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Abstract

In this thesis, we present a detailed study to design spectra selective photonic structures
for harvesting energy efficiently from ambient light sources employing photovoltaic (PV)
energy conversion technology. To choose the appropriate absorber material of the
photonic structure, efficiency limit of single-junction PV devices for different absorber
materials have been evaluated and optimum absorber bandgaps have been identified for
natural and different artificial light sources. Due to widespread use of Red-Green-Blue
(RGB) white LEDs, performance characteristics of ideal and practical PV devices have
been studied in detail under white LED sources having a wide range of correlated color
temperatures (CCTs) and fraction of blue in their corresponding spectrum and a relation
has been established between maximum efficiency of the PV device and photometric
features of the sources. Depending on bandgap of the absorber material, both positive and
negative correlations are observed between photon conversion efficiency of PV devices
and CCT values of the white LED sources. For material bandgaps of ~1.5¢V or lower,
higher photon conversion efficiencies are obtained for warm glow white LEDs. On the
contrary, white LEDs characterized to emit cool light are found to be more conducive for
PV devices having absorber layer bandgaps of ~2eV or higher. Upon selecting the
absorber material we have designed the photonic structure having periodically arranged
dielectric filled circular holes in the window layer of a practical PV device and evaluated
optical absorption along with conversion efficiency of the device under solar irradiation
and different white LEDs for a wide range of diameters and filling factors of the circular
arrays. Based on the obtained results, a relation between optimum conversion efficiency
of the PV device, filling factor of dielectric holes and photometric features of LED
sources has been established. For absorber material bandgap of ~1.5eV, warm glow white
LEDs outperform the cool light white LEDs and peak efficiency is obtained at relatively
low filling factor (~40%) of dielectric holes. On the contrary, photonic structures with
relatively high filling factor of holes (~70%) exhibit optimum conversion efficiency
under white LEDs emitting cool light. Conversion efficiency of the photonic structures
with filling factor in between 50% -70% is found to be optimum for operation under solar
irradiation. These results in effect provide the necessary guidelines for designing
homojunction, heterojunction or patterned PV devices suitable for operation under

different light sources.
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CHAPTER 1

Introduction

Ambient light harvesting using photovoltaic (PV) devices has attracted great attention
nowadays because of the unprecedented development of the Internet of Things (IOT).
IOT promises a technological revolution where a wide variety of physical objects, such as
consumer electronics, sensing nodes, household furniture, and personal belongings will
be connected to the internet and be able to sense and interact with their internal states or
the external environment. PV devices that harness energy efficiently from ambient light
sources can be an alternative to conventional exhaustible sources of energy supply for the

IOT components.

1.1 Literature Review

Energy harvesting by means of photovoltaic energy converters is considered to be the
most promising among different techniques being employed for harnessing energy from
renewable and non-exhaustible sources [1]-[3]. Research and development efforts in this
area have primarily focused on scavenging solar energy by means of PV devices.
However, with the advent of Internet of Things, there has been a growing demand for
realizing ambient light based photovoltaic micro-energy harvesters which would be able
to supplement, if not altogether replace, conventional exhaustible sources of energy
supply for low-power electronic devices[4], [5]. The viability of harvesting ambient light
by means of photovoltaic energy converters have been studied extensively over the recent
years. Miiller ef al. [6] reported the optimal bandgap for typical narrow-band artificial
light sources to be 1.9-2.0eV with 46% to 67% theoretical limiting efficiency of ideal
photovoltaic converters. Along with theoretical studies, artificial light based photovoltaic
devices capable of being integrated with IOT components have been designed and
realized by many research groups. Thin film photovoltaic devices based on different

material systems, such as silicon , GaAs, GalnP, CIS, CIGS , CZTSSe, CdTe , organics,
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dye-sensitized materials and perovskites have been primarily used in these designs and
implementations. Teran ef al. [7] detemined the efficiencies of thin Si, GaAs and AlGaAs
PV cells under typical white LED illumination and reported the highest power
conversion efficiency of 21.1% for Alo>GaogAs. Further Mathews et al.[8] implemented
GaAs and GalnP- PV cells in credit-card-size and reported approximately ~4mW
production of power under CFL or LED illumination (1000 lux). While record efficiency
of CZTSSe based thin film PV device is 12.6% under sunlight, Haque et al. [9] designed
a type II heterostructure that theoretically improves the efficiency to 15.85% under white
LED. Besides, reserschers have also focused on effect of illuminating sources on PV
devices perormance. Virtuani et al.[10] observed the performnace of Cu(In,Ga)Se; cell
under fluorescent tube, halogen lamp and incandescent lamp and found strong influence
of spectral distribution of the incoming light in the performance of Cu(In,Ga)Sez. They
reported that compared to performance of the cell under a AM 1.5 spectrum, power
delivered by the cell to be reduced by a factor 3 and 2 respectively when using a
fluorescent tube and a halogen lamp with cold reflector as the light source and to be

increased by a factor 2.6 when operated under a halogen/incandescent lamp.

Flexibility of photovoltaic devices is highly desirable for seamless integration in IOT
components. Aguas et al. [6] replaced glass substrate of thin film amorphous Si solar cell
with a suitable paper and achieved an efficiency of 3.4%, thus opened a door to flexible
PV cells. Organic solar cells (OSCs) , dye solar cells (DSCs) and perovskite solar cells
(PSCs) are strong candidates for such flexible PV cells. Lechéne et al. [13] achieved 7.6%
power conversion efficiency under indoor conditions by optimizing the thickness of the
electron transport layer of OSCs having an efficiency of 6.2% under sunlight. In a
separate work, Goo et al. [7] recorded the maximum power-conversion efficiency of
13.9% for inverted OSCs using 8.5-nm-thick electron transport layer under LED light
with a luminance of 500 lux. Rossi et al. [11] customized flexible dye solar cells by
making electrolytes more transparent thus reached 12.4% efficiency under 200 lux CFL
(more than quadruple compared to those measured at 1 sun) and 10% efficiency under
200 lux LED illumination. A strikingly high 28.9% power conversion efficiency was
achieved under 1,000 lux indoor illumination by Freitag et al. [12] who introduced a new

DSC design that combines two judiciously selected sensitizers and so enables incident
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light to be harvested over the whole visible range. Lucarelli et al. [13] first proposed
flexible planar and mesoscopic perovskite solar cell for artificial light harvesting that
demonstrates an efficiency of 12.1% at 400 lux white LED lamp. Recently, Li et al. [14]
reported a record indoor power conversion efficiency of 35.20% under fluorescent lamps

of 1000 lux by interface modification of PSCs with ionic liquid.

One disadvantage of thin film photovoltaic devices is their low absorption of photons
with energies close to that of the absorber layer’s band-gap. For this reason, light trapping
through photonic structures have steadily gained importance for thin film PV cells to
increase the absorption without increasing the absorber thickness. Bozzola et al. [15]
theoretically investigated the light-trapping properties of one- and two-dimensional
periodic patterns etched on the front surface of c-Si and a-Si thin film solar cells and
reported a substantial absorption enhancement, especially for 2D patterns and for thinner
cells. Gomard et al. [16] practically implemented a 2D photonic structure having periodic
circular air holes directly inside the amorphous silicon active layer and reported an
increased absorption over the whole solar spectral range. They also suggested a global
gain in cell efficiency by electro-optic simulations. Pratesi ef al. [17] made similar studies
for randomly structured thin film Si solar cell and reported strong absorption
enhancement over the solar spectral range in fully random or weakly correlated photonic
structures. Ishizaki et al. [18] reported an experimental efficiency of 8.7% in an ultra-thin
(~500nm thick) microcrystalline Si solar cell, whose thickness is only 1/4 that of typical
microcrystalline Si cells by incorporating photonic-crystal structures. There have been a
large number of studies on size, position and configuration of photonic structures to
obtain the optimum performance. Duch et al. [19] theoretically demonstrated a way of
increasing absorption up to 35.6% in nanostructured OSCs by the coupling of slow Bloch
modes in the squared matrix of P3HT nanowires embedded in PCBM. Mihi et
al.[20]presented a theoretical analysis of the efficiency of dye sensitized solar cells in
which colloidal crystals are introduced in different configurations. They found a
maximum photocurrent enhancement of around 60% with respect to standard DSCs by

piling up crystals of different lattice constants.



1.2 Motivation

Thin film PV devices which are able to operate efficiently under artificial low-light
conditions, have been previously reported as promising power sources of IOT
components [8], [9], [12], [21]-[24]. llumination from different light sources, such as
white LED, halogen lamp, incandescent lamp, sodium discharge lamp and fluorescent
lamp have been considered in these studies [13], [25], [26]. However an aspect rather
overlooked in such studies has been the detailed understanding of how performance
characteristics of a PV device are influenced by the fine spectral features of the
illuminating light source. The red-green-blue (RGB) white LED deserves particular
attention in this regard because of the widespread commercial usage of these highly
efficient and reliable light sources [27]-[29]. However it is yet to be reported how the
choice of absorber material defines the energy conversion efficiency of a PV device when
it is operated under white LED sources having different correlated color temperatures
(CCTs) and fractions of blue in the emission spectrum. Moreover, in spite of extensive
research on photonic structure design for solar cells [16], [17], [30], [31], there has not
been any report on how photonic structures should be designed for photovoltaic devices
operating under an artificial light source, such as a white LED source, the emission
spectrum of which is significantly different from that of the solar spectrum. Therefore, it
also remains to be seen how the design of the photonic structures should be tailored

depending on spectral characteristics of different white LED sources.

1.3 Thesis Objective

The specific objectives of the thesis are the following:

L. To evaluate performance characteristics of PV devices operated under different
artificial light sources and identify the optimum absorber material corresponding to the
illuminating light source.

IL To establish the relation between maximum energy conversion efficiency of the

PV device and photometric features of the white LED source.
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II1. To design spectra selective photonic structures which will be able to maximize
conversion efficiency of the PV device when illuminated by the solar irradiation and

different white LED sources.

