
Chapter 2
Nano Architectures in Silicon Photovoltaics

Nazir P. Kherani

Abstract A historical trace of key developments in the science and engineering of
photovoltaics introduces the reader to this important field of energy generation. An
overview of photovoltaics and allied photonic architectures is presented including
a synopsis of the relevant physics. A selected illustrative review of recent research
results on the integration of wave-optic coupling nanostructures in silicon photo-
voltaics is given with an emphasis on the use of photonic crystal constructs. The
chapter closes pondering the arc of development in silicon photovoltaics—the main
stay of present day solar photovoltaics.

2.1 Introduction

Maxwell’s equations, presented in 1864 to the Royal Society of London [1],
remarkably remain to this day an adequate and elegant description of the under-
lying electromagnetic field for essentially all atomic and condensed matter phe-
nomena [2]—notwithstanding the superseding comprehensive description of light–
matter interactions provided by quantum electrodynamics [3, 4]. Within this frame-
work, the physical structure or architecture1 of systems have yielded extraordinary
physical effects. Through the integrative effect of electromagnetic interactions in

1 Structure is the arrangement and relationship among the constitutive parts of a given system;
hence architecture is the physical structure of a system.
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atomic or condensed matter systems, novel classes of materials have been produced
which include metamaterials [5–7], photonic crystals [8–12] and plasmonic materials
[13–15]. Further, the advent of advanced materials synthesis capabilities, particularly
at the micrometer and nanometer length scales [16, 17], and the ready accessibility
to powerful numerical computational tools, has ushered a cornucopia of research
examining the practical applicability of these basic phenomena to information and
communication technologies, medical diagnostics and therapies, and energy systems
to name a few. The photovoltaic effect, generation of an electric potential between
two electrodes upon exposure of the system to light, first observed by Edmond Bec-
querel and reported in 1839 [18] is the basis of direct conversion of light energy
into electricity. Following a number of research advances in the intervening 100
plus years, in 1954 the first crystalline silicon photovoltaic device was developed
at Bell Laboratories with an AM1.52 one sun photovoltaic energy conversion effi-
ciency of 6 % [19]. This first silicon solar cell, a photodiode that operates in a passive
externally-unbiased mode transducing light energy in to electrical energy, heralded
a new technologically-viable globally-accessible renewable energy industry—solar
photovoltaics or simply solar electricity. The enormous potential of this renewable
energy source is self-evident in the solar irradiance map of the world, shown in
Fig. 2.1.

Over the last six decades, crystalline silicon solar cells have experienced exten-
sive scientific and technological advances that have led to record AM1.5 photovoltaic
conversion efficiencies of 25 % for 400 micron thick silicon in the laboratory [20],
recently to 24 %+ conversion efficiencies for less than 200 micron thick back-contact
siliconsolar cells in industrial production,3 and more recently 24.7 % for less than
100 micron thick low-temperature synthesized silicon solar cells [21] and even more
recently 25.6 % for similar back-contact solar cells.4 Concurrently, several other com-
peting solar materials have developed into complementary commercial photovoltaic
systems which include thin film cadmium telluride (CdTe), thin film copper indium
gallium diselenide (CIGS), copper zinc tin sulphide (CZTS), thin film amorphous-
microcrystalline silicon, and III–V crystalline semiconductor based concentrated
photovoltaics [22–24].

Recently the field of photovoltaics has attracted much research attention spurred
by a range of socioeconomic and environmental concerns and the resolve of a vari-
ety of stake holders to make solar electricity an economically inevitable reality. This
has led to an exploration of a plethora of novel material systems for photovoltaic
applications, some of which include dye sensitized solar cells [25–28], organic pho-
tovoltaics [29, 30], quantum dot solar cells [31, 32], and perovskites [33, 34], as well

2 AM1.5 represents a standard solar spectrum with an integrated irradiance of 1,000 Wm−2 [ref],
which corresponds on average to the irradiance level at mid-latitudes (corresponding to a solar zenith
angle of Z = 48.2◦)—where the rays of the sun traverse an air mass of 1.5 times the thickness of
the atmosphere at the equator, at the zenith.
3 http://www.renewableenergyworld.com/rea/news/article/2010/06/sunpower-sets-solar-cell-effi-
ciency-record-at-24-2.
4 http://www.panasonic.co.jp/corp/news/official.data/data.dir/2014/04/en140410-4/en140410-4.
html.

http://www.renewableenergyworld.com/rea/news/article/2010/06/sunpower-sets-solar-cell-effi-ciency-record-at-24-2
http://www.renewableenergyworld.com/rea/news/article/2010/06/sunpower-sets-solar-cell-effi-ciency-record-at-24-2
http://www.panasonic.co.jp/corp/news/official.data/data.dir/2014/04/en140410-4/en140410-4.html.
http://www.panasonic.co.jp/corp/news/official.data/data.dir/2014/04/en140410-4/en140410-4.html.
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Fig. 2.1 Average solar irradiance map of the world illustrating the enormity of the distributed solar
resource and that the variability/uniformity in the irradiance among most regions of the world lies
within a factor of three. Copyright Mines Paristech/Armines 2006

as a further investigation of the incumbent photovoltaic material system of silicon.
In this quest, the architecture of photovoltaic devices has played an increasingly
important role, effecting changes in the optical and electrical properties of the
systems. For example, quantum confinement effects are being considered in the
pursuit of complete utilization of the solar spectrum and have led to the study of
a range of quantum dot material systems including silicon [35–37]. In other cases,
simply complete optical absorption of the supra-bandgap part of the solar spectrum
have led to the study of a range of photonic constructs to effect the desired optical
coupling [38, 39]. And yet in other instances, the need to effectively integrate new
photonic constructs while addressing the device’s electrical requirements of charge
transport have been pursued [40–45].

With the advent of nanostructured material synthesis, the prospect of realizing
novel optical and electrical effects in the entire gamut of solar materials including
silicon has invigorated fundamental and applied research to new heights. In silicon,
the expectation is that this terrestrially abundant, environmentally compatible, and
industrially established material can be newly engineered to yield high optical to
electrical conversion efficiency while requiring a minimal quantity of the material,
and thus resulting in a ubiquitous energy converter at the lowest cost per watt [46, 47].
On the immediate horizon, the objectives are to explore existing crystalline silicon
and thin film silicon platforms while in the longer term novel approaches such as
nano-wire, nano-crystalline/particle and other nano-structures of silicon are being
contemplated.
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For crystalline silicon, the arc of progress is towards ultra-thin silicon which in
the limit exacts light trapping at optical and infrared wavelengths, while for thin
film amorphous-microcrystalline silicon the challenge is to not only harvest the light
but to spectrally mold its flow in tandem device structures. Further, both platforms
demand broad band absorption over broad angular incidence considering the outlook
of stationary solar panels generating more energy without the need for solar trackers.
Nanostructuring of dielectrics and semiconductors offering wave-optic coupling,
light localization and light trapping indicate effective means of mitigating optical
reflection at the incident interface, enhancing the path length of light within the
absorber, and effectively back-reflecting the light at the far interface. The integra-
tion of such nano-architectures in silicon promises a path to the next generation of
economically inescapable subsidy-free silicon photovoltaic solar cells.

