGN METHODOLOGY

This thesis work is divided in to two steps, in first step a Guided Mode Resonance Filter
(GMREF) is designed by using Fourier Model Method (FMM), while in second step a hybrid
design of silicon (Si) solar cell is designed with guided mode resonance filter (GMRF) in the
Finite Difference Time Domain (FDTD) software. In the first step, a GMRF structure is defined
by designing a binary grating structure on fused silica (SiO.) coated with a thin layer of
amorphous titanium dioxide (TiO2) as a waveguide medium. Then in second step, this GMRF
structure is employed on a silicon (Si) solar cell in the FDTD Designer. Hence, two versatile
methods are used in this research work to analyze the guided mode resonance filters (GMRFs)
behavior and their effect on the performance of a silicon (Si) solar cell. This chapter briefly

focuses on the fundamental understanding and principles of these two methods.

2.1 Fourier Modal Method

Fourier modal method (FMM) is quite common and efficient method based on Fourier
expansion [1, 2]. This method is applied to establish eigen-solutions of Maxwell’s equations in a
periodic or piecewise constant channel by developing the electromagnetic fields and permittivity
functions into Fourier series, and afterwards applying boundary conditions to demonstrate fields
within the grating by an algebraic eigen-value problem [3, 4]. A general overview of Maxwell’s
equations is presented in equations (2.1) [5]. In this method, the modulated region is divided into
slabs and then finds solutions of Maxwell equations in each individual slab. By dividing the
modulated region in slabs, forward and backward propagating fields comprising of modal fields
appears in the result. These modal fields are pseudo-periodic and demonstrated in the form
of et$7: here p is defined as the propagation constant of a particular-mode. The eigenvalues for
two different polarizations is demonstrated in the matrix form which defines a set of admitted
values of £ and a set of related transverse field distributions for each polarization. Boundary
values are applied at each interface to combine the fields in all slabs. This demonstrates a

comprehensive field within the modulated area, which is ultimately coupled with fields in the
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homogeneous regions (Rayleigh expansions). Eventually, the issue is resolved in matrix form
and then numerical calculations are performed to find the complex reflection and transmission

amplitudes [6].

VXE(r,t) = —%B(r, t), (Faraday's Law) (2.1a)
VXH(r,t) = J(r,t) + %D(r, t), (Ampere's Law) (2.1b)
V.D(r,t) = p(r,t),(Gauss's Law) (2.10)
V.B(r,t) = 0, (Magnetic Guass's Law) (2.1d)

here, E(r,t), B(r,t), H(r,t), D(r,t), J(r,t), and p(r,t) are the electric field, magnetic induction,
magnetic field, electric displacement, current density, and electric charge densities, respectively.
For free space charge region, where p(r,t) = 0, J(r,t) = 0, and magnetic field and electric
displacement are described as; B(r,t) = uoH(r,t), and D(r,t) = €oE(r,t), respectively. The
material media in our design is light and we assumed the propagation of light in free space
charge region i.e., vacuum. Hence, the Maxwell’s equations will be transformed into free space

charge region by equations (2.2).

VXE(r,t) = —MO%H(r, t), (2.2a)
VXH(r,t) = EO%E(T, t), (2.2b)
V.D(r,t) =0, (2.2¢)
V.B(r,t) =0, (2.2d)

here, u, represents the relative permeability and €, represents the relative permittivity of free
space. In equations 2.2, the Eq. (2.2a) and Eq. (2.2b) shows the transformation of electric field
E(r,t) into magnetic field H(r,t) and magnetic field H(r,t) into electric field E(r,t), respectively.

2.1.1 Theory of FMM
To keep steady flow of electromagnetic field components in Maxwell’s equations
over the whole permittivity modulated area, the fields are coupled within grating and

homogeneous channel. Figure 2.1 shows the modulated area of the periodic waveguide grating
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described as 0 < z < h. The field before and after the grating area is demonstrated as a
superposition of plane waves. The z-invariant permittivity distribution £(x,z) within the grating
area and field components are developed in Fourier series. The complex magnitudes of
transmitted and reflected fields are calculated by coupling the fields at inner and outer areas of
the grating region and employing boundary conditions at the interfaces through S-matrix

procedure [7, 8].

2.1.2 Rayleigh expansion and demonstration of modal fields within 1D

grating

An accurate solution of Maxwell’s equations in all channels should be found to
demonstrate the modal field inside and outside of a 1D grating, uniform in y-direction. This
solution should meet the boundary conditions within the bound area of grating 0 < z < h at each
discontinuous interface as shown in Figure 2.1. Let us assume that half space channel (z < 0) and
(z > h) are homogeneous, while their respective refractive indices ni and n; are real and
permittivity distribution £(x, z)within the grating is z-invariant [9]. The electric field component
Ey of reflected and transmitted mth diffracted orders with complex amplitudes rm and tm for an

incident TE polarized plane wave is given as:

Eiy(x,z) = eikxoxtlzo7), (2.3)

Ery(x,z<0) = Z T e (kxmX—Kzm2) (2.4)
m=—oo

Ey(x,z>0) = Z tmei[kxmx‘“k;m(z‘h)], (2.5)
m=—oo

where, k4, k;m, and k;, are representing the normal components of the wave vectors of the
incident plane wave. The following equations define the value of common elements of wave

vectors for both reflected and transmitted diffraction orders.
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z<0 z>h

5]
Il
=

Figure 2.1: Schematic view of diffraction grating with reflected and transmitted propagating fields in
different orders [10].

k(z) 12 - k)%m if kxm < kOni'
Kim = (2.6)
ik = KEn? if kem > kom,

and

k(z) i2_ k)%m if kym < kony,
Kim = @2.7)
ki k)%m - kgnlz lf Kym > kOnt;

where, kxm represents the tangential wave vector component, defined by grating equation k.,

ko +2"Tm, d defines the grating period and ky, = k,n; sin6;. The field within the grating

structure is demonstrated as a modal expansion [9].