1.4 Thesis Outline

Energy conversion efficiency of ideal PV converters having absorber layers of different
material bandgaps has been evaluated employing detailed balance limit, taking into
account illumination by different artificial light sources, such as incandescent lamp, white
LEDs, fluorescent lamp and halogen lamp and optimal bandgaps of absorber material
have been identified for the each of the sources. In order to evaluate performance
characteristics of a practical thin-film PV device operated under commercially available
RGB white LED sources, a theoretical model based on numerical solution of Poisson’s
equation and continuity equation has been employed. The obtained conversion efficiency
of the PV device has been correlated with the white LEDs’ photometric attributes, such as
CCT, fraction of blue and emission linewidth. Next, in order to obtain a general
framework, reference white LED spectra have been systematically generated such that
they represent the wide range of color temperature of practical light sources. For these
representative set of spectra, conversion efficiency of PV converters having different
absorber materials have been evaluated and desired photometric features have been
identified for maximum conversion efficiency of the considered PV device. In order to
further enhance performance of the PV device, photonic structures comprising of
dielectric filled holes in the active and window layers have been designed. Absorption
characteristics of these structures have been computed by solving Maxwell’s equation in
three-dimension employing Finite Difference Time Domain (FDTD) technique. By
varying diameters and filling factors/fractional area of the holes, light absorption and
hence optical generation in the absorber layer have been enhanced to obtain optimal
conversion efficiency of the device under consideration and the optimized photonic
structure obtained for white LED illumination have been compared with that for solar
irradiation to elucidate how the design of an optimum photonic structure is related to the

spectral features of the illuminating light source.
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The layout of the thesis is as follows. Chapter 2 presents key concepts of photovoltaic
device for the characterization and numerical modeling of PV cells along with several
photon management techniques to increase PV cells’ optical absorption, hence power
conversion efficiency. Chapter 3 explores structure modeling, computational details and
methodologies. Chapter 4 contains the elaborate results and analysis of performance of
PV devices of different absorber materials as well as PV devices incorporating photonic
structures under natural and artificial sources. Finally, chapter 5 concludes the thesis with

a brief discussion on possible future work in this direction.



CHAPTER 2

Theoretical Background

In this chapter key concepts for the characterization and numerical modeling of
photovoltaic devices have been discussed. Moreover, several photon management
techniques that are employed for enhancing optical absorption hence power conversion
efficiency of the PV devices have been summarized. In the end, photometric features of
solar and different artificial sources have been presented that are used as the illuminating

sources of the PV devices.

2.1 Photovoltaic Technology Preliminaries

Photovoltaic effect is the creation of voltage and electric current in a material upon
exposure to light. Light is made up of packets of energy, called photons, whose energy
depends upon the frequency or color of the light. When light is absorbed by a material,
photons are given up to excite electrons to higher energy states within the material. In a
photovoltaic device, the built-in asymmetry pulls the excited electrons away and feeds
them to an external circuit to do electrical work. The photovoltaic effect was first reported
by Edmund Bequerel in 1839 and the first silicon photovoltaic cell was developed at Bell
Laboratories in 1954 by Chapin et al. [32]. Since then photovoltaic cell technology has

been emerged as a renewable energy source for its capability and long-term sustainability.
2.1.1 Photovoltaics for Renewable Energy

Photovoltaic cells have garnered a lot of attention due to the rising cost of fossil fuels and
the increasing global demand for renewable sources of energy. Traditional photovoltaic
research has been mostly focused on improving the efficiency and reducing the cost of
photovoltaic cells. These efforts have brought about application of new materials and

techniques in photovoltaic technology. Historically, there have been three generations of



Figure 2.1 :PV cells power conversion efficiency over the years (adopted from [33])

photovoltaic technology [34]. The first generation represents the matured Si PV cell that
was developed due to its availability and high power efficiencies. The second generation
represents the thin-film technologies developed using low cost materials, such as copper
indium gallium selenide (CIGS), cadmium telluride (CdTe), gallium arsenide (GaAs) and
amorphous silicon (a-Si:H). The third generation represents advanced thin film
technologies that use novel photovoltaic physics to go beyond traditional efficiency
limits. This includes organic photovoltaics (OPVs), perovskite solar cells, dye-sensitised
solar cells (DSSCs), and quantum dot solar cells [33]. Figure 2.1 demonstrates the
achieved energy conversion efficiencies over the years for the three generations of

photovoltaic technology.

In this technological era, cyber-physical systems are being the driving force of the fourth
industrial revolution—that is defined by the ubiquity of emerging technologies. Internet of
Thing devices and systems are at the forefront of these technological breakthroughs.
Successful operation of cyber-physical systems largely relies on the fidelity of the
constituent IOT components, which include wired or wireless communication nodes,

sensors, actuators, microcontrollers and micro-chips [35], [36] . As the ratings of these
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low-power electronic devices usually range between few micro-watts to several
milliwatts, researches have been advanced in realizing new techniques of micro energy
harvesting which would be able to supplement, if not altogether replace, exhaustible
sources of energy supply for IOT and cyber-physical components [37]-[39]. Energy
scavenging from ambient light sources in photovoltaic technique has attracted great
attention in this respect primarily because of the maturity and proven track-record of the

photovoltaic (PV) energy conversion technology[40], [41].

2.1.2 Physics of Photovoltaic Cell: Structure and Operation

Figure 2.2 : Schematic illustration of photovoltaic device geometry

In the simplest possible structure of a photovoltaic cell, the active material (P-N junction)
is sandwiched between two electrodes as shown in Figure 2.2. The active material
absorbs energy from incident light on the material. If the energy of the incident photon (of
light) is greater than the bandgap of the active material, electrons in the active material
move from valence band to conduction band by absorbing the optical energy of the
incident photon and free carriers are generated. The generated free carriers travel to the
electrodes by drift (motion due to existing electric field in P-N junction) and diffusion
(motion due to concentration gradient) mechanism. Upon reaching the electrodes, the free

carriers contribute to current flow in the external circuit connected between electrodes.



10

Thus, electrical power is obtained if a load is attached in between the terminals of two
electrodes. During their motion towards the electrodes, some carriers recombine with
opposite carries and do not contribute in energy conversion. In short, the basic operation

of a PV cell can be divided into:

1. Generation of free carriers
2. Transportation of free carriers towards respective electrodes

3. Collection of free carriers in the electrodes
2.1.3 Basic Characteristics of Photovoltaic Cell

The fundamental figures of merit for photovoltaic devices need to be understood in order
to design them for optimal performance in a given environment. In the dark, diodes have

a rectifying behavior which is described by the current density voltage relation,

vV
Jaark(V) = Jo [exp (Z—T) —1] (2.1)

where Juu« 1s the dark current density, Jy is the dark saturation current density, ¢ is the

electron charge, V' is the voltage across the cell terminals, & is Boltzmann’s constant, and

T is the temperature.

Figure 2.3 : Equivalent circuit of a photovoltaic cell
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An ideal photovoltaic cell is electrically equivalent to a current generator in parallel with
a diode as shown in Figure 2.3. When the photovoltaic cell is exposed to light, a
photocurrent is generated which flows in the opposite direction of the dark current. The

total current density in the photovoltaic cell is therefore,
14
JV) = Jsc = JaareWV) = Jsc = Jo lexp (&) = 1] 22)

Where J is the total current density and Jsc is the photocurrent density or short circuit
current density which is proportional to the incident light’s intensity. When the PV device
is operated without load, the voltage across the output terminals is defined as the open-
circuit voltage (Voc). At Voc, Jsc and Jaark cancel each other and Equation 2.2 equals zero.
The resulting relationship demonstrates a logarithmic relationship between open-circuit

voltage and light intensity given by,

kT 23
VOC=—><ln(/S—C+1) 23)
q Jo
The power density (P) of the photovoltaic cell is given by,
P=Jv (2.4)

Equation 2.4 has a maximum value (Pax) corresponding to the maximum power point of
the photovoltaic cell. The fill factor of a photovoltaic cell is a ratio that gives significant

information about its efficiency. Fill factor (FF) is defined as,

Prax (2.5)

B VOC]SC

FF

The power conversion efficiency of a photovoltaic cell can be defined using the relations
defined above. If the incident light’s power density is Ps, then the power conversion
efficiency (n) is,

Prax _ VoclscFF (2.6)
Ps Ps
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Figure 2.4 : Effect of changing Rsu & Rs from ideality

Practical PV devices can deviate substantially from the ideal PN junction PV cells due to
a number of reasons. The photogenerated electron has to traverse a surface semiconductor
region to reach the nearest electrode. All these electron paths introduce an effective series
resistance R, into the PV circuit as shown in Figure 2.3. A fraction of photogenerated
carriers can also flow through the crystal surfaces (edges of the device) or through grain
boundaries in polycrystalline devices instead of flowing through the external load. These

effects are represented by an effective internal shunt or parallel resistance Rsp.

The series and shunt resistance can significantly deteriorate the PV cell performance.
Decreasing Rsy and increasing Ry decrease the fill factor (FF) and Puax as illustrated in
Figure 2.4. If Rsy is decreased too much, open circuit voltage (Voc) will drop, while

increasing Rs excessively can cause short circuit current (Jsc) to drop instead.

2.2 Modeling of Photovoltaic Cell

The common approach for numerical modeling of photovoltaic cells is based on the drift-
diffusion formulation, where the Poisson equation is solved self- consistently with the
current continuity equations under optical generation-recombination conditions for each
layer of the heterostructure, taking into account relevant boundary conditions at the

hetero-interfaces and at the top and bottom contacts of the device [42], [43]. The
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generation of electron-hole pairs in this approach is determined by calculating the

absorbed optical energy commonly by finite difference time domain (FDTD) model [44].

2.2.1 Finite Difference Time Domain Model

The FDTD approach is an approximate iterative solution method for Maxwell’s curl

equations in time domain. Maxwell's curl equations in non-magnetic materials are given

by,

OoH 1

o _lvuE (2.7)
at Ho

aD

9 uxH (2.8)
ot

D =€4€, (w)E(w) (2.9)

where H, E, and D are the magnetic, electric, and displacement fields respectively. The
partial differential operators are discretized by using the finite difference expressions

given by,

At At (2.10)
H(t+5)-H(t -5
(c+7) - 2)=—lV><E(t)
At Ho

E(t+A)—E(t) 1

Ux H t+At (2.11)
At € ( 2)

The discretized equations are solved in a leap-frog manner, that is the electric field
intensity vector is solved at a given instant in time, followed by the calculation of the
magnetic field intensity vector at the next instant in time. The workflow of solving

Maxwell’s equations is shown in Figure 2.5.

This method of solving Maxwell’s equation was first proposed by Yee in 1966[45]. Yee
proposed the leapfrog scheme for stepping in time such that electric field and magnetic

field are temporally staggered. As a result, E-field updates are computed halfway of each



Figure 2.5: Work flow of Maxwell’s equation solution

Figure 2.6: Yee grid in three-dimensional simulation domains(adopted from [45])

14
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time-step between consecutive H-field updates and vice versa. Apart from proposing
temporally staggered field vectors, a spatially staggered vector component of the E-field
and H-field about rectangular unit cells of a Cartesian computational grid was proposed in
this algorithm. It was arranged in a way so that each E-field vector component is located
midway between a pair of H-field vector components. Figure 2.6 shows the arrangement

of Yee grid for three-dimensional simulation regions.