In this chapter, we present an overview of photovoltaics and allied photonic archi-
tectures with an emphasis on approaches to enhance optical absorption, a synopsis
of the physics pertaining to photovoltaics and photonic structures, and then provide
a selected review of recent research results advancing the integration of wave-optic
coupling in silicon photovoltaics and in particular highlighting the use of photonic
crystal constructs.

2.2 Photovoltaics and Photonic Architectures:
A Historical Perspective

2.2.1 Photovoltaics

In 1839 Edmond Becquerel while carrying out an electrolytic experiment observed
an electrical response in the external circuit upon exposure of silver coated platinum
electrodes to light, thus marking the beginning of the science of photovoltaics. In
1873 Willoughby Smith discovered the photoconductivity of selenium [48] which
established the basis for the demonstration of the solid state photovoltaic effect by
William Adams and Richard Day several years later in 1876 [49, 50]. Adams and
Day, having made platinum contacts on a selenium rod, observed a change in the
electrical characteristics of selenium upon light exposure and thus paved the way for
the demonstration of the first solid state photocell.

In 1883 Charles Fritts fabricated the first solar cell by melting a 30μm thin sheet of
selenium onto an iron substrate followed by pressing down a 5 nm thin transparent leaf
of gold on selenium, hence marking the beginning of the technology of photovoltaics
[51]. Of the range of materials examined Fritts found that the photovoltaic action
was most significant with brass, zinc and iron, reflective of the formation of different
Schottky devices. The Schottky photovoltaic device was 30 cm2 in area and operated
at a conversion efficiency of approximately 1 % much lower than Fritts’ expectations
and his underlying hope of competing with Thomas Edison’s coal-fired power plants.
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In 1954 the celebrated report by Chapin, Pearson and Fuller of a silicon photo-
voltaic cell with a conversion efficiency of 6 % marked the beginning of the modern
era of the science and technology of photovoltaics [19]. This extraordinary achieve-
ment was due to earlier research principally motivated by the development of silicon
electronics. Notably, the development of point-contact diodes, also known as cat’s
whisker diodes, in the early part of the twentieth century led to the replacement of
thermionic valves in most applications. These diodes which required the pressing of
metal wires against polycrystalline silicon exhibited significant variability in perfor-
mance owing to the substantial presence of impurities which resulted in so called
“hot spots” in silicon. Russel Ohl at Bell Laboratories surmised the importance of
growing purer silicon and thus led a series of experiments synthesizing the purest
silicon ingots possible. These experiments led to the first observation of a photo-
voltage of approximately 0.5 V upon illuminating the diode with a flashlight. It is
interesting to note that these early silicon devices were due to a fortuitous distribu-
tion of boron rich and phosphorus rich impurity regions that gave rise to contiguous
p-type and n-type regions, respectively, during the growth of the silicon ingot. The
first silicon photovoltaic devices were synthesized by slicing sections of the ingot
that contained adjoining p-doped and n-doped regions followed by metallization of
the doped surfaces. These first pn barrier or pn junction silicon devices, reported by
Ohl in 1941, exhibited photovoltaic conversion efficiencies of a fraction of a per-
cent [52]. Excerpts and figures taken from Russel S. Ohl’s 1941 patent are shown
in Fig. 2.2. With the recognition that controlled synthesis was critical in advancing
device performance, major developments in the synthesis of single crystal silicon
using the Czochlralski process and thermal diffusion of dopant impurities into the
surface of silicon led to the remarkable performance of the first 6 % silicon solar cell.

These developments in the 1950s engendered enormous interest and ushered an
expectation of remarkable progress in future silicon devices. Motivated by space
applications, silicon solar cells with efficiencies of approximately 15 % under one
sun conditions were developed by the 1960s [53]. Further, spurred by the oil embargo
of the seventies, silicon photovoltaics experienced yet another surge of development
leading to record one sun efficiency of 25 % [20] and concentrated5 100 suns effi-
ciency of almost 28 % [54]. The principal developments making this possible include
a series of materials and device configurational advances that have made complete
optical absorption and photogeneration possible followed by effective separation of
the photocarriers to yield maximal potential, current density and fill factor. At the
materials level, the production of high quality single- and multi-crystalline silicon,
surface preconditioning, and control over the diffusion processes have been key. Fur-
ther, the importance of front and rear surface passivation through the reduction of
interfacial defect densities (chemical passivation) and trapped surface charge (field
passivation) have played a marked role in enhancing the open circuit potential of
the devices as well as the current density; in this context, the passivation proper-

5 Concentrated photovoltaics, attained using various optical field enhancement techniques, invari-
ably yields a higher performance cell principally attributed to the increase in the open circuit voltage
of the cell.
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“A considerable number of melts of pure silicon had 
been made up in connection with the above mentioned 
investigation. The material for some of these melts had 
been heated in a dry helium atmosphere. From each of a 
plurality of ingots resulting from some of these melts in 
helium a cylindrical rod had been cut for the purpose of 
making specific resistance measurements. Theses rods 
were about ¾ inch long and 1/8 inch diameter. The rod 
from one of these melts had been equipped with metal 
end-pieces by a rhodium plating and lead-tin soldering 
process hereinafter to be described, to provide a good 

connection for the specific resistance measurements. Such 
a measurement was being made on this rod by applicant 
when he noticed, while viewing on an oscilloscope the 
wave shape of the 60 -cycle current flowing through the 
rod, that the current in one direction was affected by light 
from an ordinary 40-watt desk lamp. A battery was then 
substituted for the 60-cycle current source and a rotating 
shutter was held between the rod and lamp to produce 20 -
cycle interruptions. A substantially square -top wave form 
was seen by applicant in the oscilloscope. Upon reduction 
and, finally, the elimination of the battery voltage the 
square- top form persisted, although at a reduced 
amplitude.

