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Abstract
Eco-friendly and Scalable Fabrication of Organic Optoelectronic Sensors
by
Jasmine Mimi Jan
Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Ana Claudia Arias, Chair

Organic electronics have gained popularity due to their potential to revolutionize electronic
technologies with improved performance, low cost, and unique applications in flexible and
wearable systems. A significant advantage of organic electronics is their solution solubility,
which enables cost-effective and additive printing processes, reducing material waste and
facilitating large-area manufacturing. This thesis will present work towards developing eco-
friendly and scalable organic optoelectronic sensors. Organic light-emitting diodes (OLEDs)
and organic photodiodes (OPDs) are demonstrated as photoplethysmography (PPG) sensors,
representing steps toward lightweight and flexible pulse oximeters. A scalable blade coating
method is used to simultaneously print OLEDs and OPDs on a single substrate, simplifying
fabrication while maintaining device performance of both devices. Finally, solution and film
optimizations are used to replace toxic solvents with a greener solvent in organic photovoltaics
(OPVs), demonstrating critical steps towards eco-friendly fabrication of organic electronics.
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Chapter 1

Introduction

Organic electronics have grown in popularity due to its potential to revolutionize
electronic technologies in terms of performance, low cost, and unique applications in flexible
and wearable systems [1-7]. In particular, organic optoelectronics are increasingly prominent
due to their wide range of applications in lighting and sensing applications spanning from
consumer displays to lightweight photosensors [8-10]. Compared to inorganic semiconductor
materials that require expensive vacuum and lithography fabrication, the solution solubility
of organic semiconductors enables fabrication with simple and cost-effective fabrication
through solution processing. A major advantage of solution-processable electronics is
the use of additive printing processes to reduce material waste and facilitate large-area
manufacturing techniques [11-14]. Furthermore, the low-temperature deposition of organic
semiconductors are compatible with a variety of flexible substrates, making them ideal for
applications where flexibility and conformity are necessary [15-18]. In recent years, increased
efforts have been made to enhance the commercial viability of organic electronics and sensors
by supporting scalable printing techniques and minimizing reliance on toxic solvents [19-22].
These advancements are pivotal in addressing the economic and environmental challenges
associated with electronics manufacturing. With increased economical interest and steps
towards reduced environmental impact of organic electronics, its promising capabilities pave
the way for significant advancements in consumer products, renewable energy solutions, and
next-generation technologies.

1.1 Optoelectronic Devices and Figures of Merit

1.1.1 Organic Semiconductors

Organic semiconductors are carbon-rich materials that possess semiconducting
properties. In contrast to inorganic compounds, organic compounds comprise of at least
one carbon-hydrogen bond. The semiconducting nature of organic molecules arise from
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the conjugated molecular structures where alternating single and double bonds lead to the
formation of hybridized sp? orbitals. A carbon-carbon double bond comprises of two bonds:
a sigma bond from the overlap of the sp? hybridized orbitals and a 7 bond from the overlap
of the unhybridized p orbitals. The 7 bonds give organic semiconductors their unique optical
and electrical properties. The charge carrier mobilities of organic semiconductors will depend
on the ability of m-electrons to move through the conjugated system influenced by molecular
packing and crystallinity [23-25]. Organic semiconductors typically exhibit lower mobilities
than inorganic semiconductors due to incoherent hopping of charges from one molecule to
the next [24, 26-28]. Their low dielectric constant also results in bound electron-hole pairs
known as excitons when photons are absorbed. Conversely, upon injection of electrons and
holes, excitons are first formed before recombining [29-31]. Finally, the molecular orbitals
are filled in increasing energy levels, forming the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO). The energy gap between HOMO and
LUMO defines the semiconducting properties of the material, analogous to the valence and
conduction bands in traditional semiconductors. An illustration of molecular orbitals and
the energy levels contributing to semiconducting properties are shown in Figure 1.1.

(a) . (b)
Y\ A LUMO ——— %

HOMO% T
p,

Figure 1.1: Ilustration of molecular orbitals of an organic compound. (a) A conjugated
backbone with overlapping p, orbitals that point out of the molecular plane. (b) Highest
occupied and lowest unoccupied molecular orbitals (HOMO and LUMO). Arrows denote two
electrons with different spins. Figure from Miknenko (2015) [30].

The energy band gap is a fundamental property that influences the optical and electrical
properties of optoelectronic devices [29, 30, 32]. In terms of optical properties, the band gap
determines the color of the light emitted by light emitting diodes. For light absorbing devices,
the band gap determines the spectra of incident light absorbed, resulting in photogenerated
excitons. In terms of electrical properties, the positions of the HOMO and LUMO levels
also influence the ease with which electrons and holes can transport within the device.
The relative positions of HOMO and LUMO levels between adjacent materials can impact
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Figure 1.2: Diagram of a multilayer OLED employing interlayers: HIL (hole injection layer),
HTL (hole transport layer), EBL (electron blocking layer), EML (emission layer), hole
blocking layer (HBL), eletron transport layer (ETL), and electron injection layer (EIL).
The HIL and EIL help assist in injection of charges from the anode and cathode energy
levels into the HTL and ETL, respectively. The EBL and HBL assist in confining the holes
and electrons within the EML. Figure from [32].

charge injection, transport, and recombination [24, 33, 34]. Charge injection layers and
charge transport layers are additional materials, often categorized as interlayers, that help
facilitate efficient charge transport and minimize energy barriers between the active layer
and anode/cathode contacts. For instance, OLEDs rely on efficient charge injection from
associated anodes and cathodes towards the light emission layer. Interlayers are commonly
added adjacent to the emission layer to arrange energy level cascading, enabling smooth
transport of charges. This is shown in a energy band diagram of a multilayer OLED in
Figure 1.2. Furthermore, blocking layers with shallow LUMO or deep HOMO levels can
be used to confine electrons and holes to the EML for recombination and prevent losses in
emission.

The combination of optical and electrical properties determined by the band gap
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ultimately influences the efficiency of the device [24, 33, 34]. In optoelectronic devices,
this refers to the conversion of optical to electrical energy (or vice versa). Furthermore,
because the energy band gap is determined by the molecular structure of the semiconductor
material, chemical synthesis strategies and molecular engineering can modify the optical and
electrical properties of a semiconductor for specific characteristics and applications [23, 35,
36]. For instance, organic light-emitting diodes (OLEDs) can be engineered to emit light
of specific colors and intensities, enabling high color purity for display technologies [37].
Similarly, organic photo-absorbing materials have been designed to broaden their absorption
spectrum to increase response to the incident light for use in high efficiency solar cells and
high responsivity photodiodes [38, 39].

1.1.2 Organic Light-Emitting Diodes

The most prominent success in organic semiconductor technologies is the emergence of
high-end OLED displays [32]. At the time of writing, these displays are the predominant
display technology used in consumer electronic devices including smart phones, tablets,
laptops, televisions, wearable technologies, digital cameras and augmented/virtual reality
headsets [40]. Commercial interest in OLED displays have grown as they posess brilliant
emission colors, very high on/off contrast ratio, and the ability to be shaped for a particular
aesthetic or practical purposes [41].

OLEDs are electroluminescent sources in that current injection from the cathode and
anode contacts generates an exciton on the emissive molecules within the structure, leading
to radiative recombination and light emission. OLED light emission is primarily understood
as a four step process as shown in Figure 1.3. Typically the emission layer (EML) will be
sandwiched by interlayers for transporting or injecting a corresponding charge [30]. The
purpose of these interlayers are to enhance charge injection from the electrode contacts
and assist in localizing the recombination in the EML [41, 42]. During operation, the hole
and electron charges are first injected from opposing contacts. Second, the charges are
transported via electric field towards the EML. Here, thin hole blocking or electron blocking
layers may also be present to further localize the charges in the EML. Third, a hole on the
HOMO and an electron on the LUMO form a bound exciton. Finally, radiative recombination
of the exciton emits light that emerges via the transparent anode and substrate for bottom
emitting devices. A typical film stack for a single OLED device with various interlayers and
direction of light emission is shown in Figure 1.4.

OLEDs are light emitters that are commonly used in visual applications such as lighting
and displays. As such, the optical performance of OLEDs requires consideration of how
the human eye behaves and receives various forms of light. This is known as photometry
[41].  The figures of merit used to assess OLED performance can be both radiometric
and photometric. Benchmarks for measuring light emission are irradiance, radiance, and
luminance. Irradiance £, with units of W - m~2, is defined as the radiant flux per unit
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Hole injection Emission Electron injection
and transport layer layer and transport layer

Cathode

Figure 1.3: Illustration of the four steps of electroluminescence generation in a biased OLED
structure. 1) The hole and electron are injected from opposing contacts. 2) The charges
are transported towards the emission layer via the applied electric field. 3) The hole and
electron form a bound exciton. 4) The exciton radiatively recombines to emit light. Figure
adapted from Brutting (2013) [42].

area emerging from a point in a given surface. It is defined below where dsg is the surface
area element on the surface of interest. Radiance L is the amount of radiant flux per
unit area, per unit solid angle emerging from a point on the surface of interest in units of
Wm™2sr~!. Tt is defined in 1.2 where w is defined as the solid angle in a specific direction
and s is the projected area onto the surface containing the point of interest. Luminance,
L,, in units of candela per meter squared, cd - m~2, is a photometric measure of radiance
L(\) and is a critical parameter for lighting and display applications. Because the human
eye has a particular spectral response to radiation, a standardized spectral response has been
set by the Commission Internationale de ’Eclairage (CIE). This is known as the photopic
response, V (), and is shown in Figure 1.5. The photopic response is used to convert
radiometric quantities to eye response-weighted photometric equivalent quantities given the
increased varying sensitivies of wavelengths to the human-eye. Thus, photometric quantities
are typically denoted with a “v” to indicate a human-eye weighted response. Equation 1.3
shows how to derive the metric where V(\) is the photopic response, I is the measured
photocurrent at the detector, D is the distance between the OLED and the detector, Rge s
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1

Cathode(Opaque) ©) Electrons

5-10 V= Electron transportation layer

Hole transportation layer

Hole injection layer

ITO anode (Transparent) +) [Holes

Glass substrate

Emission

Figure 1.4: Example of an OLED device with electrode transport layer (ETL), emission
layer (EML), hole transport layer (HTL), and hole injection layer (HIL). Figure from Forrest
(2020) [32].

is the detector responsivity weighted to the measured OLED emission spectrum, Sy is the
OLED emission area, and Aq is the detector area.

dd
B=o (1.1)
d*P
 dwds (1.2)
Im 770
L, = 683[—]/ LIV (M\)dA (1.3)
380
]detD2
LN = ———— 1.4
( ) Rdet,s()\)SOAO ( )

The benchmarks regarding the electrical operation required of OLEDs are often
characterized by the turn-on voltage and the operating current. Turn-on voltage, the
minimum voltage required for the OLED to start emitting light is typically defined as bias
voltage required for an emission of 10 cd - m~2 from the OLED. The operating current or
voltage can be selected based on the target application, however, a common specification



CHAPTER 1. INTRODUCTION 7

06k ]
yA) i |
0.4} .

00 L .
400 500 ) (nm) 600 700

Figure 1.5: Commonly referred to as the photopic response, the 1931 CIE luminosity function
describes the photopic vision of humans.

is the operating current or voltage required for a luminance of 1000 cd - m~2. This allows
standard comparisons between different OLED devices.

Electroluminescence and CIE color coordinates characterize the color output
of the OLED in response to electrical input. This is critical for meeting application
requirements. For instance, the color space of RGB displays will consider the precise emission
wavelengths and color purity of OLEDs to ensure accurate and vibrant color reproduction.
Electroluminescence is typically plotted with intensity versus wavelength at a fixed applied
bias or current. Using the electroluminescence spectrum, the color output of the OLED can
be assessed. The 1931 CIE Color System is a trichromatic system based on the primary
colors of red, green, and blue. The weighting functions roughly corresponding to those three
primary colors are denoted Z, ¢, and z and are shown in 1.6. Using these weighting functions,
a set, of tristiumulus values X, Y, and Z are obtained with the following:

X = / ™ ()0 da (1.5)
Yy — / ™ 500500 da (1.6)
7z / ™ sz da (1.7)

Efficiency is an important metric to deduce illumination quality, energy efficiency, and
longevity of an optoelectronic device. It influences energy consumption, cost savings,
environmental impact, and the ability to use the device in various applications where energy
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Figure 1.6: 1931 CIE Color Matching Functions with z, 7, and z corresponding to the
primary colors: red, green, and blue.

use can be restricted. There are various ways to consider the efficiency of light emitters.
External Quantum Efficiency, FQF, is a commonly used metric for optoelectronic
devices. In the context of emitters, EFQFE, refers to the ratio of photons emitted from
the device, n,,, and the electrons injected to produce the photons, n., shown in equation
1.8. Current Efficacy, 7, is useful in circuit design for display applications where OLED
pixels are driven by current. It is defined in 1.9 where J is the current density in mA-em=2.
Luminous Efficacy, K, is expressed in lumens per Watt, and characterizes the effectiveness
of a beam of radiation for stimulating a response in the human eye. It is defined as the ratio
of luminous flux ¢, in lumens, and radiant flux ¢ in Watts. Finally, Power Efficacy, K, is
the measure of luminous flux produced by the device at a particular electrical power input.
It is defined in equation 1.12 where ¢, is the luminous flux in Im-W~! and P is the electrical

power input in Watts.

nEQE = 10096 (1 8)
L,
= 0.1= (1.9)
d
K, =—" 1.1
Im 770
d, = 683[—]/ SNV (A)dA (1.11)
w 380
K, = 24 (1.12)
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1.1.3 Organic Photodiodes

While OLEDs have rose in prominence in commercial displays, other organic devices
have also gained popularity in organic electronic research. Organic photodiodes (OPDs)
are of particular interest for their broad spectral response ranging from ultraviolet to near
infrared (NIR) wavelengths (300 nm to 1500 nm)[43]. Their ease of scalable fabrication
are also advantageous for large area image sensors[43-46]. The photoabsorbing layer of an
organic photodiode uses donor and acceptor materials with LUMO and HOMO that serve
as electron and hole transporting bands. The donor is hole accepting, while the acceptor is
electron accepting. Similar to OLED architectures, photodiodes will employ a a sandwich
architecture with an anode and cathode surrounding the photoactive layer with additional
interlayers to assist charge injection and transport.

Typically photodiodes are operated under reverse bias to increase charge collection
efficiency and increase the detector bandwidth by accelerating photogenerated charges
with the applied electric field. When operated in reverse bias, the photodiode is in
photodetector mode. Alternatively, the photodiode may also operate under no bias, relying
on the internal field to separate and collect charges. Under this operation, the photodiode
is in photovoltaic mode. The photodiode relies on the heterojunction to separate a
photogenerated exciton. Most organic photodiodes employ a bulk heterojunction (BHJ)
active layer, a mixture of donor and acceptor materials in a single film. The mixture of donor
and acceptor materials increases the surface area across which excitons can be dissociated.
An example of the bulk heterojunction can be see in Figure 1.7 where the bulk heterojunction
consists of an interpenetrating network of donor and acceptor domains ideal for dissociating
photogenerated excitons.

Incident Light

Contact
Bulk Heterojunction
h+
E Photoabsorbing Donor
e- Layer +
Acceptor
Contact

Figure 1.7: Illustration of a donor and acceptor blend mixed to form an active layer in a
photoabsorbing device. The interpenetrating donor and acceptor materials within the bulk
heterojunction allows holes and electrons to dissociate and drift towards their respective
contacts.
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Photogeneration and charge collection relies on the energy bands within the
photoabsorbing material. First, absorption of a photon with energy greater than the energy
band in either the donor or acceptor generates an exciton. Second, this exciton will diffuse
towards the donor-acceptor junction. Third, at the heterojunction, bound electron and hole
are transferred to the respective domain (electron from donor to acceptor and hole from
acceptor to donor depending on where the exciton originated). This transfer is driven by
the offset energies of the LUMOs and HOMOs of the two layers. Finally, the electron and
hole dissociates to drift towards their respective electrode contact. The full mechanism of
can be seen in Figure 1.8. In contrast to many inorganic materials where absorption results
in free carriers, organic semiconductors proceed through photogeneration via generation
and dissociation of coloumbically bound excitons. Thus, organic photodetectors inherently
possess more inefficient photogeneration steps and require a heterojunction to provide the
necessary energy potential for exciton dissociation.

HOMO

Acceptor

Figure 1.8: Four step process of photogeneration in a photodetector. 1) Photogeneration of
an exciton 2) Diffusion of exciton towards the donor-acceptor junction 3) Transfer of charge
(electron goes to acceptor and hole goes to donor) 4) The bound hole and electron pair

dissociate to travel freely towards their respective electrode contacts. Figure from Forrest
(2020) [32].

High performance OPDs have been fabricated with industrially relevant coating and
printing techniques, motivating their use in applications where low-cost high-throughput
sensors are needed. For instance, printed OPDs have been incorporated to various systems
such as lab-on-chip systems, optical communication, medical sensors, spectrometers, and
image sensors [43, 47-49]. As photodiodes are used in optical detection, it is important that
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the photodiode has excellent speed response, linearity, as well as spectral response. Figure
1.9 shows highlights common benchmarks for organic photodiodes.
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Figure 1.9: Schematic of the OPD figures of merit and characteristics as a function of reverse
bias or illumination intensity. (a) Spectral responsivity R()), (b) JV curve for different
illumination intensities, (c) the linear dynamic range (LDR), (d) noise spectral density
Snoise (f) and its theoretical limits (shot, thermal, and 1/f noise), (e) R(A) attenuation
in dB as a function of excitation frequency. The —3 dB-cutoff frequency is marked as
dotted line. (f) The frequency dependent specific detectivity D* and the approximated
frequency independent D* approximated in different regimes of operation. Figure from
Strobel (2019)[14].

The optimal photodiode will have a high contrast between its photogenerated current
and its dark current. Dark Current, J;, refers to the flow of current in the absence of
any external illumination. This current is primarily caused by thermally generated carriers
within the semiconductor material of the photodiode and directly affects the signal-to-noise
ratio and sensitivity of the photodiode. Increased dark current can arise from increase
in temperature as the dark current increases exponentially with temperature due to the
increased thermal energy available to generate electron-hole pairs. A method to minimize
dark current is to reduce thermally generated carriers by selecting larger bandgap materials
or by optimizing film thickness to increase recombination of generated carrier prior to charge
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collection. Dark current is typically reported under negative or zero bias. In the same vein,
specific detectivity is a benchmark for performance of a photodiode at low irradiances is
specific detectivity. Specific Detectivity, D*()\), is the reciprocal optical power required
for a signal-to-noise ratio of unity, normalized to the device area. This represents the ability
of the OPD to detect an optical signal and generate a signal current, measured in Jones,
or [emHzY?W~1]. The expression for D*(\) where R is responsivity, S is noise spectral
density, A is the device area, Jy is the dark current, A\ is wavelength, and h, ¢, and ¢, are
physical constants plank’s constant, speed of light, and elementary charge, respectively. It is
commonly assumed that shot noise is the main contributor to noise, however, it is commonly
known that this can lead to an overestimation of detectivity. Thus, this assumption should
be stated explicitly.

D*()\) = T\/Z = T (1.13)

The spectral response of the photodiode is a key parameter determining its use in
various applications as photogeneration may be required at specific wavelengths of incident
light. External Quantum Efficiency, FQF, describes ratio between the number of total
electrons collected and number of incident photons. This is typically plotted as a function
wavelength as FQFE can vary across wavelengths. For OPDs, the FQF is the inverse of
the same equation for OLEDs. Alternatively, it may be useful to view the incident light
as an input of power rather than photons. Spectral responsivity, R(\) of a photodiode
determines the application space of a photodetector as it quantifies the electrical output of a
detector in response to optical power over a range of wavelengths. R()), in units of A- W~
is defined as the ratio between photocurrent generated I; and incident optical power Pj, as
a function of wavelength. In equation 1.15, nggg is the external quantum efficiency of the
detector for a given wavelength, ¢ is the elementary charge, f is the frequency of the incident
light, A is Planck’s constant, and c is the speed of light. This metric can be calculated from
the measured FQF.