For any arbitrary light source having input power P;, ,optical power absorbed per unit

volume (Pguss) due to material absorption is determined from the above calculated E-field,

Paps = —%wIE(r,a))Flm{E(r‘ w)} (2.12)

Where o is the angular frequency of incident light, E(r, ) is the optical electric field
distribution inside different layers of PV device and (T, w) is the dielectric constant of
the absorber material of each layer. Finally generation rate of the photo-generated
electron-hole pairs G(r) of the PV device illuminated by a light source with spectral

power distribution S(w) is obtained by,

G(T) = fg(r, w)da) (213)
g(r,w) = ng) I;il(z;s _ _Sgu)% \E (, ) [2Im {€ (, )} (2.14)

2.2.2 Drift Diffusion Model

In Photovoltaic cell, the driving forces giving rise to current are electric field £ and
concentration gradients of electron (Vn) and hole (Vp). The drift current describes
movement of charged particles, in this case electrons and holes in the presence of an

electric field. The drift velocity of an electron is given by,

Varife = —HE (2.15)



16

where u is the mobility which describes how well an electron or hole can move through
the material. Now total drift current can be calculated by considering the total number of

charged particles moving with drift velocity,

Jarift = —qnve + qpv, = qE(np, + pu,) = oE (2.16)

where n and p are electron and hole concentration respectively and ¢ is the conductivity
of the material. Electric field can be expressed in terms of electric potential, as E = —Vy

Drift current is then given by,

Jarire = —qVP(np, + puy) (2.17)

Diffusion current arises when a gradient in the charge carrier concentration is present.

Fick’s law gives a relation between the electron diffusion current Jg; - and Vn .

Jaisr = aDnVn (2.18)

where D, is the diffusion coefficient for electrons. A relation between diffusion

coefficient and mobility is given by the Einstein relation,

kT
Dy = b (2.19)

Total diffusion current is obtained when including diffusion of both electrons and holes

which is,

Jaifr = q(DyVn — D,Vp) = kT (1, V1 — u,,Vp) (2.20)

The total current for electrons and holes is given by the sum of drift and diffusion
currents.

Jn = —qnu,Vy + qD,,Vn (2.21)
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Jo=—apu,Vyp — qD,Vp

2.2.3 Poisson Equation Solver

To solve drift diffusion equations, potential variation in the semiconductor (V) has to be

known which can be determined by solving Poisson’s equation,

V(eVy)=p=qn-p+Ns — Np) (2.22)

where ¢ is the dielectric constant of the corresponding semiconductor, p is the total charge
density, N; is the ionized acceptor concentration and N7 is the ionized donor

concentration.

2.2.4 Continuity Equations

Finally the auxiliary continuity equations are required to account for charge conservation.
The continuity equations describe the rate of change of free electrons and holes, thus
relating the generation and recombination to the transport of charges. Continuity

equations are given by the following expressions,

on 1

E=a\7.]n+Gn—Rn

dp 1 (2.23)
E: _EV']Z’-I_GP_RP

At steady state time variant parts of (2.23) are zero. Here G, and G,, are the electron and
hole generation rates calculated from (2.13) and R, and R, are electron and hole
recombination rates. Some important processes of recombination in PV cells are band to
band recombination, Auger recombination and trap-assisted (Shockley-Read-Hall)
recombination. In band to band recombination, electron and hole recombine in radiative

manner and the recombination rate is,
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Rg = 1pp(np — nf) (2.24)

here 13, is band to band recombination coefficient. In trap assisted recombination one

trapped and one free charge carrier recombine and its recombination rate is given by,

np (2.25
R = N.C,C.
SKH ERPC (n+ ng) + Co(p + pen)

here N, is the trap density, n;, and pyy, is thermally excited electron and hole from
conduction and valence band. In Auger recombination, two carriers recombine and the
released energy is given to a third carrier which is excited to a higher energy level without
moving to another energy band. Auger recombination rate for C,, and C, are Auger

capture probabilities is,

Ry = Cyn*p + Cyp*n (2.26)

The system of equations consisting of Poisson’s equation and the continuity equations can
be solved in order to obtain the free charge carrier concentrations, potential and current

density of the PV device.

2.3 Photon Management in Photovoltaic Cell

The aim of photon management is to enhance light absorption in the active layer of
photovoltaic devices for achieving high-efficiency and cost-effective photovoltaic cells.
The enhancement of light absorption is mainly performed in two ways: 1) minimizing
light reflection at the entrance and ii) confining light inside the active layers. Several
photon management schemes based on nanostructures and nanotechnologies have already
been proposed to attain these objectives. Different photon management strategies are

useful in different conditions.
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2.3.1 Reducing Reflection Loss by Antireflection Coating

One of the oldest techniques of increasing light absorption in photovoltaic cell is reducing
reflection loss by antireflection coating. When light is incident on the surface of a
semiconductor, a large portion of light is reflected due to mismatch of refractive indices
between air and semiconductor. However, if the surface is coated with a thin dielectric
layer of intermediate refractive index, reflected light intensity can be greatly reduced.
This thin dielectric coating is known as antireflection coating (ARC) and the concept
ARCs was conceived by Lord Rayleigh in the 19" century [46]. After a long period of
development, the most widely used ARCs in the industry are the quarter-wavelength-
thick dielectric layers, due to their simplicity and cost and time effective fabrication
processes. However, single quarter-wavelength ARCs only render the minimized
reflectance at a narrow wavelength range and at nearly normal incident angles. To
improve broadband and omnidirectional capability, double or multi-layered ARCs have

been fabricated to suppress reflection over a wide range of wavelengths.

However, because of a lack of materials with refractive indices close to the refractive
index of air, the AR performance is still not sufficient and to overcome these problems,
nanostructures have begun to receive more attention[47] which provide an additional

advantage by confining light in the PV devices.

2.3.2 Light Scattering by Textured Surfaces

Textured surfaces constitute an indispensable means to enhance the efficiency of thin-
film PV cells by scattering the light into the active layer of the PV cell and suppressing
reflection losses at the entrance facet as shown in Figure 2.7 [48]. In the early 1980s,
Yablonovitch and Cody first derived the Lambertian limit of a light scattering scheme for
the perfect scattering interface using statistical mechanics and geometrical optics
approaches[49]. For a perfect scattering absorbing medium, the optical path length can be
increased by a factor of 4n? which means that the optical absorption can be enhanced by a

factor of 4n”> compared to a flat surface.
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Figure 2.7: Light scattering by a systematic surface texture(adopted from [48] )

In thin film PV cells, the optimization of the surface profile is usually performed by
experimentally modifying fabrication parameter and observing the effect on the
absorption enhancement [48], [50]. The parameter in the focus of interest is usually the

haze which is defined as,

fz fan(r, 0,¢$)dod¢ — S(r,0,0) (2.27)
Haze = lim [22——
T—00 fo fo S(T', 0’ ¢)d9d¢)

where 8 and ¢ being the usual spherical coordinates and S(r,8,¢) being the radial
component of the poynting vector S(r,0,@)in the far-field. One limitation of light
scattering structures is that the structures with large periodicity enhance absorption at
long wavelengths by increasing the optical path length, but they are not beneficial for

incident light transmission into the device.
2.3.3 Light Trapping with Diffraction Gratings

Diffraction gratings can be applied for light trapping in thin film PV cells to increase
absorption of photons with energies close to that of the semiconductor’s band-gap [51]. A
grating is a periodic modulation of either an interface between two materials or of the
permittivity itself. The periodicity can be along just one dimension or along two. The
basic idea of this concept is sketched in Figure 2.8. Light incident on a grating (either at

the front or at the rear side of a PV cell) is diffracted into a number of secondary beams of
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different orders. The zeroth order corresponds to the direction of specular reflection
which is the reflection that occurs without any grating. Light diffracted into higher orders
travels along an oblique path and is totally internally reflected. The change of direction
and the internal reflection provide the desired enhancement of the optical path length and
absorption. How much light is trapped by a grating depends on its geometrical shape, its
period, and the properties of the PV cell it is used for. Several research groups have
investigated different grating geometries for optimizing gratings. Although most of the
optimizations have been made for backside diffraction gratings[52], [53], combined front
and back diffraction grating shows considerable promise in broadband enhanced
absorption by ensuring absorption enhancement in a specific part of the light spectrum by

each grating [54].

Figure 2.8: Principle of light trapping in a PV cell with a diffraction grating (adopted from [51]).

2.3.4 Light Confinement in Photonic Crystals

Photonic Crystals are natural or artificial materials which have a periodic arrangement of
different dielectric materials in one, two or three dimensions as shown in Figure 2.9 [55].
The spatially arrangement hereby is in the range of the wavelength of the photon which is
wished to be manipulated. The periodic arrangement affects the propagation of light in
the same way as the periodic potential in a semiconductor crystal affects the electron
motion. In photonic crystals, light is scattered at the interfaces where the index of

refraction changes. The scattered waves can now interfere constructively or destructively
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with each other. The stationary properties of the light that is allowed to travel are called
modes. While the modes of propagation in a homogeneous medium are plane waves, the
modes of a periodic medium are known as Bloch modes. Under certain conditions
photonic band gaps can arise, which means that the formation of any mode is suppressed

in the regarding energy range.

Photonic crystals can improve light confinement in two approaches. First, the energies of
the photonic band gap, incident from any angle or medium are reflected back to the
absorber layer. Second, a Bloch mode can be seen as a standing wave field produced by
the multiple coherent scatterings of a wave by the periodic structures of a photonic crystal
lattice. All of these effects can be thought of as increasing the time spent by photons
inside the solar cell, which helps to maximize the probability of absorption [19], [31].

-51 z

-52 |fy X

Figure 2.9: Layout of a one, two and three dimensional photonic crystal structure (adopted from [55])

2.3.5 Light Coupling by Plasmonic Structures

Another method for achieving light trapping in thin-film PV cells is the use of
nanostructures made of metals such as silver and aluminum. The promising optical
properties of metallic nanostructures are that they support surface plasmons which are
excitations of the conduction electrons at the interface between a metal and a dielectric

and are able to interact very strongly with the light field. In metal nanoparticles, they are
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also called particle plasmons (PPs) or localized surface plasmons; on structured metal

films, they are also known as surface-plasmon polaritons (SPPs) [56].

Plasmonic structures can reduce the physical thickness of the photovoltaic absorber layers
while keeping their optical thickness constant in three ways[57]. First, metallic
nanoparticles can be used as sub-wavelength scattering elements to couple and trap freely
propagating plane waves from the source into an absorbing semiconductor thin film by
folding the light into a thin absorber layer (Figure 2.10(a)). Second, metallic nanoparticles
can be used as sub-wavelength antennas in which the plasmonic near-field is coupled to
the semiconductor thus increasing its effective absorption cross-section (Figure 2.10(b)).
Third, a corrugated metallic film on the back surface of a thin photovoltaic absorber layer
can couple sunlight into SPP modes supported at the metal/semiconductor interface as
well as guided modes in the semiconductor slab, whereupon the light is converted to

photocarriers in the semiconductor (Figure 2.10(c)).

