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Abstract

The efficiency of single-junction Si photovoltaic cells has continually increased over the
past several decades, but is approaching fundamental thermodynamic limits. Holding over
95% of the solar module market share, Si modules will continue to be an integral part of
the rapidly expanding photovoltaic industry, so different device technologies that increase
Si cell efficiencies beyond thermodynamic limits, or that expand the available installation
sites for solar cells, are needed.

In this thesis, three types of technologies are discussed that use optical design to more
efficiently use the high energy solar spectrum for Si PV: downshifting, downconversion,
and tandem solar cells. We first discuss the design of downshifting and concentrating de-
vices called luminescent solar concentrators (LSCs). Tandem LSC architectures, which
combine multiple luminophores to broaden the absorption spectrum, are one potential route
to increase the efficiency of these devices. We first describe an analytical model to develop
luminophore selection criteria for tandem LSCs. We find that luminophores with high
photoluminescent quantum yield, minimal overlap between the absorption and photolumi-
nescence spectrum, and an absorption onset closely matched to the band gap of the chosen
photovoltaic cell yield the best LSC performance. We then create bilayer LSCs, which
combine CdSe/CdS and Si nanocrystals in a monolithic waveguide. Through a combina-
tion of transmission measurements, position-dependent photoluminescence measurements,
and ray-tracing simulations, the bilayer LSC was found to sensitize Si nanocrystal absorp-
tion and enhance the optical efficiency by 30% relative to a single layer LSC. We discuss
the use of the bilayer device in agrivoltaic applications, and then explore this use further
using a thin-film stack optimization methods to direct emission out one LSC side toward
the plant species. The LSC extraction efficiency is increased from 13.9% to 15.1%.

We next consider optical designs for downconversion, a process by which one high

energy photon is converted into two lower energy photons. We consider the coupling effi-
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ciency from the downconverter to a realistic Si solar module in several different configura-
tions, finding an optical coupling efficiency of 95.25% by placing the downconverting film
directly on the Si cell. This enhances the power conversion efficiency by 2% absolute.
Lastly, CdTe/Si four-terminal tandem solar cells are studied to improve the sub-band
gap transparency of CdTe solar cells. We find that the surface texture of the CdTe signifi-
cantly impacts light transmission into the Si bottom cell, and that the losses are dominated
by the transparent conductive oxide absorption. An optical design solution is proposed that
mitigates transparency loss and enhances the short circuit current density of the Si cell by

2.5 mA/cm?, which enhances the tandem efficiency by a relative increase of 5.6%.
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Chapter 1

Introduction

1.1 Motivation for Light Management in Si Solar Cells

The past several decades have seen an impressive rise in single junction silicon (Si)
photovoltaic (PV) cell efficiency, along with decreased levelized cost of energy (LCOE).
Utility scale PV plants are now often less expensive than fossil fuel generators [1]. The
increased efficiency arises from the maturity of both technology and manufacturing that has
resulted in low-cost, large-volume fabrication of high efficiency devices like the passivated
emitted and rear contact (PERC) cell [1]. Crystalline Si (c-Si) modules hold over 95%
market share, and will continue to lead PV installations during the energy transition [2, 3].
However, the efficiency of Si solar cells is approaching fundamental thermodynamic limits
that cannot be surpassed without fundamentally different device technologies (Figure 1.1)
[4].

In addition to increases in efficiency, rapidly expanding PV installations in a variety
of sites require different form factors and aesthetics. The global PV capacity additions
grew from 17 GW direct current (GWdc) to 172 GWdc from 2010 to 2021, and exponen-
tial growth is expected to continue through the next decade [2]. Utility scale, commercial
and industrial, and residential PV represents 64%, 12%, and 24% of U.S. cumulative PV
capacity at the end of 2022 according to the U.S. Energy Information Administration re-

ports [5], and residential PV includes the vast majority of individual installations. The
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Figure 1.1: Single junction c-Si efficiency record since 1976 with the Shockley-Queisser limit as the
reference line. Efficiency data is courtesy of National Renewable Energy Laboratory, Golden, CO.
available installation sites are greatly expanded for transparent PV technologies [1].

A key limitation in single junction Si PV is poor utilization of blue and ultraviolet (UV)
light, because most of the energy from blue and UV photons are lost to thermalization
and not converted to electricity [6]. Potential strategies to overcome this limitation include
downconversion, downshifting, and tandem solar cells [1,7,8]. Energy diagrams demon-
strating each of these concepts are depicted in Figure 1.2. Downconversion is a process
by which a single high-energy blue or UV photon is converted to two lower-energy pho-
tons. The benefits to solar cell efficiency arise from both the shift in the spectrum and
photon multiplication. Photons with energy greater than the semiconductor band gap that
would normally be lost to thermalization or in some cases absorbed by encapsulants, are
converted into photons with energies that are spectrally matched to the band gap of the
solar cell and, therefore, more efficiently converted to electricity. If designed correctly,
the photon multiplication could generate a higher photocurrent and increase the maximum
conversion efficiency to exceed the Shockley-Queisser limit [9-13].

Downshifting is another concept, which does not break the Shockley-Queisser limit, but
can be useful when applied to PV technologies. Here, the inefficiently used, high-energy
photons are shifted to lower energy photons that are matched to the solar cell band gap in a

1:1, absorption and photoluminescence (PL) process. This concept is often implemented in
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Energy

a device called a luminescent solar concentrator (LSC), which is designed to absorb direct
and diffuse higher energy sunlight, shift the sunlight to a more ideal, narrow spectral range,
and concentrate that light onto small area PV cells [14]. An LSC consists of luminophores
embedded inside an optically transparent waveguide, with PV cells typically mounted on
the sides. Since LSCs are semitransparent, they can be installed in building integrated or
agrivoltaic applications [15].

Tandem solar cells split the spectrum by combining two solar cells of different band
gaps to utilize the higher energy light more efficiently. The wider band gap sub-cell ab-
sorbs higher energy photons and transmits lower energy photons to the narrow band gap
sub-cell, which reduces thermalization and more efficiently utilizes the solar spectrum. The

efficiency can be further enhanced because each sub-cell can be optimized to a narrower



spectrum. This technology can yield impressively high efficiencies with the current effi-
ciency record of 33.2% achieved with a perovskite/Si tandem cell [16, 17].

All three of these cases, which use optical effects to improve on the efficiency of single
junction Si solar cells through more efficient utilization of the blue and UV portions of the
spectrum, require detailed understanding of the optical processes in realistic configurations,

as discussed throughout this thesis.

1.2 Solar Cell Operation Principles and Efficiency

Before we begin, it is important to understand the working principles of PV cells. In the
most basic form, a solar cell is a device that converts sunlight to electricity via the photo-
voltaic effect [6, 18], which can be broken down into three parts: optical absorption, charge
carrier separation, and charge carrier collection. A schematic of the photovoltaic process
is seen in figure 1.3. When incident sunlight with energy greater than the semiconductor
band gap is incident on the solar cell, it can be absorbed, which excites a negatively charged
electron from the valence band to the conduction band, leaving behind a positively charged

hole. In a typical semiconductor, after the generation of the electron-hole pair from optical
thermalization
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Figure 1.3: Energy diagram depicting a single junction solar cell and the photovoltaic effect.



absorption, the charge carriers will usually recombine. In a solar cell, however, the electron
and hole flow in opposite directions toward the contacts, where they can be extracted and
perform work in an external circuit [6, 18]. If the absorbed energy is significantly in excess
of the bandgap, as seen in Figure 1.3, then the carriers relax to the band edge, a process
known as thermalization.

The power conversion efficiency (1py) of a solar cell is defined as the ratio between the

maximum generated power and the incident power, and can be described by Equation 1.1.

Jsc FF Voc

O (1.1)

Jsc 1s the short circuit current density, F'F' is the fill factor, V¢ is the open circuit voltage,
and [;, is the incident power. The upper theoretical limit for solar cell efficiency was de-
termined in 1961 by Shockley and Queisser [4]. Assuming illumination from a blackbody
source at 6000 K, the Si band gap of 1.1 eV, and a single junction device configuration,
the upper efficiency limit is 30% [4]. Under the AM1.5G standard solar spectrum, the
efficiency limit is 32.2% [19].

1.3 Downshifting and Luminescent Solar Concentrators
1.3.1 Downshifting for Improved Spectral Response

We begin by considering the downshifting process. Downshifting is achieved with pho-
toluminescent luminophores such as semiconducting nanocrystals, organic dyes, and phos-
phors. Semiconductor nanocrystals are particles with dimensions between 1 and 100 nm
that bridge the gap between molecules and bulk materials [20]. Due to their nanoscale size,
semiconductor nanocrystals exhibit quantum confinement effects that lead to discrete en-
ergy transitions and a size-dependent band gap [20-22]. Organic dyes are small molecules
that have electronic transitions that allow for the absorption and emission of downshifted

light [23-25]. They typically have a narrower absorption band than nanocrystals, but can



exhibit high absorption coefficients and can be easily dispersed in polymers [25]. Flu-
orescent phosphors are typically inorganic materials intentionally doped with impurities.
Absorption can take place in the host or the impurities, but the radiative energy transi-
tion usually originates from the impurities [25,26]. All these downshifting materials have
been studied extensively for uses in photovoltaic applications to improve the blue and UV
spectral response or create semitransparent light harvesting devices [21,27-40].
Downshifting has a maximum photoluminescence quantum yield (nprgy) of 100%,
but can have a broader absorption spectrum than downconversion (Section 1.4) while still
emitting light useful for photovoltaic conversion. npr gy is defined by Equation 1.2, where

I" is the radiative decay rate of the luminophore, and k,,,. is the non-radiative decay rate [41].

r
F"‘knr

nrPLQY = (1.2)

An example absorption and PL spectrum for Si nanocrystals (NC) is given Figure 1.4
along with a c-Si PV spectral response [42,43]. Si NCs have a broad absorption spectrum
and a large Stokes shift, with a PL peak in the NIR. The Stokes shift is the energy difference
between the absorption band and PL band maxima. The spectral response of Si PV is higher
in the NIR due to reduced thermalization losses for wavelengths close to the semiconductor
band gap. Red-shifting some of the incident solar spectrum before light reaches the PV cells
can result in improved spectral response [39,40].

Downshifting materials can be deployed directly on the solar cell face, or used for
concentrating photovoltaics. The former downshifts higher energy photons and transmits
lower energy photons to the solar cell. Shifting the wavelength of light to improve the high
energy spectral response of solar cells was first demonstrated in 1979 by Hovel et al., who
applied fluorescent plastic sheets to Si, GaAlAs, and GaAs solar cells. Lopez-Delgado et
al. applied CdSe/CdS core/shell nanocrystals on c-Si solar cells and saw an increase in
power conversion efficiency from 12.0% to 13.5% [39]. More recently, He et al. deposited

graded thin-films of europium-doped yttrium orthovanadate (YVOy4:Eu) and hollow silica



W)

NoNw
o » O

—_—

o
O 000000
N wh oo N

Absorbance/PL
o

o

()]
o
RN

Spectral Response (A/

0 ; 0
400 600 800 1000 1200
Wavelength (nm)

Figure 1.4: Normalized absorbance and PL spectrum of Si nanocrystals, and the spectral response
of a c-Si photovoltaic cell [44].

nanoparticles on c-Si solar cells to create downshifting and antireflection films. The devices

had an increase in efficiency from 14.39% to 14.98% [40].

1.3.2 Luminescent Solar Concentrator Efficiency Metrics

Direct and diffuse
incident sunlight

nanocrystal absorption

semi-transparent
and photoluminescence

waveguide

concentrated
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small area solar cells
generate electricity

filtered transmission

Figure 1.5: lllustration of the light harvesting process of a luminescent solar concentrator.

As introduced earlier, downshifting luminophores can also be applied to concentrating

PV as LSCs. A schematic demonstrating the light harvesting mechanism of LSCs is given
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in Figure 1.5. A common metric to characterize the efficiency of an LSC is the optical

efficiency, defined as:

Nopt = D1/ P (1.3)

where @, is the solar photon flux incident on the top surface of the waveguide and @ is
the photon flux concentrated to the sides of the waveguide [45]. The optical efficiency is
a meaningful metric because it is related to the power conversion efficiency of the PV cell

mounted on the LSC via:

NLsc—prv = NpvNoptdLSC (1.4)

npy 1s the power conversion efficiency of the PV cell, ¢ s¢ is a spectral re-shaping factor,
and 7nsc—py 1s the power conversion efficiency of the LSC-PV system [46]. The spectral
re-shaping factor accounts for the benefit from narrowing the spectrum incident on the PV

cells to a more ideal spectrum for PV conversion. It is calculated using:

qrsc = (Qpr)/(Qs) (1.5)

where (Qpr) and (Q,) are the PV quantum efficiency averaged over the luminophore PL
spectrum and the entire solar spectrum, respectively. (Qpr) and (Q);) are calculated using

the following equations:

o B rin
22540(:3:;’1 PL(A) dA
Q) = o 12QE(A)@4(A) dA .
8 200, (M) dA



1.3.3 Optical Loss Mechanisms

Another way to express the optical efficiency of LSCs is through the product of multiple

efficiency terms that represent optical loss mechanisms.

Nopt = NPLQY NabsTwgtrap (18)

In Equation 1.9, 74, is the absorption efficiency, 7, is the waveguide efficiency, and 7.,

is the trapping efficiency. The absorption efficiency is described by the following equation:

2400nm
1 — R(\) — et W) (\) d\
Nabs = “20 : 24(50n)m 2N (1.9)

250nm (I)S(/\) dA

a 1s the absorption coefficient of the luminophores in the LSC, and d is the thickness of
the LSC. After optical absorption, the electron/hole pairs undergo radiative recombination
and emit downshifted light. The efficiency of the PL is described by nprgy. 7rap 18
the percentage of downshifted light that couples into total internal reflection modes in the
waveguide. For luminophores that emit isotropically in a waveguide of index n=1.5, 1,4, 18
0.74. As photoluminescence propagates through the waveguide in total internal reflection
modes, it can scatter, be absorbed by the matrix, or be reabsorbed by luminophores. These
loss mechanisms decrease the 7,,,, which is defined as how efficiently light coupled into

total internal reflection modes reaches the solar cells.

1.3.4 Advantages and Research Challenges

The key advantage of using downshifting LSCs as light harvesting devices is their mul-
tifunctionality. Being semi-transparent, LSCs can be installed as windows or facades for
building integrated photovoltaics [47]. For agrivoltaic applications like greenhouses, LSCs
can generate electricity to offset energy demands while filtering the transmission to cre-
ate an ideal spectrum for photosynthesis and crop production [48,49]. Optimal design of

LSCs for multifunctional optical performance, however, is challenging. Maintaining high
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Figure 1.6: Schematic of a downconverting film on a Si PV cell. ARC is anti-reflection coating.
EVA is ethylene-vinyl acetate.

waveguide efficiency and optical efficiency while designing tailored transmission proper-

ties requires extensive optical design and further research to be effectively implemented.

Optical design of multifunctional LSCs is discussed in Chapters 2, 3, and 4 of this thesis.

1.4 Downconversion

The illustration in Figure 1.6 shows a simplified system of downconverting material on
a solar cell. For every one high energy photon absorbed by the downconverting material,
two low energy photons are emitted and can be absorbed by the solar cell. Previous theoret-
ical studies demonstrated how downconversion applied to PV cells increase the maximum
achievable conversion efficiencies. Trupke et al. presented limiting efficiency calculations
using a detailed balance model of downconversion PV systems and determined the max-
imum conversion efficiency with the downconverter on the front surface of the solar cell
was 38.6 % [7]. Badescu et al. built on Trupke’s work by studying how various design
parameters influenced the efficiency enhancement. It was determined the downconversion
PV system was highly dependent on the solar cell and downconverter refractive index [8].

Experimentally, downconversion is achieved through doping or co-doping of trivalent
lanthanide ions (Ln3") to activate host materials such as phosphors, glass, ceramics, and

nanocrystals [50-52]. Ln*" ions have ladder-like energy-level structures that achieve quan-
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tum cutting through resonant cross-relaxation processes or multistep cascade radiation tran-
sitions [51]. Recent work on Yb-doped CsPb(Cl;_,Br, )3, for example, had demonstrated
high quantum yields of 195%, strong blue and UV absorption, and narrow PL around 1000
nm where the Si quantum efficiency is high [12,13,52-54]. The band edge is tunable from
400 to 500 nm by manipulating the chloride to bromide ratio, which provides more flexi-
bility for optimization in photovoltaic systems [52,55]. Previous detailed balance studies
for this perovskite material predict that the downconversion can increase the power conver-
sion efficiency for multicrystalline-Si, CIGS, and Si heterojunction solar cells by absolute
percentages of 3.5%, 4.2% and 5.3% [55].

An important property controlling the photovoltaic efficiency enhancement from down-
conversion is the optical coupling efficiency (7o, pc), or how efficiently the downconverted
light couples into the active layer of the solar cell to generate electricity [55]. In Figure 1.6,
for example, the 7,,; pc would be unity, but in a realistic system the downconverted light
can escape the system before reaching the cell. The downconversion efficiency (1p¢c) can
then be described by equation 1.10. Detailed balance calculations estimated that increasing
the downconversion efficiency from 100% to 200% enhances the PV device efficiency by

a 7% absolute increase [55].

Npc = Nopt, DCTIPLQY (1.10)

Optical design of downconversion c-Si PV systems to achieve high optical coupling
efficiency between the downconverting material and the Si cell remains an important chal-
lenge for this technology to reach its full potential. To be commercially competitive,
downconverting materials should be integrated into state of the art high efficiency Si cells
like PERC, Si heterojunction (SHJ), and tunnel oxide passivated contact (TOPCon) cells.
Strategic integration into these optimized architectures to achieve enhanced efficiencies
without inducing significant reflection or parasitic absorption requires careful optical de-

sign and is discussed in depth in Chapter 5.
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1.5 Tandem Solar Cells

Tandems solar cells are another technology to enhance efficiency beyond single-junction
limits through more efficient use of blue and UV sunlight. Figure 1.7 shows schematics of
example tandem solar cells. In this case, the top band gap sub-cell absorbs visible light and
transmits NIR light to the bottom sub-cell. The top sub-cell more efficiently utilizes the
visible spectrum, which can increase the overall efficiency of the device.