Te

Npn

Iy _ NeQeq _ ngA

R(Y) = P, hf he

(1.15)
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Finally, benchmarks describing more application specific requirements are linear dynamic
range and frequency response. Linear Dynamic Range, LDR, describes the range of
intensities in which the detector’s electrical response is linear to incident illumination. A
wide linear dynamic range ensures accurate and precise measurements across a broad range
of input light irrandiances. It can be used as a calibration to correlate measured photocurrent
with incident light power. It is typically measured and reported at one wavelength of light.
Frequency Response, or cut-off frequency, f_ 345, is defined as the frequency at which
output power of the detector is attenuated by 50% in response to modulating light signals.
Similar to linear dynamic range, this metric is also typically measured and reported at one
wavelength of light. A wider frequency response may be desired as it represents the device’s
ability to reproduce or transmit input light signals at higher frequencies.

LDR =20 -log <“—m> (1.16)
Uin,min
—3dB =20 - log (Z(f‘—f”dB)) (1.17)
Lo

1.1.4 Organic Solar Cells

While OPDs have distinct advantages for optical detection, a great deal of effort in
research has focused on developing organic solar cells, also known as organic photovoltaics
(OPVs). Solar cells need to maximize power output by generating charges from all available
photons, typically along the solar spectrum. As the solar spectrum primarily possesses
visible and NIR spectra, it is important that both donor and acceptor layers can absorb
in those broad wavelengths [50]. However, it is common that donor and acceptor materials
are combined in such a way to be complementary in their absorption [38, 51, 52]. However,
selective absorption in a particular region of UV or non-visible wavelengths also enable
the potential for semitransparent OPVs to be used in window and building applications
[38]. Organic solar cells are classified in the third generation of solar technology along with
dye sensitized, quantum dot sensitized and perovskite solar cells [53]. Flexibility and low
cost deposition on large substrates has motivated interest in organic solar cells [54-57]. In
addition, the materials used in other panels and modules contain toxic and costly previous
metals, creating concerns over recyclability and end of life disposal [58]. The National
Renewable Energy Laboratory (NREL) efficiency chart shows that OPV technology has
matured quickly with efficiencies nearly reaching 20% in recent years [59-63].
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OPVs are functionally similar to organic photodiodes in that they produce current upon
exposure to light and often use the same materials and device architectures. However, the
distinguishing factor of OPVs from OPDs is the application in which they are used. While
OPDs are often used for detection of low light settings, OPVs are commonly used to convert
broad spectrum light (outdoors or lighting indoors) to electrical energy [64, 65]. The most
critical metric for solar cells, or photovoltaics, is the power conversion efficiency (PCE),
describing the efficiency with which the device converts incident light into electrical energy.
This critical metric, along with others, are easily derived from a current-voltage sweep. The
IV curve of a solar cell is the superposition of the IV curve of a diode in the dark with
the light-generated current. Below is the ideal diode equation adjusted to account for the
generation of current from illumination, I;.

I = Iylexp —-1] -1 (1.18)

Several important benchmarks are used to compare solar cell performances. The first
figures of merit relate to the current-voltage characteristics of a solar cell, shown in Figure
1.10. Short circuit current, /., is the current through the solar cell when the voltage
across the solar cell is zero. This current describes the photovoltaic effect: the generation
and collection of light-generated carriers under illumination. The short-circuit current is the
largest current which may be drawn from the solar cell. I,. depends on the area of the solar
cell, the intensity of light, the spectrum of light, the spectral response of the cell, and optical
properties of the cell. Often times, this value will be reported as the short circuit current
density, .J,., where the short circuit current will be normalized to the device area. The short
circuit current can also be calculated by integrating the solar cell’s EQFE over the incident
light’s spectrum, typically referred to as the spectrum integrated short circuit current. Often
this calculated current is reported to ensure integrity of IV curve measurements [66-68].
Open circuit voltage, V., is the voltage at which the dark current and photocurrent are
equal and opposite, resulting in no net current. The open-circuit voltage corresponds to the
amount of forward bias on the solar cell required to counteract the light-generated current.
When a load is connected to the cell, the operating point will occur along the IV curve
between the open-circuit and short-circuit conditions. This point will be determined by the
load resistance. Ideally, this occurs at the maximum power point, Py,;p, shown in Figure
1.10. Py;p represents the point at which output power is maximized along the IV curve.

Using the previous values ofl,., V,., Pyp further solar cell analysis can be done to
understand where power losses may arise. Fill factor effectively quantifies the “squareness”
of the IV curve. It quantifies the relative power that can be generated from a solar cell
compared to its theoretical maximum power output, the product of I,. and V.. Fill factor is
calculated in equation 1.19 with Py p, Iyp and Vi p. The power conversion efficiency,
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Figure 1.10: The current-voltage (IV) characteristics (red) and power-voltage curve (blue) of
a solar cell under illumination. The short circuit current and open circuit voltage is shown
at points along the IV curve. The maximum power point is shown on the power-voltage
curve. Figure from PVEducation [69].

PCE, is the most critical metric reported in solar cell research. The power conversion
efficiency is defined as the ratio of energy output from the solar cell to input energy. It is
calculated using the equation 1.20. Because this metric depends on the light intensity of the
input source, the environment in which the cell is measured must be reported as well. In a
laboratory setting, this is typically AM1.5G conditions at 1 sun (100mW -cm™2) illumination
at room temperature. AM1.5GG, or Air Mass 1.5 Global, is a standard spectrum used to
simulate solar radiation on the Earth’s surface for testing and comparing the performance
of solar cells and photovoltaic devices. It represents the solar spectrum after it has passed
through the Earth’s atmosphere. The spectral irradiance of AM1.5G and an example of a
solar simulator used for laboratory measurements is shown in Figure 1.11.

PR Pyp _ Inip - Varp
‘/oc : Isc ‘/oc : Isc

(1.19)

Pout_‘/oc'[sc'FF

PCE =
P, P,

(1.20)

To account for the non-idealities in a solar cell, two parasitic resistances considered [64,
70]. A model of a non-ideal solar cell can be see in 1.12, showing a shunt resistance and a
series resistance. These two parasitic resistances represent the primary methods of losses in
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Figure 1.11: a) The spectral irradiance of sunlight conditions, both direct and scattered,
at a solar zenith angle of 48.2 degrees above the horizon (AM1.5G) The visible spectrum
is highlighted for reference. b) Illustration of solar simulator used in laboratory settings to
measure fabricated solar cells. The emission of a xenon lamp is passed through an air mass
filter to mimic the conditions of sunlight passing through the earth’s atmosphere.

the efficiency of a solar cell arising from components of the solar cell structure, such as the
semiconductor material, metal contacts, and interconnects [71]. Series resistance does not
affect the solar cell at open-circuit voltage, however, near the open-circuit voltage, the IV
curve is strongly affected by the series resistance. Series resistance is typically calculated
from the slope of the IV curve at the open-circuit voltage point. This resistance can arise
from bulk, contact, and sheet resistances in the device. Shunt resistance, on the other
hand, are typically due to manufacturing defects resulting in low resistance paths where
light-generated current to bypass the intended current path. Crystal defects, edge effects,
and junction leakage can lead to low shunt resistances. The effect of shunt resistance is more
severe in dim conditions where there is less light generated current [72]. At low voltages
where the effective resistance of the solar cell is high, the impact of a resistance in parallel
is large. The shunt resistance is typically calculated from the slope of the IV curve at the
short-circuit point. Thus, analysis of parasitic resistances can serve informing and analyzing
losses in solar cells.
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Figure 1.12: Standard equivalent circuit model of a solar cell. The current source represents
the photogenerated current of the solar cell. Two parasitic resistances are added to the
model: series resistance and shunt resistance. Figure from PVEducation [69].

1.2 Sensor Applications

Organic semiconductors are inherently soft materials, making them ideal for applications
with innovative form factors which are not easily achievable with rigid inorganic materials.
Some applications include flexible, conformable, and foldable displays and sensors [6, 17, 73,
74]. This mechanical flexibility of organic semiconductors also facilitates the development
of stretchable sensors and conformable medical devices that can adhere closely to the
human body, providing continuous health monitoring and diagnostic capabilities with greater
comfort and accuracy. Furthermore, the organic electronics enables mechanical stability
for large-area applications when exposed to conditions where durability and robustness are
critical for adoption [75, 76].

A prominent biophotonic application leveraging developments in organic optoelectronics
is the pulse oximeter. Pulse oximeters are critical medical devices used in clinical settings,
emergency medicine, and home healthcare to assess respiratory function and overall patient
health. The conventional method of pulse oximetry utilizes inorganic light-emitting diodes
(LEDs) and a photodiode (PD) to non-invasively measure pulse rate and arterial blood
oxygen saturation. This non-invasive optical technique is called photophethysmography
(PPG), where changes in blood are measured through variations in light absorption at the
skin’s surface. LEDs emit light through tissue, which is then reflected or transmitted by
the skin and detected by the photodiode, providing data on oxygenated and deoxygenated
hemoglobin levels. Finger pulse oximeters are commonly used at home and in clinical
settings, however, the device is often constrained by the bulkiness and rigidity of the
system, making them uncomfortable and inconvenient to use for long periods. This is in
part due to the rigid inorganic devices used. Furthermore, extended periods of continuous
monitoring will require a connection to a constant power supply, making the device even
more cumbersome and less convenient for long-term use.
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On the other hand, organic-based devices offer several potential advantages, including
enhanced flexibility, reduced manufacturing costs, and compatibility with wearable and
skin-like electronics. Using organic LEDs (OLEDs) and photodiodes (OPDs) enable the
integration of a lightweight, flexible, and low-cost PPG sensor. Significant strides have been
made in developing and demonstrating the feasibility of organic-based sensors. Lochner et
al. (2014) pioneered the first all-organic PPG sensor using solution-processed OLEDs and
OPDs [77]. Following this, developments in PPG sensors have included the use of higher
performance semiconducting materials, enhanced flexibility, self-powered PPGs, and wireless
capabilities [78-84]. These contributions highlight a shift from bulkier electronic interfaces
towards a more durable and miniaturized wearable system.

Another significant advancement in organic-based PPG sensors was demonstrated by
Khan et al. (2018) where a large-area 2D oxygenation mapping system was developed [85].
The flexible and printed electronic system is achieved by printing and integrating arrays
of OLEDs and OPDs stacked atop one another. The devices are fabricated on flexible
plastic substrates, enabling a lightweight sensor array that is comfortable to wear while also
increasing signal-to-noise ratio by improving the fidelity of the sensor-skin interface.

These reports demonstrate strong interest in implementing organic devices in medical
sensors. However, a major challenge in realizing an integrated health monitoring device
with organic electronics is the high driving voltages and larger parasitic capacitances of
OLEDs and OPDs. This can significantly increase the power consumption of the pulse
oximeter, diminishing the practicality of using organic-based devices in medical applications.
Reducing sampling rates or driving voltages of organic devices can help to reduce the power
consumed, however, at the cost of sensor accuracy. This is not ideal for medical sensing
applications where continuous and accurate monitoring of vital signs is critical. To address
these challenges while leveraging the unique properties of organic-based PPG sensors, the
system architecture must be adapted to meet the specific needs of organic devices. Chapter
2 demonstrates steps towards an improved system for organic-based PPG sensors with a
custom integrated circuit. Specifically designed for use with organic devices, this work
contributes a method for decreasing power consumption while maintaining accuracy. Overall,
the development of organic-based PPG sensors exemplifies advantages of organic electronic
devices in healthcare applications, facilitated by solution processing for scalable and cost-
effective manufacturing,.
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Figure 1.13: Images demonstrating the progress in pulse oximeter technologies. The images
shown are: a) rigid and bulky commercial pulse oximeter b) concept art of a flexbile organic-
based pulse oximeter, ¢) PPG sensors based on solution-processed organic devices, d) a
solution-processed PPG sensor fabricated on ultraflexible d) a printed reflectance oximeter
array [77, 85, 86.
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1.3 Fabrication Methods

Key to enabling the unique applications of organic electronics is the solution solubility of
organic semiconductors. Dissolution of small molecule and polymer semiconducting materials
into homogeneous inks enable the deposition of electronics as thin-films. While conventional
electronics manufacturing require vacuum deposition techniques with high thermal budgets,
solution-processed organic electronics can be fabricated using low processing temperatures,
on a variety of substrates, and with scalable manufacturing techniques.

Various solution-based techniques have been utilized to deposit layers of polymer
semiconductors, with spin coating emerging as the predominant method in research settings
[12, 14, 87]. Spin-coating is convenient for producing uniform and reproducible films on
flat substrates, allowing tunability of film thicknesses through adjustments in spin speed
and solution viscosity [88, 89]. Spin-coating is also a critical method used in commercial
fabrication of nano- and microelectronics during photolithography. In terms of operation,
spin coating can be broken down into several steps. Initially, the solution is applied onto the
substrate, either through dynamic or static spin coating methods, allowing centrifugal motion
to spread it evenly. As the substrate reaches its maximum rotational speed, excess solution
is expelled. The fluid begins to thin, primarily through solvent evaporation, influenced by
factors such as volatility and ambient conditions. These steps can be seen in Figure 1.14.
In general, the thickness of a spin coated film is inversely proportional to the square root
of the spin speed seen in equation 1.21 where w is spin speed and hy is final film thickness.
The film’s exact thickness is influenced by factors such as material concentration, solvent
evaporation rate, solvent viscosity, temperature, and humidity. Thus, spin thickness curves
are usually determined empirically with ellipsometry or surface profilometry.

hy o % (1.21)
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Figure 1.14: Illustration of spin coating steps using a static dispense method. a) Solution
deposited on the surface of the substrate b) Rotation begins and excess solution is expelled
¢) solvent evaporation and film solidification d) final film is formed. Figure adapted from
Ossila [90].
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Although spin-coating is a well-controlled and established solution processing method, it
poses a drawback in its inefficient material usage [91]. During the spin-coating process, a
majority of the starting material is spun off the substrate, leaving only a thin wet film behind.
In addition, spin-coated films often require subtractive post-processing steps to develop
desired patterns [92, 93]. For instance, spin-coating is often followed by etching steps to
develop 2D patterns. On the other hand, additive manufacturing deposits material directly
where it is needed. Additive techniques include inkjet printing, screen printing, gravure
printing, doctor blade coating, slot dye coating and spray coating. Each of these methods
offers unique advantages in terms of precision, material usage, and suitability for different
applications [13, 20, 94]. The characteristics of the solution being deposited will limit the
available fabrication techniques [95-98]. A comparison of various printing techniques can be
seen in Figure 1.15. Solution viscosity is a critical parameter that impacts the deposition
capabilities and may even limit the feasibility of some techniques [87]. For instance, inkjet
printing and spray coating techniques will require lower viscosity solutions to prevent clogging
and proper ejection [99-101]. On the other hand, blade coating tolerates a larger range of
viscosities from low viscosity organic inks to higher viscosity metallic pastes [102, 103]. Where
the solution may limit the choice of printing technique, the printing technique also limits
the resulting film deposition speed and resolution. For instance, inkjet printing is commonly
used to print high resolution features, however, this comes at the cost of printing speed and
scalability [104, 105]. On the other hand, blade-coating is typically used to blanket coat thin
films and is better suited for scaling to larger areas. A wide variety of organic devices from
blade-coated OLEDs to inkjet printed OPVs to screen-printed electrochemical transistors
have been fabricated with printing techniques and are shown in Figure 1.16.

Organic optoelectronic solutions exhibit low viscosities between 1 to 100 cP, making them
well suited for doctor blade coating. A variety of devices have been blade-coated including
phototransistors, light-emitting diodes, photodiodes, and photovoltaics [49, 107-113]. A
primary advantage of blade coating over similar printing techniques is the simplicity of
printing parameters. Blade-coating involves spreading solution over a substrate using a
blade at a designated blade height and speed. In contrast, techniques such as inkjet printing
and slot-die coating require intricate optimization of droplet formation and deposition or
the management of complex fluid dynamics. Blade coating offers a straightforward and
reliable approach to depositing thin films at scale. Additionally, films can be deposited with
sequential blade-coating steps, enabling the fabrication of multilayered films necessary for
applications like organic optoelectronic devices.

However, blade coating also possess drawbacks in terms of 2D patterning. Designed
primarily for large-area, uniform coatings, blade coating is not inherently suited for
patterning films. While stencils can be used to create patterns, this method works best with
high-viscosity solutions that adhere well to the substrate after deposition [114-116]. Low-
viscosity solutions, on the other hand, tend to spread before the film dries, leading to poor
pattern definition and control. For the same reasons, realizing sharp and well-defined edges
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Figure 1.15: Side views of common printing techniques and a comparison of their associated
solution, film, and printing characteristics. Figure from Pierre (2017) [106].

in blade-coated patterns can be challenging depending on the solution. However, surface
energy patterning (SEP) has shown to be an effective method for patterning blade-coated
films [117]. This method leverages differences in surface energies on the substrate to guide
the deposition and spreading of the coated solution, enabling pattern formation without
the need for stencil masks. Blade coating on a surface energy patterned substrate has
been demonstrated in the fabrication of printed organic transistors, organic light emitting
diodes, and organic photodiodes [85, 107, 108, 110]. The use of blade coating on SEP
substrates enables a facile and scalable printing method without the need for costly engraved
cylinders such as those used in gravure printing. The advancement of this technique for the
fabrication of blade-coated multi-functional organic optoelectronic devices is the subject of
Chapter 3. Using a scalable and low-cost blade coating technique, this work demonstrates
important steps in reducing the fabrication complexity of optical systems while ensuring
high performance of device printed.



CHAPTER 1. INTRODUCTION 23

f g
el

L e
P

Figure 1.16: Examples of organic devices fabricated with various printing techniques. Images
include: a) multicolored blade-coated OLEDs, b) fully inkjet printed OPV Christmas tree,
¢) screen-printed organic electrochemical transistor circuits, d) all-inkjet-printed TFT array,
e) semitransparent inkjet printed organic solar cell f) screen-printed organic electrochemical

transistor sensors, g) a 7-segment display based on blade-coated OLEDs, and h) printed
organic photodiode arrays [101, 109, 110, 118-120] .
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1.4 Materials and Solvents

While scalable printing techniques help to address the economic prospect of electronic
manufacturing, another critical consideration for the commercial viability of organic
electronics is the environmental impacts of the materials used in the process. Sustainable
practices to reduce overall environmental impact of electronic manufacturing can be achieved
by reducing toxicity of materials and solvents, improving stability and longevity of devices,
and utilizing renewable resources when possible. The use of additive printing techniques
helps to reduce material waste by depositing precise amounts of material only where needed.
However, the solutions used in printing organic electronics can still be hazardous. Developing
and utilizing non-toxic materials and solvents are crucial for moving towards greener and
sustainable practices.

Organic materials are inherently less toxic compared to some hybrid or inorganic
materials. For instance, non-organic solar cell materials often utilize high heavy metals with
unstable bonds, such as lead in perovskite solar cells, which pose significant environmental
and health risks [58, 121]. These heavy metals can leach into the environment during
manufacturing, usage, and disposal, posing long-term health hazards to humans and wildlife.
In contrast, organic semiconductors, carbon-based materials, are generally considered to be
less hazardous and environmentally friendly. Without toxic metals, organic electronics are
typically safer to produce, handle, and dispose of [19, 122, 123]. This environmental benefit
is crucial as industries move towards greener technologies and sustainable practices.