Egy(x,2) = Z Xo () [agePn? + bye~iBalz—)], (2.8)

n=-—oo
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where, fn defines the modal propagation constant and a, and b, are anonymous modal
amplitudes. The field within the grating is determined by the assessment of these anonymous

modal amplitudes and Xx(x) is given by,

X, (x) = Z X, elkxm, (2.9)
m=1

2.1.3 Fourier expansion of permittivity distribution and eigenvalue

equations for TE and TM modes
Assume a grating structure with period d and relative permittivity er(X) is

distributed along x-axis. The following condition satisfied by the periodicity of &/(X),
&(x +d) = &%), (2.10)

where, &(X)is defined by Fourier series expansion as [6],

co

g(x) = Z gee2m/d) (2.11)

t=—o00

and the Fourier coefficients are,
1 d
& = E_f e.(x)e 12mx/d gy, (2.12)
0

The z-dependent modal solutions of Maxwell’s equation which establish propagation invariant

fields and x-dependent solutions that satisfy the periodicity condition are given by,
Z(z) = e*if? (2.13)
X(x+d)=Xx), (2.14)

Assume the scalar component of a vector field is U(x, z), which characterize the propagation
mode within the grating structure of periodicity d. these fields are known as pseudo-periodic
fields and are defined as [9]

U(x,z) = X(x)ekxoXeiBz, (2.15)

From Eq. (2.14) the Fourier form of X(x) is written as,
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X(x) = Z X ei2ma/d, (2.16)

gq=—00

where, the Fourier coefficient Xq is,
1 d
Xq = 7 f X(x)e izmax/d gy, (2.17)
0
Hence, Eq. (2.15) can be written as,

U(x,z) = Z Xyeitknax+B2), (2.18)
q=—
here, kxq = kxo + 27q/d and the Eq. (2.18) represents the propagation invariant field U(x, z) in the
shape of transverse pseudo-Fourier expansion within the modulated area of the grating. Consider
the Helmholtz equation with electric field (Ey) component to drive the eigenvalue equation for
TE mode.

2 2

(x,2) + (x,2) + kfer (X)Ey(x,2) = 0. (2.19)

oxz by 972 Ly

The Ey component is continuous thoroughly within the modulated region and its direction is
parallel to discontinuous boundaries in yz-plane, while &r(x) is discontinuous at the boundaries. In
EQ. (2.19) the term &(x)Ey(X, z) have no mutual discontinuity jumps and needs classic Laurent’s

rule to develop [7]:

b 2

kx
> [el_q - (k—o‘) %] Xq = (B/ko)2 Xy (2.20)
q=—
EqQ. (2.20) in matrix form is described as [9],
(E — AIA)X = (B/ky)?X. (2.21)

Eqg. (2.21) is defined as the Eigenvalue equation for TE-mode. Here, E, A, I, and X are

representing the matrices with elements g_g, kyi/ko, and Xq, respectively. Now for Hy

component the differential equation can be written as,
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d d 0 0
o [sr_l(x) a—xHy(x, z)] +o [8;1(x) EHY(X' Z)] +k§Hy(x,2) =0,  (2.22)

or
& (%) {(;ix [sr_l(x) aa—xX(x)eikxox] + kSX(x)eikXOX} = B2X(x)e'kxoX, (2.23)

The functions X(x) on the right-hand-side and &(x) on the left-hand-side of Eq. (2.23) are
continuous and discontinuous functions, respectively. To exercise transformed Laurent’s model,
the expression within curly brackets on the left-hand-side of Eq. (2.23) must be discontinuous.

The Fourier series expansion for the function -1 (x) is given as [9],

g t(x) = Z Jeet?mx/d, (2.24)

t=—o00
with Fourier coefficients,

d
1 .
{ = Ef et (x)e 12m¥/dgy, (2.25)

0
The eigenvalue equation for TM mode in matrix form is defined by affiliating inverse

permittivity function &7'(x) to a matrix S with elements ;_, and employing transformed

Laurent’s rule with further manipulation [9].
STI(I - AE7*A)X = (B/ko)*X. (2.26)

By utilizing excellent linear algebra algorithms and examining the suitable convergence of
the series for Egs. (2.21) and (2.26), one can easily calculate the propagation constants £, and
Fourier coefficients Xqn for both TE and TM modes, respectively. Equations (2.21) and (2.26)
produce field growth in terms of modal coefficients a, and b, within the grating area 0 < z < h.
By employing electromagnetic boundary conditions, the fields inside and outside the modulated
region are coupled at boundaries z = 0 and z = h. This creates a set of immense systems of
equations with anonymous modal coefficients a, and bn. Classical Gauss elimination method is
used to solve these systems of equations for modal coefficients a, and bn, with this accurate
solution of problem reflected and transmitted plan wave amplitudes are produced in the result.
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2.2 Finite Difference Time Domain

The FDTD is dynamic, extremely meshed and user-friendly tool that permits computer
assisted layout and simulation of photonic devices. This tool is established on the finite-
difference time-domain (FDTD) method. The FDTD technique has been developed as a
convincing engineering tool for homogeneous and diffractive optics device simulation. This
software can efficiently model diffraction and scattering, polarization effects and reflection, light
propagation, and dispersion and material anisotropy [11]. This method can effectively and
powerfully simulate and analyze the nano/sub-micron designs with very excellent systematic
properties. The designs of nano scale/sub-micron devices ensure the extreme extent of light
confinement with great variation in refractive indices of materials. The FDTD software is
basically consists of three main sections: the FDTD Designer, the FDTD Simulator, and the
FDTD Analyzer.

2.2.1 Two-Dimensional FDTD equations
The FDTD method is established by the absolute numerical explanation of the
time-dependent Maxwell’s curl calculations [12]. The layout of the FDTD designer for 2D
designs is defined in an xz-plane. The light propagates along the z-axis, while y-axis is supposed
to be infinite. This supposition leads to the elimination of all y associated derivatives from

Maxwell’s equations and distribute them into two (TE and TM) discrete sets of equations.