The major researches in plasmonic design include the choice of the metal, their shape and
size, their dielectric environment and the electromagnetic coupling between them for
tuning the plasmon excitations into spectral regions where they are the most useful for
applications in PV cells [58], [59]. Appropriate resonance structure design strongly
enhances light absorption under resonance conditions, but it is difficult to obtain

broadband high absorption resonance.

Figure 2.10 : Plasmonic light-trapping geometries for thin-film PV cells (adopted from [57])
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2.4 Illuminating Source

Photovoltaic cell is an electrical device that converts the energy of light directly into
electricity by the photovoltaic effect. The source of light is usually natural sunlight as
most uses for photovoltaic devices are outdoors or in space. In addition to sunlight,
artificial sources of light such as incandescent and fluorescent bulbs, RGB white LEDs

can be potential sources of light for indoor photovoltaics.

2.4.1 Solar Irradiance

Figure 2.11 : Spectral Power Distribution of (a) artificial sources’ compared to solar spectrum and
(b) different commercially available White LED sources

The irradiance from a source of light is the amount of radiant energy received from the
source per unit area per unit time. The solar spectrum contains light with a range of
wavelengths that span from the high energy ultraviolet to the low energy infrared. The
solar irradiance is the strongest in the visible range (400-700 nm) of the solar spectrum.
This can be seen in Figure 2.11 which shows the solar irradiance at the surface of the
earth as a function of wavelength. The solar spectrum can be approximated as the

spectrum of a black body. A black body emits photon with a distribution of energies,
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whose shape is determined by the characteristic temperature, Ts, of the black body. The
Ts that best matches the solar spectrum is 5760 K. The spectral photon flux of a black
body is given by,

2F, E? (2.28)

where F; is a geometrical factor which describes the angular range from the black body to
the surface. This value is 2.16x10”x for the sun as seen from the earth. The irradiance of

a black body is defined as
L(E) = Ebs(E) (2.29)

In order to determine the total power density emitted from a black body, (2.29) must be
integrated over the full energy range of the spectrum. The total power density at the
surface of the sun is 62 MWm™. This value is reduced to 1353 Wm™ just outside the
atmosphere of the earth. The earth’s atmosphere reduces this value further because it
filters parts of the spectrum. The total power density at the surface of the earth is around
900 Wm™. The standard solar spectrum that is used for determining figures of merit for
photovoltaic devices is defined as the AMI1.5 spectrum, whose integrated irradiance is

1000 Wm™,

2.4.2 Artificial Light Sources

In addition to solar irradiance, photovoltaic devices can be used to harvest energy from
artificial light sources. As shown in figure 2.11(a) and (b), artificial light sources such as
incandescent lamp, white LEDs, compact fluorescent lamp have a much narrower spectra
compared with the solar spectrum since they were designed to be efficient light emitters
in the visible region. The differences in spectrum shape among the light sources result in
major differences in photovoltaic device performance and therefore design of PV devices

should be different depending on the illuminating sources.
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Artificial sources are typically characterized by color rendering index (CRI) and
correlated color temperature (CCT). The CRI value of a light source describes how
accurately a light source illuminates colors of an object and higher CRI values correspond
to better color rendering. The highest possible CRI value is 100 that correspond to a
source identical to standardized daylight or a black body. Incandescent lamp has a highest
CRI due to a continuous spectrum similar to black body’s emission. The discrete
spectrum of fluorescent light is the cause of its low CRI of 50 and RGB White LED
which is the most recent addition to artificial light sources, exhibits a CRI value of 75 to

95.

On the other hand, CCT is measured in Kelvin that helps to describe the relative warmth
or coolness of a light source. Light sources with a CCT rating below 3200K are usually
classified as "warm" and those with a CCT rating above 4000K are usually classified as
"cool" in appearance. The effective range of CCT is 2000K-5500K for different types of

artificial sources [60].
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CHAPTER 3
Computational Methods

In the first section of this chapter, a semi-empiric model has been discussed to find the
theoretical efficiency limits of ideal PV converters under solar spectrum and
commercially available artificial sources. In the subsequent sections, structural details of
practical PV devices have been presented and performance of the devices has been
investigated under RGB white LED sources. Besides, a correlation between the PV
device’s performance and the illuminating source’s photometric attributes has been
established and a method has been proposed to generalize the findings for ideal PV
converters of different material bandgaps. In the final sections of this chapter a systematic
method to design a photonic structure has been discussed in order to further enhance the
performance of PV devices under solar and white LED sources. We have first calculated
optical absorption and then evaluated the energy conversion efficiencies of the photonic
structures under consideration. Finally the design of the structure has been optimized to

maximize conversion efficiency of the PV device when illuminated by the sources.

3.1 Theoretical Efficiency Limit

To choose appropriate absorbing material for the photonic structure under different
lighting conditions, we have evaluated the Shockley-Queisser efficiency limit of an ideal
PV converter for a wide range of absorber material bandgaps considering illumination
from different light sources, such as solar irradiation, incandescent lamp, white LEDs,

fluorescent lamp and halogen lamp [61].

Shockley-Queisser limits of the PV converters are calculated as per Green’s
approximation [6]. In this approach, for an ideal PV converter with an energy gap E;

irradiated by a spectral photon flux @(1), photon yield (PY) is defined by,
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Ag 3.1)
PYzf (1) d A
0

Where Ag = hc/Eg, h is Planck’s constant and c is the vacuum speed of light. In this
approach, it is assumed that every photon with an energy E > Eg creates a charge carrier,
which is assumed to equal the elementary charge q = 1.601 x 107! C. In the ideal case,

the short circuit current Is. equals the photocurrent I, .
Iy = Ip = qXPY (3.2)
The dark current / is calculated according to Shockley-Queisser formulation,

kT
h3c?

(3.3)

2
I, =qA (Eg + kgT)?e~Eg/ksT

The area is denoted by 4, Boltzmann’s constant by k; and the temperature by 7. Open

circuit voltage is calculated from,

kT I 3.4
Vo = —— x In(Z2 + 1) S
q Iy

Fill Factor is calculated from semiempirical approximation by Green with the normalized

Voc-
o Ve (3.5)
o¢ kgT/q
PR = Voc — In(vpc + 0.72) (3.6)
1+ Voc

The maximum efficiency # depending on the input radiation power P;, is given by,

Ve X I,o X FF (3.7)
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It is quite obvious that theoretical efficiency limit will be different for different absorber
material bandgap. However, for a particular absorber material the limiting efficiency also
varies widely when operating under different illuminating sources. For a detailed
understanding of how their performance characteristics are influenced by the fine spectral
features of the illuminating light source a rigorous study is required. In our study, we
have focused on red-green-blue (RGB) white LEDs because of the widespread

commercial usage of these highly efficient and reliable light sources [62].

3.2 Practical PV Cell’s Efficiency

nITO «— 50nm

(a) (b)
Figure 3.1 : Cross section of simulated (a) CZTSSe device [63] and (b) CdTe device[64]

To investigate PV device’s performance under white LED sources two different practical
thin film devices have been considered. One is CZTSSe based which is a low cost
renewable energy solution because of the abundance of its constituent elements in the
earth [65]. Another one is CdTe based because of its superior performance as a thin film

absorber material [66].

For the CZTSSe based PV device a 50 nm thick transparent conductive oxide Indium Tin
Oxide (ITO) has been used as top contact and a 500 nm thick Molybdenum (Mo) layer as
bottom contact. A 10nm thick Zinc Oxide (ZnO) layer and 25nm thick Cadmium Sulfide

(CdS) layer are used as transparent buffer layer and window layer respectively. The active
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Table 1: Values of material parameters used for the CZTSSe device in the study

Parameters n-ZnO n-CdS p-CZTSSe
Layer thickness (cm) 1x10°°[63] | 2.5x10°°[63] | 2x107[63]
Mobility gap (eV) 3.4[67] 2.34 [68] 1.13[69]
Optical gap (eV) 3.4 2.34 1.13
Donor doping (cm™) 1x10' 1.5x 10" 0
[70] [71]
Acceptor doping (cm™) 0 0 1x10'
[71]
Dielectric constant 7.96[67] 10 [68] 10 [69]
Electronic affinity (eV) 4.515[67] 4.9 [68] 4.422 [69]
Effective DOS in CB (cm™) 3.92x 10" | 2.22x 10" | 422x 10"
Effective DOS in VB (cm™) 334x10"% | 1.8x 10" 42x10'
Electron mobility (cm?V-'s™) 40 [72] 340 [72] 40 [73]
Hole mobility (cm?V-!s™) 3[72] 100 [72] 10 [73]
Auger electron recombination coefficient 0 5x 101917171 | 3.5x 1022
(cm®s) [71]
Auger hole recombination coefficient (cm%s™) 0 0 1.5x 102
[71]
Band to band recombination coefficient 5x 100 9x 10 1x10%
(cm’s) [71] [71] [71]
Series resistance (ohm.cm?) 0.72[63]
Shunt resistance (ohm.cm?) 621[63]

layer is 2 um thick Copper Zinc Tin Sulfide Selenite (CZTSSe) layer. The device

structure is shown in figure. 3.1(a) and different material parameters used for the analysis

of the device is listed in Table 1. For the CdTe device, a 50 nm thick Fluorine doped Tin

Oxide (SnOy: F) and 500 nm thick Silver (Ag) have been considered as top and bottom

contact respectively. The window layer is 100 nm thick CdS layer and active layer is 0.6

um thick thin film Cadmium Telluride (CdTe) layer. Figure 3.1(b) shows the device

structure and material parameters used for the analysis is listed in Table 2.