However, a major challenge still remains in organic semiconductor processing: reliance on
toxic solvents. Organic solvents play a crucial role in the fabrication of organic semiconductor
devices. Solution processed organic materials require proper functional solvents to facilitate
proper dissolution, allowing the deposition of thin films and help in achieving the desired
morphology and crystallinity of the active layer [124, 125]. In addition to solubility of the
organic semiconductor material, solvent choice also depends on the solvent volatility. The
host solvent of an organic semiconductor blend, along with the semiconductor properties (7
stacking, crystallinity, etc.), will be affected by the evaporation rate of the deposited film.
Processing and post-processing parameters can be used to accelerate drying and realize ideal
film morphologies [124, 126, 127].

Organic semiconductors contain a high content of aromatic subunits within their chemical
structures, making halogenated and aromatic solvents the most compatible for dissolution
[78, 128, 129]. This has led to widespread use of solvents such as chloroform, chlorobenzene,
toluene, and xylene in record performing organic devices [38, 52, 130]. However, scaling the
deposition of organic electronics when highly toxic solvents are used is a growing concern.
For instance, chlorinated solvents, although effective in achieving high-quality organic thin
films and commonly used in high performance organic solar cells, are often associated with
environmental and health concerns due to their toxicity [131-134]. Thus, a growing focus in
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organic electronics research is aimed to address the impact of solvent selection on electronics
manufacturing. There are different approaches to realizing green solvent-processable organic
electronic devices. The first is a material modification method, which involves tailoring the
solubility of organic molecules and polymers by modifying their structure while maintaining
their essential characteristics. The second is the solvent selection method, testing alternative
solvents with well established semiconductor materials.

I. Functional groups
Il. Functional side-chains | ;
111. Bulky alkyl side-chains 5 G A

PCDTBT-N

Figure 1.17: Illustration of materials design strategy for green solvent processable organic
semiconductors. a) Three widely used approaches are to attach functional side groups,
functional side-chains or bulky alkyl side-chains. b) Cao et al. functionalized the alkyl
chains of both PCDTBT and PC71BM with a terminal tertiary amino group, to obtain
a butanol/acetic acid soluble donor PCDTBT-N and acceptor PC7T1BM-N. Adapted from
Campana et al. (2020) and Duan et al. (2013) [135, 136].

The material modification of organic semiconductor materials can be done by adding
functional groups, functional side-chains, or bulky alkyl side-chains as seen in Figure 1.17.
An example of a function group addition is attaching ionic terminal groups on alkyl chains
to enable higher solubility in more ionic or hydrophilic solvents such as water or alcohol
[137]. However, this modification may lower device efficiencies due to the ionic terminal
groups’ potential to charge traps and act as quenching sites. Another strategy is to attach
non-ionic but highly polar terminal groups to conjugated polymer backbones, achieving
slightly improved device performances [138, 139]. Bulky alkyl side groups can also enhance
the solubility of conjugated systems in greener organic solvents [19, 139]. However, this is at
the cost of molecular packing and consequently the device electronic characteristics. These
material design approaches are also applied to small molecule acceptors. To start, popular
fullerene acceptors are known to have low solubility in non-halogenated solvents [139]. Some
groups have demonstrated modifications on PCBM acceptors, demonstrating highly soluble
fullerene derivatives in greener solvents such as anisole or 2-methyl-tetrahydrofuran [140,
141]. However, these films also tended to exhibit lower crystallinity than chlorinated-solvent
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processed films. Therefore, although there is promise for design approaches to enable organic
semiconductors soluble in greener solvents, recent reports show that material modifications
typically yield lower device performances than solvent replacement strategies [135].

Solvent replacement approaches tackle the reliance of hazardous solvents used in organic
electronics by directly replacing them with greener solvent alternatives. A graphical abstract
of the solvent replacement approach is given in Figure 1.18. The primary challenge in
this approach is finding a suitable solvent that maintains the desired morphology and
microstructure of the thin film [142]. High solvent volatility can lead to rapid evaporation
and may not provide sufficient time for phase separation in solution blends. Conversely,
low volatility solvents can result in prolonged drying times, leading to undesired coalescing
of pure domains, reducing necessary interfacial junctions. Another major limitation to
the realization of green solvent processed optoelectronic devices is the low solubilities of
organic semiconductors. It is generally known that the host solvent should enable sufficient
concentrations (> 10 mg/mL) for homogeneous dissolution, good molecular packing, and
high viscosity for film thickness tuning [139]. The balance between these critical parameters
is shown in Figure 1.18b, where Lee et al. (2020) highlights an optimal intersection between
boiling point and solubility. The solubility plotted is based on Hansen Solubility Parameters
(HSPs), a theoretical physical parameter used to assess solvent similarities. This theory and
its use in solvent selection is discussed in more detail in future Chapters[143-146]. Finally,
the solvent replacement approach considers the toxicity of the solvent as shown in Figure
1.18 where common solvents broken down into chemical categories. Generally, chemicals
such as alcohols and esters may be preferred due to their lack of toxicities, however, they are
often not compatible for dissolving conjugated polymers used in organic electronics. Another
approach is to form surfactant-stabilized nanoparticle dispersions to deposit a photoactive
layer from aqueous solutions [147-150]. However, this approach is limited by the ability
of donor and acceptors to form suitable nanoparticles for optimal film morphology and the
addition of surfactants that increase charge recombination [76].

There is a balance between the critical parameters: toxicity, solubility, boiling point.
In addition, film processing techniques can play a crucial role in overcoming some of the
limitations associated with the solvent’s properties. Solution blends can be optimized to
increase solution concentrations and post-annealing can be used to accelerate drying of films
deposited from low volatility greener solvents. By optimizing film processing methods, it is
possible to achieve high-quality films when using greener solvents. Investigation and critical
optimization steps for using greener solvents for organic solar cells is discussed in further
detail in Chapters 4 and 5.
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Figure 1.18: Solvent replacement approach and considerations for processing organic
semiconductors with green solvents. a) Illustration of how the toxic solvent in the
donor:acceptor blend is replaced with a green solvent. b) Plot depicting the solubility of
P3HT in various solvents as a function of the solvent boiling point. Solvents inside the
green box, which is surrounded by three boundary conditions, are considered suitable for
achieving homogeneous films during the large-area roll-to-roll coating. ¢) Ranking of solvents
investigated for organic semiconductor processing based on the overall greenness. Adapted
from Campana et al. (2020) and Lee et al. (2020) [19, 135].
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1.5 Dissertation Organization

This thesis provides critical steps towards eco-friendly and scalable organic optoelectronic
sensors. First, integration of organic biophotonic sensors and a custom designed integrated
circuit is demonstrated in a wearable pulse oximeter. Then, inspired by the needs
of optoelectronic applications where multiple devices are used, a printing technique for
simultaneous deposition of multi-functional films is optimized. Finally, to address the
environmental impacts of manufacturing large-area devices, green solvent processing of
organic solar cells are investigated.

Chapter 2 details the challenges with realizing wearable sensors using organic devices.
LEDs and photodiodes are active components, requiring voltage biases for optimum
performance. To demonstrate the feasibility of organic-based sensors in medical applications,
systems must be adapted to serve the needs of the sensors used. First, the principles of pulse
oximetry and the fabrication of suitable OLEDs and OPDs are shown. The chapter then
discusses testing and validation of a custom sensor IC developed for organic-based PPG
sensors. A sparse sampling method is validated for further decreasing power consumption
while maintaining accurate medical readings.

Motivated by the need of both light emitting and light detecting devices in PPG
sensors, chapter 3 demonstrates the use of surface energy patterning for the fabrication of
multi-functional films. This chapter first details the fabrication technique for simultaneous
optimization of blade-coated OLED and OPDs on large-area and flexible substrates. Careful
consideration of contact angles of the print surfaces are critical to enable deposition of distinct
films. To optimize desired characteristics of both devices, film thicknesses are optimized by
tuning solution active layer concentrations.

Chapter 4 addresses the environmental impact of large-area fabrication of organic devices.
Organic solvents are necessary for solution processing of organic semiconductors. Common
organic solvents used in literature are first discussed. Resources for defining and categorizing
solvent safety and toxicities (Global Harmonized System, industry-relevant solvent guides)
are discussed in detail. Finally, Hansen Solubility Theory is presented as a theoretical
foundation for selecting suitable greener solvent alternatives.

Building on the previous discussion, chapter 5 demonstrates a method that considers
greener and more environmentally friendly solvents for the fabrication of organic solar cells.
First, the solubility of a combination of photoabsorbing materials and greener solvents are
evaluated. Analyzing the concentrations of prepared solutions, a single solvent is chosen
to compare its substitution of a chlorinated solvent. Drying times of spin-coated and
printed films are analyzed to understand the impact of the greener solvent on film formation.
Optimizing the solution formulation and post-processing conditions, spin-coated solar cells
are fabricated with a greener solvent. Blade-coated organic solar cells are fabricated with
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the greener solvent, demonstrating comparable device power conversion efficiencies.

Chapter 6 concludes this thesis and discusses future work. The use of optically
transparent plastic substrates with organic optoeletronics shown in Chapter 2 and 3 enable
the possibility of integrating the PPG sensor with other flexible medical on-skin sensors.
An integrated impedance and optoelectronic sensors for wound monitoring and stimulation
is shown. Next, improvements for greener solvent processing is discussed. Mixing a
new combination of more soluble donors and acceptors in solution blends could increase
the efficiencies shown in the previous chapter. The durability and operational lifetimes
of organic electronics are crucial to improving their cost-effectiveness and reducing their
environmental impacts of electronic waste. Device encapsulation is a critical technology
used to prevent degradation and extend operational lifetimes of organic devices. Results
utilizing a nanocomposite encapsulation for oxygen and moisture barrier is presented.
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Chapter 2

Organic Optoelectronic Sensors

2.1 Overview

Health monitoring devices require low power sensors with extended battery life for
continuous monitoring. The operating system must meet the demands of the sensor, as well
as power used for data analysis and communication. For organic-based devices, additional
design is necessary to address the higher driving voltage and increased parasitic capacitances
of organic devices [151, 152]. The parasitic capacitance of photodiodes can impact the input
referred noise of the transimpedance amplifier by attenuating the feedback factor as the
frequency increases [153, 154]. Organic photodiodes can exhibit larger capcitances of up to
10 nF' compared to silicon photodiodes with 100 nF. Similarly, the higher driving required
for organic LEDs restricts battery life. The duty cycle of the components can be adjusted to
reduce power consumption, but need to be validated to avoid compromising the reliability and
accuracy of medical readings. Off-the-shelf components reduce cost and improve simplicity of
designs, however, at the cost of power usage [151]. To fully leverage the use of organic-based
PPG sensors in medical applications, the system must be tailored for the specific needs of
organic devices. The following chapter demonstrates the testing and validation of a custom
sensor 1C for PPG sensing with organic devices. This work is a critical step towards compact
and efficient medical monitoring with flexible and lightweight sensors.

2.2 Pulse Oximetry

Pulse oximetry is a technique for determining oxygen saturation utilizing light absorption
of oxygenated and deoxygenated blood at two different wavelengths. Conventional pulse
oximeters use an optoelectronic sensor with inorganic LEDs and a photodiode (PD) placed
on opposite sides of a finger to non-invasively measure pulse rate and arterial blood
oxygen saturation. This setup is effective, however, bulky and rigid. A combination of
organic-based LEDs and PDs can be manufactured via solution-processable techniques and
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integrated to form a pulse oximeter system. Organic semiconductors offer large-area roll-to-
roll manufacturing, flexibility, and solution processing advantages, making them especially
attractive for medical sensors.

The measurement used is known as photoplethysmography (PPG), wherein the
absorption of light within the blood is assessed [155, 156]. This method relies on the
understanding that functional hemoglobin transports oxygen through the bloodstream,
and by optically quantifying the levels of oxyhemoglobin (HbOs) and deoxy-hemoglobin
(Hb), the oxygen saturation (SOs) in tissues can be estimated. SpO, depends on the
relative concentration of oxygenated versus deoxygenated hemoglobin, and hence, requires
information at two different light wavelengths. As light passes through the tissue, it
is attenuated by different elements, and this attenuation is described by the extinction
coefficient. As illustrated in figure 2.1, the molar extinction coefficients of HbO, and Hb
exhibit significant variations across wavelengths. As such green, red, or near-infrared (NIR)
light sources are often employed in medical sensors and fitness watches. Notably, given
the differences in molar extinction coefficients and their ability to penetrate human tissues,
the combination of red and NIR wavelengths prove to be more effective.The value of SpO,
is computed based on the ratio of the AC component over the DC component of red and
IR PPG waveforms. The calculations are shown in 2.1 and 2.2 where ¢ is the extinction
coefficient of light at red or IR wavelength through oxygenated or deoxygenated hemoglobin
[156]. To compute SpOsq, only the peak and valley (PAV) values of the PPG signals are
needed in the two wavelengths. It is therefore possible to only sample the signal PAVs and,
as a result, save power.
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Pulse oximeters operate in two modes relating to the relative positioning of PD and
LED: transmission mode and reflection mode as seen in Figure 2.1. Transmission mode
requires transmission through tissues and are often measured through extremities such as
the fingers (1). Commercial PPG systems used in clinical settings employ transmission mode
sensors measured on the index finger. Reflection mode PPG measures light back-scattered
or reflected from tissue, bone, or blood vessels (2). Reflection mode is more flexible in that
the sensor can ideally be placed anywhere on the body.
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Figure 2.1: Monitoring heart rate and blood oxygen saturation by PPG. a) Working principle
of PPG: transmission and reflection mode. b) Molar extinction coefficients of Hb and HbO,
at different wavelengths. ¢) Schematic diagram of an oximetry system containing photodiode
and two light-emitting diodes. Figure from Shan et al. (2022) [48].

2.3 Organic-based PPG Sensors

The organic devices used to test iterations of this custom IC system were fabricated
with both printing and spin-coating techniques [77, 110, 151]. Device areas were varied
to increase light output and emission coverage. Broad spectrum absorbing OPDs were
fabricated similarly.

[lustrations of the OLED device design is shown in Figure 2.2a and b.  The
desired emission color can be tuned based on blend used in the the emissive
material. The green OLEDs were fabricated from a blend of poly(9,9-dioctylfluorene-co-
n-(4-butylphenyl)-diphenylamine) (TFB) and poly((9,9-dioctylfluorene-2,7-diyl)-alt-(2,1,3-
benzothiadiazole-4,8-diyl)) (F8BT). The red OLED was fabricated from a tri-blend blend
of TFB, F8BT and poly((9,9-dioctylfluorene-2,7-diyl)-alt-(4,7-bis(3-hexylthiophene-5-yl)-
2,1,3-benzothiadiazole)-2’,2’-diyl) (TBT). The compositions are 1:9 TFB:F8BT and 25:70:5
TFB:F8BT:TBT dissolved in o-xylene for green and red blends, respectively. The NIR
OLEDs were fabricated from a proprietary blend provided by collaborators at Cambridge
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Figure 2.2: Illustrations of OLED devices and example device characteristics. a) Band
diagram of OLED devices fabricated. b) Device film stack of OLED devices fabricated.
Emissive layer materials chosen based on the desired emission color (green, red, etc.). ¢)
Representative current density versus voltage and luminance versus voltage characteristics
of green OLEDs. d) Representative current density versus voltage and luminance versus
voltage characteristics of red OLEDs.

Display Technology (Sumitomo Chemical Group). The solution is prepared by dissolving
the NIR materials in toluene. The OLED device stacks utilize indium tin-oxide (ITO) as the
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transparent anode, Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)
as the hole injection layer, TFB as the electron blocking layer, and a calcium/aluminum
(Ca/Al) top cathode. Example device characteristics of green and red OLEDs are shown in
Figure 2.2 with turn-on voltages of 2.7 and 3.6 V, respectively.

The performance of OLED and OPD devices should be characterized to ensure
compatibility with PPG applications. OLEDs should emit light at wavelengths where there
is a difference in molar extinction coefficient of oxygenated and deoxygenated-hemoglobin.
Examples of spin-coated green, red, and NIR OLED devices are shown in Figure 2.3. The
peak emission wavelengths for the OLEDs were 520, 615 and 725 nm for green, red, and
NIR OLEDs respectively. Green and NIR OLEDs exhibit comparable differences in molar
extinction coefficients, while red exhibits the highest (as seen in Figure 2.1b.
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Figure 2.3: Images of spin-coated green, red, and NIR OLEDs captured by a smart phone
camera. Devices were used for testing iterations of the custom IC.

Similarly, for sensing PPG signals, the OPDs should exhibit high EQE at the peak
OLED emission wavelengths. A high EQE enables a photocurrent in response to reflection
or transmission of light signal from the skin. Here, the OPDs consisted of a device stack with
ITO as the transparent electrode, PEDOT:PSS as the hole injection layer, a photoabsorbing
layer, and aluminum as the top electrode. As seen in Figure 2.4, the OPD exhibits broad
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absorption over visible and NIR wavelengths, compatible with the emission of fabricated
OLEDs represented by the three colored bands. The OPDs exhibit high EQEs of roughly
40% at zero bias. The photoabsorbing layer consists of a blend of a proprietary donor
material (Cambridge Display Technology) and PC7; BM.
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Figure 2.4: a) Illustration of device film stack of OPD devices fabricated. b) EQE measured of
OPDs fabricated with three colored bands representing emissions of OLEDs fabricated. OPD
performance at zero bias demonstrates its compatibility for pulse oximetry measurements.

2.4 Sensor Interfacing

The organic pulse oximetry sensor composed of two different colored OLEDs and a OPD.
During measurement, the OLED is electrically driven while the OPD signals are measured
and transferred for calculations and analysis. For a robust and reliable testing set up,
a custom printed circuit board (PCB) was designed. Silver traces were printed via stencil
printing on flexible plastic substrates and Al tape and silver paste were applied to electrically
connect to the traces and individual devices. The silver traces were secured with flat flexible
cable (FFC) connectors during testing. Vias connecting the FFC and bottom pins on the
opposite side of the PCB allowed for connection to external circuitry for OLED driving and
OPD readout. An example of the assembly can be seen in the images in Figure 2.5. This
testing set up allowed for modularity in testing both transmission and reflectance mode pulse
oximetry. A schematic for transmission measurements can be seen in Figure 2.6 where the
OPD and OLEDs are confined via separate boards. Additional foam padding is used to
block out ambient lighting and interference during measurement.
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Figure 2.5: Images of an example configuration to test organic PPG sensors. (Left) Stencil-
printed silver traces on PEN were used to make anode and cathode connections to the organic
devices. (Right) Image of a reflectance mode configuration with the OPD and two OLEDs
connected to the FFC for power and readout via the stencil printed traces.

Bottom Top

Sandwich facing
each other

Figure 2.6: Schematic of devices and boards configured for transmission measurement testing.
The OLED devices are secured to one board with FFC connectors. The OPD is secured to
another with additional foam padding to reduce ambient light and interference.
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2.5 Sensor Integrated Circuit

The following section highlights a collaborative work led by Sina Faraji Alamouti in the
developments of a sensor integrated circuit (IC) for continuous SpOs and HR monitoring
using organic optoelectronics [153, 157, 158]. Figure 2.7 shows a graphical abstract of
developing a sensor IC targeted for PPG sensing. The operation of a pulse oximeter depends
on LEDs being driven sequentially while reflected or transmitted light is received by the
photodiode. Induced photocurrent makes up the PPG signal. The input DC component is
subtracted using differential current DACs (I-DACs) in order to relax the dynamic range
requirements. The remaining AC component is then amplified, filtered, and digitized
through the readout chain. Timing between LED driving and photocurrent measurements
are controlled by the timing unit. The on-chip digital back-end then computes the remaining
processing and analysis.

