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Chapter

Periodic Nanophotonic
Structures-Based Light
Management for Solar Energy
Harvesting

Nikhil Deep Gupta

Abstract

Solar energy has always been an obvious choice for solving the energy issues for
the humans for centuries. The two most popular choices, out of many, to har-
ness this infinite source of energy are: solar cells and photoelectrochemical cells.
Although both these techniques are quite attractive, they have inherent limitations
for tapping all of the incident photons. Maximizing the absorption of incident
photons to produce maximum possible electrical output is always the main impetus
for the researchers working to streamline these two techniques and making them
compatible with existing sources of electrical energy. It has been well established
that the light trapping in the solar cells and photoelectrochemical cells can play a
vital role in improving their performance. To design light harvesting structures
for both these applications, periodic nanophotonic structures have demonstrated
stupendous results and shown that they have the real potential to enhance their per-
formance. The chapter, in this regard, presents and reviews the current and histori-
cal aspects of the light harvesting structures for these two interesting applications
and also discusses about the future of the research to further the performance of
these large-area solar-to-electrical conversion transducers.

Keywords: periodic nanophotonic structures, solar cells, photoelectrochemical cells,
photonic band gap, diffraction grating

1. Introduction

As per the United Nations Foundation report [1], one of the major crises the
world currently is facing is the climate change and sustainable energy solution. For
sustainable development and to curb climate-related problems and at the same time
for catering to the ever-increasing energy demands of the humans, more and more
countries are shifting toward renewable energy sources. The factor, in turn, drives
the development for the future access to affordable and sustainable energy through
investment in the efficient renewable energy programs, such as Jawaharlal Nehru
National Solar Mission program [2] in India, which is one of the largest programs
currently running in the world for renewable energy expansion.

Most part of the world is poised to have the solar energy available and that too
for maximum part of the year. Also, it is an infinite source of energy that is freely
available and that too without causing any environment adversaries. The energy
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from the sun plays the most important role in the sustenance of life on the earth
as almost all the energy sources available here are inherent from the heat and
light of the sun itself, either directly or indirectly. The solar energy is being in use
from thousands of years through various ways. Still, this vast source of energy is
underutilized and, thus, novel and innovative practices are required to harness
this unending source of energy. The total solar energy received on the surface of
the earth is accounted to about 3,850,000 E]/year [3] and it is more than twice the
total energy that can be ever gained from all of the earth’s nonrenewable energy
resources combined. Hence, harnessing the solar energy for the betterment of the
society has always attracted the researchers.

To tap the solar energy, many applications are being done, starting from the
solar thermal innovations to the solar photovoltaics applications. Out of them,
direct conversion of the solar incidence to the electrical energy is one of the promi-
nent reasons for the immense increase in the popularity of the solar energy related
applications. Two of the most prominent techniques that directly convert the solar
energy into the electrical energy are the solar cells (SCs) and the photoelectro-
chemical cells (PECs). The research and innovations in these optoelectronic devices
have regained interest during the last two decades or so, on account of their proven
capability to effectively harness the solar energy. The task is to make them compat-
ible and competitive with the available energy resources.

A simplistic design of a complete SC is shown in Figure 1. The principle of
operation of SC is well known for years [4], and they can work satisfactory for long
without much requirement of maintenance. The operation of a SC can be summed
up in three processes that include carrier generation upon incidence of light, carrier
separation, and carrier collection at the outer electrodes [4]. The generation of
charge carriers occurs in the active region, which is of the materials, which on
absorption of a photon generate electron-hole pairs. The absorption in the active
material is only responsible for the useful charge carrier generation. These gener-
ated charge carriers are then separated because of a built-in electric field provided
through designs such as p-n junction and then are effectively collected at the outer
electrodes.

The reflections from the top account for more than 30% of the losses from a SC.
To reduce these reflections, an antireflection coating (ARC) is placed at the top as
an integral part of the design of a SC. On the other front, to reduce the transmission
of the unabsorbed photons from the active layer (AL), back reflectors (BRs) are
being employed to reflect back these unattended photons. Commonly, both ARC
and BR are considered as a part of light management schemes (LMSs) for the SC.
Although, the incorporation of LMS increases the cost and complexity of
the overall device, the performance enhancement that they provide helps to reduce
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the final cost-to-efficiency (CE) ratio of these devices. The LMS structures play a
very critical role in the SC designs and are becoming even more crucial with the
reducing thickness of the ALs in the novel designs.

On the other hand, solar-to-electricity conversion through chemical route
using PEC process is also becoming significant due to its capability of long-term
energy storage without adversely affecting the environment. PEC uses to generate
hydrogen through water splitting using solar energy, also commonly known as
photo-electrolysis. The created free hydrogen due to photo-electrolysis can then
be utilized for various applications. In a commonly used PEC design, there are
two electrodes, namely, a working photo-anode and a counter metal-electrode as
shown in Figure 2 (although three electrodes’ design is also being used, with the
third electrode known as reference electrode). The photo-anode acts as a photocat-
alyst that absorbs the photons from the solar flux incident on it and creates charge
carriers. Then, these carriers move to the opposite polarity electrodes that leads to
the generation of the electrical energy.