22.11 TE waves
For 2D transverse electric (TE) polarization state, the electric component
Ey and magnetic components Hx, and H; are in non-zero state condition. So, the Maxwell’s

equations for these three components in a lossless media are defined as follows,

OE, 1 (OHX aHZ> 227
ot e\dz 9z) (2:27)
oH, 1 0E

_ %y 2.2
ot  uy 0z’ (2.28)
oH, 1 0E,

__ % 2.2
at ‘U.O ax ’ ( 9)
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where, € = g,¢, is defined as the dielectric permittivity of the material and o is defined as the

permeability of the free-space. The refractive index of the material is given by,

n=¢. (2.30)

All fields are assembled in a 2D order: Ey (i, k), Hx (i, k), and H; (i, k). Whereas, the indices i and
k represents the number of space-steps along the x and z-axis, respectively. By applying the
central finite-differences theorem both in space and time; the Maxwell’s equations for the TE

modes will be given as [13],

N s At n—% . 1 n—% . 1
Ey(l,k)zEy (L,k)+gA—Z H, (l,k+—>—HX (L,k—§>

2
at H“_%<'+1 k) H“_%<' ! k) 231
eAx| * Py z LT20)) (2:31)
n+% ) 1 n—% , 1 At ne; ng;:
H " (ke +5) = By (l,k+§)+‘u Bk D-EGR, (232)
0
n+% ] 1 n—% , 1 At ne; ng;
(14 5,0) = 1, (l+z,k)—‘u B LD - EGR, (233
0

here, n represents the discrete time step, the symbols Ax is the size in real units of a space-step
along the x-axis, Az is the size in real units of a space-step along the z-axis, and At is the size in
real units of time-step. This applied algorithm to the 2D TE waves is so-called Yee’s algorithm

[14]. The time-step is calculated by the Courant limit;

1
At < —, (2.34)

c 1 1
(Ax)? + (Az)?

where, ¢ represents the speed of light.

2.2.1.2 TM waves

For 2D transverse magnetic (TM) polarization state, the electric
components Ex, and Ez, and magnetic component Hy are in non-zero state condition. So, the

Maxwell’s equations for these three components in a lossless media are defined as follows,
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OHy _ _l<%_aEZ) (2.35)
ot U\ 0z  dx /)’ '
0E,  10H,

ot - Ttz (2.36)
0E, 10H,

3t "z ox’ (2:37)

The Yee’s algorithm applied in case of TE modes also explain the algorithm for TM modes in

the same pattern as described in Egs. (2.31), (2.32), and (2.33).

2.2.2 Space and time steps
The basic element of the FDTD method is the magnitude of both space and time
steps. The precision, numerical dispersion and the solidity of the FDTD method are determined
by space and time steps. Normally, to maintain the outcomes as correct as feasible, with
minimum numerical dispersal, the mesh size better to be defined as “10 cells per wavelength”, in
other words, all cells should be 1/10" or less in size than the lowest wavelength. An accurate
mesh size for better simulation results can be calculated by using the following equation [15];
in

A
max(Ax, Ay, Az) < =

< —, 2.38
10X (2.38)

where, n,.x defines the maximum refractive index value of the material. After defining the value
of cell size, the maximum size for the time-steps can be calculated by using Eq. (2.34), which is

defined as Courant limit.

2.2.3 FDTD simulation process
The following flow chart shows the simulation process in the FDTD software.
Figure 2.2 describes the process, step by step; first a layout of a device is designed in the FDTD
designer by defining all important parameters. In second step, the layout is run in the FDTD
simulator and finally in the last step, all the results obtained during simulations are analyzed in

the FDTD analyzer in all aspects.

2.2.4 Output Data

Algorithm of FDTD propagates the fields in time domain. Eq. (2.39) demonstrates
the mathematical form of these time domain fields.
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E(x,y,z) = A.G(x,y, z) sin(wt + ¢;),

where, A, G and ¢; denotes the field amplitude, wave profile, and phase of field, respectively.
However, Eq. (2.39) does not properly define the amplitude and phase of fields. To attain proper
information about amplitude/phase, stationary complex fields relative to the waveform of Eq.
(2.39) are needed to define. All the important information for example, overlap integrals with
modal fields, reflected and output powers, etc. are described by these complex fields and they are
determined by run time Discrete Fourier Transform. The incident plane in FDTD is defined by
total field/scattering field technique. The reflection function is calculated by placing observation
points before the incident plane, whereas, the transmission function is calculated by placing

observation points after incident plane.

Build Object (Layout)

-

Define Parameters

:

FDTD Designer

Prepare Input Field

Start Simulation

il

Update H Field

!

Update E Field

FDTD Simulator

'

DFT Analysis

Time Steps
n < Nmax ?

Post Data Analysis

FDTD Analyzer

Figure 2.2: Flow chart of the FDTD simulation process.
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2.3 Summary

This chapter describes all the methodological work that has been done during the research
work to successfully meet the research objectives. We have used two versatile tools for
successful implementation of our proposed design. The Fourier modal method (FMM) is used to
design the guided mode resonance filter (GMRF), whereas, a hybrid design of integrated silicon
Si solar cell with GMRF is designed by using FDTD tool. Both of these methods are quite
efficient and popular tools to design photovoltaic (PV) or photonic devices. The FMM method is
based on Fourier series expansion and the FDTD software is based on finite-differences theorem

and Yee’s algorithm.