Figure 2.7: Reflectance mode pulse oximetry and typical SpOs sensing IC block diagram
with the LED drivers, transimpedance frontend (TFE), on-chip digital back-end (DBE),
and serial peripheral interface (SPI). Figure from Alamouti (2022). [158]

The proposed sensor IC features an on-chip reconstruction-free sparse sampling algorithm
to reduce the overall system power consumption by 70% while maintaining the accuracy of
readings. The designed frontend is compatible with a wide range of sensors from silicon
PDs to organic PDs with parasitic capacitances up to 10 nF. Implemented in a 40 nm HV
CMOS process, the chip occupies 2.43 mm 2 and consumes 49.7 pW and 15.2 pnW of power
in continuous and sparse sampling modes, respectively. The performance of the sensor 1C
was verified in vivo with both types of devices and the results are compared against a clinical
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Figure 2.8: Example of a pulse waveform of a participant recorded with using red OLED
and commercial photodiode.

grade reference.

An example of the pulse signal collected with a single red OLED is shown in Figure
2.8. The value of SpOy is computed based on the ratio of AC component over the DC
component of two PPG waveforms. The sparse mode algorithm is shown in Figure 2.9. The
sensor begins measurement by uniformly sampling the PPG signal at 100 Hz (continuous
mode). The period of the AC component (T) is learned over multiple cycles. Once a stable
value is realized, the sensor enters the sparse mode where it predicts the upcoming peaks
and valleys (PAVs) and takes a few samples centered around them. A window size (W) of
T/8 is initially selected and reduced after detection of PAVs. Decreasing W decreases the
number of samples taken and consequently decreases the power used. However, a larger
observation window will increase accuracy during the presence of high heart rate variability.
Thus, Cycle-to-cycle updates are made to the estimated value of T to adjust for any period
drift.

Sparse mode may be interrupted by motion artifacts or rapid drifts in heart rate. During
this time, if PAVs are repeatedly missed, the sensor expands its observation window by
increasing W. If no new PAVs are found within a given W,,,..., the sensor reverts to continuous
mode operation. After this transition, the backend re-learns the signal period and the system
re-enters sparse mode. This ensures the measurement is not compromised due to duty
cycling.

A set of in vivo experiments were performed with the sensor in both continuous and
sparse modes of operation. In these experiments, the sensor was placed on the index finger
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Figure 2.9: a) Graphical illustration of the sparse sampling algorithm described with P and
V representing the PPG signal peak and valley signals, T representing the period of the
detected PPG signal, and W representing the sparse mode operation window. b) Spare
sampling algorithm flow chart. Figure adapted from Alamouti (2022).[158]

of a healthy participant in a sitting position, under typical incandescent lighting and at
room temperature as seen in Figure 2.10. To evaluate the accuracy of the sensor output,
a clinical grade pulse-oximeter (Wellue HPO) was attached to the subject’s ring finger to
perform measurements simultaneously with the sensor IC. First, to verify functionality of
the sensor IC’s sparse sampling algorithm, commercial PDs and LEDs were used and the
PPG signal, the HR, and the SpO, results were recorded. Figure 2.11 plots these results
against data from the clinical reference. Continuous mode is conducted for 30 seconds then
sparse mode is activated. Figure 2.11a-c show an example PPG waveform, SpOs, and HR
evaluated from a single measurement. The accuracy of the sensor was maintained after
transitioning to sparse mode where the HR and SpO; mean absolute errors only rose from
0.3 bpm and 0.5% to 0.4 bpm and 0.7% respectively. The errors were computed based on
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T T .
Commercial Pulse Oximeter

0

Figure 2.10: Image of test setup with both an organic-based PPG and commercial PPG
sensor on the subject’s index and ring fingers, respectively. Simultaneous measurements are
used to validate the accuracy of the custom IC with organic-based PPG sensors.

the total 40 seconds duration of the recording. Figure 2.11 d and e shows a set of 30 similar
recordings of HR and SpO,; measurements between a HR of 75 to 95 bpm and SpO, of 96
to 99%. The measurements taken in sparse mode is plotted against the clinical reference.
The measured standard deviation of error for HR and SpOs recordings were 0.24 bpm and
a 0.21% respectively.

The same measurement was performed using a set of organic devices with a healthy
participant. Red and NIR OLEDs were used in this validation as the two colors enable
deeper skin penetration. The red and NIR OLEDs exhibited about 5.7 nF and 6.2 nF of
parasitic capacitance respectively and required about 5-7 V of forward voltage at 10 mA
of current. The OPD had a measured parasitic capacitance of 4.8 nF and less than 10 nA
dark current at 0 bias. The PPG waveform, and the corresponding measured HR and SpO,
are plotted in Figure 2.12 in both continuous and sparse modes. Figure 2.12 a-c show an
example PPG waveform, SpO,, and HR evaluated from a single measurement. The sensor
achieved less than 1 bpm and less than 1% HR and SpO2 errors when compared against
the clinical reference. The use of organic devices required a higher drive voltage (8 V), an
increased drive current as well as a higher (0.5%) duty cycle ratio. However, enabling sparse
mode significantly lowered the OLED power by about 75%, improving sensor battery life.
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Figure 2.11: In vivo verification of the sensor IC in both continuous and sparse modes using
commercial silicon PD and LEDs. a) The PPG waveform and b) its corresponding HR
and c¢) SpO, measurements are shown. d) HR and e) SpOs measurements from a set of 30
recordings using silicon PD and LEDs. The red dotted line shows the fit line. Figure from

Alamouti (2022)[158].
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Figure 2.12: In vivo verification of the sensor IC in both continuous and sparse modes using
organic-based PPG devices (a red and NIR OLED and a single OPD). a) The PPG waveform
and b) the corresponding HR and ¢) SpOy measurements are shown. Figure from Alamouti
(2022)[158].

2.6 Conclusion

Overall, the functionality and performance of the proposed sensor IC was characterized
using both commercial and organic devices. The in vivo measurement results confirm the
accuracy of the sensor data when operating with both inorganic and organic devices. The
use of organic devices required a higher drive voltage (8V) and increased drive current as
well as a higher (0.5%) duty cycle ratio. This resulted in overall higher power consumption.
However, the introduction of reconstruction-free sparse sampling reduces the overall system
power by nearly 70% while maintaining the accuracy of the output data. Compared to
state-of-the-art, this work achieves the lowest LED power and one of the lowest total power
consumption while delivering the lowest input referred noise [153]. Less than 1 bpm and 1%
mean absolute errors were achieved in both continuous and sparse modes of operation. With
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a sensor [C developed for use with both inorganic and organic devices, this work demonstrates
an important step towards low-cost, efficient, and comfortable health monitoring systems.
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Chapter 3

Simultaneous Blade-coating of
Devices

3.1 Overview

In many flexible electronic applications, integration of multiple devices is necessary. For
example, a combination of LEDs and photodiodes are necessary for photoplethysmogram
(PPG) and pulse oxygenation measurements [77-84, 153, 158-160]. Fabrication of such a
dual device system requires a series of separate time-consuming printing steps optimized for
each device. This can be seen in the blade-coated organic reflectance oximeter array in Figure
3.1 where multiple processing steps, materials, and substrates are necessary to complete the
optical system [85]. It can be seen that two separate substrates and separate fabrication
flows are necessary to realize the optical system. Configuring connections between devices
on separate substrates to external circuitry can also add complexity to the integration.
Additionally, these applications often require devices to be stacked atop each other. Given
that the devices are fabricated on separate flexible substrates, stacking reduces the overall
mechanical flexibility of the system. Overall, there is a need to reduce process complexity
and fabrication time of multifunctional systems.

Blade coating is a printing method that has been used for fabrication of organic devices
including thin-film transistors [107, 108], light-emitting diodes[109-111], photodiodes [49,
112], and photovoltaics [113]. With this method, large-area films can be tuned to the desired
film thickness through optimization in coating speed, blade height, processing temperature,
and solution properties [161, 162]. Traditionally, a blade coating process is designed for
depositing one film at a time, limiting its use to single function systems. We have previously
shown a method to blade-coat two light-emitting diodes in a single printing step [109]. To
advance this work, we demonstrate the simultaneous deposition of an organic photodiode
(OPD) and organic light-emitting diode (OLED) side-by-side on a single flexible substrate.
Whereas there may be tolerance for two OLED solutions to intermix during blade coating
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Figure 3.1: The OLED and OPD array fabrication steps are shown side by side. For
the OLED array, only one color consisting of 4 pixels is shown for simplicity—the same
fabrication steps are used for red and NIR OLEDs. For the OPD array, the complete array
consists of 8 pixels. A) PEDOT:PSS is blade coated on ITO-patterned PEN for the OLEDs
and on a PEN for the OPDs. B) Active layers are blade coated on top of the PEDOT:PSS. C)
Silver traces are screen printed on both OLEDs and OPDs. The OLEDs require an additional
dielectric layer (blue) to prevent shorting of the anode to the cathode. D) Calcium/aluminum
or aluminum cathode is evaporated for the OLEDs and OPDs, respectively. This defines the
active area of each pixel. The insets show a zoomed-in view of the individual pixels. Figure
adapted from Khan (2018)[85].
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without significantly affecting the final emission of either OLED, OPD and OLED materials
are functionally distinct and require more controlled separation of the deposited solutions.
The surface of the substrate is treated and patterned to isolate the two solutions during blade
coating. Additionally, OPD and OLED devices require different active layer film thicknesses
for optimal device performance. We tuned solution concentrations to achieve the desired
film thicknesses and optimize device characteristics. Overall, we demonstrate deposition of
multifunctional devices on a single substrate. This method accelerates fabrication time,
retains flexibility of a single substrate system, and decreases integration complexity for
flexible electronic applications.

3.2 Simultaneous Deposition

3.2.1 Defining Print Regions

Definition of print regions is based on the surface energy patterning technique [107, 109,
110]. A self-assembled monolayer (SAM) of hydrophobic fluoroalkysilane is vapor deposited
on a polyethylene napthalate (PEN) substrate patterned with sputtered indium-tin-oxide
(ITO) as the transparent conductive electrodes. Polyimide tape is applied as a protection
mask for SAMs in designated regions, and the substrate is exposed to low energy plasma.
The result after removing the polyimide tape is a substrate surface with two hydrophilic
printing regions surrounded by hydrophobic boundaries. An illustration of this surface energy
patterning is shown in Figure 3.2.

Treat with fluorosilane Expose to plasma .
Hydrophobic
boundaries
[ N
—> —
Mask
PEN \ \
1o ™. Hydrophilic

printing regions

Figure 3.2: Surface energy patterning for simultaneous deposition is illustrated. The
ITO/PEN patterned substrate is treated with a blanket vapor deposition of a hydrophobic
silane. Polyimide tape is applied in designated regions and the substrate is exposed to
plasma, resulting in two hydrophilic printing regions surrounded by hydrophobic boundaries
on the surface of the flexible substrate.
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With distinct print regions defined on the surface of the substrate, the solutions can now
be deposited. This surface energy patterning can be scaled to increase the number of print
regions and expand the functionality of the final device system. For instance, this method
has been used to fabricate multicolored OLEDs [110].

All blade coating steps were completed on hotplates with a doctor blade and linear
actuators. In the case where an OPD and an OLED are deposited side-by-side, the
organic layers for both devices are then deposited via blade coating. First, Poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) is deposited via
blade coating. The PDEOT:PSS is applied to the top of the print region, or the ”solution
reservoir”’. A single doctor blade is used to print the two PEDOT:PSS films on the print
regions at a blade height, coating speed, and hotplate temperature of 50 gm, 1.8 cm s 1,

and 90°C, respectively. An illustration of the printing steps are shown in Figure 3.3.

Print PEDOT:PSS Print active layers Ready for evaporation

NS

Solution Reservoir

\/
-

Blade direction

Figure 3.3: Simultaneous deposition of OLED and OPD films. PEDOT:PSS and active
layers of the organic optoelectronic device stacks are all printed via blade coating.

Next, the active layers are printed. Similarly, the individual solutions are applied to
the solution reservoir for the respective device: the bulk heterojunction (BHJ) for the
OPD and electron blocking layer (EBL) and later the emissive layer (EML) for the OLED.
Semiconducting organic materials used for OPD BHJ, OLED EBL, and EML were provided
by Cambridge Display Technologies (CDT). The OLED electron blocking and emissive
materials provided were dissolved in o-Xylene. The electron blocking interlayer is printed
for the OLED stack at a blade height, blade speed, and hotplate temperature of 50 ym, 1.8
cm s~ and 65°C followed by annealing at 180°C for 1 hr. After annealing, the hotplate is
cooled and reset to 65°C for printing the OPD BHJ and OLED EML at a blade height and
speed of 200 pum, 1.8 cm s~!. The films were annealed at 140°C for 30 min.

Finally, top electrodes are then thermally evaporated onto the printed organic layers
to complete the device stack. For OPDs, this is a 80-100 nm thick layer of aluminum.
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For OLEDs, this is a 5-10 nm thick layer of calcium, followed by a 80-100 nm thick layer
of aluminum. The OLEDs are also encapsulated with a UV curable expoxy and plastic
coverslip. Figure 3.5 shows an image of dried films after printing steps are completed and
Figure 3.4 shows schematic of the full device stacks fabricated in this work [163].

Photodiode Light-Emitting Diode

Al

Al

EML _——Ca
PEDOT-PSS PEDOT:PSS EBL

ITO ITO

PEN PEN

Figure 3.4: Mlustration of complete film stacks for the simultaneously blade-coated OPD
and OLED. Both OPD and OLED employ a conventional device architecture with ITO,
PEDOT:PSS and active material. The OLED also utilizes an electron blocking layer and
calcium cathode for improved charge transport characteristics.

Figure 3.5: Image of dried films after printing and prior to evaporation. The simultaneously
blade-coated OPD (left) and OLED (right) are deposited on a transparent flexible PEN
substrate. The PEN shown here is roughly 10 cm x 10 cm in area.
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3.2.2 Solution Intermixing

As previously discussed, OPD and OLED materials are functionally distinct. Isolation
of the OPD and OLED solutions is crucial as inadvertent contact between the two
semiconducting materials results in a loss of device functionalities. OPD BHJ materials
are optimized for efficient absorption of photons and dissociation of excitons in response
to light whereas OLED EML materials are optimized for generation and recombination of
excitons in response to injected current. These opposing optoelectronic mechanisms interfere
when the two materials are mixed, negatively affecting device performances. This can be
seen in Figure 3.6.

FIuorolsiIane PEN

Figure 3.6: Illustration and images of of merging effect on simultaneous printing. In this
scenario, the OPD BHJ solution travels across the blade to the OLED side. Mixing with
the OLED EML solution, the OPD BHJ solution leaves a streak of photoabsorbing along
the edge of the OLED film, impacting the emissive area of the OLED. Dim emission of an
OLED pixel is shown as a result as the OPD intermixing. The emission area is both smaller
than intended and nonuniform.

During printing, separation of solutions along both the substrate and the blade are
necessary as the materials are still wet and have the mobility to coalesce. Water contact
angles are typically used to asess the wettability of a liquid on a surface. This is useful if the
solution to be deposited is water based, such as PEDOT:PSS. However, this may not always
be the case. In this work, organic layers are subsequently deposited on top of various layers
in the device stack. For instance, the bulk heterojunction (BHJ) of the OPD is printed atop
the dried PEDOT:PSS layer. Thus, the contact angle of a BHJ droplet on the PEDOT:PSS
surface will indicate the wettability and better represent the BHJ deposition.

Contact angle measurements were used to analyze the wettability of various solutions
on each surface in this process. Figure 2 shows contact angles of water (a-c), OLED EML
solution (d-f), and OPD BHJ solution (g-i) on the surfaces of the fluorosilane (green), the
printing region (orange), and the doctor blade (blue). Water spreads on the surface of the
printing region (contact angle < 5°) and dewetts on the hydrophobic fluorosilane (110°).
Furthermore, water is hydrophobic on the surface of the doctor blade, exhibiting incomplete
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wetting with a contact angle of 90°. As a result of the high contrast in wetting behavior
between the printing region and the other two surfaces, no merging of PEDOT:PSS, a water-
based solution, was observed. On the other hand, the contact angle disparity for the organic
solutions is smaller. On the printing regions, organic solutions exhibit complete wetting
(< 5°) and partial wetting (45° and 50°) on the print area and fluorosilane, respectively.
However, organic solutions achieve good wetting (35° and 30°) on the blade surface. Thus,
the organic solutions were observed to spread along the blade and coalesce during printing
when there is an excess of solution. This can be seen in Figure S1 where the OPD BHJ
solution merged with the OLED EML solution via travel across the blade. To mitigate this
issue, deposited solution volume was optimized to decrease spreading and avoid solution
merging.
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Printing Surface

i Watér

OLED EML <10°

Figure 3.7: The contact angles of solutions on three surfaces used in this process. The three
solutions are water, the OLED EML solution and the OPD BHJ solution. (a, d, g in green)
The solution — print area interface shows complete wetting for all three solutions. (b, e, h
in orange) The solution — fluorosilane interface shows water has the highest contact angle
with OLED and OPD showing similar partial wetting behavior on the surface of fluorosilane.
(c, f, i in blue) The solution — blade interface shows that water spreads the least on blade
surface, while both organic solutions exhibit good wetting on the blade surface.
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3.3 Material and Process Optimization

3.3.1 Solution Concentrations and Viscosity

Organic materials are optimized to achieve high device performance [36, 164]. Based on
desired device characteristics, the blade coating parameters are optimized for the thickness
of the resulting film. The printed film thickness t is related to blade coating parameters in
equation 3.1 where tyeq it 1 the wet film thickness, p is the solution viscosity, Vijaqe is the
blade velocity, v is the solution surface tension and R,,cpiscus 1S the radius of curvature of
the solution trailing the moving blade [161].

Vi ade
twetfilm X (%)2/3Rmem’scus (31)

Contrary to spin coating where film thickness is inversely related to the spin rate, blade-
coated film thickness is directly proportional to the coating speed. A decrease in coating
speed results in a decreased film thickness. Similarly, a decrease in solution concentration
results in a decrease in solution viscosity and thus a decrease in film thickness.

OPD BHJ solutions were prepared at various concentrations and measured with a
Brookfield Model DV-IIT Programmable Rheometer attached with a CP-40 cone spindle.
The viscosity of various OPD BHJ solutions are shown in Figure 3.8

Both these parameters enable tunability of device performance through optimization
of the film thickness. This is shown in Figure 3.9 where the average EQE performance of
OPD devices were tuned with adjustments in both coating speed and solution concentration.
Devices fabricated from 50 mg mL~' BHJ solution and coating speed of 2.0 cm s™! (green)
shows roughly 30% EQE at a measured film thickness of 165 nm. Decreasing coating speed
from 2.0 cm s™! to 1.8 cm s™! decreased the film thickness to 140 nm, resulting in improved
peak EQE to 44% at 800 nm (orange). Using the same coating speed of 1.8 cm s~ with
decreased the BHJ solution of 40 mg mL™!, the film thickness decreased to 110 nm and
further improved the peak EQE to 53% at 800 nm (blue).

