ABSTRACT

WOODWARD, NATHANIEL ROBERT. Autonomous Thin Film Fabrication and In Situ Spectroscopy
for Photovoltaic Applications. (Under the direction of Dr. Aram Amassian and Dr. John Muth).

With increasing energy usage and growing interest in renewable energy generation, much
research has focused on emerging photovoltaic (PV) materials. Metal halide perovskites (MHPs)
have garnered significant attention as their power conversion efficiency has risen to over
26% in less than two decades of research. Organic photovoltaics (OPVs) have experienced a
resurgence due to the use of non-fullerene acceptors. Quantum dots (QDs) have also received
attention due to their uniquely tunable optoelectronic properties. These materials are solution-
processible, offering significant advantages, including low-cost, high-efficiency, scalable, and
low-temperature manufacturing, enabling the production of flexible and lightweight solar
panels. Still, their performance depends on the precise control of film thickness, uniformity,
and morphology during the coating process. Achieving optimal material properties requires
a deep understanding of the film formation dynamics, which can be challenging due to the
complex interplay of solution chemistry, solvent evaporation, and crystallization processes.
This dissertation focuses on the development of an open-source, cost-effective smart spin-
coater for the in situ studies of MHPs, QDs, and OPVs.

Spin coating is a widely used technique for all these materials because it is simple and pro-
duces uniform, high-quality thin films. We are the first to develop a fully integrated computer-
controlled spin-coater with precise control over the solution dispensing and multimodal in-line
characteristics, which we named the RoboCoater. The RoboCoater is a low-cost, open-source,
3D-printed, and modular platform that enables standardized processing conditions in different
research labs to achieve repeatable, peer-executed experimentation across a broad range of
solution-processable materials. The novel design of the RoboCoater and dual in situ UV-vis
and PL resulted has in two patents. The RoboCoater has optimized a 17-step QD fabrication
process in which we achieved a champion device power conversion of 13.78% and a 100%
speed-up in device fabrication throughput.

The integration of in situ UV-vis, photoluminescence (PL), and grazing incidents wide-angle
X-ray scattering (GIWAXS) characterization techniques during spin coating have simplified
the process. By providing real-time monitoring of optical properties as the film forms, these
techniques allow researchers to track changes in material absorption, crystallinity, and phase
transitions, offering critical insights into the factors influencing film quality and solar cell
performance that commonly require large, complicated optical setups. In Situ UV-vis, along

with heated substrate and solution, optimization of eco-friendly o-xylene aggregation time,



leading to OPVs with better device performance than from standard chloroform solutions.

Moreover, the development of material acceleration platforms has transformed how re-
searchers approach material discovery and optimization. These tools leverage machine learn-
ing and statistical algorithms to explore vast parameter spaces efficiently, identifying optimal
processing conditions with far fewer experiments than traditional methods. The RoboCoat
can be turned into the Artificial Coater through integration with Bayesian optimization. Our
self-driving coater autonomously conducts experiments, analyzes data, and adjusts processing
parameters in real-time, dramatically speeding up the antisolvent optimization in as few as 10
experiments.

This thesis starts by introducing solar cell technology and emerging materials, providing
motivation, before reviewing current state-of-the-art automation, machine learning, and self-
driving labs in the renewable energy field. Chapter 2 overviews spin-coating, and in situ UV-vis,
PL, and GIWAXS before Chapter 3 introduces the RoboCoater with detailed design instruc-
tions. The RoboCoater’s versatility is showcased through the studies of QDs (Chapter 4), OPVs
(Chapter 5), 2D layered perovskites and conjugated polymers (Chapter 6), and autonomous
optimization of MHP with Bayesian optimization and machine vision (Chapter 7). In summary,
combining an automated spin coater with in situ UV-vis, PL, GIWAXS characterization, and
Bayesian optimization techniques enhances our understanding of material behavior during
film formation and accelerates the optimization of high-performance solar materials, paving

the way for more efficient and scalable solar energy technologies.
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CHAPTER

1

INTRODUCTION

1.1 Introduction to Solar Photovoltaic Technology

In a day when consumers are using more electricity per year with more countries coming online
inthe digital age *, combined with global warming concerns and limited natural resources, there

is a need to move away from fossil fuels to renewable energy. Potential sources of renewable
energy generation are solar, wind, biomass, and hydro. Solar is particularly interesting, with

the Earth receiving 44 quadrillion (4.4 x 10 17) watts per year from the Sun, according to NASA 2,
This is more than the global energy usage of 1.83 x 10 1" watts in 2020 %, an order of magnitude
more than the 2.28 x 10 ® watts of electricity used by the entire world in 2021. 3 However, solar
only accounts for 4.9% of electricity generated in the U.S. in 2022. *