The FMM method provides a detail analysis of GMRF structure to analyze the behavior
of guided mode resonant filters (GMRFs). Successful variations in design and optical parameters
of GMREF structure has been analyzed in FMM method. While, the performance of a GMRF
enabled Si solar cell has been successfully analyzed in the FDTD analyzer to show the visible

improvement in the optical absorption for the hybrid structure.
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Chapter 3
DESIGN AND SIMULATION OF GMRFs

In this chapter, a design of Guided Mode Resonance Filter (GMRF) is demonstrated by
using Fourier Modal Method (FMM). A waveguide grating structure is defined by designing a
binary grating structure on fused silica (SiO2) coated with a thin dielectric layer of titanium
dioxide (TiO2). A guided mode resonance (GMR) phenomenon of 100% efficiency is observed
at appropriate design parameters of the GMRF structure under illumination. The effect of
variable optical and geometrical parameters on the spectral resonance response of the GMRF
structure is demonstrated by using a detailed Fourier Modal analysis. A reasonable change in the
spectral position of resonance reflectance response is observed by altering the optical design
parameters of the GMRF structure. The variation in optical design parameters varies the phase
matching state of the waveguide grating structure and eventually alters the spectral position of

guided mode resonance (GMR) response.

3.1 Guided Mode Resonant Filters (GMRFs)

Guided mode resonance filter (GMRF) comprises of a distinct high-index dielectric layer
on a periodically corrugated transparent substrate to couple light [1]. The phase-matching
phenomenon of the grating structure, allows the incident light to couple with a collection of
waveguide modes in the waveguide layer to create multiple resonances in the GMRF structure
[2]. Due to the corrugated shape of the grating structure, the generated waveguide modes are
leaky with complex propagation constant [3]. A resonance phenomenon happens, when a leaky
waveguide mode is phase matched with an incoming light wave at specific incident angle,
wavelength and the design parameters of the grating structure [4]. This resonance phenomenon
occurs at a specific resonance wavelength, which depends on the phase-matching element of the

grating structure.

The GMREF structures are quite sensitive to the polarization state of the incoming light that
is TE (transverse electric) or TM (transverse magnetic) [5]. Due to diffraction on the grating

layer, the incident plane light waves propagate through the grating structure in different
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diffracted orders, and the resonance peak arises when one of the diffracted waves couples with
the waveguide mode [6]. The effective mode propagation constant S for the evanescent diffracted

wave at the phase matching condition is given by equation (1.3) [7].

3.2 Design and simulation of GMRF structure
Figure 3.1 represents the schematic diagram of the GMRF structure. At first, a 1D binary

grating structure is defined in a substrate of fused silica (SiO2) with refractive index ns, then a
high index amorphous titanium dioxide (TiO) dielectric layer with refractive index n is coated
on the SiO2 grating structure. Amorphous titanium dioxide (TiO2) material is selected as a
waveguide layer due to high refractive index, high dielectric constant, high transmittance in
visible and infrared regions of solar spectrum, and low scattering losses [8]. The grating structure
is characterized by parameters such as height hg, period d, and structural-line width w, so that we
can define the value of fill factor by f = w/d. The cover medium of the GMRF structure is
supposed to be air with refractive index na. The refractive index distribution for waveguide
grating structure is defined in such a way that n¢ > ns > na. The design parameters for 1D GMRF
structure are defined as: grating period d = 316 nm, refractive index of TiO film n; = 2.385,
thickness of TiO; layer t = 50 nm, refractive index of fused silica (SiO2) substrate ns = 1.450,
refractive index of the air na = 1.00, fill factor/duty cycle = 65%, structural linewidth w = 205
nm, resonance wavelength A = 632.80 nm, angle of incidence i = 18° and grating grooved
height hg = 120 nm. The GMRF structure shown in Figure 3.1 is illuminated by TE-polarized

incident plane light waves.

The design of sub-wavelength (d < 1) grating structure is accomplished after optimizing
appropriate engineering parameters to yield 100% reflectance efficiency for TE-polarized light
(electric field is parallel to grating lines) for desired resonance wavelength at a particular incident
angle. The GMRF structure has been designed and analyzed in the Fourier modal method
(FMM). In our design, we have analyzed the spectral reflectance response of the GMRF structure
for both TE-polarized and TM-polarized light by using the FMM method. Figure 3.2(a) shows
the spectral reflectance response of the GMRF structure when illuminated by a TE-polarized
plane light wave at a resonance wavelength of A = 632.80 nm and an incident angle of §; = 18°.
While, Figure 3.2(b) shows the spectral reflectance response of the GMRF structure when

illuminated by a TM-polarized plane light wave at a resonance wavelength of 4,=577.6 nm. The
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full width at half maximum (FWHM) of spectral reflectance for TE-polarized light is 23.8 nm.
Whereas, FWHM of spectral reflectance for TM-polarized light is just of few nm. The line-
widths for resonance peaks in spectral response of guided mode resonance filters (GMRFs) are
controlled by the grating modulation-amplitude and the effective mode-confinement of the
GMREF structure [2]. Thus, for TM-polarized light the resonance reflectance response is highly

sensitive and shows a narrow peak in the spectral response.

k——

Figure 3.1: Schematic view of the guided mode resonance filter (GMRF) structure with thin amorphous
TiO; layer coated on SiO; gratings [4].

