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Abstract

Nanomaterials are widely deployed in many optoelectronic technologies, with
applications in solar energy harvesting, light emission, bio-sensing, comput-
ing and communications. The unique advantages of colloidal nanomateri-
als include size-tunable optical properties and room-temperature solution-
processability, which translates to low-cost materials growth and fabrication
processes associated with nanomaterials-based technology. Moreover, their
lightweight and thin-film nature enables optoelectronic devices made from
nanomaterials to be flexibly coated on almost any surface, which is ideal
for applications such as wearable electronics and building-integrated photo-
voltaics. This thesis focuses on combining optical modeling, nanomaterials
synthesis, nanofabrication, and advanced optical and electrical characteriza-
tion techniques to develop nanomaterial-based next-generation optoelectronic

devices.

The first section of this thesis focuses on applying nanophotonics design
principles to optically engineer solar cell and photodetector device struc-
tures for specific applications. One of our studies demonstrated a high-
performing visible-blind ultraviolet (UV) thin film photodetector by intro-

ducing nanoheterojunctions for enhanced absorption and carrier injection. In

ii



another study, we used optical simulations and an effective medium model to
investigate and predict light-trapping enhancements by embedding plasmonic
nano-inclusions in the absorbing layer of solution-processed solar cells. We
also combined thin-film interference engineering and multi-objective optimiza-
tion algorithms to control the color and transparency of colloidal quantum dot
(CQD) solar cells for applications in building-integrated photovoltaics and
multi-junction photovoltaics. In the final study of this section, we proposed
and investigated engineering photonic bands in strongly absorbing materials

to tune the spectral selectivity of optoelectronic films.

We then focus on developing lead sulfide CQD-based light emitting diodes
(QLEDs) and solar cells with novel functionality. We developed a room-
temperature-processed silver-nanowire-based transparent electrode for flexi-
ble optoelectronics. With carefully-tuned nanomaterials synthesis conditions,
we fabricated PbS QLEDs with near-infrared emission that can be easily de-
tected by inexpensive silicon-based photodetectors, paving the way for our
proposed flexible transparent light emitting membrane technology, which has
many target applications including in next-generation virtual reality googles
and motion-capture suits for the film industry. We also built a semi-automated
spray-casting system to demonstrate an all-solution-processed CQD solar
cell, as a scalable and portable method for manufacturing CQD solar cells,

expanding the application areas of this technology.
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Chapter 1

Introduction and Motivation

Optoelectronics is the bridge between optics and electronics, including the
study, design and application of semiconductor-based devices that detect,
emit, modulate or transmit light. Optoelectronics technologies include but are
not limited to solar cells, light emitting diodes (LEDs), lasers and photode-
tectors. Every invention of these technologies led to great innovations and
made significant impacts on everyday life. Today, optoelectronic technology
has reached almost every corner of our daily life, covering power generation
[1, 2], security monitoring [3, 4], defense [5, 6], entertainment [7, 8], healthcare
[9, 10], etc. The rapidly growing population and urgent demand for innova-
tions for higher quality of life have presented many challenges for existing

optoelectronic technology.

One of the greatest challenges in the 21st century is energy sustainability.
The global population is projected to reach 9.8 billion in 2050 [11], and the
world energy demand is projected to increase 28% between 2015 and 2040 [12].
Regardless of sustainability, rising global temperature with more frequent

extreme weather events and air pollution will not allow us to rely on fossil



tuels as energy sources. Many countries have made their own renewable
portfolio standard (RPS), and in the USA related goals vary by state. Figure
1.1a shows that in the USA, renewable generation currently has only an 18%
share in the total electricity generation and is projected to hit 31% by 2050
[13]. Among all states of the USA, California has the most ambitious goal of
reaching 60% generation from renewable sources by 2030 [14]. Figure 1.1b
shows that wind and solar photovoltaic (PV) generation has been growing
rapidly during the past decades, and these sources are projected to be the

mainstream resources to be employed to meet the renewable generation need

[13].
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Figure 1.1: USA Electricity Generation Projections : (a) USA Electricity generation
from selected fuels with projections to 2050. (b) USA renewable electricity generation,
including end use with projections to 2050. [13]

Solar energy has unique advantages in its huge potential and wide ac-
cessibility when compared to other renewable sources such as wind and

hydropower. Actually, the solar energy hitting the surface of the earth in a one

2



hour window is enough to fulfill global electricity consumption for the whole
year; however, solar PV generation only accounts for less than 3% of current
total electricity generation in the USA, and other solar energy harvesting tech-
nologies have even less share [13]. That is largely due to the high cost per watt
for solar PV generation when compared to other energy resources. However,
as shown in Figure 1.2, the cost for solar PV has been decreasing dramatically,
and is projected to be lower than that for most fossil fuels by 2020 [15]. Solar
PV is the leading technology in solar energy harvesting with the advantage
of being both dispatchable and scalable when compared to alternative solar
energy harvesting technologies, such as solar thermal generation, that suffer
from system complexity and large land use. With its abundance, scalability
and rapid cost reduction, solar PV is projected to account for almost half of
the renewable electricity generation by 2050 [13].
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Figure 1.2: Renewable electricity generation cost : The levelized cost of electricity
for projects and global weighted average values for concentrating solar power (CSP),
solar PV, and onshore and offshore wind, 2010-2022. [15]



Ever since their invention, solar cells have been getting cheaper. As the
industry has developed and matured, silicon-based modules came to domi-
nate the market [16], with a few other materials such as cadmium telluride
(CdTe) and copper indium gallium diselenide (CIGS) sharing a small portion
[17]. These modules have been very successful installed on rooftops and in
designated solar farms. However, all of these modules are based crystalline
semiconductor materials and suffer from bulkiness, rigidity, expensive man-
ufacturing processes, and poor band gap tunability, limiting the number of
areas and infrastructures on which they can be installed. Solar energy lies
in a broad spectral range while semiconductor materials can only harvest
photons with energies larger than their specific band gap energy, which means
a significant portion of the available solar energy is wasted. Ideally, we would
want solar cell technology that is flexible, with tunable band gaps, low costs,
and the ability to be easily integrated into any scale and on any surface to

efficiently harvest solar energy.

Optoelectronics technology itself doesn’t make up a single industry; in-
stead, it shares a semiconductor platform and infrastructure over a number of
industries, serving as an essential foundational technology that drives inno-
vations in areas such as computing, communications, imaging, information
storage, display and sensing. Over the years, the scope of optoelectronics tech-
nology also broadened to incorporate other technologies such as photonics

[18, 19, 20] and electro-optics [21, 22], making a broader impact.

To meet the growing demands of technology innovation, firstly, perfor-

mance improvements in optoelectronic technology are of great interest. For



instance, high-brightness with superior color quality is required for display
technology to create more vivid views and higher responsivity, together with
higher sensitivities, that are critical in detecting weak signals more accurately,
helping to develop advanced sensing and automation systems. Secondly,
novel functionality such as tailored working spectral ranges, lightweight
platforms, and flexibility are of great interest. These novel functionalities
could allow huge leaps in industries such as wearable electronics and medical
instruments, reducing the complexity as well as weight and size of these
systems. Last but not least, cost reduction is needed. Even though many
of the cutting-edge optoelectronic technologies have been demonstrated in
research labs or have been recently introduced to the market, their high cost
and price still hinder their accessibility to consumers. For example, as shown
in Figure 1.3, Samsung and Huawei have both recently introduced foldable
phones based on flexible AMOLED (active matrix organic LED) screens but
the $2,000 starting price [23, 24] , which is 3-4 times of the price of high-end
smartphones such as the $749 iPhone XR [25], is surely not affordable for most
potential buyers. To address these issues in the research and development
of optoelectronic applications, new device architectures and novel materials

platforms are urgent needs.



Samsung Galaxy Fold Huawei Mate X iPhone XR
starting at $1980 starting at ~$2600 starting at $749

Figure 1.3: High-end commercial electronics with cutting-edge optoelectronics :
Left to right: foldable phones from Samsung (left) and Huawei (middle), and a
traditional smart phone from Apple (right). [23, 24, 25]

In the past decades, innovations in nanophotonics and nanomaterials have
been applied to many areas [26, 27, 28, 29], with optoelectronic applications
being a notable success story [8, 30, 31, 32]. The fundamental idea is that
once the size of the structure is comparable to or smaller than the wavelength
of the light, complex optical phenomena such as interference and scattering
will occur, which could be a tuning knob to improve device performance
or creating novel functionality. In addition, the properties of nanomaterials
can be dramatically different from bulk materials, and nanomaterials can
be solution-processed, which allows for the application of various scalable
fabrication methods to assemble flexible devices that break the limits of tra-
ditional crystalline-semiconductor-based devices. This thesis will focus on
using nanophotonic design and nanomaterial fabrication to find solutions for
performance improvements, enable novel functionality, allow for manufac-

turing scalability, and result in cost reductions in the development of future



optoelectronic technologies, allowing us to solve the energy crisis and support

innovations in a wide range of industries.
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Chapter 2

Colloidal Nanomaterials and
Device Theory

Colloidal nanomaterials are synthesized and stabilized in the solution phase,
which means solution-processed manufacturing methods such as spin coating
[1, 2], ink-jet printing [3, 4] and spray coating [5, 6] can be used to assemble to
assemble various optoelectronic devices such as LEDs [7, &], photodetectors [5,
9] and solar cells [1, 10] from these materials. Therefore, the cost of intensive
processing associated with traditional materials could be reduced if we can
assemble devices using colloidal nanomaterials. What is more, due to the
fundamental physics of materials, structuring materials on the nanoscale can
enable properties that are dramatically different from those of the bulk forms,
making colloidal nanomaterials attractive building blocks for constructing
optoelectronic devices with improved performance [7, 11] and novel function-
ality [2, 8]. In parallel, more development on scalable fabrication methods is
also of great interest to further cut processing costs for colloidal nanomaterials.
The fundamental physics and unique optical properties of the most important

colloidal nanomaterials, along with the theory of the operational principles of
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the optoelectronic devices that are developed within the scope of this thesis

will be discussed below.

2.1 Colloidal Quantum Dots

Colloidal quantum dots are a type of quantum-confined semiconductor nanocrys-
tal stabilized in solution. When the size of the particles are comparable to or
smaller than the Bohr exciton radius of the constituent bulk material (usually
2-50 nm), the quantum confinement effect becomes apparent [12]. Similar to
the particle-in-a-box model, the energy levels of the QDs become discrete and

the effective band gap is larger than its bulk form.
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Figure 2.1: Quantum confinement effect illustration : Left to right: energy level
diagrams of a bulk semiconductor, a relatively large QD and a relatively small QD.
Due to the quantum confinement effect, the band gap of a QD is larger than its bulk
form, and the band gap and energy level separations increase with decreasing QD
size.

The quantum confinement effect is illustrated schematically in Figure
2.1: the smaller the quantum dot is, the larger the band gap will be. The

quantitative description of band gap energy is given by the Brus Equation [13]
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equation 3.2:
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In the Brus Equation, E* is the apparent band gap, E, is the band gap of its
bulk form, m, and m, are the effective electron and hole masses respectively, €,
is the dielectric constant of the quantum dot material, and R is the radius of the
quantum dot [13]. The second term in this equation comes from the quantum
confinement of wavefunctions of electrons and holes while the last term is due
to the electron-hole Coulomb interaction. Due to a large surface-to-volume
ratio, surface modifications are necessary to mitigate the dangling bonds to
bonds on the surface of quantum dots to reduce the trap states densities which
contribute to losses in optoelectronic devices [14]. As synthesized, colloidal
quantum dots are usually decorated with long-chain organic ligands such as

oleic acid to prevent agglomeration and control the growth kinetics.

2.1.1 PbS CQDs Synthesis

Lead sulfide, PbS, has a direct bulk band gap of 0.41 eV [15] and a Bohr
exciton radius of 18 nm [16, 17], making it an ideal candidate for CQDs
with band gap energies tunable through the near-infrared range [15, 18, 19,
20]. A widely used method and the route we use to synthesize group IV-VI
semiconductor nanoparticles, such as PbS and PbSe, CQDs, is the so-called
"hot-injection" method [21]. Commonly used precursors used for PbS CQDs
synthesis are PbO, oleic acid and bis(trimethylsilyl)sulfide ((TMS),S) [21].

The oleic acid serves as a surface passivant and enables nanoparticle colloidal
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stability through steric effects. The PbO and oleic acid are dissolved in a sol-
vent (octadecene, ODE) at room temperature, and then degassed and heated
up to the desired injection temperature. The S precursor at room tempera-
ture is injected into the hot Pb precursor solution to initiate the nanoparticle

nucleation reaction.

Schlenk line: vacuum or N,

thermocouple

ks

Temperature
controller

Figure 2.2: Apparatus for PbS CQD synthesis in our lab : the setup consists of a
Schlenk line, a three-neck flask, a hotplate and a temperature control system including
a heating mantle, a thermocouple and a smart temperature controller.

The synthesis apparatus in our lab is shown in Figure 2.2, where the
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Schlenk line is used to provide a vacuum for degassing the precursors or
N, for inert processing steps. A thermocouple, temperature controller and
heating mantle are used to precisely measure and control the temperature of
the synthesis mixture. Detailed synthesis procedures for specific particle types

are described in the Appendix.

2.1.2 Optical Properties and Band Gap Tuning

The optical properties of CQDs differ as a function of composition, ligand
character, particle shape and particle size. Two of the most important optical
properties of CQDs are the absorption onset, or first exciton wavelength, and
the emission wavelength, which are also referred to as the band gap. Figure
2.3 shows the absorption spectra for different sizes of PbS CQDs synthesized
in our lab. They are labeled by the longest absorption peak wavelength (750
nm _ 1600 nm), which is also known as the first exciton (1S) peak wavelength
and optical band gap wavelength. The absorbance of PbS CQDs can extend
through the near-infrared range, having huge potential in efficient solar energy

harvesting, optical communications and imaging.
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Figure 2.3: Absorbance spectra of different sizes of PbS CQDs : absorbance spec-
tra measured using Cary5000 UV-VIS-NIR spectrophotometerfor for PbS CQDs of
approximately 2.4 nm to 6.2 nm in diameter (estimated using equation 3.3), labeled

by their first exciton peak wavelengths.

As discussed earlier, the band gap of a CQD is larger than that of its
bulk form and increases with nanoparticle decreasing size due to quantum
confinement, which can be described using the Brus equation [13]. The simpli-
tied model of the size-dependent effective band gap of PbS CQDs has been

empirically determined to follow [18]:

1
0.025242%(nm) + 0.0283d (nm)

E*(eV) = 041 + 2.2)

where the E* is the apparent band gap in eV and d is the diameter of

the CQD in nm. Therefore, accurately controlling the size of the CQDs and
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having monodisperse CQDs is critical to optimizing the optical properties
of CQD materials. In the hot-injection method, CQD size is controlled by
several factors such as precursor concentration, injection temperature and
the dynamics of the cooling process. Generally, higher relative oleic acid
concentration, higher injection temperatures and slower cooling will yield
larger CQDs with smaller band gap. Systematic studies revealing an empirical
relationship between the first exciton peak wavelength and the oleic acid
concentration and injection temperature during synthesis have resulted in the

following equation [19]:

As = 935nm + m(Tiuj)g0A (2.3)

Where Ay is the wavelength of first exciton peak, m(T;;;) = 5.9 + 0.0026Tm]~2
is the temperature-dependent slope and gp 4 is the mass of the oleic acid used
in the specific protocol, from which the relative oleic acid concentration can
be easily calculated as well [19]. As shown in Figure 2.3, in our lab we are
able to control the PbS QD size and achieve an average E* spread of 0.18 eV,
measured by the full-width at half maximum (FWHM) of the first exciton
peak in the absorbance spectra and peak in photoluminescence spectra, which

includes both homogeneous and inhomogeneous broadening.

Ligands on the quantum dot surface also play a role in the optical proper-
ties, which, as discussed earlier, include the effective band gap and spectral
absorptivity. In the solution phase, the CQDs are capped with long oleic acid
ligands, and are therefore widely spaced to the point where the inter-particle

coupling is negligible. When the oleic acid ligands are replaced with small
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molecules such as 3-Mercaptopropionic acid (MPA), 1,2-Ethanedithiol (EDT)
or PbI, to assemble quantum dot solids, stronger inter-dot coupling induces a
red-shift in the absorption onset because of wavefunction overlap between
the excitons associated with neighboring particles. Composition is also im-
portant, an example of which is that chemical doping or surface oxidation
will impact the optical properties of CQDs. For instance, when stored in air,
the un-passiviated <100> surfaces of relatively large (>4 nm in diameter) PbS
CQDs tend to oxide easily, and the first exciton wavelength will blue-shift to

longer wavelengths because of a decrease in the effective CQD diameter [22].

The emissive properties of colloidal quantum dots, specifically photolumi-
nescence and electroluminescence, play critical roles in many optoelectronic
technologies as well, and they are significantly influenced by the surface passi-
vation. Better surface passivation helps eliminate trap-assisted recombination,
increasing radiative recombination efficiency and therefore luminescence ef-
ticiency. In addition to causing a red-shift in the absorption and emission
spectra, the coupling between quantum dots induced by the ligands also
impacts the luminescence properties by increasing exciton dissociation rates,
which lowers radiative recombination rates. There have been studies showing
that photoluminescence quantum yields increase by a factor of 2 when glu-
tathione (GSH) ligands are used rather than tiopronin (TP) ligands due to the

presence of an inner thiol group in GSH [23].

Ligands also play important roles in CQD solids in determining charge
injection and transport properties, which can affect the quantum dot lumi-

nescence properties as well. There has been work showing the importance
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of the ligand size in optimizing the inter-CQD spacing for high efficiency
PbS quantum dot infrared LEDs [24]. Generally, there exists a red-shift of the
luminescence peak wavelength with respect to the first exciton absorption
peak, and this shift is known as the Stokes shift. The Stokes shift of CQDs
is relatively large, and it increases with decreasing particle size. The origins
of the Stokes shift of CQDs are still under discussion but are commonly at-
tributed to surface properties [25]. Candidates for PbS CQD surface ligands
usually have a thiol group, a carboxylate group, an amine group, or some
combination. Additionally, single halide atoms (Cl, Br, or I) have also become
popular ligand choices, especially in CQD solar cell films. Ligands selection
and size-tuning during the synthesis phase are the major part determinants of

the optical and electronic properties of CQDs for optoelectronic technology.

2.2 Plasmonic Nanoparticles

Surface plasmons refer to the collective oscillations of the free electrons
bounded at the interface of a conductor and a dielectric. Surface plasmons can
couple strongly to incident electromagnetic fields with proper design. Surface
plasmonic structures confine the propagation of waves or localize the fields,
which can lead to greatly enhanced local field strengths. Due to confinement
that can exceed the free-space diffraction limit, high local field intensity, and
high sensitivity to local optical properties, surface plasmons have been used
effectively in a broad range of applications such as optical communications

[26], computing [27] and sensing [28].
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2.2.1 Localized surface plasmon resonances

When the size of a plasmonic nanoparticle is comparable to or smaller than
the the relevant light wavelength scales, surface plasmons can be excited
and confined within the particle. These excitations are termed localized
surface plasmons (LSPs) with their associated absorption or scattering peaks
in wavelength or frequency termed localized surface plasmon resonances
(LSPRs). Figure 2.4 illustrates the dipole mode and quadrupole mode of a LSP

in a spherical plasmonic nanoparticle.

+

Figure 2.4: Schematic showing LSPR mode charge distributions in a spherical plas-
monic nanoparticle : left is the dipole mode and right is the quadrupole mode. The
opaque areas represents the nanoparticle while the semitransparent areas represent
the collective oscillations of electrons.

There are two key properties of LSPRs that are useful in optoelectronic
devices. First, the electric field intensity is greatly enhanced in the vicinity of
the nanoparticle and falls off evanescently with increasing distance from the
surface. Second, the resonant frequencies or wavelengths are highly sensitive

to the local and surrounding refractive index. These features form the basis of
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using LSPRs for sensing applications [28]; however, the optical properties of
plasmonic nanoparticles can be very useful in absorption enhancement [29,

30] in optoelectronic applications as well.

2.2.2 Optical properties of plasmonic nanoparticles

In the quasi-static approximation, when light is scattered by small sphere

particles, the dipole moment can be expressed as:

€y — €
P=4 37F_T"p 2.4
€Mt e, 2¢ 0 (2.4)

The scattering cross-section and absorption cross-sections can be obtained
from the scattering field radiated by this dipole, which is induced by plane
wave [31, 32]:

8 ,les— 17
Osca = Ugeom§q4 GZ T 2‘ (2.5)
. €1 — 1

Where 0geom = mta? is the geometrical cross-section, g = kr is the dimen-
sionless size and €; = €,/ €y, is the relative dielectric function. We note from
these formula that resonance of will occur when Re(e;) = —2¢,, and this
is known as the Frohlich condition. This resonance is due to the resonant
excitation of the dipole surface plasmon and with the Drude model of dielec-
tric function this resonance frequency is wsp = wy/ /3, if the frequency of

electron collisions is small [31, 32].
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However, retardation effects in larger particles result in breakdown of the
quasi-static approximation. In order to capture size effects on the spectra,
including changes of the position of width of plasmon peak, Mie Theory
[33] can be employed. When illuminated with an incident plane wave, the
total scattering, extinction and absorption cross-sections of a homogeneous

conducting spherical particle can be described, according to Mie Theory, as

[32]:
o 27m & 2 b 2 7
Usca—ﬁg(zlf"l)uaﬂ + 1be[7) (2.7)
21 & ”
Uext = ﬁ Z (ZL + 1)Re(aL + bL) (2.8)
L=1
Uabs = Oext — Usca (2.9)

where k is the wave vector of light and L is the integer number that repre-
sents the order of the scattering modes. a; and by, are parameters that derived

from the Riccati-Bessel functions iy and xr :

- m (mx)py — iy (mx)pr(x) 2.10)
mipr (mx) Xy — ¢y (mx) x.(x) '

_ Yr(mx)y; — mpp (mx)pr(x)
L= Sy (), — gl () () @1

Here, m = ii/ny,,, where i = ng + inj is the complex refractive index of

the nanoparticle and n,, is the real refractive index of the background. For
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x = kyt, r is the radius of the particle and k,, = 27/ A, is the wavevector in

the background material rather than vacuum.