In both of the abovementioned energy harvesting operations using optoelec-
tronic devices, the main aspect that one looks toward to define their quantitative
performance is their photo-conversion efficiency (PCE). The recent past has
observed a considerable improvement in the PCE for these devices. In the case of
SC, this pace of increase in the PCE is even faster as compared to PEC. For a crystal-
line Si-SC, the efficiency has almost reached to the limiting values [5, 6], whereas
for PEC the efficiency is well under 20% [7]. However, there is still a gap that is
required to be filled before these devices can certainly overtake their conventional
energy counterparts. One of the most important parameters that affects these
devices’ mass acceptance is their CE ratio.

To reduce the CE ratio, it is obvious that either one has to reduce the cost of
design or increase the PCE, or one can target both. One of the ways to reduce cost
is to go for thin film technologies for design. However, it has a trade-off as such
designs adversely affect the PCE. In order to compensate for the losses incurred,
one of the time-tested methods is the use of LMS. The chapter is devoted to the
discussions related to the design and innovations for the LMS for these solar energy
harvesting optoelectronic devices. The LMS makes it possible for both SC and PCE
structures to notably improve their PCE. Nanophotonics structures are playing a
very crucial and successful role in designing LMS, and it has been demonstrated
through several studies that they have a realistic potential to make these devices to
work at their limiting values or can even go beyond that.

The chapter is organized as follows: Section 2 discusses about the need for LMS
for solar optoelectronic devices. The role that periodic nanophotonic structures can
play is discussed in Section 3. That section also deals with the recent advancements

Metal Counter
Electrode

Semiconductor
Photoanode

Figure 2.
A basic structure of a photoelectrochemical cell with two electrodes.
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and innovations related to LMS in the field of SC and PEC, respectively. Section 4
discusses the present challenges and future perspective related to the mentioned
optoelectronics devices followed by concluding remarks.

2. Need of light management for solar optoelectronic devices

From past few decades, it has been demonstrated that the thin film (TF)
technologies have the reasonable capability to perform the operation of optoelec-
tronics solar energy harvester (OSEH) with an additional advantages of low cost,
lightweight, flexibility, comparatively easier fabrication processing, and higher
production throughput [8]. To make the CE ratio of these OSEH comparable with
the existing technologies, the ALs’ thicknesses used in these devices are becoming
thinner and thinner, as it can check the design cost. Although, the reduction in the
thickness of ALs control the overall design cost, the final device has to compromise
with the PCE, as with reduction in thickness, the number of photons that can be
absorbed in an AL are also get restricted [4, 9]. The restriction is due to the fact that
each material has its own absorption coefficient that dictates the incident photons’
absorption within its layer’s specified thickness, and if the material thickness is
lesser than that, the photon remains unattended and can pass through the device
unabsorbed without any useful contribution. In other words, the photon gets
wasted in such a case.

Hence, a large part of the incident spectrum has wasted because of this
incomplete absorption. Together with the loss due to limited thickness of the AL,
there are also major losses due to reflections from the top surface as well as due to
recombination, including others. In such circumstances, to curb these losses and
increase the useful absorption of the otherwise lost photons is utmost required to
improve PCE of these devices. To enhance the absorption, the most practical and
profoundly used technique is light management structure. LMS is the process to
effectively couple the incident photon to the AL and make it possible for the layer
to successfully absorb it and contribute to the useful charge carrier generation. As
the focus of the LMS is to make it possible for an incident photon to be effectively
get absorbed within the active material, LMS can be designed in combinations
with the ALs in various ways depending upon the material used and the applica-
tion requirement [10, 11].

The use of ARC at the top of the SC and PEC designs is a part of a LMS, where
the main task of ARC is to reduce reflections from the top that arises due to the
sudden variation of the refractive index from the incident medium to the absorbing
medium. ARC, thus, requires to serve the purpose of index matching for the incident
light with the absorbing layers and increase useful absorption of photons [4, 9]. ARC
in a simpler design can be carved out as a single planar layer whereas its performance
can be improved with the incorporation of multiple layers to provide gradual change
in refractive index [12, 13]. In all, the ARC structure must have negligible reflec-
tions with insignificant absorption for the incident spectrum. However, practically
observing such a property out of the planar ARC design that can achieve supreme
coupling without losses throughout the incident spectrum, and ultimately restricts
the outward movement of coupled photons from it through oblique escape angles, is
really challenging [9]. For planar ARC, there is a need to appropriately find an opti-
mized central wavelength, A, to get relatively low reflections around the prioritized
wavelength range. A planar ARC has almost zero reflections at A..