The resonance wavelength A, of the GMRF structure strongly depends on the incident
angle 6i of the incoming light, slight variations in the incident angle can change the spectral
position of the resonance wavelength in the broad-band. Figures 3.3(a) and (b) shows 2D
simulation results for the variation in the spectral reflectance response of the GMRF structure by
varying the angle of incidence of the incoming light for both TE- and TM-polarized incoming
light waves, respectively. A gradual increase in the value of incident angle 6; also increases the
value of resonance wavelength Ar for the spectral reflectance response of the GMRF structure.
This increase in resonance wavelength is due to the change in phase matching condition of the
grating structure, as depicted in equation (1.3). The effect of variation of incident angle é; on the
resonance wavelength A is also demonstrated in figures 3.4(a) and (b) for both TE- and TM-
polarized incoming light waves, respectively.
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Figure 3.2: Spectral reflectance response of a GMRF structure when illuminated by (a) TE-polarized light
at A= 632.80 nm and (b) TM-polarized light at A,=577.6 nm.
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3.2.1 Effect of variable parameters on spectral reflectance response of
GMREF structure

The appropriate selection of the design parameters of GMRF structure is quite
important in defining the locations of spectral resonance responses in the broad-band wavelength
range. A guided-mode resonance (GMR) phenomenon with 100% reflectance can be achieved by
optimizing the design parameters d, f, hg, n, ns, and &;. In our design, we have analyzed the effect
of variation in design parameters on the spectral reflectance response of GMRF structure by
using the FMM method. The proposed value of d in our design is d = 316 nm, but to analyze the
grating behavior at different grating period values we have varied the value of d from 312 nm to
320 nm and observed the spectral reflectance response of GMRF structure at variable design
parameters. Figure 3.5, shows the effect of variation in grating grooved height hg and fill factor f
on the spectral reflectance response of the GMRF structure at different grating period d values.
This implies that with the gradual increase in the value of d the GMR spectral response for the
GMREF structure is shifting towards the lower values of f and hg, as illustrated in Figures 3.5(a) to
(i). At the proposed value of grating period in our design i.e., d = 316 nm, Figure 3.5(e) indicates
that an increase in the value of grating grooved height hy can be compensated by decreasing the
fill factor f to attain resonance peak at accurate spectral position. The index 1 on the palette

within in the figures represents 100% intensity of light. Table 3.1, represents the variation in the
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values of fill factor f and grating height hg with respect to variation in values of grating period d
for GMREF structure in the tabulated form.

Figure 3.6, depicts the probability of excellent tuning of the resonance wavelength by
varying the incident angle of the input light. The effect on spectral reflectance response of the
GMREF structure by varying resonance wavelength and incident angle has been analyzed at
different grating period values i.e., d = 312 nm to 320 nm. This implies that the resonance
wavelength A; for GMR spectral response increases with the value of d and incident angle 6; of
the incoming light waves, as illustrated in Figures 3.6(a) to (i). The change in incident angle 6
changes the diffracted angle &m of the evanescent diffracted waves, which in turn changes the
phase matching condition for the leaky waveguide modes and diffracted waves, and eventually,
will change the spectral position of the resonance peak at a particular resonance wavelength. The
index 1 on the palette in the figures indicates the 100% intensity of light. Table 3.2, represents
the variation in resonance wavelength A, with respect to variation in values of grating period d for
GMREF structure in the tabulated form. Figure 3.7, demonstrates the effect of variation in the
refractive indices of waveguide layer TiO2 and grating layer SiO2 on the spectral reflectance
response of the GMRF structure at different values of grating period i.e., d = 312 nm to 320 nm.
This implies that an increase in the value of grating period shifts the GMR spectral response
towards the lower values of refractive indices of SiO; and TiO. materials, as illustrated in
Figures 3.7(a) to (i). Whereas, the simulation results in Figure 3.7 represents a tolerance of
refractive indices of these two materials for peak resonance. The index 1 on the palette in the

figures indicates the 100% intensity of light.

All the simulation results shown below in the Figures 3.5, 3.6 and 3.7, illustrated that a
change in the spectral position of the specular reflectance of the GMRF structure has been
observed at variable design parameters. The reason for this change is that variable design
parameters will alter the leaky waveguide modes generated through the GMRF structure and
subsequently alter the resonance peak positions and the coupling power between the incoming
light and leaky waveguide [9].
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Table 3.1: Effect of variation of grating period d values on design parameters: fill factor f and grating
height hy of GMREF structure.

Grating Period (d) Fill Factor (f) Grating Height (hg) Intensity of Light
(nm) (nm) (%)
312 0.68 125 86.7
313 0.68 125 94.9
314 0.68 125 99.3
315 0.673 123 100
316 0.65 120 100
317 0.635 116 99
318 0.632 115.3 94.5
319 0.631 115.2 87.2
320 0.634 115 79.1
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Figure 3.5: Effect of variations in design parameters of fill factor f and grating height hy on the spectral
reflectance response of the RWG structure; (a) at d =312 nm, (b) at d = 313 nm, (c) at d =314 nm, (d) at
d=315nm, (e) atd =316 nm, (f) atd =317 nm, (g) at d = 318 nm, (h) at d = 319 nm, (i) at d = 320 nm,

respectively.

Table 3.2: Effect of variation of grating period d values on resonance wavelength A. of GMRF structure.

Grating Period (d) Resonance Wavelength (4r) Intensity of Light
(nm) (nm) (%)
312 627 99.8
313 628 99.9
314 630 99.9
315 631 99.8
316 632.8 100
317 635 99.8
318 636 99.9
319 638 99.9
320 639 99.9
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3.3 Summary

In this chapter design and simulation results of guided mode resonance filter (GMRF) is
presented in detail. The GMRF structure is defined by designing a grating structure in a fused
silica (SiO2) substrate coated with a thin high index dielectric amorphous titanium dioxide (TiO>)
layer. The TiO layer is acting as a waveguide medium in the structure. At appropriate design
parameters, a resonance reflectance response with 100% efficiency is obtained from the design
of guided mode resonance filter (GMRF) structure by using the Fourier modal method (FMM).
A guided mode resonance (GMR) response happens when an incoming light wave is combined
with the leaky waveguide mode within the waveguide layer. By using the FMM method, a
detailed analysis of the effect of variations in design parameters on the spectral reflectance
response of the GMRF structure is demonstrated. The simulation results of the GMRF structure
at variable parameters have demonstrated a reasonable change in the resonance locations of the
waveguide grating structure. The variable design parameters affect the phase matching condition
of the grating element, thus, vary the leaky waveguide mode generated by the GMRF structure
and alter the resonance peak positions and the coupling power between the waveguide modes
and the incoming light waves. Through a detail FMM analysis the resonant behavior of the
guided mode resonance filter (GMRF) has been observed over variable design parameters and
calculated a 100% resonance reflectance response at a particular resonance wavelength.
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Chapter 4