According to Mie Theory, the optical properties strongly depend on the
material and size of the particles. Noble metals such as gold and silver are
the most common materials used for plasmonic nanoparticles in the visible
and near-infrared spectral range, and their resonances can be easily tuned by
controlling their sizes. The shape of the nanoparticles is important as well
in determining the resonances [34]; an example of which is the existence of
two strong extinction peaks due to transverse and longitudinal modes in gold
nanorods [35]. Therefore, the material selection, size and shape tuning are
critical in designing plasmonic nanoparticles to facilitate the development of

new optoelectronic technology.

2.3 Nanomaterials-Based Optoelectronic Devices

2.3.1 Solar cells

Solar cells are semiconductor-based devices that convert solar radiation into
electricity via the photovoltaic effect. The basic structure and operation of a

solar cell is illustrated in Figure 2.5a.

24



(a) Photon (b) AM1.5 solar photon flux

5 x10'® I
Front contact o :
A4

N-type £ I

“"E 3t J
0.0 ."l i

500 1000 I 1500 2000 2500

Back contact y v

Si band gap
1.1 eV (1100nm)

Figure 2.5: Solar Cell schematic and AM1.5 solar spectrum :(a) Schematic showing
the basic structure and operational principles of a solar cell. It consists of a front
contact, an n-type and a p-type semiconductor forming a P-N junction, and a back
contact. Photons are absorbed in the n- and/or p-layers, resulted in the exciton of
electron-hole pairs which dissociate and are driven through the device by the junction
to be collected as current through their respective electrodes. (b) AM1.5 solar photon
flux t with the band gap and absorbing range of silicon labeled. Si will absorb photons
with wavelengths smaller than its band gap wavelength (1100 nm).

A solar cell typically consists of a p-n semiconductor junction and two
conductive layers that make up the front and back contacts. When photons
with energy greater than the band gap energy enter the device, they will be
absorbed by the absorbing layer (the p- or n-type semiconductor in the case of
Figure 2.5a) and generate electron-hole pairs. If the carriers reach the junction
before they recombine, they are separated by the electric field at the junction

and travel through the device to be collected by the contacts as current.

Under short circuit conditions (zero voltage applied), there is no build
up of charge as light generated carriers exit the device and form the short
circuit current. Under illumination, the separation and build up of charge

creates an electric field at the junction which is in opposition to the that already
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existing at the junction, thereby reducing the net electric field and giving rise
to diffusion current. When a new equilibrium is reached between the diffusion
current and drift current, a voltage is established by the separation between
the quasi-Fermi levels for electrons and holes, known as the photovoltaic
effect and an open circuit voltage could be measured from the solar cell. With
forward voltage output and current output generated from the solar cell, the

device delivers power to the load.

Solar radiation is essentially black-body radiation at a temperature of
~ 5800K, whose spectrum is very broadband with a peak in the visible and
can be described in detail using Planck’s Law [36, 37]. Solar radiation can be
absorbed by atmosphere and the path length of sunlight reaching the earth
surface varies across time and location. Air mass (AM): AM = 1/cos(0)
is used define the actual path length light travels through the atmosphere
normalized to the shortest possible path length, where 6 is the angle from the
vertical (zenith angle). Air Mass 1.5 (AM1.5) solar spectrum is widely used as
reference for evaluating performance of solar cell and its photon flux plot is

plotted in Figure 2.5b.

Due to the current-voltage trade off that exists for solar cells made from
a single semiconducting material and other assumptions that go into the
detailed balance theory calculations for solar cell efficiency, the optimal band
gap range for a single junction solar cell is approximately 1.1-1.4 eV, and the
theoretical efficiency limit is 31%-33%, which is called the Shockley-Queisser
limit [38]. The theory is based on thermodynamics and semiconductor physics,

which will use parameters such as temperature of the sun’s surface (Ts),
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the ambient temperature, and the electronic band gap of the semiconductor

material. The model generating these results is based on a few assumptions

namely:

7.

. Photons with energies smaller than the band gap of the semiconductor

will not be absorbed — spectral loss.

Complete absorption of photons with energy greater than the band
gap of the semiconductor while each absorbed photon only generate
one electron-hole pair, whose excessive energy is converted to heat —

thermalization loss.

. Radiative recombination is the only recombination process accounted

for.

Infinite mobility: carriers can be collected no matter where they are

generated.

. Resistive losses are zero.

The solar cell temperature is kept at ambient temperature (300K).

"One sun" illumination: the incident sunlight is not concentrated.

The band gap of silicon lies within this range as shown in Figure 2.5b,

and the low manufacturing costs due to decades of infrastructure investment

makes silicon the dominant solar cell material on the market today.

The most important figure of merit of a solar cell is the power conversion

efficiency (PCE); however, there are many other parameters of interest for
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solar cell operation as well. The current density - voltage (] — V) curve of a
solar cell measured under illumination is used to measure these important
figures of merit. A typical J-V curve of a solar cell with the relevant parameters

labeled is drawn in Figure 2.6.

Figure 2.6: Schematic of a typical | — V characteristics of a solar cell : the short
circuit current density (Jsc), open circuit voltage (Voc), and maximum power point
(MPP) with its corresponding current density (Jppp) and voltage (Vppp) are labeled.

The short circuit (SC) current density, Jsc, is the current density at zero
bias and largely determined by absorption and carrier collection efficiency.
The open circuit (OC) voltage, Voc , is the voltage at zero current, which is
largely determined by the band gap or absorption onset of the material and

the separation between the quasi-Fermi levels for electrons and holes. The
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open circuit voltage is therefore related to the doping density on both sides
of any charge-separating junctions and is generally limited by recombination
processes. The maximum of the product of current density and voltage is
termed the maximum power point (MPP), with a current density Jypp and
voltage is Vjpp. Fill factor (FF) is defined as a measure of the "squareness"
of the J-V curve, reflecting the effect of series and shunt resistance existing in
the device. It is given by the ratio of the current density and voltage at the
maximum power point to the product of the open circuit voltage and short

circuit current density:

V
FE — JmppVmpp
JscVoc

Finally, the power conversion efficiency is calculated by dividing the maxi-
mum power density by the input AM1.5 solar power density (=~ 100mW /cm?)
we will get the PCE:

PCE:]MPPVMPP JmppVmpp  JscVocFF

~

Pamis  100mW/cm2 — 100mW /cm?

Nanomaterials-based solar cells such as organic, perovskite and CQD solar
cells are of significant interest due to their low cost and flexibility potential.
In addition to the solution-processibility, CQD solar cells also have unique
advantages in band gap tunability for building multi-junction solar cells and
high efficiency potential due to enhanced multiple exciton generation rates
over bulk materials. The solar cell spectrum has almost half its photons in the

infrared region that is not absorbed by traditional single junction solar cell
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materials. By absorbing different portions of the solar spectrum in different
materials one can push the efficiency limit up to 41% in two-junction solar
cells and even higher in multi-junction solar cells [39]. PbS CQD solar cells
can harvest infrared photons very efficiently and have gone through rapid
development during the past decade [40]. The highly efficient PbS solar cells
today all employ a planar heterojunction structure with record PCEs exceeding
12% [41]. A typical planar heterojunction PbS CQD solar cell structure is

shown in Figure 2.7.

Metal top electrode

N-type electron transporting layer
Transparent electrode substrate

Light source

Figure 2.7: Schematic of a planar heterojunction PbS CQD solar cell

This is a multilayer structure that consists of a front transparent electrode, n-
type electron transport layer, p-type PbS QD absorbing layer, a hole transport
layer and a metal top electrode. All of the layers have thicknesses on the

order of hundreds of nanometers, making the devices ultra-lightweight and
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possibly flexible, depending on the substrate.

2.3.2 Photodetectors

Photodetectors are devices that detect photons, usually by converting light to
electrical signals. There are various types of photodetectors that are classified
based on their physical structures or modes of operation, including photo-
electric [42], photothermal [43], photochemical [44], photoconductor [45, 46],
phototransistor [47, 48] and photodiode [49, 50] type detectors.

Among these types of photodetectors, solid-state semiconductor-based
photodetectors are widely used and of great interest due to their mature
material processing, device integration and packaging technology and ease of
use. The three main classes of solid-state photodetectors are photoconductors,
phototransistors and photodiodes. Their respective device structures are

illustrated schematically in Figure 2.8.

Photoconductor Phototransistor Photodiode
|
| Vos | |
Light Light
Metall Absorbing etal Absorbing | P-type layer
contact material contact | Source material | Drain N-type layer
—E Gate dielectric Transparent electrode
V,
Light es Light

Figure 2.8: Schematic of solid-state photodetector structures:left to right: a repre-
sentative of photoconductor, phototransistor and photodiode.
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In photoconductive photodetectors, absorption of photons generates electron-
hole pairs in the absorbing semiconductor and increases its conductivity. Car-
riers are circulated through the external circuits before recombining with
the opposite charge carriers; therefore the differing lifetimes of the two car-
rier types allows for photoconductive gain, resulting in a larger number of
circulating carriers than the number of absorbed photons. In phototransistor-
type photodetectors, in addition to the electron-hole pairs generated in the
semiconducting channel by photon absorption, the gate and drain voltages
also provide a way to tune carrier distribution and collection in the channel,
modulating the electrical signal. Photodiode-type photodetectors rely on the
built-in potential provided by a p-n junction or a Schottky junction to direct
photogenerated carriers; therefore the quantum efficiency in these devices

cannot exceed unity.

Important figures of merit for photodetectors include quantum efficiency
(QE), responsivity (R), noise equivalent power (NEP) and specific detectivity
(D*). QE is defined as the ratio between the number of electrons produced as

current and the number of incident photons:

QE = &

T’lph
where 7, is the electron flow rate in the current and 7, is the incident

photon rate. The responsivity is given by:

e I
R=QE— = —
th P
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where QE is the quantum efficiency, e is the electron charge, / is Plank’s
constant, v is the photon frequency, I is the measured current and P is the

incident power. The noise equivalent power is given by:

Iy
NEP = QE—
< R

where I, is the noise current and R is the responsivity. The specific detec-

tivity is given by:

_ VAsB JA;BR

*
D_NEP_ I

where Aj is the aperture of the detector, B is the electrical bandwidth in
frequency, R is the responsivity, I, is the noise current and NEP is the noise

equivalent power.

Nanomaterials and nanostructures have been successfully incorporated
into the design of photodetectors. Traditional crystalline semiconductor-based
photodetectors have limited bandwidth, spectral selectivity, strict lattice-
matching requirements for the materials, and cooling requirements while
in operation. Nanomaterial-based absorbers such as organic polymers, per-
ovskites and CQDs have the potential to solve some of these problems by offer-
ing spectral tunability and relatively low cost and facile processing methods
and have therefore made significant progress in photon detection technolo-
gies [9, 51, 52]. Nanostructures and nanophotonics designs have additional
advantages for photodetectors such large surface-to-volume ratios [53], light

trapping [54], ease of miniaturization and integration with readout integrated
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circuitry (ROIC) [55] as well as new photon detection mechanisms [56, 57].

2.3.3 Light-emitting diodes

Light-emitting diodes (LEDs) are devices that emit light in response to an
input current, a process termed "electroluminescence (EL)". Photons are the
product of radiative recombination of injected carriers within the active semi-
conductor layer of the LED. A band diagram schematic of a typical LED device
illustrating its operating mechanism is shown in Figure 2.9. The electrons
and holes are injected from different layers and trapped within the emission
(active) layers by energy barriers formed between the transport/blocking
layers and the emission layer, resulting in the emission of photons through

radiative recombination.
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Figure 2.9: Band diagram schematic of within a LED device:the band diagram
schematic of the semiconductor layers within a LED device device illustrating the
operating mechanism.

As shown in Figure 2.9, the emission wavelength is determined by the band
gap of the active layer semiconductor. The emission wavelength of the LED is
the most critical property for targeting specific applications. The visible energy
emission range is of great interest for display technology, and the inventor of
the blue LED was awarded the Nobel Prize in Physics [58]. Nanomaterials
including organic polymers, perovskites and CQDs can have high brightness
[59, 60, 61] and narrow bandwidth of emission for superior color quality [11,
62, 63]. Organic LEDs (OLEDs) already dominate the high-end commercial
electronics display market [11]. Nanomaterials-based LEDs also have their

unique advantages including tunable emission wavelengths [62], ease of
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tabrication, low costs, and flexible device structures, and significant progress

has been made in engineering their performance [8].

In addition to the emission bandwidth (usually characterized by the full
width at half maximum (FHWM) of the EL peak), another critical LED figure of
merit is the EL external quantum efficiency (EQE), in the nanomaterials-based

LEDs which is given by:

NEL = YNPLXOout

where the 7 is the ratio of excitons to injected carriers in the active layer,
npr is the photoluminescence quantum efficiency, also known as PL quantum
yield (PLQY), x is the spin multiplicity of the radiatively recombining excitons,

and o0,y is the light out-coupling efficiency from the device to free space [64].

To achieve maximum brightness, LED materials should facilitate strong
carrier transport which is required to efficiently inject carriers. Additionally,
a balance between the injection of both carrier types (electrons and holes) is
necessary. To maximize the overall EL EQE, there are a number of factors that
must be taken into account. The 7y and PLQY strongly depend on the lifetime
of the carriers within the active layer. Therefore, carrier blocking layers are
typically introduced in solution-processed LEDs to trap the carriers and pre-
vent leakage into the electrodes. In addition, to maximize the PLQY, complete
surface passivation is required to eliminate trap states associated with nano-
material surfaces and suppress non-radiative recombination. To maximize
oout, the active layer is usually very thin to avoid photon re-absorption, and

careful design of the optical structure of the LED together with packaging
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optics is necessary.
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Chapter 3

Nanophotonic design for
optoelectronics

3.1 Improved performance of visible-blind UV pho-
todetectors by nanoheterojunction incorporation

This section is adapted from Ref. [1]. Reprinted with permission from Applied
Physics Letters 107, no. 24, 241108, "High-performing visible-blind photode-
tectors based on SnO, /CuO nanoheterojunctions," by Xie, Ting, Md Rezaul
Hasan, Botong Qiu, Ebuka S. Arinze, Nhan V. Nguyen, Abhishek Motayed,
Susanna M. Thon, and Ratan Debnath, copyright © 2015. In this project I was
in charge of the optical simulations and enhancement mechanism with help

form Ebuka Arinze.

3.1.1 Introduction and Background

Transparent oxide semiconductors (TOSs) have attracted considerable atten-

tion in recent years, due to their versatile applications in transparent thin-film
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transistors,[2, 3] transparent electrodes,[4] and optoelectronics.[5, 6, 7] Visible-
blind ultraviolet (UV) photodetectors (PDs) are of particular interest, owing
to their broad application in digital imaging, missile plume detection, optical
communications, and biomedical sensing.[8, 9, 10] Due to its wide bandgap
and consequent transparency in the visible spectral region, SnO, has been
demonstrated as a useful material for visible-blind UV photon detection.[11,

12, 13]

Typical n-SnO, PDs work as photoconductors with electrons as the major-
ity carriers. In a photoconductor, absorption of photons with energy larger
than the bandgap energy generates free carriers, leading to an increase in
conductivity for a period known as the persistence time. The device con-
ducts a single carrier type, and the persistence time can be lengthened by
trapping of the non-conducting carrier type, leading to photoconductive gain
and quantum efficiency of greater than 100%. At a specific operation bias,
the photocurrent is measured as the response of the PD, which can be used
to calculate the EQE (external quantum efficiency) and responsivity of the

device.

Current SnO; thin-film PD technology is limited by low responsivity, espe-
cially at longer UV wavelengths.[14] Efforts to improve device performance
have focused on achieving better crystal quality and building one-dimensional
SnO, nanostructures.[10, 15, 16, 17] The reported ultrahigh responsivity[15]
of SnO, based PDs indicates that SnO; is a promising material for high-
performing PDs. Here, we build thin-film SnO; PDs using a novel, facile, and

scalable approach to fabricate nanoscale p-n heterojunctions with enhanced
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light absorption in the active material to improve the performance of UV PDs.

Nanorod-based heterojunctions consisting of p-CuO and n-SnO; have
been previously developed for applications such as gas sensors.[18, 19] Our
simplified PD device fabrication method consists of using rf-sputtering to
deposit SnO, thin films and Cu nanoparticle (NP) clusters. The top layer of
Cu NPs oxidizes in ambient to form CuO NP clusters, and the primary role
of these clusters is to enhance absorption at the longer wavelength edge of
the UV response in the PDs. We used finite-difference time-domain (FDTD)
simulations to model the light absorption in devices with and without the
CuO NPs and achieved good agreement with the experimental absorption
spectra. Our electrical measurements indicated that the inclusion of the CuO
NPs improved the responsivity of the PDs more than 5 fold compared to

SnO;-only devices.

3.1.2 Experimental Results and Discussion

The SnO, thin films were rf-sputtered using a SnO, target on sapphire sub-
strates in a Denton Vacuum Discovery 550 sputtering system. The base pres-
sure was kept at or below 6.7 x 1074 Pa (5 x 107° Torr), and the substrate
temperature was maintained at 325 ° C to yield uniform films. The thickness
of the deposited SnO, was measured using a J. A. Woollam M2000 ellipsometer

and estimated to be (95 + 2) nm.
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Figure 3.1: (a) Schematic of a SnO,-CuO nanocluster PD device including the top
interdigitated electrodes. Dimensions are not to scale. (b) High-resolution AFM image
of an as-deposited SnO; film. (c) High-resolution AFM image of a SnO, film with a
top layer of CuO nanoclusters.[1]

The Cu NP clusters were deposited on the SnO, films by rf-sputtering
at room temperature. The deposition time was 185 seconds, and a shadow
mask was used to form square-shaped clusters composed of self-assembled
nanoparticles with a nominal height of 40-50 nm rather than continuous
cluster films. The total areal size of the Cu clusters was 200 ym x 200 ym,
and they were spaced by 200 ym, as shown in Figure 3.1a. Oxidation of the
Cu nanoparticles occurred spontaneously during and immediately following
the deposition, resulting in the formation of CuO NPs. X-ray photoelectron

spectroscopy (XPS) measurements indicated that the final NP clusters are
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primarily (> 95 %) composed of CuO, as shown in Figure 3.2b. Electron beam
evaporation was used to deposit Ti/Al/Ti/ Au interdigitated electrodes (IDEs)
as the final step in the PD fabrication process. Figure 3.1a shows a device

schematic of the entire structure.

The surface morphology of the SnO; and SnO,-CuO films was measured
using a Bruker Dimension FastScan atomic force microscope (AFM). Figures
3.1b and ¢ show high-resolution AFM images of the bare SnO, film and the
SnO; with a top layer of self-assembled CuO NPs. The measured root mean
square (rms) surface roughness of the bare SnO; film was 1.8 nm, and the rms
value increased to 13.8 nm after the addition of the CuO NPs. The grain sizes
of the SnO, film and the CuO nanoclusters were estimated as (32.9 4+ 13) nm
and (74.6 + 25) nm, respectively. A rough statistical analysis performed on
the image in Figure 3.1c resulted in an average CuO NP surface density of 65
um~2 and an average particle height of 45 nm. These estimated parameters

were used in the FDTD simulations described below.
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Figure 3.2: High-resolution XPS spectra of (a) the Sn 3d and (b) the Cu 2p regions of
a SnO,-CuO film. CPS is counts per second.[1]

We used XPS measurements to confirm the chemical identity of the SnO,-
CuO films. XPS curve-fitting and analysis was performed using CasaXPS
software. The binding energies of the spectra were calibrated to the hydro-
carbon peak at 284.8 eV. High-resolution XPS spectra of the Sn 3d and Cu 2p
regions of the SnO,-CuO film are shown in Figures 3.2a and b, respectively.
As seen in Figure 3.2a, the Sn 3d 5/2 peak appears at a binding energy of
(487.1 £ 0.1) eV with a satellite peak characteristic of Sn 3d 3/2 at (495.5 £ 0.1)
eV, which is consistent with previously reported XPS data for SnO;.[20] The
Cu 2p region of the spectrum shows a combination of Cu-related states that
can be identified by referring to published reports.[21, 22, 23] Curve-fitting
of the Cu 2p region peaks (Figure 3.2b) was used to estimate that 95 at.% of
the Cu content of the sample is in the form of Cu(II)O and the other 5 at.% is
in the form of Cu(I)O or Cu metal. From these measurements, we concluded

that the deposited Cu NPs are substantially oxidized to form CuO during and
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after the deposition process.

The absorption spectra and absorption coefficients («) of the SnO; and
SnO,-CuO films were measured using an Ocean Optics QE65000 spectrometer
and a J. A. Woollam M2000 ellipsometer, respectively. Optical absorbance
spectra of the SnO; and SnO,-CuO films are shown in Figure 3.3b. A signifi-
cant enhancement in the light absorption over the wavelength range of 250
nm to 475 nm is observed in the film decorated with CuO NPs compared to

the bare SnO; film.

To verify the enhancement mechanism associated with the addition of the
CuO NP clusters, we used FDTD simulations to calculate the optical properties
of a 100 nm thick SnO; film with and without CuO nanoclusters on top. The
simulated structure is shown in Figure 3.3a. The CuO NPs were modeled as
randomly distributed elliptic paraboloids. The particle shape, dimensions
and average surface densities were derived from the analysis of the AFM
images (Figure 3.1c). Refractive indices for the SnO; film were obtained from
ellipsometry measurements, and reported values were used for the refractive
indices for the CuO[24] and sapphire[25] substrate. A broadband (200 nm -
1000 nm) plane wave incident from the nanocluster side of the device was
used as the excitation source for the simulations.