The thickness of the planar ARC design (T, ) can be optimized with value of
A as it is equal to the quarter of the central wavelength. Considering #,,. asthe
refractive index of the single planar ARC layer, mathematically T,.. is given as
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In contrast, LMS when design at the back of the ALs or when ALs in itself are
being used as the LMS, they are intended for increasing the optical path length
of the coupled incident photons, virtually through diffraction or scattering in the
desired directions, so that they can be absorbed within the limited AL thickness
[14, 15]. In such cases, the LMS design is focused for trapping photons that require
absorption depth more than the AL thickness to be successfully absorbed in it.
The absorption depth requires to tap a photon of certain wavelength depends upon
the absorption coefficient of the active material used [4]. The relation between the
absorption coefficient, o, and incident photon wavelength, A is given as:

o =47k/, 2)

Here, k denotes the materials’ refractive index’ imaginary part. The absorption
depth requires to absorb a particular wavelength photon is given by the inverse of
the absorption coefficient. It is clear from the Eq. (2) that as the incident photon
wavelength increases, the absorption coefficient decreases and in turn compara-
tively thicker layers are required to absorb these photons. So, materials with high
absorption coefficients should be more preferred for better absorption of incident
photons with less thickness. However, for keeping the CE ratio to a lowest possible
side and also for creating flexible structures, the thickness of the AL is always kept
less than the required thickness for absorbing the possible highest wavelength
photons. The case is even worse for Si, the most preferred material for designing SC,
as it has very low « values near to its band edge.

In the case of PEC designs, the LMS has an another important role to play.

For PEC devices, from last decade or so, Group-III nitride materials, such as
In,Ga; _«N, have emerged as the leading source for designing photo-electrodes. It is
due to the possibility to tune their bandgap over the large wavelength range (from
3.4 to 0.65 eV) (depending upon the concentration of Indium in GaN) [16-18].
With the possibility of tuning the bandgap, the In,Ga; _ N materials seems to have
the potential to provide full spectrum operations. Other favorable properties of
group-III nitride materials for PEC devices include sufficiently good irradiation
resistance chemical tolerance, thermal stability, carrier mobility, direct bandgap
property with significantly high absorption coefficient even near to the band

edge that make them suitable and a preferred choice over metal oxides for PEC
operations [19-21].

Although, In,Ga; _ ;N seems to be a best fit for the PEC devices, the main
limitation is the thickness of its good quality epitaxial film that can be grown over
the substrate. This remains one of the unsolved queries for In,Ga; _ {N, because of
which even with many favorable optoelectronics properties, still InyGa; - y\N-based
designs are not prevalent especially for SC applications. In,Ga; _ (N material is
basically grown on different kind of substrates that always has a lattice mismatch
(sapphire is typically the preferred substrate material for growing IIl-nitride
materials) [22]. To tune the bandgap of In,Ga; _ 4N to absorb maximum incident
solar spectrum, it is required to increase the In incorporation, but with increase in
In composition, the quality of grown film degrades. This is due to the increase in
defect densities with increase in In incorporation, and in turn, puts a halt on the
PCE possible from the In,Ga; - \N-based devices [23]. In such a case, LMS as a BR
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becomes crucial, as it is a support structure that can make the design to achieve high
absorption even with limited thickness of active layer with limited In content.
Designing an ideal low loss BR with a planar metallic layer [24] that can
perform equal reflections throughout the desired range of wavelengths is a
tedious task and practically is not able to achieve even half of the limiting values
[25]. Theoretically, it is possible to achieve an enhancement of 4n” in absorption
with an ideal LMS (where # denotes refractive index of the active material) [25].
However, with the planar LMS design the limiting values has not been achieved
till date because of several factors such as the intrinsic losses from surface plas-
mon modes generated at the granular metal-dielectric interface [26]. Due to
the inherent limitations in absorption enhancement that planar LMS achieve,
it becomes imperative for the researchers to look toward the design of low loss,
near-to-ideal LMS that can let the development of the OSEH that can work near
to the limiting values [6] to get maximum output from the incident sunlight. The
possible solution lies in the use of the nanophotonic structures. They have regu-
larly demonstrated their potential for the design of LMS and will be discussed in
detail in next section.

3. Periodic nanophotonic structures for light trapping

Now, as it is well established fact that with the commonly used planar ARC
and BR structures, it is not ever possible to achieve the limiting PCE values, so it is
very much required to look for the better and efficient alternatives to design LMS
that can include both random as well as periodic nanostructures. Although, the
random structures are easy to fabricate and design with minimum infrastructure
requirement, they are complex to reproduce and rescale for the industry required
bulk production, it is better to look for the periodic structures for designing LMS.
Periodic nanophotonic structures (PNS) having subwavelength dimensions have
been utilized and demonstrated their effectiveness successfully for a variety of
optoelectronic applications [27-31]. PNS have a lot to offer for the design of opto-
electronic devices as they have various unique advantages especially for the OSEH
applications. They have been successfully utilized and demonstrated their superior-
ity for designing LMS.

These PNS have the better capability to couple the incident photons to the AL as
compared to the planar LMS and thus can help to enhance the charge carrier gen-
eration, surface to volume ratio that can boost the quantum effects, reduce recom-
bination that accounts to major losses, enhance carrier collection at electrodes,
provide tunable bandgap property etc. [32, 33]. The PNS can be coupled with any of
the active material system in use and contribute according to their properties. With
unique properties of PNS, one can have the advantage of manipulating the light
propagation and light-matter interaction as per requirement and opens up the wide
range of possibilities in variety of applications for the field of optics and photonics,
including OSEH applications.