(a) (b)
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Figure 1.7: 3-dimensional and simplified 2-dimensional illustrations of a (a) two-terminal and a
(b) four-terminal tandem solar cell. Eq41 and Egy represent wide and narrow band gaps.

The efficiency enhancement of tandem solar cells can be effectively described using
the spectral efficiency (7)5,(\)) as reported previously in literature [56-58]. 7, for a single

junction solar cell can be defined as:

 Jse(N) FF Ve

Nsp = Eor(V) (1.11)

where Jgc()) is the wavelength dependent short circuit current density and F, () is the

solar spectral irradiance. Jg-(\) can be defined by Equation 1.12 [56].

A
Jsc(A) = qh—anQEEe,A(/\) (1.12)
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NeQE 1s the external quantum efficiency, ¢ is the elementary charge, & is Planck’s constant,
and c is the speed of light. To calculate the tandem efficiency 7, the 7, of two sub-cells

can be integrated with respect to wavelength for each sub-cell [56]:

SN AN Eca(N) dA n J 12(A) f2(X) Ee x(N) dX
= T Eox (V) dA T Eox(\) dA

(1.13)
f () is the fraction of the incident photons that reach a sub-cell. At photon energies above
their band gaps, if the top sub-cell has a higher 7,,()) than the bottom sub-cell, then the 7y
will be greater than the single-junction cells. The higher 7,,()) for the top sub-cell can be
achieved through greater por at high photon energies, or through a higher Vi, which is
typically true for wider band gap solar cells [6].

A key design consideration with tandem solar cells is the number of terminals. The two
most common configurations are two-terminal and four-terminal tandems. Two-terminal
tandems have two contacts on the top and bottom of the cell and require the junctions
to integrated monothically and electrically connected (Figure 1.7 a). Having only two
contacts requires current matching of the two junctions and is challenging to fabricate, but
requires less material four-terminal cells [1,59]. Four-terminal tandems have two contacts
for each junction, and the junctions are isolated by an insulating layer (Figure 1.7 b). This
configuration does not require current matching, but it requires complex stringing in the
PV module and is optically challenging [1, 60]. Intermediate three-terminal tandems are
also possible with and without an insulating layer in a many different configurations [61].

Si 1s an obvious choice for the bottom junction of tandem solar cells, because it is
efficient, inexpensive, abundant, and has an ideal band gap for the bottom junction of a
tandem solar cell [1, 56, 62]. To determine the best choices for top sub-cells, Yu et al.
performed limiting efficiency calculations as a function of top sub-cell band gap for four-
terminal and two-terminal tandem solar cells using Si as the bottom sub-cell. For both
terminal configurations, a band gap of 1.7 eV yields the maximum tandem efficiency limit.

Importantly, the four-terminal configuration efficiency has less dependence on the top sub-
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cell band gap and stays within 5% of the maximum efficiency from a band gap of 1.4 eV
to 2.1 eV. GaAs, CdTe, GalnP, and perovskites are within this ideal band gap range [56].

Experimentally, several of these top-cells have been paired with Si cells to create high
efficiency tandem devices. II1I-V semiconductors like GaAs have reached 32.8% efficiency
in a mechanically stacked configuration [17]. Perovskite/Si tandems are exciting as they
can be fabricated at a lower cost and have efficiencies that have surpassed state of the art
GaAs tandems [16, 17]. With the rapid advancement of perovskite PV, the perovskite/Si
tandem performance is expected to continue to improve [1].

CdTe/Si is another promising pairing. The current efficiency of CdTe/Si technology is
not competitive, but Tamboli et al. predicted efficiencies as high as 30% are possible [60].
CdTe cells are economically advantageous to pair with silicon as they can be manufactured
at scale for a low-cost and have proven long-term stability. If CdTe/Si tandem solar cells
can reach the predicted efficiencies, they would provide a stable and low-cost option with
efficiencies competitive with other state of the art tandem devices [60].

As discussed previously, the four-terminal configuration holds numerous advantages
[60]. The additional interfaces and transparent contacts in four-terminal devices make this
configuration optically challenging, as the CdTe sub-cell must transmit sub-band gap light
efficiently to the Si sub-cell. A thorough understanding of sub-band-gap transparency
losses and optical design methods to improve transmission is required to advance the

CdTe/Si tandem technology. Chapter 6 addresses this research challenge further.

1.6 Thesis Outline

This thesis begins by investigating methods to enhance the efficiency and multifunc-
tional properties of LSCs. In Chapter 2, we investigate how the luminophore selection in a
tandem configuration influences the absorption, waveguide efficiency, and aesthetic qual-
ity of LSCs. Using an analytical model to estimate LSC efficiency, we make connections

between the luminophore optical properties, device performance, and aesthetic quality, and
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develop luminophore selection criteria that can be applied to other LSC devices. Chapter
3 studies a bilayer LSC designed for agrivoltaic applications. We demonstrate how com-
bining two luminophores in a monolithic structure enhances absorption, efficiency, and
transmission tunability. In depth analysis of the light propagation through the waveguide
reveals how overlap between the absorption and PL spectra of narrow and wide band gap lu-
minophores can induce inter-luminophore absorption sensitization and ultimately enhance
efficiency. In Chapter 4, we explore a method to control the emission direction of LSCs to
optimize their multifunctionality. A needle-insertion thin-film optimization method is im-
plemented to create photoluminescent thin-film stacks that have preferential emission out
on LSC face. Benefits of the unidirectional emission is also put into context for agrivoltaic
applications.

The thesis continues with other methods to enhance the efficiency of photovoltaic cells.
In Chapter 5, we discuss how the placement and method of incorporation of downconvert-
ing materials in a Si photovoltaic cell influences the short circuit current density and power
conversion efficiency. Light coupling between the downconverting material and a solar
cell with realistic module architecture is calculated for three different configurations, and
efficiency enhancements are estimated. The optical losses are described in detail and de-
sign suggestions are given for downconversion PV cells. Chapter 6 investigates roughness
induced CdTe transparency losses in a CdTe/Si tandem solar cells . Analysis of the elec-
tric field and power absorption data gives insight into how the surface roughness creates a
near-field focusing effect that dominates absorption in the transparent back contact. The
roughness and index contrast is tuned to identify methods to mitigate the optical losses.
Optical design recommendations are given to enhance CdTe transmission and increase ef-
ficiency.

Lastly, Chapter 7 gives a summary of the research findings and important conclusions in
the thesis. Outlook and recommendations toward future studies on LSCs, downconversion

PV, and tandem solar cells are provided.

15



Chapter 2

Evaluating Tandem Luminescent Solar
Concentrator Performance Based on

Luminophore Selection

2.1 Introduction

The efficiency of LSC-PV systems is limited by the luminophore band gap, reabsorp-
tion, and the chosen PV cells [45]. Wide band gap luminophores have reduced thermal-
ization losses but cannot utilize the lower energy sunlight. Narrow band gap luminophores
have broad absorption spectra but suffer from higher thermalization losses. However, the
band gap tunability of luminophores provides an opportunity to implement tandem LSCs
with multiple luminophores to overcome these limitations. Tandem LSCs have the potential
to simultaneously increase absorption and broaden the luminophore absorption spectrum
relative to single junction LSCs, while decreasing thermalization losses analogously to
multijunction PV cells. The higher band gap luminophore in the top junction absorbs higher

energy incident sunlight to convert to electricity, and the lower band gap luminophore in the
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Figure 2.1: (a) Schematic of the tandem LSC with two different types of luminophores in separate
waveguides coupled to GaAs and Si PV cells. Normalized (b) absorbance and (c) PL spectra of the
different luminophores tested for the tandem LSC system. The absorption and PL spectra were
sourced from literature [63,67-70].

bottom junction absorbs and converts the lower energy light transmitted by the top junction
(Figure 2.1a). In this way, each section of the solar spectrum is utilized more efficiently.
Previous studies have demonstrated higher power conversion efficiency for tandem LSCs
compared to their single junction counterparts [63—66].

In this chapter, we explore candidate materials for tandem LSCs using Si nanocrystals
(NCs) as low band gap luminophores for the more broadly absorbing bottom junction.
Si NCs (assumed 1proy=0.5 in this chapter) are non-toxic, earth abundant, and exhibit
exceptionally low overlap between their absorption and PL spectra, a necessary property for
high efficiency LSCs. These NCs have been successfully embedded into polymer matrices
with reduced scattering for implementation as scalable LSC waveguides [42,71]. With a
PL spectrum in the NIR, the downshifted light from Si NCs is well suited for photovoltaic
conversion by a Si PV cell coupled to the LSC waveguide.

There are multiple higher band gap luminophores that could be a suitable choice for the
top junction namely CdSe/CdS NCs, Mn?**Cd, 5Zn 5S/ZnS NCs, Carbon dots (C-dots),
and CulnS, (CIS/ZnS) NCs [63,67-70]. All these luminophores have been used previ-
ously to create high efficiency LSCs with high npgy and exhibit low overlap between
the absorption and PL spectra. The purpose of this study is to determine if Si NCs can be

used in a tandem LSC system, and which higher band gap luminophores would be most
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suitable for the top junction. More broadly, this study aims to connect luminophore optical
properties with both photovoltaic efficiency and aesthetic quality to develop luminophore

selection criteria for tandem LSC systems.

2.2 Methods
2.2.1 Analytical Modeling

The system of interest is illustrated in Figure 2.1a with the top luminophores and Si
NCs incorporated in two separate, stacked waveguides as nanocomposite films on glass.
Thin-film GaAs PV cells are used for the top junction, and multicrystalline Si (mc-Si)
PV cells were used for the bottom. The properties for these were sourced from litera-
ture [72,73]. The absorbance and PL spectra for Mn?TCd 5Zng 5S/ZnS (MprLoy=0.78)
[63], CIS/ZnS (1/6) (npLoy=0.44) [67], CIS/ZnS (nproy=0.81) [67], green C-dots (G-C
dots)(nproy=0.5) [68], and 7.5 monolayer (ML) shell CdSe/CdS (nprgy=0.75) [70] are
shown in Figure 2.1b and c. The notation (1/6) and (1/2) represent the stoichiometric ratios
of Cu to In.

The optical efficiencies of the LSCs were modeled analytically using a model previ-
ously shown to accurately predict LSC efficiency [45]. Briefly, the optical efficiency (1)
is assumed to be the product of the absorption efficiency (7,;s) and the collection efficiency
(Neot)- Mabs 18 calculated by integrating the wavelength dependent absorption weighted by
the AM1.5G spectrum, and accounting for a 4% loss from reflection off the waveguide at
normal incidence. The filtered transmission from the top junction is also taken into account

when calculating 7,5 for the bottom junction. We calculate 7).,; using:

Neol = nwgnPLQYT/trap[]- - nPLQYntrap(]- - nwg)]_l (21)

The waveguide efficiency in the absence of reemission was adapted from previous models,

such that
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Nwg = Y2 +71/(1 + Basl) (2.2)

where as is the reabsorption coefficient, [ is a fitting parameter, L is the waveguide side
length (which for this study was held constant at 0.5 m), and ~», 7, are correction factors

to account for wavelength dependent reabsorption defined as

Ak 1100nm
y = / PL()) d)/ PL()) dA (2.3)
350nm 350nm
and
1100nm 1100mm
- :/ PL(\)d\/ PL(\) dX (2.4)
Ax 350nm

~v* 1s the wavelength where the absorbance approximately drops to zero.

2.2.2 Monte Carlo Ray-Tracing Simulations

The accuracy of the analytical model was checked by comparing to Monte Carlo ray tracing
results, as seen in Figure 2.2a. In both the analytical and Monte Carlo ray tracing models,
the power conversion efficiency of the LSC-PV system was calculated using Equation 1.4.
Monte Carlo ray-tracing simulations are an accurate and versatile way to model the effi-
ciency of luminescent solar concentrators [70, 74]. The ray-tracing simulations injected
millions of photons across the solar spectrum into a 3-dimensional LSC waveguide and
tracked the photon position, photon wavelength, and refractive index of the material. All
photon interactions like absorption, emission and reflection were determined randomly,
weighted by a probability distribution. The luminophore absorption probability for each

move step was determined using:

Pys=1— 107O9DPNistep/d 03)
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where OD()\) is the optical density of the LSC, and [, is the optical path length. All re-
flections and refraction properties were determined by using Snell’s law and Fresnel equa-
tions. Photons were considered collected if they are incident on one of the four sides of the
waveguide, which is where the PV cells would be mounted to the waveguide. To calculate
the optical efficiency from the ray-tracing simulations the following equation was used:

J o) P dX

o =N 20

where ¢(\) is the fraction of photons collected calculated directly from the ray-tracing

simulation results. The collection efficiency was calculated according to:

2.3 Results and Discussion

2.3.1 LSC-PYV Efficiency at Constant Absorption Efficiency

The first goal of this study was to determine which top luminophores result in the largest
efficiency enhancement relative to the single junction Si NC based LSC, while maintaining
the aesthetic quality. These calculations also attempt to identify if the top luminophore
increases the waveguide efficiency of the tandem LSC system when splitting the incident
spectrum, or if the only effect is broadening absorption. Understanding the origin of the
efficiency enhancement for tandem LSCs is important is establishing luminophore selection
criteria. Using the analytical model described above, the power conversion efficiency and
light utilization efficiency were estimated at constant luminophore absorption efficiency
(naps) by changing the fraction that the top and bottom junction luminophores absorb. The
absorption fraction was controlled by scaling the luminophore absorbance in the top and
bottom junctions simultaneously to change the contribution each luminophore makes to
the absorption. The results are shown in Figure 2.2 for absorption efficiencies of 10% and
16% when integrated from 350 nm to 800 nm, where each color represents a different top

luminophore. In this case, changing the absorption fraction is not changing the overall
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absorption efficiency of the system, just the amount absorbed by each luminophore.

Every top junction luminophore except for the CIS/ZnS (1/6) increased the power con-
verion efficiency compared to the case with all Si (decreasing Si absorption fraction) for
both absorption efficiencies tested. The increase in power conversion efficiency indicates
that for those luminophores there is an efficiency benefit from splitting the spectrum, and
that light absorption by the top junction would be converted to electricity more efficiently
than the bottom junction. As expected, the 16% absorption efficiency results had higher
power conversion efficiency and light utilization efficiency than the 10% absorption effi-
ciency. The differences in absorption efficiencies did not change which luminophores had
higher or lower efficiencies. It is important to emphasize that these results do not imply that
the highest efficiency is realized with a Si absorption fraction of 0. Including the Si NCs in

the bottom junction is necessary because it increases overall absorption and broadens the
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Figure 2.2: Estimated power conversion efficiency and light utilization efficiency for the tandem
LSC for constant overall absorption efficiency of (a),(b) 10% and (c),(d) 16%. Si absorption
fraction refers to the fraction of light absorbed by the Si nanocrystals out of all light absorbed by
the luminophores. The markers in (a) are from Monte Carlo ray tracing simulations.
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spectral coverage of the system. Since these calculations intentionally held the absorption
efficiency constant, that benefit is not included in this figure.

The luminophores with the highest power conversion efficiency, Mn?**Cd, 5Zn, 5S/ZnS
and CIS/ZnS (1/2), performed the best because of their high nprgy and low overlap be-
tween the absorption and PL spectra, resulting in high collection efficiencies. It is notable
that the Mn?**Cdy 5Zn, 5S/ZnS and CIS/ZnS (1/2) NCs have comparatively high and low
band gaps, respectively, and for these calculations there was no discernible trend between
luminophore band gap and the efficiency. The efficiency for the LSC with the G C-dots
was not as high because the nprgy was lower at 0.5, and the CdSe/CdS NCs had more sig-
nificant reabsorption losses than the Mn?*Cd, 5Zn 5S/ZnS and CIS/ZnS (1/2) NCs. The
LSC with CIS/ZnS (1/6) NCs was the only system tested that had a decrease in the power
conversion efficiency with decreasing Si absorption fraction. In this case, the light that is
absorbed would be converted to electricity less efficiently than a single junction LSC of Si

NCs, and the overall collection efficiency for the tandem LSC is lower.

2.3.2 LSC Aesthetic Quality

The light utilization efficiency is the product of the power conversion efficiency and the
visible transmittance (VT), and it is useful parameter for semi-transparent solar harvesting
devices to evaluate photovoltaic efficiency and aesthetic quality simultaneously [75]. In
this case, LSCs with good aesthetic quality have minimal color shift and high visible trans-
mittance. To have a high light utilization efficiency, the device must balance high efficiency

with high transmission of visible light. The visible transmittance is calculated using:

JT(X) % E x(X) % V(X) dX

VT = [ Eex(\) * V(A) dX

2.7)

Equation 2.7 is integrated across the visible where T is the LSC transmission, E. ) is the
solar spectral irradiance, and V is the photopic response of the human eye. The light utiliza-

tion efficiency followed similar trends to the power conversion efficiency (Figure 2.2b and

22



d), but decreased slightly as the visible transmittance was not unity for any LSC and did not
change significantly when adjusting the Si absorption fraction. Mn?*Cdg 5Zng 5S/ZnS and
the G C-dots have higher band gaps and their absorption spectra do not span as much of
the visible spectrum as the other luminophores, therefore the resulting visible transmittance
was higher than the other luminophores at lower Si absorption fraction. The differences in
power conversion efficiency played a more dominant role, however, so the higher visible
transmittance for these luminophores did not influence the overall trends significantly.

To further evaluate the aesthetic quality, the chromaticity coordinates of the light trans-
mitted through the LSC were calculated and plotted in Figure 2.3 using the same absorption
parameters that were used in Figure 2.2c-d. The chromaticity coordinates characterize the
color of the transmitted light through the LSC. A significant change in the chromaticity
coordinates corresponds to a distortion in color of the transmitted light. A black dot is
included that represents the color of the incident light before interacting with the LSC. The
point where the data converges on the same point on the chromaticity plot represents a Si
absorption fraction of 1, and no light is being absorbed by the top luminophores. As the
Si absorption fraction decreases to 0, the chromaticity coordinates of the transmitted light

shift, as well. The majority of the luminophores tested did not significantly shift the color

0.50
G-Cdot
045 t
Mn?*Cd,.Zn,.S/Zn
> 040
CdSe/CdS
CIS/ZnS (1/6)
0.35 ¢
[ ]
sunlight
0.30 : :
0.30 0.35 0.40 0.45

Figure 2.3: Chromaticity coordinates of the light transmitted through the tandem LSC for different
top luminophores while changing the Si absorption fraction.