Figures 3.3b and c show the experimental and simulated absorption spectra
for the SnO, films with and without CuO NP clusters. The simulated and
measured spectra show qualitative agreement in the effect of the CuO NPs
on the increase in absorbance across all wavelengths in the plotted range, the

apparent red shift of the absorption onset, and the change in shape of the
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absorbance curve. Differences in quantitative agreement can be attributed to
inhomogeneity in the NP size and density distributions, and uncertainty in

the SnO; film thickness in the real devices.
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Figure 3.3: (a) Diagram of the setup for the FDTD simulations. A SnO, film thickness
of 100 nm was used for the simulations with and without CuO NPs. The CuO NP
clusters were modeled as elliptic paraboloids with heights of 45 nm and diameters
of 75 nm. The CuO NPs were randomly distributed on the SnO, film with an av-
erage surface density of 65 um~2. The size and average density values of the NPs
were based on AFM measurements of the real devices. (b) Measured and (c) FDTD
simulated absorption spectra of the SnO, and SnO;,-CuO films. (d) Schematic band
diagram illustrating the hypothesized electron transfer process in the CuO-5nO,
nanoheterojunctions under irradiation. (e) Spatial cross-section of simulated power
absorbed per unit volume at A = 350 nm in a single CuO NP on a SnO, film and (f)
in a bare SnO; film. (g) Spatial cross-section of simulated normalized electrical field
intensity at A = 350 nm for a single CuO NP on a SnO; film.[1]

The simulated spatial absorption profiles for a single CuO NP on a SnO;
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film and a bare SnO; film at a wavelength of 350 nm are plotted in Figure 3.3e
and Figure 3.3f. The normalized electrical field intensity at a wavelength 350
nm is plotted in Figure 3.3g. There is an enhancement of the local electrical
field intensity around the NP and strong associated absorption within the
NP. We attribute the enhanced absorption in the composite devices to this
effect. Our aim was to use this increase in absorption without relying on an
increase in SnO; film thickness to improve the responsivity of the SnO,-based

photodetectors.

A schematic band diagram for the SnO,/CuO pn-nanoheterojunctions
is depicted in Figure 3(d) using energy levels reported for p-CuO[26] and
n-SnO;[27]. The nanoheterojunction structure takes advantage of the intense
absorption in the CuO NPs to transfer a high density of photogenerated
electrons from the p CuO NPs to the n-SnO; film, while the transfer of holes
is hindered by the energy barrier at the junction. The smaller bandgap of CuO
(1.35 eV[26]) results in increased absorption at the red edge of the UV spectrum,
and the pn-heterojunction nature of the CuO/SnO, interface facilitates charge
transfer upon illumination to increase the responsivity of the photodetector.
Electrons injected into the conduction band of SnO; from the CuO increase
the free majority carrier density in the photoconductive material, which could
lead to a significant increase in photocurrent in the PD. Although the bandgap
of CuO is small, the nanoscale structure of the CuO particles are predicted
to allow the films to remain "visible-blind" due to poor in-coupling and low
absorption in structures that are much smaller than the visible and infrared

material photon absorption lengths.
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Typical I-V characteristics of the SnO,-only and CuO-5nO, devices mea-
sured in the dark and under UV-illumination are shown in Figure 4(a). The
photocurrent generated in the PD with CuO NPs was almost double that of
the SnO;-only device under 290 nm wavelength illumination for all tested
biases. The measured dark current for the CuO-SnO, PD was also larger than
that of the SnO,-only device, indicating that the conductivity of the CuO-5nO;

composite film was larger than that of the SnO,-only film.

To quantify the performance of the PDs, we used the photocurrent-to-dark

current ratio, defined as:

Photocurrent — to — darkcurrentratio =
Idark

where Ijjy is the current under UV illumination, and I, is the dark
current at the same voltage. The CuO-5nO, PDs exhibited a PF of ~ 592 at 1.2

V under 290 nm illumination.
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Figure 3.4: (a) ON/OFF I-V curves for SnO,-only and CuO/SnO, PDs under UV
illumination at a wavelength of 290 nm. (b) Responsivity as a function of bias and
wavelength for SnO; and (c) SnO,-CuO thin film photodetectors.[1]
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Responsivities of the SnO; and SnO,-CuO PDs were measured at various
bias voltages under a spectrally filtered light source. The measurements,
calibrated using a standard NIST silicon photodiode, were associated with a
total uncertainty of & 5 % (fractional). In order to obtain stable and reliable
data, the photocurrent at each wavelength was measured with a delay of 180
seconds with respect to the illumination. The need for stable photocurrent

operation precluded higher resolution measurements of the PD response time.

The UV photocurrent response of the PDs was recorded over a voltage
range of 0 V to 1.2 V at an illumination wavelength of 290 nm, as shown
in Figure 3.4a. In addition to light current enhancements, the dark current
also increases after the SnO, surface is covered with the CuO NPs, despite
the assumed formation of a depletion layer. This increase can be attributed
to several potential mechanisms. The small amount of Cu(I)O or Cu metal
visible in the XPS spectrum could lead to an increase in the dark current which
could be ameliorated in future iterations by including a controlled oxidation
step in the fabrication process. Additionally, the presence of defects close to
the nanojunction interface could reduce carrier lifetimes, potentially act as
dopants, and facilitate leakage paths, contributing to an increase in device
dark current.

Figures 3.4b and c illustrate the spectral responsivity of the SnO, devices
with and without CuO NPs in the low bias regime. The SnO,-only PDs
reached a maximum responsivity of 1.9 A/W at 0.2 V bias under 290 nm
illumination, while the devices with CuO NP clusters exhibited a responsivity

of 10.3 A/W at 0.2 V bias under 280 nm illumination. The incorporation of the
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CuO NPs resulted in a greater than 5 fold improvement of the responsivity.
Additionally, the SnO,-only PD response had a sharp cutoff at around 320 nm
in wavelength, whereas the SnO,-CuO PDs displayed some response out to
340 nm in wavelength at low bias. The broadening of the spectral detection
range can be attributed to the drastic enhancement of light absorption and
charge transfer facilitated by the SnO,-CuO nanoheterojunctions in the UVA
spectral region. Although the responsivity of these devices is lower than
that of PDs based on one-dimensional structures9,14, it is competitive with
thin-film based UV PDs made from other traditional semiconductor materi-
als.27 Additionally, this method produces robust structures without complex
fabrication processes that operate at low bias, making it suitable for practical

applications.

3.1.3 Conclusion

In summary, we have demonstrated high responsivity visible-blind UV PDs
based on sputtered SnO,-CuO nanoheterojunction films. We investigated
the properties of the films using AFM and XPS measurements, confirming
that the sputtered Cu forms self-assembled nanoparticle clusters that are
composed primarily of Cu(Il)O after air exposure. The peak responsivity
reached a value of 10.3 A/W at a low bias of 0.2 V in the CuO-5nO, devices,
representing a five-fold increase over the highest responsivity achieved in
devices without CuO NPs. The performance enhancement is attributed to the
intense local absorption of the CuO NPs and the charge transfer facilitated by

the CuO-5nO, pn nanoheterojunction structures. Our approach of utilizing
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CuO-based pn nanoheterojunctions to enhance the efficiency of visible-blind
SnO; photodiodes represents a viable path for building UV optoelectronic

devices based on cost-effective materials.

3.2 Limits of light trapping via plasmonic enhance-
ment in absorbing media

This section is adapted from Ref. [28]. Reprinted with permission from ACS
Photonics 3, no. 2, 158-173, "Plasmonic Nanoparticle Enhancement of Solution-
Processed Solar Cells: Practical Limits and Opportunities,” by Arinze, Ebuka

S., Botong Qiu, Gabrielle Nyirjesy, and Susanna M. Thon, copyright © 2016.

The search for sustainable and cost-competitive alternatives to fossil fuel-
based energy sources has driven developments in solution-processed solar
cells. These technologies seek to reduce manufacturing and processing costs
as well as improve device efficiencies over traditional and thin-film bulk semi-
conductor platforms. The low temperature roll-to-roll production methods,
solution-based fabrication techniques and high efficiency potential make ma-
terials such as polymers, hybrid perovskites, and colloidal quantum dots
attractive technologies. However, the electronic transport lengths in most
solution-processed materials are smaller than the photon absorption lengths,
especially at near infrared wavelengths, due to their nanostructured nature
and associated interface-related defects and impurities. This is referred to
as the "absorption-extraction compromise" whereby the material thickness
required for complete absorption results in incomplete extraction of the pho-

togenerated charge carriers.
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Attempts to improve the efficiencies of solution-processed devices have
included engineering of the absorbing material,[29, 30, 31, 32] design of new
device architectures,[33, 34, 35, 36, 37] and incorporation of light trapping
techniques to decrease the effective film absorption lengths.[38, 39, 40, 41, 42,
43] Introducing plasmonic elements, which enhance the interaction of light
with matter in metallic structures on the nanoscale, has been of particular
interest to the field due to their minimum perturbation of the device structure
and successful deployment for related optoelectronic device applications.[44,

45,46, 46,47, 48, 49]

Various efforts to introduce plasmonic enhancers into solution-processed
photovoltaic cells have been tested, some of which will be reviewed in the
following section. However, absolute photocurrent and power conversion
efficiency improvements have been relatively limited thus far, partially due to
the difficulty in systematic evaluation of the optimum plasmonic nanoparticle
design for integration with specific photovoltaic materials. Here, we provide
an overview of the field of embedded plasmonic-enhanced solution processed
solar cells. We then develop an analytical model to systematically evaluate
the practical potential of plasmonic enhancements in thin film materials. We
compare the photocurrent enhancements predicted by our model to simulation
and experimental results for three different systems. Finally, we use our
model to make specific suggestions for the field moving forward, focusing
on the optimum plasmonic nanoparticle material type, material shape, and
concentration for realizing maximum potential enhancements for different

systems.
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3.2.1 Solution Processed Solar Cells

Compared to traditional bulk semiconductors, solution-processed solar cell
materials typically have shorter charge transport lengths, stronger exciton
binding energies, and larger electronic trap state densities due to the het-
erogeneity of their structures arising from the low-energy fabrication and
processing procedures. Additionally, flexibility in doping of the materials
is generally lacking. Therefore, solution-processed solar cell architectures
have been designed to engineer around these issues. Taking inspiration from
electrochemical cells, most solution-processed photovoltaic devices employ
heterointerfaces, which can be structured to enhance charge separation and

collection while minimizing the thickness of the active material.

Initial OPV architectures involving a bilayer donor-acceptor planar hetero-
junction[50] suffered from the "exciton-diffusion" bottleneck that resulted from
the small diffusion lengths.[51, 52, 53, 54, 55] This led to the development of
the bulk heterojunction architecture, in which the acceptor and donor phases
are blended to form a high interfacial area mixture.[56, 57] This architecture is
limited by the ability to optimally distribute charge separation interfaces and

facilitate appropriate conduction channels.[58, 59, 60]

The highest-performing CQD photovoltaic devices use a heterojunction
architecture in which the CQD medium forms a junction with an n-type wide
band gap semiconductor such as TiO; or ZnO.[61] Control over the CQD film
doping,[62] band alignment,[63] and structuring of the electrodes[29] have led
to the development of advanced architectures that utilize multiple CQD film

types, although high electronic trap state densities still limit performance.[64]
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In the case of perovskite solar cells, sensitizing-type architectures produced
most of the initial results in the field. The perovskite material is infiltrated
into an electron-extracting[37, 65, 66, 67, 68] or insulating[32, 69, 70] meso-
porous layer (usually TiO, and Al,Os respectively) and topped with a hole
transporting material. With advances in the growth of long-diffusion-length
large-domain single crystal perovskites,[71, 72] the field is trending towards
more conventional planar cell designs in which the perovskite film is sand-

wiched between electron- and hole-extracting electrodes.

The limited carrier transport lengths necessitate careful engineering of
solution processed solar cell device architectures in order to maximize absorp-
tion and achieve the highest possible efficiencies. This problem is magnified
at longer photon wavelengths near the band gap energy where absorption
lengths can exceed carrier transport lengths by more than an order of magni-
tude in OPV and CQD materials, making light trapping a vital component of

successful device designs.

3.2.2 Light Trapping for Photovoltaics

As a technique for absorption enhancement, the idea of light trapping in thick
and thin optical films has been studied for decades.[73, 74, 75, 76] Convention-
ally, light trapping employs total internal reflection as the primary confinement
mechanism and is achieved through structural manipulation of the device
layers. The maximum absorption enhancement factor (Yablonovitch Limit or
Lambertian Limit [73, 74, 75]) for conventional thin-film light-trapping strate-

gies is 4n? /sin?0, where n is the refractive index of the absorbing medium, and
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0 is the angle of the emission cone in the medium surrounding the cell (also
known as the acceptance angle). For normal incidence radiation (0 = 7/2),

this upper limit can be further simplified to 4n2,

Recent theoretical work on light trapping has focused on the ultra sub-
wavelength regime for optical film thicknesses. On the nanoscale, where
light-matter interactions beyond the classical ray optics limit take place, it is
theoretically possible to surpass the traditional Lambertian limit over specific
wavelength ranges.[68] Using a rigorous electromagnetic approach, Yu et al.
developed a statistical temporal coupled-mode theory of light trapping,[77]
demonstrating that the enhancement factor can in theory be increased to
12x4n? over a virtually unlimited spectral bandwidth when optical modes
exhibit deep-subwavelength-scale field confinement. Callahan et al. proposed
that an elevated local density of optical states (LDOS) for the absorber is the
key design element, and they demonstrated several nanostructured solar cell

architectures that exceeded the Yablonovitch limit in simulation.[78]

Beyond evaluating the absorption enhancement factor, Schuster et al. pro-
posed a figure of merit called light trapping efficiency (LTE), which is the
ratio of the total current gain achieved in a device to the theoretical maximum
current gain achievable in an ideal Lambertian scattering system.[79] Using
LTE as a metric, they demonstrated that multiple theoretical and experimental
photonic structures could be used to approach the enhancement limit.[79] Plas-
monic enhancement strategies ideally fall under the category of approaches

that can be used exceed the Lambertian limit.
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3.2.3 Embedded Plasmonic Enhancers

The collective oscillations of the free electrons at the surface of a conductor
are known as surface plasmons. These excitations couple strongly to incident
electromagnetic radiation and are able to propagate along a metal-dielectric
interface as surface plasmon polaritons. Plasmons can be excited at optical fre-
quencies in materials such as gold and silver. In nanoscale structures, localized
surface plasmon resonances (LSPRs) result in strong local field enhancement.
This nanophotonic effect can be used to circumvent the traditional diffraction
limits, and can result in the scattering of incoming light into guided modes in
a thin film material with embedded plasmonic nanoparticles. Plasmonic ele-
ments have been applied in diverse applications such as nanoscale sensing,[50,
81, 82] light emitting diodes,[83, 84, 85] lasers,[86, 87, 88] photon detection,[89]

information processing,[90] and photovoltaics.[42, 91, 92, 93, 94, 95]

Embedded plasmonic structures are of particular interest for solution-
processed photovoltaic devices, such as those based on organic, hybrid inorganic-
organic perovskite, and colloidal quantum dot thin film materials. Several
reports study the integration of plasmonic structures into such devices with
demonstrated increases in optical absorption.[91, 92, 94, 96] Embedded plas-
monic structures within the absorbing medium are of particular interest for
solution-processed technologies since the materials growth techniques are
uniquely compatible with hybrid inclusions, whereas bulk semiconductor
systems must rely on surface-based plasmonic in-couplers or scatterers.[97,

98, 99, 100, 101, 102]

Plasmonic nanostructures can be spatially placed at the top of, within, or
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at the base of solution-processed devices. Placing the plasmonic nanoparticles
within the active layer rather than in or on top of contact or buffer layers has
several advantages. Mixing the plasmonic materials into the active layer of
the cell can help to reduce reflection losses that occur before the light reaches
the active layer and increase wave-guiding within the absorbing medium.[103,
104, 105] Finally, the near-field effects associated with LSPRs can be used to
enhance absorption within the active layer if there is a strong spatial-field
overlap with the absorbing medium. Embedded plasmonic schemes make
use of this strong local field enhancement without significantly disrupting the
device structure as in conventional light trapping designs. While this perspec-
tive focuses on embedded nanoparticle plasmonic enhancement strategies,
non-embedded plasmonic strategies have been explored in-depth in the field,
due to the ease of design and fabrication associated with integrating top- and
bottom-device structures without disrupting the active layers. These schemes
include placing metallic nanoparticles and nanostructured gratings outside
the active layers for light in-coupling and trapping.[106, 107, 108, 109, 110,
111,112,113, 114, 115] Symmetric metallic nanostructured gratings, either 1D
or 2D nanostructures, can be designed for effective light coupling to surface
plasmon polariton (SPP) modes that strongly confine light at the interface,

resulting in light concentration or preferential scattering into the active layer.

Examples of these methods include the design and integration of 2D SPP
gratings for incident light coupling at the exciton peak wavelength in a CQD
optoelectronic device.[115] A peak absorption enhancement factor of 3 was

observed at the target wavelength. Additionally, the short-circuit current
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in the light trapping spectral range (640 nm to 1100 nm) was observed to
increase by 41%. In another study for OPVs,[112] a 14.8% improvement in
efficiency was observed due to the integration of Ag nanoparticle films at the
front electrode for preferential forward scattering into the active layer. In this
plasmonic scheme, the Ag nanoparticle film was self-assembled via thermal

evaporation and subsequent annealing.

In general, the propensity of plasmonic nanoparticles embedded within the
active layer itself to serve as recombination sites for exciton quenching[116]
has led to extensive exploration of plasmonic enhancement schemes that
take advantage of scattering and light coupling from the electrode layers.
However, the potential for high near-field enhancements from plasmonic
particles embedded within the active layer provides motivation for further

exploring embedded nanoparticle schemes.

The field of embedded plasmonic enhancement schemes for solution pro-
cessed solar cells has advanced rapidly in recent years. Plasmonic particles of
different shapes and sizes have been studied in organic photovoltaic (OPV),
colloidal quantum dot (CQD), and perovskite solar cells. Large photocurrents
have been demonstrated, although relative power conversion efficiency (PCE)
enhancements have remained under 16% for films with PCE values of over
5%.

Table 3.1 summarizes the progress so far in embedded plasmonic enhance-
ment schemes for solution-processed solar cells. Gold and silver are the most

commonly used plasmonic materials, and they have also been combined with
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oxide cores or shells.[43, 117, 118] The nanoparticles in the summarized stud-
ies ranged in size from 5 - 150 nm and were embedded at concentrations
of 1 - 15 wt.%. The maximum PCE of 16.3% was achieved in a perovskite
solar cell.[118] Maximum PCEs of 7.1% and 6.9% were achieved through
plasmonic enhancement in OPVs and CQD solar cells, respectively.[104, 117]
Although many potential nanoplasmonic enhancement schemes have been
explored,[44, 94, 95, 97, 118, 119, 120, 121, 122, 123, 124, 125] experimental
realizations of integrated plasmonic designs have yet to lead to record device
efficiencies, mainly due to loss of the parasitic absorption by the plasmonic

nanoparticles.[126, 77, 127,128, 129]
3.2.3.1 Organic Photovoltaics

Plasmonic particles have been embedded within or between the active layers
and selective contacts in OPV devices.[103, 104, 105, 121, 130, 131, 132, 133,
134] Typical OPVs have an active layer that consists of electron-donor and

electron-acceptor materials.

One study[104] incorporated chemically-synthesized 40 nm silver nan-
oclusters into the active layer of a poly[N-9"-hepta-decanyl-2,7-carbazole-alt-
5,5-(4',7’-di-2-thienyl-2",1’,3’-benzothiadiazole) (PCDTBT): [6,6]-phenyl-C70-
butyric acid methyl ester (PC70BM) bulk heterojunction (BHJ) solar cell to
improve the efficiency. The nanoclusters exhibited a maximum absorbance
peak near 420 nm. A 12.7% improvement in PCE was obtained by optimizing
the weight percentage of the nanoclusters in the active layer. This enhance-

ment was mainly due to a 7.6% increase in the short-circuit current density
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Plasmonic Mate- | Plasmonic | Plasmonic | Max. Jsc En-| Max. | PCE En-
rial (Shape) Nanopar- | Nanopar- | Jsc hance- | PCE | hance-
ticle Size | ticle (mA/cmgz)ment (%) ment
(nm) Concentra-

tion
Au  (Octahe- | 45 2x10"Tem=3] 10.22 11.6% | 424 | 18.8%
dron)[130]
Au 30-40 20% by | 10.18 13.7% 419 |204%
(Sphere)[121] vol.
Au (Trun- | 70 5 wt.% 11.16 8.3% 645 | 11.8%
cated Octahe-
dron)[103]
Ag (Nanoclus- | 40 1 wt.% 11.61 7.6% 7.1 12.7%
ter)[104]
Au 18 0.5 wt.% 4.8 15.7% 217 | 32.3%
(Sphere)[105]
Ag 5-15 1:16 8.9 1.1% 3.3 -2.9%
(Sphere)[131] wt. ratio

(Ag:P3HT)
Ag (Trun- | 80 15 wt.% 8.7 19.2% 3.2 88.2%
cated Octahe-
dron)[132]
Au (Sphere and | 20 and | 2 wt.% 10.61 18% 4.3 19.4%
Prism)[133] 60x10
Au 30 1 wt.% 15.3 -0.1% 7.02 | 6.7%
(Sphere)[134]
Au-Ag  (Pop-| 150£50 0.7 wt% | 16.46 6.1% 10.3 | 15.7%
corn Alloy)[135] TiO,
Au-5i0, 80/8 0.9 wt.% 15.3 13.5% 9.5 13%
(Sphere)[136] (core/shell)
Au-TiO, 40/2 22 wt.% 22 8.9% 16.3 | 12.4%
(Sphere)[118] (core/shell)
Au 5 0.3% by | 29.45 42.2% 45 12.5%
(Sphere)[137] vol.
Ag (Hemi- | 40 33% 8.5 19.4% 0.68 | 58.1%
sphere)[138] surface

coverage
SiOy-Au 15/60 10 yum=2 | 245 13% 6.9 11%
(Sphere)[117] (core/shell)

Table 3.1: Summary of selected plasmonic enhancement demonstrations in OPYV,
Perovskite, and CQD solar cells.[28]
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(Jsc) and an associated reduction in the cell series resistance.