Traditionally in blade coating, one solution is deposited for each printing layer and
processing parameters are optimized for that single film. In this work, OPD and OLED
solutions are simultaneously printed side-by-side in a single blade coating step. Thus, the
blade height and speed, substate temperature, and annealing conditions are shared processing
conditions for both solutions. However, OPD and OLED active layers can require different
target film thicknesses to optimize desired device characteristics. OPD BHJ and OLED
EML solutions can also have distinct viscosity and wetting properties, adding complexity to
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Figure 3.8: Viscosity versus shear rate of OPD BHJ solution at concentrations of 50, 40, 30,
and 20 mg mL~%.
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Figure 3.9: EQE performance of OPDs printed with a combination of coating speeds of 2.0
cm s™! and 1.8 cm s™! and BHJ solution concentrations of 50 mg mL~! and 40 mg mL™!.
All other processing conditions were kept constant. The resulting film thicknesses were 165
nm (green), 140 nm (orange), and 110 nm (blue). EQE was measured at zero applied bias.
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developing a single process for dual-device prints. An advantage of SEP is the isolation of
two solutions, allowing individual films to be tuned via solution rheological properties such
as solution concentration as previously shown. Furthermore, adjusting individual solution
concentrations rather than blade speed enables tuning of one film without affecting the other.

Here, the fabrication process is optimized by chosen figure of merits for each device —
spectral responsivity R(A) for OPDs and luminance L, for OLEDs. The spectral responsivity
of a photodiode determines the application space of a photodetector as it quantifies the
electrical output of a detector in response to optical input over a range of wavelengths.
R()), in units of A W1 is defined as the ratio between photocurrent generated I, and
incident optical power P, as a function of wavelength. The equation is given below where n
is the external quantum efficiency of the detector for a given wavelength, ¢ is the elementary
charge, f is the frequency of the incident light, h is Planck’s constant, and c is the speed of
light.

_ I _ma _ maA

RO) =5 =37 =" (3.2)

Luminance L,, in units of c¢d - m™2, is a photometric measure of radiance L(\) and is
) )

a critical parameter for lighting and display applications. The equation for luminance is
given by below where V' (\) is the visual response of the human eye, I4 is the measured
photocurrent at the detector, D is the distance between the OLED and the detector, Rgets
is the detector responsivity weighted to the measured OLED emission spectrum, Sy is the
OLED emission area, and Ay is the detector area.

770

L(A) - V(N\)dX = 683 /m faer D° V(A)dA (3.3)

L= sy w) | o RaaSodo

380

Figure of merits were characterized for devices fabricated from various solution
concentrations. The film thicknesses were conducted by printing corresponding OPD BHJ
and OLED EML films on plasma treated glass substrates and measuring the thickness with
a Keyence VK-X1000 Laser Scanning Confocal Microscope. As the thicknesses of thin
organic films stacked atop a flexible substrate can be difficult to measure, film thicknesses
were measured from OPD BHJ and OLED EML films printed on plasma-treated glass for
simplification. The wettability of organic solutions on plasma-treated glass and on the
corresponding printing surface, discussed previously in Figure 3.7, have negligible differences
3.10. Thus, the films measured on glass are expected to provide film thicknesses suitable for
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correlating characteristics for devices fabricated from different solution concentrations.

OLED EML Solution < 10°

Figure 3.10: Contact angle images of OLED EML solution and OPD BHJ solution on the
plasma treated glass. Both exhibit good wetting with a contact under under 10 degrees.

For OPDs, BHJ solution concentrations of 40, 30, and 20 mg mL~! were used resulting
in film thicknesses of 110, 75, and 42 nm. For OLEDs, EML solution concentrations of 12,
10, and 8 mg mL~! were used resulting in film thicknesses of 70, 55, and 45 nm.

Figure 3.11 shows viscosity versus shear rate for OPD BHJ solutions and the average
performance of OPDs printed with the respective solution concentrations. Viscosities ranged
from 1.6 to 3.9 cP for OPD BHJ solutions. Each performance curve represents average and
standard deviation characteristics measured from 5-10 devices from a single print. The
spectral response of OPDs under no applied bias was measured over a broad wavelength

range of 400 to 900 nm. Responsivity values at various wavelengths are summarized in
Table 3.1.

Table 3.1: Comparison of responsivities at wavelengths of 500, 600, 700 and 800 nm for
printed OPDs with BHJ solution concentrations of 40 mg mL~!, 30 mg mL~!, and 20 mg
mL~t.

RA-W™ A=500nm A=600nm X=700nm \=800nm

40 mg mL~* 0.15 0.14 0.25 0.33
30 mg mL~! 0.12 0.097 0.092 0.11
20 mg mL~! 0.032 0.019 0.013 0.018

The highest overall spectral response was measured from OPDs printed with the 40 mg
mL~! BHJ solution with a peak value of 0.33 A W1 at 800 nm. Decreasing BHJ solution
concentration to 30 mg mL~! and 20 mg mL™!, the responsivity at 800 nm drops to 0.11
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Figure 3.11: Viscosity versus shear rate of OPD BHJ solutions at concentrations of 40 mg
mL~!, 30 mg mL~!, and 20 mg mL~! (top). Responsivity of printed OPDs with zero applied

bias.
(bottom).

Spectral responsivity at an EQE of 60% is plotted as a dashed line for reference

and 0.02 A WL, respectively. OPDs printed with BHJ solution concentrations lower than
40 mg mL~! exhibit poor absorption, shown in Figure 3.12, leading to poor efficiencies. This
suggests the ideal BHJ solution concentration for the printing process and material used is

around 40 mg mL™!.
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Figure 3.12: Absorbance spectra of OPDs printed with BHJ solutions at concentrations of
40, 30, and 20 mg mL~t.

Figure 3.13 shows viscosity versus shear rate for OLED EML solutions and the average
performance of OLEDs printed with the respective solution concentrations. Viscosities
ranged from 1.2 cP to 2.7 cP for OLED EML solutions. Similar to the OPD characteristics,
each performance curve represents average and standard deviation characteristics measured
from 5-10 devices from a single print. Luminance versus voltage performance for three
printed OLEDs are shown. Devices from all three solution concentrations exhibit clean
diode behavior and average luminance greater than 5000 cd m~2. The electroluminescence
spectra measured from OLEDs printed with the three solution concentrations exhibit no
noticeable shifts, with consistent peaks at 612 nm, shown in Figure 3.14.

The highest OLED luminance achieved among the three EML solution concentrations
was around 7000 cd m~? from 10 mg mL~!, followed by 12 mg mL~! and 8 mg mL™'.
Furthermore, the lowest turn-on voltage and lowest operating voltage (voltage required to
achieve a luminance of 1000 c¢d m~2) was achieved with 10 mg mL~" EML solution. The
thinnest EML film from the 8 mg mL~! solution had the highest turn-on voltage as well as
the largest variability in luminance values. This is attributed to more pronounced exciton
quenching for thinner emissive films in which recombination occurs closer to the electrode.
Overall, the highest luminance and lowest turn-on voltage was achieved with 10 mg mL™?,
summarized in Table 3.2.
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Figure 3.13: Viscosity versus shear rate of OLED EML solutions at concentrations of 12 mg
mL~!, 10 mg mL™!, and 8 mg mL~! (top). Luminance of printed OLEDs from 3 to 8V. The
inset plot shows detailed luminance behavior between 5.5 V and 8 V (bottom).
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Figure 3.14: Electroluminescence spectra of OLEDs printed with EML solutions at
concentrations of 12, 10, and 8 mg mL~!. All spectra exhibit peaks at 612 nm.

Table 3.2: Comparison of turn-on voltage, 1000 cd m™ operating voltage, and luminance at

8 V of printed OLEDs with EML solution concentrations of 12 mg mL™, 10 mg mL™, and
8 mg mL™1.

Vturnfon [V] \/vL:cd-m—2 [V] L@SV [Cd : m_2]

12 mg mL~! 3.5 5.7 5900
10 mg mL~! 3.4 5.3 7000
8 mg mL~ 4 5.6 5600
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3.4 Device Characteristics

3.4.1 Printed Organic Photodiodes

Figure 3.15 shows device characteristics of an OPD printed using the optimized BHJ
solution concentration of 40 mg mL~!. Current density — voltage (J-V), external quantum
efficiency (EQE), linear dynamic range (LDR), and frequency response of a printed OPD is
shown. Figure 3.15a shows the semilog plot of J-V characteristics. Photodetectors operate
under reverse bias, or photoconductive mode, in which low dark current is desired for
detection of low intensity signals. A low dark current of 22 nA cm™2 at a bias of -1 V
is observed. Under 7 uW cm~? illumination at 532 nm, the current density reaches 1.5
pA em~2 at -1 V. OPD EQE between 30-40% is observed across the visible spectrum and
increases to 40-50% in the NIR spectrum. The EQE profile peaks at 750 nm and 800 nm with
efficiencies of 54% and 56%, respectively. The range of intensities in which the detector’s
electrical response is linear to incident illumination, linear dynamic range (LDR), is expressed
by:

LDR = 20log Jnma (3.4)

Uin,min

where 7jin max and 4inmin are the maximum and minimum photocurrent in the linear
response region of the photodetector. Printed OPDs show good linear response of 88 dB
in Figure 3.15¢, demonstrating that the device can operate under illumination intensities
ranging over four orders of magnitude. Frequency response measures the detection speed of
OPDs. The 3 dB bandwidth, or cut-off frequency f3 qg, is defined as the frequency at which
output power of the detector is attenuated by 50% in response to modulating light signals.
The equation is given by:

Z'(f?') dB)

20

—3dB =20log (3.5)

where i(f34p) and 7y are the photocurrents in response to illumination at the cut-off
frequency and steady-state, respectively. The measured cutoff frequency was 300 kHz, as
shown in Figure 3.15d.
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Figure 3.15: Device characteristics of an OPD simultaneously printed using a 40 mg mL™!
BHJ solution concentration. (a) Current density versus voltage (J-V) measured under dark
and illumination, (b) external quantum efficiency (EQE) in the wavelength range 400 to 900
nm, (c) linear dynamic range (LDR), and (d) frequency response. Light current, LDR, and
frequency response were measured with a 532 nm LED at 7 ¢W cm~?2 illumination. No bias
was applied to the OPD during EQE, LDR, and cut-off frequency measurements.

3.4.2 Printed Organic LEDs

Figure 3.16 shows device characteristics of an OLED simultaneously printed using the
optimal EML solution concentration of 10 mg mL~!. The current density—voltage (J-V),
luminance, EQE, luminous efficacy, and electroluminescence spectrum are shown. The
OLED exhibits clean diode behavior with a turn-on voltage of 3.1 V at a current density of
1.9 mA ecm~2. A luminance of 7980 cd m~2 is measured at 8 V. A luminance of 1000 c¢d m 2
can be achieved at an operating voltage of 4.8 V. Luminous efficacy ., is defined as the
ratio of luminous flux ®,, in lumens, emitted to the electrical input power P, in Watts. It
can be expressed as:
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Figure 3.16: Device characteristics of an OLED simultaneously printed using a 10 mg mL™!
EML solution concentration. (a) Current density versus voltage (J-V), (b) luminance versus
voltage (L-V), (¢) EQE versus current density with inset image of OLED operated at 6V, and

(d) luminous efficacy versus current density with inset plot of the OLED electroluminescence
spectrum.

o
TMum = P

e

(3.6)

Printed OLED EQE and luminous efficacy steadies to roughly 1% and 1 Im W1,
respectively, for current densities above 100 mA cm™2. At a luminance of 1000 cd m~2 the
EQE and luminous efficacy is 1.2% and 0.9 Im WL, The inset of Figure 3.16c shows an image
of the printed OLED operated at 6 V. The inset of Figure 3.16d shows the electroluminescence
spectra of the printed OLED with a peak at 612 nm.
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3.5 Conclusion

A method for simultaneous blade coating of two different films is demonstrated. SEP
isolates printing regions, enabling the deposition of two functionally opposing materials
side-by-side on a single flexible substrate. Here, the OPD BHJ and OLED EML film
thicknesses were tuned via adjustments in solution concentrations. This enables the use of a
single process for the fabrication of two devices without compromising device performances.
The resulting dual device structure eliminates the need for laminating OPD and OLED
substrates, retaining the mechanical flexibility of lightweight optoelectronic systems while
allowing for simplified integration to electronic circuitry. This method demonstrates an
important step towards roll-to-roll printing where integration of devices with different
functionalities is needed.
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Chapter 4

Organic Solvent Selection
Methodology

Solution-processable electronic materials have become increasingly popular due to the
potential for roll-to-roll manufacturing, making them highly desirable for low-cost large-
scale production [12-14, 165, 166]. These materials span a variety of chemistries such as
semiconductor small molecules, polymers, metal nanoparticles, colloidal quantum dots, and
hybrid perovskites. With these innovative materials, lightweight, flexible and large-area
devices have been demonstrated in a variety of electronic applications including light-emitting
diodes, photovoltaics, batteries, transistors, and environmental sensors[103, 112, 119, 163,
167-171].

While record performance for solution processed electronic devices set important
benchmarks for new material systems and device architectures, these devices are typically
fabricated from low-throughput processing techniques with limited solution quantities. This
overlooks the importance of material and solvent considerations at the manufacturing scale.
To achieve the promise of high-throughput, roll-to-roll manufacturing, it is important to
consider the environmental impacts of the solvent used in the system, especially when the
solvent constitutes the majority of the material deposited. Solvent choice for a material
system depends on a variety of factors including device architecture, solvent properties,
and the desired film characteristics. Typically, the high performing solution processable
electronics demonstrated are fabricated without considerations of sustainability in the
manufacturing process. Organic photovoltaics, for instance, often rely on halogenated
solvents such as chloroform or chlorobenzene for their ability to easily dissolve blends of
semiconducting polymers and small molecules. These halogenated solvents are broadly
known to be toxic and exhibit a range of health and environmental hazards[131, 134, 172,
173]. Many reports of organic solar cells have highlighted the use of greener non-halogenated
and non-aromatic solvents such as toluene, o-xylene, or tetrahydrofuran, demonstrating
comparable device efficiencies to devices prepared from the standard halogenated solvent[19,
62, 129, 174-181]. However, when comparing these alternatives to standard halogenated
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solvents they still fall short to meeting industrial standards for solvent safety.

4.1 Introduction to Organic Solvents

Organic solvents are used to dissolve organic semiconductor materials and prepare
homogenous inks ready to be deposited with solution-based techniques. The ability to
dissolve organic semiconductors in solvents allows for the creation of uniform thin films when
the solution is deposited with spin-coating, inkjet printing, or blade-coating. The choice of
solvent can significantly influence the morphology of the semiconductor film. The rate of
solvent evaporation, solvent interactions with the semiconductor, and solvent polarity can all
affect the crystallinity, phase separation, and molecular orientation within the film, which
in turn impact the device performance. Many organic solvents are volatile, enabling the
processing of organic semiconductors at relatively low temperatures compared to inorganic
semiconductors. This is advantageous for flexible substrates and roll-to-roll manufacturing
techniques. Solution processing with organic solvents can be more scalable and cost-
effective compared to vacuum-based deposition techniques. Thus, a critical component of
the advantages of organic semiconductors are contingent on proper solvent selection.

Examples of common organic solvents are aromatic solvents and halogenated (commonly
chlorinated) solvents. These include toluene and xylene, frequently used with organic
light emitting diodes, and chloroform and chlorobenzene, commonly used with organic
photoabsorbing materials. Chemical structures of various solvents used with organic
photovoltaic materials are shown in Figure 4.1.

Solvent selection can be a complex process weighing the toxicity of a solvent and the
functional solubility of the solutes and solvents. The solubility parameter, which governs
the compatibility between the solvent and the organic semiconductor material must be
considered. Solvents with similar solubility parameters to the semiconductor material
tend to dissolve it effectively, leading to improved film quality and device performance.
However, molecular weight and self-aggregation may not be easily predicted by this solubility
parameter. Additionally, solvent evaporation rate and boiling point can influence film
formation and drying kinetics, affecting the final morphology and crystallinity of the
deposited layers. The consideration of green solvents and the physical properties ultimately
influencing the device performance is explored further in later chapters.
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Figure 4.1: Chemical structures of representative halogenated and non-halogenated solvents
used in organic photovoltaic fabrication. Figure from Lee (2020) [19]



CHAPTER 4. ORGANIC SOLVENT SELECTION METHODOLOGY 67

4.2 Solvent Toxicities

4.2.1 Global Health and Safety (GHS)

The toxicity of solvents is commonly assessed through the Global Harmonized System
of Classification and Labelling of Chemicals (GHS), a system that categorizes and labels
hazards and toxicity found in laboratory settings and material safety data sheets (MSDS).
The GHS pictograms, seen on chemical labels are shown in Figure 4.2. The GHS classifies
hazards based on class and category, reflecting the nature and degree of the chemical
product’s hazard. Category 1 is the most severe while 4 is the least severe. For example,
chloroform, a halogenated solvent widely used in organic electronics, falls under the GHS
classification as a Category 2 carcinogen and a Category 2 reproductive toxin, indicating its
potential to cause cancer and harm reproduction and fertility.

Exploding Flame over
Flame ;
bomb circle
{Tor explosion or ffor fire hazards) (for oxidizing hazands)
raactivily hazards)
i i Skull and
Gas cylinder Corrosion crosshongs
(for gases under (for comosive (can cause daath or
pressie) damage o metals as toxicity with short
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amourts)
Health hazard ERQEITGRON Environment*
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(may cause or (may cause loss (may cause damage
suspected of causing sarous health effects to the aguatic
serious health effects) or davmage the ozone environment)
layer)

Figure 4.2: GHS pictograms used on labels to alert users of the chemical hazards to which
they may be exposed. Each pictogram represents a distinct hazard.

It is widely acknowledged that halogenated and aromatic solvents should be replaced
with alternatives whenever possible, as their use poses risks to both the environment and
human health. This understanding is particularly emphasized in the literature on organic
electronics, where discussions on “green solvent” research aim to find environmentally
friendly alternatives. As shown in the Table 4.1, the commonly used solvents (chloroform,
chlorobenzene, and o-dichlorobenzene) possess a long list of hazard statements. Thus,
organic electronics literature often emphasizes replacement of halogenated and aromatic
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solvents. However, this perspective may be incomplete. Examining two commonly proposed
“green” solvents, toluene and tetrahydrofuran, as alternatives to chlorobenzene, a GHS
comparison reveals that despite lacking halogenation or aromaticity, these solvents still
possess a long list of hazards as seen in Table 4.2. This indicates that the hazards
associated with certain solvents extend beyond halogenation and aromaticity, urging a more
comprehensive evaluation of solvent safety.

GHS classifications provide broad categorizations of solvents; however, this may not
adequately reflect real-world conditions or the specific applications in industrial settings.
Industrial relevant factors include recyclability, waste disposal, storage procedures, exposure
control and life cycle management. Therefore, it is crucial to conduct detailed risk
assessments of solvent usage in industry relevant contexts.