HYBRID DESIGN OF GMRF AND
SILICON (Si) SOLAR CELL

The performance of a solar cell strongly depends on the amount of photon absorption within
the cell material. A simple solar cell only absorbs those photons that meets the energy band gap
value of cell material. Efficient photon absorption phenomenon in solar cells is necessary to
improve their performance. In literature, many techniques have been developed to increase solar
cells efficiency, as described in chapter 1. Though all these techniques revamp the absorption
efficiency of solar cells, the most effective light-trapping approach is yet to be recognized. In this
chapter, we report a new concept of hybrid design of guided mode resonance filter (GMRF) and
silicon (Si) solar cell. GMRF is a waveguide grating structure which enables the input light to
resonate multiple times within the active region of solar cell, eventually improving the
absorption of light within the Si solar cell due to increase in optical path lengths. This elongation
in optical path lengths allows the low energy photons to absorb in the active region and thus,
improves the electrical performance of a Si solar cell.

4.1 GMR enabled Si solar cell

The guided-mode resonance (GMR) phenomenon described in chapter 3 allows the trapped
light to be utilized by the integrated Si solar cell to improve the of absorption of light efficiently
[1]. In this thesis work, we proposed an idea of improving absorption of light in silicon (Si) solar
cells by utilizing GMR concept. The phase matching element of GMRF structure enables the
incoming light to experience multiple resonances to increase the probability of light confinement
within the cell material, whereas, a simple solar cell does not show absorption of light such as in
GMREF structure. In a planar Si solar cell, most of the incident light wasted due to reflection and
scattering losses over the top of the solar cell, which eventually decreases the efficiency of the
cell [2]. While GMREF structure reduces the scattering, and reflecting loss of light by providing

interfaces to the incoming light to propagate and trap within the cell material [3, 4]. For this
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purpose, a hybrid design of GMRF structure with Si solar cell is designed in the Finite

Difference Time Domain (FDTD) software.

4.2 Hybrid design of GMRF with Si solar cell

Figure 4.1, illustrates the schematic representation of the hybrid design. Such hybrid
structure is designed by a sub-wavelength grating structure of SiO, coated with a thin layer of
TiO2 and then integrated with a silicon (Si) solar cell of 500 nm in thickness (T). The hybrid
device is designed in the FDTD designer. TE-polarized light is incident on the top of the hybrid
structure and a resonance peak occurs at a resonance wavelength of 4, = 632.8 nm. The resonated
light traps in the active region and ultimately enhances the photon elongation path within the
silicon solar cell so that even low energy photons get enough energy to excite electrons in the
active layer of solar cell [5]. Hence, increases the power transformation capability of the Si solar

cell.

810z Grating Structure TiO» layer

thickness ¢

Cell
Thickness (7)

Figure 4.1: Schematic view GMRF enabled Si solar cell hybrid device with parameters; TiO, layer
thickness t = 50 nm, grating period d = 316 nm, grating height hyg = 120 nm, structure-line width w = 205
nm, and Si solar cell thickness T =500 nm [4].

The refractive index of silicon material at a resonance wavelength of 632.8 nm is a
complex value i.e., N = n + ik, where n symbolizes the real value and k which is called as
extinction coefficient, symbolizing the imaginary part of the refractive index. In our design, we
have designed the silicon (Si) solar cell to operate in a wavelength range of 400-1100 nm with an
energy band-gap of 1.1 eV [6]. Figure 4.2, illustrates the refractive-index distribution for the
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hybrid device in the FDTD designer; refractive index of a material controls the propagation of
light within the material. The complex refractive index value of Si material at Ar = 632.8 nm is
N = 3.882 +i(0.019) as shown in Figure 4.2.

4.2.1 Design and simulation results of hybrid device

To show efficient light trapping mechanism of GMRF structure within silicon (Si)
solar cell the simulations of hybrid design are accomplished in the FDTD simulator and analyzed
in the FDTD analyzer. The effective light trapping phenomenon of resonance waveguide SiO>
grating structure coated with TiO> thin layer is demonstrated in Figure 4.3, (the index 1 on the
palette shows 100% intensity of light in the figure). Figure 4.4(a) and (b), illustrates the
comparison between the propagation of light in GMRF enabled Si solar cell and a planar Si solar
cell. The light confinement in hybrid structure design is quite prominent in contrast to simple Si
solar cell. The light absorption phenomenon within a solar cell is strongly dependent on the

energy of photons coming in the incident light [7, 8].

Si02 Grating Structure 71z = 1.45

TiO; Waveguide
layer
n:= 2.38535

Si Solar Cell N = 3.882 + i(0.019)

Figure 4.2: Design of refractive-index distribution of hybrid device in the FDTD designer [4].
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Figure 4.3: Simulation result of GMREF structure with parameters; TiO; layer thickness t = 50 nm, grating

period d = 316 nm, grating height hy = 120 nm, line-width w = 205 nm, incident angle 8; = 18°, resonance

wavelength A.= 632.8 nm, refractive index of TiO n; = 2.385, refractive index of SiO; ns= 1.45, and fill
factor f = 0.65 [4].
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/I\
RWG Si Solar Cell [Planar Si Solar Cell]

Figure 4.4: Propagation of light at resonance wavelength A, = 632.8 nm (a) in a hybrid device structure (b)
in a planar Si solar cell. The direction of propagation of light is from left to right in figures (a) and (b) [4].