Table 2: Values of material parameters used for the CdTe device in the study
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Parameters n-CdS p-CdTe
Layer thickness (cm) 1x107°[64] 6x107°[64]
Mobility gap (eV) 2.34[68] 1.45 [74]
Optical gap (eV) 2.34 1.45
Donor doping (cm™) 1 x 10'7[75] 0
Acceptor doping (cm™) 0 2 x 10M[75]
Dielectric constant 10 [68] 10.2 [76]
Electronic affinity (eV) 4.9[68] 4.52[76]
Effective DOS in CB (cm™) 2.40x 10'® 9.12 x 107
Effective DOS in VB (cm™) 2.55x 10" 1.66 x 10"
Electron mobility (cm?V-!s™) 340 [72] 1050[74]
Hole mobility (cm?V-'s™) 100 [72] 100 [74]
Auger electron recombination coefficient (cm’s™) 1x 1034[77] | 1x10377]
Auger hole recombination coefficient (cm®s™) 1x 103 1x 1073
Band to band recombination coefficient (cm®s™) 1 x 10°[77] 1 x 10°[77]

Table 3: Comparison between I-V parameters of the experimental and simulated PV devices

under AM1.5G solar spectrum

CZTSSe device CdTe device
[-V parameters Experimental Simulated Experimental | Simulated
values [63] values values[64] Values
Short circuit current 35.2 35.13 22.6 223
(mA/cm?)
Open circuit voltage 0.513 0.514 0.78 0.79
V)
Fill factor (%) 69.8 69.9 63 66
Efficiency (%) 12.6 12.63 11.2 11.7
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For the considered PV devices the generation rate of photogenerated electron hole pairs
have been calculated in FDTD solver using (2.12) to (2.14). In (2.12), real and imaginary
components of experimental dielectric constant for each material have been provided as
inputs [78]. However, the experimental data cannot be used directly in the simulation.
Instead, an analytic material model based on the experimental data is generated and used
in the simulation. Periodic boundary condition has been used in planar direction to mimic
infinitely large structures and perfectly matched layer (PML) boundary condition has
been applied for top and bottom faces. Using the optical generation rate, the theoretical
model based on numerical solution of Poisson’s equation, drift—diffusion equation and
continuity equation given in (2.15) to (2.23) is solved to find the conversion efficiencies
of these practical PV devices under solar spectrum and the model has been validated
based on the experimental results described in [63],[64]. A comparison between [-V
parameters of the experimental and simulated PV devices are listed in Table 3. Finally
energy conversion efficiencies of the devices have evaluated under different white LED

3.3 Characterizing White LEDs

Correlated Color Temperature (CCT), a photometric attribute used to characterize light
sources, represents the temperature of a black body in Kelvin that has the same
chromaticity of the light source being analyzed. CCT of the white LED sources
considered in this study are calculated as per the definition of CIE 1931 color spaces[79].
In this approach, the XYZ tristimulus values for each spectrum are calculated as per the

following definition:

A=780

X=K Z S(1). %)
A=380
A=780

Y =K z S . F)
A=380
A=780

Z=K Z S . #(0)

A=380

(3.8)
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Here, S(1) is the spectral power distribution of the light source.x(A), y(A) andz(A) are

color matching functions shown in figure 3.2 and K is a normalization constant.
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Figure 3.2 : Color matching function

The chromaticity coordinates (x, y) corresponding to the spectra are next obtained using

(3.9):

X
*TXtv+z

X (3.9)
Y= X+v+2z

From these coordinates, the CCT values are finally estimated using McCamy’s relation

[80] defined as follows:

x —0.3320

"= 01858 —y

CCT = 449n3 + 3525n% + 6823.3n + 5520.33 (3.10)
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3.4 Correlating PV Cells’ Efficiency with White LEDs’

Photometric Features

The conversion efficiencies of the CZTSSe and CdTe based practical PV devices have
been correlated with the CCT values of the illuminating white LED sources. Along with
this, a correlation has been established between photon yield of the devices (assuming

ideal PV converters) and CCT values to consider both ideal and practical cases.

In order to generalize the observed behavior of the PV converter under different white
LED sources, reference spectra are systematically generated such that they cover the
effective range of color temperature of typically available commercial white LEDs. It is
important to note that CCT of a white LED source may vary depending on two factors,
namely the variation of relative intensity of the blue emission peak (Ig) and the variation
of linewidth (AX) of the broader emission centered at 600 nm. To account for both these
factors, two different sets of LED spectra have been generated and considered. For the
first sets of spectra, peak intensity of blue emission (Is) is increased keeping AA
unchanged. The second sets of spectra are generated by varying AL while keeping peak

blue emission intensity constant.

To have an estimate of the fraction of light absorbed by an ideal PV converter under these
spectra, photon yields are calculated for a wide range of absorbing material bandgap.
Depending on the photon yield three characteristic bandgap regimes have been identified.
Next photon yields are calculated for a particular material bandgap in each regime and a
general relation has been established between photon yield and CCT in the regime. Thus
we have established the relation between maximum energy conversion efficiency of the
PV device of different absorbing materials and photometric features of the white LED
source and evaluated maximum achievable efficiency of a PV converter under RGB white

LEDs.
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3.5 Optical Modeling of Photonic Structure

The photonic structure has been designed with the CdTe device shown in figure 3.1(b).
The energy conversion efficiency of such ultrathin film PV devices (thickness <lum) is
limited by poor absorption of a large fraction of the incident light [81], [82]. Light
absorption hence optical generation has been increased by the optimized design of the

photonic structure.

«— SnO2:F
«— SnO2:F

cds

CdS (Window Layer)
(Window Laye)
CdTe
CdTe (Active Layer )
(Active Layer)
Ag
Ag
(a)
<— SnO2:F
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(Window Layer)

CdTe
(Active Layer)

Ag

(©) (d)

Figure 3.3 : Photonic structures with periodic SiO2 holes in (a) both active and window layer (b) only
active layer (c) only window layer and (d) top view of the structure
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Three types of photonic structures made by patterning circular holes into active and
window layer together, only active layer and only window layer have been considered in
this study. The circular holes are arranged periodically and filled with dielectric material

i.e. silicon dioxide (Si0O2). The structures are shown in figure 3.3.

In optical simulation, optical power absorbed by the whole photonic structure (Puss) is
calculated using (2.12) for a plane wave source and normalized by input source’s power
(Pin) to have fraction of incident power absorbed by the structure which is independent of
any illuminating source. We have also observed fraction of power absorbed in active and
window layer separately for the analysis purpose. Next generation rate of the photo-
generated electron-hole pairs G(r) of the patterned PV devices has been calculated for
AM 1.5G standard solar spectrum and commercially available white LED sources using
(2.13). Finally we have varied diameter and filling factor/fractional area (FA=nr?/a®, with
radius of the holes r and lattice constant of the periodic holes a) of the circular arrays to

enhance light absorption and hence optical generation in the absorber.
3.6 Electrical Modeling of Photonic Structure

The photogenerated carrier generation profiles obtained from the optical solver are inputs
for the electrical modeling of the photonic structures. In the charge solver, short circuit
current, open circuit voltage, fill factor and conversion efficiency of the photonic
structures have been obtained under AM 1.5G standard solar spectrum and commercially
available white LED sources by solving (2.15) to (2.23) using the generation profiles.
Based on optimal conversion efficiencies under the sources, spectra selective photonic

structures have been designed.

Material parameters used for the modeling are same as Table 2. However for the whole
photonic structure, charge solver cannot solve the theoretical model based on Poisson’s
equation and continuity equation numerically. Therefore in numerical solution of the
photonic structures, the effect of dielectric holes has been modeled by the resistance of

the containing absorber layer. Since the dielectric filled holes are obstacles to the
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transport of charges (electrons/holes) in the absorber material, the drift and diffusion

current of the device will be reduced. The drift current density is given by:

Jarife = 0E (3.11)

Where o is the conductivity of the absorbing layer and E is the electric field. The
reciprocal of the conductivity is resistivity p and the overall resistance of the layer with

area 4 and length L is given by:

R=rL (3.12)

p=1 (3.13)

If the bare absorber layer has a resistance of Ryare and area of Avar, after introducing
dielectric filled holes effective area of the absorber layer will decrease to Astucture. Hence
the effective resistance of the layer will increase to Rsuucture according to the following

relation,

Rstructure _ Abare (3.14)

R bare Astructure

Thus we have incorporated the effect of dielectric filled holes by making the absorbing
layer containing the dielectric filled holes more resistive and increased the layer
resistance in proportion to the reduced area. As a result, current density has been adjusted

according to (3.11) to (3.13).

To evaluate the validity of our modeling, the effect of dielectric holes on photonic
structure’s output current density have been observed separately by including couple of
holes in the absorber layer directly and by increasing layer resistances accordingly. We
have numerically solved the actual and electrically modeled photonic structures in the

charge solver and compared their performance under solar illumination.
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CHAPTER 4

Results and Discussion

In this chapter, performance of ideal and practical PV devices has been presented for
operation under natural and artificial light sources. Moreover, optical absorption and
power conversion efficiencies of the considered photonic structures have been evaluated
under solar and white LED sources. Based on the obtained results, spectra selective
photonic structures have been designed which will be able to maximize conversion

efficiency of the PV device when illuminated by the sources.

4.1 PV Device’s Performance under Spectrally Varying

Sources

In the first part of this section, energy conversion efficiencies of the ideal and our
considered practical PV devices have been shown considering illumination under natural
and commercially available artificial sources and optimum absorber materials have been
identified for the corresponding light sources. In the subsequent part, performance of PV
converters of different material bandgaps has been generalized based on operation under
theoretically modeled white LED spectra. From these results a relation has been
established between maximum energy conversion efficiency of the PV absorber material

and photometric features of the white LED sources.
4.1.1 Characterization under Practical Light Sources

To evaluate performance characteristics of photovoltaic energy converters under typical
lighting conditions, standard AM 1.5 solar spectrum and several commercially available
artificial light sources have been considered in this study. Spectral power distribution

(S(A)) of these light sources are shown in Figure 4.1(a). In order to estimate maximum
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Figure 4.1 : (a) Spectral Power Distribution of AM 1.5 solar irradiation and artificial light sources (b)
Limiting Shockley—Queisser efficiency of an ideal PV converter as a function of material bandgap
under the illuminating sources.
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Figure 4.2 : (a) Spectral Power Distribution and (b) CIE 1931 Chromaticity diagram with
chromaticity coordinates of commercial white LED sources (CCT values shown in parentheses)

conversion efficiency of an ideal PV converter under these practical light sources,

Shockley-Queisser limits are calculated as per Green’s approximation which is shown in

Figure 4.1(b). The figure suggests that optimal bandgap energy of the PV absorber

material varies depending on the illuminating source and for AM 1.5 solar irradiation, the
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Figure 4.3: (a) Limiting Shockley—Queisser efficiency of an ideal PV converter as a function of
material bandgap and (b) photon yield as a function of bandgap for different commercial white LED
sources and AM 1.5 solar radiation.