4.2.2 Industry Solvent Selection Guides

Pharmaceutical companies commonly use organic solvents for chemical synthesis
to improve reaction rates, product selectivity, lower mixture viscosity, and regulate
temperatures of reactions. At least half of the materials used in drug synthesis production
consists of solvents. As such, pharmaceutical companies have established selection guides as
a tool for promoting use of green solvents in their processes. This includes GlaxoSmithKline
(GSK), Pfizer, and Sanofi [132, 173]. Common factors that are considered include health
hazard and exposure potential, flammability and reactivity, environmental impact, and
disposability. GSK ranks sustainability in this manner, ranking solvents with a composite
score G with 1 (least sustainable) to 10 (most sustainable). For instance, chlorobenzene and
dichlorobenzene are both assigned a G score of 5.4, indicating a number of sustainability
issues. An example decision tree for assigning the health score of a solvent is shown in
Figure 4.3a. The decision tree considers the GHS H&P assignments, occupational exposure
limits and the annual production levels of the solvent. Innovative Medicines Initiative (IMI)-
CHEM21 public-private partnership is a European consortium published a selection guide for
common solvents and ranked them by safety, health, and environmental criteria aligned with
the Global Harmonized System (GHS) and other European regulations. While many organic
solvents are ranked similarly amongst industry-relevant guides, there are minor discrepancies
based on the ranking approach, application of use and primary operating regulations in
the location of the organization. A summary of the solvents and various solvent ranking
guides is shown in the table in Figure 4.3b where green represents preferred solvents, yellow
represents solvents with some concerns, and red represents hazardous solvents that should
be substituted.
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(Pfizer) (GSK)

Alcohols | Methanol Preferred Some issues | Recommended
Ethanol Preferred Some issues | Recommended
1-Propanol Preferred Some issues | Recommended
i-Propanol Preferred Some issues | Recommended
1-Butanol Preferred Few issues Recommended
2-Butanol Few issues Recommended
t-Butanol Preferred Some issues | Substitution advisable
Ethylene glycol Usable Substitution advisable
2-Methoxyethanol Major issues | Substitution requested

Hydro- n-Pentane Undesirable

carbons Hexane(s) Undesirable Major issues | Substitution requested
Cyclohexane Usable Some issues | Substitution advisable
Methylcyclohexane | Usable Substitution advisable**
Heptane Usable Some issues [ Substitution advisable
Isooctane Usable Some issues
Benzene Undesirable | Major issues
Toluene Usable Some issues Substitution advisable
Xylene(s) Usable Some issues | Substitution advisable

Dipalar DMSO Usable Some issues | Substitution advisable

aprotic Acetonitrile Usable Major issues | Recommended
DMF Undesirable Major issues | Substitution requested
DMAc* Undesirable Major issues | Substitution requested
NMP Undesirable Major issues | Substitution req d

Figure 4.3: a) GSK decision tree for

determination of GHS Hazard and Precautionary

(H&P) phrases for a given solvent. b) Example classification of common solvents by different
industry solvent rankings. Figure adapted from Alder et al. (2016) and Byrne et al. (2016)

133, 173).
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Table 4.1: Comparison of commonly used solvents with organic photoabsorbing materials.

Solvent SDS Labels Hazard Statements GSK G CHEM21
H331 - Toxic if inhaled (Category 3)
H301 - Toxic if swallowed (Category 3)
H302 - Harmful if swallowed (Category 4)
H315 - Causes skin irritation (Category 2)

H319 - Causes serious eye irritation (Category 2A)

Irritant H336 - May cause drowsiness or dizziness
Toxic (Category 3)
Carcinogens  H335 - May cause respiratory irritation (Category 3) Highl
i
Chloroform Extremely H351 - Suspected of causing cancer (Category 2) 44 sy
Hazardous
Hazardous H372 - Causes damage to organs through prolonged
Reproductive or repeated exposure (Category 1)
Toxins H341 - Suspected of causing genetic defects

(Category 2)

H361 - Suspected of damaging fertility or the unborn
child (Category 2)

H370 - Causes damage to organs (Category 1)

H402 - Harmful to aquatic life (Category 3)

H226 - Flammable liquid and vapour (Category 3)
H315 - Causes skin irritation (Category 2)
H332 - Harmful if inhaled (Category 4)

Chlorobenzene Flammable 5.4 Problematic
H411 - Toxic to aquatic life with long lasting effects

Irritant

Toxic
(Category 2)
H401 - Toxic to aquatic life (Category 2)
H302 - Harmful if swallowed (Category 4)
H315 - Causes skin irritation (Category 2)
H317 - May cause an allergic skin reaction
Irritant (Category 1)
Sensitizer H319 - Causes serious eye irritation (Category 2A)
o-Dichlorobenzene Combustible H332 - Harmful if inhaled (Category 4) 5.4 Problematic
Toxic H335 - May cause respiratory irritation (Category 3)

Flammable H400 - Very toxic to aquatic life (Category 1)
H410 - Very toxic to aquatic life with long lasting
effects (Category 1)
H227 - Combustible liquid (Category 4)

Notably, chlorobenzene and chloroform receive poor scores (“problematic” and “highly
hazardous”) due to sustainability issues, as indicated by their environmental and health
scores. Chlorobenzene, o-dichlorobenzene, and chloroform are consistently viewed as highly
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toxic and undesired solvents. In addition, contrary to some perceptions in organic electronic
literature, tetrahydrofuran and toluene, often touted as green solvents, are labeled as
problematic in these guides (Table 4.2), suggesting nonaromatic and nonhalogenated solvents
can still be undesireable for industrial manufacturing. This emphasizes the importance of
aligning solvent choices with standardized criteria.

Table 4.2: Comparison of common “green” solvents reported in organic electronics literature.
Many non-halogented and non-aromatic solvents still possess a long list of hazards and low
solvent guide rankings.

Solvent SDS Labels Hazard Statements GSK G CHEM21
H225 - Highly Flammable liquid and vapour

. (Category 2)
Peroxide Former
H302 - Harmful if swallowed (Category 4)

H319 - Causes serious eye irritation (Category 2A) 4.8 Problematic

Tetrahydrofuran Irritant
(THF) Flammable

. H335 - May cause respiratory irritation (Category 3)
Carcinogens

H351 - Suspected of causing cancer (Category 2)
H316 - Causes mild skin irritation (Category 3)

H226 - Flammable liquid and vapour (Category 3)
H312 - Harmful in contact with skin (Category 4)
H315 - Causes skin irritation (Category 2)
H319 - Causes serious eye irritation (Category 2A)
Irritant H332 - Harmful if inhaled (Category 4)
O-xylene Flammable H335 - May cause respiratory irritation (Category 3) N/A Problematic
Toxic H304 - May be fatal if swallowed and enters airways
(Category 1)
H402 - Harmful to aquatic life (Category 3)
H412 - Harmful to aquatic life with long lasting effects
(Category 3)
H225 - Highly Flammable liquid and vapour
(Category 2)

H315 - Causes skin irritation (Category 2)
Irritant H336 - May cause drowsiness or dizziness (Category 3)
Flammable H304 - May be fatal if swallowed and enters airways
Toluene Toxic (Category 1) 6 Problematic
Reproductive H361 - Suspected of damaging fertility or the unborn
Toxins child (Category 2)
H373 - May cause damage to organs through prolonged
or repeated exposure (Category 2)

H401 - Toxic to aquatic life (Category 2)
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4.3 Hansen Solubility Theory

In addition to safety and toxicity, or “greenness” considerations, solvent selection must
also incorporate functionality. For many organic semiconductors, solvents are chosen
for the ability to dissolve the semiconducting materials into a homogenous solution for
deposition of the bulk heterojunction. The solubility of materials can be informed by
the Hansen solubility theory, distilling the molecular interactions of molecules into three
Hansen Solubility parameters (HSP)[143, 144, 182, 183]. Represented as a position in a
three-dimensional space, the HSP of a solvent is a measure of the cohesive energy of that
solvent, or the amount of energy required to vaporize the solvent, which is represented by
the intermolecular interactions: dispersion 6D, polar 6 P and hydrogen bonding 6 H. The
theory is utilized by visualizing the HSP distance between two molecules, R,.

R?L - 4(6131 - 6D2)2 + (51’1 - 6P2>2 + (6H1 - 5H2)2 (41)

The scalar 4 in front of the dispersion component of the equation is a weighting factor.
Dipolar and hydrogen bonds are directional and form stable pairs, reducing their interaction
with surrounding molecules, which reduces the effective interactions by half. Since the
solubility parameter is the square root of the cohesive energy density, the factor }l would
appear for the dipolar and hydrogen bonding terms. Finally, rather than using fractions, a
factor of 4 is used to weight the dispersive component.

The smaller the Ra between two solvents, the more alike the two solvents are and the
more the solvents are interchangeable in the solute-solvent system. Similarly, solutes are
characterized by their HSP values, which represent their ability to participate in these
different types of interactions. By comparing the HSP values of solvents and solutes, one
can predict whether they will mix well and form a stable solution. The Hansen Solubility
Theory is often referenced when looking for alternative solvents for solution processable
material systems spanning from materials science, pharmaceuticals, and electronics. Along
with hazard analysis and industry-relevant selection criteria, the Hansen Solubility Theory
can provide a starting point for finding suitable green solvent alternatives.

The solubility characteristic of the solvent can be simplified to the relative energy
difference (RED) number where value greater than 1 is a poor solvent and value less than 1
is a good solvent.

RED — & _ distance from Sph.ere center
R, sphere radius

(4.2)
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Figure 4.4: Visualization of the Hansen Solubility Space with a solubility sphere highlighted
in yellow. The radius, R, is shown as the yellow arrow with the solute at the center. Good
solvents fall within this sphere and bad solvents exist outside of this sphere.

HSP of common molecules and solvents can be found through reported literature or
datasets online. These values have been calculated with equations developed through a series
of contributions from Blanks and Prausnitz, Beerbower, and Bottcher, considering molar
volume, vector sum of dipole moments, refractive indices, and dielectric constants[143]. For
more complex molecules or polymers, the HSP can be empirically found through the binary
solvent gradient method proposed by Machui et al. in 2012 [182]. The method utilizes
mixtures of a solvents as a means of exploring the HSP space where the solvents are chosen
based on dominate contribution to a single coordinate in space (hydrogen, polar, or disperse).
A solubility threshold is chosen to bin solvent compositions as good or bad solvents. A higher
solubility threshold requires a higher concentration of solute to be properly dissolved, and
thus results in fewer solvents classified as good solvents. A fitting routine is used to find the
resulting solubility sphere in which the center of such sphere is defined as the HSP of the
tested molecule.
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Although HSP theory provides a good framework for solvent selection, it does not
necessarily guarantee a proper dissolution in reality. Functionality of the solvent will
depend on the physical properties of the material of interest. Additionally, newer solubility
theories have been proposed to address several issues with HSP theory and improve
methods for determining the solubility of new materials with much more complex chemical
functionalities. These include Convex Solubility Parameters (CSP) and the Functional
Solubility Approach[145, 146]. While interesting, these approaches or models are out of
scope for this work. The next chapters discuss the results of investigating the use of green
solvents for organic photovoltaics.



1)

Chapter 5

Green Solvent Processed Organic
Solar Cells

Advances in OPVs have enabled solution-processable solar cells with competitive PCEs
and the potential for scalable manufacturing. However, the fabrication process of record-
performing organic solar cells utilize highly toxic solvents that pose environmental and human
hazards, limiting their ease of fabrication. This chapter proposes greener solvents guided by
industry-relevant selection rankings. FEvaluating the compatibility of different photovoltaic
materials and greener solvents, this chapter presents steps towards using a single host solvent
in processing OPVs in a conventional device architecture. GSK and CHEM21 selection guides
are used. While there are examples of nonhalogenated or nonaromatic solvents with lower R,
values studied in literature, this approach emphasizes solvent safety first. From this analysis,
one green solvent is selected to demonstrate steps towards optimizing film characteristics and
device parameters of solution-processed organic solar cells.

5.1 Materials System Compatibility

The solvents considered in this work (Ani, MIBK, EA) have few GHS hazards compared
to chlorinated solvents, have a GSK G score greater than or equal to 6.5, and are
“recommended” by industry-relevant selection guides. Qualifying greener solvents with a
range of solubility parameters are listed in Table 5.1. The solubility distance is calculated
below as the distance between chlorobenzene and an alternative solvent (R, cp—sow) in the
equation below with the individual HSP listed in Table 5.2.

R cBsore = 4(0p,cB — 0D solv)” + (6pCB — Opsolv)” + (0,08 — Omrsolv)” (5.1)
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Table 5.1: Properties of green solvents investigated in this work

Solvent SDS Labels Hazard Statements GSK G CHEM21
Trritant H226 - Flammable liquid and vapour (Category 3)
Anisole Combustible  H303 - May be harmful if swallowed (Category 5) 74 Recommended

Flammable H401 - Toxic to aquatic life (Category 2)

H225 — Highly Flammable liquid and vapour
(Category 2)

) H319 — Causes serious eye irritation (Category 2A)
Methyl Isobutyl Irritant

H336 — May cause drowsiness or dizziness 6.5 Recommended
Ketone (MIBK) Flammable

(Category 3)
H303 — May be harmful if swallowed (Category 5)
H333 — May be harmful if inhaled (Category 5)
H225 — Highly flammable liquid and vapor
(Category 2)
H319 — Causes serious eye irritation (Category 2A) 6.7 Recommended

Ethyl Trritant

Acetate Flammable ) o
H336 — May cause drowsiness or dizziness

(Category 3)

Starting with the smallest R, solvent, anisole (Ani), we study the solubility of common
OPV material sets with this greener solvent compared to (CB) or chloroform (CF). The
OPYV donors and acceptors studied were: PCDTBT, PC7;;BM, PCE10, IEICO-4F, PM6,
and Y6 (full chemical names in Table A.1). Solutions of each material were first prepared
using a concentration of 20 mg mL ™!, heated and stirred, then filtered with a glass microfiber
filter to remove undissolved particulates. The UV-Vis absorption spectrum of each filtered
solution is then obtained and shown in Figure 5.1. Overall, absorbance spectra are lower
in the anisole solutions than in the chlorinated solutions due to its larger R,. When the
materials are prepared in greener solvents, a limited amount of semiconductor material is fully
dissolved. Consequently, when the undissolved material is filtered away, the final solution
is less concentrated with photo-absorbing material, resulting in lower measured absorption.
Although the two materials systems PCE10:IEICO-4F and PM6:Y6 are highly sought for
their high PCEs in OPVs, the lower absorption profiles indicate low solubility in anisole, the
smallest R, solvent proposed here. Based on HSP theory, it is expected that the solubility
of PCE10:IEICO-4F and PM6:Y6 would be even lower in the larger R, solvents in Table 1.
However, both the PCDTBT donor and PC7;BM acceptor exhibit similar absorption in the
greener solvent versus the chlorinated solvent. This suggests that PCDTBT:PC;;BM would
be a good choice to investigate the impact of solvent selection on processing OPVs.
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Table 5.2: CAS Numbers and Hansen Solubility Parameters of investigated solvents
considered in this work.
Solvent CAS dD dP dH
Chlorobenzene 108-90-7 19 43 2
Anisole 100-66-3 17.8 4.4 6.9
Methyl Isobutyl Ketone (MIBK) 108-10-1 15.3 6.1 4.1
Ethyl Acetate 141-78-6 158 5.3 7.2
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Figure 5.1: Absorption spectrum of various acceptor and donor material systems dissolved

in standard chlorinated solvents and the greener solvent, anisole (Ani).

Standard solvents

used were chlorobenzene (CB) for PCDTBT:PC7BM and PCE10:IEICO-4F systems and

chloroform (CF) for the PM6:Y6 system.
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5.2 Greener Solvent Selection

The solvents from Table 5.2 were evaluated with PCDTBT:PC,;1BM to correlate HSPs
with the functional solubility of the blend system in greener solvents. A total of 20 mg
of PCDTBT:PC;1BM material was prepared in a 1:3 ratio and dissolved in 1 mL of Ani,
MIBK, and EA. Each solution was heated and stirred at 70 °C for at least 4 hours on
a hotplate then filtered. Figure 5.2 shows the images and UV-Vis absorbance profiles of
the resulting solutions. Consistent with Hansen Solubility Theory, as R, increased, the less
compatible the material is in the solvent and the lower the final concentration of absorber was.
The images show that the blended solutions are visibly lighter as R, increases, indicating
lower concentrations of dissolved photo-absorbing semiconductor in solution. Absorption
values indicate that the greener solutions exhibit lower concentrations than the chlorobenzene
solution. Furthermore, MIBK and EA solutions exhibit 200 times lower absorption intensity,
particularly in the wavelength range between 550 to 700 nm.

Solubility Distance
a >
Chlorobenzene Anisole Methylisobutyl Ketone Ethyl Acetate
(Racs=0) (Ryce = 5.5) (Racs =7.9) (Roce = 8.3)

TR
o'

—~ T CcB { 5E-3 )
3 . |
o 08 - —Ani I —MIBK I
) : EA |
2 06 3E-3 | I
g ' '

1
g 04 - i :
< ! 0 T 1
0.2 4 | 400 550 700 |

0 . . }/

400 500 600 700

Wavelength (nm)

Figure 5.2: (a, b) Images and absorbance spectra of filtered PCDTBT:PC7BM blends
prepared in the host solvents: chlorobenzene (CB), anisole (Ani), methyl isobutyl ketone
(MIBK), and ethyl acetate (EA).
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Table 5.3: Wavelengths of peak absorption for each PCDTBT only or PC7; BM only solution.

PCDTBT PC;BM

Solvent o
(nm) (nm)
Chlorobenzene (CB) 0 563 463
Anisole (Ani) 5.5 552 462
Methyl Isobutyl Ketone (MIBK) 7.9 538 458
Ethyl Acetate (EA) 8.3 519 458

PCDTBT donor and PC7;BM acceptor solutions were prepared individually in the same
method described above. UV-Vis absorbance was measured after filtration. Figure 5.3
shows the images and UV-Vis absorbance spectrum of the solutions. The images (Figure
5.3a) show that concentration decreases with increasing R, for both PCDTBT donor and
PC71BM acceptor solutions, consistent with Hansen Solubility Theory. This is confirmed
by absorbance spectrum where concentration of PCDTBT and PC;1BM decreases with
increasing R, of the solvent (Figure 5.3bc and ef). Analysis of the normalized absorbance
spectra of all PCDTBT solutions show that the peak absorbance wavelength (\,4.) provides
another indicator of increased R, (Figure 5.3d). The peak absorbance position is listed in
Table 5.3, showing that increased R, leads to blue shifts in A,,.,. This is attributed to the
solvatochromic effect where the larger R, of the greener solvents induce a hypsochromic shift
in the absorption profile [184]. This manifests in as much as a 25 nm peak shift between the
CB and MIBK solutions for PCDTBT solutions. However, solvatochromism is not observed
in the PC7BM solutions (Figure 5.3g). This is expected as the solvatochromic phenomenon
is attributed to the n-wt stacking of conjugated n-electron systems and is influenced by solvent
polarities. Thus, it is observed with the polymer donor PCDTBT and not the small molecule
PC7;BM.

Of the greener solvents investigated, anisole showed the most compatibility with the
PCDTBT:PC7;BM material system. Our solvent analysis is consistent with previous studies
where an R, of 6 was typically the threshold between good and poor solvents[183]. Previous
literature using anisole as the host solvent for OPV devices have reported PCEs up to 4.5%
using molecular design approaches to enhance the solubility of the polymer donor [35, 185,
186]. The synthesized conjugated polymers have been shown to produce higher performing
OPVs when processed with anisole than with chlorinated solvents. However, the greener
processed OPVs with synthesized derivatives still do not meet PCEs of the original blends
with chlorinated solvents without solvent additives. Here, we further proceed with the use
of anisole as a single host solvent for investigating greener processed PCDTBT:PC;1BM
organic solar cells.
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Figure 5.3: (a) Images of filtered donor only and acceptor only solutions dissolved in
chlorobenzene and anisole. PCDTBT only solutions: (b, ¢) Absorbance spectra of
PCDTBT dissolved in various host solvents after filtration. (d) Normalized absorbance
spectra of the same PCDTBT solutions overlayed to show solvatochromatism. PC;;BM
only solutions: (e, f) Absorbance spectra of PC7;BM dissolved in various host solvents
after filtration. (g) Normalized absorbance spectra of same PCz BM solutions overlayed.
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5.3 Device Fabrication

OPV devices were fabricated from two solutions were prepared by loading 20 mg of 1:3
PCDTBT:PC7;BM in 1 mL of either chlorobenzene or anisole. After heating and stirring,
the two solutions were filtered and used in spin-coating conventional OPVs. Figure 5.4
shows the solution absorbance, film absorbance and device characteristics obtained using the
chlorobenzene and anisole solutions. Compared to the chlorobenzene solution, the anisole
solution exhibited a lower absorption, indicating a lower overall solution concentration as
discussed previously (Figure 5.4a). As a result, the spun anisole film is thinner and less
absorbing than the chlorobenzene film (Figure 5.4b). Because photon penetration depth
increases with increasing wavelength, thinner films will exhibit lower efficiencies at longer
wavelengths. Consequently, the anisole devices exhibit a steeper drop off in external quantum
efficiency (EQE) at longer wavelengths and worse PCEs overall compared to chlorobenzene
devices (Figure 4c and d). The OPV characteristics are listed in Table 5.4. From this initial
comparison, anisole cannot simply replace chlorobenzene in preparing the OPV solution, and
further solution optimization is needed.

