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Abstract

Synthesis, Characterization, and Applications of Solution-processed Nanomaterials:
From Thin-film Transistors to Flexible “Smart Bandages”

by
Sarah Lohry Swisher

Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Vivek Subramanian, Chair

In parallel with the continued scaling of traditional CMOS devices, another paradigm of
electronics has taken shape: flexible electronic systems. Flexible displays, electronic textiles,
bio-inspired sensors, and wearable or implantable medical devices are just a few applications
that benefit from large-area form factors and mechanical flexibility, both of which are
challenging to achieve with conventional wafer-based electronics.

Advances in thin-film materials and devices over the past several decades have helped to
drive the development of flexible electronics. Printing solution-based electronic materials is a
particularly desirable path towards flexible devices. Because it is a purely additive process,
printing results in lower overall process complexity, eliminates etching steps, and reduces
material usage. Additive processing also enables the integration of various functional
materials onto the same substrate, even when the materials or processing technologies would
otherwise be incompatible. Printed electronics are compatible with low-cost roll-to-roll
manufacturing techniques, offering a significant cost advantage over traditional
microelectronic fabrication.

Solution-based electronic materials utilizing metal oxides (In,O3, ZnO, SnO,, etc.) have
been the focus of intense research efforts to enable high-performance printed electronics
because of their high field-effect mobility in amorphous or disordered states. In this work,
indium oxide nanocrystal inks are demonstrated as a promising pathway towards high-
performance, air-stable, solution-processed transistors.. Thin-film transistors (TFTs) that
utilize indium oxide nanocrystals as the channel material were developed, and the impact of
materials synthesis and device fabrication on the TFT performance was explored in the
context of printed electronic devices.



To highlight the merits of flexible electronics based on solution-processed nanomaterials
and to demonstrate how these materials will enable innovation, one specific application was
demonstrated. Biomonitoring devices benefit from lightweight form factors that can make
conformal contact with the body, and are thus a particularly interesting proof-of-concept
application. Here, a “smart bandage” prototype was designed to detect and monitor tissue
wounds in vivo. A flexible, electronic device was developed that non-invasively maps
pressure-induced tissue damage, even when such damage cannot be visually observed.
Employing impedance spectroscopy across flexible electrode arrays in vivo on a rat model, it
was observed that the frequency spectra of impedance measurements were correlated in a
robust way with the state of the underlying tissue across multiple animals and wound types.
Tissue damage detected using the impedance sensor is represented visually as a wound map,
identifying regions at risk of developing a pressure ulcer and thus enabling intervention.
These results demonstrate the feasibility of an automated, non-invasive “smart bandage” for
early monitoring and diagnosis of pressure ulcers, improving patient care and outcomes.



To Charlie —

“If you can imagine it,
you can achieve it.
If you can dream it,
you can become it.”

-W.A. Ward
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Chapter 1: Introduction

Chapter 1: Introduction

In the nearly six decades since the first demonstration of an integrated circuit in 1958, the
rapid growth of semiconductor technology has changed the world as we know it. Moore’s
Law and the “virtuous cycle” of investment, scaling, and market growth that have driven the
semiconductor industry have had far-reaching effects on every aspect of our lives, our homes,
our jobs, and our economy. The dramatic drop in the cost of computing power — from $5.52
for a single transistor in 1954 to a billionth of a dollar in 2004 [1] — has enabled us to achieve
myriad milestones from the Apollo missions to the Social Networking era.

In parallel with the continued scaling of traditional CMOS devices, another paradigm of
electronics has taken shape: flexible electronics. Rather than focusing on shrinking critical
dimensions and reducing power consumption, the growing field of flexible electronics aims to
leverage compliant form factors and lightweight designs to enable new ways of integrating
electronic devices into our lives. Flexible displays, electronic textiles, bio-inspired sensors,
and wearable or implantable medical devices are just a few applications that are out of reach
using the rigid form factor of conventional wafer-based electronics. Like the integrated
circuit in the 1960s, flexible electronics could lead to a paradigm shift in the 21* century that
would have a dramatic effect on our everyday lives.

1.1 Flexible Electronics: a New Direction in the
Digital Revolution

Advances in thin-film materials and devices over the past several decades have helped to
drive the development of flexible electronics [2]. Flexible devices are typically achieved by
depositing thin-film transistors (TFTs) onto thin stainless steel or plastic substrates. Thin-film
electronic materials not only cost less than crystalline substrates, but can also be deposited
over a much larger area. This makes them a particularly good choice for low-cost and large-
area applications, where the overall size of the system is the primary scaling metric rather
than the transistor dimensions. Examples of several concepts and devices made possible by
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Chapter 1: Introduction

flexible electronics are shown in Figure 1.1. Flexible power sources will be required to
realize these devices; to this end, flexible thin-film solar photovoltaic (PV) cells and batteries
are also research areas under rapid development.

Figure 1.1: Flexible electronics products and concepts.

Clockwise from top left: foldable map concept (display-central.com), Google glucose-sensing
contact lens, stretchable ‘biostamp’ skin sensor (J.A. Rogers, UIUC), flexible transparent
display concept from Phillips (mybroadband.co.uk), curved flexible phone concept
(gizmag.com).

Currently, researchers in the field of flexible electronics aim to develop materials and
patterning processes that increase TFT performance while decreasing the cost per unit area
[3]. Significant efforts are devoted towards the development high-quality semiconductor
materials that are compatible with the low-temperature processing requirements of
inexpensive plastic substrates. A variety of material deposition techniques have been used
that can be broadly categorized as either “top-down” or “bottom-up” manufacturing
processes. “Top-down” approaches typically utilize standard silicon lithographic and etching
techniques to create thin films, such as patterning the surface of a crystalline wafer into thin
strips that can be transferred to a secondary flexible substrate. Alternatively, “bottom-up”
assembly methods are chemical synthetic routes in which the composition, size, and
morphology of the desired structure are well-controlled during the fabrication process [3], [4].
Bottom-up approaches are particularly attractive for nanoscale applications, in which top-
down lithographic processes begin to face their fundamental scaling limits. Because they do
not rely on expensive, fragile crystalline wafers as their starting material, bottom-up
approaches also have the potential to enable flexible electronics at a low cost with greatly
simplified manufacturing processes. One such bottom-up approach — printing electronics
using solution-based materials — is discussed in more detail in the next section.
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1.2 Solution-processed Electronic Devices

1.2.1 Advantages and challenges of solution-processing

Printing solution-based electronic materials is a particularly desirable path towards
flexible electronics [5], [6]. Because it is a purely additive process, printing results in lower
overall process complexity, eliminates etching steps, and reduces material usage. Additive
processing also enables the integration of various functional materials onto the same substrate,
even when the materials or processing technologies would otherwise be incompatible. For
example, different TFT channel materials can be deposited to build sensing arrays, or to
incorporate sensor devices with high-performance logic devices.

Although printed electronics have made great strides recently, challenges still exist that
place limits on the transistor density and performance. The resolution of printed lines is much
lower than what is achieved with lithography, and worse resolution leads to higher cost per
function. The size and density of devices is further limited by the registration accuracy of the
printers themselves. Furthermore, printing can result in poor quality films that yield low-
performance materials and devices. Together, these limitations typically result in printed
transistors that are relatively large (~1-100 micron features) and operate at frequencies below
1 MHz.

Despite these limitations, arguably the biggest advantage of solution-processing is cost; a
thorough discussion is presented in reference [5]. The key point in the cost analysis is that
printed electronics are very cheap per unit area compared to the traditional deposition,
lithography, and etching that is required for silicon. It is not cheap per transistor, however,
and thus printing is only economical for large-area applications with low transistor density
and relatively low performance requirements. Overall, low cost roll-to-roll processing
techniques, reduced tooling cost, reduced capital expenditure and increased throughput are
expected to provide 10x cost advantages for printed electronics over conventional processes

[5].

1.2.2 Solution-processed electronic materials

From a materials perspective, printed electronics require highly repeatable synthetic
methods to produce consistently high-quality inks. Historically, most work on printed
electronics has focused on organic systems, but inorganic materials are particularly interesting
since they offer potential advantages in terms of performance, environmental stability, and
transparency. Two key pathways towards solution-processed inorganic electronic materials
have been recently explored for TFTs: (1) sol-gels, and (2) colloidal nanocrystals.

1.2.2.1 Sol-gels

In the broadest sense, the sol-gel method is defined as the preparation of ceramic
materials by the preparation of a sol, gelation of the sol, and removal of the solvent [7]. The
sol-gel method has been utilized to produce inorganic ceramic and glass materials since the
mid-1800s [8]. Early sol-gel studies focused on silica gels, but more recently a quickly
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progressing field of materials research has evolved that explores sol-gel routes to metal oxide
thin films for solution-processed electronics. The following definitions are provided to aid
the reader (based on the text by Brinker and Scherer [7]):

* A colloid is a suspension in which the dispersed phase is so small (1-1000 nm)
that gravitational forces are negligible and interactions are dominated by short-
range forces, such as van der Waals attraction and surface charges. The dispersed
phase

* A sol is a colloidal suspension of solid particles in a liquid (as opposed to a
liquid/liquid suspension (emulsion) or a solid/gas suspensions (smoke)).

* A gel is a two-phase substance in which one molecule reaches macroscopic
dimensions such that it extends throughout the solution. It contains a continuous
solid skeleton and a continuous liquid phase, both with colloidal dimensions (< 1

um).

Dense metal oxide thin films can be formed using the sol-gel method, as illustrated in
Figure 1.2. The precursors typically consist of a metal element surrounded by alkoxide,
nitrate, or chloride ligands. The precursors are dissolved into a solvent to form a monomer
solution; the nature of the complexes that are formed in solution (i.e. hydroxo [M—OH], oxo
[M=0], etc.) are determined primarily by the properties of the metal and the pH of the
solution [7]. The precursor solution can be deposited onto a substrate by printing or spin-
coating. The solvent is removed during the deposition and during a subsequent drying
process, resulting in densification of the film. A thermal treatment is usually necessary to
eliminate excess precursor materials and further densify the film towards the target oxide
composition.
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Figure 1.2: Schematic of various routes in the sol-gel process.

A metal oxide film can be produced by spin-coating a precursor solution or sol to form a dried
gel (“xerogel”), and then using a thermal treatment to densify the film. Image source:
Wikimedia Commons, adapted from [7].
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The investigation of sol-gel routes to metal oxide thin films has mainly been driven by
next-generation display applications. Progress in the last decade has led to the development
of high-performance sol-gel TFTs [9]-[16], some exhibiting field effect mobilities as high as
~40 cm2/Vsec. However, despite the reports of high-performance sol-gel TFTs, it is widely
recognized within the community that the device performance can be very sensitive to
precursor solution preparation and processing (i.e., the sit-time or “aging” of the precursor
solution, and how quickly the film is dried or annealed after deposition). For example, Lee et
al. recently demonstrated that controlling the temperature of the precursor solution alters the
ionic species in solution; this changes the metal-oxide lattice formation in the annealed film,
thus significantly impacting the transport in the TFT [17]. Similarly, while sol-gels can
indeed provide high-performance semiconductors [9], in some cases the device performance
is degraded as the sol-gel ink ages. Unfortunately, the myriad process sensitivities have not
been thoroughly studied, and their impacts are not always understood. These instabilities pose
challenges both in terms of device uniformity and, ultimately, the large-scale
manufacturability of such an approach to printed electronics.

1.2.2.2 Colloidal nanocrystals

Though much of the current printed electronics literature focuses on ink formulations
based on inorganic sol-gels, colloidal semiconductor nanocrystals are an attractive alternative
that may provide more stable inks. Colloidal nanocrystals consist of a solution-grown solid
inorganic core with organic surfactant molecules attached to the surface [18], [19].
Technically speaking, the nanocrystals described in this section can be categorized as ‘sols’ as
defined above; the key distinction between sol-gel and nanocrystal inks for printed electronics
is the ability to precisely control the size, shape, crystal structure, and surface properties of
nanocrystals, and to do so completely independently from the substrate.

Nanocrystals can be easily solubilized in printable solvents, providing a highly crystalline
and phase-pure material in solution. Thus nanocrystals can combine the physical properties of
inorganic solids with the low-cost, high-volume processing of plastics [19]. The ligands that
help control particle growth during nanocrystal synthesis and provide solubility in the final
ink formulation can be tuned to favor outcomes such as high mass loading or low sintering
temperature [20], and post-synthesis ligand exchange procedures can allow further tailoring of
the nanocrystal surface properties [21]. Unlike sol-gel formulations, the size and shape of
colloidal nanocrystals are determined during the synthesis, and are thus unaffected by the
thermal budget constraints of the substrate. In fact, this control over morphology and surface
chemistry has already lead to the widespread use of sintered metal nanoparticles to form
electrodes and interconnects in printed electronics.

Colloidal nanocrystals for thin-film semiconductors have been explored as well, though
this work has primarily focused on exploiting the high degree of electronic coupling that is
achieved in quantum confined particles of metal chalcogenides (CdSe, CdTe, PbSe, etc.);
Talapin et al. provide a thorough review [22]. The significant drawbacks of chalcogenide
materials have so far outweighed their potential benefits, however: they typically deliver poor
TFT mobility due to the degraded transport resulting from the ligands that maintain quantum
confinement in the film, they are inherently toxic, and their extreme sensitivity to air and
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moisture requires all device fabrication and electrical characterization to be performed in an
inert-atmosphere glovebox.

Rather than exploiting quantum confinement effects, an alternative approach to
nanocrystal TFTs is to employ a sintering technique that deliberately removes encapsulation
molecules and excess solvent, converting the solution-deposited layer into a high-performance
thin film (Figure 1.3). Using this approach, the unique physical properties of nanocrystals
provide significant benefits to printed electronics: the increased surface area to volume ratio
of a nanoparticle leads to an increase in the surface energy, and a dramatic reduction in
melting point as the size of the particle is reduced (Figure 1.4) [23]. As a result, printed
nanoparticle films can be fused at relatively low temperatures (<150C in many cases) leading
to properties close to those of thin films deposited by more conventional techniques at
processing temperatures that are compatible with flexible plastic substrates [5].
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Figure 1.3: Schematic of nanoparticle sintering process.

Inorganic nanoparticles are encapsulated with organic ligands to control growth and solubility.
After the particles are deposited onto a substrate, heat is applied to remove the ligands from the
film and fuse the nanoparticles together to form percolation networks.

m.p. bulk o

-
w
o
o
T

-
(=]
(=3
(=]
T

Melting Temperature (°K)

300 L L 1 i e
0 50 100 150 200 p(A)

Gold Particle Size (A)

Figure 1.4: Nanoparticle melting point vs. particle size.
Reducing the size of gold particles results in a dramatic reduction in the melting point (m.p.)
[23], allowing them to sinter at plastic-compatible temperatures.
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1.3 Metal Oxide Semiconductors

A unique family of materials, metal oxide semiconductors (ZnO, In,O;, SnO,, and
combinations thereof), has been intensely studied in recent years as an alternative to
amorphous silicon TFTs. Conductive oxides such as indium tin oxide (ITO) and oxide
semiconductors such as ZnO have been used for decades, but there has been renewed interest
in amorphous metal oxides for high-performance TFTs. The demonstration in 2004 of
amorphous thin films of a quaternary metal oxide, In-Ga-Zn-O, with mobility an order of
magnitude greater than that of amorphous silicon [24] has resulted in dramatic interest and
rapid advances in this field.