Solar photovoltaics (PV) are a simple method for harnessing the Sun's potential via the
photoelectric effect, which excites an electron into the conduction band, leaving a hole behind,
followed by an electric eld driving the electron and hole to the cathode and anode, respectively,
to be collected. The Sun emits black body radiation, shown as the ideal dotted black curve in
Figure 1.2, but our atmosphere Iters out portions of the spectrum due to H ,0, O, and Og,
resulting in reduced irradiance with the majority in the visible spectrum.

Today, crystalline silicon (c-Si) solar PV accounts for over 95% of solar panels sold. ° This is
due to the mature silicon semiconductor industry and scaling reducing costs, good ef ciencies



Figure 1.1: Today, more than ever, is the time to switch to renewable energy sources. a) Plot of
assumed exponential total energy consumption growth alongside waning fossil fuels; reprinted
from Kuwano et al. 1992 IEEE work. ° b) Flow diagram of U.S. energy consumption in 2022 by
Lawrence Livermore National Lab, with solar making up less than 5% of electricity generated.

c) Map of average U.S. solar irradiance published by NREL. ©

4

Figure 1.2: The importance of bandgap selection. a) Black body irradiance from the Sun and
how much actually makes it to Earth's surface for energy generation; reprinted from reference
b) Shockley Queisser single-junction maximum ef ciency with actual device ef ciency subdi-
vided into how far they are off from their full potential; reprinted from reference 8,
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reaching 27.6% today, and proven long-term stability with long lifetimes of 25 years. 1911 A
major disadvantage of c-Si is that it is an indirect bandgap material that leads to energy being
lost from phonons.

An indirect bandgap has an offset between the conduction band minimum and the valence
band maximum, requiring a change in momentum that produces thermal energy. A direct
bandgap material has the conduction band minimum and valence band maximum aligned. It
thus does not require a change in momentum, enabling ef cient emission or absorption of a
photon. Additionally, the size of the bandgap, measured in electron volts (eV), is important as
it speci es the minimum energy required to break a bond. If a photon is of less energy than
the bandgap, then it fails to be absorbed, and the material is said to be transparent to that
wavelength. However, suppose a photon has greater energy than the bandgap; then, some
energy is lost to thermalization. Bandgap and wavelength are inversely related through the
following equation:

he 1.24
Photon energy (V) =—=—— ( m) (1.1

Second-generation solar cells moved away from c-Si to direct bandgap materials. A direct
bandgap is preferable due to its high absorption coef cient, which leads to a shorter penetration
depth. With a shorter penetration depth, a thin- Im PV can be fabricated, reducing material cost
and module weight and, in some cases, is exible. A promising alternative to c-Siis amorphous
silicon (a-Si) for its lower-cost growth process and direct bandgap of 1.75 eV. For example, while
c-Siis around 100 um thick, a-Si is around 1 to 2 um thick. However, a-Si suffers from many
defects (the reason it is a direct bandgap) and poor mobility, resulting in lower ef ciency of
only 14% and worse stability than c-Si. 12

The Shockley Queisser limit, shown in black in  Figure 1.1 B, describes the maximum
ef ciency for single-junction devices based on bandgap. A material with a 1.35 eV has the
potential to achieve the highest theoretical ef ciency of 33.7%. & Additional second-generation
solar cell materials are gallium arsenide (GaAs) at 1.43 eV, cadmium telluride (CdTe) at 1.44 eV,
and copper indium gallium selenide (CIGS) tunable from 1to 1.6 eV. 3 GaAs solar cells have
reached 29.1% due to their direct bandgap, favorable bandgap energy, and excellent electron
transport properties; however, it is very expensive to grow high-purity GaAs.  *® CdTe has a good
absorption coef cient but is dif cult to N dope. While CdTe has achieved 22.6% ef ciency,
cadmium is a toxic element, and tellurium is a rare earth metal, making it expensive. CIGS is a
heterogenous material with bandgap tunable by the ratio of CuinSe , and CuGaSe,. CIGS PV
has a high absorption coef cient, thus only requiring one to two-micrometer thickness. CIGS
has reached an impressive 23.6% ef ciency; however, indium is also a rare earth metal heavily
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