The addition of 70 nm truncated gold octahedral nanoparticles at opti-
mized concentrations (5 wt.%) to the BHJ active layer in another study[103]
resulted in consistent PCE improvements in fabricated devices. Other shapes,
including Ag nanoparticles and nanoprisms mixed into the buffer layer of
an OPV cell, [133] have also been used to realize wide-band absorption en-
hancements. Generally, relative PCE improvements on the order of 10% have
been demonstrated in plasmonically enhanced OPV devices, mainly due to
increases in Jgc. Associated compromises in the open-circuit voltage (Voc)
and fill factor (FF) are the prime reasons why these systems have been unable

to rival the record efficiencies in the field.
3.2.3.2 Perovskite Solar Cells

Embedded plasmonic schemes have been explored only recently in perovskite
solar cells, due to the relative novelty of this technology.[43, 118, 135] One
demonstration enhanced the PCE of a perovskite solar cell by 12.4% by in-
corporating 40 nm silver-core nanoparticles with 2 nm TiO; shells through a
low-temperature processing route.[118] The nanoparticles were added to the
mesoporous Al,O3 scaffold layer, which was infiltrated with methylammo-

nium lead iodide perovskite material.

Another study in the perovskite material system achieved a relative PCE en-
hancement of 15.7%.[135] A broadband absorption enhancement was demon-
strated through the addition of Au-Ag alloy popcorn-shaped nanoparticles to

the device. These nanoparticles were synthesized through a co-reduction
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of HAuCly and AgNOj3 and had an average size of 150 £ 50 nm. The
nanoparticles were embedded in the mesoporous TiO, at a concentration

of 0.7 wt.%.[135]

Higher efficiencies have been achieved in perovskite solar cells compared
to OPV devices, and therefore these devices have less to gain from plasmonic
enhancement schemes. The high efficiency is due to both substantial absorp-
tivity near the band gap energy and superior charge transport. However,
plasmonic enhancements could potentially enable materials savings even in

high efficiency systems.
3.2.3.3 Colloidal Quantum Dot Solar Cells

Several different device architectures have been employed to make high-
performing CQD solar cells.[139, 117, 140, 141, 142, 136, 143, 144, 137, 138,
145] All consist of close-packed CQD films sandwiched between selective
transparent and reflective contacts.[143] Like OPV devices, CQD cells must
overcome an absorption-extraction compromise to reach high performance,
and several plasmonic enhancement strategies have been deployed to address

this compromise.

To enhance the absorption specifically in the infrared regime, a study[117]
added 120 nm diameter core-15 nm shell SiO2-Au core-shell nanoparticles
to the active layer of a depleted heterojunction cell. In the lead sulfide (PbS)
matrix, the nanoshells exhibit an LSPR peak at 820 nm. An enhancement in
infrared photocurrent led to an 11% PCE improvement over a control device.

[117]

70



Absorption enhancements in the active layer of a CQD solar cell have also
been achieved by using the near field enhancement associated with small
(5 nm-diameter) Au nanoparticles instead of focusing on far-field scattering
gains.[137] The study demonstrated evidence of hot-electron transfer directly
from the excited metal particles to the PbS semiconductor nanocrystals. The
best performing cell had a 12.5% PCE improvement over a non-plasmonic

device. [137]

Plasmonic particles can play electronic as well as optical roles in CQD solar
cells. One study built an Ag nanoparticle - PbS CQD nano-Schottky junction
device by depositing self-assembled 40 nm diameter Ag hemispheres that
covered 33% of the ITO contact.[135] The PCE was enhanced by 58.1% com-
pared to the fabricated control devices, which used a planar silver architecture.
The improved performance was attributed to the modified absorption profile
due to the enhanced optical field around the nanoparticles. This ensured that
carriers were generated close to the metal-semiconductor interface within the

depletion region.

Generally, plasmonically enhanced CQD devices have benefited from
absorption improvements near the weakly-absorbing quantum dot band gap
edge. The overall PCE enhancements have generally been weakened by mild

loss in V¢ and FE.
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3.2.3.4 Summary

The largest relative improvements in all three materials systems were achieved
in cells with low starting efficiencies and device absorption.[132, 138] Incor-
porating plasmonic particles generally increased film absorption, although
none of the plasmonically enhanced devices achieved record efficiencies in
their respective classes, nor approached the theoretical photocurrent limits
based on the photovoltaic material band gaps. Addressing the question of
whether the full parameter space has yet to be explored in these systems or
if plasmonic enhancement schemes are fundamentally limited in practical

devices remains an important research challenge.

3.2.4 Practical Limits of Plasmonic Enhancement

There are several practical obstacles to using plasmonic structures as pho-
tocurrent enhancers, which need to be taken into account for plasmonic solar
cell design. The biggest barrier is the presence of parasitic absorption in
the nanoparticles.[93, 146, 147, 148, 149] Parasitic absorption refers to the
loss of photocarriers excited in the metal particles themselves that decay via
non-radiative channels to produce heat. This process competes with useful
absorption in the photovoltaic material. The relative amount of parasitic
absorption vs. useful near- and far-field scattering in the metal can be ma-
nipulated to some extent by controlling the size, morphology, material, and

placement of the metallic nanoparticles.

Another practical limitation is that embedded plasmonic nanostructures

can act as carrier recombination centers in the absorbing medium,[131, 150,
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151] often leading to a reduction in device open-circuit voltage as well as
current.[152] Including a small insulating barrier in the form of a ligand or
dielectric shell around the plasmonic nanostructure can suppress this effect
but can also reduce the evanescent spatial field overlap with the photovoltaic

absorber, thereby limiting the potential for absorption enhancement.

Other practical issues that arise in plasmonic solar cell design include
chemical and physical compatibility of the solvents associated with the plas-
monic and photovoltaic materials, and materials costs of the precious metals
employed as nanoparticles (primarily gold and silver). Finally, there is the
issue of resulting spectral trade-offs. Plasmonic structures have the ability
to enhance a spectral regime where there is incomplete absorption in the
photovoltaic material. However, in regimes where absorption is substantially
complete, introducing plasmonic structures has the potential to degrade the
system. Therefore, it is important to be tactical both in understanding the as-
sociated spectra[153, 154] and in choosing the type, size, shape and placement

within the device of the plasmonic nanostructures.[155, 156, 157]

3.2.5 Absorption Enhancement Model

Taking into account the practical enhancement limitations described above, it
is clear that questions remain about the potential for using plasmonic nanopar-
ticles as enhancers in real photovoltaic systems. Specifically, given a set of
photovoltaic and plasmonic nanomaterials of interest, it would be useful to be
able to quantitatively evaluate the potential photocurrent enhancement using

an intuitive model that takes into account the experimental degrees of freedom
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present in the system. These parameters include the metal nanoparticle mate-
rial, size and shape; the thickness and identity of the photovoltaic active layer;
and the relative concentration or number density of the embedded plasmonic
particles. Adjusting and optimizing these factors experimentally is time- and

materials-intensive, given the large parameter space.

We have developed an analytical model that can be used to evaluate the
potential absorption enhancement in embedded plasmonic nanoparticle sys-
tems over a large parameter space. The results can be translated into potential
photocurrent (Jsc) enhancement with the assumption of perfect carrier collec-
tion. The model determines the effective absorption coefficient and thickness
of a photovoltaic film embedded with plasmonic nanoparticles based on the
physical and optical properties of the constituent materials. These calculated
effective parameters are in turn, translated to an effective absorption, tak-
ing inspiration from effective medium approaches for estimating the optical

properties of mixed media.

Effective Medium Approximations (EMAs), such as the Bruggeman Model
[158] and the Maxwell-Garnett Theory (MGT)[159], treat a heterogeneous
medium as one that is homogeneous by effectively averaging the properties
of the individual constituent materials. In the MGT, the model medium is
composed of spherical particles embedded in a host material. This theory
assumes that the composite material is electrodynamically isotropic and pos-
sesses a linear response to incident light. Other assumptions include that the
mixture parameters are static (non-parametric), the nanoparticle inclusions

are separated by distances that surpass their individual sizes, and the sizes
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of the inclusions are small in comparison to the wavelength of light in the
integrated medium. The Bruggeman model is an extension of the MGT that

facilitates the inclusion of polydisperse particles.

Our proposed model is an intuitive extension and approximation of an ef-
fective medium theory for a specific system: plasmonically enhanced thin-film
photovoltaics. The model makes similar assumptions as the MGT, including
the isotropic nature of the materials and the monodispersity of the nanoparti-
cle inclusions, but accounts for the plasmonic response by using simulated

nanoparticle scattering and absorption cross-sections.
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Figure 3.5: (a) Photovoltaic absorbing medium sandwiched between top and bottom
contacts with randomly distributed embedded plasmonic nanoparticles. (b) Unit
cube with side length d based on the average particle spacing used to evaluate the
effect of a single plasmonic nanoparticle on the film. (c) Cross-section of the unit
cell illustrating the case where the nanoparticle scattering cross-section exceeds the
absorption cross-section. (d) Cross-section of the unit cell illustrating the case where
the nanoparticle absorption cross-section exceeds the scattering cross-section.[28]
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The model takes as inputs the absorption coefficient, « [m_l], of the photo-
voltaic material; the photovoltaic film thickness, t [m], along the illumination
direction; the physical cross-section, 0}, [m?2]; the scattering cross-section, o
[m?]; and the absorption cross-section, oy [m?] of the embedded plasmonic
nanoparticles. The physical cross-section is usually defined as the 2D pro-
jection of the physical volume occupied by the nanoparticle. The absorption
cross-section quantifies the rate at which energy is removed through absorp-
tion from an incident field, and the scattering cross-section quantifies the
net power reflected from the nanoparticle. The scattering and absorption
cross-sections can be calculated using Mie Theory[160, 161] or numerically
via finite-difference time-domain (FDTD) simulations[162, 163] or finite ele-
ment methods[164, 165] with the absorbing medium used as the background.
Scattering and absorption efficiencies, Qs and Q,, are defined as the ratios
of the scattering and absorption cross-sections, respectively, to the physical
cross-section of the plasmonic nanoparticles (Qs = 05/ 0y; Qq = 04/ 7). The
absorption cross-section, scattering cross-section, absorption efficiency, scat-
tering efficiency and absorption coefficient are all wavelength-dependent in

general.

Our model assumes that the nanoparticles are randomly and uniformly
distributed within the photovoltaic film with an average number density. We
use the concept of a unit cell to represent the concentration (number density),
p [m?], of the nanoparticles within the absorbing medium. The unit cell is a

cube with one nanoparticle at the center, such that the side length, d [m], is
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related to the concentration as:

p=5 (3.2)

In addition, we define a unitless variable C to represent the relative separa-

tion between the nanoparticles:

where D is the diameter [m] (or length for non-spherical particles) of
the nanoparticles. Neglecting reflection at the photovoltaic absorber surface,
we use the Beer-Lambert Law[166] to calculate the absorption, Aj, in the
unmodified photovoltaic film and the absorption, A, in the film with the

embedded plasmonic particles:

Aj=1—¢ ™ (3.4)
AZ =1— e_aplasmonictplusmonic (35)
Ip
Xplasmonic = “[1 + _z(Qs - Qa)] (3.6)
d
Op
tplasmom’c =H/1— ﬁ (3.7)

Equations 3.6 and 3.7 relate the new effective absorption coefficient (& yiasmonic)
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and the new effective film thickness (t,izsmonic), respectively, to the materi-
als system parameters. In Equation 3.6, a,j4smonic represents the effect that a
single plasmonic nanoparticle has on the surrounding medium. The MGT
uses a cubic lattice of nanoparticles in a medium to approximate the effective
dielectric constant by accounting for the volume fraction taken up by the in-
clusions as well as the relative permittivities of the medium and inclusions. In
a similar fashion, we use the plasmonic properties of a single nanoparticle and
the optical properties of the medium to approximate the effective absorption
coefficient. apjssmonic can be larger or smaller than the absorption coefficient of
the bare medium, depending on the relative values of the scattering, absorp-
tion and physical cross-sections of the plasmonic nanoparticle inclusions, as
well as the number density of the nanoparticles, represented by their average
2D spacing, d?. The scattering cross-section effectively adds to the absorp-
tivity of the medium while the absorption cross-section effectively subtracts
from the absorptivity of the medium. Also, the physical loss of absorbing
medium caused by replacing a fraction of the material with nanoparticles is
accounted for in Equation 3.7, which subtracts the projection of the physical

area occupied by the nanoparticles from the cross-section of the unit cell.

This model accounts for the parasitic absorption that takes place within the
metal nanoparticles, which is a source of photocarrier loss, by subtracting a
term proportional to Q, in the expression for & zsponic- It requires input from
numerical electrodynamic simulations in the form of single particle absorption

and scattering cross-sections. The total-field scattered-field (TFSF) source
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method[167] in the FDTD simulations yields an effective scattering cross-
section that can account for both the near- and far-field scattering associated
with the nanoparticle. Thus both conventional far-field scattering and "local

field" effects are incorporated in the model.

Using Equations 3.4-3.7, we can define a quantitative figure of merit, M,
which is a measure of the absorption enhancement in the photovoltaic system

due to adding the embedded plasmonic nanostructures:

M=-="=-1 (3.8)

By integrating M over all wavelengths, the net absorption enhancement
(Mgota1 > 0) or loss (M, < 0) factor can be calculated. Assuming perfect carrier
collection (100% internal quantum efficiency, IQE), we can use this model to
calculate the expected photocurrent enhancement in a photovoltaic device by
integrating the product of the enhanced (A;) or control absorptions (A1), solar

photon flux, and the elementary electric charge over all wavelengths.

This model requires only the calculation of the single-particle plasmonic
optical properties as a prerequisite for estimating the properties of the bulk
mixed media systems over a large range of parameters. This method is
computationally fast compared to full numerical modeling of entire film
structures with randomly embedded nanoparticles. In the following section,
we will use the above model to make realistic predictions for achievable
photocurrents in plasmonically enhanced photovoltaic devices and compare

the results to previous experimental studies.
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3.2.6 Model Evaluation

3.2.6.1 Comparison to Experimental Studies

Previous demonstrations of embedded plasmonic nanoparticle enhancements
in organic, hybrid organic-inorganic perovskite and colloidal quantum dot
solar cells provide test systems for evaluating our model. We will examine
one specific example from each of these three systems to analyze in detail: (1)
Silver nanoclusters embedded in a poly [N-9"-hepta-decanyl-2,7-carbazole-alt-
5,5-(4',7’-di-2-thienyl-2",1’,3’-benzothiadiazole) (PCDTBT): [6,6]-phenyl C-71-
butyric acid methyl ester (PC70BM) mixture,[104] (2) Au/Ag alloy popcorn
shaped nanoparticles embedded in mesoporous TiO, and infiltrated with
methylammonium lead iodide (CH3NH3Pbl3) perovkite,[135] and (3) SiO»-
Au core-shell nanospheres embedded in a PbS CQD thin film.[117] Absorption
coefficients for the three photovoltaic materials were extracted from reported

values in the literature.[117, 168, 169]

We employed FDTD simulations to calculate Qs and Q, for single plas-
monic nanoparticles in the three examples using the total-field /scattered-field
source method.[167, 170,171, 172, 173] We used the average value of the real
part of the refractive index of the three materials over a wavelength range of
300-800 nm for the PCDTBT: PCyyBM mixture and CH3NH3Pbl3 perovskite
material and 300-1200 nm for the PbS CQDs as the background in the simu-
lations. The silver nanoclusters were represented by closely-packed 40 nm
diameter nanospheres with spacing extrapolated from Figure 3.7 of Reference
[77] and total diameter of 600 nm. The popcorn-shaped Au/Ag nanoparticles

were modeled as nanospheres with diameters equal to the reported size of the

80



alloyed particles (150 nm) and refractive indices given by the molar average
of the refractive indices of Au and Ag based on the reported weight ratio.[135]
The average real part of the refractive index of a PbS CQD film with the first
exciton peak at 959 nm was used as the background for the 120 nm SiO,

core/15 nm Au shell particles.[117]
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Figure 3.6: (a) Scattering efficiency (Qs) and absorption efficiency (Q,) vs. wave-
length for the three different plasmonic nanoparticle types calculated using single-
particle FDTD simulations. Solid lines: scattering efficiency. Dashed lines: absorp-
tion efficiency. Red: 150 nm Au/Ag alloy popcorn nanoparticles embedded in a
perovskite-infiltrated-TiO, background. Green: 40 nm silver nanoclusters embedded
in a PCDTBT:PC7BM mixture. Blue: nanoshells with 120 nm SiO, core and 15 nm
Au shell thickness embedded in PbS CQD film background. (b) Relative scattering
efficiency (Qs - Q) vs. wavelength for the systems plotted in (a). Inset: relative
scattering efficiency (Qs - Q) required to achieve 90% absorption as a function of
wavelength the three systems at a relative nanoparticle separation C = 3.[28]
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Figure 3.6 shows that the relative scattering efficiency (Qs-Q;) for all three
types of plasmonic nanoparticles is positive over most of the relevant wave-
length ranges (the absorption of the organic and perovskite materials cuts off
near 800 nm). Therefore, these three types of plasmonic nanoparticles are all
predicted to be enhancers in their respective absorbing media. The inset in
Figure 3.6b shows the relative scattering efficiencies required to achieve 90%
absorption in the three systems at relative nanoparticle separations of C =
3. The fact that Q; and Q, are small compared to C in each study indicates
that using single-particle simulations as the basis for calculating the optical
properties of the system is a reasonable approximation. This validity condition

can be written as:

Max(,/Qs/Qa) < C (3.9)

Equation 3.9 requires that there is no spatial overlap of the optical in-
fluences of adjacent nanoparticles. The number density of the embedded
plasmonic particles is an important experimental free parameter. There is
an inherent trade-off in an embedded nanoparticle system: increasing the
nanoparticle concentration can yield more scattering enhancement of the
absorption in the photovoltaic material; however, the nanoparticles occupy
physical volume that subtracts from the ability of the photovoltaic material to
absorb light. Our model can be used to calculate the optimum nanoparticle
density for each of the three test systems given the photovoltaic film thick-
nesses used in each case (80 nm for the PCDTBT:PC;¢BM film; 200 nm as an
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approximation of the average optical thickness of the perovskite-infiltrated-

TiO; film; and 400 nm for the PbS CQD film).
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Figure 3.7: (a) Solid lines: predicted Jsc enhancement (%) vs. relative nanoparticle
separation. The circles are experimental Jsc enhancement for the best-performing cells
in each study. Dashed lines: predicted Jsc values (mA/cm?) vs. relative nanoparticle
separation. Red: 150 nm Au/Ag alloy popcorn embedded in perovskite-infiltrated-
TiO2. Green: 40 nm silver nanoclusters embedded in PCDTBT:PC7,BM. Blue: 120 nm
SiO; core/15 nm Au shell nanospheres in PbS CQD film. (b) Percent Jsc enhancement
(color scale) as a function of film thickness and nanoparticle separation. The white
dashed lines are contours at 10%, 20%, 30% and 40% Jsc enhancement to guide the
eye. The blue line indicates a thickness of 160 nm, twice the reported thickness in
Reference [77].[28]
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Figure 3.5a is a plot of the predicted photocurrent and photocurrent en-
hancement as a function of relative nanoparticle separation. There is an
optimum separation, or number density, of embedded plasmonic nanoparti-
cles in each case, and the predicted Jsc enhancement has a long tail extending
to the limit of large nanoparticle separation. The circles correspond to the
Jsc enhancement for the best-performing cells in each study and estimated
experimental values of C for the three systems were approximately 2-5, which
lie in the large separation/low density range.[104, 117, 135] Generally, due
to the difficulty in achieving precise control of the synthetic and deposition
processes, there are multiple sources of error in the estimations of nanoparticle
size and density; however, all experimentally observed enhancements fell

within the range predicted by our model.

The largest relative photocurrent enhancements are predicted for the sys-
tem composed of Ag nanoclusters embedded in PCDTBT:PC7oBM. This is
primarily due to the small thickness (80 nm) of the absorbing film; intuitively,
larger relative enhancements should be possible for thinner active layers in
which initial absorption is less complete. We examined the effect of the thick-
ness of the PCDTBT:PC7,BM layer by varying it simultaneously with the
effective nanoparticle separation to determine the potential Jsc enhancement
as shown in Figure 3.5b. The maximum Jsc enhancement requires a thickness-
independent high density of embedded plasmonic nanoparticles. The blue
dashed line indicates a thickness of 160 nm, which is double the reported
thickness in Reference [77]. If the organic layer thickness could be doubled,

the predicted Jsc enhancement in the organic system is very close to that
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predicted in the other two systems. This reinforces the idea that plasmonic
enhancements are potentially more useful in extremely thin films, even inde-
pendent of photovoltaic material type, and that OPV cells in particular may

have more to gain from embedded plasmonic enhancement schemes.

3.2.6.2 Effect of Nanoparticle Shape

Since our model uses calculated plasmonic absorption and scattering cross-
sections as inputs, it can incorporate non-spherical nanoparticles, many of
which have been used in embedded photovoltaic enhancement schemes.[103,
133] Shape plays an important role in plasmonic nanoparticle properties.[155,
174,175, 176, 177, 178, 179, 180, 181] Sharp edges can drastically increase
local field intensity while simultaneously introducing strong parasitic absorp-
tion.[175, 176, 178, 179, 181] We applied our model to systems composed
of octahedral and truncated octahedral Au nanoparticles (70 nm in length)
embedded in PCDTBT:PC7BM [103], and compared them to a system with
similarly-sized Au nanospheres as the plasmonic material in the same matrix.

The simulation results are shown in Figure 3.8.
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Figure 3.8: Scattering (solid lines) and absorption (dashed lines) cross-section vs.
wavelength for different shaped plasmonic nanoparticles of similar size embedded in
a PCDTBT:PCBM background. Red: 70 nm octahedral Au nanoparticles. Green: 70
nm truncated octahedral Au nanoparticles. Blue: 70 nm Au nanospheres.[28]

The octahedral particles contain sharp points, while the truncated octa-
hedra are much closer to spherical in shape. FDTD simulations indicate that
gold nanospheres and truncated octahedra of similar size have similar optical
properties. The truncated octahedra exhibit a slight red shift and a decrease
of the scattering cross-section peak amplitude compared to the nanospheres.
The regular octahedral nanoparticles exhibit smaller scattering amplitudes
and an increase in absorption with a large red shift compared to the other
particles. The absorption cross-section exceeds the scattering cross-section

in the 300-800 nm spectral range, indicating that this particle type will not
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enhance absorption in a PCDTBT:PC7oBM film.