1.3.1 A high-performance alternative to amorphous silicon TFTs

The primary application driving the requirements for TFTs is active matrix liquid crystal
displays (LCDs). Amorphous silicon (a-Si) TFTs typically exhibit a mobility < 1 cm?*/Vsec
and a subthreshold slope of ~0.5 V/dec, which is sufficient for pixel switching but too slow to
be used for the driving circuitry of the display [25]. Even though polysilicon has superior
performance, a-Si has remained the dominant technology because polysilicon requires costly,
complex processing [26]. In addition, grain boundaries in polysilicon act like shunt paths for
impurities and water vapor, so — if the mobility is sufficient — amorphous materials are more
desirable because they generally provide better uniformity over large areas [26].

Amorphous metal oxides offer the same benefits as amorphous silicon, with three key
advantages[26]. First, metal oxides have 20~40x higher mobility than a-Si, enabling faster
switching and higher current. Second, they can achieve this boost in performance even with
low-temperature (or even room-temperature) fabrication processes. Amorphous silicon films
are typically around deposited at 300-350°C, and the performance suffers when plastic-
compatible temperatures (< 200°C) are used. Third, metal oxides are transparent. Pixel
transistors that do not block light lead to brighter displays with higher aperture ratios [26].
For these reasons, metal oxides are being pursued as a replacement for amorphous silicon,
leading to significant research efforts into the fundamental device physics of these materials.

1.3.2 Electron transport in amorphous metal oxide semiconductors

One of the most attractive aspects of metal oxides is that the field effect mobility is not
degraded severely in amorphous films compared to crystalline films. Metal oxide
semiconductors are typically made up of some combination of zinc, gallium, indium, and tin.
The electron configurations and the most common oxidation states of these elements are listed
in Table 1-1. Note that, in their most common oxidation state, the s- and p-orbitals are
empty. In these materials, it is the large spherical s-orbital of the metal that forms the
conduction band minimum [24]. This is the key to achieving good transport in the amorphous
phase.
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Element Electron Configuration Oxidation state
Zinc (Zn) [Ar] 4s23d1° +2
Gallium (Ga) [Ar] 4523d'%4p! +3
Indium (In) [Kr] 4d'%5s25p! +3
Tin (Sn) [Kr] 4d105s25p? +4

Table 1-1: Electron configuration of select metals.

The electron configuration and the most common oxidation state of the elements that comprise
metal oxide semiconductors result in empty s- and p-orbitals.

Figure 1.5 illustrates the benefit of the spherical s-orbital for amorphous transport, when
compared to the sp’ hybridization in silicon. Overlapping orbitals act like electron highways
through the material, providing routes for efficient transport.
semiconductors (such as silicon), the disorder disrupts the orbital overlap and carrier transport
is controlled by hopping between localized tail states.
conduction band is mainly composed of unoccupied ns orbitals which overlap with
neighboring atoms, so disorder has a much less severe effect on transport. Because there is
efficient transport even in amorphous films, high performance devices can be fabricated using

low-temperature, low-cost methods such as printing.
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Figure 1.5: Transport in metal oxides vs silicon.

Schematic orbital drawings for the carrier transport paths in crystalline and amorphous
semiconductors. The spherical orbitals of metal oxides are less disrupted by disorder than the

hybridized sp’ orbitals in silicon. Adapted from [24].
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1.4 Applications for High-performance Solution-
Processed Electronics

1.4.1 Next-generation displays

Amorphous silicon has been the material of choice for TFT backplane pixel transistors
for decades. However, as the pixel density increases in high-resolution displays, the size of
each pixel shrinks, and the size of each pixel transistor must scale proportionally to maintain
the same brightness and aperture ratio. Higher mobility is required to obtain the same drive
current from a smaller transistor, and a-Si TFTs will not be able to meet the demands of next-
generation displays.

In addition to the trend towards higher resolution in the high-end display market, organic
light emitting diodes (OLEDs) are emerging as a superior technology to LCDs in many ways.
The main difference technologically is that OLEDs are emissive rather than passive, which
means they don’t require a backlight. They are superior in brightness, contrast, and viewing
angle, and elimination of the backlight can result in thinner form factors and reduced cost.
Brightness in OLEDs is proportional to current, so high-brightness displays require transistors
that can source higher currents. Increasing the width of the TFT would increase the current,
but at the expense of brightness because the aperture ratio decreases.

To address the growing need for higher performance pixel transistors, many display
manufacturers are pursuing polysilicon as a replacement for a-Si because it exhibits much
higher mobility. Unfortunately, that high performance comes at a substantially higher cost.
Uniformity is also a challenge with polysilicon, causing problems when it is scaled up for
large area displays.

Metal oxide semiconductors can address many of the challenges facing the display
industry. These materials are an attractive option for next-generation displays because of
their high mobility in the amorphous phase. The boost in mobility means oxide TFTs can be
scaled down for high-resolution displays, and can provide sufficient current to drive OLEDs.
Furthermore, metal oxides are also a promising route towards realizing transparent pixel
transistors that do not block light, leading to brighter displays with higher aperture ratios. The
superior performance of metal oxides can even be achieved when they are deposited using
solution-processing methods. Thus, metal oxides can provide the additional benefits of
additive manufacturing discussed previously: low cost for large area applications, less
material waste, reduced processing complexity, and compatibility with flexible substrates.

1.4.2 Flexible biological sensors

When electronic circuits are mounted directly onto the skin, they have the potential to
change the way health care is provided to patients. Non-invasive sensors placed on the body
could collect data, then wirelessly transmit information directly to a doctor using a
smartphone or computer. The ability to remotely diagnose or “self-monitor” medical
conditions without traveling to a clinic could change the standard of care for myriad diseases
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affecting elderly or immobile patients, as well as those in rural or medically underserved
areas.

To this end, flexible and stretchable electronics for biomonitoring applications is
currently an area of intense research focus [27]-[30]. Devices have been designed to measure
physiological markers such as temperature, oxygenation, hydration level, and tissue strain.
Therapeutic treatments such as the application of heat, electric stimulation, and drug delivery
have also been demonstrated. Unlike traditional electronics based on rigid silicon wafers,
flexible devices can make conformal contact with the body and be comfortably left in place
for long periods of time. They can leverage low-cost manufacturing methods to make
inexpensive devices that are designed to be single-use and disposable. Recent advancements
in materials and device research have enabled rapid progress in the exciting field of ‘wearable
electronics’, paving a path toward future innovations in health care.

1.5 Motivation for This Work

Though the field of flexible electronics has a bright future, significant advances in
semiconductor materials, devices, and fabrication methods are needed to help realize its
potential.  Specifically, more progress is needed developing high performance solution-
processed electronic materials and manufacturing methods that produce uniform devices over
a large area (making them suitable for applications such as displays and sensors), with
maximum processing temperatures that are compatible with display glass (< 500°C) and
plastic substrates (~200°C). To pave the way for these technologies to be used in pioneering
medical devices, biocompatibility and flexible form factors must also be investigated.

To pursue these goals, this dissertation explores solution-processed nanomaterials for
high-performance transistors and flexible electronics applications. First, the materials
synthesis and transistor fabrication are explored in detail. For this work, the central focus is a
solution-processed indium oxide semiconductor material. Among the family of metal oxide
semiconductors discussed previously, indium oxide was chosen because of its propensity for
high field-effect mobility: in many mixed metal oxide systems, higher indium content
increases performance. A colloidal nanocrystal approach was chosen to obtain solution-
processed thin films of indium oxide. As discussed previously, nanocrystals can be more
precisely controlled (their composition, size, shape, etc.) than sol-gels, and thus may produce
high-quality thin films for flexible electronics. Understanding the impacts of the nanocrystal
preparation and thin film transistor fabrication procedures on device performance will be
critical to the successful implementation of large-area low-temperature nanocrystal metal
oxide TFTs.

After demonstrating the feasibility of high-performance nanocrystal-based semiconductor
materials and devices, one particular application was chosen to highlight the potential impacts
of flexible electronics based on solution-processed nanomaterials. As previously discussed,
biomonitoring devices benefit from lightweight form factors that can make conformal contact
with the body, and are thus a particularly interesting proof-of-concept application. Hence, a
flexible sensing device — fabricated using gold nanoparticles inkjet-printed onto a thin,
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flexible substrate — was designed to detect physiological changes in live tissue by measuring
the complex impedance of skin. Pressure ulcers (also known as bedsores) were selected as a
test case because of their clinical significance; treatment costs in the US alone are more than
$11 billion, roughly 29% of patients in long-term care facilities will experience a pressure
ulcer, and there are more than 60,000 deaths each year that result from hospital-acquired
pressure ulcers [31]. Impedance spectroscopy has been explored for decades to characterize
biological tissues, but the fabrication of a flexible sensing array using nanocrystal inks
enabled higher spatial resolution and reduced the parasitic impedance of the measurement
apparatus. In doing so, the flexible ‘smart bandage’-like device was able to detect pressure-
induced tissue damage with such sensitivity that physiological changes not visible to the
clinician could be identified with the impedance sensor. While this is arguably only one
specific application, it demonstrates the enormous potential for innovative biomedical devices
that can be realized by pursuing flexible devices based on solution-processed nanomaterials.

1.6 Dissertation Outline

In Chapter 2, indium oxide nanocrystal inks are demonstrated as a promising pathway
towards high-performance, air-stable, solution-processed transistors. First, the synthesis of
indium oxide nanocrystals is presented. The impact of indium oxide nanocrystal synthesis
conditions on TFT performance is explored in the context of printed electronic devices. Then,
using a multifactorial approach, the effects of fabrication conditions on indium oxide
nanocrystal TFTs is investigated. The annealing temperature, the annealing ambient, and the
gate dielectric material are varied, and TFT parameters are reported from devices made at
each condition. The experimental factors that have the most statistically significant impact on
device performance are identified, illustrating the benefits of multifactorial experimental
design techniques. The best conditions found within this experimental space yield devices
with an average mobility of 10.5 cm?/V s, Ion/Iorr ratio of above 106, subthreshold swing of
0.25 V/decade, and a turn-on voltage of -1 V with negligible hysteresis. Semiconductor
nanocrystal inks are shown to be a promising route towards exploiting the physical properties
or inorganic solids while leveraging the low-cost manufacturing methods of large-area
printing.

Chapter 3 proposes biocompatible routes towards solution-processed electronic devices.
Building on the platform of materials and device development presented in Chapter 2,
alternative printable materials are explored that are non-toxic and biocompatible. Unique
aspects of toxicity in solution-based nanomaterials are discussed, and future experiments are
proposed to assess the changes in material toxicity that may occur at the nanoscale.

In Chapter 4, a flexible biosensor is demonstrated as an example of how the materials and
fabrication methods presented in Chapters 1 through 3 can enable innovative solutions in
health care. A flexible, inkjet-printed electronic device was developed that non-invasively
maps pressure-induced tissue damage, even when such damage cannot be visually observed.
Employing impedance spectroscopy across flexible electrode arrays in vivo on a rat model, it
is found that impedance is robustly correlated with tissue health across multiple animals and
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wound types. These results demonstrate the feasibility of an automated, non-invasive “smart
bandage” for early detection of pressure ulcers.

Finally, Chapter 5 summarizes the key contributions of this dissertation, and suggests
directions for future studies based on this work.
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Chapter 2: Solution-processed

Indium Oxide Nanocrystal TFTs

2.1 Introduction

Recently, solution-processable routes to post-transition metal oxides (ZnO, SnO,, In,0s3,
and combinations thereof) have been an area of intense focus among the printed electronics
research community [9]-[16] because this family of materials can deliver electron mobilities
in the amorphous phase an order of magnitude higher than amorphous silicon [24]. Many of
these materials are also non-toxic, adding to their appeal. In these systems, indium is thought
to be a key component for obtaining good transport properties [32], and is included in many
ternary and quaternary metal oxide semiconductors (IZO, IGZO, IZTO, etc.) [10]-[16], [24].
Pure indium oxide has been less thoroughly studied as a solution-processed semiconductor
material, though several reports of sol-gel indium oxide transistors thus far have been
extremely promising [12]-[14]. Indium oxide nanocrystals are particularly attractive for
solution-processed semiconductor thin films because they may be able to combine the high
performance and straightforward processing techniques of sol-gels with the crystalline purity
and size control of colloidal nanocrystals. Several groups have reported on the synthesis of
In,O5 nanocrystals [33]-[36], but the few reports of indium oxide nanoparticle TFTs have
exhibited poor transport (mobility values of 0.004 — 0.8 cm*/Vs) and poor electrostatic control
(on/off current ratios of ~10” and lower) [37], [38]. Further, the effect of synthetic conditions
— including choice of reagents, reaction temperature, and purification methods — on the
performance of printed electronics has not yet been studied.

In this chapter, a dramatic improvement in performance in indium oxide nanocrystal
TFTs is realized; it is shown how nanoparticle synthetic and device processing conditions can
be optimized to demonstrate high-performance transistors using colloidal In,O3 nanocrystals
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as the solution-processed channel material, without the need for specialized inert-atmosphere
fabrication or testing procedures. The motivation to use nanocrystals in this case is not to
exploit quantum confinement effects; instead a sintering technique is employed that
deliberately removes encapsulation molecules and excess solvent, converting the solution-
deposited layer into a high-performance thin film [39], [40]. First, this chapter discusses the
impact of the synthesis conditions of indium oxide nanocrystals on their performance as the
semiconducting layer in TFTs. A synthetic method is presented that yields a high quality
indium oxide nanocrystal ink for high-performance solution-processed electronics [41]. The
next section of this chapter presents an investigation of the impact of fabrication and
processing conditions on the performance of In,O3; nanocrystal TFTs using a full factorial
experimental design [42]. Models of input factors and output responses are leveraged to
determine the most statistically significant effects, which can provide guidance for future
device optimization. The morphology of the In,O; films was studied to elucidate the physical
mechanisms responsible for the variation in TFT performance. Finally, a method is presented
that can be used to more fairly compare the mobility of metal-oxide TFTs fabricated on
different gate dielectrics by considering the effective transverse electric field in the channel
region.

2.2 Methods

2.2.1 Synthesis of indium oxide semiconductor nanocrystals

A method for obtaining highly crystalline colloidal In,O3; nanocrystals published by Seo
et al.[33] is used as a starting point. Soluble indium oxide nanocrystals were synthesized
utilizing a one-pot thermal decomposition synthesis performed under argon atmosphere using
standard air-free Schlenk line techniques; a diagram of a complete Schlenk line is illustrated
in Figure 2.1, and the reaction scheme is shown Figure 2.2;. In a typical procedure, 1 mmol
of indium (IIT) acetylacetonate (STREM Chemicals, 98%, CAS 14405-45-9) was mixed with
40 mmol of oleylamine (Sigma Aldrich, 70%, technical grade, CAS 112-90-3) in a 100 mL
three-neck round-bottom-flask. The reaction was placed under vacuum (~100 mTorr), heated
to 70°C over 10 minutes, then held at that temperature for 30 minutes to degas. The reaction
was flushed three times with argon during the degassing period. The solution was then heated
to 250°C over 30 minutes under flowing argon, and the reaction was allowed to proceed at
that temperature for 4 hours. After cooling to room temperature, the flask was opened to air
and 30 mL dichloromethane was added. Insoluble reaction products (if any) were removed by
centrifugation (2000 rpm for 2 minutes), and then the nanocrystals were precipitated by
centrifugation (5000 rpm for 10 minutes) with 120 mL ethanol. To remove excess surfactant,
the particles were washed with ethanol and precipitated by centrifugation (2000 rpm for 2
minutes) three times. (Note that section 2.3 discusses modifications to this procedure to study
the effect of different synthetic conditions on TFT performance.) The nanocrystals were
redispersed in chloroform at a concentration of approximately 1 weight percent and
transferred to a glass vial for storage. The size and morphology of the nanocrystals were
investigated using a FEI Tecnai G2 F20 X-TWIN transmission electron microscope (TEM) at
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an operating voltage of 200 kV. A SIEMENS D5000 X-Ray Diffractometer was used to
determine the crystal structure.
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Figure 2.1: Schematic of a Schlenk line apparatus for air-free reactions.