limiting efficiency amounts to the range of 34% for absorber bandgap of 1.3eV whereas
for Planckian radiators colder than the sun, the ideal maximum efficiency in our example
decreases to 32% (incandescent bulb) and to 30% (halogen lamp) and peak efficiencies
are recorded at bandgaps of 0.8eV and 1.0eV respectively for these sources. Among all
artificial light sources, RGB white LEDs are highly efficient and mostly used now-a-days
[83], [84]. So performance characteristics of PV devices have been further evaluated for
fine spectral features of the RGB white LEDs. Figure 4.2(a) shows spectral power
distribution (S(A)) of some commercially available white LEDs having different
correlated color temperatures, emission linewidths and relative intensity of blue. The CIE
1931 color space chromaticity diagram and calculated color temperatures for these
spectra are depicted in Figure 4.2 (b). As can be seen, CCT values of the LEDs vary from
2308 K (warm glow) to 5833 K (cool white), which is basically the effective range of
color temperature of typically available commercial white LEDs. In order to compare the
performance of a PV converter under different white LEDs, Shockley-Queisser limiting
efficiency is calculated for a wide range of absorbing material bandgap under the white
LED sources and a comparative picture is shown in Figure 4.3 (a). As shown in Figure
4.3 (a), the peak efficiency limit for different bandgaps of the PV absorber material vary
from 58%-68% over an optimal bandgap range of 1.7-1.9eV. These values are

significantly higher than the maximum efficiency limit of 34% obtainable under AM1.5
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solar irradiation. Such high values of efficiency limit can be explained in terms of the
corresponding photon yields. The calculated photon yields for the white LED sources and
also for AML1.5 solar spectrum are plotted in Figure 4.3 (b). It is to be noted that for the
comparison of photon yield, intensity of each spectrum was scaled such that the total
power density remains constant at 1000 W/m?. As can be observed in Figure 4.3(b), for
the entire range of bandgap, percentage of light absorbed by an ideal photovoltaic
converter is much higher under a white LED source, than under solar radiation. It is also
quite obvious that photon yield values obtained for different LEDs vary significantly
depending on CCT of the illuminating spectra and bandgap of the PV absorber material,

thereby indicating a possible correlation between the two.

To further investigate a PV device’s performance under white LED sources having
different CCTs, two practical PV converters, one CZTSSe-based and another CdTe-based
thin film device is considered. The CZTSSe based device was previously reported to have
demonstrated the record efficiency value of 12.6% under solar irradiation [85] and a
theoretical efficiency value of 13.77% under typical white LED illumination [9].
Although maximum efficiency of CdTe based device has already been obtained to 22.1%

under solar irradiation [86] ,our considered device exhibits an experimental efficiency of

Table 4: LED sources with their CCTs and corresponding efficiencies of the CZTSSe and

CdTe device

whiteLEDsouse | T oL | o | e n o
Ledtech Bridgelux 2308 14.61 18.71
Philips Streetview 2341 14.77 18.92
TCP LED PAR20 2387 14.8 18.86
Philips LED A19 2492 14.98 19.02
Philips LED CandleLight 2594 14.81 18.93
CREE LED BR30 2690 14.8 18.85
Philips LED PAR20 Flood 2894 14.68 18.74
Philips LED 3white-board 3822 14.14 17.83
Ledtech LED PAR20 5833 13.55 16.73
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Figure 4.4: Relative enhancement of efficiency taking the lowest efficiency as reference for (a)
CZTSSe and (b) CdTe device (c) calculated photon yield as a function of CCT of the commercial
LED sources for the CZTSSe and CdTe device and (d) limiting Shockley—Queisser efficiency of an
ideal PV converter of different absorber materials (bandgaps shown in parentheses) as a function of
CCT of the commercial LED sources

11.2% which is maximum recorded efficiency for CdTe device with CdTe film thickness
less than 1 um [64]. The energy conversion efficiencies of these devices under different
white LED sources along with CCT values of the illuminating sources are listed in Table
4. As can be observed, the efficiency values obtained under different white LED sources
vary from 13.55% to 14.98% for the CZTSSe device and 16.73% to 19.02% for the CdTe

device. A comparative picture is presented in Figure 4.4 (a) and (b), which shows the
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relative efficiency enhancement obtained by taking the lowest efficiency values of
CZTSSe and CdTe device in Table 4 as references respectively. The trend is similar for
both devices and the observed trend is in fact very much in accordance with the photon
yield vs. CCT characteristics of these devices which are plotted in Figure 4.4(c). This
indicates that photon yield can describe how a specific PV converter’s efficiency can vary
depending on CCT value of the white LED source. However for a generalized
description, CCT of the white LED source needs to be correlated with the conversion
efficiencies of PV converters having different material bandgaps. In Figure 4.4(d), the
maximum efficiency limit for different material systems are calculated and plotted as a
function of CCT values of these practical white LED sources. As can be observed, for
different CCTs of the white LED source, efficiency of single-junction PV devices can

vary by about 3.8% to 9.5% depending on absorber material.

4.1.2 Generalized Description Based on Theoretically Modeled
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Figure 4.5 : Spectral Irradiance of reference spectra (CCT values shown in parentheses) generated
(a) by varying peak intensity of blue emission while keeping main emission linewidth constant and (b)
by varying linewidth of main emission while keeping peak intensity of blue emission constant.
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Figure 4.6 : (a) Photon yield as a function of material bandgap for the generated reference set of
spectra having intensity of 1000W/m?; photon yield vs. CCT characteristics for different material
bandgaps representing (b) region I (¢) region II (d) region III (circle and square for spectra of fig.
4(a) and (b) respectively and solid line for expected commercial white LED spectra).

The observed behavior of PV converter under different white LED sources is generalized
by theoretically modeled spectra. The spectra are generated by varying relative intensity
of the blue emission peak (Ig) and linewidth (AL) of the broader emission centered at 600
nm one at a time which correspond to the CCT values ranging from 2220K to 5850K. For
the first set of spectra (Figure 4.5(a)), peak intensity of blue emission is increased from
2% to 150% of the main emission peak by keeping AA unchanged, thereby resulting in
CCT variation from 2420K to 5850K. The second set of spectra in Figure 4.5(b) are
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generated by varying AA from 90nm to 550nm while keeping peak blue emission intensity

constant, thereby resulting in CCT values ranging from 2220K to 5213K.

To have an estimate of the fraction of light absorbed by an ideal PV converter under these
spectra, photon yields are calculated and plotted in Figure 4.6(a). As can be observed, for
all the spectra the photon yield (PY) remains invariant with bandgap as it varies from
0.5eV to 1.5eV. However, PY decreases sharply for material bandgaps residing between
1.5eV and 2.25eV, and then decreases at a less steep slope for bandgaps larger than
2.25eV. Based on these observations, three characteristic regimes labeled as Region I, II

and III, have been identified in Figure 4.6(a).

To establish the general relation between PY and CCT in these three regimes, photon
yields are next calculated for different bandgaps of the PV absorber material. For Region
I, a material bandgap of 1.5¢V is considered and the corresponding photon yields are
calculated and plotted for LEDs having different CCT values. As shown in Figure 4.6(b),
both positive and negative correlations are obtained between PY and CCT, depending on
whether AL or I is increasing. This behavior is better explained with respect to the
fraction of blue in the corresponding spectrum, which actually increases both with the
increase of Is and decrease of AL. As the blue emission corresponds to a relatively high
energy of the incident photon, an increase in the fraction of blue effectively reduces the
number of photons per unit energy, thereby reducing the overall photon flux that can be
absorbed by the PV device. The solid line shown in Figure 4.6(b) represents the PY vs.
CCT characteristics expected for the commercial white LED spectra considered in this
study. It is noteworthy that this trend is qualitatively similar to the previously obtained
PY vs. CCT characteristics (Figure 4.4(c)) of CZTSSe and CdTe devices, for which the
absorber layer bandgaps were 1.1eV and 1.45eV respectively, both residing in Region I.
Because PY is independent of bandgap in Region I, similar characteristics are expected
for PV converters having any other material bandgap within this region. This is evident
from Figure 4.4(d) also, which shows similar qualitative dependence of efficiency limits
on CCT for CZTSSe, AlGaAs, crystalline Silicon(c-Si) and GaAs materials, all of which
have bandgaps within Region L.
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The dependence of photon yield on the illuminating spectrum is further illustrated in
Figure 4.6(c) and (d) for material bandgaps corresponding to Region II and III
respectively. The solid lines shown in these figures indicate the characteristics expected
from operation under commercial white LED sources. For materials of high bandgap, the
photon conversion efficiency, and hence the photon yield is expected to increase if there
is an increase in the number of higher energy photons in the incident spectrum. Therefore
enhancement of the percentage of blue in the white LED source, resulting from either

increase of Ig or decrease of AA, should increase the photon yield for materials of high
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bandgap. Such a trend is particularly evident in Region III, where material bandgaps
ranging from 2.5eV to 3eV can absorb only the high energy photons residing in the
vicinity of the blue region of the emission spectrum. Consequently for material bandgaps
of 2.5eV or higher, PY tends to increase as the illuminating source tend to be more cool
white in nature. Based on the choice of material bandgap in Region II, the dependence of
PY on CCT exhibits characteristics similar to those of Region I or III. As has been shown
by the solid line in Figure 4.6(c), for a relatively smaller bandgap of 1.75¢V, PY tends to
remain nearly invariant with CCT for up to 2500 K and then decrease monotonically as
CCT further increases, a characteristic similar to that of Region I. On the contrary, for
higher values of bandgap, such as for Eg = 2eV as has been considered in the plot, the
trend appears to be in accordance with the characteristics observed in Region III. It is
noteworthy that in the efficiency limit vs. CCT plot of Figure 4.4(d), similar characteristic

trend is obtained with GalnP, for which a material bandgap of 1.9¢V is considered.

A summary of the results obtained for the three regions is illustrated using false color
plots in Figure 4.7. The color plots shown in Figures 4.7(a)-(c) present the dependence of
PY on Is and AA, for specific bandgaps of the PV absorber material representing region I,
IT and III respectively. As can be observed, low linewidth of the main emission peak of
the white LED source is preferred for all bandgaps of the PV absorber material in order to
attain high photon yields. On the other hand, high intensity of the blue emission peak is
desirable for the PV materials having bandgaps of 2eV or higher. The relation of PY with
material bandgap and CCT is shown in Figure 4.7(d), which clearly illustrates the three
regions signifying the dependence of photon conversion efficiency on CCT of the
illuminating spectra. The results shown here indicate that for absorber materials having
bandgaps smaller than 2eV, higher photon conversion efficiency is expected for operation
under warm glow white LEDs. On the contrary, white LEDs emitting cool light are more

suitable for PV converters designed with higher bandgap absorber materials.

These results provide necessary guideline for choosing appropriate absorber material for
designing the photonic structure operating under white LED sources. Accordingly we
have designed the photonic structure with the CdTe device because its active layer

CdTe’s bandgap is closer to optimal bandgap under white LED sources than that of
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CZTSSe material. Moreover since its bandgap resides in region I, the photonic structure

is expected to perform better under warm glow white LEDs than cool light white LEDs.