This entirely unexpected phenomenon was recognized 
as of possibly great importance in the art of light-sensitive 
electric devices and further study of this phenomenon was 
undertaken forthwith. The outcome of such study is that 
improved light-sensitive electric devices and particularly 
photo-E.M.F. cells of high sensitivity and great stability 
have been made available.”

(a) (b)

(c)

Fig. 2.2 Excerpts and figures from Russel S. Ohl’s patent on Light-Sensitive Electric Device filed in
1941. a Excerpt recounting the manner of the discovery. b An illustration of the silicon pn junction
highlighting the p (7) and n (8) regions, as well as the barrier region (9) which as described by Ohl
is “apparently the seat of the photo-E.M.F. effect”, and the contacts (12 and 13). c A plot of the
cell’s current, voltage and resistance as a function of the illumination [52]

ties of thermal oxide have been superlative. Incorporation of light trapping features
have been principally addressed through patterning/texturing of front (light-facing)
and rear surfaces, antireflective layers and back reflection coatings. Minimization of
ohmic losses through reduction of contact and line (grid and bus bar) resistances,
work function terracing, and reduction of shadowing losses have been key in the
attainment of large area crystalline silicon solar cells. Today, the crystalline sili-
con photovoltaics industry has matured to a level where commercial solar cells are
routinely produced at efficiencies typically ranging from 17 to 20+ % using silicon
wafers as thin as 150–180μm. Further, crystalline silicon photovoltaics over the
last several decades has commanded 80–90 % of the market share and accordingly
has contributed towards an estimated cumulative installed global PV capacity of
100 GWp6 as of 2012 [55].

6 GWp represents gigawatts of electricity generation under peak 1 sun (nominally 1,000 W/m2)

illumination. Photovoltaic generating capacity factors can vary from approximately 11–23 %
corresponding to moderate to very high insolation (solar irradiation) sites.
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Concurrent to the above described progress in crystalline silicon photovoltaics,
a number of alternative approaches have been proposed [56–58]. We highlight two
significant concepts the development of which have led to successful production
and deployment in the field. The first is the archetype of thin film photovoltaics
using silicon. In 1975 Spear and LeComber reported the successful enhancement
in conductivity of hydrogenated amorphous silicon (aSi:H) using diborane and
phosphine as precursor impurity doping gases in a silane plasma [59]. In 1976
David Carlson and Christopher Wronski successfully reported a thin film amor-
phous silicon solar cell with a conversion efficiency of 2.4 % [60]. Following several
years of research the importance of hydrogen passivation of gap states in amorphous
silicon was recognized as essential to the attainment of superior electronic proper-
ties. This advance led to single and multijunction hydrogenated amorphous silicon
solar cells with stabilized efficiencies exceeding 10 % [61]. Further, the successful
plasma-based growth of microcrystalline or nanocrystalline silicon thin films [62],
wherein the films contain a large fraction of crystallites of silicon in a backdrop
of hydrogenated amorphous silicon, led to the development of the all-silicon dual
junction micromorph7 solar cell—a cell concept that effectively dispenses with the
use of germanium alloying in hydrogenated amorphous silicon used to narrow the
bandgap of the absorber. Stabilized solar cell efficiencies of approximately 12–13 %
for the micromorph cell have been demonstrated wherein the role of material quality,
including film thickness and stability considerations, and light trapping features are
evidently unavoidable characteristics [63, 64].

The second is a paradigm shift in the synthesis of crystalline silicon solar cells. The
advent of amorphous silicon–crystalline silicon heterojunction has brought about the
successful synthesis of record efficiency crystalline silicon cells fabricated at tem-
peratures of less than 250 ◦C. In this approach nanometer thin films of intrinsic and
doped hydrogenated amorphous silicon are deposited directly on silicon to attain
high quality interfacial passivation and junction formation, respectively. The first
silicon heterojunction cells reported by Tanaka et al. reported conversion efficiency
exceeding 18 % using intrinsic a-Si:H [65]; more recently, an efficiency of 24.7 %
using 98μm thick c-Si has been reported by Panasonic. A host of similar hetero-
junction cell concepts have been investigated and reported by a number of other
researchers [66]. Concurrently, much research has been underway examining alter-
native passivation materials, such as hydrogenated amorphous carbon, to overcome
the unavoidable parasitic optical absorption losses of a-Si:H. Within this framework
various cell concepts have been advanced including complete low temperature syn-
thesis of back contact silicon solar cells [67, 68]. Further, alternative passivation
techniques have been explored such as hydrogen plasma treatment of the amorphous
silicon layer, the use of atomic layer deposited materials and various bilayer struc-
tures including the use offacile grown native oxideson crystalline silicon [69–72].
Moreover, the heterojunction paradigm is deemed to be a particularly viable approach
to the synthesis of economic high-efficiency ultra-thin silicon solar cells.

7 Consisting of a hydrogenated amorphous silicon pin solar cell (Eg ∼ 1.7 eV) in tandem with an
underlying microcrystalline silicon pin cell (Eg ∼ 1.1 eV).
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The foregoing synopsis illustrates the remarkable journey of silicon photovoltaics
which has undoubtedly benefitted from the well-established silicon microelectronic
industry. Notwithstanding the progress, silicon photovoltaics continues to be chal-
lenged economically and as a result much research has been underway to investigate
new incremental enhancements that can be readily integrated in existing silicon
solar cell concepts as well as explore novel approaches that may potentially leapfrog
existing technologies. It is worth noting that while further economic gains can be
made at the silicon cell level, parallel efforts in the effective vertical integration from
cell to panel to deployment in the field is essential so as to ultimately break the eco-
nomic barrier. Within this framework, there is a prevailing view that advances at the
cell level along with effective vertical integration can make this possible. Accord-
ingly, much attention has also been given to effectively harvest solar photons using
advanced photonic constructs. We now provide a selected overview of light-matter
interactions and the subsequent development of photonic structures for effective
control over the flow of light from a photovoltaic perspective.