These structures can be incorporated in the various ways within the OSEH
devices, as per the particular application’s requirement. Researchers have examined
PNS with OSEH in different forms extending from using them as diffraction ele-
ment to the back reflector or even carving active material itself as PNS to enhance
the absorption of incident photons. The PNS are mainly responsible for taking the
PCE of these energy harvesters near to the limiting values or in some cases even
surpassed them. In the coming subsections, the article will discuss in detail about
the history and advancement that has been done in the field of PNS-based optoelec-
tronics solar energy harvesters, especially SC and PEC.
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3.1 Light management through periodic nanophotonic structures in solar cells

Since, the beginning of the current century, the research and development in the
field of PNS-based SC designs have seen an upward swing, irrespective of the active
material used, starting from Si to perovskites. The fact can be recognized with the
exponential increase in the number of research articles that have emerged out of the
area. The researchers have conducted studies for the amalgamations of PNS with
the SC from different perspectives, as they used them as a single low loss dielectric
BR [34], as a diffraction grating [14, 35], designing the absorbing material itself as
PNS [36, 37]. These studies are basically performed either using 1D or 2D or pseudo
3D PNS [38-41], as designing and fabrication of 3D PNS is still a challenging task.

In one of the interesting findings, Wang et al. in [42], demonstrated the critical
role that PNS has to play for the improvement in the performance of thin film SC
and their studies was based on GaAs active material. It is important to highlight the
findings because GaAs has better absorption coefficient and radiative recombina-
tion dominates as compared to Si and earlier it was thought that the BR could only
be important for materials such as Si having less band edge absorption coefficient
[25]. In case of GaAs, specially, the BR becomes important to reflect back the
unabsorbed photons that are radiatively emitted and let them to contribute through
photon recycling. Following the proposal studies, Gupta et.al in [15] proposed a
PNS-based GaAs structure, as shown in Figure 3, having only 500 nm active layer
thickness. They have presented that the PNS having a combination of 2D and 1D
structures to provide a pseudo 3D PNS has a capability to provide enhancement of
about 46% as compared to the planar LMS design.

Another important point that they presented was that the effect of BR decreases
with increase in the AL thickness. They have demonstrated that the enhancement
contribution from PNS structures for PCE was about 200% in case of 100-nm active
layer cell that reduces to only around 25% for 1-pm thick AL cell. Thus, for thicker
cells, the BR role is limited to only near to the band edge wavelengths at most and in
such cases, even planar layers can accomplish the task.

Zhou et al. illustrated one of the classical findings for PNS in [14]. They have
used a-Si:H as the active material and designed LMS for the same. In the LMS, they
have utilized 1D PNS at the back of the SC as distributed Bragg reflectors (DBRs),
and in between the active layer and DBR, there was a layer of 2D PNS placed to
enhance absorption through diffraction of light at oblique angles. The authors put
forth the physical insight of the whole mechanism and emphasized an important
condition that the PNS lattice constant must be comparable to the wavelength of
light in the medium, which it meant to manipulate.

In another interesting study, Chutinan et al. in [43], for thin crystalline Si-SC,
demonstrated that it is possible to notably enhance the device PCE with PNS.

Anti-Reflection Coating

Absorption Layer

2D PNS as back
reflecting mirror

Pseudo 3D v \ 1D PNS as 2D
Back back reflecting
reflector mirror support
design
Figure 3.

Schematic design of a SC using pseudo 3D PNS as back reflector.
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They have demonstrated the comparative enhancement of around 11 and 3% for

2 and 10 pm active layer thick SC designs, respectively, for Si AL. The SC design
was achieved through carving active layer itself as PNS, as shown in Figure 4.

The article demonstrated a decent physical interpretation of the SC design having
PNS-based LMS within absorbing layer. As the PNS can be equally implemented
for other material systems, a work has recently also demonstrated the effect of PNS
within active layer for perovskite-based design [44]. The results have shown that
the PNS are also critical for the design of perovskites-based SC as the defects in the
deposited perovskites films becomes prominent with their increasing thickness.

In one of the exciting studies, Munday in [45] presented and analyzed the Si-SC
design having LMS targeted from the top coupling surface using the PNS. The PNS
was designed to work as Photonic Band Gap (PBG) structure. The PBG is a kind of
structure that has a forbidden band for the certain range of frequencies and does not
allow these forbidden frequencies to pass through them [38]. The PBG at the top was
intended in the design to block an absorption of a range of incident photons but also
intended to disallow the same range of photons’ emissions. The authors through the
design claimed that the PBG placed at the top would reduce the spectrum available
for absorption but at the same time through stopping the emission out of the SC, one
could achieve higher Voc without effecting the Isc from the SC. The design increases
the overall PCE as the minority carriers’ density available for absorption increases. The
PBG influence can be more effective for designs using direct band gap materials, such
as GaAs. In direct band gap materials, radiative recombination dominates and photons
can be recycled after it is released due to radiative recombination and can be reused. In
such cases, because of PBG structure at top, the recycled photon will not be allowed to
direct out of the SC and would be available for absorption again within the SC.