Table 5.4: Device characteristics of solar cells fabricated from filtered chlorobenzene and
anisole solutions.

Solvent Loaded Mass PCE (%) FF (%) Jsc (mA cm-2) Voc (V)

Chlorobenzene 20 mg 4.76 + 0.10 56.0 + 0.6 9.7+ 0.1 0.88 + 0.01
Anisole 20 mg 1.68 + 0.15 47.6 £ 1.2 4.4 4+ 0.2 0.81 + 0.01
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Figure 5.4: OPV solution blends were prepared with a starting mass of 20 mg in 1 mL of
solvent. (a, b) Absorbance spectrum of the filtered solution and the corresponding spin-
coated film. (c, d) External quantum efficiencies and current density-voltage characteristics
of devices prepared from the solutions.
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5.4 Optimizations for Solution Concentration

To address the low solution concentration and resulting thin active films when OPVs are
processed with anisole, a higher concentration solution was prepared with a mass load of
40 mg. After heating, stirring and filtering, the solution concentration increased to better
match that of the original 20 mg chlorobenzene solution (Figure 5.5). Additionally, the 40
mg anisole solution viscosity was measured to be 1.82 cP, closer to the 1.77 cP of the 20 mg
chlorobenzene blend.
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Figure 5.5: Absorption spectra comparing chlorobenzene 20 mg, anisole 40 mg, and anisole
20mg (a) solutions and (b) films.

As a comparison, we also investigate a “composition-matched” solution blend where the
anisole solution’s donor/acceptor ratio is identical to that of the chlorobenzene solution.
Previously, the dry donor and acceptor semiconductor materials are combined prior to
adding the desired solvent. However, differences in solubility between the donor and acceptor
materials in greener solvents can lead to undesired changes in the final solution composition.
For instance, the different absorbance topologies of the 20 mg chlorobenzene solution versus
40 mg anisole solution are seen in Figure 5.5a. The absorption values at the peak wavelengths
( 560 nm for PCDTBT donor and 460 nm for PC7;BM acceptor) indicate that anisole
solution does not possess the same donor /acceptor composition as the chlorobenzene solution.
For the composition matched solution blend, donor and acceptor materials are dissolved
individually, concentration measured with UV-Vis absorbance, then combined to form the
blend. This guarantees the correct donor/acceptor composition is prepared in the final
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solution. Figure 5.6 illustrates the steps necessary to achieve composition in a greener
solvent matching that of the chlorinated solvent. Individual donor and acceptor solutions
are prepared by heating, stirring, and filtering the solutions separately with the greener
and chlorinated solvent. Absorbance spectra of individual donor and acceptor solutions are
measured. The concentration of each greener donor and acceptor solution is then evaluated
by comparing its absorbance to the respective chlorinated solution. Finally, the desired
greener solution blend is mixed according to dilution equations.

(1) Prepare individual solutions (2) Measure absorbance spectra
Heat & Stir
& - =
., Filter solutions
Hh@ Donor Acceptor
@ Calculate true concentrations @ Mix blend accordingly
Standard Solvent
— s _
& i50% L OPV Blend
@ ¥ 100uL
g Green Solvent
—p )
] Desired D:A
o Green Solvent | Acceptor
2 10 mg ml 95uL
2 —

Wavelength (nm)

Figure 5.6: Illustration of steps to achieve a composition matched OPV blend with a green
solvent. Created with BioRender.com.

Using the steps described (more details in the Appendix), a composition-matched
anisole blend was prepared. The individual donor and acceptor solutions were prepared
with anisole and chlorobenzene. Figure 5.7 shows the absorbance spectrum of filtered
PCDTBT and PC;BM solutions. To achieve the desired 1:3 donor/acceptor ratio when
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Figure 5.7: (a) Absorbance spectra of filtered solutions prepared with 20 mg PCDTBT
loaded in chlorobenzene and anisole (b) Absorbance spectra of filtered solutions prepared
from 20 mg loaded in chlorobenzene and 60 mg PC71BM loaded in anisole. (¢) Absorbance
spectra of filtered solutions comparing 20 mg of 1:3 PCDTBT:PC;1BM loaded in anisole,
20 mg of 1:3 PCDTBT:PC;1BM loaded chlorobenzene, and the solution blend mixed from
anisole solutions from a and b. (d) Absorbance spectra of OPV films prepared from the
solutions in described in c.

combined, the PC7;;BM mass loaded in anisole was increased to 60 mg. Table 5.5 shows the
measured concentrations of individual anisole solutions when using chlorobenzene solutions
as a reference. Using equations 77 and A.2, voly, volp, and concg,; were calculated.
The absorbance spectrum of the new blended anisole solution closely matched both the
composition (absorbance profile) and concentration (intensity) of the chlorobenzene solution
as seen in Figure 5.7c and d.
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Table 5.5: Measured concentrations of anisole solutions with increased acceptor mass.

Material Loaded Mass Measured Concentration
PCDTBT 20 mg 9.1 mg mL™!
PC; BM 60 mg 35.2 mg mL™!

Volumes: if voly, =1, volp = 0.78

Calculated Total Concentration: 20.5 mg mL~!

OPVs were spin-coated from both the 40 mg anisole solution and composition matched
solution. The EQE and JV characteristics are shown in Figure 5.8a and b. The solar
cell characteristics compared to previous devices are shown in Table 5.6 with a box plot of
PCEs shown in Figure 5.9. Both anisole processed devices exhibit significantly improved
performance when compared to the initial 20 mg anisole blend. The EQE characteristics
of these anisole devices increased, nearly matching that of the initial 20 mg chlorobenzene
solution. This can be attributed to the thicker photo-absorbing film enabled by the increased
solution concentrations. Additionally, open-circuit voltage, short-circuit current, and fill-
factors increased with the optimized anisole solutions leading to efficiencies of 4.08% and
4.17% compared to the 4.76% of the chlorobenzene devices.
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Figure 5.8: (a) External quantum efficiencies and (b) current density-voltage characteristics
of 40 mg anisole devices and composition matched devices.
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Figure 5.9: A comparison of power conversion efficiencies for devices spin-coated with 20
mg anisole blend, 40 mg anisole blend, composition matched anisole blend and 20 mg
chlorobenzene blend.

Table 5.6: Median and half interquartile ranges of OPV devices spin-coated with
chlorobenzene and anisole solutions.

Solvent Solution PCE (%) FF (%) Jsc (mA cm-2) Voc (V)

Chlorobenzene 20 mg 4.76 £ 0.10 56.0 + 0.6 9.7 £0.1 0.88 + 0.01

Anisole 20 mg 1.68 = 0.15 47.6 &+ 1.2 44+ 0.2 0.81 £ 0.01
CM 4.08 £0.01 479 + 0.7 9.8 £0.2 0.86 + 0.0
40 mg 417 £0.04 52.0+ 0.5 9.5 £ 0.2 0.86 = 0.0

The improved device characteristics can also be attributed to improved film crystallinity
as seen through grazing incidence wide angle X-ray scattering (GIWAXS) measurements.
Figure 5.10a and b shows the GIWAXS 2D images comparing 20 mg to 40 mg anisole films.
Peaks are observed at positions around q, = 0.7, 1.3 A~! and gx-y = 0.3, 0.6, and 1.3 A~!
as shown in the line profiles. PC7;BM is known to dominate GIWAXS in blend films as
PCDTBT is known to be largely amorphous[187, 188]. Thus, it is difficult to assess if the
scattering can be attributed to the PCDTBT r-nstacking. Overall, however, 2D GIWAXS
images show improved signal intensity from broad rings when moving from 20 mg to 40
mg films, suggesting improved crystallization within the film. This is consistent with the
increased device efficiency in the 40 mg anisole device. These results emphasize the need to
optimize solution blends when using greener solvents.
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Figure 5.10: GIWAXS 2D images of spin-coated OPV films prepared from (a) 20 mg and
(b) 40 mg anisole solutions.
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Figure 5.11: GIWAXS out-of-plane (solid) and in-plane (dashed) line profiles of films.spin-
coated OPV films prepared from (a) 20 mg and (b) 40 mg anisole solutions.

Here, anisole devices fall short of meeting the efficiency of chlorobenzene-based devices
primarily due to lower fill factors. Although the concentrations and compositions are closely
matched to the standard chlorobenzene solution, the limited efficiency suggests other solute-
solvent factors may still impact the final film morphology. For instance, the anisole solutions
and films still exhibit hypsochromic shifts in the donor absorption ( 550 nm). The blue
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shift suggests reduced polymer aggregation within the solution compared to the standard
solution, likely negatively impacting the molecular organization within the final film. In
addition, the solvatochromic behavior arises from a shift in the energy bands which may
be a factor impacting the charge transfer in addition to absorption. Thus, the maximum
device performance using a larger R, solvent such as anisole is limited due to its limited
compatibility with organic semiconductor molecules. To our knowledge, the limitations of
using large R, solvents such as anisole has not been discussed in literature primarily due to a
preference for using lower R, solvents such as toluene, o-xylene, and tetrahydrofuran. Further
investigations are necessary to fully elucidate the relationship between low solubility solutions
and film formation in bulk heterojunction devices in an effort to expand the available solvents
used in green processed devices.

5.5 Process Optimization

Beyond solution preparations, film processing is also critical in optimizing the final film
morphology. Due to the higher boiling point of the anisole solvent compared to chlorobenzene
(154 °C versus 132 °C), the drying times of spin-coated devices are expected to increase. In-
situ UV-Vis measurements of films processed with chlorobenzene and anisole solutions were
measured during spin-coating (Figure 5.12a and b). The solidification from wet solution to
a thin film occurs when absorption peaks of the donor ( 560 nm) and acceptor ( 460 nm)
broaden and eventually merge as seen in static film absorption profiles. Compared to the
chlorobenzene film where donor and acceptor peaks plateau, the anisole film exhibits a more
prominent acceptor absorption, coinciding with the EQE performance seen previously. This
can be attributed to a lower solubility limit of PCDTBT donor in anisole relative to that
in chlorobenzene. As a result of the proportionally lower PCDTBT content in the anisole
blend, there is a steeper drop off in the donor’s associated absorption beyond about 600
nm. The drying time, the time it takes for the film’s UV-Vis absorbance intensity to stop
changing, is extracted for each measurement and shown in Figure 5.13. The drying times
for the 20 mg chlorobenzene solutions were shorter, at 5 seconds and 3 seconds for 1000 rpm
and 1500 rpm, respectively. In contrast, the 40 mg anisole solutions took longer to dry, at
approximately 20 seconds for both spin speeds. Although the increased airflow of faster spin
rates may increase volume ejection and increase overall drying, we observe solvent volatility
is a more critical parameter affecting drying time compared to spin rate.

The longer drying times of anisole may enable morphology to coarsen, domain sizes to
grow, and phase separation to progress. An additional thermal annealing can be employed to
both encourage nanoscale crystallization and accelerate film drying to confine the morphology
(32, 189, 190]. To evaluate this, OPVs were spun with 40 mg anisole solutions and thermally
annealed on a 70 °C hotplate for 10 minutes. GIWAXS 2D images and AFM images of these
anisole films as spun and post-annealed were measured. Figure 5.14, Table 5.7, 5.15, and
5.16 shows the device characteristics, AFM topology, and GIWAXS 2D images comparing
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Figure 5.12: (a, b) Time resolved in-situ UV-Vis absorbance profiles of spin-coated films
prepared with chlorobenzene 20 mg and anisole 40 mg solutions. (c¢) Drying times of spin-
coated films prepared from three OPV blend solutions: 20 mg in chlorobenzene and 40 mg
in anisole.
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Figure 5.13: Drying times of spin-coated films prepared from three OPV blend solutions: 20
mg in chlorobenzene and 40 mg in anisole.

the two process conditions. The additional annealing step improves device PCE from 4.17%
to 4.45%. GIWAXS 2D images show peaks at positions around g, = 0.7, 1.3 A~!. Although
AFM images of spin-coated films do not show significant differences in surface morphology,
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increased GIWAXS signal intensity at the g, = 1.3 A~! position confirms that the annealing
step enhanced the overall crystallinity of the photoabsorbing layer. This suggests that an
annealing step can improve device efficiency for devices prepared with the higher boiling
point solvent such as anisole.
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Figure 5.14: (d) Current versus voltage characteristics of OPV devices spin-coated from 40
mg anisole blends. The green line represents devices spun and annealed at room temperature
(as-spun) and the blue line represents devices spun and annealed on a hotplate at 70 °C.

Table 5.7: Median and half interquartile ranges of spin-coated anisole OPV devices as-spun
and post-annealed at 70 °C.

Solvent Drying Condition PCE (%) FF (%) Jsc (mA cm-2) Voc (V)
Anisole As-spun 417 £0.04 51.8 4+ 0.5 9.4 +£0.2 0.86 £ 0.01
Annealed 4.45 £ 0.07 53.44+0.3 9.7 £0.1 0.86 = 0.0
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Figure 5.15: 2.5 pm x 2.5 pnm AFM images of active films spin-coated from anisole 40 mg
solution a) annealed at room temperature with and b) annealed at 70 °C for 10 minutes.
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Figure 5.16: GIWAXS 2D images of OPV films as spun and a) annealed at room temperature
and b) annealed at 70°C.
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5.6 Transition to Printing

Unlike in spin-coating where the air flow generated by the centrifugal force assists in
solvent evaporation, in blade-coating the film dries under ambient conditions leading to
extended drying times. Additional thermal annealing or airflow is necessary to accelerate
solvent drying and reduce prolonged drying and undesired film morphologies. Literature
demonstrating green solvent processed OPVs have primarily utilized spin-coating techniques.
When blade-coating is demonstrated, many reports favor the addition of hazardous solvent
additives to assist in solvent blend evaporation [19, 191-193]. Here, we investigate how

processing parameters can influence drying times of films blade-coated from a single greener
solvent system.

In-situ UV-Vis measurements were used to investigate the drying times for blade-coated
films for 20 mg chlorobenzene and 40 mg anisole solutions. Films were printed at a blade
speed and height of 4 cm s™! and 200 microns, respectively. Three processing conditions
were investigated: ambient drying, printing on a 70 °C hotplate, and nitrogen airflow used
to simulate spin-coating. Example in-situ measurements of printed films are shown in Figure
5.17 for a printed chlorobenzene film.
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Figure 5.17: Example of time resolved in-situ UV-Vis spectroscopy of printed chlorobenzene
films with the different annealing conditions described a) on a 70 °C hotplate and b) nitrogen
airflow used to simulate spin-coating.

The summary of drying times extracted are shown in Figure 5.18. The drying times for
printed films under ambient conditions were 50 seconds for chlorobenzene and 53 seconds for
anisole, roughly 10 times longer than those of spin-coated films. In contrast, films printed on
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a hotplate and exposed to airflow dried within 5 to 7 seconds. Unlike in spin-coating where
the solvent volatility affects the drying time, in blade-coating, the deposition condition is
the primary parameter for determining drying times. Printing on a hotplate or exposing
the wet film to nitrogen airflow produced similar drying times to that of the spin-coated
chlorobenzene films. Therefore, to achieve comparable device performance, these two drying
acceleration techniques were employed.

70
60 4 Ambient 1 70°C [ Airflow
£ 50
g
i= 40 -
£ 30 -
e
a 20
10 4
0 [ [
Chlorobenzene Anisole
20 mg 40 mg

Figure 5.18: Drying times of blade-coated films prepared from two OPV solutions: 20
mg chlorobenzene and 40 mg anisole solution. The films were printed with different
conditions:ambient drying, nitrogen airflow, and on a hotplate of 70 °C.

OPVs were blade-coated using the 40 mg anisole solution. The OPVs were either printed
on a 70 °C hotplate or exposed to nitrogen airflow. After printing, both conditions were
followed by a 10 min annealing step on a 70 °C hotplate. Device characteristics of the printed
devices are shown in Figure 5.19 and Table 5.8. Both drying conditions exhibit device
efficiencies greater than 4%, similar to spin-coated devices. AFM images of blade-coated
films also show similar surface morphologies to previous spin-coated devices as measured
with AFM (Figure 5.20). The printed OPVs dried with nitrogen airflow exhibited slightly
higher efficiencies and a smaller statistical distribution, suggesting the faster drying time may
be advantageous for printed films. Compared to the spin-coated chlorobenzene devices with
efficiencies of 4.76%, the printed anisole devices with optimized drying conditions exhibited
comparable device efficiencies at 4.22%. With no additional solvent additives, and utilizing
a simple conventional device architecture, this is a promising step towards greener solvent
processed printed organic solar cells.
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Figure 5.19: Current density-voltage characteristics of printed anisole devices under the two
conditions: nitrogen airflow and on a hotplate of 70 °C.

Table 5.8: Median and half interquartile ranges of blade-coated anisole OPV devices exposed
to different drying conditions.

Solvent Drying Condition PCE (%) FF (%) Jsc (mA cm-2) Voc (V)
Anisole 70 °C 4.05 £ 031 489 +14 9.95 £ 0.5 0.82 £ 0.01
Nitrogen Airflow 422 +£0.13 515 +14 10.58 £ 0.2 0.79 £ 0.01

a b

. 4.4 nm

4.3 nm

Figure 5.20: 2.5 ym x 2.5 pnm AFM images of active films blade-coated with anisole 40 mg
solution a) on a at 70 °C hotplate b) dried with nitrogen airflow.
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Figure 5.21: Comparison of spin-coated and printed devices fabricated from 40 mg anisole
solutions under the two conditions: nitrogen airflow and on a hotplate of 70 °C.