2.2.1.1 Photonic Architectures

Historically the science of optics originates with Euclid around 300 BC [73] and
the subsequent Alexandrians Heron and Ptolemy [74] who followed him, providing
the first narrative on the laws of reflection and indicating observations of optical
aberration—notwithstanding archaeological discovery of the Nimrud rock crystal
lens that suggests optical acumen may date as far back as 750 BC among the Assyr-
ians. Almost 2 millennia later in 1621 Snell presented the law of refraction and in
1657 Fermat outlined the principle of least time that defined the path taken by a ray of
light, a principle consistent with Snell’s law8 [75]. Fresnel whose work spanned from
1816 to 1821 helped definitively establish the validity of the wave theory of light, his
crowning work showing that light is a transverse wave. Today, the Fresnel equations
provide a detailed description of the reflection and transmission or refraction of light
impinging a planar interface between media of different refractive indices—clearly
accounting for the polarization of light. Optical effects such as complete transmis-
sion of p-polarized light at the Brewster angle and total internal reflection at angles
exceeding the critical angle for light traversing from larger index to smaller index
media emerge clearly from the Fresnel equations. Further, the Fresnel equations are
the basis of studying a number of interference phenomena which include iridescence,
antireflection coatings, optical filters, and interferometers.

The observation of a range of optical effects including the generation of struc-
tural colour has drawn the attention of many researchers and observers alike. For
example, Hooke in 1665 noted that the remarkable pearly lustre of silverfish arises
due to the manifold of reflecting surfaces of the transparent scales. Newton in his
Opticks, published in 1704, described how the feathers of a bird exhibit a variety of

8 It is noteworthy that recent historical research indicates that the law of refraction was known to
Ibn Sahl prior to 984 and is accordingly credited with the discovery of the law of refraction.
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Fig. 2.3 Photonic crystals in nature. a The range of structural colours including browns in male
peacock feathers [76]. Image Michael Shake/dreamtime.com. b Structural colour in flora illustrated
by the iridescent blue in the fern-like tropical understory plants of the genus Selaginella [77]

colours when observed at different angles and attributed this to the transparency and
slenderness of these very feathers. The physical basis of these natural examples of iri-
descence was clearly recognized as interference phenomena by Thomas Young who
explained it about a century later in 1801—an important basis for the development
of wave theory. Further, this is the basis of the phenomenon of diffraction—which
is the resulting interference pattern of waves upon encountering obstacle(s)—first
observed and characterized by Grimaldi in the seventeenth century followed by Fres-
nel’s mathematical description in his 1815 publication. A few examples of photonic
crystals occurring in nature are shown in Fig. 2.3.

The first observation of an antireflective film is attributed to Fraunhofer who
discovered it by chance in 1817 as a result of tarnishing the surface of glass by nitric
acid. Subsequently, upon observing the evaporation of a film of alcohol from a glass
surface he noted that any transparent material being sufficiently thin will give rise
to colour [78]. Similar observations were also made by Lord Rayleigh and further
in his 1888 publication, On the Remarkable Phenomenon of Crystalline Reflexion
described by Prof. Stokes, Lord Rayleigh proposes that bright colours of the chlorate
of potash crystal are due to reflections at the twin planes of the crystal and that the
fully formed colours are due to the presence of a number of alternating twin planes
in the crystal [79]. These observations ultimately led Lord Rayleigh to conclude that
the observed colours were a consequence of microscopic structure and hence coining
the term structural colours. These basic studies have led to many studies examining
multi-layered dielectric thin films including the Bragg mirror.
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Fig. 2.4 Engineered photonic crystals. a Planar opal template using 855 nm spheres on a silicon
wafer [80]. b Silicon inverse opal photonic crystal, [111] facet, with a complete three-dimensional
bandgap near 1.5μm [81]

A hundred years following the first observation of a 1 dimensional stop-band—a
spectral range exhibiting large reflectivity—Yablonovitch and John published two
independent papers that served to theoretically establish the possibility of an omni-
directional stop-gap or a 3 dimensional photonic band gap [8, 9]. Similar to the
periodic potential in semiconductor crystals that give rise to the electronic band
structure, it was shown that periodic variation of the dielectric constant gives rise to a
photonic band structure that exhibit allowed and disallowed modes of propagation for
electromagnetic radiation—and hence the term photonic crystals which represents
a class of periodic dielectrics or metallo-dielectrics wherein there are alternating
regions of high and low dielectric media in one, two and/or three dimensions. Con-
sidering the diffractive basis of the physical effect, photonic crystals in the optical
region are nanostructures with periodicity of the order of a fraction of the wavelength
of light. Photonic crystals give rise to a whole host of fascinating phenomena which
include suppression of spontaneous emission, light localization, photonic band gap,
slow photons, the superprism effect, and low-loss waveguiding. A few examples of
engineered photonic crystals are shown in Fig. 2.4.

The above outline highlights the foundational developments that have served to
establish our understanding of optical and photonic phenomena which are critical
for a multitude of optoelectronic applications. We now examine some of the early
developments in silicon photovoltaics vis-à-vis optical coupling.

Paramount for the attainment of high efficiency operation in any photovoltaic
device is complete optical absorption of the supra-bandgap portion of the solar spec-
trum. Complete optical absorption is challenged by thinning of the absorber material
and exacerbated even further in indirect bandgap materials such as silicon. It is there-
fore clear that the employment of every possible technique that effectively serves to
enhance the path length of the light and hence increase the probability of its absorp-
tion is essential.

St. John reported that through roughening of the silicon surface the number of
internal reflections at the silicon-air interfaces can be increased and thus lead to light
trapping and consequent intensity enhancement [82]. While such early studies were
motivated by microelectronic applications, Redfield reported that maximizing the
number of passes directly impacts the conversion efficiency of silicon solar cells and
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accordingly multiple reflections are essential [83]. Yablonovitch and Cody using a
statistical mechanical analysis showed that maximum possible enhancement in path
length (relative to the thickness of the absorber) is 4n2 where n is the index of refrac-
tion of the weakly absorbing material such as silicon—having taken into account
all oblique angle paths (factor of 2) and reflections from the rear interface (another
factor of 2). These studies suggest that so long as the surface is sufficiently strongly
textured, random or precisely grooved, an enhancement limit of 4n2 can be
approached, which is approximately 50 for silicon [84]. Sheng, Bloch and Stepelman
subsequently report that the use of 1-D or 2-D periodic patterning can render
wavelength-selective absorption in thin film silicon [85]. Sheng et al. exemplify
that analogous to the periodic potential in a crystal that gives rise to ‘peaks’ in the
particle/electron density of states at a certain set of frequencies (otherwise referred
to as van Hove singularities) and ‘gaps’ at others, the use of periodic gratings gives
rise to a similar set of photon density of states. Through an appropriate selection of
grating parameters the resonant photon density of states can be positioned within
the optical gap of the material, effectively increasing the number of photon states
above the absorption edge albeit at the expense of the states in the neighbouring
non-absorbing region. Thus, in the absorbing region the density of states exceeds the
n2 limit and hence yielding further enhancement in light trapping.