4.2 Design Optimization of Photonic Structure

The first part of this section shows optical power absorption results for all three types of
photonic structures considered in this study. In the subsequent part, energy conversion
efficiencies of the structured PV devices have been shown for operation under natural and
different white LED sources. Based on optimal energy conversion efficiencies under the

sources, spectra selective photonic structures have been designed.
4.2.1 Optical Power Absorption by the Photonic Structure

To increase the light absorption and hence conversion efficiency of ultrathin film PV
converters we have designed three types of photonic structures (Figure 3.3). The photonic

structures have periodic circular holes filled with dielectric i.e. SiO> into-

1. both active and window layer (configuration A1)
i1. only active layer (configuration A2) and
11i. only window layer (configuration A3)

We have calculated the fraction of incident power absorbed by the photonic structures by
varying dielectric filled circular hole’s diameter from 150nm to 350 nm and fractional
area (FA) from 20% to 90% of the absorber layer. Figure 4.8 shows absorption spectra of
all three configurations at varying diameters keeping fractional area fixed at 30% (Figure
4.8 (a)-(c)) and at 50% (Figure 4.8 (d)-(f)). As can be observed, light absorption
increases for all the photonic structures compared to the bare CdTe device in the
wavelength range of 400-700 nm which is the useful spectrum region of all illuminating

sources. Also it can be seen that, absorption changes very small with the variation of
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Figure 4.9 : (a) Absorption spectra at varying fractional area of SiO: holes and absorption as a
function of fractional area at different wavelengths for (b) whole structure (c) active (CdTe) layer (d)
window (CdS) layer for the photonic structure Al

dielectric hole’s diameter. So we have considered a fixed experimentally realizable

diameter of 250 nm of the dielectric filled holes for further study[16], [30].

For configuration Al, Figure 4.9(a) shows absorption spectra for varying fractional area
at fixed diameter of 250 nm and Figure 4.9 (b) shows absorption vs. FA plot at some
particular wavelengths in the useful wavelength range. As can be seen in figure 4.9(b),
absorption is relatively low at very high and low FA of dielectric filled holes (bare PV

device denotes zero fractional area) because photonic structures with very low and high
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FA act almost as solid material layer and cannot effectively trap light by multiple light
scattering and wave interference as patterned structures. Besides absorption by the whole
photonic structure, light absorption in active layer (CdTe) and window layer (CdS) have
been calculated individually for configuration A1l and plotted in Figure 4.9(c) and (d). By
the photonic structures we want to maximize light absorption in the active layer and
minimize absorption in window layer. As shown in Figure 4.9 (¢) and (d), in bare PV
device, high energetic photons of wavelength less than 500 nm is mostly absorbed in
window layer and relatively low energetic photons of wavelength greater than 500 nm is
absorbed in active layer. After introducing SiO: filled holes, overall absorption of high
energetic photons has been increased and most importantly this increase results from
increased absorption in active region whereas absorption in the window layer has been
decreased. The phenomenon can be better explained by the electric filed distribution of
the downward propagating light wave in xz plane shown in Figure 4.10 (a) and (b). As
shown in Figure 4.10 (a), for bare device at an excitation of 500 nm, electric field
intensity decreases rapidly while propagating from window layer to active layer, hence
almost all photons are absorbed in the window layer. Dielectric holes in the window layer
distribute electric filed in the active layer as shown in Figure 4.10(b), therefore absorption
in the active layer increases. So it can be said that dielectric holes in the window layer
cannot localize light greatly in this layer, rather it passages and localizes light to the
active layer due to very low thickness of the window layer (thickness 100 nm). However,

higher wavelength lights are effectively confined by dielectric holes in the relatively
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Figure 4.10 : Electric filed distribution in the xz-plane at an excitation of 500 nm for (a) bare CdTe
device and (b) configuration A1 with fractional area 50%
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Figure 4.11: Electric filed distribution in the xz-plane at an excitation of 600 nm for (a) bare CdTe
device (b) configuration A1 (c) configuration A2 and (d) configuration A3 with fractional area 50%

thicker active layer (thickness 600 nm), as shown by the electric field distribution at an
excitation of 600 nm in figure 4.11(b). As a result absorption of lower energetic photons
increases in active layer when dielectric holes are introduced. At very high fractional area
this absorption falls as can be seen in Figure 4.9(c) when amount of absorber material is

greatly reduced.

The effect of dielectric hole’s fractional area on light absorption has also been studied for

configuration A2 and plotted in Figure 4.12 (a) to (d).As can be seen from Figure 4.12(b),
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Figure 4.12 : (a) Absorption spectra at varying fractional area of SiO: holes and absorption as a
function of fractional area at different wavelengths for (b) whole structure (c) active (CdTe) layer (d)
window (CdS) layer for the photonic structure A2

absorption of high energetic photons in the photonic structure does not change
significantly with varying FA because these structures don’t contain dielectric holes in the
window layer. Absorption of lower energetic photons in the active layer also remains
almost invariant with fractional area as shown in Figure 4.12(c) because higher
wavelength lights are not highly localized in the active layer when the upper window
layer is solid. It is evident from electric field distribution of 600 nm light wave for
configuration A2, shown in Figure 4.11(c). This high wavelength light cannot be

effectively localized in the active layer for configuration A2 like configuration Al.
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Figure 4.13: (a) Absorption spectra at varying fractional area of SiO: holes and absorption as a
function of fractional area at different wavelengths for (b) whole structure (c) active (CdTe) layer (d)

window (CdS) layer for the photonic structure A3

Similar studies have been done for configuration A3 and results are shown in Figure 4.13

(a) to (d). As can be seen from Figure 4.13(b), similar to configuration Al in this

photonic structure absorption of high energetic photons is increased due to increased

absorption in the active layer as shown in 4.13 (c¢). Despite bare active layer, absorption

of lower energetic photons increases little in the active layer as observed from figure

4.13(c) because structured upper window layer causes light confinement in the active

layer which is also observed from the electric field distribution at an excitation of 600 nm

for configuration A3 in Figure 4.11 (d).
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We have also integrated absorption in the active layer over the useful wavelength range of
400-720 nm for all three configurations and compared the values with that of bare CdTe
device. A thin film PV device with amorphous silicon active layer patterned as 2D
photonic crystal membrane was previously reported to have 28% increased integrated
absorption compared to the unpatterned stack [87]. In our study, for configuration Al,
maximum 40% increase in integrated absorption compared to bare CdTe device is
obtained for 80% FA of dielectric holes. For configuration A2, maximum integrated
absorption is only 4.5% relative to bare device at 40% FA. For configuration A3, the
integrated absorption increases with increasing FA of dielectric holes and the maximum

obtained value is 30%.

4.2.2 Validation of Electrical modeling
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Figure 4.14: Current density and voltage relation for the modeled structure along with actual
photonic structure of configuration A1’s values under solar AM 1.5 spectrum

In electrical simulation, we have modeled the dielectric holes by the resistance of the
containing absorber layer. Since the holes will decrease drift-diffusion current density, we
have increased the layer’s resistance according to (3.13). The model is validated against
output characteristics of the actual photonic structure, the current density vs. voltage (J-V)
characteristics of which is shown along with the modeled one in Figure 4.14. Under solar
spectrum, short circuit current density of our considered CdTe device was 22.4mA/cm?.

As can be seen in Figure 4.14, after introducing holes it decreases to 21.1mA/cm? for the
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actual photonic structure which means 5.8% decrease in bare device’s current density. On
the other hand, for our modeled structure current density has decreased by 3.12% with a

short circuit current density of 21.7mA/cm?

. The probable reason of these small
discrepancies is non-uniform distribution of electric field at the edge of dielectric holes

due to fringing effect which we have ignored in our modeling.

4.2.3 Energy Conversion Efficiency of the Photonic Structure

In order to design spectra selective photonic structures which will be able to maximize
conversion efficiency of the PV device under the illuminating source, energy conversion
efficiencies of three types of photonic structures have been calculated under standard AM
1.5 solar spectrum and commercially available white LED sources using the electrical

modeling.

For configuration Al, energy conversion efficiencies have been calculated varying
fractional area of dielectric holes from 0% (bare CdTe device) to 90% considering
illumination under solar spectrum and Philips (2492K)) LED source and the obtained I-V
parameters are listed in Table 5. As can be observed, energy conversion efficiency of the
photonic structure decreases from 11.7% to 5.3% for AM 1.5 solar spectrum and it
decreases from 19% to 9% for the LED source while increasing FA which is shown in
Figure 4.15 (a) as well. Again current density vs. FA characteristics plotted in Figure
4.15(b) shows that current density of the photonic structures decreases with increasing FA
due to interference of charge carriers with dielectric holes in active and window layer.
Besides, as fractional area of dielectric holes increases, the containing layers become
more resistive and fill factor of the device drops as can be observed from Figure 4.15(b)
as well. Due to these dual effects, overall conversion efficiency of the photonic structure
decreases. Similar studies have been made for configuration A2 and the results are
summarized in Table 6 and shown in Figure 4.16(a) and (b). Figure 4.16 (a) shows similar
FA dependence of power conversion efficiency for photonic structures of configuration
A2 like Al due to decreased current density and fill factor with increasing FA of

dielectric holes in the active layer as observed from Figure 4.16(b).
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Table 5: I-V parameters of configuration Al at different fractional areas of dielectric holes
under solar and Philips (2492K) sources

Fractional AM 1.5 solar spectrum Philips (2492K) white LED
Area(%) | Jse(mA/em?) | Voo(V) | FE(%) | n(%) | Jsc(mA/em?®) | V,o(V) | FE(%) | n(%)
0(Bare) 22.33 0.79 66.8 11.7 | 33.75 0.82 68.2 19.0
20 22.31 0.81 65.7 11.6 | 33.26 0.83 65.7 18.6
30 21.17 0.81 65.6 11.3 | 3248 0.83 65.6 18.4
40 21.24 0.82 65.1 11.3 | 33.0 0.84 65.1 18.3
50 20.1 0.82 65.0 10.7 | 31.45 0.85 65.0 17.4
60 20.0 0.83 64.0 10.6 | 30.7 0.85 64.0 16.8
70 18.5 0.83 62.8 9.7 29.6 0.86 62.8 15.8
80 16.5 0.83 59.8 8.3 28.9 0.86 59.8 14.5
90 10.6 0.84 58.7 5.3 18.29 0.86 58.7 8.9
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Figure 4.15 : (a) Efficiency as a function of fractional area and (b) short circuit current density and
Fill factor as a function of fractional area for the photonic structure A1 under AM 1.5 solar spectrum
and Philips(2492K) LED source.