Both the truncated octahedra and the nanospheres have scattering cross-
sections larger than their absorption cross-sections near 700 nm in wavelength,
indicating that both nanoparticle types have the potential to enhance photo-
voltaic absorption in this spectral range. However, at wavelengths shorter
than 600 nm, the absorption cross-sections are generally larger than the scat-
tering cross-sections, meaning that parasitic absorption will exceed any useful
scattering enhancement in this range. This test case illustrates the need to
engineer nanoparticle shape for a specific application, and, generally, that
shapes with sharp corners often introduce more parasitic absorption than

useful scattering enhancements.
3.2.6.3 Effect of Nanoparticle Size and Material

The size-dependence of the scattering and absorption properties of plas-
monic nanoparticles is another useful tuning knob for optoelectronic applica-
tions.[179, 182, 183, 184] We studied the size-dependent behavior of systems
composed of Au and Ag nanospheres embedded in PCDTBT:PCyBM. The
results are shown in Figure 3.9. We used a fixed nanoparticle separation of C

=2 and a photovoltaic layer thickness of t = 80 nm for these calculations.
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Figure 3.9: (a), (b) Relative scattering efficiency (Qs - Q,) vs. wavelength and particle
size for Au (a) and Ag (b) nanospheres embedded in an organic film. The dashed
contour lines represent Q; - Q, as labeled. (c), (d) Percent absorption enhancement or
loss vs. wavelength and particle size for Au (c) and Ag (d) nanospheres embedded in
an organic film. The dashed contour lines represent relative percentage changes as
labeled. (e), (f) Percent Jsc loss or enhancement vs. relative particle separation and
particle size for Au (e) and Ag (f) nanospheres embedded in an organic film. The
dashed contour lines represent relative percentage changes as labeled.[28]
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The relative scattering efficiency and the absorption enhancement red-shift
as a function of nanoparticle size, as can be seen in Figure 3.9. The Au system
exhibits significant parasitic absorption in the shorter wavelength regime.
Figure 3.9c demonstrates that embedding these types of particles in the OPV
film is predicted to result in no net JsC enhancement. This is because parasitic
absorption is predicted to dominate within the AM1.5G peak power range
and relevant absorption window for PCDTBT:PCy,BM of 300-800 nm.

One potential method for avoiding nanoparticle parasitic absorption in the
strongly absorbing spectral ranges of the photovoltaic material is to embed
nanoparticles at selective locations along the illumination direction of a device.
Au nanoparticles such as those modeled in Figure 5 could be embedded at the
back of a PCDTBT:PC7(BM layer (farther from the illumination plane) so that
shorter wavelength photons can be substantially absorbed before reaching
the nanoparticle locations within the film. Only photons with wavelengths in
the more weakly-absorbing spectral region of PCDTBT:PC7oBM and the more
strongly-scattering spectral region of the nanoparticles (600-800 nm) would
have a high probability of interacting with the plasmonic elements, thereby

enhancing total absorption in the device.

The system composed of Ag nanospheres embedded in PCDTBT:PC;oBM
behaves both qualitatively and quantitatively differently from the Aunanosphere
system. As can be seen in Figure 5d, Ag nanospheres with diameters larger
than 35 nm can be strong enhancers in PCDTBT:PC7BM at wavelengths
near 650 nm. The spectral range of enhancement displays a red shift with

increasing nanoparticle size. The main spectral peak corresponds to the dipole
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LSPR mode of the Ag nanospheres, and the overall enhancement is a result of
competition between the scattering and parasitic absorption. The calculated
electric field profile of the LSPR mode at 680 nm and scattering and absorp-
tion cross-sections vs. wavelength for an 80 nm diameter Ag nanosphere

embedded in a PCDTBT:PC;oBM film can be seen in Figure 3.10.
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Figure 3.10: (a) Scattering and absorption cross-section vs. wavelength for an 80
nm diameter Ag nanosphere embedded in a PCDTBT:PC7BM background. (b)
Calculated normalized electric field intensity (A = 680 nm) for a single Ag nanosphere
at the plane normal to the incident illumination.[28]

Figure 3.9e shows the wavelength-dependent absorption enhancement for
different sized Ag nanospheres. Due to the high absorptivity of PCDTBT:PC;0BM
below 500 nm, most of the light in this range is absorbed in 80 nm of material
without the integration of plasmonic nanoparticles. Since the absorptivity of
PCDTBT:PCy;BM between 600 nm and 800 nm is low, exploiting nanopar-
ticles with strong scattering in this spectral range results in an absorption
enhancement, with the peak enhancement exhibiting a red-shift as a function

of nanoparticle size.

Using the AM1.5G spectrum as our input, we calculated the predicted Jsc

92



enhancement as a function of Ag nanosphere size and number density. The
results are shown in Figure 3.9f; significant Jsc enhancements can be achieved
for Ag nanospheres with diameters larger than 45 nm. Larger Ag nanospheres
and higher number densities result in larger predicted Jsc enhancements. For
all sizes of embedded Ag nanospheres, the predicted Jsc enhancement has
a long and relatively flat tail in the large nanoparticle separation limit and
becomes very sensitive to separation changes in the high number density

limit.
3.2.6.4 Model Validity

The above model estimates the effective absorption in an absorbing photo-
voltaic layer using the Beer-Lambert law, which describes bulk absorption in a
homogeneous medium. However, in a typical multi-layer solution-processed
thin-film solar cell, the layer thicknesses are on the scale of the wavelengths of
interest, and, as a result, interference effects can play an influential role in real
device absorption. These interference effects could be included in our model
by embedding the expression for absorption within a thin film interference
calculation framework such as the Transfer Matrix Method (TMM) for a multi-
layered structures.[185] Such methods take as inputs the thicknesses and the
wavelength-dependent complex indices of refraction of the different optical
material layers. Our model predicts the new effective absorption coefficient of
the modified absorbing medium in a system containing embedded plasmonic
nanoparticles. This absorption coefficient is directly related to the imaginary
part of the refractive index function; however, estimating an effective real part

is more complicated due to the surface plasmon condition that the real part of
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the dielectric function change signs across an interface.

In order to test the effect of thin film interference on the sample device
absorption results described above, we input the modified imaginary part
of the refractive index from our model into a TMM solver[186] and varied
the real part by using small perturbations around the original values for a
given set of CQD device layer thicknesses.[117] The main effect on total device
absorption was due to the addition of a back reflective contact and was less
sensitive to variations in the thickness of the front illuminated side transpar-
ent contact layers. Due to interference effects, the predicted photocurrents
calculated using the TMM were slightly higher (by less than 10%) than the
predictions using the Beer-Lambert-based model above, but the overarching
trends associated with relative nanoparticle concentration were preserved. A
+10% perturbation of the real part of the refractive index of the active layer

resulted in a +8% shift in the original predicted photocurrents.

Although calculations that take thin film interference effects into account
must be used to make accurate predictions of the photocurrent in a real device
structure, our enhancement model can be used to evaluate the total absorption
enhancement potential associated with an embedded plasmonic nanoparticle
strategy as a function of particle type, size, and concentration. Specific device
designs can then be fine-tuned by using thin film interference and other light

trapping effects.

As previously mentioned, the model described above is a good approxima-
tion for real systems when Equation 3.9 is satisfied, i.e. the average nanoparti-

cle concentration is relatively small. This is borne out by the close match of
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the predicted Jsc enhancements with the reported experimental results. When
Equation 3.9 is not satisfied, the model can still be used, but coupling effects
between the nanoparticles must be taken into account via simulation of the op-
tical properties of a larger system.[183, 184] In addition, at higher nanoparticle
concentrations, our model becomes less accurate due to strong nanoparticle
scattering effects and the break down of the plane-wave condition for the

Beer-Lambert law.

The model predicts absorption enhancement and corresponding JSC en-
hancement by assuming perfect carrier collection (IQE) in the photovoltaic
systems. However, it is possible to include carrier loss induced by the nanopar-
ticle inclusions into the model, and models that account for both optical and
electrical effects have been developed for other proposed systems. [187, 188,
189, 190] This could be achieved, for example, by calculating the effective
nanoparticle electronic trap capture cross-section and subtracting the trap-
ping efficiency from the Q terms in the calculation of aplasmonic (Equation
3.6). Other carrier loss mechanisms in real devices could be included through

experimental IQE measurements.

3.2.7 Perspective and Future Directions for Solution Processed
Solar Cells

General strategies for designing an effective plasmonic enhancement scheme

for a specific photovoltaic system can be based on the following two steps:

1. Choose an appropriate material, shape and size in which the scatter-

ing cross-section is larger than the absorption cross-section within the
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photovoltaic material of interest for the intended spectral enhancement

range.

2. An effective medium approach, such as the model described here, can
be used to select the optimum embedded nanoparticle density for maxi-

mum plasmonic absorption enhancement of the photovoltaic medium.

As has been demonstrated through successful experiments, this strategy
can lead to absorption and consequent photocurrent enhancements in real
devices. Careful analysis of the model described above, however, indicates
that the absolute magnitude of the potential enhancements may be limited.
Specifically, in CQD and perovskite solar cells, the model predicts that the
maximum achievable plasmonic photocurrent enhancements can probably
only improve upon the current best performing devices by about 15%, corre-
sponding to 1 -4 mA/cm? of additional photocurrent. Given these results and
the history of steady transport improvements in these materials, we recom-
mend that the fields concentrate instead on improving fundamental materials
properties such as decreasing electronic trap state densities and increasing
charge carrier diffusion lengths through improved passivation and growth
methods. Plasmonic enhancements are of most interest for applications where
external considerations limit the thickness of the active material to less than

that already utilized in the best performing devices.

In contrast, the outlook for plasmonic enhancements in organic photo-
voltaics may be much brighter. Active layer thicknesses are smaller in the
best performing OPV classes due to limitations on exciton dissociation and

diffusion. Therefore, plasmonic photocurrent enhancements of up to 40% are
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predicted by our model, as can be seen in Figure 3.9. Specifically, the field
should concentrate on using large (up to 100 nm) silver particles for OPV
tilms due to the LSPR spectral overlap and reduced parasitic absorption at
shorter wavelengths, and nanoparticle shapes with pointed vertices should
be avoided due to the parasitic absorption induced by the sharp edges. From
a practical standpoint, care must be taken in using large nanoparticles for thin
film enhancement to avoid the formation of detrimental shunt paths in devices.
Critically, further absorption and photocurrent enhancements are predicted to
be possible at larger embedded nanoparticle densities than have previously
been explored. However, the density must be fine-tuned in order to achieve
optimum performance due to the sharply peaked nature of the predicted
enhancement curves, as seen in Figure 3.7. In recent years, there have been
improvements in achieving thicker absorbing layers for OPVs,[191] and the
maturation of these improvements would render plasmonic enhancements

less applicable.

In addition to emphasizing work on plasmonically enhanced OPV, we
propose two relatively unexplored plasmonic enhancement paths. The first is
aggressively pursuing new plasmonic materials strategies. Gold and silver
have been the most commonly used plasmonic materials in photovoltaics due
to their low-loss behavior in the visible wavelength range resulting from the
relatively small values of the imaginary parts of the dielectric function. Alter-
natives such as aluminum, copper and indium tin oxide also have the potential
for low loss in specific spectral ranges. New strategies that take advantage of

these materials could include spatially integrating ITO nanoparticles at the
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base of a tandem device to enhance infrared absorption, or using aluminum
nanoparticles for ultraviolet absorption enhancement in thin absorbing ac-
tive layers. Additionally, alloying different metals to achieve "averaging" of
the spectral properties for broadband enhancement is an attractive potential

strategy.

The second path of interest is pursuing electronic coupling to make true
hybrid plasmonic-excitonic materials. Instead of considering only the opti-
cal properties of plasmonic enhancers in forming an effective medium, full
treatment of the electronic effects of these materials could make plasmonic
materials of interest for multiple classes of solution processed solar cells. The
goal would be to use coherent electronic coupling of plasmonic particles to
semiconducting media in order to engineer the excitonic structure. This mate-
rial hybridization strategy could be used to extend the spectral sensitivity of
organic materials to infrared wavelengths, e.g. or could be used modify the
band structure CQD films to increase absorption near the exciton wavelengths

while aiding in transport.

In conclusion, as the field of plasmonically-enhanced solar cells matures,
focusing on strategies with the highest potential for enabling real performance
advances is of increasing interest. We believe this entails adjusting nanoparti-
cle concentration as the most crucial tuning knob in embedded plasmonically-
enhanced photovoltaic devices, working on the specific silver-based strategy
outlined for OPV and pursuing the advanced methods described above that

go beyond the traditional gold/silver optical enhancement paradigm.
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3.3 Tuning color and transparency in CQD solar
cells by optimized multi-layer interference

This section is adapted (in part) from Ref. [192]. Reprinted with permis-
sion from Optics Express 24, no. 4, A101-A112, "Color-tuned and transparent
colloidal quantum dot solar cells via optimized multilayer interference," by Ar-
inze, Ebuka S., Botong Qiu, Nathan Palmquist, Yan Cheng, Yida Lin, Gabrielle

Nyirjesy, Gary Qian, and Susanna M. Thon, copyright © 2017.

3.3.1 Introduction

Multi-colored solar cells, solar cells with controlled, tunable spectral reflec-
tion and absorption profiles, are of significant interest due to their potential
to be coated on exterior surfaces of urban infrastructures, such as building
tacades, rooftops and automotive skins, to serve both aesthetic and functional
purposes.[193, 194] In tandem cell applications, there is also a need to system-
atically control absorption and, in turn, achieve the required current-matching
in cells that possess different spectral absorption profiles. Additionally, semi-
transparent solar cells are attractive for integration into portable electronics
[195] and for window coatings to help with building and vehicular heat
management.[196, 197] Solar cells based on solution-processed materials are
especially promising for these large-area applications because of their thin-
film and lightweight nature, ease and flexibility of fabrication, associated low

costs, and high efficiency potential.

Past examples of colored solution-processed solar cell technologies in-

clude using combinations of dyes,[198] photonic filters,[199] physically- or
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chemically-modified absorbing/transport layers,[200, 201, 202, 203, 204, 205]
integrated liquid / photonic crystals,[206, 207] embedded optical microcavities
and dielectric mirrors,[202, 208, 209] and modified top/bottom electrodes
[210, 211, 212] in dye-sensitized, organic, and perovskite solar cells. Although
multi-colored and semitransparent solar cells based on perovskites and or-
ganic materials have been demonstrated, their narrow spectral absorbing
ranges, which lie mainly within the visible portion of the spectrum, represent
a significant drawback for achieving high photocurrents. As a result, light
management strategies to produce cell colors or achieve transparency come

with an unavoidable loss of device efficiency.

Colloidal quantum dots (CQDs), semiconducting nanocrystals stabilized
in solution, are a promising candidate material for achieving multicolored and
semitransparent solar cells [213, 214] due to their band gap tunability, which
is enabled by the quantum size effect.[215] Specifically, lead sulfide and lead
selenide (PbS, bulk band gap energy of 0.41 eV,[216] and PbSe, bulk band gap
energy of 0.27 eV [217]) CQDs have band gaps that can be tuned from the near-
infrared to the visible portion of the spectrum. As a result, visible absorption
losses induced by the design of multicolored or semitransparent cells can

potentially be compensated for by enhanced absorption in the infrared region.

Standard CQD film-based devices [213, 214, 218](Figure 3.11) employ
different electronic layers that have thicknesses on the order of the optical
wavelengths of interest. The layer thicknesses and design are typically opti-

mized for their electrical properties, but optical thin-film interference plays a
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large role in these devices as well, as demonstrated by efforts to utilize inter-
ference effects to achieve semitransparency and absorption enhancement via
electrode modification [219, 220] and microcavity structuring.[220, 221] Tradi-
tionally, transparency in CQD-based devices is induced by employing thin
absorbing layers.[222, 223] In this study, we design, optimize and fabricate
multicolored and transparent CQD solar cells based on thin-film interference
engineering concepts to customize both optical and electrical device proper-
ties.[224] Using physical and mathematical modeling techniques, including
Transfer Matrix Method (TMM) calculations [186] and multiobjective opti-
mization algorithms,[225, 226] we have developed an optimization method
for the custom-design of multicolored and transparent CQD solar cells that
could be generalized to other materials systems. The optimization sequence is
depicted in Figure 3.11c. The method maximizes reflection and transmission
at specific wavelengths, creating a desired cell color, while simultaneously

requiring high photocarrier generation rates in a solar cell device.

Our multi-layer thin film calculations were based on a depleted heterojunc-
tion architecture [61] design for CQD photovoltaics, but could be generalized
to include any optoelectronic layer structure. Figure 3.11 shows an example of
this architecture, which consists of an optically thick glass substrate, followed
by indium tin oxide (ITO, the bottom contact), TiO, (the n-type layer), PbS
CQD film (the p-type layer), MoOs (buffer layer), and Ag (the top electrode).
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Figure 3.11: (a) Schematic of a CQD-based solar cell illustrating the spectrally-
dependent optical interference patterns that can result from tuning the thicknesses of
the different cell layers. As incident broadband sunlight passes through the device,
constructive or destructive interference occurs at certain wavelengths, resulting in
wavelength-dependent reflectivity and transmission, giving the cell its apparent color
or semitransparency. (b) Cross-sectional scanning electron microscope (SEM) image
of the structure shown in (a) with the layers labeled. (c) Graphic representation of the
optimization technique to produce cells with defined color characteristics. Space set
of thickness combinations is (i) initialized and each combination is transformed to
(ii) a reflection spectrum via TMM. These spectra in combination with incident (iii)
AM1.5G and color matching functions are translated to rgb colors on (iv) chromaticity
plots where the distance to the intended color is (v) minimized. This optimization
cycle repeats until a global minimum is realized.[192]

102



3.3.2 Optimization of the photocurrent-color tradeoff

We use the TMM, which takes the thicknesses and complex refractive indices
of all layers as inputs, and calculates normalized electrical field profiles within
the multi-layer structure. In our simulations, the materials models are com-
posed of complex refractive index data from the literature and experimental
ellipsometry measurements, and we consider a broadband illumination source
with a wavelength range of 300 - 1800 nm. In the case of opaque reflective
colored solar cells, Ag is used as the back contact, and ITO is used as the
back contact for the semitransparent solar cells. We calculate the reflection
spectrum of the device, and predict the expected "color" by combining this
spectrum with an appropriate set of color matching functions (1931 CIE [227])
and an illuminating spectrum (AM1.5G). The predicted color can be repre-
sented on a 2-dimensional chromaticity plot, as shown in Figure 3.133a Cell
"transparency" is calculated by averaging transmittance data over the visible

wavelength range (420 nm - 680 nm) output by the TMM calculations.

In order to optimize the color response of our cells, we use particle swarm
optimization (PSO),a population-based algorithm,[225] tailored for our spe-
cific application, as illustrated in Figure 3.11c. A "swarm size" of solution
thickness sets is initialized and fed into the TMM to generate associated re-
flection spectra, which are then transformed to apparent color. These [rgb]
co-ordinates are then optimized for a specific reflected color/wavelength
response by minimizing the distance between the target point and solution
point on the chromaticity plot, yielding a global solution via multiple itera-

tions. The presence of two different populations (pbest and pcurrent) and
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particle movements in PSO allows for both greater degrees of exploration
and faster convergence when compared to other optimization methods, such
as genetic algorithms. Due to the multilayer architecture of our device and
highly multidimensional search space involved, a semi-periodic reflectivity
landscape with multiple local minimal emerges. Therefore, employing a PSO
with a relatively large "swarm size" provides an efficient route to identifying

the global minimum for our highly multidimensional optimization problem.

Despite the infrared responsivity of the PbS CQDs, there still exists a trade-
off between the available photocurrent and visible transparency in device
designs. This trade-off can be partially mitigated by taking the advantage of
multi-layer interference effects to reduce visible field overlap with the CQD
layer while maintaining absorption in the infrared. In order to achieve high
photocurrent with minimum loss of visible transparency, we used PSO to
perform single-objective optimizations on the layer thicknesses, keeping the
PbS layer thickness constant. The three optimization targets chosen to explore
the entire parameter space involved with the trade-off were high transparency,
high photocurrent, and low transparency. The available photocurrent and
average transparency of each solution to the three optimization problems are

shown in Figure 3.12.
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Figure 3.12: (a) Calculated average transparency (%) and corresponding available
photocurrent density (mA/cm?, color bar) versus PbS CQD film thickness (nm).
Top curve: optimized for maximum average visible transparency. Middle curve:
optimized for maximum available photocurrent density. Bottom curve: calculated
for minimum average transparency. Calculated electric field intensity as a function
of wavelength and position in the transparent device structure (ITO back contact)
with a PbS CQD layer thickness of 200 nm for: (b) transparency-optimized case; (c)
photocurrent-optimized case.[192]

In Figure 3.12a, the average transparency is plotted as a function of CQD
layer thickness, and the available photocurrent is represented by the color.
The top curve is the set of solutions at each given PbS CQD film thickness

optimized for the highest transparency. The middle curve is optimized for the
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highest photocurrent at each film thickness. Higher photocurrent comes with
the expected trade-off of lower transparency. The bottom curve is calculated
for the lowest transparency, and it has the lowest available photocurrent of
the three sets of solutions. The difference between the bottom curve and the
middle curve represents both the photocurrent and degree of transparency
that can be gained for a given active layer thickness by doing a rational layer

thickness optimization via our method.