23



compared to a single junction Si NC LSC, but the G C-dots shifted the color dramatically.
As the absorption fraction of the G-C dots increased, the chromaticity coordinates shifted
away from the blue corner of the chromaticity diagram. The stronger color shift can be
attributed to the absorption spectrum of the G-C dots, which begin strongly absorbing at
approximately 500 nm. This demonstrates the aesthetic benefit of luminophores that either
absorb completely outside the visible spectrum or absorb relatively uniformly across most
of the visible spectrum. It should also be noted that none of the top luminophores shifted
the color to be more similar to sunlight, so none of the top luminophores improved the

color of the transmitted light.

2.3.3 Influence of LSC Top Luminophore Band Gap

Another set of calculations were performed to further understand the influence that the
top luminophore band gap has on the efficiency of the tandem LSC system. In Figure 2.4
the power conversion efficiency and light utilization efficiency are shown as the optical
density of each candidate top luminophore increases. The optical density of the Si NCs at
350 nm was held constant at 0.8. As the optical density of the top luminophore increases,
the overall absorption efficiency of the LSC also increases, therefore this does not have
constant absorption efficiency like the data in Figure 2.2.

The power conversion efficiency increased for every luminophore as the optical density
increased, with the most dramatic increase observed for CIS/ZnS (1/2). The high efficiency
when using the CIS/ZnS (1/2) NCs arises from a combination of high npqy, low overlap
between the absorption and PL spectra, and a luminophore band gap closer to the GaAs
PV cell band gap. When the band gap of the luminophore is matched to the band gap of
the PV cell, an increase in the peak optical density leads to a stronger increase in overall
absorption efficiency. This explains why Mn?*Cdy 5Zng 5S/ZnS, which resulted in one of
the higher efficiencies for the constant absorption calculations, did not result in the most

efficient system in this case. Since the higher luminophore band gap is further away from
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the band gap of the GaAs PV cell, Mn?*TCd, 5Zn( 5S/ZnS exhibits a reduced increase in
absorption efficiency with increasing peak optical density. There are exceptions to this:
the CdSe/CdS NCs had a similar band gap to the CIS/ZnS (1/2) NCs, but resulted in lower
power conversion efficiency. This exception arose from the slightly higher overlap between
the absorption and PL spectra of the CdSe/CdS luminophores.

The CIS/ZnS (1/6) case is interesting, as Figure 2.2 showed as the Si absorption frac-
tion decreased, the power conversion efficiency decreased, but Figure 2.4 showed that the
efficiency increased with increasing optical density. This is a case where the increase in
efficiency from the introduction of the top junction to the system arises only from the in-

crease in absorption, and not from either enhanced collection efficiency or a reduction in
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Figure 2.4: (a) Power conversion efficiency and (b) light utilization efficiency for the tandem LSC
while increasing the peak optical density of the top luminophore.
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thermalization losses from splitting the spectrum and concentrating some of the light on the
higher band gap PV cell. These NCs can still be used to increase the efficiency of the tan-
dem LSC system, but it is important to understand that benefit arises only from enhanced
absorption.

The light utilization efficiency exhibited a similar trend to the power conversion effi-
ciency, with all the efficiencies reduced slightly from the non-unity visible transmittance.
It should be noted that the luminophores with lower band gaps and more spectral coverage
across the visible spectrum, such as the CIS/ZnS and CdSe/CdS NCs, had proportionally
lower light utilization when compared to the power conversion efficiency results. In this
case, however, this effect was not dominant enough to significantly shift the overall trend

in the data.

2.4 Conclusions

This study analytically modeled combinations of luminophores for tandem LSCs, with
Si NCs on the bottom junction. These results confirm that Si NCs can be used in tan-
dem LSC configurations to increase the system efficiency while maintaining good aesthetic
quality. This study also highlights the importance of luminophore selection, as the CIS/ZnS
(1/6) NCs led to reduced collection efficiencies. In this system, Mn?TCd 5Zng 5S/ZnS and
CIS/ZnS (1/2) are the best candidates for the top junction due to their high nprgy, spectral
compatibility with the GaAs solar cell, and aesthetic characteristics.

Understanding how luminophore selection influences the efficiency and aesthetics of
tandem LSC systems assists in the strategic design of LSCs as effective light harvesting
devices. The aim of this chapter is not only to determine which luminophores perform
best when paired with the Si NCs, but to work toward developing broader criteria for lu-
minophore selection in tandem LSC systems based on how the luminophores interact with
each other and the chosen PV cells. The results highlight the importance of identifying

whether the top luminophore enhances the collection efficiency, absorption efficiency, or
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reduces the thermalization losses. Matching the luminophore band gap to just above the
PV cell band gap can lead to a greater efficiency enhancement. Aesthetically, the color
shifting can be reduced by choosing luminophores that either absorb uniformly across the

visible spectrum, or completely outside of the visible spectrum.
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Chapter 3

Bilayer Luminescent Solar
Concentrators with Enhanced
Absorption and Efficiency for
Agrivoltaic Applications

3.1 Introduction

In the previous chapter, different luminophores were tested as top junctions in a tan-
dem LSC to determine luminophore selection criteria that optimizes both photovoltaic ef-
ficiency and aesthetic quality. In this chapter, we investigate an LSC system tailored for
agrivoltaic applications, a bilayer LSC. We created bilayer LSCs consisting of two differ-
ent luminophores to tune the transmission while also improving light collection for elec-
tricity generation. The first layer is based on Si nanocrystal (NC) quantum dots, which
have received attention recently for use as LSC luminophores due to their desirable optical
properties [42,71,76]. To achieve high absorption efficiency with an LSC composed of
Si NCs, however, the NC-polymer nanocomposite films must be relatively thick and con-
tain a high concentration of NCs. There is an upper limit to the NC concentration before
significant nanocrystal agglomeration occurs, which dramatically increases scattering and
reduces LSC optical efficiency [42,71].

An alternative strategy is to make a bilayer system of two different luminophores.

This second luminophore could either act as the LSC luminophore on its own, broaden-
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ing the absorption spectrum and emitting over a different spectral range, or, if the second
luminophore emits across a spectral range that Si NCs absorb, it can sensitize Si absorp-
tion. This type of device is fundamentally different from both tandem LSCs and dual band
LSCs [63, 65, 68], as the luminophores are not separated by a low index layer, and the PL.
from each luminophore is coupled into the same waveguide and directed onto the same PV
cell. The low index air gap between waveguides in tandem architectures induces more re-
flection from the additional air-glass interfaces, which reduces absorption efficiency of the
second junction and reduces overall LSC transmission. For the agrivoltaic applications, the
bilayer system is advantageous as it allows for the concentrations and thicknesses of each
luminophore to be tuned individually, enabling greater tunability over the transmission
spectrum. By putting the nanocrystals in different polymer layers, the concentration and
chemical functionality can be optimized for each luminophore rather than compromising
to make a blended system. Furthermore, the bilayer system simplifies the manufacturing
and installation process significantly, as a single coating with one PV cell would be less
expensive to install onto glass than multiple waveguides each with their own solar cell.
Here we use CdSe/CdS core/shell quantum dots as the second luminophore, since
the band gap of these luminophores can be tuned across the visible spectrum, and these
nanocrystals exhibit high photoluminescence quantum yields (7prgy) due to the passivat-
ing CdS shell [77]. We have previously shown that CdSe/CdS NCs can be dispersed well
into a matrix of poly(cyclohexylethylene) (PCHE), creating high quality nanocomposite
thin films for LSCs [70]. This combination of material systems allows for facile fabrica-
tion of bilayers, since PCHE and PMMA are dispersed in orthogonal solvents. This chapter
uses a combination of experimental and computational methods to evaluate the absorption,
light propagation, and efficiency of these bilayer devices. We also evaluate how tuning the
optical density of each film influences the chlorophyll band transmission for potential use

in agrivoltaic applications.
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3.2 Advantages of LSCs for Agrivoltaics

The commercial greenhouse market is expected to expand over the next several years,
offering high-yield agriculture and reduced water consumption for expanding populations.
However, commercial greenhouses also have significant power needs for precision climate
control, lighting, sensing, and other control mechanisms, highlighting the need for onsite
power generation under a variety of weather conditions [78—80]. The LSC is an ideal
greenhouse window architecture. The semitransparent nature of LSC-PV systems enables
integration in a variety of environments where partial transparency provides either addi-
tional functionality or aesthetic benefits. For agrivoltaic applications specifically, the LSC
additionally filters light transmission for enhanced crop growth [48,49].

Several studies have demonstrated plant sensitivity to different illumination conditions
and have obtained beneficial results from manipulating the relative intensity from different
wavelength ranges incident on the crops [49, 81-84]. For example, one study grew red ro-
maine lettuce under different combinations of LED light sources and found a combination
of aRGB (R =635 nm, G =520 nm, B =460 nm) light, and a far red (745 nm) light yielded
the best leaf expansion and shoot biomass [82]. Other studies have shown that at higher
blue light percentages of the total incident spectrum there is a decrease in growth and dry
mass for various plant species [83,84]. Recently, CulnS2/ZnS quantum dot films were used
to modify the spectral quality of transmitted light incident on red romaine lettuce, and the
plants had increased edible dry and fresh mass [49]. These studies indicate that electricity
generation solutions that decrease the transmission of blue light and increase transmission
of red light, as in the LSC which absorbs blue sunlight and shifts emission to longer wave-
lengths, are particularly promising routes to cogenerating electricity and crop production.
However, to deeply understand the effects of the filtered spectrum on the germination and
development of different crop species, LSCs with tailored and tunable transmission spectra

are needed.
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3.3 Methods
3.3.1 Photoluminescence Quantum Yield Measurements

Photoluminescence quantum yield measurements were preformed by using a 2 in. in-
tegrating sphere coupled to an OceanOptics USB2000 spectrometer calibrated by using an
OceanOptics HL-3 Plus lamp. A 395 nm LED emitted radiation into an integrating sphere
where the radiation became isotropic via diffuse reflection at the sphere walls. The emis-
sion spectra of QDs were then integrated and divided by the integrated change in excitation

signal to calculate the nprqy .

3.3.2 C(CdSe/CdS-PCHE Film Fabrication

CdSe/CdS NCs were synthesized according to the literature procedures [77, 85] and
described previously elsewhere [70, 86]. The nanocrystals were imaged by using trans-
mission electron microscopy (Figure 3.1a). The particle size distribution is seen in Figure
3.1b, and the average diameter after shelling is 8.2 nm. The CdSe/CdS-PCHE nanocom-
posite film fabrication followed previous methods [70]. Briefly, a 200 mg/mL solution
of poly(cyclohexylethylene)/octane was created and stirred for 2 h. The polymer solution
was filtered through alumina to remove reaction byproducts. 0.6 mL of the PCHE/octane
solution, 260 puL of CdS/CdSe dispersed in octane, and 1.14 mL of octane were mixed.

This solution was spun on 2 in. x 2 in. borosilicate glass to create the single layer of
CdSe/CdS-PCHE and on the Si-PMMA film to create the bilayer device by using a Laurell
WS-650Mz-23NPPB spin coater. The solutions were spun with a spin speed of 2000 rpm
for 20 s with 500 rpm/s acceleration and then 500 rpm for 40 s with -500 rpm/s acceleration.

3.3.3 Si-PMMA Film Fabrication

Yaling Liu synthesized the Si nanocrystals and embedded them in PMMA to fabricate
the Si-PMMA films, so the methods are not discussed here. More information on the Si-

PMMA fabrication is reported in previous literature [43].
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Figure 3.1: (a) Transmission electron micrograph of the CdSe/CdS nanocrystals. (b) Sizing
histogram of CdSe/CdS nanocrystals measured using ImageJ from the transmission electron
micrograph.

3.3.4 UV/Vis Spectrophotometry

Transmission measurements of the polymer-nanocrystal composite films were performed
by using a Cary 7000 UV/vis spectrophotometer with a diffuse reflectance accessory. The
total transmission measurement was performed by mounting the sample to the integrating
sphere transmission port and blocking the back port with a PTFE standard. The PTFE stan-
dard was removed for the diffuse transmission measurements. Haze calculations were done
according to ASTM D1003-00 [87]. For the total reflection, the sample is rotated by 3°20’
to couple all reflected light into the integrating sphere, and for diffuse reflection the sample

is fixed.

3.3.5 Photoluminescence Attenuation Measurements

The composite films were mounted with the edge coupled to an integrating sphere in-
put port. A 400 nm LED light source with a 0.5 mm spot size was positioned at normal

incidence to the film’s top surface and scanned across the centerline of the sample directly
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Figure 3.2: (a) Schematic of the (a) LSC samples and (b) optical setup during the
photoluminescence attenuation measurements.
toward and away from the integrating sphere input port. An Ocean Insight Flame vis-NIR
spectrometer was coupled to the integrating sphere to collect the concentrated PL that cou-
pled into the integrating sphere at each excitation position. The spectrometer was calibrated
to absolute irradiance by using an Ocean Optics HL-3 plus light source. A schematic of the

optical setup is shown in Figure 3.2.

3.4 Results and Discussion
3.4.1 Optical Properties of Nanocomposite Films

The overall structure of the LSC studied here is depicted schematically in Figure 3.3a
and consists of a glass substrate, followed by a Si NC-PMMA film and then by a film of
CdSe/CdS-PCHE deposited on top of the Si-PMMA film. Details of the synthesis of Cd-
Se/CdS nanocrystals are provided in Section 3.3, and details of the Si nanocrystal synthesis
are provided elsewhere [43]. To form this structure, we deposited a Si NC-PMMA com-
posite film with 1.5 Si wt % and a thickness of 83 yum on a 2 in. x 2 in. borosilicate glass
slide using doctor blade deposition, following a procedure described elsewhere [42]. A film
of 7.5 monolayer shell CdSe/CdS NCs dispersed in PCHE was spin-coated directly on the
Si-PMMA. To measure the thickness, a separate control film of CdSe/CdS-PCHE was spin-
coated on a Si substrate by using the same solution and parameters. The thickness of this

control sample was measured at 324 nm by using spectroscopic ellipsometry. Additionally,
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the thickness of the bilayer reference film of PCHE on PMMA without nanocrystals was
measured at 308 nm by using spectroscopic ellipsometry after roughening the backside of
the glass substrate. The 7prgy of both nanocrystal systems was measured both in solu-
tion and embedded in polymer. The as synthesized Si NCs in chloroform had a nprqy
of 0.4 and a nprgy of 0.2 when embedded in PMMA in air. According to the previous
study [71], the nprgy of Si NCs embedded in PMMA is approximately the same as in
chloroform under oxygen-free conditions, while the 1prgy of Si NCs decreases when ex-
posed to air. Therefore, the decrease of Si NCs 71p¢y here can be avoided by fabricating
the device in a nitrogen purged glovebox and deploying an encapsulant to isolate oxygen
during use. The nproy of the CdSe/CdS in octane was 0.73 and 0.58 when embedded in
PCHE. An encapsulant could benefit the nprgy CdSe/CdS film as well, but the CdS shell
passivates the surface of the CdSe and prevents significant decrease in the nprgy from
exposure to oxygen. The decrease in measured 7)py from embedding the CdSe/CdS in
PCHE could be from increased agglomeration and phase separation or from increased Cd-
Se/CdS reabsorption when increasing the concentration compared to the NCs dispersed in
octane [31, 88-92].

The two photographs in Figure3.3b visually indicate the PL from the bilayer device.
The absorbance and PL spectra of the NCs are shown in Figure3.3c along with the molar
extinction coefficients of chlorophyll a and b taken from the literature [93]. We note that
the Soret bands of both chlorophyll a and b overlap significantly with the absorption bands
of the nanocrystals, and the Q bands do not. However, the Q bands overlap (by different
amounts) with the PL. maximum of the CdSe/CdS NCs. Because some of the luminescent
light absorbed and emitted by the CdSe/CdS will escape from the concentrator, this out-
coupled light could be absorbed by crop species underneath the concentrator. The intensity
of PL that would be outcoupled to the plants is lower than the intensity of the PL coupled
into waveguide modes, but the additional light across the photosynthetic action spectrum of

certain plant species could still promote plant growth, as observed in previous studies [49].
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Figure 3.3: (a) Schematic of the bilayer device along with (b) two photographs of the bilayer
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Tuning the exact size of the CdSe/CdS nanocrystals could allow for greater overlap with

the Q bands of either chlorophyll a or b.

3.4.2 Spectral and Angular Properties of Bilayer LSC

To characterize the spectral and angular properties of the bilayer LSCs, we measured
the total and diffuse transmission and reflection (Figure 3.4). Measurements were also per-
formed on single layer CdSe/CdS-PCHE and Si-PMMA LSCs, the latter before CdSe/CdS-
PCHE deposition, at the same concentrations and thicknesses as the bilayer LSC. Both the
single layer CdSe/CdS-PCHE film and the single layer SIPMMA films showed decreases
in total transmission (Figure 3.4a) compared to their respective undoped references, cor-
responding to an increase in absorption from the NC incorporation. When the CdSe/CdS-
PCHE film was added to the Si-PMMA film to create the bilayer device, the total trans-
mission decreased slightly. The total transmission results confirm that the nanocomposite
films are absorbing as expected, with the CdSe/CdS-PCHE layer increasing the absorption
slightly compared to the single layer of Si-PMMA. The total reflection (Figure 3.4b) for

all samples containing a PCHE film or a film of CdSe/CdS-PCHE exhibit oscillations due
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Figure 3.4: (a) Total transmission, (b) total reflection, (c) diffuse transmission, and (d) diffuse
reflection for the CdSe/CdS-PCHE single layer film, Si-PMMA single layer film, and bilayer film.
Measurements from an uncoated glass substrate and undoped PMMA and PCHE bilayer films are
included for reference.
to thin film interference effects. The oscillations from CdSe/CdS-PCHE films have higher
amplitudes due to the higher refractive index of the composite, which is consistent with
previous results [70] and with the expected reflection from transfer matrix calculations for

a PCHE film with and without embedded CdSe/CdS NCs. The increased total reflection

seen for the single layer Si-PMMA film is from backscattered light.