The above described represent some of the first key studies that illustrated the enor-
mous potential of modulating the flow of light in silicon solar cells through physical
structuring of the absorbing material. A host of studies followed that investigated
the use of patterned surfaces, gratings, inverted pyramids, tilted inverted pyramids,
metallic back reflectors, introduction of dielectric interlayers between the metallic
back reflector and the silicon absorber in an effort to maximize the absorption of
the impinging solar radiation. These developments—together with advances in the
electronic design of the devices as well as enhancements in device fabrication which
have included the development of optimal passivation and effective carrier extraction
techniques—have led to record photovoltaic conversion efficiencies in crystalline sil-
icon albeit in relatively thick absorbers. Over the last couple of decades there has
been much research to further develop novel photonic constructs at the wavelength
and sub-wavelength scale so as to effectively tune spectral localization and thus attain
complete optical absorption in both thin crystalline silicon and thin film silicon solar
cells. We now examine some of these recent advances in the field.

2.3 Nano Architectures in Silicon Photovoltaics:
Recent Advances

2.3.1 Introduction

Today, state-of-the-art commercial crystalline silicon solar cells with record photo-
voltaic efficiencies in the 22–24 % range have silicon wafer thicknesses in the range
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Fig. 2.5 The absorption length of crystalline silicon juxtaposed against the AM1.5G solar irra-
diance. The blue, green, and red coloured regions indicate the region with the highest optical
absorption, the region with the highest solar irradiance, and the region with absorptions lengths in
excess of 100μm, respectively [86]

of 100–150μm. While this is a remarkable achievement in relation to the founda-
tional developments by Russel Ohl in 1941, recognition of the potential of developing
silicon9 solar cells with comparable efficiencies but some two orders of magnitude
thinner has driven research towards the pursuit of a myriad of nano-photonic and
plasmonic paradigms. An essential characteristic of this quest is efficacious light
trapping and optical absorption so as to attain the ultimate photogenerated charge
density and hence conversion efficiency; this is well illustrated in Fig. 2.5 which con-
trasts the absorption length in crystalline silicon against the AM1.5 solar spectrum.

Much of the research over the last decade has been optical in nature and hence
independent of the electrical requirements of the device. Nonetheless, integrated
designs have also been investigated and inevitably reveal the magnitude of the chal-
lenge. In the following sections we provide a selected overview of some of the recent
advances in the field of crystalline silicon and amorphous silicon photonic crystal
photovoltaics.

2.3.1.1 Photonic Crystals

The term ‘photonic crystal’ was coined to reflect the analogous behaviour of electro-
magnetic waves in three-dimensional periodic dielectric structures [8, 9] with that of
electron waves in three-dimensional periodic potentials [87, 88]. Some of the earliest
studies in photonic crystals were motivated by the objective of developing photonic
bandgap materials that would permit control over radiative emission and light local-
ization and thus usher an era of the three-dimensional all-optical micro-chip —the

9 As well as other photovoltaic materials.
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light computer [10, 89, 90]. These studies, in addition to the existing foundation of
spectrally selective interference filters or Bragg stacks, spurred research into nano-
structured silicon photonic crystal photovoltaics [91–94]. Within this framework,
photonic crystals can be employed in photovoltaic cells in a variety of ways which
can be principally divided into two categories. First, where the photonic crystal is out-
side the photoactive region and serves the function of omni-directional reflection and
diffraction of quasi guided-modes into the unpatterned silicon absorber; examples of
this application include back-reflector and intermediate reflectors. And second, the
photoactive region is patterned into a photonic crystal itself so as to couple light into
the quasi-guided modes within the absorber. Both approaches serve to enhance light
intensity and hence photoabsorption [95].

2.3.1.2 Photonic Crystals in Crystalline Silicon PV

One of the early theoretical studies reporting on the use of photonic crystals in
thin crystalline silicon (c-Si) solar cells by Bermel et al. [38] show that the use
of nano-structured elements effect wave-optic light-trapping mechanisms which in
contrast to geometric optics can be effectively tuned to enhance absorption in the
near infrared part of the spectrum where the absorption coefficient in silicon is low
owing to its indirect-gap band structure. Three cell concepts based on 2μm thick
c-Si are considered, as shown in Fig. 2.6. All cell structures consist of the silicon
absorber and an anti-reflective coating on the front light-facing side, while the rear
surfaces of the cells are structured with different back reflectors. In Fig. 2.6a the
back reflector consists of a distributed Bragg reflector (DBR) comprising of ten
thick bi-layers of c-Si and SiO2 having indices of 3.5 and 1.5, respectively, with a
period of 150 nm. The DBR parameters are chosen so as to reflect strongly in the
near-IR. The overall cell efficiency is reported to be 12.44 % which is comparable
to that with a plain aluminum back reflector of 12.72 %. In contrast, in the second
design shown in Fig. 2.6b a 1D grating is introduced in the low-index SiO2 layer
immediately adjacent to the c-Si absorber. In addition to reflection, the grating serves
to introduce diffractive modes into the absorber and hence extend the path length
of the light. Optimization of the structure leads to an eight bilayer DBR having a
period of 165 nm and a 1D grating with a period of 264 nm and etch depth of 67 nm
for a 2μm thick c-Si absorber, and hence a conversion efficiency of 15.42 %. The
enhancement in absorption in c-Si absorbers ranging from 2 to 32μm in thickness are
shown in Fig. 2.6d. As expected, the enhancement is most significant for the thinnest
absorber layer, attaining an almost 5-fold increase in the near-IR absorption. The third
design, shown in Fig. 2.6c, replaces the back reflector with an inverse opal photonic
crystal comprising the absorber material itself.10 In this case not only are reflection

10 An opaline structure consists of silica spheres appropriately close-packed to form a crystalline
lattice, while an inverse opal architecture comprises the interstices of the opaline structure appro-
priately filled with a suitable dielectric material (wherein the spherical volume associated with the
opal form the void with relative permittivity of 1).
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Fig. 2.6 Solar cell structures consisting of crystalline silicon absorber, an antireflective coating on
the light facing side, and three different back reflectors. a Back reflector consisting of a distributed
Bragg reflector. b Back reflector comprising a DBR and a 1D grating. c Back reflector comprising
an inverse opal photonic crystal containing a triangular lattice of air holes. d Enhancement in the
spectral absorption as a result of introducing a 1D grating into a DBR for c-Si absorber thicknesses
ranging from 2 to 32μm [38]

and diffractive modes contributing to photogeneration, but additional modes that
penetrate into the photonic crystal absorber also contribute to the overall absorption.
In this instance, the optimized efficiency is 15.73 % with 8 periods. It is worth noting
that introduction of an optimized 2D grating however leads to an efficiency of 16.32 %
with a 4 bilayer DBR; this structure is referred to as a textured photonic crystal back
reflector where the DBR is a 1D photonic crystal. Zeng et al. fabricated a 5 mm thick
c-Si photovoltaic device and showed a short circuit current density enhancement of
19 % compared to a 28 % scattering matrix method prediction [96].