The high photocurrent for the middle curve is achieved by maximizing the
electric field intensity within the absorbing layer. The high transparency of
the top curve is achieved by employing multi-layer interference to minimize
the electric field intensity at visible wavelengths within the absorbing layer.
The difference between these two cases is visualized in Figures 3.12b and c. In
the optimized photocurrent case (Figure 3.12¢), there is an intensity peak at a
wavelength near 700 nm within the CQD film, allowing more longer wave-
length light to be absorbed within this layer. In the optimized transparency
case (Figure 3.12b, there is no electric field intensity peak at the edge of the
visible spectral range; instead, there is a peak closer to 800 nm at the NIR
edge, allowing visible light to be transmitted and maintaining a relatively

high photocurrent through NIR photon absorption.
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Figure 3.13: (a) Chromaticity plot showing achievable colors given minimum pho-
tocurrent requirements (J > 15 mA/cm?, ] > 20 mA/cm?, and | > 25 mA/cm?).
Calculated Transmittance plots showing: (b) trade-off between transparency and
photocurrent (for CQDs with 950 nm exciton peak wavelength), and (c) achievable
transparency given minimum photocurrent requirements for different CQD excitonic
peak wavelengths.[192]

The tradeoffs between attainable color or transparency and minimum de-
vice photocurrent are illustrated in Figure 3.13a. From this plot, it is apparent
that photocurrent requirements more strongly affect "redder" colors, whereas
the range of "bluer" colors that can be achieved shows little correlation with

achievable photocurrent. Figure 3.13b shows transmittance plots for devices
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optimized for their transparency based on photocurrent restrictions. As ex-
pected, lower required device photocurrents result in higher potential visual
transparency levels. Figure 3.13c shows the dependence of the photocur-

rent/transparency tradeoff on the CQD excitonic peak wavelength.

3.3.3 Effects of non-ideal layers on color saturation

In evaluating the prospects for real devices, it is important to take into ac-
count non-ideal effects, such as interface roughness, non-uniformity of the
layer physical properties, and the presence of scattering centers formed by
impurities and contaminants. We can incorporate these effects into our model
by using another parameter, the effective "optical roughness" of each layer.
We create a sufficiently large number of samples with random thicknesses
by adding the standard deviation of a Gaussian distribution based on the
measured or assumed roughness to the mean thickness for each layer. We
then calculate the reflectance curve of each sample in the distribution and
statistically average the reflectance from all samples to derive the effective

reflectance curves.
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Figure 3.14: (a) Simulated reflectance curves for a specific color objective with and
without an effective optical roughness of 10% for the ITO/TiO, layers and 10% for the
CQD layer. (b) Effects of different levels of roughness on the chromaticity of a "blue"
device. Percentages refer to the ratio of the standard deviation to the ideal thickness
of the ITO/TiO, layer. The white point of the standard illuminant is also plotted as
a reference point. (c) Roughness (10%) has the effect of moving the vertices on the
largest achievable triangle of color profiles closer to the white point.[192]

Due to the nanostructured nature of the material itself as well as the
deposition technique, the CQD layer typically has a geometrical roughness
of 3-10 nm.[142] The geometrical roughness of the underlying electrodes and
oxide layers deposited by evaporation, which can be determined from surface
profilometry, is usually smaller than that of the CQD films. However, the
effective optical roughness can be significantly greater than the geometrical
roughness. One possible origin of optical inhomogeneity in the ITO and TiO,
layers is the compositional and structural non-uniformity introduced during
the deposition and processing steps, which can be seen as a spatial variation
in the refractive index profile of the electrode films.

Figure 3.14 shows the effects of non-ideal interference on the reflectance
curves as well as the effective colors of the devices. As can be seen in Figure
3.14a, the reflectance from devices with rough CQD layers is smoothed in the

red spectral region, while the shorter-wavelength region is mostly unaffected
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by the roughness. For rough TiO, and ITO layers, the deviations from the
ideal case are greater in the blue region. The changes in the reflectance curves
reduce the wavelength selectivity, and make the apparent color less saturated.
The chromaticity plot in Figure 3.14b demonstrates this effect for a device
that is designed to be blue in color. As the effective optical roughness of the
ITO/TiO, layer increases, the chromaticity point moves towards the white
point, decreasing the saturation, and shifting the color towards brown-grey.
In Figure 3.14c, after accounting for the optical roughness, all 3 points corre-
sponding to the maximum achievable saturation of red, blue and green, are
closer to the white point. This approach to considering the effects of non-ideal

interference is particularly useful for understanding color in real devices.

3.3.4 Application in tandem structures

Our proposed method for color-tuning CQD solar cells is of particular in-
terest for applications in all-CQD and hybrid tandem photovoltaics, where
current-matching is critical to series-connected device performance. CQDs are
particularly suited to tandem applications because of their band gap tunability,
infrared responsivity, and compatibility with a variety of materials systems
afforded by their solution-processing. This flexibility effectively eliminates
the difficulty of finding a materials combination possessing both appropriate
band gaps and suitable lattice matching for optimized multijunction cells.[228]
Proof-of-principle studies have demonstrated tandem structures utilizing all-
CQD materials systems [229, 230, 231] and CQDs in conjunction with polymer
materials.[232, 233]
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In these series-connected CQD tandem structures, current matching is
essential to obtain high efficiency devices. Generally, this is achieved by
empirically adjusting the layer thicknesses until approximately equal photon
absorption occurs in the two active layers. Here, we use our optimization
algorithm to take into account the effects of interference in a multilayered

stack to design optimum absorbing layer thicknesses.

For our optimization simulation, we employed a PbS CQD system com-
prised of 1.55 eV and 0.95 eV dots which are both within 5% of the opti-
mum band gaps for the maximum efficiency in a two-junction tandem struc-
ture.[234] In addition, our simulated tandem structure integrated a graded
recombination layer as demonstrated in a previous study.[229] Calculating
absorption using only the Beer-Lambert law [166] in the active layers, not
taking into account reflection, gave optimum thicknesses of 350 nm and 247
nm for the front and back cells, respectively, predicting a maximum photocur-
rent of 18.1 mA /cm?. Using our optimization process, we obtained optimum
thicknesses of 350 nm and 196 nm for the front and back cells, respectively,
achieving an output-matched photocurrent of 18.6 mA /cm?. We achieved a
~3% increase in expected photocurrent using our optimized approach, even
though it takes into account reflection and the detrimental parasitic absorp-
tions in the electrodes and the other non-active layers in the 9 layer tandem
stack, whereas the control case does not. Our optimization method, account-
ing for both interference and reflection, provides an efficient route for tandem

layer designs in both CQD and hybrid systems.
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3.3.5 Experimental results and discussion

We fabricated several proof-of-principle CQD solar cell devices based on our
optimization method designs for different colors using PbS CQDs with exciton
peak wavelengths near 950 nm. To minimize the fabrication uncertainty in the
layer thicknesses, we used commercial ITO-coated glass substrates with ITO
thicknesses of 28 nm for our "red" and "green" cell designs. For the "blue" cell,
we deposited ITO on a glass substrate via e-beam evaporation, followed by an
annealing process, to obtain our target optical thickness. The TiO, layer was
also deposited using e-beam evaporation for precise thickness control, and
a TiCly solution treatment was applied afterwards.[117] The PbS CQD layer
was built up using a layer-by-layer solid state ligand exchange process.[117]
Two or three drops of oleic acid capped PbS CQD solution at a concentration
of 50 mg/mL per layer were deposited through a 0.22 ym pore filter and
spin-cast on the substrate. 0.5% mercaptopropionic acid (MPA) in methanol
was used to soak the film for 3 seconds to replace the oleic acid, then the
film was spin-cast dry. Lastly, the films were washed with methanol twice
to remove the unbound ligands, completing the deposition of one CQD film
layer. The total CQD film thickness was controlled through the acceleration,
spin speed, spin time and number of layers and verified using profilometry
measurements. We were able to control the thickness of the CQD layers to
within £15 nm. The top contact was composed of a thin MoOj3 buffer layer

and Ag, which were both deposited via e-beam evaporation.

Photographs of the colored and transparent cells are shown in Figure 3.15a.
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We measured the reflectance of each solar cell using an Agilent Cary 5000 UV-
Vis-NIR spectrophotometer with an integrating sphere insert, calculated the
corresponding xyz color values by integrating over the AM1.5G spectrum, and
plotted them in a chromaticity diagram. The reflectance spectra are plotted

in Figure 3.15b, and the calculated color of the fabricated devices is shown in

Figure 3.15d.
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Figure 3.15: (a) Experimental reflectance and transmittance spectra for colored and
semi-transparent solar cells, respectively. (b) Chromaticity plot showing the calcu-
lated coordinates for different colored devices. Crosses indicate design points while
corresponding colored shapes indicate experimental points. (c) J-V characteristics
taken under simulated solar illumination for colored and semi-transparent devices.
(d) Photographs of blue (upper left), green (lower left), red (center), yellow (upper
right), and semi-transparent (lower right) CQD solar cells.[192]

We also fabricated semi-transparent devices based on our optimization
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Cell Type  Voc (V)  Jsc FF PCE(%) Design Parameters

(mA/cm?)
ITO/TiO,/PbS/MoO3/Ag
(nm)
Blue 0.564+0.01 14.6+0.6 0.444+0.01 3.64+0.1 240/113/400/100/475
Green 0.55+0.02 12.1£0.7 0.42+0.02 2.840.1 28/150/297/12/60
Yellow 0.534+0.01 12.6+0.5 0.414+0.01 2.74+0.2 28/150/297/12/60
Red 0.50+0.03 10.3+0.8 0.41+0.03 2.1+0.3 28/166/222/22/274

Transparent 0.46+0.05 5.2+0.7 0.314+0.01 0.8+0.1 28/349/170/17/85(ITO)

Table 3.2: Average performance characteristics of colored and transparent solar cell
devices showing open-circuit voltage (Voc), short-circuit current (Jsc), fill factor
(FF) and power conversion efficiency (PCE). All measurements are for at least 5
devices.[192]

method. The top contact of these devices was a composite electrode consisting
of spin-coated Ag nanowires and ITO nanoparticles. Our test devices had
measured visible transparencies ranging from 27.3% to 32.2%. The measured
transmittance spectrum of the highest efficiency device is plotted in Figure

3.15c.

All current density-voltage measurements were carried out in a nitrogen-
purged environment. Current density-voltage curves were measured using a
Keithley 2400 source meter with illumination provided by a Sciencetech solar
simulator with an irradiance of 1000 W/m?. The active area of the solar cell
was illuminated through a circular aperture with an area of 0.044 cm? =+ 0.003
cm?. The power through the aperture, measured using a Thorlabs broadband
power meter, was used to calibrate the power density. The measured short
circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), and power

conversion efficiency (PCE) for the different cells are summarized in Table 3.2.

The differences in performance between the devices are related to their
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different design parameters, which are determined by the need to optimize
reflection and transmission over specific wavelength ranges. Blue is a rela-
tively difficult color to produce using this method, since the reflections are
minimized due to the strong absorption of the CQD film in the blue region of
the spectrum. The optimal design included a very thick CQD film layer. The
lower FF of the semi-transparent device is related to the difficulty in making a
strongly conducting top transparent contact without heat-processing due to

the presence of the temperature-sensitive underlying CQD film.

Generally, the experimental photocurrents were smaller than those pre-
dicted by the simulations by approximately 50-60%, due to experimental
deviations from the model assumptions. The simulations make the assump-
tion of perfect carrier collection (IQE = 100%), whereas CQD solar cell IQE
is typically on the order of 50-90% above the band gap.[117, 235] Addition-
ally, experimental variations in the device layer thicknesses can contribute to
lower average photocurrents. On average, the ITO, TiO,, and PbS CQD layer
thicknesses in our devices were within 15 nm, 10 nm, and 15 nm, respectively,

of the design thicknesses.

3.3.6 Conclusion and outlook

We developed a method for producing arbitrary spectral profiles in layered so-
lar cell structures using thin film interference modeling techniques combined
with optimization algorithms. At selected wavelengths, our model maximizes
reflection and/or transmission to create a target color and transparency level

while simultaneously maximizing photocarrier generation rates. Our study
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revealed that designs with minimum transparency do not necessarily corre-
spond to the highest attainable device photocurrent, providing a pathway for
high efficiency colored devices. Although effective optical roughness in the
films decreases the color saturation, CQD solar cell devices with well-defined
color profiles can still be produced. Our optimization method produced layer
designs for tandem solar cell applications, with increases in expected pho-
tocurrent over conventional designs despite taking into account optical losses.
Experimentally, we fabricated proof-of-principle blue, green, yellow, red and
semi-transparent devices. The measured reflectance and transmittance spectra

agreed well with the perceived color and transparency levels.

Future work will focus on broadening the application of our model to
hybrid materials systems (single junction and tandem design structures based
on non-CQD-based films) and explicitly including additional loss mechanisms.
Additionally, the overall device performance could be improved by employ-
ing the current best CQD device architecture strategies with graded doped
CQPD layers involving solution-based halide passivation treatments.[236, 237]
Finally, this work, coupled with the development of more efficient room-
temperature-processed transparent electrode materials, should extend the

range of functionalities of flexible optoelectronic devices.

3.4 Engineering photonic bands in absorbing me-
dia for spectral selectivity

This section is adapted (in part) from Ref. [238]. Reprinted with permission

from Optics Express 26, no. 21, pp. 26933-26945, "Photonic band engineering
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in absorbing media for spectrally selective optoelectronic films," by B. Qiu, Y.

Lin, E. S. Arinze, A. Chiu, L. Li and S. M. Thon, copyright © 2018.

3.4.1 Introduction

Spectrally selectivity is critical in many optoelectronic applications, such as
optical imaging [239, 240], target recognition [241, 242], chemical detection
[241, 243, 244, 245] and solar energy harvesting [246, 234, 247, 248], but is
difficult to achieve in traditional semiconductors which typically absorb at
all energies above their band gaps. Specific examples of technologies requir-
ing fine-tuned spectral responsivity include finite bandwidth photodetectors
and materials with controlled transparency windows for multijunction and
transparent photovoltaics [246, 234]. Spectral-selectivity can be employed for
heat management in solar cells or other optoelectronic devices by reflecting
unwanted wavelengths that would otherwise be parasitically absorbed in
the contacts or other device layers. [249, 250, 251, 252] Common solutions
to this problem include using external filters for photodetectors [243], which
come with the cost of adding complexity to the system, and empirically con-
trolling the thicknesses of each absorbing material in tandem solar cells to
realize current matching, which often sacrifices photocurrent output [253, 229,
254]. Here, we propose a solution that achieves controlled spectral selectivity
within the absorbing material itself, i.e. the photogenerative material that is
responsible for energy conversion or transfer of the absorbed photon energy:
using photonic crystals to engineer the photonic band structure in absorbing

media to directly control the wavelength-dependent absorption, reflectivity
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and transmissivity.

Photonic crystals (PCs) are materials with periodic variations in their dielec-
tric functions, potentially creating a photonic band gap, a range of frequencies
in which photons are forbidden to propagate. This compelling mechanism
enables PCs to be used to manipulate light flow in many applications includ-
ing optical communications [255, 256, 257], computing [258, 259, 260, 261],
and optoelectronics [262, 263, 264, 265, 266]. In addition to artificial structures,
many examples of PCs can be found in the natural world, enabling effects

such as the structural colors of butterfly wings and beetles [267, 268, 269].

Most of these examples use PCs with photonic band gaps lying in the
naturally non-absorbing range of the materials, i.e. below the electronic band
gap where the material behaves like a simple dielectric, although photonic
band structures can be straight-forwardly tuned in frequency by adjusting
the length scale of the dielectric function periodicity (lattice constant). [270]
Positioning the photonic band gap of a PC in the absorbing region of a ma-
terial presents complications due to absorption being viewed as a loss mech-
anism for many applications. However, optoelectronic applications such
as photovoltaics or photodetectors rely on semiconductor absorption and
photogeneration as vital operating mechanisms, and the possibility of using
photonic band engineering within the absorbing region represents a potential
new spectral tuning mechanism. The concept is illustrated in Figures 3.16a
and b. Previous work on engineering photonic band gaps in lossy materials
includes forming PCs from metals that have shown diminished reflection

peaks with increasing absorption [271]. Initial work on forming PCs within
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the photoactive layers for solar cells has been proposed, focusing on utilizing
the PC structures for spectrally-selective light trapping [272] and absorption
enhancement [272, 273, 274] based on density of states modulation. For wave-
length selective-absorption, band-pass absorbers made from dye-glass [275]
have been widely implemented for decades, and in recent years, metamate-
rials based on periodic plasmonic structures have been demonstrated with
very high absorbance within the visible range for solar-thermal applications
[276]. These implementations typically focus on extending the spectral re-
sponse in their respective systems by combining structures with engineered
responses in different spectral ranges. However, rather than focusing on ab-
sorption alone, a comprehensive method for inducing spectral-selectivity that
aims to enable wavelength-dependent absorption, reflectivity and transmit-
tivity simultaneously, including not just absorption enhancement but also
suppression through the use of controlled transparency windows, has yet to
be demonstrated. Here, we describe how embedding PCs in photogenerative
materials could offer a handle for controlling spectral features across mul-
tiple wavelength bands and dynamic ranges in complicated optoelectronic

applications such as multi-junction solar cells.

Spectral-selectivity is particularly applicable for the design of color-tuned
materials with controlled transparency windows for multijunction and trans-
parent photovoltaics. Infrared (IR) sensitive materials, such as small-bandgap
semiconductors, absorb strongly at all energies above their band gaps. Molec-
ular materials, such as organic semiconductors, [277] typically have finite-

bandwidth absorption peaks in the visible and UV, but IR-only responsive
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materials are rare. To incorporate IR-sensitive materials into multijunction
solar cells, they must be positioned at the back side of a standard solar cell
device to permit the absorption of visible radiation by the front cell, and the
thicknesses of both cells must be fine-tuned to achieve current-matching. An
ideal material for incorporating multijunction functionality into current single
junction photovoltaic technology would have an absorption profile that was
both spectrally tunable and finite in bandwidth, thus offering flexibility for

both current-matching and device design.

The concept of using the photonic band structure in a slab-type PC to con-
trol the reflection and transmission of external propagating fields is illustrated
in Figure 3.16. In Figure 3.16, we present a system consisting of a 2D PC "slab"
structure in which a periodic lattice of air holes is drilled in a semiconductor.
The "out-of-plane” incident, reflected, and transmitted fields are highlighted
and interact with the "in-plane" resonant field with properties determined by
the PC structure. Here we use "in-plane" to describe physical structures or
fields and states that are bound by or mostly concentrated in the slab itself,
and "out-of-plane" to describe fields and waves that propagate indefinitely
outside of the slab structure. The "in-plane" fields and states compose the band
structure of the slab, and they can couple to the "out-of-plane” incident waves
at the point of the Brillouin Zone, shown on the right side of the Figure. We
sketch hypothetical reflection and transmission spectra at normal incidence
alongside a hypothetical (generic) in-plane band diagram for a structure such
as that shown in Figure 3.16 to illustrate the coupling between the in-plane

photonic bands and the out-of-plane reflection and transmission profiles. The
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transmission and reflection spectra should consist of a smoothly varying back-
ground that resembles a Fabry-Perot interference spectrum, [278] with sharp
and asymmetric resonance features on top. As will be discussed in the next
section, the coupling between incident waves and the photonic bands sharing
a lateral wave-vector results in resonance features in the transmission and re-
flection spectra of the slab. This coupling gives rise to the potential for tuning
the "out-of-plane" spectral selectivity by tailoring the band structure of the PC

slab, to achieve desired absorption, reflection and transmission profiles.
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Figure 3.16: Schematic of a generic 2D slab photonic crystal illustrating the spectral
tuning concept (left). The "in-plane" photonic band structure is used to generate
spectrally-selective reflectivity, transmissivity and absorption for target optoelec-
tronic applications. Broadband light (white in color) is incident on the slab, with
specific frequency components strongly coupled to the resonance modes of the slab
(yellow), resulting in spectrally-selective transmission (blue) and reflection (red). A
hypothetical photonic band diagram for the generic slab structure (photonic bands are
shown in yellow; the light line is shown in blue in the center panel) and "out-of-plane”
transmittance (blue) and reflectance (red) spectra at normal incidence are sketched
on the right side of the Fig. The green stripes show direct correlations (coupling)
between the sharp resonance features in the transmittance and reflectance spectra and
the photonic band states at the y-point. A Brillouin Zone diagram for the hypothetical
structure is shown above the photonic band diagram sketch.

In this work, we use finite-difference time-domain (FDTD) simulations
and Fourier modal methods [279, 280, 281] to quantify the effect of material
absorption on a slab PC with relevant photonic bands that fall above the

electronic band gap of the semiconductor slab material. We then use the
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insights gained from the simulations to design a PC structure in a solution-
processed semiconductor, based on a PbS colloidal quantum dot (CQD) thin
tilm, that strongly absorbs in the infrared but transmits visible light more
strongly than in the non-structured semiconductor. This type of material
could enable visible-blind infrared photodetectors without external filters,
and it could also allow for flexibility in current-matching in a tandem solar

cell.

3.4.2 Simulations

To study the effect of material absorption on photonic band structure, we
based our simulations on the well-studied 2D GaAs slab PC structure, [262]
which consists of a triangular lattice of air pillars in a semiconductor slab
of finite thickness. In FDTD simulations, we are able to artificially adjust
the strength of the absorption through control of the imaginary part of the
dielectric constant (e1) as long as we keep the real part (eg) constant, which
is equivalent to varying the real and imaginary parts of the refractive index
(n, k). Dispersion is not explicitly considered in the test-case model since
it results in difficulty in satisfying the Kramers-Kronig relations [282]. The
completely non-absorbing control case uses a material that has eg set to 13,
meant to approximate the average value of n for GaAs across the relevant
frequency range, and €; set to zero. We then gradually increase the value of €
in the simulations, keeping er constant, in order to systematically quantify

the effect of dissipation on the photonic band structure.

We use FDTD simulations to calculate the frequencies of the modes that
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can exist in the structure beyond the initial transient phase in our artificial
materials to reconstruct their photonic band structures. The broadband field
profile of the excitation source is chosen to ensure that all modes of interest
are excited. Randomly distributed time monitors collect the time-resolved
tield data. Destructive interference causes rapid decay of non-resonant fields,
while the excited modes of the structure resonate with varying decay rates for
the bulk of the simulation time. The frequencies of these modes are extracted

via fast Fourier transform (FFT).