36



The diffuse transmission (Figure 3.4c) remained relatively low upon addition of the
NCs, which indicates minimal scattering in the nanocomposite films. The highest diffuse
transmission occurred in the Si-PMMA film and the bilayer system, with a maximum at
480 nm. The diffuse transmission decreases at shorter wavelengths because of the strong
increase in absorption, which prevents the transmission of scattered light. A similar trend
is observed in the diffuse reflection measurements (Figure 3.4d). The measured haze for
the bilayer film was 5.7%. On the basis of previous results where 83 wm thick Si-PMMA
films had a haze exceeding 40% from nanocrystal agglomeration [42], we assume that the
attenuation of light propagating through these films is dominated by absorption rather than
scattering.

Films with high optical quality and low scattering are essential to achieve efficient elec-
tricity generation. Scattering from matrix defects or nanocrystal agglomeration will dis-
rupt light propagation in total internal reflection modes and decrease waveguide efficiency.
For agricultural applications, however, diffuse transmission penetrates deeper into a plant
canopy, and applying diffusing materials in greenhouses has demonstrated increased plant
production [94]. Balancing the nanocomposite optical quality for electricity generation and

crop production is a key component for agrivoltaic LSCs.

3.4.3 Light Propagation and Waveguide Efficiency

To investigate the light propagation and waveguide efficiency of the LSCs, the PL at the
edge of the concentrator was measured as a function of the position of the excitation light
source. A 405 nm LED light source with a 0.5 mm spot size directed downward on top of
the films was scanned across the samples in 1 mm steps, and an integrating sphere was cou-
pled to one side of the waveguide to collect the concentrated PL at each excitation position.
The collected intensity spectra for each distance were calibrated to absolute irradiance, and
then the PL spectra at each position were fit to a Gaussian distribution. Further details are

shown in Figure 3.2. The spectra with respect to the horizontal distance from the edge of
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Figure 3.5: Wavelength and distance resolved normalized irradiance for the (a) CdSe/CdS-PCHE
single layer, (b) Si-PMMA single layer, and (c) bilayer film. (d) Peak normalized irradiance for the
different devices with analytically derived solid angle estimates for different attenuation

coefficients. The normalization was performanced with respect to the PL spectrum of each
luminophore.

the LSC to the light source are displayed in Figures 3.5a-c. In Figure 3.5c, normalization

was performed with respect to each NC’s own PL spectrum.

The CdSe/CdS nanocrystals emit in the visible, and the Si nanocrystals emit in the

near-infrared (NIR), as is clearly seen in the single layer samples (Figures 3.5a,b). The

normalized irradiance in these single layer samples decreases with increasing excitation

distance to about 60% of the peak for both cases. The slight increase in irradiance at the end
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Figure 3.6: Geometry of the attenuation measurement for the solid angle calculation.

is real and due to reflection and scattering off the back edge of the LSC. When compared
to the bilayer sample (Figure 3.5¢), the Si PL looks nearly identical with the single layer
case, but there is a noticeable increase in the CdSe/CdS attenuation in the bilayer sample.

The attenuation observed in these measurements is a combination of waveguide losses
and the changing solid angle between the light source and the detector. To unravel these
effects, Figure 3.5d shows the peak normalized irradiance as a function of light source
distance from the LSC edge.

The reference lines are the analytically derived decrease in irradiance for different at-
tenuation coefficients. The geometry of the sample and input port to the integrating sphere
is described in Figure 3.6. The integrating sphere input port had a width (L) and depth (P)
of 30 mm and 23 mm, and the sample length (7') was 50.8 inches. From the geometry, the

following system of equations was solved for 61, 05, and w:

w = 2dtan(6;) (3.1)

w = —2Ptan(6;) + L (3.2)
sin(fy) 1

sin(@,  n (3-3)
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for d from 8 mm to 50.8 mm where # is the refractive index of the waveguide. The decrease

in irradiance I was then calculated with the following equation and then normalized:

1
I =— %201 %~ (3.4
27

Beer’s law was applied to estimate the attenuation factor (vy) for each value of d as follows:

v = exp(—1.144al) (3.5)

where « is the attenuation coefficient and [*1.144 is the optical path length inside the LSC,
and / is the average direct distance between the light source position and the edge of the
waveguide. A factor of 1.144 was applied to account for the increased optical path length
of light coupled in total internal reflection modes in a 3-dimensional waveguide slab [76].
By using the reference lines, we can graphically estimate the attenuation coefficient of
the PL propagating through the waveguide. The Si NCs in both the single layer and the
bilayer systems closely matched the solid angle reference line with an attenuation coeffi-

cient of 0 cm™!

. This means the Si NC PL coupled into total internal reflection modes did
not significantly attenuate from reabsorption or scattering, and the waveguide efficiency
is exceptionally high. The PL from the single layer of CdSe/CdS also corresponded to a
near zero attenuation coefficient. However, the CdSe/CdS PL in the bilayer film showed
increased attenuation, with an estimated attenuation coefficient of ~0.17 cm~!. The in-
creased attenuation was expected and is due to the absorption of the CdSe/CdS NC PL by
the Si NCs. Although the Si absorption is lower across the CdSe/CdS PL spectrum than it
is at shorter wavelengths, the optical density of the Si-PMMA layer is ~0.025 at normal
incidence across the CdSe/CdS PL spectrum. The reabsorption of luminescence from the
CdSe/CdS NCs by the Si NCs is greater than reabsorption by the CdSe/CdS NCs.

The results were also compared to Monte Carlo ray-tracing simulations for a system

of similar LSC size and luminophore optical densities. The attenuation experiment was

40



N
o

o
.
‘\
\
o 08} "w
O m\\\‘
C v\\\@
] W
o AW W
© 06 .
-_ \\\\\\\\\
3 RN
S04}
8 " [--solid angle et Yl
1S . . WaNt N Q@
5 o Si PL single \:g\i\w:\\
Z 0.2 | * SiPLbilayer "~3 010
o CdSe/CdS PL singl 220
0 * CdSe/CdS PL bilayer Bk

0 10 20 30 40 50
Distance from LSC Edge (mm)

Figure 3.7: Simulated attenuation experiment using Monte Carlo ray-tracing for single layers of
Si-PMMA and CdSe/CdS-PCHE and the bilayer. The solid angle estimates were done using
01=arctan(L/2d).
simulated by using ray-tracing on 2 in. X 2 in. waveguides for a Si-PMMA single layer,
CdSe/CdS-PCHE single layer, and a bilayer device. The PLQY of the Si and CdSe/CdS
NCs were set at 0.4 and 0.73, respectively, which is close to the experimental PLQY values
of the NCs in solution. The resulting attenuation coefficients estimated from the ray-tracing
for both single layers and the Si PL in the bilayer device were close to zero (Figure 3.7).
The simulations on the CdSe/CdS PL predicted an increase in attenuation in the bilayer
device similar to the experimental results, corresponding to an attenuation coefficient of
~0.19 cm™!. The higher attenuation coefficient is close to the estimated attenuation coef-

1

ficient from the experimental results, ~0.17 cm™" , and is also due to the absorption of the

CdSe/CdS NC PL by the Si NCs.

3.4.4 Efficiency Estimates for Scaled Devices

Given the agreement between experiment and simulation at the smaller scale, we used
Monte Carlo simulations to determine whether the addition of the CdSe/CdS layer enhances
the performance of the Si-PMMA LSCs for larger area (60 cm x 60 cm) devices (Figure
3.8). To simulate a strongly absorbing Si-PMMA film with a weaker absorbing CdSe/CdS-

PCHE film, the optical density at 350 nm wavelength of incident radiation for the 40 pm
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Figure 3.8: (a) Optical efficiency for a coupled bilayer device and decoupled device composed of
Si-PMMA film and a CdSe/CdS-PCHE film while increasing the Si-PMMA thickness. (b) Total Si
absorption efficiency while increasing Si-PMMA thickness. Waveguide efficiency, collection
efficiency, and absorption efficiency for the (c) coupled bilayer device and the (d) decoupled device.
Reference dashed and dotted lines are included for single layer Si-PMMA and CdSe/CdS-PCHE.
Si-PMMA film was set to ~0.5 and scaled proportionately with Si-PMMA thickness. The
thickness and optical density at 350 nm for the CdSe/CdS-PCHE film were held constant
at 10 um and 0.08, respectively. A thickness of 10 pm was used to stay within the ray
optics regime for the ray-tracing simulations. Simulations were also performed for the
films on separate, decoupled waveguides with an air gap in between, as this configuration

is a common approach for tandem LSCs composed of multiple luminophores. Reference

lines are included for single layer Si-PMMA and CdSe/CdS-PCHE efficiencies.
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The optical efficiency (7),,:) of both the coupled and decoupled configurations increased
when the CdSe/CdS-PCHE layer was added to the system, with the decoupled configura-
tion showing slightly greater enhancement compared to the single layer Si-PMMA LSC
(Figure 3.8a). The optical efficiency is defined as 7,,; = ©2/0; where O, is the photon
flux concentrated to the sides of the waveguide and ©; is the photon flux incident on the
LSC [45]. We can also express the optical efficiency as as 7o, = 7abs?eot, Where 1gps 18

defined as

[(1=T = R)E.,d\
[ EoxdA

Tabs = (3.6)

where T and R are the LSC transmission and reflection, £, y is the solar spectral irradiance,
and 7., 1s the fraction of absorbed photons that are successfully concentrated toward the
edges of the concentrator. The waveguide efficiency (7,,,) which is the fraction of emit-
ted photons coupled into total internal reflection modes that are concentrated to edges, is
directly proportional to the collection efficiency and is also useful for characterizing how
efficiently light propagates through the waveguide.

To understand the origin of the enhanced optical efficiency for both device configura-
tions, we calculated the different efficiency terms (Figures 3.8b-d), as detailed in the Sec-
tion 2.2.2. We first consider the Si absorption, which includes both light that is absorbed
by the Si NCs directly and light that was initially absorbed by the CdSe/CdS NCs, emitted,
and then absorbed by the Si NCs. Figure3.8b shows that the addition of the CdSe/CdS layer
increased absorption in the Si in the bilayer configuration, consistent with the experimental
measurements that showed that this layer sensitizes the Si absorption. In the decoupled
configuration, adding the CdSe/CdS layer decreases the amount of light absorbed by the Si
NCs, since a significant fraction of the incident sunlight is absorbed in the CdSe/CdS layer
first. As expected, both devices exhibited an increase in absorption compared to the single
junction Si-PMMA LSC because the addition of the CdSe/CdS-PCHE layer added more

absorbing material. The absorption efficiency increase for the bilayer device was slightly
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higher than the decoupled device because of the increased reflection from the additional
glass-air interfaces in the latter case.

The waveguide efficiency 7,,, for both systems (Figures 3.8c,d) decreased with the ad-
dition of the CdSe/CdS-PCHE film compared to the single layer Si-PMMA, with a more
dramatic decrease for the bilayer LSC. This occurs because the reabsorption losses increase
when the two luminophores are coupled together. As the Si-PMMA thickness increased,
there was a slight increase in the waveguide efficiency in both cases, since a slightly higher
percentage of light is directly absorbed by the Si NCs in thicker films. With such min-
imal reabsorption for the Si NC PL, this results in an increase in waveguide efficiency.
The CdSe/CdS-PCHE single layer film had a lower waveguide efficiency compared to all
other LSCs tested due to higher reabsorption losses. The experimentally estimated atten-
uation coefficient for the single layer CdSe/CdS-PCHE film was near zero (Figure 3.5),
which would correspond to a very high waveguide efficiency. We attribute this inconsis-
tency to the larger LSC size for the ray-tracing simulation. For large area LSCs, the larger
overlap between the absorbance and PL spectra for the CdSe/CdS NCs compared to the
Si NCs decreases the waveguide efficiency, as the PL coupled into total internal reflection
modes has to propagate further to reach the LSC edge. The bilayer device is in a regime,
however, where the overall waveguide efficiency is higher compared to the single junction
CdSe/CdS-PCHE. This is in part due to the energy transfer from the CdSe/CdS NCs to
the Si NCs. Si PL successfully emitted into total internal reflection modes has a very high
waveguide efficiency, regardless of whether the absorption was from incident sunlight or
from reabsorbed CdSe/CdS PL.

The 7., shows different trends than 7,4, with the bilayer exhibiting a decreased 7).; and
the decoupled device exhibiting an increased 7).,; compared to the single layer Si-PMMA.
Similar to 7,4, 7co for the bilayer device decreased because of the increase in reabsorption
associated with having the two luminophores in close proximity. For the decoupled device,

Neot Was higher when compared to the single layer Si-PMMA because the effective PLQY
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Figure 3.9: Waveguide efficiency of light directly absorbed by the CdSe/CdS NCs in the bilayer
LSC while increasing the PLQY of the Si NCs. The red reference line is the waveguide efficiency of
the CdSe/CdS-PCHE single layer LSC.
of the device has a strong effect. The higher PLQY of the CdSe/CdS in these simulations

enhanced 7)., despite the increase in reabsorption after the introduction of CdSe/CdS.
Therefore, we see that the addition of the CdSe/CdS layer has different effects for the
two geometries. For the decoupled device, the CdSe/CdS-PCHE layer increased both 7,5
and 7.,;; thus, more sunlight is absorbed, and the absorbed light is utilized more efficiently.
Adding the CdSe/CdS-PCHE layer to the bilayer device only increases 7,5, but in this
case the increase in absorption was more dominant than the decrease in 7).,; which led to the
overall increase in 7),,,;. In principle, it would be possible for sensitization in the bilayer case
to enhance collection efficiency; if the top layer luminophore had significant reabsorption
or a low quantum yield, then transferring these photons to the low reabsorption Si would
be beneficial. To better understand this regime, for our luminophore, we calculated the
waveguide efficiency for the light that is directly absorbed by the CdSe/CdS NCs in the
bilayer LSC as a function of the np gy of the Si NCs (Figure 3.9). This is different from the
overall waveguide efficiency from Figure 3.8 because it excludes photons that are directly
absorbed by the Si NCs and do not interact with the CdSe/CdS NCs, but it does include
photons emitted from CdSe/CdS NCs and reabsorbed by Si NCs. The red dashed line

denotes the waveguide efficiency of the CdSe/CdS-PCHE single layer LSC.
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When the nprgy of the Si NCs is too low, then this waveguide efficiency will de-
crease compared to the single layer case, as there is a high probability of absorption of
the CdSe/CdS PL by the Si NCs, as shown in the figure. With increasing Si NC PLQY,
the waveguide efficiency increases; however, for a CdSe/CdS PLQY of 0.75 the Si PLQY
would have to be near unity to match or exceed the waveguide efficiency of the CdSe/CdS-
PCHE single layer. It is important to note that the overall waveguide efficiency for the
bilayer device is higher than the CdSe/CdS-PCHE single layer LSC, and this figure only
studies light that was initially absorbed by the CdSe/CdS NCs.

3.4.5 Tunable Transmission for Agrivoltaics

Another advantage of an LSC design with two different luminophores is that the optical
density of the luminophores can be adjusted independently to tune the transmission across
different spectral regions. This feature may make the bilayer LSC design advantageous for
agrivoltaic applications such as greenhouse panels where controlling the spectral quality
can influence plant growth and morphology. To demonstrate this tunable transmission for
our system, the transmission of the Soret band and the Q-band was calculated for both
chlorophyll a and chlorophyll 4 while adjusting the optical density of Si and CdSe/CdS

NCs. We define the chlorophyll band transmission as

= J Trsc(Necn(N) d
[ ecn(N) dA

with the Soret band integrated from 350 to 550 nm and the Q-band integrated from 550

Ten

(3.7

to 700 nm, shown in Figure 3.10. Changing the optical density for both luminophores
tunes the Soret and Q-band transmission for both chlorophyll @ and b. The Soret band
transmission spans a larger range than the Q-band transmission because the absorbance of
the luminophores increases with decreasing wavelength, which is potentially advantageous

for cases where higher blue light percentage decreases plant mass [83, 84].
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Figure 3.10: Colormaps of the (a) chlorophyll a Soret band, (b) chlorophyll b Soret band, (c)

chlorophyll a Q-band, and (d) chlorophyll b Q-band transmission while adjusting the optical

density of the Si and CdSe/CdS NCs. The optical density is defined at 350 nm wavelength of
incident radiation.

5 Conclusion

This chapter on bilayer LSCs demonstrates that the addition of a CdSe/CdS composite

layer to the top of a Si LSC enhances the optical efficiency by increasing the absorption and

sensitizing the low-loss Si absorption, while tuning the transmission for modified spectral

quality. Concentrated photoluminescence from both luminophores was detected by using

attenuation measurements, with increased CdSe/CdS PL attenuation from absorption by

the Si NCs. This luminophore interaction decreases the overall collection efficiency of the

device but boosts the absorption efficiency, which results in higher optical efficiency. The

CdSe/CdS NC to Si NC energy transfer is advantageous as the Si PL has exceptionally
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high waveguide efficiency with minimal reabsorption. Although the simulations for the
decoupled configuration predicted higher optical efficiency than the bilayer, the bilayer
device offers numerous advantages, including overall simplicity. This system also allows
for control of the transmission across the spectral range of the chlorophyll absorption bands,

which makes this type of device promising for agrivoltaic LSC applications.
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Chapter 4

Directional Control of
Photoluminescence for Improved
Spectral Quality of Filtered
Transmisison

4.1 Introduction

The previous chapter describes a method to improve the tunability of LSCs for agri-
voltaic applications by introducing multiple luminophores into the same waveguide. This
chapter investigates the benefits of controlling the PL outcoupling direction in LSC waveg-
uides and develops an optimization scheme to design thin-film stacks to improve the spec-
tral quality of the transmitted light. Controlling the outcoupling of light has multiple ben-
efits, including tailoring the transmission spectrum for daylighting or crop production, and
directing PL toward either crop species or the PV cells.