In a similar vein, O’Brien et al. [40] demonstrated the use of an opaline photonic
crystal (PC) as a back-reflector to enhance the photoabsorption in thin film amorphous
silicon (Fig. 2.7a). Through variation of the diameter of silica spheres, ranging from
190 to 343 nm, the [111] stop-gap is tuned from its centered value of λ = 410 nm to
λ = 740 nm; the opaline photonic crystal has a narrow stopgap of �ω/ω of 5.5 %
in this direction between the second and third photonic bands. For a 250 nm thick
amorphous silicon film an enhancement of 2.5 is observed compared to a scalar wave
approximation (SWA) value of 3 (Fig. 2.7b). Further, it is shown that strong resonant
modes exist within and outside of the stopgap which occur due to scattering at the
photonic crystal surface and that these planar resonant modes propagate along the
plane of the film and thus enhance absorption. In a subsequent study, O’Brien et al.
[42] report on a similar opaline photonic crystal back reflector adjoining a 10μm
thick crystalline silicon wafer and show a 1.5 fold enhancement in absorption. In
this study they also show that the introduction of an intervening electronic element,
such as a transparent conducting oxide, in aid of creating a complete photovoltaic
device very quickly diminishes the optical benefits of a contiguous photonic crystal
back reflector (Fig. 2.7c), thus calling for the need of structuring the conducting
back-contact itself in the form of a photonic crystal.

Chutinan et al. [97] investigated the prospect of configuring thin crystalline silicon
solar cells such that the absorbing layer is a photonic crystal. The study considers
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Fig. 2.7 Photonic crystal back reflectors on thin silicon absorbers. a Opaline photonic crystal on
250 nm thin a-Si:H film [40]. b Enhancement in the photoconductivity of the PC-a-Si:H construct
(d is the opal diameter, black curve is the scalar wave approximation (SWA), and red curve is the
finite-difference time-domain (FDTD) calculation) [40]. c An illustration of the loss in absorption
enhancement due to the presence of an intervening indium tin oxide (ITO) layer between the c-Si
absorber and PC back reflector [42]

crystalline silicon layers as thin as 2μm such that the volume of silicon is maintained
constant for each cell design for a given thickness. As a reference, optimal standard
cell designs are evaluated where the cell comprises an antireflective coating on the
light facing (front) side and a grating on the back side along with a perfect back
reflector. The 2D photonic crystal cell architecture consists of a square lattice of
square silicon rods in an air background (Fig. 2.8a); further, the light facing side has
an appropriate light coupler (to couple the incoming light into the photonic crystal).
In addition, as in the reference cell, the frontside has an antireflective coating and
the backside has a grating and a perfect back reflector. The cell efficiencies of the
photonic crystal designs are shown to exceed the standard designs with the greatest
increase realized for the 2μm case—the PC design showing an overall efficiency
increase of 11 % over the standard design.

Mallick et al. [98] also investigated 2D silicon photonic crystal architectures albeit
with an even thinner crystalline silicon thickness of 400 nm. The design consists of
a double layer silicon photonic crystal architecture (Fig. 2.8b). The active double
layer has an antireflection coating on the front side and a 400 nm thick SiO2 layer
on the back side, along with a metal layer that ensures double-pass reflection. A
square lattice of cylindrical holes are introduced in the double layer 2D PC; the top
layer has a set of holes which are smaller in diameter relative to those in the bottom
layer, thus providing a greater degree of freedom in attaining an optimal design. The
antireflective coating on the top along with the upper layer PC is also perforated. The
optimal structure exhibits an average enhancement in absorption of approximately
2.5 compared to a standard flat cell with equivalent volume of c-Si when averaged
over all angles; the maximum achievable photocurrent density increases 3.1 fold
from 7.1 to 21.8 mA/cm2 in comparison to the Yablonovitch limit of 26.5 mA/cm2.
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Fig. 2.8 Silicon photonic crystal absorbers. a 2D PC square lattice of square rods [97]. b 2D double
layer photonic crystal lattice of holes [98]. c Radius-modulated nanowire integrating nanocones for
antireflection, cubic photonic crystal for parallel interface refraction, and photonic back reflector [86]

Demesy et al. [86] have recently reported a silicon nanowire photonic crystal archi-
tecture that through nanostructuring integrates the optical effects of antireflection,
light trapping and back reflection (Fig. 2.8c). Using a 1μm thick crystalline silicon
layer, the active region is shaped into a 3D simple-cubic photonic crystal consisting
of radius-modulated silicon nanowires embedded within SiO2 and placed on a quartz
substrate. The top of the nanowires facing the incoming light are conical in shape
with a linear change in radius wherein the nanocones provide effective broadband
coupling of the incident light as well as good absorption at short wavelengths. The
mid-section of the nanowire is a simple cubic photonic crystal that exhibits effective
light trapping owing to parallel interface refraction resonances [99], deflecting light
laterally into slow group velocity modes, thus leading to up to 150 fold enhance-
ment in light intensity. The bottom section of the nanowire is shaped to create a 1D
photonic back reflector. The modulated silicon nanowire photonic crystal structure
is shown to trap and absorb approximately 75 % of the incident solar radiation in
the 400–1,200 nm range. In a subsequent study, Deinega et al. [100] investigate this
architecture for optimal junction and contact geometries, having solved Maxwell’s
equations and the continuity-transport equations, and show a 20 % enhancement in
conversion efficiency compared to an equivalent volume of plain silicon.

In concluding this section it is important to note that while the above investigations
highlight the salient aspects of integrating photonic crystals in silicon photovoltaics,
there is an enormous body of recent allied research that is worthy of mention. We
direct the interested readers to a selected set of publications in the open literature
including some of the earliest research into coherent scattering of light in photo-
voltaics [101–105]. Moreover, we also point the readers to a body of research on
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patterning of silicon surfaces including recent forays into nano-structuring where
wave-optic light coupling techniques are being explored to effect light trapping in
silicon PV [106–111].