Bozzola et al. in [36] and Zannoto et al. in [37] also demonstrated Si-SC
designs with PNS-based LMS at the top surface facing the incident light, as shown
in Figure 5. However, in contrast to Munday, they have used PNS as the diffrac-
tion grating to maximize the coupling of the incident solar spectrum to the AL
through reduction in reflection and creating gradual refractive index variations.
For PNS-based diffraction grating designs, it is required that the plane of period-
icity must be perpendicular to the incident light. The design, instead of targeting
or filtering only a range of wavelengths, has to work for the entire solar spectrum,
and thus, needs to be carefully optimized.

In some other studies, the researchers have also demonstrated the designs for
the PNS-based diffraction gratings at the top for different materials such as GaAs
[9], InGaN/GaN [18] active materials. The results in all the cases, irrespective of the
materials used have shown that these PNS have immense potential for taking the
performance of the SC to new heights.
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Schematic design of a SC using PNS as absorbing layer.
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In the article presented by Demesy et al. [46], it was discussed that it is possible
to achieve PCE in the range of 15-20% just with 1 pm of Si active layer, if they are
designed in the form of modulated nanowires. With careful optimization of the
modulation profile, one can achieve significant enhancement in antireflection prop-
erty, better light management, and back reflections of high wavelength photons
simultaneously over broad angles. In this context, it is really interesting to find the
structures that can use two different kinds of PNS structures together in the SC
designs such as PhC and nanowires, as shown in Figure 6.

In another important study, Mallick et.al [47] also referred that for materials
having indirect band gap and low absorption coefficient near the band edge, LMS
are of utmost importance for the applications of SC. They have performed the
analysis on the 400 nm thick Si AL-based SC. They have optimized the PNS through
tuning of coupling photons of particular wavelengths to quasi-guided modes over
a broad spectral range. The structure consists of two layers of PNS with different
dimensions. The upper layer has a smaller radius of holes as compared to beneath
layer. Their analysis has shown that there is a possibility of 8-fold increase in the
average photon absorption compared to the planar SC with AL of same volume.

In another work, Eyderman et al. in [48] performed the study of the PNS effect
on highly absorbing structures such as GaAs. They have used a slanted conical pore
PNS packaged with SiO, and deposited on a silver back-reflector for their SC. They
have performed the studies with ultra-thin GaAs layers from 100 to 300 nm and
demonstrated that it is possible to tap almost 90% of the incident photons in the
high wavelength range of 400-860 nm and achieved short circuit current density
over 26.3 mA cm™. The quantitative analysis was further by Gupta et.al in [13] and
provided the insight into the importance of the use of PNS-LMS for GaAs, includ-
ing its effectiveness to improve the angular performance of the device.
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Schematic design of a SC using PNS at the top for effective coupling of incident light. ARC can also be carved
out as PNS structure.
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In one of the recent studies, Peer et al. in [49] has demonstrated theoretically
that microlens arrays-based LMS can effectively enhance PCE of perovskite SC, and
experimentally showed that the micro-lens can enhance organic SC efficiency. They
have fabricated microlenses through nanoimprint lithography at the top surface and
thus the design did not impact the material quality of the inside layers. Microlens
pitch values near 1 micron were studied and PCE gains of 6% for thick perovskites
SC were shown. The gains for thinner AL SC are expected to be larger, and it is
conceivable that larger pitch values of several microns may provide better efficiency
enhancement.

Bhattacharya et al. [50] and Hseih et al. [51] in their breakthrough research
demonstrated that it is even possible to achieve PCE well beyond the Lambertian
limits [25, 36] using PNS-LMS. They have demonstrated both theoretically as
well as experimentally that using inverted pyramid and Teepee PNS it is possible
with Si to surpass the limiting values. The inverted pyramid structure is recreated
in Figure 7. They claimed that the main reason for overcoming the Si-SC limit-
ing values using around 10-15-pum thick Si active layers are the existence of long
lifetime, slow-light resonances, parallel-to-interface refraction and their coupling
with external plane waves. These phenomena are not possible to be predicted
using ray-optics models. They have demonstrated absorption beyond the limits
in the weakly absorbing region of Si, near infrared wavelength range from 950 to
1200 nm. They achieved short circuit current density well beyond 41 mA/cm2. The
study can pave the path for future studies related to PNS-based LMS and can have a
long-lasting impact.

Till now, we have discussed about the role of PNS-based LMS for the single
junction SC. However, it has also been shown that LMS also has a significant role
to play for tandem SC designs. In the tandem cells, there are usually two cells (top
and bottom) that are series connected electrically and hence it is required that these
cells must be current matched. In the adverse case, the device output is limited by
the smaller of the two cells’ current and thus put the limit on the current of the
entire tandem cell. To achieve optimized output, it is thus needed to optimize the
thicknesses of each cell to get maximized PCE [52]. In such cases, usually LMS is
critical to enhance the current out of the cell having lower current output.