Inert gas flows into the manifold through valve A. Reaction vessels are connected with
flexible tubing to valves B-E, allowing each reaction to be connected either to inert gas or to
the vacuum pump. A dewar of liquid nitrogen on the cold trap condenses contaminants to
protect the vacuum pump, and an oil bubbler allows inert gas to flow without building up
excess pressure inside the manifold. (Image source: www.chemistryviews.org.)
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Figure 2.2: Indium oxide nanocrystal reaction scheme.
Indium (III) acetylacetonate is degassed with oleylamine, then heated under argon to grow
indium oxide nanocrystals encapsulated with oleylamine.

2.2.2 Fabrication of nanocrystal TFTs

Bottom-gate, top-contact thin-film transistor (TFT) structures were fabricated utilizing
the indium oxide nanocrystal solution as the channel material. The fabrication process flow is
diagrammed in Figure 2.3; a more detailed step-by-step fabrication process is documented in
the Appendix. The TFTs were fabricated as follows (the numbers below correspond to the
step numbers in Figure 2.3:
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1.

All devices utilized heavily doped silicon wafers as the starting substrate and gate
electrode, providing a robust test platform for the semiconductor material
development and characterization.

Next, the gate dielectric was deposited. The purpose of this work was to develop
and characterize the indium oxide nanocrystal semiconductor layer; for that
reason, deposition methods were selected that could provide highly uniform
dielectric layers to reduce experimental error from material variations. Metal
oxide semiconductors have been shown to exhibit higher field-effect mobility
when used with high-k gate dielectrics so two types of devices were fabricated for
this work.

A. For convenience and repeatability of testing, SiO, was used as the gate
dielectric. Wafers were cleaned with piranha and hydrofluoric acid (HF),
then 100 nm SiO; was grown in a dry oxidation furnace at 900°C.

B. For high-performance devices, a high-k metal oxide was used as the gate
dielectric. Zirconia (ZrO,) was deposited using atomic layer deposition
(ALD) in order to obtain smooth, uniform, and repeatable gate dielectric
layers. Tetrakis (dimethylamido) zirconium (Zr(NMe,)s) was used as the
zirconium precursor, and a substrate temperature of 200°C was maintained
during the deposition. With these conditions, the ZrO, deposition rate was
0.9/Acycle, with roughly 1% uniformity across a 4” silicon wafer. As
discussed in section 2.4, other ALD films of high-x gate dielectrics —
AlLO; and HfO, — were also investigated. The Al,O; films were deposited
under conditions similar to those described above for ZrO,, while the
HfO, films utilized an O, plasma-enhanced ALD process.

Indium oxide nanocrystals ~10 nm in diameter were synthesized following the
method in section 2.2.1 and suspended in chloroform at a concentration of 1 wt%.
Immediately prior to depositing the nanocrystal ink, the gate oxide layer was
cleaned with piranha to ensure a clean semiconductor-gate dielectric interface;
this was shown to have no effect on the leakage, breakdown strength, or dielectric
constant of the high-k gate oxide. The In,O3; nanocrystals were spin-coated onto
the gate oxide at 5000 rpm for 60 seconds.

The semiconductor deposition was followed by an annealing step in a tube
furnace; the standard procedure was a 1 hour anneal in oxygen at 500°C. This
maximum processing temperature was chosen to remain glass-compatible. The
oxygen-rich annealing environment was chosen because it resulted in TFTs with
higher field-effect mobility. (Note that section 2.4 discusses modifications to this
fabrication procedure to study the effect of different processing conditions on
TFT performance.)

Source and drain regions were patterned using positive i-line photoresist to
produce TFTs with W/L =200 pm/40 pum.

Aluminum source/drain electrodes (80-100 nm thick) were deposited by electron
beam evaporation. Aluminum was chosen because it makes an ohmic contact to
the indium oxide semiconductor layer. Depositing aluminum using electron beam
deposition proved to be a more reliable process with less contamination than
thermal evaporation.
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7. Excess aluminum was removed using a lift-off process by sonicating the devices
in acetone. A lift-off process was selected rather than a metal etching step to
minimize damage to the channel region while patterning the source and drain.

8. The active area of the TFTs was patterned using positive i-line photoresist and
manual alignment to the source/drain electrodes. The photoresist defining the
active area overlapped the source/drain electrodes by 10 um to ensure that the
aluminum was not damaged by the active area etching step.

The process described above was designed to produce large arrays of TFTs with uniform
dimensions. Alternatively, the lithography in steps 5, 7, and 8 above can be omitted, and the
aluminum can be deposited through a shadow mask to produce TFTs with W/L = 200 pm/40
um. The active area can then be defined by manual trenching of the semiconductor. This
simplified process does produce high-quality devices, but the shadow mask is less robust than
lift-off and there is more error in the definition of the active area. Both patterning methods
were used in this work. A schematic and a transmission electron microscope (TEM) cross-
section image of a final device are shown in Figure 2.4. Film morphology and surface
roughness were measured by atomic force microscopy (AFM) using a Digital Instruments
Nanoscope 3100 AFM. TFTs were characterized using an HP 4155 Semiconductor Parameter
Analyzer connected to a probe station. With the exception of the oxygen anneal, all
processing was performed in air.
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Figure 2.3: Nanocrystal TFT fabrication process flow
Schematic top view and side view of the nanocrystal TFT structures following each fabrication
step.
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Figure 2.4: In,O; nanocrystal TFT structure.
(a) Schematic and (b) a TEM cross-sectional image of an indium oxide nanocrystal TFT. The
device shown in (b) was annealed for 1hr at 500°C in oxygen.

2.3 Tailoring the Nanocrystal Synthesis for High-
performance TFTs

2.3.1 Vacuum degassing

Many studies have demonstrated that the presence of even a small amount of water or
organic impurities in a nanocrystal synthesis can have a significant impact on the outcome of
the reaction [19]. Thus, the effect of a vacuum degassing step in the In,O; nanocrystal
synthesis procedure was investigated. The InyO; particles resulting from a synthesis that
included a 30 minute degas step at 70°C, during which time the reaction was purged three
times with high-purity argon (our standard reaction) were compared with an otherwise
identical reaction with the degas step omitted. A dramatic improvement was observed in the
solubility of the final product in the reaction that included the degas step. When the two
samples were redispersed in chloroform after collection from the reaction and washing in
ethanol, the sample that underwent the vacuum degassing step dissolved immediately into a
nearly transparent yellowish-blue solution. In contrast, upon dissolving the sample that was
simply ramped to the growth temperature under argon flow without the vacuum step, a cloudy
yellow solution was obtained. The marked improvement in solubility and lack of aggregation
in solution was also observed by TEM (Figure 2.5).
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Figure 2.5: Effect of vacuum degassing on nanocrystal solubility.

Typical TEM images of In,O; nanocrystals synthesized with (a) and without (b) a vacuum
degas step. Using a vacuum degas step improved the solubility and reduced aggregation in
solution.

In addition to the removal of water, the improvement in the solubility evident from this
experiment may also be partially attributed to the removal of other contaminants present in
the oleylamine. Technical grade oleylamine is only 70% pure as purchased, though it
contains >98% primary amines. Shorter chain primary amines and saturated primary
alkylamines will generally have lower boiling points than the oleylamine and thus be more
easily removed during the vacuum degas step; this purification step may have contributed to
the high batch-to-batch consistency that was observed following the synthetic procedure
outline above. For example, despite the similar length and basicity of oleylamine and
octadecylamine, previous studies have shown that using oleylamine as the stabilizer allowed
better control of nanoparticle size [43]. In a study of Au nanoparticles, Lu and co-workers
attributed a more stable precursor complex to the formation of a coordination bond between
the C=C in oleylamine and the Au precursor, thus decreasing the precursor decomposition
rate and the nanoparticle growth rate.

2.3.2 Nanocrystal growth temperature

Nanocrystal growth temperature is one of the most critical aspects of the synthetic
procedure. Providing sufficient heat to the reaction turns the precursors into active atomic or
molecular species (monomers). The characteristics of the nanoparticles are determined by the
competing processes of nucleation and growth during the reaction. In the nucleation phase,
precursors rapidly decompose resulting in a supersaturation of monomers, then the nucleation
of nanocrystal “seeds”. Monomers remaining in solution following the nucleation event are
consumed during the growth phase: monomers add to the nanocrystal seeds in solution, and
the particles grow. To obtain high quality crystals, the reaction temperature must be
sufficiently high to allow rearrangement of the atoms during growth, and to provide dynamic
solvation by the surfactant molecules [19]. The binding strength of surfactant molecules and
the stability and diffusion rate of the intermediate complexes in the reaction solution are all
strongly dependent on the reaction temperature: increasing the temperature greatly reduces the
stability of intermediate complexes in the solution and increases their diffusion rates, thus
inducing nanocrystal nucleation and growth. Excessive temperature, however, can lead to
rapid and uncontrolled growth, such that subtle kinetic or energetic effects cannot be
leveraged to precisely control particle size and shape. During the course of the In,O3
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synthesis, a visible change in the reaction was observed from transparent yellow to dark grey
at a temperature of approximately 215°C, then another abrupt change back to a yellowish
translucent color at approximately 240°C. No further color change was observed up to
260°C, until the reaction was cooled to room temperature. To investigate the effect of
nanocrystal growth temperature on the performance of solution-processed nanocrystal TFTs,
the synthesis was repeated with varied reaction temperatures between 210°C and 260°C.
Each batch of nanocrystals was examined using TEM, then transistors were fabricated and the
extracted linear field effect mobility was used as a metric for comparing TFT performance.

At low growth temperatures, polydisperse nanocrystals with poor solubility were
observed, resulting in non-uniform solution-processed semiconductor films.  Large
multicrystalline particles were observed in the TEM images for temperatures up to 230°C
(Figure 2.6a, left) It is unclear from the TEM images whether the large particles are the result
of a small number of nucleation events followed by excessive growth, or if they are
aggregations of many smaller particles. These nanocrystal solutions appeared cloudy
immediately following synthesis, and after ~24 hours the particles had flocculated and
precipitated out of solution. Correspondingly, spin-coated films made using these poorly
solubilized particles were non-uniform at the device scale, exhibiting thick streaks and/or
patchy deposition (Figure 2.6a, right). For growth temperatures below 230°C, the particles in
the ink appeared large enough to form thick films that contain percolation networks between
the source and drain electrodes. At a growth temperature of 230°C, the semiconductor film
appeared patchy and discontinuous; as a result, no TFTs could be fabricated.

As the growth temperature increased, there were fewer large multicrystalline particles
observed in TEM. This is consistent with increased nucleation: a larger number of particle
‘seeds’ form, and growth is limited by the low concentration of monomers in the reaction
solution. The nanocrystals were more uniform in size and their solubility improved; as a
result, the films became smoother and more continuous. At 240°C many large particles were
still present; by 250°C the particles were relatively uniform in size and well-dispersed. At
these temperatures, uniformly smooth films were observed at the device scale using optical
microscopy. The nanoscale film morphology was further characterized using atomic force
microscopy (AFM) for spin-coated films of In,O3 nanocrystals grown at 250°C; the resulting
nanocrystal film was ~32 nm thick film with surface roughness of 4 nmgums (Figure 2.7).
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Figure 2.6: Effects of nanocrystal growth temperature.

Effects of growth temperature during synthesis (Tgow) On nanocrystal solubility, film quality,
and TFT performance. (a) TEM images of nanocrystals synthesized at temperatures from
210—260°C, and optical microscope images of the corresponding TFT samples. Scale bar =
30 nm for TEM images; scale bar = 200 um for optical micrographs. (b) Linear field-effect
mobility from TFTs fabricated with nanocrystals from each synthesis temperature. Mobility
could not be extracted for devices from the T = 230°C sample because the film was not
continuous, and no working devices could be fabricated.

22



Chapter 2: Solution-processed Indium Oxide Nanocrystal TFTs

O 2\IS:4.886 nm

0
025 050 075 1.00

X (um)

29.69 nmI

Figure 2.7: Thickness and roughness of In,O; nanocrystal thin films.
In,O5 nanocrystal layer in a TFT annealed at 500C for 1 hour. (a) Surface roughness is 4
nmgyss, and (b) thickness is 30 nm.
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Achieving such thin, smooth semiconductor films is critical to maximize TFT
performance, and to minimize variation between devices on large-area substrates.
Interestingly, the TFT mobility does not vary monotonically with nanocrystal growth
temperature (Figure 2.6b). At lower growth temperatures, the indium oxide nanocrystal
synthesis appears to be growth-dominated, so the solution consists of large multicrystalline
nanoparticles. Increasing the growth temperature results in a larger number of smaller
nanocrystals; this improves solubility and produces thin films that are smoother and more
compact. Thus, we hypothesize that as the nanocrystal growth temperature increases, the TFT
mobility first drops as the crystallite size shrinks, then it increases as the channel becomes
denser and more continuous. In addition, the high mobility of the 210°C sample could be
partially attributed to an incomplete precursor-to-monomer reaction, producing a mixture of
nanocrystals and intermediate precursor complexes. In this case, nanocrystals would
essentially be deposited in a sol-gel, accounting for the higher mobility. This hypothesis also
explains the instability of the low growth temperature inks, since sol-gels often rapidly form
precipitates. It is also consistent with the fact that the reaction is run below or near the
temperature where a color change is observed (215°C), which most likely indicates the
monomer formation or a nucleation event. Because all devices underwent a post-deposition
anneal at 500°C for 1 hour, residual ligands in the film are not likely to be a dominant factor
in the mobility variation.

The best combination of film morphology and TFT mobility is achieved with a
nanocrystal growth temperature of 250°C. No further improvements in solubility or TFT
performance were observed by raising the growth temperature above 250°C. Though the
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highest mobility was actually achieved using particles grown at only 210°C, it is important to
note that this result is ultimately undesirable for printed electronics because of the poor ink
stability and film uniformity. Aggregation of the nanocrystals in the ink would prohibit its
use in ink-jet and gravure printing applications due to nozzle clogging and uncontrollable
printing due to changing fluid properties. Film quality is particularly problematic in fully
printed devices, because the deleterious effects of film roughness are compounded as
additional layers are deposited.