Creating a multilayer thin-film stack with varying refractive indices and thicknesses
on the order on the wavelengths of light can manipulate the photon density of states. A
common example of this is a 1-dimensional photonic crystal or Bragg mirror. Embed-
ding luminophores in photonic crystals has been demonstrated to increase the trapping
efficiency of LSCs to greater than 90% [95, 96]. In this case, the goal is to embed films
of TiO2-PVP into a CdSe/CdS-PCHE to create a multilayer stack that will create prefer-

ential emission out one LSC face (toward the plants) while still concentrated some of the

49



(a) (b)

incident sunlight incident sunlight
escaped PL
single film

multilayer stack with

to PV cell TiO2-PVP layers

transmission and —>“ lLl enhanced PL..lllll

PL concentrated l

outcoupled PL outcoupling
to plants to plants
?
s AR

—

Figure 4.1: Schematic of an agrivoltaic LSC (a) without the inserted TiO2-PVP films and (b) with
the inserted TiO3-PVP to create the multilayer stack. PL is photoluminescence.

PL toward PV cells. Unlike Bragg mirrors, the stack does not need to be periodic, and
likely will not. Figure 4.1 shows a schematic of an LSC without any inserted film (Figure
4.1a) and the desired effect after designing the multilayer stack (Figure 4.1b). To design
the stack, a needle insertion method is used where TiO,-poly(vinyl pyrrolidone) (TiO,-
PVP) nanocomposites with varying refractive indices are inserted into photoluminescent

CdSe/CdS-poly(cyclohexylethylene) (CdSe/CdS-PCHE) films on a glass waveguide to cre-

ate an LSC design that has both high transmission and directs PL toward plant species.

4.1.1 Spectral Quality Metrics for Agrivoltaics

The photon flux density and spectrum of light incident on plants has a profound effect
on plant growth and crop production [81-84,97,98]. Increasing the photosynthetic photon
flux densities (PPFD) improves the net photosynthetic rate of plants which will yield faster
plant growth [98]. The PPFED is defined by the following equation:

725nm

PPFD =Y ¢ 4.1)

350nm

where ¢; is the total photon flux density incident on the plants. Equation 4.1 can also
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be expressed with reduced wavelength ranges like red photon flux from 550 nm to 725
nm. In addition to the photon flux density, the ratio of red to blue light, or the RB ratio
influences plant yield. For example, Pennisi, et al. studied lettuce under varying RB ratios
and found an RB ratio of three yielded the highest plant weight and mass [97]. The RB

ratio is described by the following equation:

725nm 550nm

RBRatio= Y &/ > ¢; 4.2)

550nm 350nm

As discussed in Section 3.2, studies where plants are illuminated through fluorescent
panels, which red shifts the filtered transmission, demonstrated enhanced plant growth [49,
99]. A significant component of the red shift is from the contribution of luminophores with
red PL contributing to the filtered transmission. Increased control over the PL outcoupling
enhances this effect and allow for more flexibility of the filtered spectrum.

In addition to spectral shifting, the angular distribution of the light incident on plants
influences plant growth and crop production. Diffuse sunlight can penetrate deeper in the
plant canopy and better illuminate inner leaf layers [100-102]. Photosynthesis saturates
at higher light intensities, so photosynthetic rates are often higher if many leaves receive
moderate light intensity than if only a few leaves receives high intensity [101]. Diffuse

covers on greenhouses have been demonstrated to increase crop production [103, 104].

4.2 Methods
4.2.1 Merit Functions

Multiple merit function functions were tested for needle insertion algorithm. The first
merit function tested included three terms: the absorption efficiency (7,s), extraction ef-
ficiency (Megtraction), and red light transmission (7..;). The function is described by the

following:
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800nm -1
abs![extraction + Tre d)\
Merit Function A = | =230nm (n bSZOntm ! ) 4.3)
550nm ps dA

Nextraction 1S defined as the fraction of dissipated dipole power that couples out of the thin-
film, through the glass substrate into air, and toward the plant species [105]. The product
of Nextraction and Mgps in Equation 4.3 is defined as the outcoupling efficiency. ¢g is the
incident solar photon flux. The merit function targets the red half of the solar spectrum by
integrating only from 550 nm to 800 nm. The function is inverted, as merit functions for
this optimization method must be minimized.

Variations of the merit function were tested by first narrowing the wavelength range
to 575 nm to 675 nm to target the PL spectrum of the CdSe/CdS nanocrystals. This is

described by the following:

675nm —1
abs![extraction + Tre d)\
Merit Function B = | 257nm (n bgzsntm ! 2 ] 4.4)
575nm G5 dX

In the next variation, the transmission component was removed to only optimize the lu-

minophore outcoupling described by the following:

675nm -1
575nm (nabsnextraction) d>\]

675nm
575nm Ps dA

Merit Function C = 4.5)

Lastly, the merit function was reduced to just the extraction efficiency described by the

following:

675nm -1
575nm (nethaction) d)\]

675nm ¢S d)\

575nm

Merit Function D =

(4.6)

4.2.2 Nanocomposite Films

The photoluminescent nanocomposite assumed for the optimization was CdSe/CdS-

PCHE. This nanocomposite has been tested previously and shown to disperse the nanocrys-

52



tals well up to about 9 vol%. The complex refractive index for the CdSe/CdS-PCHE

nanocomposites can be described by the Maxwell-Garnett effective medium approxima-

tion [70].
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Figure 4.2: (a) Refractive index of the TiO2-PVP nanocomposite with increasing concentration.
(b) PVP absorbance measured with UV/vis spectrophotometry.

The needle insertion algorithm also requires the insertion of a films with various refrac-
tive indices. For this, a nanocomposite of TiO,-PVP was assumed, and the refractive index
was modeled with a Maxwell-Garnett effective medium approximation. The refractive in-
dex of the TiO,-PVP nanocomposite is reported in Figure 4.2 along with the absorption
spectrum of PVP measured by doing UV-vis spectrophotometry on PVP dissolved in bu-
tanol. The refractive index of the TiO,-PVP nanocomposite can be tuned from 1.55 to 1.8
by varying the TiO, concentration which provides variability for the needle insertion algo-
rithm to test and optimize. There is PVP absorption in the UV which could interfere with
CdSe/CdS absorption, but importantly there is minimal absorption near the CdSe/CdS PL
spectrum.

Experimentally, nanocrystalline TiO,-polymer hybrids have been achieved with high
titania content up to 90 wt% and a nanocrystalline TiO, domains of 3-4 nm as reported
in literature [106]. TiOy-epoxy nanocomposites have also been realized using a sol-gel

method with a titania concentration of 90 wt% and average particle size of 10 nm [107].
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These synthesis methods could be adapted for the TiO-PVP composites. This chapter
does not discuss the experimental realization of these films, as the focus was on the optical

design of the multilayer thin-film stacks.

4.2.3 Needle Insertion Algorithm

A needle insertion algorithm is a thin-film stack optimization method that inserts a thin-
film into an initial stack while systematically changing the position and refractive index to
see which configuration reduced the merit function most significantly. In our case, the
inserted film was a TiO,-PVP nanocomposite and the initial film was a 4 vol% CdSe/CdS-
PCHE film with a thickness of 800 nm on a glass substrate with a thickness of 1.6 mm.
Once a film and position was chosen, thicknesses of every layer were adjusted until the
merit function reached a minimum for the new stack. If the thickness was adjusted to zero,
that film was removed from the stack. Figure 4.3 describes the optimization process flow

in more detail.

Yes

Does the new film
decrease the merit
function?

Calculate merit + Calcul_ate m_erit ¢
function with function with
STACK optical End STACK optical End
solver and transfer solver and transfer
matrix method matrix method

Figure 4.3: Flow chart describing the needle insertion optimization process.

The outcoupling efficiency for the merit function was determined using an analyti-
cal multilayer optical solver, Lumerical STACK, that calculates the fraction of dissipated
dipole power from the photoluminescent CdSe/CdS-PCHE films downward through the
glass into air. The dipole was treated as unpolarized by averaging the three dipole orienta-
tions together, and results were averaged over the PL spectrum for the CdSe/CdS nanocrys-

tals reported previously in Figure 3.3. The transmission through the thin-film stack and ab-
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sorption was calculated with transfer-matrix method assuming normally incident AM1.5G
solar spectrum, and the reflection off the bottom surface of the substrate was accounted
using Fresnel coefficients. The needle insertion algorithm was run with a maximum of two

film insertions.

4.3 Results and Discussion
4.3.1 LSC with Ideal Directional Photoluminescence

Before the optimization algorithm was tested, the theoretical advantage of controlling
the PL outcoupling was explored to understand the effect on the RB ratio and outcoupled
photon flux density. The transmitted and outcoupled spectra for LSCs with one type of
luminophore is controlled and limited by the luminophore type, optical density, and re-
fractive index of the waveguide. For a refractive index of 1.5, the escape cone of the PL
from one LSC face is 12.5%. If this extraction efficiency can be controlled, metrics like
the RB ratio can be manipulated. To demonstrate this advantage, an analytical calculation
was done assuming an LSC with CdSe/CdS nanocrystals to estimate the RB ratio and red
photon flux density while adjusting the absorption efficiency. The absorption and trans-
mission was estimated with Beer’s law and the outcoupled flux was added directly to the
transmission assuming unity PLQY. The results are shown in Figure 4.4.

The 50% extraction efficiency indicates 50% of the PL from the luminophores es-
caped out of the shadow-side of the LSC, creating preferential PL outcoupling toward plant
species. When the extraction efficiency is increased to 50%, the RB ratio range when ad-
justing the absorption efficiency is increased by 13%. The increase is because a higher
flux of red PL is added to the transmitted flux which increases the ratio of the blue to red
light that is filtered through the LSC. For the red photon flux, there are only small changes
with absorption efficiency when the extraction efficiency is 12.5%, but the available red
photon flux range extends dramatically with an outcoupling of 50%. This theoretical ex-

ample in Figure 4.4 demonstrates further motivation for designing an LSC that can achieve
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Figure 4.4: (a) RB Ratio and (b) red photon flux density with increasing CdSe/CdS absorption
efficiency for an extraction efficiency of 12.5% and 50%.

preferential outcoupling out one LSC face.

4.3.2 Thin-Film Stack Optimized Results

The resulting optimized thin-film stacks from the needle insertion algorithm for the 4
merit functions tested are given in Figure 4.5 along with the absorption efficiency, extrac-
tion efficiency, outcoupling efficiency, and the transmitted and outcoupled photon flux. The
merit functions tested include the transmission term (A and B) converge to a solution with
two films inserted, a 25 vol% TiO-PVP film and a non-doped PVP film. The optimized
structures mainly increase transmission within the integrated spectral range. The extrac-
tion efficiency was reduced in both cases, which is the opposite of what was desired. The
transmission optimization does, however, make a noticeable difference in the transmitted
and outcoupled photon flux after optimization compared to the original film.

Experimental realization of a transparent 25 vol% TiO,-PVP nanocomposites would
be challenging when considering particle size, interparticle spacing, and aggregation. The
theoretical ratio between the estimated particle spacing (5) and particle diameter (d) for a

specific volume fraction (f) can be estimated using the following equation [71]:
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Figure 4.5: Results of the needle insertion algorithm for Merit function (a-c) A, (d-f) B, (g-i) C, and
(j-1) D. The first column (a,d,g,j) shows the resulting thin-film stack after two film insertions. The
second column (b,e,h, k) gives the absorption efficiency, extraction efficiency, outcoupling efficiency,
and red transmission (550 nm-800 nm) of the LSC before and after optimization. The third column
(c.f,i,1) is the transmitted and outcoupled photon flux from the LSC before and after optimization.
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For a volume fraction of 0.25, S/d is 1.28, which means the distance between particles
is only slightly larger than particle diameter. It is theoretically possible to achieve good
particle dispersion at this concentration with sufficient nanoparticle-polymer interaction
[108], but the small particle size (< 10 nm) required to avoid significant Rayleigh scattering
means the interparticle spacing would be only a few nanometers [109, 110]. Such close
spacing leaves little space for ligands and the organic matrix and could limit the achievable
concentration for this nanocomposite.

The high concentration TiO,-PVP composite could also have significant particle aggre-
gation which induces scattering. Scattering diminishes the waveguide and optical efficiency
of the device which would lead to lower photovoltaic efficiency of the LSC [42,71]. As
discussed in section 4.1.1, diffuse sunlight often results in higher photosynthetic rates for
plant species. Scattering from particle agglomeration would assist in diffusing the trans-
mitted sunlight not absorbed by the luminophores. Before implementation, the tradeoffs
between the providing diffuse transmission and high photovoltaic efficiency requires fur-
ther evaluation.

We adjusted the merit function to add more weight to the extraction efficiency by re-
moving the transmission dependence (Figure 4.5g-1). The optimization scheme did not
converge on a solution where inserting films reduced the merit function, rather the solu-
tion converged on a much thicker CdSe/CdS-PCHE film at 93 yum. In this case, the to-
tal outcoupled photon flux was maximized by increasing the absorption efficiency in the
nanocomposite film, not by designing a thin-film stack with directional emission.

The last adjustment to the merit function was to remove the absorption efficiency de-
pendence as described in Equation 4.6. The needle insertion algorithm did not converge
to a solution that inserted any TiO,-PVP films, but rather adjusted the thickness of the

CdSe/CdS-PCHE film to 273 nm. This solution was the only solution that increased the
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extraction efficiency, but it only did so slightly from 13.9% to 15.1%. The reduction in
thickness also diminished the absorption significantly such that the overall outcoupling ef-

ficiency was reduced.

4.4 Conclusion

This chapter described the agrivoltaic spectral quality benefits of developing an LSC
with preferential photoluminscence outcoupling out one face, and proposed a needle inser-
tion optimization algorithm to design a thin-film stack to increase outcoupling of one LSC
face while maintaining high red-light transmission. Increasing the extraction efficiency to
50% as opposed to 12.5% enhanced the RB ratio and red photon flux density range while
increasing the luminophore absorption efficiency. The merit functions tested that included
the transmission term converged on a 5-layer stack design that increased the red-light trans-
mission but had a negative effect on the extraction efficiency. The merit function described
by Equation 4.5 that only considered outcoupling efficiency converged on a single film
design that maximized luminophore absorption. The merit function that only considered
extraction efficiency did increase the extraction efficiency but only incrementally.

Future work on designing thin-film stacks to achieve a controlled emission direction
should consider more complex thin-film stacks to achieve greater increase in the extraction
efficiency. Other approaches like textured surfaces to disrupt waveguide modes and pref-
erentially scatter out one LSC face should also be explored as demonstrated by previous
literature [105, 111]. Further consideration to how LSC designs influence the waveguide

efficiency of the LSC is also necessary to ensure high photovoltaic efficiency.
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Chapter 5

Optical Coupling Efficiency Efficiency
Estimates for c-Si PERC Modules
Enhanced with Downconverting Films
and Nanocomposites

5.1 Introduction

The previous chapters focused on the multifunction properties of downshifting lumi-
nescent solar concentrators and methods to optimize their multifunctional properties. This
chapter discusses applying downconversion to a Si PERC solar cell to enhance the pho-
tocurrent and efficiency. As introduced in chapter 1, a critical property controlling the pho-
tovoltaic efficiency enhancement from downconversion is the optical coupling efficiency
(Mopt, D), Or how efficiently the downconverted light couples into the active layer of the
solar cell to generate electricity. Analytical thermodynamic studies on downconversion for
photovoltaics typically base the optical coupling efficiency on the etendue assuming the
downconversion material and solar cell have the same refractive indices, or assuming that
isotropic PL leads to a coupling efficiency downward into the Si cell of 0.5 [7,8,112,113].
For simplified systems, these assumptions are valid, but with thin-film downconverting ma-
terials, and the anti-reflection coatings and pyramidal surface textures present in crystalline-
Si (c-Si) solar cells, these assumptions for the optical coupling efficiency will not hold.

More recently, a ray-tracing study on Yb-doped CsPb(Cl,_,Br,)3 perovskites applied to Si
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photovoltaic cells made improvements in the optical modeling of these devices, and demon-
strated that the location of the downconverting material in the module stack influences the
coupling efficiency and module performance [114].

In this chapter we combine wave and ray optics techniques to model the optical coupling
efficiency, loss mechanisms, and efficiency metrics for downconverting films integrated
into a c-S1 module, accounting for realistic module architectures. We used these techniques
to gain a deeper understanding of the impact of the location of the downconverting material
within the module and the corresponding efficiency enhancement. These results guide the
design of both materials and devices, allowing downconversion to reach its full potential in

photovoltaics.

5.2 Methods
5.2.1 Downconverting Material Refractive Index Modeling

The downconverting film refractive indices were modeled using a Tauc-Lorentz oscil-

lator model described by the following equation:
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The absorption peak strength (A) was 50 eV, the broadening term (C) was 1.2 eV, the optical
band gap energy (Eg) was 2.25 eV, the energy of maximum transition (EO) was 4.5 eV, and

the €, = 1.4 (Figure 5.1).
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Figure 5.1: (a) Dielectric function, (b) refractive index, and (c) extinction coefficient of the

downconverting film material calculated with the Tauc-Lorentz oscillator model.

A nanocomposite material of downconverting perovskite nanocrystals dispersed in EVA
was modeled with a Maxwell-Garnett effective medium approximation using the Tauc-
Lorentz dielectric function as the inclusion material and ethylene-vinyl acetate (EVA) di-
electric function (egy 4) as the matrix (Figure 5.2). The Maxwell-Garnett effective medium

approximation is described by [115]:

20;(err, — €mva) + ern + 2€pya

2¢pva + erp — 0i(erp — €pva)

(5.2)

ENC—EVA = €EVA

d; is the volume from of the downconverting nanocrystals in the nanocomposite. The
nanocomposite was assumed to have negligible scattering from matrix imperfections and

nanocrystal agglomeration.

5.2.2 Finite-Difference Time-Domain Simulations

Finite-difference time-domain (FDTD) simulations were performed using Ansys Lumer-
ical. The simulations were conducted in 3-dimensions by placing a dipole source at varying
heights in the downconverting layer and averaged over 3 different dipole orientations. The
simulation width and depth was 16 um and the height was 4 um. 2-dimensional monitors
were placed above and below the downconverting film in either the EVA, glass, or Si far

enough away from the downconverting film to avoid detecting evanescent fields. Other
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Figure 5.2: Real and imaginary component of the complex refractive indices for the
downconverting nanocrystal-EVA nanocomposite.
2-dimensional monitors were placed in the downconverting film to detect trapped modes.