2.3.1.3 Photonic Crystals in Thin Film Silicon PV

In contrast to crystalline silicon photovoltaics, which is a predominantly wafer based
platform, thin film silicon photovoltaics is an essentially bottom-up low-temperature
synthesis approach encompassing single and multiple junction hydrogenated amor-
phous silicon solar cells as well as the so-called dual-junction micromorph cell.
Amicromorph cell consists of a hydrogenated amorphous silicon (a-Si:H) top-cell
with a bandgap of ∼1.7 eV and a micro/nano-crystalline silicon (μc-Si:H) bottom-
cell with a bandgap of ∼1.1 eV. The all-silicon micromorph thin film cell11 has the
potential of attaining the near-term target of a stabilized photovoltaic conversion effi-
ciency exceeding 15 %, however, effective light harvesting and device engineering
are required; it is noteworthy that theoretical efficiencies are predicted to be at least
a factor of two higher [112].

The thin film micromorph device consists of the a-Si:H and μc-Si:H cells con-
nected in series such that the output voltage of the micromorph is the sum of its two
individual component cells. An essential requirement for optimal energy conversion
in such multi-junction cells is matched cell current densities. The micromorph cells
are top-limited, that is, their output is limited by the relatively lower current density
generated in the top a-Si:H cell as compared to the higher current density generated
by the bottom μc-Si:H based cell. While the top cell current density can be amplified
by increasing its cell thickness, a thicker a-Si:H cell inevitably suffers from light
induced degradation as a result of the Staebler-Wronski effect (SWE) and associ-
ated drop in the internal electric field intensity. Light trapping schemes have been
implemented to increase photon absorption in the upper a-Si:H cell.

One commonly used strategy is to deposit a transparent conducting oxide (TCO)
layer between the a-Si:H and μc-Si:H junctions. In this configuration the TCO layer
acts as an intermediate reflector (IR), ideally causing Fabry-Perot oscillations that
return incident photons of energy greater than ∼1.7 eV to the a-Si:H cell in order to
enhance the current generated in the upper cell while transmitting photons of lesser
energy to the underlying μc-Si:H cell.

A variety of materials and structures as possible alternatives for the fabrication
of effective intermediate reflectors (IRs) have recently been investigated. Asymmet-
rically textured ZnO IRs, wherein the top surface has feature sizes of ∼300 nm to
efficiently scatter blue-green light while the bottom surface has larger features to

11 ‘All-silicon’ emphasizes the intrinsic hydrogenated amorphous silicon and intrinsic microcrys-
talline silicon absorber layers in the top and bottom cells, respectively, and the fact that there is
typically no germanium alloying for bandgap engineering. The occlusion of germanium in amor-
phous silicon has been used to successfully fabricate triple-junction thin film amorphous Si cells;
however this approach is fraught with a whole host of challenges and the micromorph is deemed to
be a more promising alternative.
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Fig. 2.9 Three dimensional photonic crystal intermediate reflector in the micromorph cell.
a Schematic diagrams of the standard micromorph cell without an intermediate reflector and with
an inverted opal photonic crystal intermediate reflector [44]. b Spectral reflectance profile of the
inverted ZnO opal contrasted against the reflectance spectra of PMMA opaline PC and the PMMA
composite wherein the interspaces are infiltrated with ZnO [41]

scatter red light, have been used to fabricate 11.2 % (initial) efficient micromorph
cells on flexible plastic substrates [113]. Another approach has been to fabricate
micromorph cells with doped silicon oxide IRs (SOIRs), motivated by the advantage
of being able to deposit SOIRs in one and the same reactor as the micromorph cell
itself; first cell with conversion efficiency of 12.2 % (initial) has been reported [114].

More recently, Bielawny et al. have proposed the utilization of three-dimensional
photonic crystal IRs in the form of inverted aluminum doped zinc oxide (ZnO:Al)
opals [41, 44, 93]. The 3D PC IR in a micromorph cell is illustrated in Fig. 2.9a.
The top a-Si:H cell is grown conformally over the textured TCO on glass substrate
followed by the synthesis of the inverted ZnO:Al opaline PC. The bottom μc-Si:H
cell and a back contact which doubles as an optical reflector are deposited subse-
quently to complete the device fabrication. Typical measured spectral reflectance
for the inverted ZnO:Al opal is shown in Fig. 2.9b, indicating the potential of high
broadband enhancement in light trapping. The measured reflectance spectra for poly-
methyl-metacrylate (PMMA) and PMMA-ZnO:Al composite are also shown and
suggest the PC synthesis process steps. Detailed analysis have shown that the PC
provides photonic stop gap reflectance as well as diffractive modes, resulting in the
overall enhancement of the photocurrent density in the top cell. Experimentally, an
enhancement in the short circuit current density of the amorphous silicon top cell
of 24.5 % has been reported which compares well with the theoretical prediction of
28 %.

In contrast, O’Brien et al. have carried out a comparative investigation of photonic
crystal intermediate reflectors utilizing μc-Si/ZnO Bragg-reflector constructs and
ZnO inverted opals in micromorph cells [115]. The cell configurations with the μc-
Si/ZnO Bragg-reflector and ZnO inverted opal intermediate reflectors are shown
in Fig. 2.10a, b, respectively. The top a-Si:H cell is 100 nm thick while the bottom
microcrystalline cell is infinitely thick; use of a 2μm thick μc-Si:H cell shows only
a 1 % relative increase in the top cell current. The absorption/reflectance profiles for
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Fig. 2.10 Micromorph cells utilizing photonic crystals as intermediate reflectors. a Schematic
diagrams of micromorph cells using a ZnO/μc-Si:H Bragg-reflector IR (a) and a ZnO inverted opal
IR (b). Absorption and reflection profiles for the two cell configurations are shown in (c) and (d),
respectively. The absorption spectrum for the top 100 nm thick a-Si:H cell in a reference micromorph
tandem cell without an IR is shown as a solid grey line in (c) and (d). The absorption spectra for the
top 100 nm thick a-Si:H in cells (a) and (b) are shown as solid black lines in (c) and (d), respectively.
The absorption in the PCs and the underlying μc-Si:H cells are shown as the dotted and dashed
black lines, respectively. The reflectance from a three and half bilayer ZnO/μc-Si:H Bragg-reflector
and reflectance from a 13-layered ZnO inverted opal reflector, similar to configurations where the
medium above and below the reflector is air and μc-Si:H, respectively, are plotted as dotted grey
lines, respectively; absorption of the IRs in these reflectance spectra have been neglected in order
to emphasize their reflectance peaks [115]