2.3.3 Characterization of nanocrystals and TFTs using optimized
synthesis

Having determined that 250°C was the optimal nanocrystal growth temperature for
solution-processed In,O3 nanocrystal TFTs, the material synthesized under this condition was
further characterized. A bright-field TEM image of the indium oxide nanocrystals obtained
from a standard synthesis showed roughly spheroidal particles (Figure 2.8a) that are easily
dispersed in nonpolar organic solvents. Statistics collected from >100 individual particles
indicate that the average diameter of the as-prepared particles is 9.3 nm + 2.5 nm (Figure
2.8b). High-resolution TEM (Figure 2.8c) confirmed the single-crystalline nature of the
particles as prepared; the spacing between lattice fringes in the phase-contrast image was 2.92
A, corresponding to the (222) interplanar spacing of bulk cubic In,O; (PDF no. 00-006-0416).

Average = 9.3 nm
StdDev =2.5nm |

5

ﬁ&x&(ﬁf‘i‘kﬁ. NI e Dimeter [nm]
Figure 2.8: TEM images of In,O; nanocrystals.

(a) Transmission electron micrograph (TEM) of In,O3 nanocrystals from the air-free reaction
of indium (IIT) acetylacetonate and oleylamine at 250°C. Scale bar = 10 nm. (b) Histogram of
nanocrystal diameter calculated from >100 individual particles. (c) High-resolution TEM
confirming the single-crystalline nature of the particles; fringe spacing of 2.92 A corresponds
to the d»y, interplanar spacing of bulk cubic In,O;. Scale bar = 3 nm.

The x-ray diffraction (XRD) pattern for the nanocrystals as-deposited (dried in air at
room temperature) shown in Figure 2.9 is well matched to that of bulk cubic In,O3; (PDF no.
00-006-0416). The average crystallite size calculated from the Scherrer equation using the
full-width at half-maximum (fwhm) of the most intense reflection peak (26 = 30.5°) is 10 nm.
The agreement of the particle size from TEM and the crystallite size from XRD further
confirms the single-crystalline nature of the In,O3; nanocrystals produced using this synthetic
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procedure, suggesting that a reaction temperature of 250°C is sufficiently high to allow
rearrangement of atoms during nanocrystal growth.

== |ndium Oxide NPs, As Deposited
1 In,O4 Cubic (PDF 00-006-0416)

Intensity (A.U.)

1
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Figure 2.9: XRD of In,O; nanocrystals, as deposited (no anneal).

X-ray diffraction pattern of indium oxide nanoparticles as deposited from solution (dried in air
at room temperature), and standard bulk cubic In,O; reference spectrum (PDF no. 00-006-
0416).

The transfer characteristics and output characteristics of a typical In,Os nanocrystal TFT
fabricated at the optimal conditions are shown in Figure 2.10, along with a schematic drawing
of the device structure. Metal-oxide semiconductors are known to exhibit higher performance
when they incorporate a gate dielectric material with a high dielectric constant, particularly
ZrOy; thus, a 41 nm layer of ZrO, deposited by ALD (k~ 21) was employed and, as expected,
the TFT performance exceeds the results shown in Figure 2.6 for the same nanocrystal
synthesis protocol. This InyOs/high-k device exhibits an electron mobility in the linear
regime of 10.9 cm?/Vs, with an Ion/Imin current ratio greater than 10° and turn-on voltage of -
1.5 V. The minimal hysteresis, steep subthreshold swing of 0.3V/decade, and good
suppression of carriers in the off-state are evidence of a high quality semiconductor film with
low trap density. Clear saturation is evident in the output characteristics, indicating good
electrostatic control. These devices exhibit a carrier mobility an order of magnitude higher
than any previously reported In,Os nanocrystal TFT [37], [38], and comparable to other
solution-processed In,O3 TFTs [15], [16].

25



Chapter 2: Solution-processed Indium Oxide Nanocrystal TFTs

Source Drain

c x 10°
20f=ve=2v | -~ ]
—VG=-0.25V
—VG=15V
——VG=3.25V
—VG=5V

2 3
VD (V)
Figure 2.10: Transfer and output characteristics of In,O; nanocrystal TFTs.

(a) Structure of the back-gate, top-contact In,O3 nanocrystal TFT. (b) Transfer characteristics

and (c) output characteristics of a TFT utilizing the In,O3 nanocrystals from a typical synthesis

(TGrow = 250°C following a vacuum degassing step) as the channel layer, after a 500°C post-
deposition anneal in oxygen.
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2.4 Multifactorial Analysis of TFT Processing
Conditions

It is clear that the performance of solution-processed metal-oxide TFTs is a complex
function of many variables, such as the ink formulation, deposition method, annealing
temperature, annealing ambient, substrate, and gate dielectric material, among others. Given
this large number of factors, a multifactorial design of experiments with statistical analysis of
input factors and output responses is more efficient than the typical “one variable at a time”
method to understand the most important aspects of the material synthesis and device
fabrication. Here, a full factorial experimental design is employed to study the impact of
fabrication and processing conditions on the performance of the In,Os; nanocrystal TFTs
presented in the previous section. Input factors and output responses are modeled to
determine the most statistically significant effects, which can provide guidance for future
device optimization. The morphology of the In,O; films was investigated to elucidate the
physical mechanisms responsible for the variation in TFT performance. Finally, a method is
presented that more fairly compares the mobility of metal-oxide TFTs fabricated on different
gate dielectrics by considering the effective transverse electric field in the channel region.

2.4.1 Design of experiments

A multifactorial experimental design was used to investigate the effects of fabrication
conditions on the performance of solution-processed In,O; nanocrystal TFTs. Previous
screening experiments highlighted the impact of two key variables on the performance of
solution-processed metal oxide TFTs, namely (1) annealing temperature and (2) the choice of
gate dielectric material. Higher annealing temperatures result in better device performance,
and some high-k gate dielectrics have been shown to provide an additional mobility boost in
metal oxide semiconductors [9], [12], [13], [44], [45]. Additionally, previous reports of metal
oxide films deposited using gas-phase deposition techniques showed that the oxygen partial-
pressure during deposition had a dramatic impact on the carrier concentration, presumably
because of its impact on the oxygen vacancy concentration [46]. The presence of oxygen
during the annealing process might produce similar effects in solution-processed metal oxide
devices, so it was included as a third input variable in the experimental design.

Because these experimental factors may have compounded effects on the device
performance (for example, the combination of annealing temperature and annealing ambient
might have a stronger effect than either variable alone), a full factorial experimental design
was selected. A full factorial design contains all possible combinations of a set of factors,
making it the most fool-proof design approach but also the most costly in terms of
experimental resources. In a full factorial design, none of the main effects or interaction
effects are confounded with one another; thus it is a good choice when the interaction effects
are likely to be significant, and enables the experimenter greater certainty of the true impacts
of processing conditions on device performance. For further details on experimental design
and analysis techniques, the text by Box, Hunter, and Hunter [47] is an excellent reference.
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In general, the goal of the experiment is to determine a model for the observable output
variable (the response, y) that can be defined as a function of the input variables (the factors
X1, X2, etc.). The prediction equation is typically a linear combination of x values such as

Yy =PBo+Bixy + o+ Prxp + € (Equation 2-1)

where the coefficients, f, are the values to be estimated in the model and ¢ is an error term.
Therefore, selecting appropriate bounds for each input factor not only ensures that the
experiment provides technologically relevant results, but it also improves the likelihood that
the responses can be accurately modeled. With this in mind, an experimental design space
was defined for each of the three factors to be examined: annealing temperature, gate
dielectric material, and annealing ambient.

The annealing temperature range was chosen based on thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) of the indium oxide nanocrystals. A nanocrystal
sample was dried in air at room temperature, then the temperature was ramped from 20°C to
500°C at a rate of 5°C/min; the mass loss and heat flow are plotted in Figure 2.11. The most
significant mass loss and heat flow occurred in the range of 200°C-500°C. The boiling point
of the oleylamine ligand is between 350-365°C depending on purity, so a significant change
in film composition is expected near that temperature.. Three annealing temperatures were
selected — 200°C, 350°C, and 500°C — to probe the changes in the nanocrystal film in this
temperature range, and the subsequent effect on the TFT performance. This is also
technologically relevant: 200°C is near the temperature limit for most plastic substrates, and
setting the maximum processing temperature to 500°C ensures compatibility with glass
substrates for display applications. A tube furnace was selected to perform the anneals (rather
than a standard laboratory hotplate) because it could reach 500°C more reliably and with
better uniformity than a hotplate, and because of the capability to control the annealing
environment.
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Figure 2.11: TGA and DSC of In,O; nanocrystals.

Most significant mass loss occurs below 450°C, helping to set the bounds for the annealing
temperature.

The gate dielectric materials were chosen to cover a range of dielectric constants, and
specifically to include ZrO,. Many groups have reported that metal oxide semiconductors
exhibit higher field-effect mobility when fabricated on a high-k gate dielectric [9], [12], [13],
[44], [45], but the mechanism of the improved transport is not well understood. Three
dielectric materials were selected: SiO,, Al,O3, and ZrO, (x = 3.9, 7, and 21, respectively).
Silicon dioxide was chosen for ease and convenience of testing, and as a consistent
benchmark to other reports in literature. Sol-gel ZrO, films have demonstrated substantial
improvements in TFT performance of SiO; [9], thus ZrO, was included as the upper bound
for these experiments. Aluminum oxide was chosen as the mid-range gate dielectric because
of its ease of deposition, Al,O; is often considered the model system for ALD [48].
Deposition methods were selected that could provide highly uniform dielectric layers to
reduce experimental error from material variations. A standard dry oxidation of silicon was
used to grow thermal SiO,, and films of Al,O; and ZrO, were deposited by ALD.

Finally, the ambient annealing environments were selected to compare an oxygen-rich
environment with a standard air environment. Annealing in air is the simplest option from a
manufacturing point of view, and would provide the lowest fabrication cost for solution-
processed devices on a large scale. It is also an important benchmark, since solution-
processed devices reported in literature are typically annealed in air. In gas-phase deposition
of metal oxides, however, the oxygen partial-pressure during deposition had a dramatic
impact on the carrier concentration [46]. Thus, oxygen was chosen as an alternate annealing
ambient. Only two levels were selected for this factor due to limitations in the gas mixing
capabilities of the tube furnace used for device annealing.

The experimental design space is shown schematically in Figure 2.12. A full factorial
design including (3 annealing temperatures)*(3 gate dielectric materials)*(2 annealing
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ambients) resulted in a total of 18 experimental trials. JMP Pro 11 statistical software was
used for experimental design and statistical analysis.
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Figure 2.12: Experimental design space for In,O; TFT processing conditions.
The multifactorial experimental design space, illustrating the processing condition variables
examined for indium oxide nanocrystal TFTs.

2.4.2 Experimental details

Bottom-gate/top-contact TFT test structures were fabricated using In,O; nanocrystals as
the active channel material following the method described in Section 2.2.2. The standard
fabrication process was varied according to the experimental trials shown in Figure 2.12. The
gate dielectric deposited onto the silicon wafers was either 100 nm thermally grown SiO,, 41
nm of Al,Os deposited by ALD, or 41 nm of ZrO; deposited by ALD. Following deposition
of the nanocrystals onto the gate dielectric, the films were annealed for 1 hour in a tube
furnace at 200°C, 350°C, or 500°C in either oxygen or air. A schematic and a TEM cross-
section image of a device are shown in Figure 2.4.

The crystalline structure and crystallite size in the annealed nanocrystal films were
characterized using glancing-incidence x-ray diffraction (GIXD). In the glancing-incidence
geometry, the angle of incidence of the x-rays is very small (near the critical angle), and thus
penetration depth into the sample is on the order of nanometers. This surface-sensitive
diffraction method is ideal for characterizing very thing films with negligible contribution
from the crystalline substrate. Even in the glancing-incidence geometry, many thin-film
materials with nanometer-sized crystallites are difficult to characterize using standard
laboratory diffractometers due to low signal-to-noise ratios. In this work, such limitations
were overcome by leveraging the high photon flux of synchrotron radiation. GIXD data were
obtained using beamline 1-5 at the Stanford Synchrotron Radiation Lightsource (SSRL) with
an x-ray energy of 8 keV, an incident angle of 0.3° and a MAR345 image plate detector. The
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geometry of the GIXD measurement is shown in Figure 2.13. The incident x-ray beam ky
strikes the surface at a very small angle @ = 0.3°. The film of nanocrystals produces multiple
scattered beams, shown here as k; and k.. Diffraction data were analyzed using WxDiff, and
open source diffraction image processing and data analysis software package available from
SSRL. The data are first converted from the raw data (pixels) on the detector to a spherical
projection of the scattered beams (Figure 2.14a); the radii of the concentric rings correspond
to the g-spacing of the scattered beam from a randomly oriented film of crystallites. The
spherical projection data can be plotted as the intensity of the scattered beam for a given g-
spacing vs the angular position, y (Figure 2.14b). Summing the intensity values over Y
produces the traditional diffraction plot of intensity vs. g-spacing (Figure 2.14c). The
diffraction data in this work was analyzed as described, and will be presented as a standard
diffraction plot.

In,O, nanocrystal film
on silicon substrate
2D plate detector

Figure 2.13: Geometry of GIXD measurements.
The incident x-ray beam £k, strikes the surface at a very small angle ». A film of randomly
oriented nanocrystals produces multiple scattered beams, shown here as k; and k.
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Figure 2.14: Analysis of GIXD data collected from 2D detector plate.

GIXD data are collected using a flat image detector plate. Diffracted beams from a non-
textured sample result in concentric rings with a diameter that corresponds to the d-spacing of
the crystallites in the sample. Data from the flat plate detector can be converted (a, b) and
summed to obtain the traditional diffraction plot (c).

2.4.3 Results and discussion

The In,O3 nanocrystal TFTs in this study operate as n-type accumulation mode devices.
Transistor parameters were extracted from the measured current-voltage curves including
field-effect mobility, subthreshold swing, Ion/lorr current ratio, turn-on voltage, and
hysteresis. Multifactorial analysis of In,O3; nanocrystal TFTs identifies which factors and
interactions had a statistically significant effect on each TFT parameter. The results of the
effect test are shown for mobility, Ion/Iopr ratio, and swing in Figure 2.15; the p-values give
the probability that the effect is zero, so smaller p-values indicate more certainty that an effect
is significant. Overall, the gate dielectric material, D, along with its interaction effects D*T
and D*4, had the most significant impact on the TFT performance parameters. The annealing
temperature, 7, also significantly affected the mobility and the Ion/Iogr ratio (p < 0.0001).
The annealing ambient, A, affected the Ion/Iopr ratio and the subthreshold swing (p < 0.0001),
but as a main effect it did not significantly impact mobility. The interaction of the annealing
ambient with the other factors, however, amplified its effect on mobility, such that D*4 and
T*A4 were both significant effects (p = 0.03 and 0.002, respectively). The ability to identify
the impact of these interaction effects on the TFT performance characteristics highlights the
benefits of a properly designed multifactorial experiment, compared to a one-variable-at-a-
time experimental approach.
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Figure 2.15: Effect test results for experimental input factors.

Results of the statistical effect tests for each main factor, second order, and third order
interaction on TFT mobility, Ion/lopr current ratio, and subthreshold swing. D = gate
dielectric, T = anneal temperature, 4 = anneal ambient; an asterisk (*) denotes interaction
effects. Smaller p-values indicate a more statistically significant effect.