All boundary conditions were perfectly matched layers.

5.2.3 Analytical Multilayer Optical Simulator

Analytical multilayer optical calculations were performance with Ansys Lumerical
STACK. The same refractive index and wavelength inputs used for the FDTD simulations
were used for the layers in the stack. The dipole was modeled as unpolarized, and the
PL projected into the far-field was extracted as a function of emission angle. The main
contribution of the FDTD simulations and analytical multilayer optical calculations to the

efficiency estimates was the optical coupling efficiency described in Table 5.1.

5.2.4 SunSolve Simulations

SunSolve Power from PV Lighthouse was used to model the optical properties of the
c-Si PERC module. The back contacts include an Al coating back electrode, a 1000 nm
AlSi contact interface, and a 10 nm Al203 film followed by a 100 nm SiN,, film for the

non-contact interface. The contact interface is in a line pattern with a 200 pm width and
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5000 pm pitch. The 170 um thick crystalline Si layer has upright, random pyramidal tex-
turing with a height and width of 5 um and 7.813 wm. The cell anti-reflection coating
(ARC) is a 75 nm thick SiN, conformal film. The Ag front contact is in a grid pattern.
Cell interconnection was modeled with 5 rectangular ribbons with a width of 1100 pm
and height of 200 um. There were 120 rounded rectangular fingers with 45 um width and
15 pm height. The finger pitch and spacing were both 0.13 cm. 5 busbars were included
with a width and height of 1100 wm and 15 um. The encapsulation was assumed to be a
0.45 mm thick UV transmissive EVA [116], and the 3.2 mm thick front glass includes a
110 nm porous silica ARC. The interface with EVA was flat. The downconverting layer
was either inserted between the glass and EVA layer or between the SiN, and EVA, de-
pending on the desired configuration. The EVA material optical constants were swapped
with the nanocomposite optical constants to test the nanocomposite configuration device.
Each cell is a pseudosquare with a length and diameter of 15.675 cm and 21 cm. The 72
cell module has 6 cells per row and 12 cells per column with a cell separation of 0.5 cm.
Optical scattering from the pyramidal texturing was modeled using a Phong model with
an exponent « of 25 [117]. Scattering from the electrodes was modeled with a Lambertian
distribution. The AM1.5G standard spectrum illumination was assumed to be full area with

normal incidence, and no rear side illumination was included.

5.3 Results and Discussion
5.3.1 Solar Module and Downconverting Material Optical Properties

For the reference device, a typical c-Si passivated emitter rear cell (PERC) module
was assumed. The module consisted of a 170 um thick crystalline Si layer with random
pyramidal texturing, a 75 nm SiN, anti-reflection coating (ARC), 0.45 mm UV transmis-
sive EVA encapsulant [116], 3.2 mm thick cover glass, and a 110 nm thick glass ARC.
The interface between EVA and glass was assumed to be planar. Ag front electrodes were

used in a grid layout, and Al coatings were used for the back electrode. Three downcon-
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Figure 5.3: Illustrations of the (a) c-Si reference cell, (b) the downconverting film on glass
configuration, (c) the downconverting film on cell configuration, and (d) the nanocrystal (NC)-EVA

nanocomposite configuration.

verting configurations were tested by either adding or replacing layers within the reference
stack (Figure 5.3). For the downconverting “film on glass” configuration, a downconverting
film was added between the EVA and glass layers. For the downconverting “film on cell”
configuration, a downconverting film was added between the SiN, and EVA. Similar to
the SiN,, coating, the downconverting film in the “film on cell” configuration conformally

adopts the random pyramidal texturing of the Si surface, which has been demonstrated ex-
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perimentally using vapor deposition methods [53]. A third configuration replaces the EVA
encapsulation with a “nanocomposite” of downconverting nanocrystals embedded in EVA.
We assume this is an idealized composite with no scattering, as can result from particle
agglomeration or polymer inclusions [71].

The optical properties of the downconverting material were set to match the properties
of Yb-doped CsPb(Cl;_,Br,); perovskites. The complex refractive index was modeled
with a Tauc-Lorentz oscillator to create a strong absorption onset at 500 nm and a refractive
index approaching n = 1.94 at longer wavelengths (Figure 5.1), as is expected from this
type of perovskite [118,119]. The PL spectrum had a peak at 1000 nm and a full width half
maximum of 43 nm [114]. The absorption and PL spectra are shown in Figure 5.4, along
with the module external quantum efficiency of the reference PERC c-Si module and the

AM1.5G solar spectral irradiance [120].
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Figure 5.4: Simulated absorbance and PL spectra of the downconverting film along with external
quantum efficiency (EQE) of the reference module. The AM 1.5G reference solar spectrum is also
included [120].

5.3.2 Optical Coupling Efficiency

We first consider the angular dependence and coupling of the PL from the downcon-
verting layer into the immediately adjacent layers using both FDTD simulations and an

analytical multilayer optical simulator (Sections 5.2.2 and 5.2.3). The downconverting film
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thickness was initially set to 500 nm. The light source is a point dipole where we aver-
aged across the three dipole orientations (Section 5.2.2), and the wavelength of the dipole
PL ranged from 900 nm to 1100 nm with the results averaged over the PL spectrum. The
downconverting film on glass configuration included glass immediately above the down-
converting film and EVA below. The downconverting film on cell configuration consisted
of EVA above the downconverting film and 75 nm of SiN,, on c-Si below. Both simulations
were tested as planar systems, and initially the pyramidal texturing for the downconverting

film on cell configuration was not incorporated.
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Figure 5.5: Fraction of emitted photons in the adjacent materials above and below the
downconverting film for the (a) downconverting film on glass and (b) downconverting film on cell
configurations. Simulated with FDTD simulations and analytical solver.

Figure 5.5 shows the fraction of dipole power that dissipates into each material as a
function of changing dipole height within the downconverting film, for the film on glass
and film on cell configurations. The FDTD simulations and analytical solver yielded nearly
identical results, and the latter is more computationally efficient. As expected, the frac-
tion of power dissipated into each material depends on the position of the dipole within
the thickness of the film, with especially different coupling efficiency near the interfaces.
The downconverting film on glass configuration shows significant light trapping within the

downconverting film, which decreases light coupling into both the glass and EVA. This
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trapping is due to the higher refractive index of the downconverting film compared to both
the glass and EVA. However, the downconverting film on cell configuration predicts high
optical coupling into the SiN,/Si, ranging between 0.78 and 0.9 depending on the dipole
position. The high optical coupling derives from the high refractive indices of SiN, (n =.
1.98) and Si (n = 3.56) compared to the downconverting film (n = 1.97) at a wavelength of
1000 nm.

We then used the output of these calculations to estimate the optical coupling efficiency
from the downconversion film to the Si absorber in the module, accounting for the pyra-
midal texturing, multiple reflections that occur within the module, and the PL bandwidth.
For each dipole position (h), the angle-resolved power density per unit solid angle radiated
into glass (Fﬂigss(h, 01,))) and EVA (FEVA(h,0,,)\)) from the simulations was used to
analytically calculate the efficiency of different optical coupling modes in the system. A
detailed description of the calculation method is provided in the Appendix. The coupling
efficiency calculation for the downconverting film on glass and downconverting film on cell
configuration was averaged over dipole height and weighted by the PL spectrum to give a
single value.

Table 5.1 reports the coupling efficiency for the three configurations and four different
conditions. The downconverting films were tested at four different thicknesses from 250
nm to 1000 nm, and the nanocomposite was analogously tested at four different nanocrys-
tal loadings from 0.05 vol% to 0.3 vol%. The thicknesses and concentrations did not have
a strong effect on the coupling efficiency, but the downconverting film location had a pro-
found effect. The downconverting film on glass configuration had a coupling efficiency that
ranged from 24.27% to 29.06%, whereas the downconverting film on cell configuration
had a much higher coupling efficiency, between 93.37% and 95.25%. The downconverting
nanocomposite had a high coupling efficiency of 81%. The lower index encapsulant layer
(EVA) between the downconverter and the Si top interface was the main cause for the low

coupling efficiency of the downconverting film on glass device, where the vast majority of
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downconverted light did not reach the Si absorber.

Table 5.1: Optical coupling efficiency for the downconverting film on glass and film on cell
configurations with different downconverting film thicknesses, and for the nanocomposite
configuration with different nanocrystal concentrations.

Coupling Efficiency (%)
Film thickness t=250 nm t=500 nm t=750 nm t=1000 nm
Film on Glass 26.34% 24.27% 29.06% 25.65%
Film on Cell 93.65% 93.37% 93.47% 95.25%
NC concentration 0.05vol% 0.1vol% 0.2vol% 0.3 vol%
nanocomposite 81.02% 81.03% 81.05% 81.06%

We note that the results in Table 5.1 contrast with coupling efficiency results previously
reported by Kroupa, ef al. in 2020 [114]. The most significant contrast is the downcon-
verting film on glass coupling efficiency, which was previously reported at 72.0%. The
discrepancies arise because in the previous studies, ray-tracing was used to model the an-
gular distribution of dipole emission from the downconverting film, and the glass included
texturing at the glass/EVA interface [114]. It is essential to model the angular distribution
of the PL from the downconverting film using wave optics methods and not ray-tracing, as
the downconverting film thickness is on the order of the wavelengths of light being consid-
ered. Modeling light interactions with structures of similar size to the wavelength of light
using geometric optics principles can yield inaccurate and misleading results [121], which
is why we believe the coupling efficiency estimates in Table 5.1 that combine nano- and

macro-scale optics are an improvement on those estimated previously.

5.3.3 External Quantum Efficiency and Short Circuit Current
Density
The full solar spectrum optical and electrical properties of the c-Si PERC cell were
then evaluated using ray-tracing SunSolve simulations. The simulations were conducted
for four different configurations: without any downconverting material in place, the down-

converting film on glass configuration, the downconverting film on cell configuration, and
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the nanocomposite configuration. The simulations predict the module and cell absorp-
tion, reflection losses, and efficiency. The simulations do not include any enhancement
in efficiency from the downconversion process, therefore the external quantum efficiency
including the enhancement from downconversion PL was determined using the following

equations:

J Nopt.oc (M nige(\) PL(A) dA

o = 53
Nopt,DC,PL fPL()\) a\ (5.3)

Neqe.pc = Apc(N) * NpLoy * Nopt.oc.pL + NEQE(N) (5.4)

where Apc(A) is the wavelength dependent downconverting material absorption probabil-
ity, nror(A) is the internal quantum efficiency of the Si cell, and npggr(A) is the external
quantum efficiency extracted from the SunSolve simulations with the downconverting ma-
terial included. 7.yt po.pr(A) represents the probability that a photon emitted from the
downconverting material will generate a charge carrier weighted by the PL spectrum. In
equations 5.3 and 5.4, ngor(A), 11gr(N), and Apc(A) are from the SunSolve simulation
results, and 7),,: pc(A) is from the optical coupling efficiency calculations. The ngge po ()
assuming a 1prqy of 200% for each configuration is reported in Figure 5.6, and compared
to a reference that does not contain any downconverting material.

The downconverting film on glass configuration reduced nggr pc(A) across the entire
spectrum compared to the reference cell. In the blue and UV portion of the spectrum, where
we would expect enhanced efficiency from the downconversion process, this configuration
instead reduces the 7gor po(A), and changes in thickness do not improve these results. The
oscillations seen in the NpgE, pc(A) spectrum from 500 nm to 1000 nm in Figure 5.6a are
from Fabry-Perot modes. The downconverting film on cell and nanocomposite configura-
tions, however, exhibit significantly enhanced 1zgr pc(A) across the absorption spectrum

of the downconverting material that improved with increasing either the downconverting
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Figure 5.6: Estimated external quantum efficiency (EQE) of the PV modules with the
downconverting materials for the (a) downconverting film on glass, (b) downconverting film on
cell, and (c) nanocomposite configurations. The black trace represents the external quantum
efficiency of the reference module without any downconverting materials.

film thickness or the concentration, which we attribute to increased absorption of incident
sunlight. With a nproy of 200% and high optical coupling efficiency, the ngor pc(X)
reached near 160% at its peak. Below the downconversion band gap, there was very little
change in the npgr pc(A) for 5.6b and c, indicating that the downconverting material did
not significantly impact Si light absorption at longer wavelengths for the downconverting
film on cell and nanocomposite configurations.

To understand the impact of the downconverting film position, thickness, and nanocrys-
tal loading has on the Jg¢, the change in Jgc was calculated using a similar approach as

used by Kroupa, et al. [114]. The following equation was used:

1200
AJsc = CI/ ®am1.56(AN) Apc (N NpLoy Nopt,pe dA
300 (55)

1200
i, / bann e\ (Acar(V) — Acano(A)) dA
300

where ¢ap15¢ is the solar photon flux, ¢ is the elementary charge, and Acey()\) and
Acen,po () are the absorption probabilities for the solar cell active layer without the down-

converting material and with the downconverting material. The A.Jsc was added to the Js¢
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extracted from the SunSolve simulations to yield an overall Jg¢ for the PV module con-
taining downconverters.

The Jsc was calculated as a function of nprgy from 0 to 200% (Figure 5.7). The
results are compared to the reference cell. As expected, at low nprgy no configuration
resulted in enhanced Js¢ as the increased parasitic absorption and internal reflection was
not compensated by enhanced photocurrent. The downconverting film on glass configura-
tion never achieved enhanced Jg¢ regardless of 7prgy, and increasing the downconverting
film thickness had a negative impact on the photocurrent. The other two configurations
showed similar enhanced Jg¢ for values of nprgy above 100%. Below nprgy= 100%, a
thicker downconverting film or higher nanocrystal concentration resulted in lower Jg- due
to higher UV and blue light absorption that was not compensated by enhanced photocur-
rent, thus making the high energy absorption by the downconverting material parasitic.
However, as the nproy approached 200%, UV and blue light absorption was beneficial,
with the downconverting film on cell device reaching 43 mA/cm? for the 1000 nm thick

downconverting film.
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Figure 5.7: Short-circuit current density of the PV modules with the downconverting materials for
the (a) downconverting film on glass, (b) downconverting film on cell, and (c) nanocomposite
configurations. The horizontal black line represents the short-circuit current density of the
reference module without any downconverting materials, which is 40 mA/cm?.

The nprgy where the Jgo crosses the reference line has important implications for

solar cell design. Both the downconverting film on cell and nanocomposite configuration
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require a nproy greater than 100% to achieve the expected photocurrent enhancement. One
might expect with high enough coupling efficiency and better spectral response at longer
wavelengths there could be enhanced Jgc even at nproy below 100%, but this is not the
case. The photocurrent enhancement is primarily due to the photon multiplication from the
downconversion and not spectral shifting to the NIR. The decrease in 7gor(\) seen in the
reference (Figure 5.6 a,b,c) as the wavelength approaches 300 nm is mostly due to parasitic
glass and SiN,, absorption, not inefficiencies in photovoltaic conversion from high energy
photons absorbed by the active layer. The downconversion material, therefore, will only
enhance the efficiency through an overall increase in photon flux in the system, which is
achieved with photon multiplication from 7pqy greater than 100%.

The results in Figure 5.7 also suggest that high-efficiency c-Si PV systems that imple-
ment downshifting materials with 1:1 conversion will not be able to achieve increased Jg¢
and efficiency solely relying on improved spectral response. Even with high optical cou-
pling efficiency, significant increases in Jgc were only achieved as the 1pqy approached
200%. In the nanocomposite configuration, the downconverting composite refractive index
is essentially the same as the encapsulant, and therefore has minimal change in internal re-
flection compared to the reference device. Since this case also requires a greater than 100%
NprLQy criteria to achieve enhanced photocurrent, this is not a result of index mismatch and

increased reflection, and therefore would not change for lower refractive index films.

5.3.4 Optical Loss

The differences in optical performance between the three configurations can be further
explained through wavelength dependent optical loss analysis (Figure 5.8). These results
assumed a nprgy of 200%, downconverting film thickness of 500 nm, and a concentration
of 0.1 vol% for the nanocomposite. The downconversion loss refers to photons absorbed
by the downconverting material that did not result in photocurrent enhancement, and, since

nprgy 18 200%, high downconversion loss is a result of low coupling efficiencies. All light
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reflected off the top surface of the cell was accounted for in reflection loss, and escape
losses refer to internal reflection and backscattering that ultimately escape the module.

Other parasitic absorption includes other module and cell absorption losses.
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Figure 5.8: EQE and optical losses for the (a) reference cell, (b) the downconverting film on glass
configuration, (c) the downconverting film on cell configuration, and (d) the nanocomposite
configuration.

When analyzing the data for the downconverting film on glass case in Figure 5.8b,
there were two loss mechanisms that prevented high nzgr pc(A): downconversion loss
and escape. Most photons emitted from the downconverting material were lost to trapped
modes or were lost out the top surface, which contributed to the downconversion loss. The
internal reflection for this configuration was also higher and contributed to escape loss. The

disruption of the index-matched glass/EVA interface increased internal reflection across
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the entire solar spectrum tested. The increased internal reflection combined with the high
downconversion loss reduced the ngoE pc(A) and overpowered any photon multiplication
or spectral shifting benefit from the downconverting material.

The downconverting film on cell and nanocomposite configurations showed minimal
downconversion loss because of the high optical coupling efficiency, and the escape loss
did not significantly increase when the downconverter was added. In the downconverting
film on cell configuration, the downconverter is adjacent to a higher index material, SiN_,,
and the pyramidal texturing helps reduce increased internal reflection. In the case of the
composite, the nanocrystal loading does not increase the refractive index of the nanocom-
posite enough to significantly disrupt the index-matched glass/EVA interface and create
internal reflection. We expect that if the composite exhibits significant scattering, escape
losses would increase [71].