5.7 Conclusion

This work investigated the feasibility of greener solvents in the fabrication of organic solar
cells. We utilized a strict and comprehensive selection criterion involving industry-relevant
selection guides and investigate greener solvents with larger R, values typically reported in
literature. After initial compatibility tests with different OPV systems and greener solvents,
we find that PCDTBT:PC;1BM paired with anisole as the greener solvent had the most
promising compatibility. Initial results with the greener blend showed that anisole could not
simply replace chlorobenzene in solar cell fabrication due to lower semiconductor solubility.
Increasing the initial semiconductor mass loaded in anisole increased the resulting solution
concentration, better matching the viscosity of the chlorobenzene solution, and more than
doubling initial PCEs from 1.68% to 4.17%. Investigating the effect of solvent volatility,
we observe that the higher boiling point of anisole increases the spin-coated film’s drying
time by roughly four times. Employing a post-annealing step after spin-coating helped to
enhance crystallinity of anisole devices improving PCE to 4.45%. Finally, the drying times
of spin-coated and blade-coated films were compared. Nitrogen airflow during blade coating
was shown to significantly reduce the drying time of anisole films, resulting in PCEs of 4.22%.
Overall, this work investigated greener processing of OPVs without molecular modifications
to the semiconductors and without the use of toxic additives. We demonstrate optimization
strategies for the fabrication of solar cells using an industry-relevant greener solvent. This
represents an important step towards environmentally friendly and scalable solar cells.
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Chapter 6

Conclusions and Future Work

6.1 Summary

This dissertation is a culmination of work focused on steps towards eco-friendly and
scalable organic optoelectronic sensors. First, to realize the flexible sensors and validate the
practicality of organic electronics in real-world applications, it is essential to develop system
architecture that supports the requirements and challenges of these devices. Organic-based
PPG sensors, consisting of two different emission OLEDs and a single OPD, were integrated
with a custom designed sensor IC. Validating an on-chip reconstruction free sparse-sampling
algorithm, the sensor IC demonstrates the ability to reduce power consumption while
maintaining high accuracy and reliability of pulse oximetry readings. This work significant
advancements in using organic devices in medical applications where power consumption and
accuracy of vital sign measurements are critical. Inspired by the multiple devices needed in
PPG devices, a novel printing technique for organic electronics is then presented to address
the challenges and complexities met during fabrication. A scalable method for printing two
devices sided-by-side on a flexible substrate is investigated. The OLEDs and OPDs are
printed using a single blade on a single flexible substrate. To ensure high performance for
each device, the solution concentration and viscosities are optimized to tune active layer
thicknesses. Printed OLEDs were optimized for luminance while OPDs were optimized for
responsivities. This is an elegant method for fabricating large-area and low-cost optical
sensors where light sources and light detectors are needed, decreasing fabrication complexity
and while maintaining device performance. Finally, the environmental impact of large-
area fabrication is addressed by analyzing solvent safety and toxicity. Using industry-
relevant sources ensures selected solvents are compatible with large-scale manufacturing
processes. Hansen solubility theory is discussed as the foundation for selecting greener solvent
alternatives compatible for dissolving organic materials. The theory is tested by preparing
OPV materials in various greener solvents with increasing Hansen solubility distances
and analyzing the concentration of the final solution. Choosing the most compatible
donor/acceptor set and greener solvent, methodical optimizations are then presented towards
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utilizing an eco-friendly organic solvent in organic solar cell fabrication. In particular, blend
formulation, post-processing techniques, and optimization for printing are discussed. This
chapter concludes on demonstrating a printed solar device prepared from the optimized
greener solvent blend. This work presents the important processing optimizations necessary
for fabricating environmentally friendly and scalable organic electronics.

6.2 Suggestions for Future Work

6.2.1 Integrated bandage for wound monitoring

Chapter 2 presented the system developments for organic-based PPG sensors,
demonstrating steps towards a compact and conformable wearable pulse oximeter.
Oxygenation measurements provided by pulse oximeters are critical for monitoring and
assessing conditions of patients with pulmonary diseases such as chronic obstructive
pulmonary disease (COPD), asthma, and pneumonia that affect oxygen exchange in the
lungs [156, 194, 195]. Another key context in which oxygenation is crucial is in wound
healing. Adequate oxygen supply is essential for promoting tissue repair, fighting infection,
and supporting cellular processes [196-198]. Conversely, a lack of oxygen in healing wounds
can lead to tissue damage and necrosis. Skin wound monitoring can have a significant impact
on this public health burden [199]. Using flexible printed sensors with high fidelity sensor-skin
interfaces can be implemented as a user-friendly and comfortable wound monitoring device.

Previous work has shown low cost printed flexible electrode arrays used for mapping
wounds and electrical stimulation (ES) to promote cell activation for accelerated wound
healing [200-202]. Wang and collaborators demonstrated the use of inkjet-printed ES
electrodes as a platform for examining molecular mechanisms during the wound healing
processes [201]. With this platform, they observed low frequency stimulation (< 0.5 Hz)
activated inflammatory leukocytes at the wound site. Figure 6.1 shows the fabrication
steps of the high density electrode array. The electrodes were prepared on a flexible
polyethylene naphthalate (PEN) substrate by inkjet printing a gold electrode array with a
gold nanoparticle ink. The finer patterning capability of the inkjet printing process allows for
rapid prototyping and fabrication of high-density arrays 6.1b. The electrodes were fabricated
on a thin PEN (75 um) for better flexibility and electrodes were optimized to monitor a 7
mm sized wound. The traces were insulated by attaching a Teflon tape on top, with vias in
the tape cut by a laser-cutter. The electrodes were padded with PEDOT:PSS coatings for
stable current sourcing, improved charge injection capacity, and improved surface contact.
These arrays demonstrated the capability to map areas of varying impedance, as found in
wound areas which would have lower impedance in regions with damaged skin compared to
undamaged skin. An image of a flexible gold electrode array is shown in Figure 6.1c.
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Figure 6.1: a) Fabrication steps of bio-impedance electrodes. Gold electrodes are inkjet
printed and sintered on a flexible and transparent PEN substrate. A teflon tape is cut and
aligned to the inkjet printed electrode array. Another kapton mask is laser cut to be used as
a stencil for applying PEDOT:PSS electrodes on the electrode array. [201] b) Design of the
inkjet printed high density electrode array. The distance between the center and inner ring
is 2.5 mm, while the distance between the outer ring and inner ring is 5 mm. The electrode
diameters are 700 microns. c¢) Example of a inkjet printed gold electrode array circled in

red.
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Combining functionalities of a printed electrode array and pulse oximeter would enable
an efficient wound monitoring medical device. Utilizing impedance spectroscopy and
tissue oxygenation measurements simultaneously would provide a multi-modal approach for
comprehensive monitoring of progression of wound healing. The printed electrodes would
be used for collecting impedance data while the optoelectronic sensors would be used to
perform tissue oxygenation measurements. The fact that electrodes can be printed on
transparent plastic substrates facilitates easy integration with optical sensors. Proof of
concept the medical device was conducted in collaboration with Professor Juan Zhu and
Seiya Ono and shown in Figure 6.2. A single flexible pulse oximeter unit was fabricated with
blade-coating techniques on flexible PEN substrates as described in Chapter 3. The pulse
oximeter consists of a NIR OLED, a red OLED, and a broad absorption OPD. Aluminum
tape and silver paste was used to electrically connect the devices to a transparent carrier
substrate with inkjet printed silver traces. The silver traces are then inserted into flat flexible
connectors on the custom designed printed circuit board for power and sensor readout.
Similarly, the gold bio-impedance electrodes are fabricated via inkjet printing on a flexible
and transparent PEN substrate. The printed circuit board consists of an Analog Devices 5933
network analyzer, Texas Instruments AFE4490 analog front end, and a Microchip Technology
ATMega 32U4 low-power 8-bit microcontroller designed for controlling and timing the pulse
oximetry measurements and periodic impedance spectroscopy measurements. The power is
provided by a 9V battery. Figure 6.2e and f show how the integrated sensors can be used
for wound monitoring on the arm.

While extensive research exists on flexible sensors, application for wound monitoring
and healing remains limited. The described flexible medical sensor, can be fabricated with
low-cost printing techniques enabling the potential for disposable bandages. The scalability,
cost-effectiveness, and flexibility of these sensors also enable diverse placement on the human
body. Future work in integrated printed medical sensors can enable will offer quantitative
wound healing measurements that will aid in treatment planning.
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Figure 6.2: a) A single flexible pulse oximeter component consisting of two printed OLEDs
and a single OPD at the center. The devices are connected to inkjet printed silver traces.
b) Custom designed PCB used to drive OLEDs, take measurements from the photodiode
to construct PPG waveforms, and provide periodic monitoring of impedance electrodes.
Side-by-side flat flexible connectors are used to connected printed devices. c-d) Image of the
devices connected to the printed devices connected to the custom PCB. e-f) Examples of the
integrated sensors along a participant’s arm demonstrating the use case.
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6.2.2 Device Encapsulation

Organic electronics pose many advantages in terms of flexibility, low material waste, and
ease of processing compared to their inorganic counterparts. However, organic electronics
are often less chemically stable than electronics using inorganic materials in part due to
their susceptibility to degradation from water and oxygen [203-205]. Organic materials
are inherently prone to oxidation and structural changes. Premature degradation of
materials and loss of device integrity are significant barriers to the commercialization of
these technologies. For instance, the commercialization of organic solar cells faces significant
challenges due to their limited operational lifetime, and is one reason making it difficult
to compete in the competitive energy harvesting market [206-208]. In order to extend
operational lifetimes and reduce environmental impact of electronic waste, it is crucial to
develop durable and reliable electronics.

There are two general approaches for achieving longer device lifetimes: (1) enhancing
inherent stability of the materials and structure within the device or (2) encapsulation to
increase barriers to the environment and decelerate degradation of the device. First, intrinsic
degradation mechanisms pose significant challenges to long-term stability and reliability.
These mechanisms can include degradation due to photochemical, thermal, environmental,
and operational exposures [208]. To address this, different device structures, materials, and
architectures have been proposed and investigated. For instance, one promising approach
involves the insertion of the ultrathin protective buffer layers to suppress time-dependent
changes at the interfaces between the BHJ and the inorganic charge transporting layers
of organic solar cells [209]. Additional UV filter layers can also assist in preventing UV-
spectra dependent degradation in active films [210]. However, a drawback of enhancing the
inherent stability of materials and devices can be challenging to mitigate entirely. Complex
degradation mechanisms may be reduced but at the cost of device performance. On the other
hand, encapsulation barriers offer robust physical barriers to environmental factors without
which are versatile and can be applied to a range of existing devices without adjustments in
device fabrication.

In commercial applications, encapsulation is a critical technology used to enhance the
durability, performance, and reliability of many electronics. Organic electronic lifetimes in
particular rely on proper permeation barriers from moisture and oxygen to prevent chemical
degradation on oxidizable cathodes and functional layers [211]. Commonly, encapsulation of
organic devices relies on sequential deposition of thin protective films (Barix, AlOx, parylene,
etc.) requiring high-cost deposition processes or sealant materials (UV-curable resins,
epoxies) [212, 213]. For instance, commercial OLED displays may employ Al1203/ZrO2
nanolamination techniques to reduce oxidation, prevent dark spot formation, and ultimately
extend efficiency and lifetimes [214]. However, deposition of protective encapsulation layers
increase production and material costs of organic electronics. Alternatively, a thin and self-
assembly functional nanocomposite developed by Dr. Emma Vargo et al. showed promising
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results as a barrier for oxidation and moisture [215].

The nanocomposite barrier presented in their work is simple to deposit, does not require
post processing to cure, and shows potential for use as an encapsulant for flexible electronics.
As a proof of concept, calcium films were used to investigate their barrier properties. Calcium
films rapidly oxidize under ambient conditions and their relative conductance is a convenient
proxy for longer-term device degradation. The decreasing conductance of the calcium sample

is a result of oxidation in the presence of oxygen and moisture shown in the chemical equations
below[216]:

2Ca + Oy — 2Ca0
Ca + 2H,0 — Ca(OH), + H,

Electrical calcium tests were used to compare the barrier properties of the S2/NP
nanocomposite with two standard ultraviolet (UV)-curable epoxies, DELO Katiobond LP655
and Ossila E132. A single sample was prepared on a 125 um thick PET substrate through
a series of thermal evaporation steps. An illustration of the sample is shown in Figure
6.3. A pair of silver traces (100 nm thick, 2 x 15 mm? in size, 4 mm spacing) was
thermally evaporated on the PET substrate. Calcium (100 nm thickness, 8 x 8 mm? in
area) was thermally evaporated (pressure of 2-5 E~¢ Torr, deposition rate less than 0.8
A/ s) on top of the silver, electrically connecting the two traces. Each sample was then
prepared with the designated encapsulant and covered with a 125 pym thick PET cap. For
samples testing the nanocomposite barrier, a 20 pL. drop of solution was drop-casted, covered
with the PET cap, and left to assemble for 1 hour in a nitrogen inert glovebox prior to
measurement. Conductance of the encapsulated samples was measured over time in an
enclosed environmental chamber maintained at 20% relative humidity and 20 °C.

An image of the encapsulated calcium sample and the associated electrical calcium test
results are shown in Figure 6.4. Despite substantial differences in the barrier thickness, their
performances are comparable. A 50% relative conductance of the encapsulated calcium films
was reached after 241 4+ 27 min for DELO Katiobond LP655 (about 119 pm), 367 + 53 min
for Ossila E132 (218 pm encapsulant film thickness) and 79 4+ 11 min for S2/NP (about 35
nm). When normalized by the film thickness, the S2/NP barriers nearly double the time
until a calcium film reaches 0% relative conductance. Thus, self-assembled nanosheets can
lead to thinner and more flexible organic electronics. Furthermore, the transparent barrier
ensures compatibility with optoelectronic devices where optical transparency is required.

The collaborative work on self-assembled nanosheets with Dr. Emma Vargo and Professor
Ting Xu demonstrate a promising direction for encapsulation of flexible organic devices. At
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Figure 6.3: Schematic of the encapsulated calcium film tested. The approximate barrier
thickness for the commercial encapsulants was calculated based on repeated weight
measurements of applied drops and the manufacturer’s reported volumetric densities.

time of writing, chloroform is used to prepare the nanocomposite material. However, because
chloroform can dissolve many organic films, it will adversely affect the devices it is applied
to. Therefore, to utilize the nanocomposite film as an encapsulation barrier in organic
device applications, an orthogonal solvent is needed. Ideally, this solvent should be water-
or alcohol-based. Future work should focus on identifying and optimizing such solvents to
ensure compatibility and performance in organic electronic devices. Future investigation can
also include a focus on thicker barrier films by utilizing printing methods to improve coverage
and exploring sequential prints for longer device lifetimes.

6.2.3 Greener Solvent Processing

The solar cell device efficiencies presented in chapter 5 were limited by the solubility
of material sets in the chosen green solvent. As a result, PCDTBT and PC;;BM was
selected as the OPV materials set and further studied in solar cell processing. However, the
state of organic solar cell research has developed more efficient materials set. Nonfullerene
acceptor (NFA) materials have developed quickly, due to their ease of tunability in absorption
spectra and electron energy levels and better complimentary absorption to donor molecules
[217]. NFA solar cells have achieved power conversion efficiencies of over 18% as well as
high responsivities in organic photodiodes[75, 130, 168, 218, 219]. One material set studied
in chapter 5 was PCE10 and IEICO-4F, where PCE10 is a high efficiency polymer donor
and IEICO-4F is NFA with absorption in the NIR region. Together, this complimentary
donor/acceptor combination was successfully demonstrated in high performance and blade-
coated solar cells and photodiodes [52, 220]. When used with the greener solvent anisole,
however, PCE10 was shown to have inferior solubility and concentrations not suitable for
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Figure 6.4: a) Cross-sectional TEM image of S2/NP inset (scale bar represents 500 nm).
b) Image of encapsulated calcium sample with silver contacts. c¢) Encapsulant lifetimes of
S2/NP and two commercial UV-cured epoxies measured using electrical calcium tests in a
20% relative humidity and 20 °C controlled environment.
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Figure 6.5: Chemical structures and absorption profiles of PCDTBT and IEICO-4F in
chlorobenzene and anisole.

film deposition. The polymer donor with the most compatibility with anisole was PCDTBT.
On the other hand, IEICO-4F showed a nearly identical concentration in both chlorobenzene
and anisole solvents. This can be seen in the absorption profiles of PCDTBT and IEICO-4F
solutions in Figure 6.5. Thus, it may be possible to blend together PCDTBT and IEICO-4F
for an improved solar cell processed with anisole. Because PCDTBT and IEICO-4F is not
commonly combined in OPV solutions, it may require further solution blend optimizations
to find an ideal composition and film morphology. Future work should focus on investigating

higher efficiency donors and acceptors such as these to increase the PCEs of greener solvent
processed solar cells.

Additionally, using a green co-solvent may assist in improving the dissolution of higher
molecular weight polymers in non-chlorinated solvents. Recent work in green solvent
processing have showed steps towards higher efficiency eco-friendly solar cells, however,
incorporation of toxic solvent additives is still commonly used to assist in film deposition,
diminishing the impact of utilizing less toxic host solvents [191, 192]. Additional solvents
should also be non-toxic and examined under the same manner as the host solvent. For
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instance, Corzo et al. demonstrated the use of binary solvent blends using renewable terpene
feed-stocks to achieve green solvent processed solar cells with efficiencies up to 15.9 % [62].
They also demonstrate a blade-coated solar cell module of 12 cm? with a power conversion
efficiency of up to 9.1%. Future work in greener solvent processing should continue to improve
solubility of materials by exploring binary solvent blends and continue to focus on large area
printing for scalable and low-cost solar cells.
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Appendix A

Appendix

A.1 Chemical Names

Table A.1: Full chemical names of PCDTBT, PC;1BM, PCE10, IEICO-4F, PM6, and Y6.

Shorthand Name

Full Chemical Name

PCDTBT

Poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)|

PC71BM

[6,6]-Phenyl-C71-butyric acid methyl ester

PCE10, PTB7-Th,

or PBDTTT-EFT

Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’|dithiophene-2,6-
diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl]

2,2'-((22,2'Z)-(((4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-sindaceno[1,2-b:5,6-b’]

OIH?E)CT?SL—ZF dithiophene-2,7-diyl)bis(4-((2-ethylhexyl)oxy)thiophene-5,2-diyl) )bis(methanylylidene))
bis(5,6-difluoro-3-o0x0-2,3-dihydro-1H-indene-2,1- diylidene))dimalononitrile
PMG6 or Poly([(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo|[1,2-b:4,5-b’|dithiophene))-
PBDB-T-2F alt-(5,5-(17,3’-di-2-thienyl-5’,7-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5'-¢’]dithiophene-4,8-dione)]
2,2’-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-¢]
Y6 or BTP-4F thieno[2”,3”:4’ 5’]thieno[2’,3”:4,5]pyrrolo[3,2-g]thieno[2’,37:4,5]thieno[3,2-b]indole-2,10-diyl)

bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene) )dimalononitrile

A.2 Composition Matching Calculations

Variables used in the following calculations are described in the table below:

The donor to acceptor composition ratio can be written:

massp
RD:A =
mass 4
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Table A.2: Equation Variables

Variable Description

massp or mass, | Mass of donor or acceptor in mg
concp or concy | Concentration of individual donor or acceptor solutions in mg mL™

volp or voly Volume of donor or acceptor in mL

ratiop. 4 Donor to acceptor ratio

Volumes of donor and acceptor only solutions depend on the target donor/acceptor ratio
and the initial donor-only or acceptor-only solution concentrations. The volume of each
individual solution used is determined by the target donor/acceptor ratio.

massp  concp - volp

Rp.a = =
' mass concy - voly

Thus, given that the target ratio is predetermined, and the donor and acceptor solution
concentrations are measured, the volume of either the donor solution or acceptor solution
can be calculated based on an arbitrarily chosen volume of its counterpart.

mass 4 massp concp - volp
VOIA = = =
Concy4 concy - Rp.a  concy - Rp.a
| massp masss - Rp.4 concy-voly - Rp.a
VO D = = =

concp concp concp

concp

—=22D i ml is needed.
concp-Rp.a

For instance, for every 1 mL of donor, the amount of

The total concentration of this solution can be calculated starting with the following:

mass 4 + massp

CONCipt =
vol4 + volp
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Here, we want to substitute the variables to only have the target ratio and measured
individual donor and acceptor solution concentrations remaining.

Substituting mass4 = concy - voly and massp = massy - Rp.4 = (concy - voly) - Rp.4,

concy - voly + (concy - voly) - Rp.a

CONCtot =
© vol4 + volp

Substituting volp = €eavolaBpa from previously,
concp

concy - voly + (concy - voly) - Rp.a

CONCtot = concg-vola-Rp.a

VOIA + concp

Finally, simplifying by removing vol 4,

concy(1+ Rp.a)
1_'_ <C0nCA~RD;A>

CONCipt =

concp

Where concy and concp are independently measured, and ratiop. 4 is the target ratio.
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