These results are also observed in the summarized TFT parameters shown in Figure 2.16
and the summary of linear mobility values listed in Table 2—1. In addition to mobility,
Ion/lorr ratio, and swing, Figure 2.16 also includes the turn-on voltage and the hysteresis in
the Ip-Vg curves (defined as VonRreverss — VoNForward) fOr each experimental trial. Turn-on
voltage and hysteresis were not included in the effect test analysis due to a lack of fit in the
model. Devices made with high-x gate oxide materials exhibited higher mobility, better
subthreshold swing, a larger Ion/lorr ratio, a turn-on voltage closer to zero, and reduced
hysteresis. Increasing the annealing temperature from 200°C to 500°C increased the mobility
by roughly two orders of magnitude and, with the resulting increase in on-current, boosted the
Ion/lorr ratio. The notable exception to this trend is on SiO;: the mobility and on-current
increased, but a negative shift in the turn-on voltage with increased annealing temperatures
(seen clearly in Figure 2.17) and the failure to fully turn off the devices annealed in oxygen
resulted in a reduction in the Ion/Iorr ratio.
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Figure 2.16: In,O; nanocrystal TFT performance metrics vs processing conditions.
Multifactorial analysis of the effects of processing conditions and gate dielectric material on
TFT performance. All devices have W/L =200 um / 40 um.
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Figure 2.17: Transfer curves for In,O3; TFTs vs anneal temperature.

Representative transfer curves of indium oxide nanocrystal TFTs on SiO, gate dielectric
annealed in air at 200°C, 350°C, and 500°C, illustrating the negative shift in the turn-on
voltage at higher annealing temperatures. All curves are measured in the saturation regime

(Vp=25V).
Gate HLin (cm?/Vs) Hiin (cm?/Vs)
Dielectri Anneal Temperature
ielectric Ambient = O (Ambient = Air)
P

SiO, 200°C 0.02 0.05
SiO, 350°C 0.8 0.6
SiO, 500°C 3.0 43
ALO, 200°C 0.06 0.05
ALO, 350°C 1.6 0.4
AlLO, 500°C 62 3.9
Zr0O, 200°C 0.3 0.02
710, 350°C 33 2.1
Zr0O, 500°C 10.5 7.2

Table 2-1: Summary of In,O; TFT linear mobility values.

Summary of the linear mobility values for In,O; nanocrystal TFTs fabricated using each

condition of the experimental design illustrated in Figure 2.12.

Table 2—1 lists the average linear mobility values at each experimental condition. The
highest performance on each gate dielectric was achieved using a 500°C anneal in oxygen,
with the ZrO, gate dielectric demonstrating a ~3.5x increase in mobility over SiO,.
results using ZrO, are particularly promising because even at a moderate annealing
temperature of 200°C in oxygen, the average mobility was 0.3 cm®/Vs. Representative
transfer curves and output characteristics after a 500°C oxygen anneal are shown in Figure
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2.18 for each of three gate dielectric materials. The best conditions found within this
experimental space (ZrO, gate dielectric, 500°C anneal in oxygen) yielded devices with an
average mobility of 10.5 cm?/Vs, Ion/Iorr ratio of >10°, subthreshold swing of 0.25 V/decade,
and a turn-on voltage of -1 V with negligible hysteresis. The steep slope, lack of hysteresis,
and clear saturation in the output curves all demonstrate excellent electrostatic control of the
In,O3 nanocrystal channel and suppression of carriers in the off state, which is a critical
requirement for display applications to achieve fully saturated black pixels. The high Ion/Iopr
coupled with the high mobility and good swing thus make these excellent candidates for use
as pixel transistors.
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Figure 2.18: Transfer and output curves for In,O; TFTs vs gate dielectric.
Representative transfer and output curves of indium oxide nanocrystal TFTs annealed for 1hr
at 500°C in oxygen on three gate dielectric materials: (a, d) SiO,, (b, e) Al,Os3, and (¢, f) ZrO,.

Although all the annealing conditions in this experiment were compatible with all major
classes of display glass, improving the performance of the devices at the lower annealing
temperatures is desirable to enable the use of low-cost plastic substrates. Understanding the
film transformations during the annealing is an important step towards reducing the maximum
processing temperature. One possible explanation for improved transport at higher
temperatures is crystallite growth in the channel, but, interestingly, this is not the case in these
devices. To investigate the crystal structure of the annealed In,O; films, x-ray diffraction
patterns were collected using a synchrotron radiation light source in glancing-incidence
geometry. The average crystallite size was calculated from the full-width-at-half-maximum
(fwhm) of the most intense reflection peak in the glancing-incidence x-ray diffraction (GIXD)
spectra using the Scherrer equation.
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GIXD spectra for the In,O3 nanocrystals as-deposited and for each annealing condition
are shown in Figure 2.19. Despite dramatic differences in TFT performance, the average
crystallite size in the In,O; film does not change after annealing, nor is there significant
densification that occurs in the film. These data indicate that transport in the In,Os;
nanocrystal devices is not limited by the crystallinity. From the standpoint of reducing the
processing temperature without sacrificing performance, this is a promising result: further
crystallization is not necessary for good transport, so future experiments can focus instead on
modifications to the nanocrystal ligands and surfaces that will promote efficient removal of
ligand residue at low temperatures.

=—— No Anneal
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350C 02
350C Air
=== 500C 02
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Figure 2.19: GIXD of In,O; nanocrystals vs anneal condition.

Glancing-incidence x-ray diffraction spectra of indium oxide nanocrystal thin films as-
deposited on SiO,, and with various annealing conditions: ambient = {air, oxygen},
temperature = {200°C, 350°C, 500°C}.

It has been widely reported in literature that metal oxide semiconductor TFTs exhibit
higher mobility when used with high-k gate dielectrics. Various theories have been proposed
to explain the boost in mobility, such as an increase in carrier concentration that fills localized
states and allows band-like transport [9], reduced trap density at the semiconductor-dielectric
interface [12], [44], or defect relaxation and suppression of free carriers resulting from
diffusion of material from the gate dielectric to the semiconductor [45]. Here, TFTs
fabricated with the ZrO, gate dielectric exhibited ~3.5x higher mobility, steeper subthreshold
slope, reduced operating voltage, and reduced hysteresis when compared to a device
fabricated on SiO; under the same conditions. However, for a given annealing condition,
there was no notable difference in the GIXD spectra on different gate dielectrics and no
change in average crystallite size in the In,Os film (Figure 2.20). Thus the mobility boost on
Zr0O; over SiO; cannot be attributed to differences in the TFT channel such as grain size or
orientation. This conclusion was further confirmed by examining a cross-section of the
semiconductor-dielectric interface in high-resolution TEM, which showed no difference in
morphology between SiO; and ZrO; devices.
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Figure 2.20: GIXD of In,O; nanocrystals vs gate dielectric.

Glancing-incidence x-ray diffraction spectra of indium oxide nanocrystal thin films on SiO,,
ALOs;, and ZrO, gate dielectrics; all devices shown here were annealed for lhr at 500°C in
oxygen.

An alternative method of comparing the performance of TFTs fabricated with different
gate dielectrics is to examine the field-effect mobility as a function of the transverse electric
field felt by an electron in the channel. This ensures a fair comparison of mobility,
normalized for gate capacitance and turn-on voltage for different devices. This idea is similar
to the universal mobility curves developed for silicon MOSFETs, where the mobility is
impacted by the physical parameters of the device [49]. Since metal-oxide TFTs operate in
accumulation mode, we define the effective transverse electric field in the channel and the
accumulation charge density, respectively, as

Eepr = SQ“A (Equation 2-2)
and
Qacc = Cox(Ves — Ves), (Equation 2-3)

where & 1s the relative permittivity of the semiconductor, C,, is the gate oxide capacitance
per unit area, Vs is the gate voltage, and Vg is the flat-band voltage. The flat-band voltage is
defined as the onset of accumulation in the channel, and we assume it is approximately equal
to the turn-on voltage, Voy, which can be easily and accurately obtained from the TFT transfer
curves. Substituting Equation 2-3 into Equation 2-2 and replacing Vg with Voy, we have

Eerr = Coxllos—Ton) (Equation 2-4)

Esemi

In Figure 2.21, the field-effect mobility in the linear region is plotted against the effective
transverse field in Equation 2-4 for TFTs made with SiO,, Al,Os, and ZrO,. For any given
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transverse electric field felt by an electron in the In,O3; nanocrystal channel, the mobility is
higher for high-k gate dielectrics Al,O3 and ZrO, than for SiO,. While the highest mobilities
are achieved by reaching higher transverse fields on ZrO,, it is not the sole reason for the
mobility improvement on high-x gate dielectrics.

_.
oo o

Linear Mobility (cm?/Vs)
»

0 1 2 3 4 5 6 7
Effective Transverse Field (MV/cm)

Figure 2.21: Mobility of In,O3; TFTs vs the effective electric field in the channel.

Linear mobility vs the effective transverse electric field felt by an electron in the channel for
various gate dielectric materials. Multiple devices are plotted for each gate dielectric; all
devices shown here were annealed for 1hr at 500°C in oxygen.

Though the phenomenon of increased mobility on high-k materials has been frequently
observed, the mechanism for improved transport is still not well understood. Many groups
broadly attribute the increase in mobility to improved interface characteristics, but exploiting
this improvement in future device designs requires a better fundamental understanding of the
device physics at play. Finding that the improved mobility on high-k gate dielectrics cannot
be fully attributed to higher transverse electric fields motivates further study of these metal
oxide/ high-k systems. This result — especially in combination with the knowledge that the
crystalline structure of the channel is not altered by the gate dielectric — calls for an
investigation of the density of states in the In,Os nanocrystal channel to elucidate the
underlying mechanism for improved electron transport. = Conduction in disordered
semiconductors is strongly dependent on the density of states in the bandgap, which can be
probed using temperature-dependent field-effect conductance measurements. The details of
such an experiment (along with other ideas for future studies) is discussed in Chapter 5.
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2.5 Conclusions

Metal-oxide semiconductors are poised to displace silicon in the pixel transistors of next-
generation displays due to their excellent transparency and their mobility in the amorphous
phase. Solution-phase deposition techniques for this family of materials have been intensely
studied in recent years, and progress has been made in understanding the complex impacts of
fabrication conditions on device performance. In this chapter, In,Os nanocrystal inks were
shown to be a promising pathway towards high-performance, air-stable, solution-processed
transistors. The nanocrystal TFTs in this work have undergone a post-deposition anneal to
remove the surfactants from the nanocrystal surfaces, allowing the particles to form a high-
quality semiconductor channel material. The impact of InyO; nanocrystal synthesis
conditions and device fabrication conditions on TFT performance was investigated. The most
statistically significant factors in device performance were the choice of a high-k gate
dielectric and annealing temperature, with devices fabricated on ZrO, and annealed at 500°C
in oxygen exhibiting the best performance. Despite a dramatic difference in the transport
characteristics, there was no change in the average crystallite size in the channel with different
annealing conditions or different gate dielectric materials. Further, even when the effective
transverse electric field in the channel is taken into account, the mobility of TFTs fabricated
on high-x dielectrics is higher than the mobility on SiO,. These results indicate that the
transport in InyO; nanocrystal TFTs is not limited by the crystallinity, and that the mobility
boost cannot be attributed strictly to the higher fields achieved with high-k gate oxides.
Further experiments to elucidate the impact of ZrO, on the density of states in In,O3 will help
to identify the mechanisms at work in the transport of these unique systems. Continuing work
is needed to reduce the temperature at which the ligands are removed, bringing down the total
thermal budget for the device fabrication to potentially enable the use of plastic substrates and
leverage low-cost roll-to-roll printing processes.
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Chapter 3: Biocompatible Flexible

Electronics

In chapter 2, detailed studies of a solution-processed nanocrystal semiconductor were
reported, including the material synthesis, characterization, and device fabrication. In this
chapter, exciting applications for flexible, biocompatible electronic devices are introduced to
motivate the study of biocompatible electronic materials. The biocompatibility requirements
of solution-processed electronic materials are then discussed. Progress towards biocompatible
and bioresorbable devices is presented, as well as an outline for future studies in this area.

3.1 Motivation: Applications for Biocompatible
Electronics

Flexible electronics will enable innovation in biomonitoring and health care applications
due to their lightweight, flexible form factor and potential to realize low-cost ubiquitous
sensors (Figure 3.1). In the medical arena, “bandage-like” electronic devices manufactured
using inexpensive roll-to-roll fabrication techniques could pave the way for single-use
disposable sensors to detect tissue wounds, vascularization, oxygenation, and tumors. In this
way, point-of-care diagnostics and disease detection could be revolutionized by the
introduction of efficient and economical devices that provide objective measurements and
analyze results in real time. In addition to the possible applications for medical devices,
consumers are beginning to utilize integrated and wearable biofeedback sensors for health and
fitness applications. For example, detecting multiple physiological indicators such as heart
rate, heart rate variability, and temperature could be used to monitor the physiological signs of
stress, enabling in-home care that would allow people to change their behavior to improve
their health. Building a “body-area network” of sensors would open the door to these and
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many other opportunities for individuals to gather the real-time biological data necessary to
efficiently manage their own health and fitness.

Figure 3.1: Potential applications for flexible bio-integrated electronics.

Clockwise from left: concept for Cisco wearable fitness monitoring devices; Medtronic
implantable continuous glucose monitoring system for diabetic patients; wearable sensors to
detect impact during sports activities; remote biomonitors for military applications; embedded
sensors to study and prevent head injuries in sports (Intel); concept for integration of wearable
electronics to control smart homes.

The design of flexible, stretchable electronics for biosensing applications has attracted
considerable attention in recent years. This progress has been fueled by advancements in thin
film materials and manufacturing methods that have enabled high-performance electronics in
biocompatible form factors. Several recent examples of flexible, bio-integrated systems are
introduced below. These proof-of-concept studies demonstrate the potential of flexible
electronics in biomedical applications, which further underscores the need for biocompatible
electronic materials.

To begin, state-of-the-art flexible electronic systems for biomedical applications are
reviewed in three key areas: low-cost medical sensors, body-integrated wearable electronics,
and energy harvesting. Next, the biocompatibility standards applicable to such devices are
introduced. Toxicity tests required by the International Organization of Standardization (ISO)
are described, along with special considerations for solution-processed materials. Progress
towards high-performance biocompatible devices is discussed, and future studies are proposed
that will provide key guidance for developing biocompatible flexible electronic systems.

3.1.1 Low-cost medical sensors

Pulse oximetry measures the pulse rate and arterial blood oxygen saturation using an
optoelectronic sensor. Conventional pulse oximeters utilize two light-emitting diodes (LEDs)
and a photodetector; light from the LEDs is transmitted through a finger or earlobe and sensed
by the photodetector. Applications of currently available pulse oximeters are limited because
of the bulky, rigid form factor, and high cost per unit area of traditional inorganic
optoelectronics. Lochner, et al. [50] developed an all-organic pulse oximeter that uses red
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and green organic LEDs (OLEDs) in place of the traditional inorganic red and near-infrared
LEDs, as well as an organic photodetector (OPD), illustrated in Figure 3.2. The organic
semiconductors used to fabricate the OLEDs and OPD can be solution-processed using low-
cost roll-to-roll manufacturing techniques and flexible substrates. The ability to produce low-
cost large-area devices makes organic optoelectronics attractive for the fabrication of
disposable, wearable medical devices. This study also demonstrated that a flexible OPD that
could wrap around a finger had significantly less parasitic short circuit current from ambient
light than a flat photodetector. Thus the flexibility of the device not only reduces the cost, but

also improves the performance and diversifies the possible sensing locations on the human
body.
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Figure 3.2: Solution-processed optoelectronic sensor for pulse oximetry.