the μc-Si/ZnO Bragg-reflector and ZnO inverted opal IR based micromorph cells
are shown in Fig. 2.10c, d, respectively. Both cell configurations indicate enhanced
absorption in the top cell relative to that in a reference micromorph cell without an IR.
The μc-Si/ZnO Bragg-reflector IR based micromorph cell indicates a 20 % increase
in the top cell current while the ZnO inverted opal IR based micromorph cell shows a
13 % increase in its top cell current. The larger increase with the Bragg IR based cell
is due to its larger stop-gap (evident by reflectance of the PC IRs represented by the
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Fig. 2.11 Reflectance/transmittance spectra of 1D selectively transparent and conducting pho-
tonic crystals synthesized from bilayers of nanoparticle and transparent conducting oxide films.
a Reflectance spectra, and corresponding photographs, of red, yellow and green STCPCs with
Bragg peak’s at approximately 670, 580 and 520 nm, respectively; these STCPCs were fabricated
using antinomy tin oxide nanoparticles and indium tin oxide films. b Reflectance (solid) and trans-
mittance (dashed) spectra of 5 bilayer STCPCs having equivalent ITO film thicknesses of 85, 90
and 100 nm; SEM cross-sectional viewgraphs of STCPS with 85 and 100 nm thicknesses are shown
above the plot [43, 45]

grey dotted lines in Fig. 2.10c, d with �ω/ω of ∼45 % for the Bragg and ∼14 % for
the opal IRs, respectively), the Bragg IR being optically thinner, and the opaline IR
exhibiting greater absorption losses. Specifically, the Bragg IR micromorph shows
a photogenerated current density of 13.8 mA/cm2 in the top cell and 14.9 mA/cm2

in the bottom cell.
More recently O’Brien et al. have reported the development of conducting

photonic crystals, also known as selectively transparent and conducting photonic
crystal (STCPC), amenable to a variety of optoelectronic devices including silicon
micromorph solar cells [43]. The 1D STCPCs consist of bilayers of sub-wavelength
nanoparticles and transparent conducting films each of the order of 100 nm in thick-
ness which together provide the index contrast and an electrically continuous struc-
ture. In their first report, the STCPCs specifically consisted of 25 nm antimony tin
oxide (ATO) nanoparticle films and sputtered indium tin oxide (ITO) films. The
reflectance spectra of these STCPCs are shown in Fig. 2.11a, illustrating the wide
band tunability of these conducting photonic crystals that have sheet resistances of
less than 88 �/� and 55 �/� for 3.5 and 5.5 bilayers, respectively. In a subsequent
development, the properties of the STCPCs are improved further through the uti-
lization of 10 nm silica nanoparticles which serve to increase the index contrast as
well as overcome the parasitic absorption losses in the ATO nanoparticles [45]. The
reflectance spectra of these silica nanoparticle STCPCs, shown in Fig. 2.11b, indicate
peak transmissivities of 95 % with significantly wider reflection bands that are easily
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Fig. 2.12 a Schematic diagram of the micromorph cells with different intermediate reflectors
examined using the scattering matrix method. The reference case has no IR while cases 2–4 consist
of an ITO film IR, silica nanoparticle film IR, and STCPC IR, respectively. The SEM cross-sectional
view corresponding to case 4 illustrates the planarizing effect of the silica nanoparticles; in this
figure, 1 is the textured TCO, 2 is the 150 nm thick a-Si:H film, 3 is the conformal 50 nm thick
ITO film, 4 points to the ITO films within the STCPC and 5 points to the silica nanoparticle films
also within the STCPC. b Summary of the short-circuit current densities in the top a-Si:H cell and
the bottom μc-Si:H cell for AM1.5 illumination at normal incidence and at 45◦ from the normal
corresponding to the different cases illustrated in (a). c The top cell short circuit current densities
as a function of the angle of incidence for micromorph cells with different STCPC IRs [45]

tuned. Further, contrary to conventional wisdom, the electrical conductivity of these
films is even greater with sheet resistance of 15 �/� for 5.5 bilayer structures; the
development of a continuous electrical pathway is attributed to infiltration and per-
colation of ITO in the interstices of the essentially close-packed silica nanoparticle
films and any shunts due to imperfections/holes in the nanoparticle films.

Integration of these STCPCs as intermediate reflectors in micromorph cells have
been investigated using the scattering matrix method and compared against the refer-
ence cases of no intermediate reflector, an ITO thin film IR and a silica nanoparticle
film IR. A schematic of the four cases is shown in Fig. 2.12a and a corresponding
summary of the photogenerated current densities is shown in Fig. 2.12b. Incorpora-
tion of STCPC IRs leads to photocurrent density enhancements in top cell, relative to
the case of no IR, of 15.3, 20.3 and 21.4 % for 1, 3 and 5 bilayer STCPCs, respectively,
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where the Bragg peak is at 560 nm and the 1 sun illumination is at normal incidence.
Photocurrent enhancements are also evident for off-normal incidence of 45◦ and in
particular the enhancement is equally large for STCPCs tuned with a Bragg peak
at 620 nm. The photocurrent densities in the top cell as a function of the incidence
angle, for STCPCs with the two Bragg peaks, are shown in Fig. 2.12c; the curves
indicate the ability to tune STCPCs to attain directionally-invariant enhancement.
It is also interesting to observe the planarizing effect of the STCPC (see Fig. 2.12a,
case 4); specifically, the silica nanoparticles fill the texture in the underlying TCO
on the glass substrate and thus present a much smoother surface for the growth of
microcrystalline silicon with potentially ameliorative implications.

The above presentation highlights some of the recent efforts to integrate photonic
crystals in thin film silicon photovoltaics. As in the crystalline silicon case, signifi-
cant research into various surface patterning constructs to effect light trapping have
been carried out and we direct the interested reader to a selected set of articles in
this body of literature [116–119]. We also point the interested reader toward allied
integration of photonic crystals and nanostructures in other photovoltaic material
systems [120–123].

2.4 Future Outlook

The remarkable surge of fundamental research activity in the field of nanostructured
materials over the last decade coupled with the effort to apply these emerging basic
insights to photovoltaics bodes favourably for the ultimate attainment of versatile
and economic generation of solar electricity. Ground breaking research activities in
plasmonic metamaterials, use of topology optimization techniques based on genetic
algorithms, and the drive towards monolithic integration is expected to create an
exciting future for a range of photovoltaic materials including silicon [124–126]. It
is anticipated that silicon will continue to evolve in its applicability with new advances
in science and technology considering its obvious advantages, mature manufacturing
platform and its abundance.
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