Details of the FDTD simulation method for band structure simulations
[283] are as follows: The simulation volume consists of an integer number
of unit cells of the 2D periodic structure, and the volume is extended in the
z-direction symmetrically above and below the slab by approximately 10
lattice constants. Bloch boundary conditions are used for the x and y (in-
plane) directions and perfectly matched layers (PMLs) with symmetric or anti-
symmetric boundary conditions are used in the simulations corresponding to
the even (TE-like) or odd (TM-like) mode polarizations, respectively, for the
z-direction. Identical broadband dipole sources with random polarizations are
used to excite the modes and randomly distributed throughout the simulation
volume. Conformal meshing is used near material interfaces, and Maxwell’s
integral Eqs are used to account for structural variations within a single mesh
cell. We apodize the loaded time signals from each time monitor for each
field component, with a Gaussian-shaped windowing function used to only
consider the portion of the time signal following the source pulse injection

and before the simulation is cut off. The resulting FFT of the apodized signal
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is a spectrum with peaks at the resonant mode frequencies, corresponding
to allowed photonic bands. The energy spectra of Fourier-transformed time
signals for each field component of every time monitor are summed to ensure
that we identify all of the resonant frequencies even if some of the randomly
placed time monitors are located at the node of a mode. The simulations are
repeated for each Bloch vector value, K, and frequency peaks for each K that

meet the threshold tolerance are retained.

In our simulations, we chose a semiconductor slab thickness of 125 nm and
tuned the lattice constant (a = 250 nm) and radius (r = 60 nm) of the air holes
to produce a number of relevant photonic bands within the visible regime,
or above the electronic band gap of GaAs. The model structure is shown in
the inset of Figure 3.17c. The simulated band structure for the non-absorbing
control case with both even and odd modes is shown in the top left panel of
Figure 3.17a, followed by a series of photonic band structures with increasing
k. The photonic band structure for a GaAs PC slab including full dispersion

[284] in the refractive index model is shown in Figure 3.17b.
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Figure 3.17: (a) FDTD-calculated photonic band diagrams for the structure shown in
(c) with media loss (absorption) varying from €;=0 to €;=3.61 and constant eg= 13,
with corresponding imaginary part of the refractive index also indicated. The light
lines are plotted in blue. The color scale is in arbitrary logarithmic units corresponding
to the field intensity. (b) FDTD-calculated photonic band diagram for the same
structure for a GaAs slab medium (the dielectric constant includes dispersion in this
case). (c) Quality factor for 5 selected modes, indicated by the blue markings at the
point in the top left panel of (a), as a function of loss in the material. Inset: model of
the simulated structure, a triangular lattice of air holes in a semiconductor slab with
120 nm diameter, 250 nm lattice constant, and 125 nm slab thickness.

As can be seen from Figure 3.17a, the frequencies of the photonic bands are
almost unchanged as dissipation is added to the optical model, if €; remains
small compared to €g, although the relative band strengths are reduced with
increasing material absorption. As material loss increases, the widths of the
bands are broadened, and the clarity of the higher order bands decreases

faster than that of the lower order bands, which is expected from the shorter

126



absorption lengths at higher frequencies present in the model. The rough
maintenance of the photonic band frequencies in the presence of weak material
loss can be understood using perturbation theory applied to the PC master
Eq. [262] Adding a small imaginary part to the dielectric function, €, results in
the addition of an imaginary part to the resonance frequency, wy = wo — iy,
which consequently adds to the linewidth of the Lorentzian resonance profile

and reduces the resonance peak height.

To quantitatively study the properties of photonic bands in dissipative
structures, we calculated quality factors, Q, for the individual bands in the
structure shown in Figure 3.17: Q; = wy/T;, where I'; is the energy decay rate,
or the band resonance linewidth, of the ith photonic band at the < point of the
periodic structure. Modes at the point are above the light line, and because of
the finite thickness of the PC slab, they are radiating modes at that point that
can couple to external propagating fields. Here, we chose five modes capable
of coupling to plane waves at normal incidence angles, i.e. they can be excited
by incident plane waves and radiate energy to reflected and transmitted plane
waves. For this reason, these bands dissipate energy from the slab and have
tinite Q even without the presence of material absorption. Figure 3.17c shows
the quality factors for the five bands as a function of increasing €; or k in the
material. All quality factors exhibit similar decays as a function of €; and can

be well fitted by the function Q; = rﬁoifel , where Q is the quality factor of the

lossless structure, and a7 is a constant that depends on the spatial distribution
of the ith mode [26]. As loss in the material (1) increases, the differences

in Q between different modes decrease, corresponding to a "smearing" and
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overlapping of the photonic bands until they eventually become indistinct at

the limit of very high material absorption.

Understanding the interactions of external propagating fields with the
in-plane photonic band structure of a slab-like PC, specifically the spectral
reflection and transmission of a PC thin film, is a critical step in using them
for absorbing optoelectronic applications. These interactions involve power
transfer from external fields to radiating modes within the slab and vice
versa. Such systems can be modeled as resonators interacting with external
ports using coupled-resonator theories [285]. In PC thin films of interest
for optoelectronic applications, the periodicities are always smaller than the
wavelengths of interest; therefore, for plane wave sources, no diffraction
orders exist. Consequently, all fields and modes that interact with an incident
wave are contained in the reflected and transmitted waves with the same
in-plane wave vector as the incident wave, and the in-resonance slab radiating
modes. Waves impingent at normal incidence on a slab-PC therefore compose

a system that can be fully and concisely modeled.

Figure 3.18 shows transmission and reflection spectra for absorbing and
non-absorbing PC structures calculated via Fourier modal methods [279, 280,
281] at a fixed in-plane wave vector with polarization along one of the recip-
rocal lattice vectors. The smoothly-varying background curve resembles the
spectrum from a simple Fabry-Perot cavity consisting of a uniform continuous
media sandwiched between two mirrors, with additional sharp resonance
features added on top. The resonances occur at the same frequencies as the

in-plane PC radiating modes and are asymmetric with negative and positive
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features due to the nature of Fano resonance behavior [285]; these features
include dramatic increases in transmission on one side of the resonance, even
in the case with material absorption. The transmitted and reflected fields di-
rectly couple to the incident field while simultaneously indirectly coupling to
the radiating mode of the photonic crystal excited by the incident field. Such
resonance phenomena are well explained by temporal-coupled wave theory
[285, 286, 287]. We note that not all modes in the photonic band structure can
be excited with incident plane waves, due to restrictions in symmetry and

polarization [285].

In the absence of absorption, the Fano resonance features are narrow and
sharp, due to the intrinsic long lifetimes of the lossless radiating modes. When
absorption is added to the model, the lifetimes of the radiating modes are
reduced, resulting in broader and weaker resonance features, which originate
from the same effects as the reduction in Q factor seen for the modes in the
band structures. The resonance frequencies for the same structure with a non-
zero €7, set to 2% of €, are almost unchanged, in accordance with the FDTD
photonic band structure simulations. The FDTD-calculated photonic band
structure for the eg=0 case is plotted next to the reflection and transmission
spectra in Figure 3.18 to illustrate direct spectral correspondence between
the out-of-plane Fano resonance features and the in-plane photonic crystal
bands. The overall reflection and transmission are both slightly reduced in
the case with absorption compared to the case without absorption, as would

be expected for a uniform lossy slab.
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Figure 3.18: FMM-calculated transmission (solid lines) and reflection (dashed lines)
spectra (bottom) for a triangular lattice slab photonic crystal with r = 0.24a, t = 0.5a and
€=13 (blue and yellow spectra) and €=13+0.3i (red and purple spectra). The incident
field is perpendicular to the slab structure. The corresponding FDTD-calculated band
structure for the €=13 case is shown in the top panel (light line plotted in white). The
resonance regions are highlighted and associated with the modes at the 7y point in the
band structure.

Although the resonance features are less apparent in the transmission
and reflection spectra of the absorptive structure, the interactions of the PC

medium with the radiating resonance modes are not necessarily weakened.
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Applications such as photovoltaics and photocatalysis that depend on ab-
sorption of the photoactive material could benefit from this phenomenon
of increased absorption of the resonance modes. The amplitude of the ith
steady-state resonance mode in the presence of material absorption can be
approximated from temporal-coupled wave theory as shown in Equation 3.10

[286, 288]:

gs
a; = - (3.10)
" i(w — wo) 4 Traai + Taps i

where g and s are the coupling strength and the amplitude of the incident
tield, respectively; wy is the resonance frequency; and I',,; and I';;; are the
decay rates, i.e., the reciprocals of the radiation and absorption lifetimes. The
power absorbed in the ith mode is therefore approximated as:
rabs|g|2|5|2

(3.11)
(w —wo)? 4+ (Trag;i + Taps,i)?

Pabs & rabs|ai’2 -

which can be maximized at the resonance frequency wy, if the absorption
strength is comparable to the radiative strength. In the presence of material
absorption, the widths of the resonances are also broadened so that a larger
range of frequencies is capable of inducing stronger absorption in the media.
Additionally, the integrated absorbed power associated with a specific reso-
nance (photonic band) always increases with increasing material absorption

strength.

Based on this analysis, using 2D PC slabs in absorptive materials should en-

able spectral modulation, including absorption and transmission tuning, with
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careful control of the PC parameters. Broadband transmission and reflection
selectivity is controlled primarily by the average optical properties of the slab,
i.e. the effective refractive index. The smoothly varying background in the
reflection spectra can be very accurately fitted assuming an optically uniform
slab with slight dispersion in the dielectric constant that varies around the
average dielectric constant of the PC slab. Broadband transmission and reflec-
tion tuning is therefore effectively only dependent on the volume ratio of the
periodic voids (low-index inclusions), the slab thickness, and the properties of
the high-index material. The spectral locations of the sharp resonant features
corresponding to the photonic bands within the material, on the other hand,
are highly dependent on the PC structural properties, such as the periods and
shapes of the voids, not on the slab thickness and high-to-low index material
volume ratio. Additionally, due to the optical scalability of PC structures in
the absence of strong dispersion, specific spectral features can be easily shifted
to preferred frequency ranges simply by scaling the structure accordingly.
The addition of material absorption allows abrupt spectral features to be
smoothed and broadened without significant shifts in frequency or decreases
in the absorbed incident power, an additional tool that can be used to tailor

transmission and reflection profiles.

3.4.3 Experimental demonstration of spectral tuning using PCs
in strongly absorbing materials

Our simulation results indicate that the photonic band structure can be at least

partially preserved in a PC fabricated in a strongly absorbing medium and
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that this in-plane band structure has a strong effect on the out-of-plane trans-
mission and reflection spectra. We sought to experimentally demonstrate this
spectral tuning mechanism by fabricating a proof-of-principle PC structure
in a strongly absorbing material with response in the infrared portion of the

spectrum.

We chose to use a PbS CQD thin film as the absorbing media because of
the demonstrated infrared absorption, facile solution processability, and appli-
cability in many optoelectronic applications, including photodetectors, [269]
LEDs [290] and solar cells [214, 192]. We used nanosphere self-assembly [291,
292] to construct a monolayer triangular lattice structure out of polystyrene
beads, which served as the low-index material, and infiltrated them with PbS
CQDs as the high-index absorbing material to form a photonic crystal-CQD
(PC-CQD) structure. We optimized the PC-CQD film for transmittance in
the visible regime using FDTD simulations. Our simulations aimed to mimic
the realistic system by incorporating slight non-uniformity in the large-scale
film thicknesses. We calculated the transmission by averaging the simulation
results for 11 different film thicknesses for the PC-CQD case (250+50 nm) and
3 different film thicknesses for the CQD control case (20010 nm), based on
our experimental thickness measurements. As shown in Figures 3.19a-b, the
PC-CQD film consisting of 250 nm beads in a monolayer triangular lattice
array infiltrated with PbS CQDs displays a slight enhancement in visible trans-
parency and a slight decrease in near-infrared (NIR) transparency compared
to the control CQD film in both the simulation and experimental spectra. The

electrical field profiles at the transmittance peak and valley of the 250 nm
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PC-CQD film are shown in Figures 3.19 c and d, respectively. At the trans-
mittance peak, the field is mainly confined within the low-index dielectric
material, whereas at the transmittance valley, the field interacts more with
the high-index absorbing media and thus more energy is absorbed at that

wavelength.
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Figure 3.19: (a) FDTD-calculated transmittance for a control CQD film and a PC-
CQD film. The inset is the PC-CQD structure: a triangular lattice monolayer of
polystyrene beads infiltrated with PbS CQDs. The control CQD film is 200 nm
thick on average, and the PC-CQD film consists of 250 nm diameter beads in a
triangular array with a lattice constant of 250 nm; the space around the beads is
filled with CQDs to form a 250 nm thick film on average. The spectra are averaged
over several thicknesses to simulate roughness. The PC-CQD film shows a slight
enhancement in visible transparency compared to the control CQD film. (b) UV-Vis-
NIR spectrophotometric transmittance spectra of the PC-CQD film and the control
CQD film, showing qualitative agreement with the FDTD calculations. Absolute
difference in transmittance can be attributed to large-area non-uniformities in the films.
Inset: Top-view SEM image of the PC-CQD structure consisting of mildly-etched
self-assembled polystyrene beads infiltrated with PbS CQDs. (c) FDTD-calculated
cross-section of the spatial electric field profile at the transmittance peak (d) valley. (e)
Top-view SEM image of the etched bead array before CQD infiltration. The inset is a
photo of the 1 inch x 1 inch bead array on a glass substrate before CQD infiltration.
Large-scale order can be inferred from the strong iridescence of the structure.

To fabricate the PC-CQD film, we started by treating glass substrates with

an O, plasma to make them hydrophilic and spin-cast 50 L of an aqueous
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solution of polystyrene beads at a concentration of 10% w /v purchased from
Magsphere at a speed of 500 rpm for 10 seconds, followed by a 2-minute 700
rpm drying step. The beads self-assemble to form a close-packed triangular
array with a lattice constant equal to the bead diameter. We then applied an
O, plasma etching step at 120 W for a few minutes to open up space between
the beads, adjusting the time to control the ratio of the bead radius-to-lattice
constant. A scanning electron microscope (SEM) image of the bead array
after etching is shown Figure 3.1%, and the inset contains a photograph of
the 1 inch x 1 inch sample, which shows strong iridescence from the beads,
indicating large-scale order. We synthesized oleic-acid capped PbS CQDs
following previously published methods [293] and deposited the control CQD
films from octane at a concentration of 50 mg/mL via a layer-by-layer spin-
casting and 3-mercaptopropionic acid (MPA) ligand exchange process [293] to
build up a film of the desired thickness. We used a lower concentration CQD
solution (10 mg/mL) while keeping the concentration of the MPA-in-methanol
solution at 1% by volume, to promote infiltration of the CQDs into the bead
array. An SEM image of the PC-CQD film is shown in the inset of Figure 3.1%,
showing preservation of the bead array and infiltration of the CQDs. Optical
transmittance spectra of the PC-CQD and control films are shown in Figure
3.19b and were measured by placing samples at the entrance of an integrating
sphere in a UV-Vis-NIR spectrophotometer. The experimental data is in rough
qualitative agreement with the FDTD simulation results: the PC-CQD film
shows a slight enhancement in visible transparency with a peak visible in
both the experimental and simulation spectra at approximately 630 nm. The

peaks and valleys of the experimental spectra are broadened and reduced in
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intensity compared to the simulated spectra, most likely due to non-uniformity
across the films and significant surface roughness that results in reduction
of interference effects. Although preliminary, these results demonstrate that
photonic structuring in strongly absorbing materials can result in significant
modulation of the optical spectra which could be a useful tuning knob for
optoelectronic applications. Future work will involve complete photonic band
structure calculations to identify optimal structures that can be fabricated
using CQD materials with targeted spectral properties for specific device

applications.

3.4.4 Summary and Outlook

We developed and analyzed a new strategy for tuning the spectral selectivity
of optoelectronic thin films: using photonic band engineering in strongly
absorbing materials in which in-plane photonic bands are used to control the
spectral properties of the out-of-plane reflection and transmission spectra. We
analyzed a model system composed of a semiconductor-based slab photonic
crystal in which the photonic bands of interest are located in the absorbing
region of the material. By artificially varying k in FDTD and FMM simula-
tions, we were able to quantify the impact of absorption on the photonic band
structure. Specifically, adding absorption had little impact on the frequency of
the photonic bands, although the widths of the bands were broadened and the
quality factors of the in-plane modes decreased and saturated with increasing

material absorption. Our FMM analysis showed that coupling between the
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photonic bands at the -y point and normal-incidence wave induces sharp reso-
nance features over the smoothly varying background in the reflection and
transmission spectra, which can lead to strong frequency-dependent varia-
tions in the reflectivity and transmissivity associated with Fano resonances,
even in the presence of material absorption. These results indicate that PC
structures in strongly absorbing media can be used to produce spectrally selec-
tive optoelectronic thin films for targeted applications by careful adjustment

of the lattice parameters.

Experimentally, we demonstrated the use of photonic structuring to tune
the transmission spectrum of a strongly absorbing material by fabricating a
proof-of-principle structure consisting of a self-assembled polystyrene bead
monolayer infiltrated with PbS CQDs. The PC-CQD structure showed both
near-infrared absorption enhancement and visible transparency enhancement
over a control homogeneous CQD film of the same thickness, qualitatively

matching predictions.

Future work will focus on extending these results by calculating full pho-
tonic band structures for solution-processed systems and including realistic
dispersion in the optical models. We will use the insights gained from this
study to design spectrally-selective photoactive optoelectronic films for tar-
geted applications such as narrow-band infrared photodetectors and infrared
solar cell materials for multijunction photovoltaics. The platform described
here should form the basis for a new way to think about using photonic band
structure engineering to control the spectral selectivity of strongly absorbing

materials.
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Chapter 4

Nanomaterials manufacturing for
optoelectronic devices with novel
functions

4.1 Solution-processed near-infrared transparent LEDs
4.1.1 Background and Motivation

Although incandescent bulbs and fluorescent lamps are still in use today,
light emitting diode (LED)-based white light sources are much more energy-
efficient, and therefore represent a revolution in ambient lighting [1]. What is
more, thanks to the development of organic LEDs (OLEDs), display technol-
ogy has experienced a huge leap in the past decade, and the high-end display
market is now dominated by LEDs [2, 3]. Beyond lighting and display, LEDs
also serve as the essential light sources in all kinds systems and instruments,
such as optical communication systems [4, 5], wearable devices [6, 7]and
medical instruments [8, 9]. Innovations in these areas have also led to many

challenges for the development of novel LEDs.
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There is an urgent need for transparent flexible LED devices that emit in
the invisible near-infrared (NIR) regime for many applications such as eye-
tracking, biomedical imaging, motion-capture and security monitoring. Com-
mercially available LED devices made out of traditional crystalline semicon-
ductors or organic conductors, have difficulties in fulfilling such requirements.
OLEDs are made of nanomaterials and can be transparent and lightweight,
as well as flexible, and have had huge success in visible light applications,
but NIR OLEDs are scarce due to limited materials choices for that emission
range. Although traditional NIR LEDs can be made from specific crystalline
semiconductor compositions, such devices suffer from opacity, rigidity and

high costs due to their energy-intensive materials processing requirements.

Ever since their invention [10], quantum-dot-based LEDs (QLEDs) have
drawn significant interest due to their narrow emission spectral-bandwidth
and ease of tuning the emission wavelength via control of the QD size [11,
12]. Thanks to multilateral efforts based on advances in the fundamental
understanding of the device physics as well as advanced engineering of
materials and device architectures, the performance of QLEDs in terms of
brightness, quantum efficiency and stability has improved rapidly [13, 14, 15,
16, 17, 18]. Despite this progress, most of the work on QLEDs has focused
on the visible range for display technology, or the NIR beyond 1000 nm that
poses challenges on the detection side of an integrated system. Although
PbS CQD-based QLEDs emitting in the infrared have been made before, we
developed devices that are novel in that they can be integrated into a flexible

transparent membrane and optimized for both transparency and an NIR
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emission wavelength that is short enough to be detectable by inexpensive

silicon-based photodetectors.

4.1.2 Transparent QLED Applications and Device Architec-
tures

Current eye-tracking goggles for virtual reality (VR) applications or human
behavior studies are relatively bulky and have an appearance that deviates
significantly from normal glasses, which consequently affects the natural be-
havior of human eyes and the subject’s comfort level. Therefore, reducing
the goggle weight so that its appearance can become more similar to normal
glasses is a current industry need. Our transparent LED membrane is de-
signed to allow visible light to be transmitted through the goggles for display
purposes while emitting invisible infrared (> 800 nm in wavelength) light to
illuminate the eye. The envisioned eye tracking solution uses the optical aug-
mentation effect at specific light wavelengths to provide high speed tracking

of the eye with minimal light intensity.

Another example application for our transparent LED membrane is as
part of a motion-capture system for the entertainment industry. Currently,
motion-capture for animation requires actors to wear bulky motion-capture
suits that are wired up to record their movements, and this is done in highly
customized rooms. There is tremendous interest in new technology that will
enable the acting to take place in realistic surroundings with the actors wearing
normal clothing. The transparent light emitting membrane we propose can
be easily integrated into the actor’s clothing and provide illumination of

specific locations on the person’s body. The LEDs can be pulsed at different

172



frequencies to provide location-specific labelling. A high-speed imaging
sensor can then track the body movements with high fidelity. Furthermore,
if the illumination is synchronized with the image capture, this proposed
solution could also provide 3D (depth) information, which is the ultimate

objective for this industry.

Other target applications of our technology include: medical probes coated
with our flexible transparent light-emitting membrane to be used as a local
imaging light sources. Infrared (invisible) security monitoring systems could
be coated with our flexible transparent light-emitting membrane on existing
camera surfaces to make the systems easily camouflaged and less vulnerable.
Photobiomodulation therapy systems in which infrared illumination gener-
ated by our flexible transparent LEDs could be used to treat a variety of retinal
conditions including age-related macular degeneration, retinopathy of prema-
turity, diabetic retinopathy, Leber’s hereditary optic neuropathy, amblyopia,

methanol-induced retinal damage, and possibly other conditions [19].