Schematic and optical properties of a flexible pulse oximeter implemented with red and green
OLEDs and a organic photodetector, from reference [50].

3.1.2 Body-integrated and wearable electronics

Various medical applications rely on physiological measurements acquired on or through
human skin, including electroencephalography (EEG), electrocardiography (ECG), and
electromyography (EMG), among others. Bulky electrodes are typically mounted to the skin
using straps, clamps, or adhesives, and signals collected from the body are transmitted to an
external piece of equipment. A new type of ‘wearable electronic skin’ developed by Kim, et
al. [51] (shown in Figure 3.3) aims to provide reliable, long-lasting contact to human skin by
integrating the electronics in a thin, flexible, wearable patch. Temperature sensors, strain
gauges, and ECG/EMG sensors are integrated with a wireless power coil and RF
communication capability. The device is laminated onto the skin and held in place by local
van der Waals interactions for several days without the need for adhesives. The use of
serpentine-shaped wires allow the entire device to stretch and compress with the skin, without
compromising the integrity of the electronics. The materials and mechanical properties of
these “epidermal electronics” allow the integration of high-performance electronics with the
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body in ways that are not achievable with the existing sensing technologies based on
traditional rigid electrodes.
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Figure 3.3: Epidermal electronics.

Skin-mountable electronics provide long-lasting, robust contact to the body and perform
various physiological measurements (ECG, EMG, temperature, strain, etc); from reference
[51].

3.1.3 Energy harvesting and storage

Most wearable and implanted medical devices — including pacemakers, cardioverter
defibrillators, and neural stimulators — rely on some type of battery to provide power. This
creates a significant challenge for flexible electronics: even when the sensors and electronics
themselves are implemented in biocompatible form factors, providing power to the device
requires a relatively large, rigid power supply. Recent advances in battery technology have
made them thinner and lighter, but the key drawback in using batteries to power long-term
medical implants remains: a surgical procedure is required to replace the batteries when the
charge is depleted. To circumvent this problem, Dagdeviren et al. [52] have developed a
flexible thin-film energy harvesting device that is powered by the contraction and relaxation
of the heart, lung, and diaphragm. An in vivo evaluation demonstrated that when mounted
directly onto the organ, the piezoelectric device generates enough energy to power a
pacemaker, eliminating the need for a battery. The power output can be easily scaled by
stacking multiple devices together; Figure 3.4 shows a 5-layer device. The benefits for
implantable devices are clear, but this technology can also benefit external wearable devices
such as those described in the previous section. These results open the door for myriad new
applications of flexible electronic devices by removing the need for an external power source.
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Figure 3.4: Piezoelectric energy harvesting from heart motions.

Flexible piezoelectric devices harvest energy from contractile and relaxation motions of the
heart, lung, and diaphragm, from reference [52].

3.2 Biocompatibility Standards

The recent advances outlined in the previous section illustrate the many advantages of
flexible electronics — particularly low-cost solution-processed devices — for biomedical
devices. Clearly, electronic devices such as those described above that come into regular
contact with the body must not cause short- or long-term damage to the user. Thus it is
critical that the materials used to fabricate next-generation flexible biosensors are completely
biocompatible. In the case of implantable medical devices, the degradation of the materials in
the body must also be thoroughly explored to avoid leaching harmful chemicals over time.
Further, developing dissolvable, biocompatible materials will be a particularly important step
towards the future of implantable “bioresorbable” devices that are designed to disintegrate
and be absorbed by the body after their functions are complete to avoid the complications that
come with device retrieval.

Biocompatibility is defined by the International Union of Pure and Applied Chemistry
(IUPAC) as the “ability to be in contact with a living system without producing an adverse
effect” [53]. However, given the complex nature of the human body’s response to foreign
substances, it is not sufficient to determine the biocompatibility of an electronic device based
solely its constituent materials. For this reason, the biocompatibility of medical devices is
evaluated using a series of standards laid out by the International Organization for
Standardization (ISO) in ISO 10993, “Biological evaluation of medical devices”. Parts 3 and
5 of ISO 10993 outline the testing standards for genotoxicity (damage to genetic information
within a cell, causing mutations) and cytotoxicity (toxic to cells, leading to cell death through
necrosis or apoptosis), respectively. These standards are particularly relevant for early stage
research developing biocompatible electronics, because promising materials can be screened
for any adverse biological effects. Although testing individual materials is not sufficient to
demonstrate biocompatibility of the final device, doing so is an important first step leading up
to initial animal studies and pre-clinical trials.
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3.2.1 Material toxicity tests for ISO 10993 biocompatibility standards

Materials that are promising candidates for solution-processed flexible electronics can be
tested according to the ISO 10993 standards for cytotoxicity and genotoxicity, helping to
identify the most promising path toward flexible biocompatible electronic devices. The
preferred method for determining the cytotoxicity of a material is known as the MTT assay
[54]. MTT is an in vitro cellular viability test that measures the metabolic activity of cells
using spectrophotometric methods. A yellow water-soluble dye, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), is reduced by mitochondrial enzymes in a healthy,
viable cell. The reduction product, formazan, is dark purple in color (Figure 3.5a). After cells
are exposed to the material being tested, the MTT is added to the cell culture. Because the
biochemical reaction (turning the yellow MTT into the dark purple formazan) is only
catalyzed by living cells, measuring the absorbance of the final formazan solution with a
spectrophotometer is a quantitative measure of cell viability.

Genotoxicity is evaluated using a set of in vitro and in vivo tests to detect substances that
can cause genetic changes (mutagens). Because of the high cost and the ethical
considerations of in vivo experiements, initial screening with an in vitro test is preferred. The
most common starting point is the Ames test [55], which uses the bacteria Salmonella to
detect point mutations in vitro. Certain strains of Salmonella typhimurium are chosen because
of their high sensitivity to mutagens. The bacteria are cultured in a medium lacking the amino
acid histidine, which is a vital substance for the colonization of the salmonella bacteria. In
order to colonize, the bacteria must mutate to thrive in the absence of histidine. Thus, the
mutagenicity of a substance is proportional to the number of bacteria colonies that develop,
which are either grown in a petri dish (a “spot test”, shown in Figure 3.5b) or in a standard
multi-well plate (the “fluctuation method”).

Figure 3.5: In vitro tests for material toxicity.

(a) A multi-well plate following a MTT assay for cytotoxicity. Increasing number of cells
from left to right results in increasing purple color. (b) Petri dishes showing a “spot test” for
genotoxicity using the Ames assay. The left sample is a control, and a mutagenic chemical
was placed in the center of the right-hand plate, resulting in more colonization.

3.2.2 Toxicity considerations for solution-processed materials

The materials used in printed electronic devices deserve special consideration in regards
to toxicity for two main reasons. First, nanosized materials pose different risks than their bulk
counterparts because of their ability to permeate biological tissues. Second, low-temperature
processing may result in incomplete conversion from precursors to the target materials,
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leading to intermediate chemical complexes and residual precursors or ligands in a thin film.
This changes the chemicals to which a user is exposed, and thus investigation is required even
for materials that are biocompatible in their bulk form.

3.2.2.1 Particle size affects toxicity at the nanoscale

As discussed previously, many metal oxides that are commonly used to build thin-film
electronics are expected to be biocompatible. ZnO, for example, is a frequently-used
ingredient in sunscreens and cosmetics. However, the toxicity of ZnO has been shown to
increase for nanometer-sized particles. The toxicity of nanomaterials could be higher, for
example, because of the catalytic behavior resulting from higher surface energy, increased
absorption, altered bioavailability, or easier transport into cells and across barriers (i.e the
blood-brain barrier) [56]. This is clearly shown in a study by Hackenberg et al. [57],
summarized in Figure 3.6. Human nasal mucosa cell viability is unaffected by exposure to
ZnO powder (panel a), but viability is markedly decreased by exposure to the same
concentration of ZnO in nanoparticle form (panel b). The genotoxicity (panel ¢) followed the
same trend: ZnO powder did not exhibit increased genotoxicity over the control case, but
increasing concentrations of ZnO nanoparticles resulted in stronger genotoxic effects. (An
increase in the Olive tail moment was an indicator for genotoxic effects.) These data
demonstrate that even materials that are “safe” in their bulk form must be studied in the
nanometer-size regime.
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Figure 3.6: Toxicity of ZnO powder vs ZnO nanoparticles.

(a) Cell viability is unaffected by an increasing dose of ZnO powder, but (b) viability
decreases with an increasing dose of ZnO nanoparticles. (c) Genotoxicity also increases with
increasing dose of ZnO in nanoparticle form, but not in powder form. From reference [57].

3.2.2.2 Residual contaminants in solution-processed materials

Not only will the nanosized nature of solution-processed materials pose potential risks,
but the chemical composition (and thus the toxicity) of the electronic materials used to build
TFTs and sensors will be altered depending on the processing conditions. At low annealing
temperatures, there may be incomplete conversion of the sol-gel metal precursors to the target
metal oxide material. Thus a “ZnO” film may contain myriad other chemicals in
concentrations that depend on the precursors and processing conditions. This will, of course,
cause significant changes in the electronic performance of solution-processed TFTs, but it will
also impact the toxicity and dissolution rates of the materials. Many of the metal precursor
materials that are commonly used in the preparation of metal oxide thin films from sol-gels
pose significant risks to human health. For example, tin chloride dihydrate (SnCl, 2H,0) is a
precursor for tin oxide films (SnO,). Though tin oxide itself is biocompatible in its bulk form,
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exposure to tin chloride dihydrate causes severe skin burns, eye damage, cardiovascular organ
damage, and is suspected of causing genetic defects and damaging the unborn child.
Similarly, some precursors for zinc oxide and zirconium oxide (i.e. zinc acetate dihyrate and
zirconium acetylacetonate, respectively) are harmful if swallowed, and cause irritation upon
skin exposure. Therefore, sol-gel precursors and processing conditions must be optimized to
achieve biocompatibility.

In nanocrystal inks, conversion from precursors to the target material is controlled during
the synthesis phase rather than during the post-deposition anneal. Thus, incomplete
conversion is less of a concern. However, the toxicity of thin films obtained from colloidal
nanocrystals is still dependent on the processing conditions because the encapsulating ligands
surrounding the nanocrystals must be removed; this typically occurs during the annealing
process. Excess ligands and other molecules that are necessary to achieve the desired fluid
properties of printable inks may remain the final device, and many of these ligands cause
significant tissue damage. Many commonly used ligands (such as oleylamine and
trioctylphosphine oxide) are corrosive, causing skin and eye damage upon contact. Some
(such as dodecylamine) are fatal if swallowed. However, some of the standard ligands are
considered not hazardous or cause minimal irritation (octadecylphosphonic acid and oleic
acid, respectively). If further studies reveal that significant amounts of excess ligand
molecules remain in the film after processing and increase the material toxicity, nanocrystal
synthesis procedures and post-deposition processing steps will need to be adjusted to achieve
non-toxic materials.

3.3 Progress Towards Biocompatible Printed
Electronics

3.3.1 High-performance biocompatible TFTs

To demonstrate the promise of metal oxides for high-performance biocompatible
electronics, TFTs were fabricated using materials previously shown to be non-toxic: tin oxide
[58] semiconductor, zirconia [59] gate dielectric, and gold [60] contacts. Devices were
fabricated for ease of testing on ITO-coated glass substrates. ITO has been associated with
health concerns [61] in LCD manufacturing, but the ITO gate electrode here could be replaced
with gold to make a completely biocompatible device stack. The liquid SnO; precursor was
prepared by dissolving 1 mmol SnCL2H,O (CAS 10025-69-1, >99.995%) in ethanol and
sonicating for 1 minute. The liquid ZrO, precursor was prepared by dissolving 1 mmol
zirconium (IV) acetylacetonate (CAS 17501-44-9) and 0.1 mL ethanolamine (CAS 141-43-5)
in ethanol and sonicating for 1 hour. The ZrO, was spin-coated onto the ITO substrate for 30
seconds at 3000 rpm, then dried for 1 minute on a hotplate at 350°C; this was repeated to
deposit 5 layers of ZrO, onto the ITO substrate. Gold source/drain electrodes (50 nm) were
deposited using thermal evaporation through a shadow mask (W/L = 200 pm/100 pm). The
SnO; was then spin-coated on top of the ZrO, and gold for 30 seconds at 3000 rpm and dried
for 5 minutes on a hotplate at 160°C. The devices were then annealed in air in a tube furnace
at 500°C for one hour. A schematic of the complete TFT stack is shown in Figure 3.7, along
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with typical transfer and output characteristics. These devices exhibit excellent performance
[9], with field effect mobility values reaching 40 cm®/Vs. These results show a promising
route towards high-performance solution-processed electronics made with all biocompatible
materials.
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Figure 3.7: Transfer and output characteristics for SnO, TFTs.
High-performance solution-processed materials (SnO, semiconductor and ZrO, gate dielectric)
[9] are excellent candidates for biocompatible solution-processed electronic devices.

3.3.2 Dissolution in a simulated body environment

Many people anticipate medical devices in the future that are designed to disintegrate and
be absorbed into the body when their functions are complete, much like dissolvable sutures.
These “resorbable” electronics might, for example, monitor the healing process of an internal
surgical wound and wirelessly transmit information to a receiver outside the body. Rather
than performing a secondary surgery to remove the device, it would simply dissolve
harmlessly into the body over time. While the safety of resorbable devices needs to be
thoroughly studied for local toxicity effects, the same biocompatible materials in Table 3—1
are also promising candidates for resorbable electronics.

One notable demonstration of dissolvable electronics is a study by Hwang, et al. [30] in
which silicon-based devices on flexible substrates were dissolved in water. These “transient
electronics” used magnesium, magnesium oxide, and crystalline silicon nanomembranes as
the conductor, dielectric, and semiconductor, respectively. The substrate was made of
solution-cast silk, which is water-soluble and enzymatically degradable. Inductors,
capacitors, diodes and transistors were demonstrated using these materials; all components
disintegrate in water over a time period of 10 minutes. The transient nature of these materials
is clearly illustrated in Figure 3.8.
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Figure 3.8: Silicon-based transient electronics.
A demonstration of a transient silicon-based electronics platform, from reference [30].

The dissolvable circuits described above were fabricated using traditional thin-film
techniques (vacuum deposition, lithography, etching). To demonstrate this concept using
printable materials, solution-processed ZnO semiconductor films were dissolved in a
simulated body environment. The liquid ZnO precursor was a 0.2M solution of zinc acetate
(CAS 557-34-6) in methanol. The ZnO precursor was spin-coated onto an oxidized silicon
wafer for 60 seconds at 1000 rpm, then annealed for 1 hour at 200°C on a hotplate. This
method has previously yielded TFTs with mobility values around 1 ¢cm?/Vs. The ZnO films
were submerged in phosphate-buffered saline (PBS) solution with pH of 7.4 and held at 37°C
to mimic blood. Figure 3.9 shows the dissolution of the ZnO film over the course of 5 hours.
Incorporating a device encapsulation layer with a slower degradation time would extend the
operation life of the device implanted in the body. Poly(lactic-co-glycolic acid) (PLGA) is an
excellent candidate for encapsulation because it is an FDA-approved polymer, and the
physical properties and dissolution time can be tuned by adjusting parameters such as the ratio
of lactide to glycolide [62]. This validates the idea that biocompatible solution-processed
materials can dissolve into the body, making a resorbable sensor a possibility.