In this regard, Mutitu et al. in [53] demonstrated a PNS-LMS that can be applied
to both single junction and tandem cells. The 1D PNS structures are used as band-
pass filters at the interface of two cells to reflect low wavelength photons (400-
1100 nm) toward the top cell and transmit high wavelength photons. In addition,
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Figure 7.
The schematic diagram of the structure proposed in [51].
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nanostructured diffractive gratings were incorporated to redirect incoming waves
and hence increase the optical path length of light within the solar cells, and in turn,
this has shown significant advancement in the PCE. In another well thought study,
the researchers has highlighted the importance of PNS-LMS as intermediate reflec-
tors for tandem cells [52], as shown in Figure 8, and achieved significant improve-
ment in the output of the proposed design as compared to planar reflectors.

In the recent past, there is significant development has been done in tandem cells
designs using perovskite/Si materials, where higher bandgap perovskite materi-
als are used as the top cell and lower bandgap Si is used as bottom cell to take the
final PCE routinely well beyond 30% [54, 55]. Several studies have been proposed
in this regard including [56, 57], which have effectively demonstrated the role of
PNS-based LMS with perovskite/Si materials tandem SC and help to establish the
fact that LMS are also critical for the design of tandem cells irrespective of material
system used.

All the abovementioned works, including others not mentioned here due to
space limitations, have gradually helped to excavate the insights of the role that
PNS-based LMS can play for the SC devices, especially for thin film SC. However,
there still lies the challenges and whenever there is a challenge, lies an opportunity.
The next section will discuss that in detail regarding the opportunities that are
available for the future advancement to make these devices widely acknowledged
and adapt more toward designing large area SC.

3.2 Light management for photoelectrochemical cells using periodic
nanophotonic structures

PNS-based LMSs have shown above expectation utility for different optoelec-
tronic applications, as already mentioned, and their effectiveness for SC application
has already been discussed, and it is apparent to expect an enhanced performance
from their adaptation for PEC photo-electrode designs. Various PNS-based LMSs
have been studied for designing photo-electrodes, to be used for hydrogen produc-
tion through water splitting, including, quantum wells [58], photonic crystals [59],
quantum dots [60], carbon nanotubes [61], nanowires [62], etc. These PNS-based
LMSs have, by one or other, shown their effectiveness for enhancing the photocata-
lytic activity through enhancing the absorption of incident photons and certainly
led to increase in PCE for PECs.

Most of the efforts for PEC photo-electrode designs using PNS-based LMS are
intended to modulate the band gap of the structure and take it near to 550 nm to
utilize the maximum of the incident photons that have the capability of performing

Glass cover

Anti-Reflective Coating

Top cell

' . . . . . . . . /PNS as intermediate
'......" reflector

Bottom Cell

Back Reflecting layer

Figure 8.
The schematic diagram of the tandem SC with PNS-based LMS used as intermediate reflector.
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photocatalytic action. In this regard, the PEC designs, especially, with nanowires
are widely popular and researched. In one of such studies shown by Wang et.al [63],
the GaN nanowires were designed using molecular beam epitaxy (MBE) process for
wafer-level water splitting. Another highlight of the study was the observation of
the stable operation of the PEC system emphasized that the PNS-based photo-elec-
trode design based processes are equally stable in the aqueous solution. Thus, the
design can serve the purpose of achieving absorption of the incident photons over
the wider spectrum for enhanced photocatalytic operation with stable operation.
Such early studies, including [64, 65], have also established the fact that Group-III
nitride materials could be a better choice for photo-anode activity for oxygen evolu-
tion reaction.

Another study using PNS with Group-III material in [66] has shown that
nonpolar GaN could lead to spontaneous water-splitting action together with
enhanced proton diffusion process that can be achieved at low energy barrier.
Although, the study demonstrated several important aspects of PNS-based PEC
operations including achieving demonstration of better stability of GaN-PNS
design as compared to TiO2 or ZnO-based design [67], the PCE achieved was still
well under the acceptable 10%. The main reason was posed by the bandgap of
GaN materials and its absorption coefficient [27, 68]. In another study, the GaN
structure designed as nanowire is defect engineered with Mg impurity using
epitaxial growth process [69]. In another research, Park et al. in [70], designed
metal-assisted GaN nanowires with vapor-liquid-solid process and has done the
growth over the graphene film. The structure was then transferred to polymer
substrate to create a flexible PEC system. In contrast to GaN, In,Ga; - N materials,
during the past few years have established itself as a better prospect for designing
photo-electrode for PECs due to the possibility of better band management with
it and thus with PNS they are better positioned theoretically to tap the maximum
possible solar irradiation [70, 71].

Kibria et al. were demonstrated the pioneering work on the multiband nanopho-
tonic structures using In,Ga; - {N/GaN materials [72]. The design is something kind
of a tandem structure designed through carefully controlling the In concentration
to do band engineering during the nanostructures growth. They observed the stable
PEC operation of the structure till 560 nm, but still the output PCE was limited
to 2% only due to the lattice mismatch arises due to the growth of In,Ga; - ;N over
the unmatched substrate. The researchers tried to further the performance of
In,Ga; _yN-based PEC operations through the use of light sensitive dyes with nano-
structured photo-electrode designs [73, 74], however, the uncontrolled behavior
of the space charge properties adversely limited the redox reactions and certainly
restricts the PCE.