For the photonic structure of configuration A3, varying fractional area of dielectric holes

energy conversion efficiency can be increased up to 13.22% from bare device’s efficiency

of 11.7% under AM 1.5 solar spectrum and up to 20.84% from bare device’s efficiency

of 19% under Philips (2492K)) Led source. A summary of the I-V parameters under these
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Table 6: I-V parameters of configuration A2 at different fractional areas of dielectric holes

under solar and Philips (2492K) sources

Fractional AM 1.5 solar spectrum Philips (2492K) white LED
Area(%) | Jso(mA/em?) | Voe(V) | FE(%) | n(%) | Jsc(mA/em?) | Voo (V) | FE(%) | n(%)
0(Bare) 22.33 0.79 66.8 11.7 | 33.75 0.82 68.2 19.0
20 21.74 0.80 65.4 11.5 | 31.74 0.83 66.8 17.6
30 20.35 0.80 65.0 10.7 | 30.7 0.83 65.9 16.8
40 19.91 0.81 64.6 10.4 | 30.88 0.83 65.1 16.8
50 18.0 0.81 64.7 9.5 28.55 0.83 64.5 154
60 17.9 0.82 63.9 94 |27.8 0.84 63.5 15.0
70 16.95 0.83 62.8 8.8 27.4 0.85 62.5 14.6
80 16.32 0.84 59.8 8.2 28.5 0.86 58.9 14.9
90 11.69 0.85 59.8 6.0 |21.36 0.87 57.9 10.8
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Figure 4.16 : (a) Efficiency as a function of fractional area and (b) short circuit current density and
Fill factor as a function of fractional area for the photonic structure A2 under AM 1.5 solar spectrum
and Philips(2492K) LED source.

two sources are listed in Table 7 and a comparative picture of the obtained conversion

efficiencies is presented in Figure 4.17 (a). It is noteworthy that, this trend is qualitatively

similar to the short circuit current density vs. FA characteristics shown in Figure 4.17(b)

and previously obtained absorption vs. FA characteristics of this configuration (Figure

4.13(b)). The results shown here indicate that, for this photonic structure short circuit
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Table 7: I-V parameters of configuration A3 at different fractional areas of dielectric holes
under solar and Philips (2492K) sources

Fractional AM 1.5 solar spectrum Philips (2492K) white LED
Area(%) | Jsc(mA/em?) | Voe(V) | FE(%) | (%) | Jsc(mA/em?) | Voo (V) | FE(%) | n(%)
0(Bare) 22.33 0.79 66.8 11.7 | 33.75 0.82 68.2 19.0
20 23.42 0.80 66.5 12.6 | 34.88 0.82 68.4 19.7
30 23.88 0.80 66.5 12.8 | 35.74 0.83 68.6 20.3
40 24.44 0.80 66.6 13.1 | 36.71 0.83 68.3 20.8
50 24.5 0.80 66.6 13.2 | 36.52 0.83 68.5 20.7
60 24.3 0.80 66.7 13.1 | 36.07 0.83 68.5 20.5
70 24.4 0.80 66.7 13.1 | 36.25 0.83 68.5 20.6
80 23.9 0.80 66.7 129 | 34.84 0.82 68.7 19.8
90 23.0 0.80 66.7 12.4 | 33.22 0.82 68.7 18.9
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Figure 4.17 : (a) Efficiency as a function of fractional area and (b) short circuit current density and
Fill factor as a function of fractional area for the photonic structure A3 under AM 1.5 solar spectrum
and Philips(2492K) LED source.

current density increases with increased light absorption i.e. photogenerated electron-hole

pairs. Dielectric holes in window layer cannot affect significantly on transportation and

collection of charged carriers towards the respective electrode since drift velocity of the

carriers is quite high in the highly doped thin window layer. Moreover, since active layer

does not contain any dielectric holes, device resistance does not change much with FA
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which is also observed from FF vs. FA plot from Figure 4.17(b). As a result energy
conversion efficiency closely follows photo current. These obtained results are
comparable to the performance of a structured thin film AlGaAs/GaAs solar cell,
theoretical conversion efficiency of the PV structure was enhanced upto 9.383% from
planar cell’s efficiency of 7.432% under solar spectrum using 2D photonic structures at

the front surface of the cell [88].

In summary, although optical power absorption in the active layer have been enhanced for
all three types of photonic structures, for configuration A1 and A2, motion of photo-
generated carriers towards the respective electrodes are inhibited by the dielectric filled
holes in the active layer, so overall current density and energy conversion efficiency
decreases from the bare PV device for these two structures. Only for configuration A3
that contains dielectric filled holes only in window layer, energy conversion efficiency
has been increased from the bare CdTe device. So in order to design spectra selective
photonic structure, configuration A3 has been selected and its performance has been

evaluated under different commercially available white LED sources.

4.2.4 Spectra Selective Photonic Structure Design

For configuration A3, energy conversion efficiencies have been calculated under different
white LED sources. The conversion efficiencies obtained are listed in Table7 and energy
conversion efficiency vs. FA characteristics under the sources is plotted in Figure 4.18.
As expected the photonic structure performs better under warm glow white LEDs since
the absorber material of the structure is CdTe having bandgap less than 1.5eV. The figure
also depicts that energy conversion efficiency of the photonic structure enhances from the
bare PV device for all illuminating sources. However the fractional area of dielectric
holes at which peak efficiency is recorded is different depending on the LED source. For
warm glow white LEDs like Philips (2492K) and Philips (2894K) having minimum
fraction of blue, efficiency reaches maximum at 40% FA since absorption of relatively
high wavelength lights i.e. low energetic photons is maximum close to this FA (Figure
4.13(b)). On the contrary, since Ledtech (5833K) emitting cool light have maximum

fraction of blue, efficiency under the LED source maximizes at 70% FA where low wave-
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Table 8: Conversion efficiencies of configuration A3 at different fractional areas under
commercial white LED sources

Fractional Efficiency, n (%) Efficiency, n (%) Efficiency, n (%)
area (%) under Philips(2492K) | under Philips(2894K) under Ledtech (5833K)
O(Bare) 19.01 18.44 16.72
20 19.73 19.57 17.96
30 20.33 20.24 18.8
40 20.84 20.82 19.53
50 20.77 20.84 19.96
60 20.5 20.6 19.81
70 20.62 20.84 20.35
80 19.84 20.14 20.17
90 18.91 19.28 19.64
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Figure 4.18: Efficiency as a function of fractional area under different white LEDs for the photonic
structure A3.

length lights or high energetic photons are more effectively absorbed (Figure4.13(b)).
However as shown in Figure 4.17(a), a relatively flat efficiency vs. FA characteristics is
obtained under AM1.5 solar illumination and efficiency is high over theFA range of 50%
to 70% due to broad band emission spectrum of solar irradiation. The results provide a
guideline to design spectra selective photonic structures for optimized operation under

different sources.
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CHAPTER 5

Summary and Future Work

5.1 Summary

This thesis provides an in-depth study of photonic structures for spectrum-dependent
energy harvesting of photovoltaic devices. These studies require increased attention as
mm-scale electronics become ubiquitous in our society. Traditional photonic structures
are not optimized for photovoltaic energy harvesting from ambient light because they are
designed for solar radiation whose spectrum is very much different from artificial
sources. The material and design of the photonic structures must be optimized for

artificial sources for efficient energy harvesting from ambient light.

In the initial part of this work, appropriate absorber material of the photonic structure has
been chosen by evaluating efficiency limit of single-junction photovoltaic devices for
different absorber materials and identifying optimal absorber bandgaps under natural and
artificial light sources. Moreover due to wide spread use of white LED sources, the
dependence of photovoltaic energy conversion efficiency on spectral characteristics of
these sources has been studied in detail. Considering illumination by different
commercially available white LED sources, energy conversion efficiency of an
experimentally reported CZTSSe and CdTe device is estimated based on numerical
simulation of Poisson’s and continuity equations under optical generation-recombination
conditions. For a specific PV observer material, the obtained characteristics are found to
be intricately related to the correlation between color temperature and photon yield of the
illuminating spectrum. The findings have been further generalized for any combination of
PV absorber material and white LED spectrum of interest. The established general
framework between conversion efficiency of the photovoltaic device and correlated color
temperature of the illuminating spectrum indicate that depending on bandgap of the PV

absorber material and fraction of blue of the white LED spectrum, both positive and
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negative correlations are possible between energy conversion efficiency of the PV device
and CCT of the white LED source. Whereas warm glow white LEDs are found to be
more conducive for material bandgaps of 2eV or smaller, cool white emitting LEDs
should be favored for higher bandgap materials to attain higher conversion efficiencies.
The results presented here therefore provide a guideline to correlate absorber material’s
bandgap with illuminating white LED sources’ photometric attributes for obtaining

optimal conversion efficiency of the photonic structures under the sources.

In the later part of the work, photonic structure has been designed with the CdTe active
layer since its bandgap is closer to optimal bandgap than that of CZTSSe under LED
sources. Considering illumination by solar spectrum and commercially available white
LED sources, energy conversion efficiency of an experimentally reported CdTe device
has been estimated incorporating dielectric filled holes in different layers of the device.
For all illuminating sources, performance of the photonic structure having dielectric holes
in the window layer is found to be better than all other structures. However, the fractional
area of dielectric holes in the window layer for which peak efficiency is obtained is found
to be different depending on illuminating sources and for white LED sources, it is related
to the photometric attributes i.e. fraction of blue and correlated color temperature of the
illuminating LED source. While photonic structure with low fractional area (~40%)
exhibits superior performance under warm glow white LEDs, high fractional area of holes
(~70%) is more conducive for operation under LED sources emitting cool light. Of course
a better performance is found for warm glow white LEDs since the absorber material is
CdTe having bandgap less than 2eV. The optimized photonic structure obtained for white
LED illumination has been compared with that for solar irradiation and the photonic
structure performs well for a wide range of fractional area in between 50% to 70% under

AM 1.5 solar irradiation because of its broad emission spectrum.

5.2 Scope of Future Works

This thesis elaborates a relation of energy conversion efficiency of photovoltaic devices
with absorber material’s bandgap and photometric attributes of white LEDs which can be

a useful guideline for designing homojunction, heterojunction or tandem PV devices
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suitable for operation under white LED sources having different spectral characteristics.
In addition, a photonic structure of periodically arranged circular dielectric filled holes
has been proposed here to enhance conversion efficiency of the PV device when
illuminated by the white LED sources. Different shape and arrangement of the holes may
improve the optical absorption and charge transport properties of active layers. In terms
of more efficient light confinement techniques, multiple photonic patterns (perhaps
subdivided between front and back surfaces) can also increase the efficiency compared to
a single pattern. This multiple pattern approach can be useful for multi-junction PV cells,
where each junction in the stack can be patterned with a photonic lattice whose period has

to be tuned depending on the absorption threshold of the active material.
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