4.2.2 Optical Absorption
The absorption efficiency of a solar cell critically depends on the absorption
coefficient a of the solar cell material. The length of penetration of a light at a particular
wavelength in a material is directly dependent on the absorption coefficient, the more the value

of a, the more will be the absorption efficiency [9], whereas the absorption coefficient of a
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material depends on the wavelength of the incoming light and extinction coefficient k of the
respective material which is the imaginary part of the complex refractive index of the material

[10]. The absorption coefficient is given by the equation,

a=—, (4.1)

where, 4 represents the wavelength of incoming light and k is the extinction coefficient. The
selected value of extinction coefficient of silicon at wavelength 632.8 nm for hybrid structural
design is k = 0.019 [6]. However, the simulation results of hybrid structural design are carried
out using three different values of extinction coefficient i.e., (k = 0, k = 0.019, k = 0.03) of silicon
material to analyze the effect of light absorption in the solar cell at designed resonance
wavelength of 632.8 nm. FDTD based analysis shows an increase in absorption in the GMRF
enabled Si solar cell with the increase in value of k. Figure 4.5, shows the simulation results at
three different values of k, at same value of real part n of refractive index. Moreover, the analysis
shows that increase in the extinction coefficient k results in decaying the electric field
distribution patterns within the Si solar cell, however, in the presence of guided mode resonance
(GMR) phenomenon the field patterns still exist to improve the light absorption. A gradual
increase in the k value for silicon material shows a continuous enhancement in the absorption of
light in the spectral range of 550-750 nm. Figure 4.6, illustrates the absorbance spectra of a
hybrid structural design of GMRF enabled Si solar cell at three values of k (already defined in
Figure 4.5). For k = 0, the absorbance spectra show about 49% absorption efficiency. The
absorption efficiencies show a slight increase to 52% and 54% at k = 0.019 and 0.03 values,
respectively. This is almost 38% enhancement over a planar silicon solar cell which shows 25%
absorption efficiency [11]. This enhancement in optical absorption of solar cell activates the low
energy photons to provoke the electrons from valance band to the conduction band to improve

the electrical performance of a GMRF enabled Si solar cell.
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Figure 4.5: Absorption of light and electric field distribution within a hybrid structural device at
resonance wavelength A, = 632.8 nm (a) at k = 0, (b) at k = 0.019 (original value of k at 1, = 632.8 nm) (c)
at k = 0.03. The direction of propagation of light is from left to right in figures (a), (b) and (c) [4].
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Figure 4.6: Absorbance spectra of a GMRF enabled Si solar cell at geometrical parameters of grating; d =
316 nm, hg =120 nm, w = 205 nm, f = 0.65, A, = 632.8 nm, ;= 18°, t = 50 nm and thickness of Si solar
cell T =500 nm. Optical absorption in Si material at (a) k =0, (b) k = 0.019 (original value of k at A, =

632.8 nm), and (c) at k = 0.03 [4].
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4.3 Summary

In this chapter, a hybrid structural device of guided mode resonance filter (GMRF) with
silicon (Si) solar cell is established by using FDTD software. The GMRF enabled Si solar cell is
designed in FDTD designer and simulations of the hybrid design are accomplished in FDTD
simulator. The FDTD analyzer is used to compile the simulation results of the hybrid device. In
simulations, an efficient light trapping mechanism is shown by GMRF structure at a resonance
wavelength of 632.8 nm. Such effective light trapping phenomenon results in the propagation of
light within the GMRF enabled Si solar cell to enhance in comparison to a planar Si solar cell.
This enhancement in propagation of light increases the absorption of light in Si solar cell by
providing enough energy to photons coming in incident light to harvest more electron-hole pairs
within the active layer of solar cell. The dependency of absorption efficiency of a solar cell on
absorption coefficient of the cell material is demonstrated through simulation results and also
showed the enhancement in absorption of light by increasing the value of extinction coefficient
of the cell material. The GMR effect also successfully maintained a proper electric field pattern
within the Si solar cell to improve the electrical operation of the solar cell. The enhancement in
the optical absorption of GMRF enabled Si solar cell is demonstrated in absorption spectra of the
hybrid device. Finally, a 38% improvement in the absorption efficiency of GMRF enabled Si
solar cell is calculated in comparison to a simple Si solar cell which shows 25% absorption
efficiency. This enhancement in absorption efficiency of hybrid device improves the electrical
performance of a Si solar cell by creating more free electrons in the conduction band of the cell

material.
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Chapter 5
CONCLUSIONS AND OUTLOOK

5.1 Conclusions

This thesis work provides a concept of improving the optical absorption of a silicon (Si)
solar cell by employing guided-mode resonance filter (GMRF). The main goal of this concept is
to efficiently trap incoming light within the active region of Si solar cell to increase the
propagation lengths. The GMRF structure is a sub-wavelength waveguide grating structure
allows the input light to resonate multiple times within the cell material and increases the
probability of light absorption. For this purpose, a hybrid structural design of Si solar cell with
GMREF is accomplished in two steps by using two different methods. In the first step, a guided
mode resonance filter (GMRF) structure is designed in Fourier modal method (FMM). The
GMREF structure is defined by designing sub-wavelength gratings in fused silica (SiO2) material
coated with a high index waveguide layer of amorphous titanium dioxide (TiO2) (50 nm in
thickness). At optimized design parameters, a 100% specular reflectance response of the GMRF
structure is observed for both TE- polarized and TM- polarized incoming light waves at specific
resonance wavelengths of 632.8 nm and 577.6 nm, respectively. By using Fourier modal
analysis, the effect of variable design parameters on the specular reflectance response of the
GMREF structure is successfully demonstrated and showed that spectral reflectance response can
also be observed at different resonance wavelengths by varying design parameters. Hence, an
efficient spectral resonance response can easily be attained by appropriate selection of optical
and geometrical design parameters of GMRF structure. This versatility of GMRF structure
enables them to employ for different applications in the field of optics and photovoltaics (PV).
The guided-mode resonance (GMR) effect provides a new concept of hybrid design of Si solar
cell and GMREF structure.