To improve the carrier extraction process, researchers have observed that
controlling the band bending process in nanostructured In,Ga; - (N photo-electrode
design and optimizing it is of utmost importance. Such a design has shown a
considerable absorption improvement in the PEC process as compared to undoped
samples, especially in UV and violet spectrum region [75]. In another study, Alvi
etal. achieved In incorporation beyond 40% in the design of nanostructured
In,Ga; 4N using PAMBE method and achieved notable enhancement in photocata-
lytic activity [76]. Caccamo et al. also demonstrated the improved water splitting
activity through single crystal Ing 3Gay ;N/GaN core-shell type nanowires designed
using MOVPE method [77]. In another interesting case, researchers observed
experimentally that In,Ga; - ,IN/GaN materials’ photo-electrode designed as coaxial
multi-quantum well nanowires for PEC operation significantly achieved absorption
enhancement and demonstrated final PCE of 8.6% [78]. In one of the important
studies, it has been shown that photocatalytic action can also be improved through
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a core-shell nanostructure-based photo-electrode designed with the combination of
Siwith InyGa; _ 4N as compared to In,Ga; _ (N nanostructures grown on Si substrate
[79]. Although, inherently, due to lattice mismatch, growing In,Ga; _ (N with Si,
obviously increases the defects, the use of Si substrate or Si core can offer a benefit
from economic perspective, thus need to be explored further.

To further the PCE for the hydrogen production through PEC process, multi-
junction photo-electrode designs were also employed as demonstrated by Young
et.al [80]. Their tandem structure was designed using GalnP/GalnAs materials in
such a way that each junction bandgap could be independently varied. The design
has shown a realistic potential to further the PCE and seems to be an exciting
perspective. In another recent study, researchers in [81] have achieved the PCE
of 8.75% with nanopatterned multiband In,Ga; _ {N/GaN-based photo-electrode
design for one-step pure water splitting system. It has been highlighted in some
other studies that for protection of the nanopatterned Group-III nitride photo-elec-
trodes against photo-corrosion and surface oxidation, it is required to make their
surfaces nitrogen rich, which ultimately leads to the longer operational life time for
these PEC systems [82, 83].

In contrast to nanowire-based designs, Steiner et al. [58] presented the PEC
design using quantum well-based LMS with superior strain management for the
GalnP/GaAs photo-anode-based tandem PEC device. They highlighted that with
tandem structure supported by PNS-based LMS, it is realistic to achieve PCE for
PEC beyond the magical 10% value. For semiconductor photo electrode device
constructed with quantum wells that can remain stick on the growth substrate, the
authors claimed that the proposed configuration can also improve the stability of
the system. Still, for such a design, the most challenging issue is to maintain critical
strain balance and to reproduce such a structure with the equally desirable strain
management must be carefully addressed. The factor ultimately put restriction to
further increase the thickness of the active layer and limits the output and one pos-
sible way to improve the output further, again, is the better LMS.

In another exciting study, researchers in [59] observed the improved photocata-
lytic activity using PNS-based LMS accounted due to the enhanced absorption of
incident photons near to the band edge of absorption material. They have designed
the PNS using titania inverse opal topology. The photocatalytic materials used for
photo-electrode was developed using nanoparticles of CeO2, ZrO2, and Y203. They
observed that the PNS design’s period has to be carefully optimized to enhance the
absorption of the incident photons for the targeted wavelength range. Researchers
in [60] have used a SnO2/TiO2 materials heterojunction photo-anode with quantum
dots design. The study highlighted that with quantum dots-based heterostructure in
place, enhanced electron transfer characteristics would be achieved as compared to
the bare TiO2 photo-electrode.

In one of the recent studies, Alvi et al. stated to achieve highest PCE for single
junction In,Ga;  {N/GaN photo-electrode-based PEC system [7]. The photo-
electrode design was accomplished with the combination of InN quantum dots
on In,Ga; 4N nanowire. The output observed was claimed to be 2.5 times better
for PCE and hydrogen generation as compared to the case with only In,Ga; - ;N
nanowires photo-electrode and the actual output achieved for this unassisted
water splitting was 9.3%. The superior output was credited to the nanostructured
In,Ga; _ 4N surface morphology optimization and enhanced electronic properties
with quantum dots. On the adverse side, the design and growth process still is a
complex issue and required to be simplified with further efforts.

The discussion has given a glimpse of the larger perspective of the research
and designs that are achieved for the photo-electrodes LMS for PEC systems. The
gradual improvement in the design and growth process has lifted the PCE for the
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PEC systems from 0.1% to just under 10% for single junction and just under 20%
for complex tandem photo-electrode designs. However, there is still a lot is required
to be achieved for the wider acceptance of the PEC by taking their CE ratio to the
suitable limits. Main challenge in this regard is posed by the fabrication and growth
processes and if, one can solve the design issues, the PEC has an enormous potential
to solve the sustainable electrical energy generation and storage issues.