All configurations exhibited decreased 17gor pc(A) as the wavelength approached 300
nm due to the increase in parasitic glass absorption. The International Technology Roadmap
for Photovoltaic (ITRPV) 2022 results show industry moving toward 2 mm glass thickness
and predicts increased market share for glass thicknesses less than 2 mm over the next
decade [62]. Decreased glass thicknesses will reduce the UV parasitic absorption and allow
for greater downconverting absorption and photocurrent enhancement. The UV parasitic
absorption from EVA is not as significant, as a UV transmissive EVA was chosen for this
model [116]. We expect higher UV absorption from EVA would not affect the coupling
efficiency estimates, but would decrease the downconversion absorption in the downcon-
verting film on cell and nanocomposite configuration [114]. Polyolefin elastomer (POE)
encapsulant materials are gaining popularity as an alternative to EVA [62], as they have
improved UV transmission [122]. Improved encapsulant UV transmission would increase
downconverting absorption and photocurrent enhancement, especially for the film on cell

and nanocomposite configurations.
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5.3.5 Downconversion Efficiency Enhancement

Finally, the solar cell power conversion efficiency (PCE) for each configuration was
estimated based on the SunSolve simulation results and expected photocurrent enhance-
ment from the downconversion process. The reference Si solar cell had a fill factor and
open circuit voltage of 0.77 and 0.70 V. Neither of these terms changed significantly with
the addition of the downconverting materials. The Jg¢ for the reference cell was 40.0
mA/cm?, which made the estimated reference efficiency 20.6%. Using the enhanced Jg¢
reported in the Figure 5.6 for a nprgy of 200%, the power conversion efficiencies were
calculated and reported in Table 5.2. Both the downconverting film on cell and nanocom-
posite configurations lead to enhanced efficiency, but none of the downconverting film on
glass configurations exceed the reference efficiency. In general, higher absorption leads to
increased efficiency enhancement, with the highest estimated efficiency at 22.4% for the
1000 nm thick downconverting film on cell device, which is a 2% absolute increase and
10% relative from the reference device. The 1000 nm thick downconverting film absorbs
62% of photons above the downconverting band gap, so this efficiency increase does not
represent the upper limit. Thicker films were not explored, as we wanted to stay within
a realistic range for perovskite conformal coatings on the pyramidal texturing using vapor

deposition [53].

Table 5.2: Power conversion efficiency for the downconverting film on glass and film on cell
configurations with different downconverting film thicknesses, and for the nanocomposite
configuration with different nanocrystal concentrations.

Efficiency (%)
Film thickness t=250 nm t=500 nm t=750 nm t=1000 nm
Film on Glass 19.5% 19.3% 19.3% 19.1%
Film on Cell 21.7% 22.0% 22.2% 22.4%
NC concentration 0.05vol% 0.1vol% 0.2vol% 0.3 vol%
nanocomposite 21.4% 21.7% 22.1% 22.2%
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5.4 Conclusion

This study modeled three different configurations for downconverting materials applied
to industry-relevant Si photovoltaic modules and estimated the optical coupling efficiency
into the Si absorber, the optical losses, and efficiency metrics. Placing the downconvert-
ing film on the SiN, with the pyramidal texturing resulted in the highest optical efficiency,
ranging from 93-95%, and the highest relative increase in PCE of 10% versus a module
without a downconverting film. Putting the downconverting film in direct contact with the
pyramidal texturing promoted high optical coupling from the downconverting film to the
absorber and had minimal escape losses at longer wavelengths. Incorporating the down-
converting film between the EVA and glass created a module that has very low optical
coupling efficiency between the downconversion layer and cell due to trapped modes in the
downconverting film and high escape losses from increased internal reflection. The down-
converting film on glass configuration was not predicted to have enhanced photocurrent
or efficiency compared to the reference device. Replacing the EVA with a downconvert-
ing nanocrystal-EVA nanocomposite yielded similar results to the downconverting film on
cell configuration, where the optical coupling was sufficiently high and escape losses suffi-
ciently low to exhibit enhanced power conversion efficiency.

The efficiency results in Table 5.2 are specific to PERC cells, but enhancing the ef-
ficiency with downconversion could also be applied to higher performance cells gaining
market share such as Si heterojunctions (SHJ) and tunnel oxide passivated contact (TOP-
Con) solar cells [62]. Beyond Si, downconversion could be applied to CIGS solar cells to
improve blue and UV response and increase Js¢, because CIGS has a similar band gap to
Si [123].

The reduction in thermalization losses through the downconversion process may also
help reduce operating temperatures. Thermalization of high energy photons and parasitic

absorption increase module temperature, which reduces energy output and lifetime of solar
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cells [6,124]. Reducing waste heat generation through optical design is an effective method
to reduce the operating temperature and increase energy yield [125-127]. In addition to the
optical benefit discussed in the study, we believe the reduction of high energy photons
incident on the active layer will reduce the waste heat generation, benefiting both energy
yield and lifetime.

Based on the results of this paper, the optical design recommendation is to pursue ei-
ther a nanocomposite downconverting material or deposit the downconverting film directly
on the SiN,. Importantly, this study predicts the enhancement is most effective when the
nprqy 18 well above 100%, so high-quality downconverting materials are required given
the performance level of industry standard c-Si solar cells. While this study is focused
on quantum-cutting perovskite materials, the design recommendations and process for cal-
culating the optical performance could be applied to other high-quality downconverting

materials.
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Chapter 6

Minimizing Roughness Induced Optical
Losses for a Four-Terminal CdTe/Si
Tandem Solar Cell

6.1 Introduction

The previous chapter focused on using spectral downconversion to improve the power
conversion efficiency of solar cells, and how the placement of the downconverting material
influences the optical coupling efficiency and efficiency metrics. This chapter discusses
a different optical design method to enhance solar cell efficiency beyond single junction
limits, tandem solar cells.

As single junction Si cells approach their performance limits, tandem architectures are
becoming increasingly important in the drive for higher efficiencies [1, 128, 129]. Si is
an advantageous choice for the bottom cell, given the technoeconomic benefits of the es-
tablished Si photovoltaic industry [1, 130, 131]. Cadmium telluride (CdTe) is a promising
candidate for the top subcell, as it is a proven material with high efficiency and long-term
stability and can be mass produced for a low cost [60]. The band gaps of CdTe and Si are
1.5 and 1.12 eV, respectively, which allows near-infrared (NIR) light to transmit through
the CdTe subcell and reach the Si subcell. To improve cell performance, CdTe is often
alloyed with Se, which additionally makes the absorber band gap adjustable between ap-

proximately 1.38 eV (at approximately 40% Se) and 1.7 eV (pure CdSe). The combined
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benefits give CdTe/Si tandem cells advantages over other tandem systems like III-V/Si,
which have high production costs [4], and perovskite/Si, which require improved stability
and scalability [132]. For successful implementation, the tandem architecture must exceed
the performance of the single junction device. Thus-far, CdTe solar cells epitaxially grown
on Si cells have only yielded relatively low efficiencies of 17% [133]. On the other hand,
high temperatures and aggressive chemistries involved in thin film CdTe device processing
make direct deposition of these materials onto Si cells impractical [134-139].

Tamboli et al. predicted efficiencies in the range of 25%-30% if CdTe and silicon
cells were electrically separated in the four-terminal mechanically stacked configuration
schematically depicted in Figure 6.1 [60]. This configuration removes complexity from the
tandem cell electrical design, as the direct series electrical connection of the cells, which is
usually achieved through a tunneling junction, is not required. Electrically separating the
subcells makes perfect current matching unnecessary, which is a major design constraint
for the two-terminal monolithically integrated devices [140, 141]. In particular, Isah e?
al. [140] concluded that the maximum monolithic CdTe/Si tandem efficiency was obtained
with a CdTe layer thinned down to 0.2 um. Such thin absorbers tend to suffer from pin-
holes and shunting, more so when deposited on standard textured Si cells, making practical
implementation of the design challenging [142]. Another disadvantage of the monolithic
two-terminal tandem that is eliminated by the four-terminal mechanically stacked design
is a strong sensitivity of the current generated by the bottom subcell to the incident solar
spectrum. As a result, top and bottom subcell currents can be matched well for some cli-
mates and seasons, while the matching becomes suboptimal for other climates and seasons,
resulting in energy yield losses [143].

The optical challenges introduced with four-terminal tandem devices, however, require
strategic optical design and photon management to achieve high efficiencies. Photon man-
agement is essential in tandem devices to best utilize both semiconductor absorbers and

achieve high efficiencies and is especially important in four-terminal tandem configura-
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tions. The strategic selection of conductive layer materials, surface texture for improved
light coupling, and thickness optimization to control absorption and reflection become es-
pecially important with tandem devices to minimize reflection and parasitic absorption
losses [140, 144, 145]. In the CdTe/Si four-terminal configuration, sub-band-gap light not
absorbed by the CdTe cell must be transmitted through the transparent front and back con-
tacts of the CdTe layer, the encapsulant, and the top of the Si cell before it can be converted
into electricity by the Si cell.

Achieving high transmission values therefore requires the use of both transparent back
electrodes and understanding of the impact of surface roughness on light transmission. Pre-
vious studies on CdTe devices with transparent back contacts were successful at improving
the NIR transmittance to about 70% [137,146, 147], using relatively flat CdTe topography.
The CdTe film preparation technique impacts on the surface topography and microstruc-
ture. Common CdTe film deposition techniques for photovoltaics include vapor transport
deposition (VTD), thermal evaporation, close-space sublimation (CSS), and magnetron
sputtering [134—137, 147—-154]. Among the techniques most suitable for industrial appli-
cations, VID and CSS, VTD has key advantages, including high rates, low cost, smaller
source areas, and decoupled substrate and source environments [134, 136, 148, 150, 151].
VTD produces high-quality polycrystalline CdTe films, and the grain size can be controlled
by tuning the substrate temperature [151]. The impact of treatments such as CdCl; and heat
on the electrical properties of CdTe cells is also well studied; these treatments lead to mor-
phological changes, such as increased grain size and surface roughness, that affect NIR
transparency [138,139, 154-158].

However, the importance of surface roughness in the four-terminal device configura-
tion, and the interaction between the surface texture and transparent electrodes, is not well
characterized or understood. Here, we use a combination of simulations and experiments to
understand and reduce roughness induced transparency losses in a CdTe/Si four-terminal

device, with special attention paid to surface texture induced absorption enhancement in
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the transparent back contact. We also offer strategies to mitigate these losses through high

index optical coatings and planarization.

6.2 Methods
6.2.1 Solar Cell Samples

The CdSe,Te; _, solar cell samples were provided by First Solar.

6.2.2 Surface Roughness Characterization

Contact mode AFM measurements were performed with a Bruker Dimension ICON
atomic force microscope on the back surface of a completed CdSe,Te;_, solar cell without

EVA encapsulation. The total scan area is 15 x 15 um?.

6.2.3 UV/vis Spectrophotometry

Total transmission measurements were performed using a Cary 7000 UV-vis spec-
trophotometer with a diffuse reflectance accessory. During the measurement, the CdSe,Te;_,
solar cell was mounted on the integrating sphere transmission port and polytetrafluoroethy-

lene reflectance standards blocks the back port.

6.2.4 Finite-Difference Time-Domain Simulations

The simulated CdSe, Te;_, solar cell consisted of a 330-nm-thick front TCO on a glass
substrate, a 3.3-um-thick CdSe,Te,_, layer, and a 150-nm-thick back TCO. The front and
back transparent TCO contacts were multilayer stacks with additional layer thicknesses
between 10 and 40 nm thick. A 35-nm-thick ZnTe layer served as a p contact on top of the
graded CdSe,Te;_, absorber. Surface roughness data from the AFM measurements were
applied to the CdSe, Te,_, layer and all layers in the transparent back contact. A simulation
area of 10 x 10 ym? with periodic boundary conditions was found to be sufficiently large

to capture the surface roughness.
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The optical simulations were conducted by injecting a plane wave into the CdSe,Te; _,
solar cell, starting with the glass layer. A monitor in the air gap or EVA interlayer was used
to collect the transmittance through the device stack, and 3D electric field monitors placed
around the entire device were used to calculate absorption. When comparing the simulated
transmission to experimental measurements, reflection loss off the air-glass interface and
absorption loss through the 2.65-mm-thick glass substrate were added to the simulation
results in postprocessing. The reflection at normal incidence was estimated with Fresnel

equations and is about 4%, and the glass absorption estimated with Beer’s law is about 2%.

6.3 Results and Discussion

6.3.1 CdSe,Te;_, Cell Structure and Properties

(@)

+«——(Glass

ﬁ Front TCO
CdSe,Te,

—

«—— Back TCO

<+«——— Encapsulant
putense———ARC/Passivation
il n*-emitter
p-type Si
Passivation
Al contact

(b)

0.8}
3
c 06}
S
& 0.4}
C
o
|_
0.2} Experimental
0 FDTD
800 1000 1200

Wavelength (nm)

Figure 6.1: (a) lllustration of a CdTe/Si four-terminal tandem solar cell (ARC is anti-reflection
coating). (b) CdTe solar cell experimental and simulated transmittance.
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Figure 6.1a shows our assumed device configuration. The CdTe cell is assumed to have
a planar front transparent conductive oxide (TCO); the absorber layer is comprised of VTD
deposited CdSe,Te;_,, with surface roughness on the back interface; and a conformally
grown back metal oxide based TCO is included as a rear conductive layer. In the full
tandem configuration, this is followed by an encapsulant layer (EVA) and a typical Si cell
underneath. The refractive index of each layer is shown in Figure 6.2.

CdSe,Te;_, solar cell samples were received from First Solar Inc. without EVA encap-

(a) (b)

3.0 - . . - 3.0
28 \ 28l
26| Glass substrate ] 26 ¢ ZnTe
=—Front TCO layer 1 —Back TCO layer 1
24| Front TCO layer 2 ] 241 Back TCO layer 2
Front TGO layer 4 Ry o0 ver?
< 22 —CdSe,Te, , g ' < 22y EVA
1.8 1 ! 13f\\\\\\<::§$
16} 1 1.6} 7
1.4 - . . . 1.4 . . . .
800 900 1000 1100 1200 1300 800 900 1000 1100 1200 1300
Wavelength (nm) Wavelength (nm)
(c) (d)
0.14 : . . 0.05 ,
Glass substrate ZnTe
0.12 [\ = -Front TCO layer 1 1 — =Back TCO layer 1
\ Front TCO layer 2 0.04 ¢ Back TCO layer 2
010}, Front TCO layer 3 ] = =Back TCO layer 3
Front TCO layer 4 - —EVA 4
0081~ -CdSe Te, ] 0.03 ¢} P 7
X | _~c s
0.06 | 002! St
0.04 | ] L=
0.01E =
002t \ 1 —
N I
0 BEmsmssms=s=====4 0 - = . -
800 900 1000 1100 1200 1300 800 900 1000 1100 1200 1300
Wavelength (nm) Wavelength (nm)

Figure 6.2: (a-b) Real and (c-d) imaginary refractive index of materials used in the CdSe,Te1—,
solar cell simulations

84



sulation. The total sub-bandgap transmittance was measured by UV-vis spectrophotom-
etry and plotted in Figure 6.1b. Finite-difference time-domain (FDTD) simulations were
used to analyze the sub-band-gap transmittance of the CdSe,Te;_, top cell in the pro-
posed CdSe,Te;_,/Si four-terminal tandem configuration. The surface roughness of the
CdSe,Te; _, layer was measured by atomic force microscopy (AFM) and imported directly
into the FDTD simulations. Figure 6.1b compares the experimentally measured and mod-
eled sub-band-gap transmittance through the top cell. The simulation and experiment show
reasonable agreement, with the FDTD simulation underestimating the sub-band-gap trans-
mittance. Some discrepancies are seen in the location of the transmission onset and shape
of the transmittance. These are hypothesized to be due to a simplification of the refractive
index of the CdSe,Te;_, in the model, which does not account for the graded CdSe doping
at the front interface of the CdSe,Te;_, absorber layer.

We compare three different roughness cases: one with native texture, a planar surface,
and an intermediate case obtained by scaling the surface height of the as deposited texture
by 0.5. The transmittance from the simulations without the EVA interlayer is shown in Fig-
ure 6.3a. The transmittance spectrum of the planar device supports Fabry-Perot modes that
closely match transfer-matrix method predictions. The rough surface has the least transmis-
sion, but reducing the roughness of the CdSe,Te;_, surface results in significant increases
to transmittance. However, the proposed four-terminal CdSe,Te,_,/Si tandem cell has an
EVA encapsulant interlayer instead of an air gap, so we additionally performed calculations
of transmittance into EVA (Figure 6.3b). The two rough samples now show significantly
greater transmittance, and the differences in transmittance between the samples is less dra-
matic, indicating that the roughness driven transmission decreases are mitigated via the

inclusion of the EVA layer.
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Figure 6.3: CdTe solar cell transmittance into (a) air and (b) EVA.

6.3.2 Transparency Losses

To understand the transparency losses, we calculated the wavelength dependent absorp-
tion and reflection for the three CdSe, Te, _, devices with and without the EVA (Figure 6.4).
The power absorbed was calculated according to Equation 6.1, where €” is the imaginary

part of the complex permittivity, and |F|? is the intensity of the electric field:

Py = —0.5w|E*¢” (6.1)
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Figure 6.4: Dominant optical loss mechanisms preventing sub-band-gap CdSe,Te,_, cell
transmission into (a)-(c) air or (d)-(f) EVA for samples with (a),(d) a rough surface; (b),(e) a rough
surface x 0.5; and (c),(f) a planar surface.

These calculations were performed for the entire three-dimensional (3D) simulation and
the power absorbed in each material was isolated, as described in Section 6.2. The front
contact of silicon was not included in these simulations, as the focus was on increasing

transparency into EVA or air before the light reaches the silicon cell.

At wavelengths longer than the CdSe,Te;_, band gap, the dominant loss mechanisms
are reflection, scattering, and absorption from the front and back TCOs. For all samples,
both the reflection and TCO absorption decrease with the inclusion of the EVA interlayer,
and the decrease is most significant for the samples with higher roughness. The reduced
index contrast between the back TCO and EVA compared to the TCO-air interface reduces
both specular reflection and backscattering, and therefore, also front TCO absorption. Pla-

narization of the surface texture decreases both reflection and TCO absorption. Decreas-
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ing the CdSe,Te,_, surface roughness reduces the total reflection because there is less
backscattering at the back TCO interface. The increased backscattering from the rough
back TCO also leads to increased front TCO absorption, because more light is trapped in

the CdSe, Te,_, cell similar to the roughness induced light trapping utilized in silicon solar

cells [159-161].