ZnO film

Time (hr) 1 2 3 4 5
Thickness 63 55 19 25 0
(nm)

Figure 3.9: Dissolution of ZnO film in PBS.
Solution-processed ZnO film dissolves in a simulated body environment, phosphate buffered
saline (PBS).
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3.4 Future Studies

3.4.1 Promising material candidates

In addition to the excellent electrical and mechanical properties of metal oxides that were
highlighted in chapters 1 and 2, these materials are also appealing because they are promising
candidates for biocompatible printed electronics. Many metal oxides have already been
demonstrated to be safe and non-toxic in some applications; for example, ZnO [63], ALLO;
[64], and SnO; [58] have been approved by the U.S. Food and Drug Administration (FDA)
for use in cosmetics, and Al,O; [65] and ZrO; [59] have been employed for decades in
medical devices such as total hip replacements. Metal oxides can be used to fabricate each
layer of a TFT (conductors, semiconductors, and insulators) by changing the deposition
conditions, so it is realistic to expect that high-performance TFTs could be fabricated
exclusively from biocompatible materials. However, FDA approval for biocompatibility is
based on the particular preparation method of a material. Thus, any new preparation or
manufacturing method for a given material must undergo all the standard safety tests required
for FDA approval. Solution-processed metal oxides, therefore, cannot strictly be considered
“biocompatible” materials until they undergo tests for toxicity. Table 3—1 lists several
materials that have been successfully used to build flexible or printed electronics that are also
likely to be biocompatible. Testing the toxicity of these materials in their solution-processed
form will help to streamline future research efforts towards printed biocompatible devices.

Materials to Investigate for Biocompatible Printed Electronics
Semiconductors In,05, SnO,, ZnO, In-Ga-Zn-O combinations
Gate Dielectrics Zr0,, Al,O;

Conductors Au, Ag, Al:Zn0O, Sb:Sn0O, (ATO), In:SnO, (ITO)
Substrates Silk, cellulose, Poly (lactic-co-glycolic acid)
(PLGA)

Table 3—1: Promising materials for biocompatible printed electronics.

Semiconductor, dielectric, conductor, and substrate materials that have been used for printed or
flexible electronics, and are promising candidates for biocompatible electronics. Screening
these materials for cytotoxic and genotoxic effects is an important first step before attempting
in vivo animal studies or pre-clinical trials.

3.4.2 Dependence of toxicity on processing parameters

In vitro toxicology studies are needed to identify which materials are the most promising
candidates for biocompatible solution-processed electronics. As outlined in section 3.2.2, the
toxicity of solution-processed nanomaterials will likely depend on the conditions under which
they are processed (solvents and ligands used, annealing temperature, etc). Therefore, once
the list of materials is narrowed down, the next round of experiments needs to determine the
optimal processing conditions of those materials. The key aim is to find the materials and
processing conditions that maximize device performance and minimize the material toxicity.
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The first proposed step is a screening experiment to identify which printable electronic
materials are the least toxic. Starting with the materials listed in Table 3—1, the MTT assay
and the Ames assay should be used to identify the acceptable options from each material
category (semiconductor, gate dielectric, conductor, substrate). It is expected that higher
processing temperatures will result in lower toxicity because there will be less residual
contamination in the film (in other words, more “bulk-like”). Thus the highest possible
temperature for each material should be used for the screening experiment; if the material is
not biocompatible at high annealing temperatures, it is unlikely to be biocompatible at lower
temperatures. Maximum processing temperatures should not exceed 400°C to remain
compatible with plastic substrates.

The screening experiment will eliminate the materials with the highest toxicity.
Remaining material options should be put through a rigorous multifactorial experiment
examining the TFT performance and toxicity under various process conditions. The
annealing temperature will likely have a significant impact on the material properties;
temperatures between 150-400°C are typical for metal oxides, and should be investigated. If
there are various chemical routes to obtain a given material (i.e., preparation in different
solvents), each recipe should be included in the experiment. Each sample should be tested for
toxicity (MTT and Ames assays), and the relevant material properties should be recorded and
compared (breakdown strength and leakage for gate dielectrics, mobility for semiconductors,
etc). The outcome of these proposed experiments will be a library of solution-processed
materials and preparation methods where material performance can be weighed against
potential toxicity. This will help direct future work on biocompatible printed electronics.

The details of the proposed experiments can be summarized as follows:

1. Screening experiment

a. Input factor: Materials in Table 3—1
b. Responses: Cytotoxicity (MTT assay)
Genotoxicity (Ames assay)
c. Constants: Annealing temperature = 400°C or maximum usable

temperature, whichever is lower
Annealing ambient = air
Solvent/ligands (select one preparation method for each
material the initial screening)
2. Multifactorial study of preparation conditions and toxicity
a. Input factors: Material = non-toxic candidates from each category
(semiconductor, dielectric, conductor)
Annealing temp = 150°C , 200°C, 300°C, 400°C
Material preparation method: multiple solvent/ligand
recipes if available
b. Responses: Cytotoxicity (MTT assay)
Genotoxicity (Ames assay)
Morphology (particle size, crystallinity)
Dielectrics: breakdown strength, leakage, dispersion,
surface morphology
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Semiconductors: TFT mobility, Ion/lorr, hysteresis
Conductors: conductivity, surface morphology

3.5 Conclusions

Flexible electronics hold significant promise as a platform for novel biosensors for
medical and fitness applications. Developing non-toxic, biocompatible solution-processed
materials is a prerequisite for printed electronics if they are to realize low-cost flexible
devices that are safe to be worn or used in contact with (or implanted inside) the human body.
Many metal oxides are approved for use in medical devices and cosmetics, so — when
combined with their excellent electronic characteristics and their ability to be deposited from
liquid precursors — they are ideal candidates for biocompatible flexible electronics. In this
chapter, high-performance TFTs made from likely biocompatible materials were
demonstrated, as well as the ability to dissolve such materials in a simulated body
environment. However, the unique properties of nanomaterials and solution-processed thin
films require more in-depth investigation to ensure biocompatibility. Several promising
materials were presented that are likely candidates for biocompatible printed electronics, and
the in vitro tests for cytotoxicity and genotoxicity were discussed that are recommended in
accordance with ISO 10993, “Biological evaluation of medical devices”.
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Chapter 4: Detection of Pressure

Ulcers in vivo

4.1 Introduction

Flexible electronic systems have the potential to revolutionize many aspects of health
care and medical monitoring. As discussed in chapters 1 and 3, many aspects of flexible
electronics — namely their low cost, light weight, and ability to conform to the human body —
will enable innovative biomedical sensing applications. In this chapter, one such application
is demonstrated: a wound monitoring system featuring a flexible sensing array detects
pressure-induced tissue damage by measuring the electrical impedance of the skin [66].

4.1.1 Pressure ulcers: causes and prevention

Chronic skin wounds have been called “a silent epidemic” posing a significant threat to
public health and the economy [31]. Each year, an estimated US$25 billion is spent on the
treatment of chronic wounds [31]. They are more common in patients who are diabetic,
obese, or elderly; thus, the sharp increase in obesity and diabetes worldwide and the aging
population in the U.S. — combined with the ever-increasing cost of health care — underscore
the need for advances in wound care. Pressure ulcers are chronic wounds with a particularly
high rate of morbidity, affecting over 2.5 million patients and costing an estimated $11 billion
per year in the U.S. alone [31]. A pressure ulcer develops when pressure is applied to a
localized area of the body over a period of time, such as when a patient lies in the same
position during a lengthy surgery, stays in the ICU, or has limited mobility. Injury typically
occurs over a bony prominence, such as the sacrum, heels, or the back of the skull [31], [67]-
[69], as shown in Figure 4.1. The pressure causes a loss of blood flow to the tissue resulting
in necrosis, and subsequent infection is a major concern. The combination of pressure, time,
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and ischemia-reperfusion cycles that results in a pressure ulcer varies widely between patients
[31], [67]-[69], making them difficult to predict. Damage can occur from an ischemic event
as short as two hours [67]-[69], and the initial stages of damage are not easily detectable with
the naked eye. By the time a surface wound is visible, the underlying tissue damage is often
severe [67]-[69].

y - 4
3 L)

2 Healthwise, Incorporated

Figure 4.1: Formation and stages of pressure ulcers.
Image source: http://www.webmd.com/skin-problems-and-treatments/four-stages-of-pressure-
sores.

Prevention of pressure ulcers currently relies on labor-intensive vigilance in nursing care
[68]-[70]. Patients are manually turned nearly every hour to relieve pressure, and high-risk
areas are visually inspected for pressure ulcers [68]. Pressure-sensitive devices can alert
nursing staff when a threshold of pressure is exceeded. However, it is progressive tissue
damage that determines ulcer development, not the instantaneous pressure itself. Accurate
correlations between the amount of pressure, duration of pressure, and ulcer development
across patient populations do not exist. In effect, no clinically relevant method exists to detect
progressive tissue damage to indicate a patient is at imminent risk of developing an ulcer.

4.1.2 Biological impedance measurements

A body of literature exists that has both measured and modeled the electrical changes in
cells and tissue both in vivo and in vitro, as well as provided correlations between electrical
properties and cell types; this work has been summarized previously [71]-[76]. From an
electrical perspective, a cell can be represented as an ion-rich conductive center (cytoplasm)
embedded in an ion-rich conductive medium (extracellular fluid), separated by a relatively
non-conductive barrier (cell membrane), as illustrated in Figure 4.2. These ion-rich media
can be described in terms of their ability to conduct charge by modeling them as resistances.
Likewise, barriers to charge flow (e.g. the cell membrane) can be modeled as electrical
capacitances. The combination of the loss terms (i.e. resistance) and energy storing terms (i.e.
capacitance, inductance) is known as electrical impedance. Because the impedance of a
material is a function of the electrical signal being passed through it, impedances are
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measured across many frequencies to form a spectrum plot; this is known as impedance
spectroscopy. The complex impedance Z of a medium can be expressed in polar form as

Z=|Z|el? (1)
with magnitude |Z| and phase angle 6, or in Cartesian form as
Z=R+jX (2)
with resistance R and reactance X. The reactance X represents the energy storage term; from

equations (1) and (2) we see that a material with a higher capacity for energy storage (or
polarization) will exhibit a larger reactance, X, and a larger phase angle, 6.
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Figure 4.2: Simplified model of electric current through cells.

Simplified diagram of a single cell (a) and its equivalent RC circuit model (b), and an
illustration of high- and low-frequency current paths through biological tissue (c¢). Adapted
from Grimnes, et al. [72]

Certain disturbances of the biological structures result in detectable changes in the
impedance spectrum. For example, in vitro impedance measurements have been shown to
detect cell proliferation and cell-drug interaction [77], quantify biomass in suspensions [76],
[78], and create two-dimensional images of cell migration [79]. Much of this work utilizes
the electrical “signature” of the cell membrane: a well-functioning cell membrane is relatively
impermeable and thus behaves like a capacitor in the presence of electric current [74]-[76],
[78], [80]. Cell damage or death results in a loss of membrane structure and integrity,
allowing ions and current to pass through the membrane. Thus damaged cells will exhibit
higher electrical conductance through the membrane and less capacity to store charge [75]; in
other words, the cell behaves less like a capacitor and more like a resistor. In an impedance
measurement, this manifests itself as a phase angle 0 closer to zero (or equivalently, a smaller
reactance, X). Impedance measurements of tissues in vivo have also correlated better tissue
health with more reactive impedance values: bioelectrical impedance analysis of patients at
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high risk for developing pressure sores (as determined by the Braden Scale [81]) exhibited
lower reactance and phase angle than the control group [82]. Further studies have observed
that reactance increases with epidermal proliferation and granulation, and decreases with
infection and cell loss, suggesting that a larger phase angle indicates healthier cell membranes
while a decreased phase angle indicates impaired membrane function [83]. Many researchers
are actively exploring this area; in fact, clinical trials [84] are underway and impedance-based
wound monitoring devices have been patented [85]. These results led to the hypothesis that
pressure ulcers may be able to be detected and diagnosed based on the changes in electrical
impedance caused by the loss of cellular integrity or cell death following an
ischemia/reperfusion event.

In this chapter a flexible, electronic device is demonstrated that non-invasively detects
pressure-induced tissue damage, even when such damage cannot be visually observed.
Employing impedance spectroscopy across flexible electrode arrays in vivo on a rat model,
the frequency spectra of impedance measurements were found to correlate in a robust way
with the state of the underlying tissue across multiple animals and wound types. Flexible and
stretchable electronics for bio-monitoring applications is currently an area of intense research
focus [27]-[30]; these results demonstrate the feasibility of an automated, non-invasive
“smart bandage” for early diagnosis of pressure ulcers, improving patient care and outcomes.

4.2 Methods

4.2.1 Two-dimensional electrode array for impedance mapping

Figure 4.3 illustrates typical methods of measuring impedance of biological tissues in
previous studies, from cell cultures to full-body measurements to “localized” wound
measurements. Impedance studies to characterize wounds in vivo have typically used a single
reference electrode placed relatively far away from the wound site. Even “localized”
impedance measurements rely on electrodes placed on either side of the wound, which does
not provide fine enough spatial resolution to correlate the impedance measurement with
different tissue types. For example, the wound bed may contain some granulation tissue and
some scab, but these details would be lost in a single measurement of the entire wound. The
problem is further confounded by the fact that the current path is unknown (see section
4.2.6.4), so it is impossible to know whether the wounded tissue was actually contributing to
the impedance measurement.
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Figure 4.3: Biological impedance measurements.

(a) Cells grown over linear electrodes [79]. (b) Whole-body impedance measurements taken
between a hand and a foot, used mainly for body composition analysis [72]. (c) “Localized”
wound impedance measurements [83].

In this work, a two-dimensional (2D) array of electrodes is used to provide impedance
data with high spatial resolution relative to the wound. Rather than using a single set of
electrodes, 55 electrodes were spaced equally in a hexagonal pattern (Figure 4.4a). Selecting
any two neighboring electrodes allows an impedance value to be assigned specifically to the
tissue at the location of that electrode pair (Figure 4.4b). By performing sequential pair-wise
impedance measurements, the impedance magnitude and phase can be plotted as a function of
the position of the electrodes (Figure 4.4c), and thus an impedance “map” can be created.
This represents a significant advantage over previous studies: with the ability to measure
impedance with high spatial resolution and correlate those impedance values to the condition
of the tissue, a robust method of detecting damaged tissue can be developed. If the
impedance of the tissue can be detected with sufficient sensitivity to discern between healthy
tissue and wounded tissue, a 2D impedance sensing array can automatically detect the size
and shape of the wound by identifying the wound border. Furthermore, the type of tissue in
the wound bed — granulation tissue, pus, scab, etc. — could potentially be identified based on
its impedance. Thus, a 2D impedance array provides clear benefits due to the high spatial
resolution and the ability to correlate impedance values with a specific location within the
wound. Two versions of the electrode array were developed for this study: 1) a commercial
rigid printed circuit board (PCB) with gold-plated electrodes, and 2) a flexible bandage-like
array produced using inkjet printing on a plastic substrate.
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a b Pair # Electrodes Frequency 121 (Q) O (deg)
1 A D 15 kHz mag1 pht
2 A E 15 kHz mag2 ph2
3 A'B 15 kHz mag3 ph3
72 DD, EE 15 kHz mag72 ph72

Phase, O (deg)

Figure 4.4: Creating 2D impedance maps.