The typical device structure of a QLED is similar to those of traditional
OLEDs, which is a multi-layer thin film structure consisting of a bottom
transparent electrode, electron injection/hole blocking layer, emission layer,
hole injection/electron blocking layer and top electrode. In order to pro-
duce flexible devices, we construct our QLEDs on flexible substrates such as
polyethylene terephthalate (PET) films and use solution-processed nanoma-
terials for all of the layers. We replace the traditional bottom electrode made

of crystalline transparent conductive oxides (TCOs) and top metal electrodes
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with Ag nanowire (NW)-based electrodes for enabling transparency of the de-
vice. The electron injection/hole blocking layer is made of ZnO or Mg-doped
ZnO nanocrystals [20] while the emission layer is made of PbS CQDs with
carefully controlled sizes and ligand exchanges enabling them to be made into
solid films. There are a few organic polymer materials that can be used for the
hole injection/electron blocking layers including 4-bis(carbazole-9-yl)biphenyl
(CBP) [18] and poly(9-vinlycarbazole) (PVK) [21] or poly(9,9’-dioctylfluorene)
(E8) [17] or the hole injection layer can be emitted from the device. The device

structure is shown in Figure 4.1.
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Figure 4.1: Device structure of solution-processed near-infrared QLEDs : from
bottom to top: flexible substrate, bottom transparent electrode, electron injection/hole
blocking layer, emission layer, hole injection/electron blocking layer and top electrode.
The insets are photographs of solutions of Ag nanowires, ZnO nanoparticles, and
PbS CQD inks used for the transparent electrode layers, electron injection/hole
blocking layer, and emission layer, respectively. The arrow indicates the emission
from radiative recombination processes within the active layer.
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Ag nanowire-based electrodes have a good transparency-conductivity
trade-off, allowing substantially all of the visible light emitted from the PbS
CQD layer to be transmitted through the transparent substrate. Efficient
radiative recombination does not require a thick PbS CQD film, and therefore
the device can be made highly transparent with a tens-of-nanometers thick
emission layer . We also apply the optical engineering method we developed
for multi-layer thin film photovoltaic structures [22] to optimize transparency

without sacrificing QLED performance.

4.1.3 Experimental Results

The Ag nanowire-based composite electrode is made by spin-casting a solu-
tion of Ag NWs on thoroughly cleaned substrates followed by spin-casting
of indium tin oxide (ITO) nanoparticles. Both the Ag nanowires and ITO
nanoparticles are in isopropanol and purchased from Sigma-Aldrich. The
Ag NWs are approximately 40 microns in length and have diameters of ap-
proximately 70 nm, and the ITO nanoparticles are specified as < 100 nm in
diameter using dynamic light scattering (DLS). It is important that these two
spin-casting steps are performed in rapid succession to ensure good infiltra-
tion of the ITO nanoparticles into the Ag NW network to mitigate surface
roughness and improve the conductivity. The transmittance spectrum of a Ag
nanowire composite electrode on a glass substrate is shown in Figure 4.2, and

the insets are photographs of the electrodes on glass and PET substrates.
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Figure 4.2: Transmittance of an Ag NW-based composite electrode : the Ag NW
composite electrode is deposited on a glass substrate and has a sheet resistance of 34
/0. Inset: (a) Photograph of an Ag NW-based composite electrode on glass. (b)
Photograph of an Ag NW based composite electrode on PET

The ZnO nanocrystals are synthesized according to published methods
[23] and spin-cast onto substrates coated with the transparent electrode. Our
target application and the responsivity of silicon-based photodetectors require
the emission wavelength to fall within the 800-1000 nm range. PbS CQD
solutions meeting this requirement are synthesized by modifying previously
published methods [24]. Due to the large Stokes shift that is present in these
materials [25], very small PbS CQDs with first exciton peak wavelengths
smaller than 800 nm in absorption are required, which are produced by using
a low injection temperature for the sulfide precursor and applying an ice bath
immediately after injection to quench the reaction [26]. 1,6-Hexanedithiol in
methanol was introduced during spin-casting of the PbS CQDs in a solid-state

ligand exchange followed by two methanol washing steps. The emission
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layer thickness is about 20-40 nm and can be empirically tuned by control-
ling the concentration of the PbS CQD solution and spin-casting parameters
(speed and acceleration). The organic polymer materials used for the hole
injection/electron blocking layer are also be deposited by spin-casting. The
top metal electrode is deposited using electron beam evaporation using a
shadow mask to define the active device area. The transparent Ag nanowire-
based composite top electrode is deposited in similar fashion as the bottom

transparent electrode.

Electroluminescence (EL) spectra of the QLEDs are measured using our
Ocean Optics spectrometer as shown in Figure 4.3a and the responsivity of
a Thorlabs PDB210A Si photodetector is shown in Figure 4.3b. The close
alignment of the peaks of the EL spectrum and Si photodetector responsivity
show that the emission of our QLEDs can be easily detected by Si photodetec-
tors, which is promising for easy integration of our QLEDs into their target
applications. The inset of Figure 4.3a is a photograph of a device fabricated in
our lab. The QLED array, consisting of several 0.5 cm? circles is created using
a shadow mask during electron-beam evaporation of the metal top electrodes
. The area in between the metal top electrodes shows high transparency. The
transparency of the structure can be further optimized by reducing the active
layer thickness and combining our previously developed optical engineering

method into the QLED design and optimization [22].

177



(a) i EL of d?vi ce (c) ofiverage peak power ity from 3 m

4— Pixel 1

o " i PO -

| 80} “— Pixel 2
Pixle 3
~ 6000 I N ixi
B 70}
3
S | 5
8 Seol
>4000 | 3
- >
£ | 5 50
[} 5
£ 2000 | 2 u0f
| z
o 30
I
4
Il
I

- — - 20t
300 400 500 600 700 800 1000
Wavelength (nm) % 40 60 80 100
(b) PD521 nA (si) Detectpr Current density (mA/cm"’)
0.7 ] (d) 100 Radiance-Current desnity
0.6 1 L
i
= 0.5 i .
z 7
S 0.4 1 r
T i %
c 0.3 I z
g- 8
& o024 i 5
@ (] T
o 0.1 i [
-
0.0 T  p— T T T T T T |- T T T
300 400 500 600 700 800 9S00 1000 1100 107"
Wavelength (nm) 102 Current density (A/cm ) 107!

Figure 4.3: QLED characterization : (a) The EL spectrum of the QLED peaks around
900 nm, close to the peak (b) responsivity of a Thorlabs Si photodetector. Inset of (a)
is a photograph of a typical QLED array with 9 pixels (pixel area is defined by the
metal top electrode) on one substrate. (c) Power density versus current density for 3
different QLED pixels on the same substrate. (d) Radiance versus current density for
a selected QLED pixel.

A Thorlabs power meter with a 9.5mm diameter circular aperture placed
5mm away from the QLED pixel is used to measure the emitted power from
the QLED, and the dependence of the power density on the current density is
plotted in Figure 4.3c. The linear relationship between the power density and
current density indicates that the QLED does not show significant efficiency
droop within this range of the current density. The radiance from the QLED
is also calculated considering the geometry of the power measurement set-

up and plotted versus current density in Figure 4.3d, whose performance is
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comparable to the state-of-the-art performance of near-infrared PbS QLEDs
emitting at other wavelengths [27]. Although through power tracing and
switching on/off we find that our QLED is stable and switchable, when
turned on for more than a few minutes, depending on the current density,
the power output will drop slowly and finally diminish to zero, indicating

irreversible damage due to excessive heating.

414 Summary and Outlook

In summary, we demonstrated a PbS CQD-based QLED with an emission
wavelength near 900 nm that can be easily detected by silicon photodetector
technology. We also developed a Ag NW-based composite electrode that can
be used as the transparent contact material for QLEDs and other transparent
devices. All of the QLED layers can be made from nanomaterials using
solution-processed fabrication methods. The only layer that absorbs in the
visible region is the ultra-thin QD emission layer; therefore, our device has
great potential for use as a flexible transparent light-emitting diode membrane
array. A number of target applications for this technology including VR

goggles, motion-capture suits and medical probes were also discussed.

Future efforts towards practical applications of our QLEDs will have two
components: device engineering and system integration. On the device side,
future work will involve quantifying device performance in more detail and
optimizing the device structure and materials properties to improve the ef-
ticiency of the QLEDs. On the system integration side, heat management of

the devices, out-coupling optics, frequency and synchronization control, and
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signal detection of the system are all of great importance. We will continue to

collaborate with experts in those areas to develop a full system prototype.

4.2 Completely Spray-Cast Flexible Transparent CQD
Solar Cells

421 Introduction

Even though the costs of silicon-based solar cells have continued to decline,
their installations are limited to robust modern rooftops or require large land
areas due to the rigid and heavy nature of their modules [28]. If flexible
transparent solar cells could be made, they could expand the applications of
solar cells to areas such as wearable devices, automobile skins, windows and
exterior surfaces of existing urban infrastructures [29, 30]. Colloidal quantum
dots (CQDs) are promising for building flexible transparent solar cells due to
their lightweight nature, size-dependent band gap tunability and processing
flexibility [31]. Power conversion efficiencies (PCEs) of CQD solar cells have
been climbing rapidly [32, 33, 34]; however, the best-performing devices are
still dependent on high-temperature-processed transparent conductive oxides
(TCOs) and use lab-based batch-level processing methods such as spin-casting
and dip-coating, which limit the flexibility and scalable fabrication of CQD

solar cells.

Spray casting is a well-known industrial-scale manufacturing method and
is of great interest for scalable solar cell manufacturing. Spray-casting can
save on material costs due to its high and possibly 100% utilization rate of the

starting ink material compared with traditional spin-casting processes that
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waste a large fraction of the starting ink. In addition, spray-casting processes
do not require high-temperature and high-vacuum conditions, which saves
on processing costs. Lastly, spray-casting can be both scalable and portable
and can be applied onto almost any surface, making it a viable way to expand

the applications of CQD solar cells.

Even though spray-cast CQD solar cells with comparable performance
to their batch-processed counterparts have been demonstrated [35], only the
absorbing CQD layer was spray-cast in these studies, while the electrodes and
other device layers still relied on batch-processed fabrication or high vacuum
deposition methods, which not only add to the complexity that limits the scale-
up potential of the device manufacturing but also limit the surfaces that the
devices can be coated on to traditional wafer-based substrates. To eliminate
the intensive processing requirements for the TCOs and metal electrodes, we
developed a room-temperature spray-cast Ag nanowire transparent electrode,
which also allows for good mechanical flexibility. With solution-based ZnO
nanocrystals comprising the electron transport layers and solution-phase
ligand-exchanged CQDs inks comprising the active layers, our ultimate goal
is to demonstrate a CQD solar cell in which all device layers are spray-cast
with minimal complexity and demonstrate flexible transparent devices on

different kinds of flexible transparent substrates.

4.2.2 Results and Discussion

Most high-performing CQD solar cells employ ZnO nanocrystals [34] rather

than crystalline ZnO or TiO, [22] as the electron transport layer, which is
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convenient for building flexible CQD solar cells. With PbS CQD-based thin
films acting as both the absorbing layer and hole transport layer, the only
problematic device layers for building flexible transparent CQD solar cells
are the brittle TCO bottom electrode and opaque metal top electrode, which
must be replaced with flexible transparent electrodes. Our solution for this
problem is a room-temperature spray-cast Ag NW electrode. The complete

device structure is shown in Figure 4.4.

film

Ag NWs electrode on transparent substrate

Light source

Figure 4.4: Device structure of a spray-cast flexible transparent CQD solar cell :
from bottom to top: Ag NW-based bottom transparent electrode on a substrate;
ZnO nanocrystal-based electron transport layer; [PbX3]~ /[PbX] " -capped PbS QD
absorbing layer; 1,2-Ethanedithiol (EDT)-capped PbS QD hole transport layer; Ag
NW-based top transparent electrode. The arrow indicates the direction of the light
source, and the load powered by this CQD solar cell is represented by a resistor with
resistance R.

The Ag NW-based electrode is spray-cast onto a well-cleaned substrate

using a Ag-N-in-isopropanol ink purchased from Sigma-Aldrich. The ZnO
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nanocrystals are synthesized in our lab by modifying a previously published
methods [23] and finally dispersed in methanol for spray-casting. PbS CQDs
capped with oleic acid ligands in octane are synthesized by modifying previ-
ously published methods [24]. A solution-phase ligand exchange is performed
using Pbl, PbBr, and ammonium acetate in dimethylformamide (DMF) to get
[PbX3])~ /[PbX]" -capped PbS CQDs, and the CQDs are dispersed in a mixture
of butylamine and DMF for spray-casting the [PbX3]~ /[PbX]|" -capped PbS
QD absorbing layer. A thin layer of oleic-acid capped PbS CQDs is sprayed
on top of the absorbing layer, followed by spraying of 1,2-Ethanedithiol (EDT)
in acetonitrile to perform a solid-state ligand exchange. This is followed by a
pure acetonitrile spray step to wash the film and remove the oleic acid ligands,

forming the EDT-capped PbS QD hole transport layer.

We designed and built a semi-automated spray-casting instrument that
uses computer-controlled on/off pneumatic valves to control the spray noz-
zles as shown in Figure 4.5. Deposition conditions for different materials,
including the concentration of the solution, the deposition and drying times,
the substrate-to-nozzle distance, and the air pressure are optimized indi-
vidually for each device layer to get both good nano- and micro-scale film

morphologies.
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Figure 4.5: Photograph of our experimental set-up for spray-casting : (a) Our home-
built semi-automated computer-controlled spray-casting system. (b) Close-up action
shot of Ag NWs being sprayed onto a glass substrate.

For the spray-cast Ag NW electrode, the conductivity is generally deter-
mined by the degree of interconnection between individual Ag NWs that form
the Ag NW network. Even though there is a transparency/conductivity trade-
off inherent in the Ag NW network, generally, longer Ag NW constituents lead
to better conductivity and thinner Ag NW constituents improve transparency
[]. We use a commercial Ag NW solution (Sigma-Aldrich, 5 mg/ml, 70 nm
(£10 nm) diameter, 40 ym (£5 pm) length in isopropanol) as our source. Our

optimized spray-casting procedure that produces Ag NW electrodes with
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acceptable transparency and conductivity uses an Ag NW solution concen-
tration of 0.5 mg/ml and a total spray duration of 6.5 minutes ( consisting of
six 1-minute-spray/1-minute-dry cycles). We place our 1-inch-square glass
substrates 8 cm away from the spray nozzle.

The sheet resistance of the transparent electrode is measured using our
home-built four-point-probe system, and transmittance is measured using a
Cary5000 UV-Vis-NIR spectrophotometer. A comparison between commer-
cial indium tin oxide (ITO), fluorine doped tin oxide (FTO) and our best-
performing spray-cast Ag NW electrode on glass substrates are shown in

Figure 4.6, and the inset shows a scanning electron microscope (SEM) image

of the Ag NW network.
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Figure 4.6: Performance comparison of different transparent electrodes : transmis-
sion curves for the best-performing spray-cast Ag NW electrode and transparent
conductive oxide control samples, with sheet-resistances listed in the legend. The
inset is a SEM image of the Ag NW film on glass.
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With ~ 85% average transmittance across the visible range, our best per-
forming spray-cast Ag NW electrode has a sheet resistance of 29 (/[], which
is comparable to the commercial TCO electrodes. One noticeable feature of
our spray-cast Ag NW electrode is its significantly higher near-infrared trans-
mittance compared to the commercial TCO electrodes. This property is crucial
for PbS CQD solar cells because one major advantage of PbS CQD solar cells

is their infrared solar energy harvesting ability [36, 32].

We have also demonstrated successful integration of spray-cast ZnO elec-
tron transport layers in PbS CQD solar cells. We identified 2 mg/ml as the
optimum concentration for the ZnO nanocrystals in methanol for our current
spray-casting process. We applied a continuous spray for 10 minutes to de-
posit ZnO nanocrystals onto ITO-coated glass, which resulted in a thin film
with a mean thickness of approximately 100 nm, similar to our conventional
spin-cast ZnO layer thickness. With the rest of the device layers made using
conventional fabrication techniques, we produced a PbS CQD solar cell with
a spin-cast ZnO electron transport layer that had a PCE of 5.4%. The current
density - voltage (J-V) curve and performance summary of this device are

shown in Figure 4.7.
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Figure 4.7: J-V curve of PbS soalr cell with spray-cast ZnO : current density-voltage
curve under simulated solar illumination for a PbS CQD solar cell with a spray-cast
ZnO electron transport layer on an ITO-coated glass substrate.

Although our spray-cast Ag NW electrode has a transparency/conductivity
trade-off that is comparable to that of commercial TCO electrodes, the large
surface roughness currently hinders the performance of this electrode in de-
vices. Future work towards our goal of building a fully spray-cast PbS CQD
solar cell will focus on strategies to reduce the surface roughness of the spray-
cast Ag NW electrode and optimize deposition conditions for the rest of the

cell layers.

4.2.3 Summary and outlook

In summary, we have successfully built a semi-automated spray-casting sys-

tem capable of depositing different optoelectronically-relevant inks. We
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demonstrated a spray-cast Ag NW electrode on glass substrates showing
comparable performance to commercial TCO electrodes with superior near-
infrared transparency, which is an advantage for PbS CQD solar cells that
absorbs infrared photons. In addition, we demonstrated a PbS CQD solar cell

with a spray-cast ZnO electron transport layer and a PCE of 5.4%.

Next we will pursue strategies such as inserting an encapsulating con-
ducting layer of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE-
DOT:PSS) or heating the substrates during ZnO spray-casting to enable better
coverage of the ZnO onto and into the Ag NW network to ameliorate the
surface roughness issues associated with the Ag NW electrode. We will also
optimize the deposition and ligand exchange processes for the rest of the
layers of the PbS CQD solar cell to demonstrate a fully spray-cast PbS CQD
solar cell as a demonstration of a scalable and portable next-generation solar

cell manufacturing process.
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Chapter 5

Conclusion and Outlook

This thesis focuses on implementing nanophotonic design principles and
applying advanced materials processing techniques to assemble nanomate-
rials with optimized properties for next-generation optoelectronic devices.
By combining optical simulations, modeling, nanofabrication, and advanced
optical and electrical characterization, we designed and built new photode-
tectors, solar cells and light emitting diodes with improved performance and
novel functionality. These devices show great potential for a wide range of
applications including in communication, security monitoring, defense and

building-integrated photovoltaics.

Our photodetector work included improving the responsivity and extend-
ing the detection range of SnO, thin film visible-blind UV photodetectors by in-
troducing CuO/5SnO, nanoheterojunctions to the pristine SnO; thin films. Our
photovoltaic work included using optical modeling and simulations to predict
how embedding plasmonic nanoparticles in the absorbing media of a solar

cell will affect the absorption of the device and making recommendations for
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specific optimized systems. Secondly, we demonstrated color-tuned and semi-
transparent solar cells by combing multi-objective optimization algorithms
with multi-layer interference modeling. We demonstrated spray-casting as
a viable way to build all-solution-processed flexible transparent solar cells
that incorporate a Ag NW electrode. We investigated engineering the pho-
tonic band structure of absorbing materials to tune the spectral selectivity of a
semiconductor thin film, which could find applications in both photovoltaics
and photon detection technology. Our light emission work included demon-
strating PbS CQD-based QLEDs emitting in the region of the near-infrared
band that can be easily detected by silicon photodetectors. Combing our
PbS CQD-based QLEDs with solution-processed Ag NW electrodes, we built
flexible transparent light-emitting membrane technology for applications in

motion capture, virtual reality goggles, and photobiomodulation therapy.

Future efforts to further improve the performance of the nanomaterial-
based optoelectronic devices discussed here should focus on understanding
the fundamental device physics, optimizing the material properties, and
developing new device architectures. Our work on advanced fabrication
techniques that enable scalable production of flexible transparent devices
to expand the application areas of CQD solar cells are ultimately tied to an
effort to meet the world’s growing energy demands and solve the associated
environmental problems. To facilitate innovations that have a broad impact,
engineers from different disciplines and industries need to collaborate closely
to work on packaging and integration of these devices into complete systems

that can be deployed around the world.
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Appendix A

Experimental Details

A1 PbS CQD Synthesis

PbS CQDs were synthesized by modifying a previously published method [1]
and using our home-built synthesis setup. The materials used were lead oxide
(PbO, Alfa Aesar, >99.99 %), bis(trimethylsilyl)sulphide ((TMS;)S or TMS,
Sigma-Aldrich, synthesis grade), oleic acid (Alfa Aesar, 90 %), 1-octadecene
(ODE, Sigma-Aldrich, 90 %) and were used as purchased. All synthesis was
performed using standard Schlenk line techniques. In an N-filled glovebox,
TMS (0.18 ml) was added to ODE (10 ml), which had been dried and degassed
by heating to 80 °C under vacuum for 16 h. A Pb oleate stock solution was
prepared by mixing oleic acid (1.5 ml), PbO (0.45 g), and ODE (3 ml) and
heating to 95 °C under vacuum for 16 hours then placed under nitrogen. 4.5
ml of the Pb oleate stock solution and 15 ml of ODE were heated to 120 ° C
with constant stirring and nitrogen flow. The TMS/ODE mixture was then
injected into the flask. After injection, the flask was allowed to cool gradually

to 36 °C. The PbS CQDs were then precipitated with distilled acetone (40
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ml) and centrifuged. After discarding the supernatant, the precipitate was
re-dispersed in toluene. The PbS CQDs were precipitated again with acetone
(5 ml) and methanol (5 ml), centrifuged for 5 min, dried, and finally dispersed
in toluene. The yield of PbS CQDs was ~0.40 g. The toluene-dispersed PbS
CQDs were then stored in sealed vials at ambient conditions until ready
to be washed and solvent-exchanged. Conditions such as TMS injection
temperature, oleic acid weight, TMS weight and ODE volume could be varied
to achieve different CQD sizes. PbS CQDs in toluene were brought into an
N2-glovebox and precipitated with methanol. The supernatant was discarded
and the remaining CQD powder was placed under vacuum until dry. The final
redispersion is in octane at a dilution of 50mg/mL. The oleic acid -capped PbS
CQDs in ocatane stock inks were then stored in sealed vials in the N>-glovebox

until ready to be utilized.
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