In the second step, a hybrid structure of Si solar cell with GMRF structure is designed in
the FDTD software. The FDTD software comprises of three steps: firstly, the hybrid device
structure is designed in FDTD designer, then in second step simulations of hybrid device is
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accomplished in FDTD Simulator and finally, all the simulations are analyzed by FDTD
Analyzer. During analysis of simulation results, it is observed that the GMRF structure
efficiently trapped the input light and maintained a proper electric field pattern throughout the
depth of silicon (Si) solar cell. Hence, the absorption coefficient of hybrid structural design is
increased by employing such effective properties of GMRF structure. Thus, the simulation
results of this hybrid device structure show an improvement in optical absorption to about 38%
in the wavelength range of 550-750 nm for GMRF enabled Si solar cell in comparison to a
planar Si solar cell. In simulation results, it is also exhibited that the absorption coefficient of Si
solar cell is increased by increasing the value of extinction coefficient of Si material, eventually
enhances the optical absorption of GMRF enabled Si solar cell. Such improvement in optical
absorption enhances the electrical performance of solar cells by generating more free electrons in
the conduction band of the cell material. This increase in number of free electrons increase the
photocurrent value of Si solar cells, eventually increases the short circuit current density and

open circuit voltage values of silicon (Si) solar cells.

In our study, we have analyzed the optical performance of GMRF structure by all aspects
and found that GMRFs have great potential for improving the absorption efficiency of solar
cells. The GMRF enabled solar cells with effective light trapping and light absorption can be
fabricated by using appropriate and economical fabrication techniques. The guided-mode
resonance (GMR) phenomenon actually depends on light dispersive properties and band gap of
the absorbing photovoltaic materials. The GMR effect enhances the photon absorption by
allowing the low energy photons to efficiently absorb inside the photovoltaic materials to
improve their absorption efficiency. This improvement in optical absorption leads to
enhancement in the power conversion efficiency of GMRF enabled solar cells. Hence,
enhancement in absorption of light through GMRFs has a remarkable improvement on different
types of solar cells such as, inorganic, organic, thin-films etc., with define material properties,
structural layers, and engineering parameters. The application of GMRFs in solar cells reduces
the reflection losses and improves light manipulation that can improve the performance of solar

cells and hence, play a vital role in advancement of photovoltaics (PV) industry.
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5.2 Outlook

The research work demonstrated in this thesis can be extended into the following research

domains:
Optimized design and fabrication of GMRF enabled solar cells

The design parameters need to be optimized properly for an efficient light absorption so
that a maximum number of charge carriers can be generated within nano-structured solar cells.
An appropriate optimization of design parameters and structural shape is required for GMRF
enabled solar cells to improve their electrical performance by increasing light absorption and
effective generation of charge carriers. Low-cost efficient thin-film solar cells are the optimum
goal. The reflection and scattering losses in solar cells can also be minimized by employing
nanostructures of different symmetry such as, triangular shape, trapezoidal shape and rectangular
shape grating structures. These structures show more trapping of light within solar cells because
of their 2D structural symmetry and hence, show more enhancement in optical absorption of
solar cells as compared to 1D grating structures. Also, plasmonic nano-structured gratings

provide a new concept for light confinement in all types of solar cells.
GMRF enabled thin film organic solar cells

The GMREF structure effectively improved the optical absorption of silicon (Si) solar
cells; this phenomenon can also be implemented for thin-film organic solar cells. By appropriate
selection of design parameters and structural shape an improvement in the electrical performance
of organic solar cells can be achieved by employing guided mode resonance filters. Moreover,
the application of two-dimensional waveguide grating structures can further enhance the optical
absorption of organic solar cells. A hybrid design of trapezoidal grating structure with small
molecule organic solar cells intensify the intensity of light in active region of hybrid structure
and improves the absorption efficiency of organics solar cells. The light confinement
phenomenon in thin-film organic solar cells can also be enhanced by employing nanostructures
of different symmetry. This asymmetrical behavior efficiently traps the incoming light result in
improved absorption efficiency of thin-film organic solar cells. The cost-effective thin layer
organic solar cells with better light absorption phenomenon are the optimum goal to develop the
status of the current PV industry.
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Application in ultra-thin film solar cells

GMREF patterns are quite feasible for enhancing the absorption efficiency of ultra-thin
solar cells. The guided mode resonance filters can easily trap the incoming light within very thin
films of ultra-thin solar cells and enhance their optical absorption. Hence, improve the electrical
power of ultra-thin film solar cells. Another technique to enhance the absorption efficiency is to
use high-index dielectric materials to design GMRF structures with thin layer solar cells.
Moreover, a hybrid structural design of periodic metallic gratings with dielectric gratings within
the ultra-thin layer solar cells dramatically enhances the optical absorption of the respective solar
cells. This concept of hybrid design of dual grating structures with solar cells allows the input
light to couple both with plasmonic and photonic modes. Thus, increase in modes interaction
enhances the photocurrent of the hybrid device as contrasted to a solar cell with single grating
structure. By using optimized fabrication techniques these hybrid structures can also be defined
in thin films of amorphous silicon material. The light absorption phenomenon in ultra-thin layer
solar cells can also be enhanced by employing a new concept of ring-shaped plasmonic

nanostructure gratings.
Application in Colloidal Quantum Dot (CQD) solar cells

The efficient light confinement phenomenon of GMRF structure can effectively improves
the optical absorption of colloidal quantum dot (CQD) solar cells. The low efficiency of CQD
solar cells can be efficiently enhanced by applying appropriate resonant waveguide grating
structures. The guided mode resonance (GMR) phenomenon of the waveguide grating structure
elongates the optical path length within the active layer of CQD solar cells, eventually improves
the optical absorption. The application of nanostructured dielectric diffraction gratings in CQD
solar cells effectively enhances the light absorption. The grating structure can be defined both in
1D and 2D arrangements for better light absorption. This can be achieved by appropriate

selection of design parameters and fabrication techniques.
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