6.3.3 Light Localization and Absorption in the back TCO
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Figure 6.5: (a),(d) Cross section of the real component of the refractive index, (b),(e) electric field
intensity enhancement; and power absorption in the CdTe solar cell with (a)-(c) air and (d)-(f)
EVA. White lines are included in (b) (c),(e),(f) at material interfaces.

To understand the roughness induced absorption enhancement in the back TCO, Figure
6.5 shows a vertical cross section of the electric field intensity and absorption at a wave-
length of 1 um. As expected, absorption losses are confined to the front and back TCOs.
However, the magnitude of the absorption losses varies significantly with surface texture
and inclusion of the EVA interlayer. The electric field intensity figures show electric field
intensity localization surrounding the peaks of mesoscale (1-3 pum) features on the rough

CdSe, Te;_, surface. These intense electric field concentrations are accompanied by pho-
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ton jets that extend into the air-EVA interface. Significant interference patterns throughout
the cell are due to the superposition of the incoming, reflected, and scattered plane waves.
To visualize the electric field localization and absorption enhancement in the back TCO
from a different perspective, we integrated the power absorption over the thickness of the
conformal back TCO, averaged the results from 950 to 1300 nm weighted by the AM1.5
global solar spectrum, and plotted the lateral 2D projections in Figure 6.6. It is important to
recognize that the back TCO thickness remained constant at 150 nm, regardless of surface
height. Comparing these calculations to the surface height maps shows that the surface
morphology influences the local power absorption in the back TCO: the locations with
greatest power absorption are regions of high surface height. At the apex of a mesoscale
morphological feature, there is a region of electric field intensity localization and enhanced
power absorption. Similar features are seen in the sample with reduced surface roughness,

but with decreased magnitude of absorbed power, due to the decreased feature height.
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Figure 6.7: Local back TCO absorption plotted over the surface height at every location
interfacing with (a) iar and (b) EVA interlayer.

The data in Figure 6.6 was also plotted in Figure 6.7 as scatter plots against surface
height to help describe the relationship between the localized power absorption enhance-
ments and surface height. It is not a monotonic trend, but as the surface height increases
the power absorption maximum at that surface height also increases. The maximum power
absorption obtained at each surface height increases less dramatically with the inclusion
of the EVA. This reinforces that the light localization phenomenon is not eliminated by
decreasing the index contrast, but the magnitude is reduced.

We attribute the electric field intensity localization and absorption enhancement to a fo-
cusing effect dominated by the mesoscale features on the CdSe,Te;_, surface. It is similar
to the nonresonant effect seen in previous studies on dielectric particles and gratings, where
light is localized near the forward direction surface of the dielectric material [162-170].
The focusing effect is a function of feature size and shape, aspect ratio, index contrast, and
wavelength of light. In our case, the average size of the curved surface features is approxi-
mately 0.97 um, which is similar in length to the wavelength range of interest. The reflec-
tion and scattering of the injected plane wave off these curved surfaces cause constructive

interference that focuses and localizes light around the apex of the surface features. These
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features are not perfectly optimized to focus the incoming light, but the collective local
absorption enhancement leads to a global increase in back TCO absorption by about 141%
for the samples that interface with air and about 65% for samples with the EVA interlayer.

The EVA interlayer reduces the magnitude of the back TCO absorption enhancement
(and increases transmission) because it reduces the index contrast at the rough surface. Pre-
vious studies on dielectric spheres and particles demonstrate that a reduced index contrast
shifts the point of focus forward into the lower index medium and creates more forward
scattering [163, 164, 167,168, 170]. Similarly, the EVA interlayer enhances forward scat-
tering and decreases lateral scattering, which diminishes the localized absorption enhance-

ment in the back TCO.

6.3.4 High Index Optical Coatings and Tandem Efficiency

This posed the question as to whether further reductions in index contrast could pro-
vide even greater enhancement to CdSe, Te,_, cell transmittance. To investigate this, two
lossless constant refractive index optical coatings were investigated with slightly different
functionalities. First, an n = 1.7 optical coating was considered to provide a smaller step-
wise transition in refractive index from the back TCO to the EVA interlayer. The second
optical coating considered has a larger refractive index of n = 1.9, which index matches the
back TCO at a wavelength of 1 pm.

The effects of including high index optical coatings on the transmittance of a CdSe, Te; _,
cell are summarized in Figure 6.8. The transmittance of the solar cell with only EVA is also
included as a reference. Semi-infinitely thick optical coatings are first considered to view
the effects the coatings have on the unpolished cell’s sub-band-gap transmittance without
the additional coating-EVA interface. As anticipated, the reduced index contrast results in
increases in transmittance beyond devices with the EVA interlayer. The cells with the n =
1.9 optical coating have a larger transmittance than those with the n = 1.7 coating at shorter

wavelengths, but their transmittance is comparable at wavelengths greater than 1050 nm
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Figure 6.8: CdSe,Tei_, cell transmittance from FDTD simulations for (a) the n=1.7 coatings and
(b) the n = 1.9 coating and the two-layer coating. (c) Cross section of the refractive index for the
two-layer coating.
due to dispersion in the refractive index of the back TCO, which disrupts the index match-
ing condition of the n = 1.9 coating. These results indicate that substitution of the EVA
interlayer with a higher refractive index alternative, such as the high refractive index poly-
mers often used to encapsulate light-emitting diodes [47-50] [171-174], could be used to

further enhance the optical coupling in CdTe/Si four-terminal tandem cells.

The effects of the additional coating-EVA interface are also simulated with 1-pm-thick
optical coatings. The coatings are assumed to optically “flatten” the back contact by form-
ing a planar interface with the EVA interlayer. Unfortunately, the transmittance for the
devices is reduced due to reflection at the coating-EVA interface. The device with the n
= 1.9 coating has the largest reduction in transmittance, decreasing below the CdSe,Te;
device without an optical coating at longer wavelengths due to its high refractive index
contrast with the EVA interlayer. The CdSe,Te; , cell with an n = 1.7 coating displays
a smaller reduction in transmittance and still outperforms the cell without a high index
coating at most wavelengths due to its smaller stepwise transitions in refractive index.

The reflection losses at the coating-EVA interface can be significantly reduced by ap-
plying an additional coating to serve as an antireflection coating between the two layers.
The proposed two-layer optical coating is schematically depicted in Figure 6.8c, consisting

of a 1-um-thick n = 1.9 coating to planarize the back contact followed by a n = 1.7 coating,
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the thickness of which, 147 nm, is selected to serve as a quarter-wave layer. The two-layer
optical coating outperforms devices with single-layer coatings at short wavelengths. How-
ever, dispersion in the back TCO’s refractive index causes poor index matching between
the n = 1.9 optical coating and back TCO at long wavelengths, causing the two-layer coat-
ing device’s transmittance to fall below the cell with only an EVA interlayer at wavelengths
longer than 1100 nm.

After demonstrating improved transmittance through the CdSe,Te;_, cell, we esti-
mated the performance of the Si cell implemented as the bottom subcell. For this estimate,
we assumed an industrial p-type mono-PERC silicon cell with an efficiency of 22%. The
external quantum efficiency (1gqg) is sourced from the literature [44]. The short circuit

current density (Jg¢) of the Si cell was calculated by

Jse =g / neer(NET(N)a®,(N)/, dA 6.2)

where T is the CdSe,Te;_, solar cell’s transmittance, ®; is the spectral solar photon flux,
and q is the elementary charge. Equation 6.2 is integrated across the entire AM1.5G solar
spectrum, and the results are displayed in Table 6.1.

The Jg¢ for the Si cell under an unfiltered solar spectrum was estimated to be 40.9
mA/cm?. The open circuit voltage, fill factor, and efficiency of the silicon cell under the
CdSe, Te;_, device can then be calculated according to methods described in the Appendix.
The efficiency estimates assumed that differences in surface roughness are only influencing
the optical properties. Surface texture and other defects like lattice distortions, impurities,
and dislocations can impact the material properties, electrical performance, and solar cell
efficiency [175-179]. However, isolating the influence of the texture on optics alone allows
us to make meaningful performance comparisons between the planarized samples and the
high index optical coatings.

Both strategies increase the efficiency of the bottom Si cell. Planarizing the back contact

interface results in an increase of 1.1% in silicon cell efficiency with no EVA interlayer, and
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Table 6.1: Short circuit current density and efficiency of the monosilicon passivated emitted and
rear contact (PERC) solar cell (ng;) under different CdSe, Te,—_, solar cell samples and
interlayers. The estimated tandem cell efficiency is also included (nr).

I Sample | Jsc(mAlem®) nsi(%) _nr (%) |
Rough surface air 5.7 3.0 25.0
Rough surface x0.5 air 7.4 4.0 36.0
Planar air 7.7 4.1 26.1
Rough surface EVA 8.0 4.3 26.3
Rough surface x0.5 EVA 8.4 4.5 26.5
Planar EVA 8.4 4.5 26.5
Two-layer 8.2 4.4 26.4

a 0.2% increase with the interlayer included. Applying the two-layer high index optical
coating also results in a slight increase in efficiency for the cell compared to the cell with
only EVA. We note that these Si cell efficiencies are similar to those predicted by Tamboli
et al., and when combined with the CdTe cell efficiency of 22% would exceed a single

junction efficiency up to 26.5% [60, 180].

6.4 Conclusion

CdTe/Si four-terminal tandem solar cells are promising architectures that take advan-
tage of the two most dominant single junction technologies on the market. This study
characterizes the sub-band-gap transparency losses in the CdSe,Te,_, top cell and investi-
gates two methods to increase top cell transmittance: reducing the roughness and including
high index interlayers. The loss in the back TCO is increased by mesoscale features on the
CdSe,Te;_, surface that create a focusing effect and localized absorption enhancement.
Since this effect is related to both the height of the surface features and the index contrast,
either planarization of the surface texture or the inclusion of higher index optical coatings
mitigates the roughness induced optical losses and promote transmittance. A two-layer
coating provides a 2%-3% increase in transmittance from 900 to 1000 nm compared to

EVA alone.
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Chapter 7

Summary and Outlook

Light management in Si solar cells is becoming increasingly important as the PV indus-
try continues to rapidly expand. Optimal utilization of blue and UV light through down-
shifting, downconversion, and tandem solar cells and methods to mitigate optical loss dis-
cussed in this thesis can increase Si cell efficiencies and expand available installation sites.

In Chapter 2, we used analytical modeling to identify identify luminophore selection
criteria that enhanced the efficiency and visible spectral quality of tandem LSCs. Lu-
minophores that have high photoluminescence quantum yield, low overlap between ab-
sorption and photoluminescence spectra, and band gaps closely matched to the band gap of
the luminophore were found to perform the best.

Chapters 3 and 4 investigated methods to improve and optimize LSCs for agrivoltaic ap-
plications. Bilayer LSCs combining CdSe/CdS and Si nanocrystals had enhanced absorp-
tion, efficiency, and transmission tunability. A needle insertion method was used to design
thin-film stacks for LSCs that increased transmission and extraction efficiency depending
on the merit function used. Recent studies investigated integrating LSCs into greenhouses
and found that the electricity generation from the LSCs can help offset greenhouse energy
demands, and the LSCs can provide shading during summer months to help keep the green-
house cooler [181]. Combining methods to manipulate the extraction efficiency of LSCs
to increase red light incident on the plants with the greenhouse system analysis would be

beneficial to understand economic and thermal benefits of LSCs with directional emission.
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Surface texturing to promote outcoupling should also be explored further as a method to
control the filtered transmission spectrum and diffuse transmission [111].

Chapter 5 combined wave optics and geometric optics to model downconverting films
and nanocomposites in a c-Si PERC module. We demonstrated that the downconverting
film on cell configuration and the nanocomposite configuration had the highest optical cou-
pling efficiency without disrupting internal reflection, and the greatest relative increase in
power conversion efficiency was 10%. Investigating downconversion films for other state
of the art Si cells like SHJ and TOPCon cells would also be useful to determine how the
efficiency enhancement influences higher efficiency cells. Further consideration to the tex-
turing at the glass/encapsulant interface would also be beneficial.

We discussed CdSe,Te;_,/Si tandem solar cells in Chapter 6 and analyzed sub-band
gap transmission losses through the CdSe, Te;_, sub-cells using UV/Vis spectrophotome-
try, AFM measurements, and FDTD simulations. The study revealed that a focusing effect
from mesoscale sized surface features on the CdSe,Te;_, increased the total reflection and
contact absorption. High index optical coatings were found to mitigate the optical losses,
increase transmission, and enhance the tandem cell efficiency by a relative increase of
5.6%. In addition to high-index optical coatings and reducing the roughness, the near-field
focusing effect could also be mitigated by controlling the CdSe,Te, _, grain size and sur-
face feature size. Further research into the connection between CdSe,Te;_, grain size and
back contact absorption would help to further develop this technology.

The methods to more efficiently utilize blue and UV light described in this thesis will
help enhance the c-Si photovoltaic efficiency beyond the Shockley-Queisser limit and ad-
vance transparent photovoltaic technologies. The optical loss analysis and waveguide de-
sign developed for LSCs contributes to agrivoltaic research and moves the field further
toward LSCs with optimal multifunctional properties. Optical design of downconversion
photovoltaics will help guide fabrication and experimental efforts to achieve the enhanced

photocurrents predicted by simulations. The optical loss mitigation methods will help in-
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crease CdSe,Te;_,/Si tandem solar cell efficiency to be competitive with other state of the

art tandem cells.
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Appendix

A Optical Coupling Efficiency Calculations

(@) (b) (c)

Glass \<; Glass Glass

Os;
1
Nanocomposite |

6

DC film i
EVA :%\

Figure A.1: Geometry diagrams of the emission angles for the (a) downconverting film on glass,
(b) downconverting film on cell, and (c) nanocomposite configurations.

Figure A.1 shows the emission angles referred to when describing the optical coupling
calculations (Equations A.1-A.5). For the downconverting film on glass configuration two
modes were considered: light emitted upward that reflects off the glass/ARC/air interface
and down to the Si, and light emitted downward through the EVA into the Si. The optical
coupling efficiency for the downconverting film on glass configuration is described by the

following equation:
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where Rarc (0, \) is the reflection off the glass/ARC/air interface, Thc (6, \) is the trans-
mission through the downconverting film from the glass into EVA, T;n (6, \) is the trans-
mission through the SiN,, into the Si while accounting for the pyramidal texturing, and
F(X) is the Purcell factor. The glass and EVA are thick enough that they were assumed
to be incoherent, but the absorption was accounted for with Ag,s5(#, A)) and Ay 4(6, N)),
which are the absorption probabilities for glass and EVA. ¢, and 6, are the emission an-
gle into glass and EVA with respect to the downconverting film surface normal. 6, used
for Ts;n (0, \) and Agy a(60, \)) represents the slight angle correction done to account for
glass to EVA refraction. Reflection and transmission of the thin-films and interfaces are
determined via transfer-matrix method calculations and Fresnel coefficients. The angle de-
pendent light transmission and reflection off the pyramidal texturing of the Si/SiN,/ARC
surface was treated as a single interface and calculated following analytical methods re-
ported in literature [182].

The downconverting film on cell configuration considered three modes of optical cou-
pling into Si: light emitted upward into EVA that reflects back down to the cell, light
emitted off one pyramid to an adjacent pyramid, and light emitted directly downward
through the SiN, and into the Si. The angle-resolved power density radiated into the EVA
(FEVA(h, 05, $1,))) from the downconverting film on cell configuration was first rotated
by 54.7°, which is the expected angle of a pyramid side. The azimuthal angle ¢ was added
because the rotation breaks the radial symmetry. If the z-component of the emission di-

rection into EVA was negative (downward), the light was assumed to be incident on an
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adjacent pyramid and the coupling efficiency for every #5 and ¢, angle is expressed by this

equation:

F£VA(ha 937 ¢1a )‘>TSiN<67 )‘)
nopt,DC(h7 037 ¢17 /\) = 4 F(h, )\)

(A.2)

where [ is the angle of incidence on the adjacent pyramid, and in this case Ts;y (5, A) is
calculated with transfer-matrix calculations. If the z-component of the emission direction
into EVA is positive, the light was assumed to be emitted upward into EVA, and the angle-

dependent coupling efficiency is defined as:

Nopt,pc (1, 03, o1, A) = FEVA(h, 03, 1, A)) Rarc (05, \) Tsin (03, \) Teva—ci (03, A)

xTar_pyva(05, N) (1 — Agiass (05, M) (1 — Agva(f3,2)?/F(h,\)

(A.3)

Teva—ci(0,)\) and Ty a_ci (0, \) are transmission at the glass/EVA interface. The power

FEVA

rad

radiated directly into Si (h, 04, ®2,\)) does not undergo any additional reflection or
transmission, so the overall coupling efficiency for the downconverting film on cell config-

uration is described by the following equation:

27 3¢
Dot (s ) = / / Hopt. b, B, 61, ) B s
0 /0 (A.4)

e
+/ / E20(hy 04, $2, N)/F (R, \) dOy deps
o Jo

The coupling efficiency calculation for the nanocrystal-EVA nanocomposite did not
use data from FDTD simulations or the analytical solver due to the thicker EVA material.
Instead, the dipole was assumed to have isotropic PL, and the interfacial interactions were

determined similarly to the other configurations. The calculation was divided into two
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half-spaces and the coupling efficiency was calculated using the following:
T-¢
Nopt.pC(A) = [27 / Tno—ci(0s, \) Rarc (05, \)Tai—ne (05, N) Tsin (05, A)
0
(1 glass(eg, ))2(1 — AEvA(eg),)\))(l — AEVA(65,)\))O'58in95 d95 (AS)
5—¢
+27 / TSiN(96; /\)(1 - AEVA(Q& )\))0'531'7106/, 96]/477'
0
where Tyc_ci(0, A) and Tve_i (6, A) are transmission from the nanocrystal-EVA nanocom-
posite material to the glass and vice versa. The wavelength dependent optical coupling

efficiencies were averaged over the PL spectrum reported in Figure 5.5 to calculate a single

value for each configuration.
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