4. Present challenges and future perspective

An optimized PNS-based LMS for OSEH applications has established the fact
through several researches that they have massive potential to overcome the inherently
restricted absorption of the incident solar spectrum photons in the limited thickness
of the active layer to generate useful current. It has been shown that with these PNS-
based LMS, it is even possible to surpass fundamental limits now [51], as discussed.
Although, the study has shown for SC applications that the overall results for PCE
is beyond limiting values, the beyond limit absorption in the particular case was
observed for only higher wavelength photons, whereas for lower wavelength region, it
was still under the Lambertian values and thus there is still room available for further
improvement. The further improvement can be achieved with reducing reflection
losses and losses due to recombination within the structure over the largest possible
incident wavelength range and ultimately enhancing the coupling of incident light in
the entire wavelength range, to the active layer, to convert them into useful absorption.

But, the main restraint with these PNS-based devices is posed by the growth and
fabrication schemes. Repeatedly designing such a structure requires sophisticated
infrastructure that is very capital intensive, which is the basic hurdle in achieving
the low CE ratio with these devices. There are basically two approaches are being
used for the realization of PNS, namely, top-down and bottom-up approaches.

Most of the PNS are designed with top down approaches that include nanofab-
rication tools such as electron beam lithography, focused ion beam lithography,
dip-pen lithography etc. These top-down lithography processes commonly used
for designing PNS have the ability to achieve high precision in nm range. But these
processes are usually very time consuming and it is really difficult to adapt the
process for large area commercial applications. Also, although the processes are
precise, they more or less are very time consuming, expensive, mostly machine
dependent, having low throughput and it is really difficult to adapt the process for
large area commercial applications. These factors put the major restriction in the
commercialization of the PNS-based OSEH designs.

On the other hand, some of the nanostructures such as nanowires are mostly
grown through so called bottom-up approaches. The process has a major advantage
that with it one can achieve bulk production and high throughput at low cost.
Various tools such as chemical vapor deposition (CVD), metalorganic chemical
vapor deposition (MOCVD), molecular beam epitaxy (MBE), etc. are basically
employed for these purposes [84] and growth is normally done in the presence of
foreign catalysts. Although, the method is cost-effective and can provide bulk pro-
duction at no time, it lacks precision and the process itself is mostly complicated.

It is difficult to repeat the processes with same precision and many a times, even
nonuniform and random profiles are achieved, even when one intends to generate
periodic design. It is difficult to achieve the uniformity of the structure throughout
the surface. The complex designs are really difficult to achieve with bottom-up
approaches in the repeated manner.

As both top-down and bottom-up approaches has some limitations, one has to
look toward a process that can have advantages of both. In this regard, during the
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recent years, several new techniques have rapidly came up to the arena due to their
unique advantages including nanoimprint lithography [49], nanosphere lithography
[85, 86], and self-assembled nano-masking scheme [87]. The processes promise to
have all the major advantages related to top-down (due to the action of patterning
the structured layers such as in a conventional lithography technique) and bottom
up (due to the self-organization of the colloidal spheres) approaches and thus,
are considered as viable inexpensive fabrication tools for producing regular and
homogenous arrays of nanostructures with different sizes and need to be explored
further.

An exciting scheme for OSEH for electrical energy generation that also deserves
a special mention and seems very promising is the coupling of PEC with the
conventional SC to electrolysis systems that can certainly improve the overall
system’s performance [21, 88]. The system can work for all day long operation and
can be utilized to get electrical energy output during non-sunshine hours through
electrochemical cells. Such a system can effectively developed as an alternate for
the commonly used conventional SC and battery system and that too with better
CE ratio, if designed with high PCE-based devices. The PCE of such a coupled
system has been steadily improving [89, 90], and the indoor efficiency has already
achieved the 30% mark [91]. However, the outdoor PCE is still limited, which is the
foremost requirement for practical and commercial operations. Recently, Ota et al.
[92] observed the record full day incident spectrum to the hydrogen conversion
PCE of 18.78% for 470-W system under outdoor operation. It has been observed
that to make this coupled system ready for the commercial and practical operations,
it is primarily required to increase the involved individual components efficiency.
The system, if optimized carefully, has a realistic potential to be considered for
designing a reliable stand-alone system for future remote area lighting process as
the overall set up will not be very heavy, and thus, the research efforts are required
to be further in the area.

5. Conclusion

The chapter has discussed in details the technical perspective, advancements,
requirement, and future trends for the PNS for designing the LMS for the solar
energy harvesting applications that include solar cells and photoelectrochemical
cells. The chapter put emphasis on the physical insight of the several engineered PNS
designs that are being used for the purpose of LMS and how one can optimize the
PNS for designing LMS. The chapter also discussed various bottlenecks that are still
restricting the performance of the solar-to-electrical conversion process and high-
lighted several exciting methods for the further improvement in the performance of
the device designs, which include utilizing tandem structures, improving the incident
photons absorption through efficient spectrum harnessing using novel PNS, surface
passivation processes, etc. From the discussion presented, one can appreciate the
contribution that PNS-based LMS has made in the advancement of the SC and PEC
devices and realize that it is due to the realistic potential of the PNS-based LMS that
they have come down a long way, from merely a possibility to reality, to play a key role
in achieving low CE systems for solar energy harvesting for sustainable development.
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