Complex impedance is measured pair-wise across an array of hexagonally-arranged electrodes
(a), and the impedance values are recorded with the spatial location of the electrode pair (b).
Impedance maps of magnitude and phase at a given frequency (c) are created to provide a
visual representation of the underlying tissue health.

4.2.2 Rigid electrode array board

The rigid device was a robust calibration platform that allowed the method of detecting
pressure ulcers using impedance spectroscopy to be developed while, in parallel, developing
the flexible device to employ that method in vivo. The rigid array was a custom PCB
purchased from Advanced Circuits consisting of three layers of FR4 with 1 oz. copper on all
layers. All routing was contained on the inner layer of the PCB, with solid copper pours on
the outer layers to reduce noise in the measurements. The rigid and flexible arrays had an
identical arrangement of 55 electrodes in a hexagonal pattern. The electrodes were plated
with immersion gold to provide an inert surface to prevent any surface reactions in the
presence of ionic liquids. The overall dimensions of the rigid board were 30.5 mm x 47 mm x
1.5 mm thick, and the array area was roughly 340 mm®. The rigid electrode array is shown in
Figure 4.5a, and further detailed specifications are provided in Table 4-1.

4.2.3 Ink-jet printed electrode array

While the rigid PCB was an excellent development tool for the impedance sensing
method, a flexible array can provide more conformal contact to the body, and represents an
important step towards a true ‘smart bandage’ device. The fabrication of the printed flexible
array is shown in Figure 4.5. The flexible sensor array was ink-jet printed on top of thin (35
um) planarized polyethylene naphthalate (PEN) substrates obtained from DuPont. Gold
nanopaste ink purchased from Harima (Model: NPG-J) is made up of gold nanoparticles ~7
nm in diameter. The ink contains 53% metal content prior to sintering, with the particles
suspended in a proprietary solvent mixture. The gold ink was inkjet-printed with 30 um drop
spacing using a Dimatix Materials Printer (DMP-2800). Printed features were cured with a
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slow ramp annealing step on a hotplate (30°C to 230°C with 0.7°C/ min ramp) to remove
excess solvent without cracking the film. This was followed by a constant temperature bake
at 230°C for 60 minutes in air on a hotplate to further densify the film and achieve the desired
conductivity. The minimum line width was 90 um, and the electrode pads were 500 pm in
diameter. All lines were printed as a single layer, requiring slight changes in the routing when
compared to the rigid board. Thickness of the printed lines was measured with a Dektak
Profilometer, and ranged from 0.5 um to 1 um. The average sheet resistance determined
using four-point probe measurements was Rs = 0.54 /0. An amorphous fluoropolymer
(Cytop CTX-809A) coating was then spun at 1200 rpm to produce a 100 nm film to insulate
and protect the conductive traces during in vivo measurements. Vias were selectively opened
over the electrodes using oxygen plasma etching through a shadow mask. The flexible array
is depicted in Figure 4.6b, and a detailed comparison of the specifications of the rigid PCB
electrode array board and the flexible inkjet-printed electrode array is provided in Table 4-1.

0, Plasma Shadow

Inkjet Cytolp . mask
Nozzle encapsulation lll Exeosed electrodes
500 ym |

WJ
Figure 4.5: Inkjet-printed flexible electrode array.

Gold nanoparticle ink was inkjet-printed onto a thin plastic substrate to create a flexible sensor
array capable of making conformal contact during in vivo measurements.

Contact Pad Diameter:

Minimum Line width:
90 um

Figure 4.6: 2D impedance sensor electrode arrays.
Photos of the rigid PCB sensing array (a) and the flexible inkjet-printed array (b).
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Inkjet-printed Flex Array

Rigid PCB Array

SENSOR ARRAY

Overall board dimensions (mm) 40 x 70 30.5 x 47
Overall thickness (mm) 0.035 1.5
Number of electrodes 55 55
Cent_er-to center electrode 254 54
spacing (mm)

Sensor array area (sq. mm) 339 339
Minimum Trace length (mm) 44.61 18.87
Maximum Trace length (mm) 84.82 30.68
Trace line width (um) 90 102
Minimum Trace resistance

(Ohms) 240 0.09
Maximum Trace resistance

(Ohms) 400 0.15
Minimum Trace-to-trace spacing 400 197
(um)

Sense electrode outer diameter 500 980
(um)

Sense .electrode inner diameter n/a (solid pad, no via) 730
(hole size) (um)

Sense electrode area (sg. um) 1.96E+05 3.36E+05

Trace conductor material

Gold (Sintered Nanoparticle)

Copper (1 0z = 35 um thick)

Electrode surface material

Gold (Sintered Nanoparticle)

Gold (Immersion plated)

Substrate material

Polyethylene naphthalate (PEN)

FR4 (glass-reinforced epoxy
resin)

Number of metal layers (total)

1

3

Number of metal layers (routing)

1

1 (Inner layer only)

Encapsulation material covering
traces

Cytop CTX-809A

Soldermask

CONNECTION TO CONTROL
BOARD

Connection path

Flex array --> insert into ZIF on
daughter board --> FFC -->

Rigid array (with ZIF connector
installed) --> FFC --> Control

Control board board
Daughter board required? Yes No
Number of connectors between
sense electrodes and control 3 2
board
MOUNTING TO WOUND
Hydrogel applied to sense Yes Yes

electrodes?

Held in place during
measurement using

Tegaderm adhesive dressing +
Coban self-adherent wrap

Coban self-adherent wrap

Table 4-1: Specifications of flexible and rigid arrays.
Two types of sensor arrays were designed for this study: 1) a rigid calibration sensor array and
2) and inkjet-printed flexible sensor array. Both arrays were used to measure impedance of
wounds in vivo, and provided similar results.
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4.2.4 Rat model for pressure ulcers

Wildtype rats (Sprague-Dawley, 250—300g, 8 weeks old, male) were anesthetized with
isofluorane mixed with oxygen. Hair was shaved from the back, depilated with Nair, and then
the area was cleaned with mild detergent (Dawn) and isopropyl alcohol. The skin was gently
tented up and placed between two round, flat magnets (5 x 12 mm diameter, 2.4 g weight,
1000 G magnetic force). This procedure, shown in Figure 4.7, left a 5 mm skin bridge
between the magnets, creating approximately 50 mm Hg pressure between the plates. Rats
tolerated the procedure well, returning to normal activity within a few minutes with the
magnets in place. Magnets were removed after 1 or 3 hours, and impedance measurements
were taken while rats were under isofluorane anesthesia daily for 3 days. Rats received a 1-
hour treatment and a 3-hour treatment on different areas of the back on separate days; the
animals sacrificed for histological analysis on the day of pressure treatment received either the
I-hour or 3-hour treatment but not both. Study sample size was chosen in consultation with a
professional statistician at UCSF to minimize animal numbers and suffering while providing
statistically significant results. All procedures were reviewed and approved by the University
of California San Francisco Institutional Animal Care and Use Committee (IACUC, approval
number AN100403-01C).

g Remove I

magnets

Reduced blood flow (ischemia)

Figure 4.7: Formation of pressure ulcers on rat model.
Magnets apply pressure to the skin on the back of a rat, resulting in ischemic damage to the
tissue.

4.2.4.1 Fluorescence angiography

To confirm that the magnets created reversible and irreversible tissue damage in our
pressure ulcer model, fluorescence angiography was used to detect blood flow in the area of
tissue injury after release of the magnets. Fluorescence angiography utilizes an injected
fluorescent dye, indocyanine green (ICG), that briefly binds to plasma proteins and is thus
confined to the vascular system. The principle of imaging blood flow with ICG is illustrated
in Figure 4.8. The peak spectral absorption of ICG is around 800 nm (depending on the
solvent used and the chemical environment), and it has a broad fluorescence spectrum
between 750-950 nm [86]. Because these near-infrared (NIR) wavelengths can penetrate
tissue rather efficiently, ICG can be used to image blood flow well below the surface of the
skin. Using a Novadaq SPY NIR imaging system, tissue with increased blood flow appeared
bright, while tissue with low blood flow appeared darker (Figure 4.9). In the tissue with
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reversible injury (1 hour treatment group), increased fluorescence (reactive hyperemia) was
observed immediately after relieving the pressure from the magnets. The hyperemia was still
evident within a few hours of reperfusion. From Day 2 onward, the 1 hour treatment group
displayed no detectable difference in fluorescence between the area subjected to the magnets
and the surrounding healthy skin. In the tissue with irreversible injury (3 hour treatment
group), the angiography demonstrated increased fluorescence after the magnets were released.
A few hours later, the central part of the injured tissue had decreased fluorescence compared
to the periphery in some animals while others still had increased fluorescence. Within a few
days after release of the pressure, all tissues exhibited a central area of decreased fluorescence
consistent with the onset of visible tissue injury. Thus these findings using fluorescence
angiography suggest that 1 hour of pressure results in reversible alterations of tissue perfusion
but 3 hours of pressure causes a permanent decrease of tissue perfusion and permanent tissue
damage that results in an ulcer.
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Figure 4.8: Principle of fluorescence imaging with ICG.

A high-pass filter, F§, removes the fluorescent wavelengths from the incident light source. The
blood and ICG suspension under the tissue absorbs the excitation wavelengths and emits in the
fluorescent band. The emitted light goes through a low-pass filter, F, before reaching the
sensor to remove the excitation light reflected from the source. (From reference [86]).

64



Chapter 4: Detection of Pressure Ulcers in vivo

Day 1, Day 1,
t=1 hr/3 hr*
S
£
)
<
1)
2
E
<
L o
]
£
)
<
o
2
£
™

* 1 hr reperfusion time for 1 hr ischemia; 3 hr reperfusion time for 3 hr ischemia. No ICG reinjection

Figure 4.9: Fluorescence angiography following ischemic event.

Fluorescence angiography for 1 hour (top row) and 3 hours (bottom row) of magnet-induced
pressure. Angiography was measured on Day 1 immediately after removing the magnets (1 =0
hr) and after reperfusion (# = 1 hr/3 hr), then measured again on days 2, 3, and 9. The tissue
with reversible injury (1 hour treatment group) displays increased perfusion at the site of
magnet application for the first day, but no difference from healthy skin beginning from day 2.
In the tissue with irreversible injury (3 hour treatment group), the angiography demonstrated
increased fluorescence after the magnets were released. A few hours later, the central part of
the injured tissue had decreased fluorescence compared to the periphery in some animals while
others still had increased fluorescence. Within a few days after release of the pressure, all
tissues exhibited a central area of decreased fluorescence consistent with the onset of visible
tissue injury. Scale bar (1 cm) applies to all images.

4.2.5 Skin samples for histology

Full thickness skin wounds were excised, immediately placed flat in cassettes and stored
in 10% NBF (neutral buffered formalin) for 24-72 hours. Tissue was then transferred to 70%
ethanol and stored for up to 1 week. Samples were embedded in paraffin and sectioned at 5
microns. Slides were stained with hematoxylin and eosin.

4.2.6 Impedance measurements

A diagram illustrating the wound measurement system is shown in Figure 4.10.
Impedance magnitude and phase were measured using an Agilent E4980AL 20 Hz-1 MHz
Precision LCR meter with a 100 mV constant voltage sine wave output signal with a
frequency of 100 Hz — 1 MHz. Each electrode on the array can be independently selected by
the control hardware, allowing pair-wise impedance measurements between electrodes.
Custom software implemented in Python communicated with the control hardware to select
electrode pairs in a specified sequence, and simultaneously controlled the LCR meter. A
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microcontroller on the control board routed the test signal from the LCR meter to the selected
electrodes, the impedance was recorded, then the microcontroller selected the next set of
electrodes in the measurement sequence. Impedance data were analyzed using a suite of
custom MATLAB scripts utilizing the Statistics, System Identification, and Control System
Toolboxes.

Python control script
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Figure 4.10: Wound measurement system diagram.

The Control Board routes signals from the precision LCR meter to the electrode array to
measure the complex impedance between each nearest-neighbor pair of electrodes.
Measurement data is exported and analyzed using custom MATLAB scripts.

4.2.6.1 Minimizing parasitics: contact impedance and stray capacitance

Minimizing the effects of parasitic impedance is critical to obtaining accurate
measurements of tissue impedance. The main parasitic contributions in this system can be
split into two categories: (1) parasitic impedance from the hardware, and (2) contact
impedance between the electrode array and the skin. This is illustrated in Figure 4.11.
Parasitic impedance in the hardware includes, for example, the series resistance of the routing
lines, capacitance associated with connectors, and stray capacitance from the measurement
cables; in other words, everything from the output terminals of the measurement instrument
(the LCR) up to the electrodes. The contact impedance comes primarily from the capacitance
between the electrode and the sample surface; it is expected that this contact impedance will
dominate any parasitics from the hardware in this system.
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Figure 4.11: Parasitic impedance contributions.

Parasitic impedance can be broken up into two key contributors: (1) series resistance and stray
capacitance in the control hardware and array board, and (2) contact impedance from the
electrode array to the skin.

Stray capacitance and other measurement parasitics were minimized by choosing
minimum-length shielded cables to the LCR meter, properly shielded BNC connections, and
noise-minimizing layout and routing techniques in the custom-built control hardware.
Though parasitic impedance contributions from the hardware are expected to be minimal, they
can be de-embedded from measured data using a procedure in which standard impedance
values are measured (“Open”, “Short”, and “Load”) and a correction factor is calculated. The
de-embedding procedure is discussed in the Agilent Impedance Measurement Handbook
(available from Agilent Technologies), and summarized here. The corrected impedance of a
device (or sample) under test based on the circuit in Figure 4.11 is

— (Zs_me)(Zsm_Zo)

Zaut = Zom—20)Zo—Zom) Zsta (Equation 4-1)

where the terms in Equation 4-1 are defined as

o Zaut Corrected impedance of the device under test (DUT)

* Zm Measured impedance of the DUT

LA Measured impedance when the measurement terminals are open
s Z Measured impedance when the measurement terminals are short
* Zim Measured impedance of the load device

o Zd True value of the load device

To calculate a correction factor for the impedance sensing array, a 1kQ resistor was
chosen as the load device; a resistor was soldered onto the rigid PCB array between each
individual pair of electrodes. Measurements were also carried out with the electrode array left
open (no loads between any of the electrode pairs), and with all electrode pairs shorted. In
each configuration, measurements were recorded at frequencies from 100 Hz to 1 MHz.
Using these standard measurements, the correction in Equation 4-1 was applied to a set of
measurements of a pressure ulcer; the results are shown in Figure 4.12. The difference
between the measured and corrected impedance values are negligible for all but the last group
of data, which were obtained with a measurement frequency of 1 MHz. It is clear from this
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data that at all frequencies below 1MHz, the contribution of parasitics from the hardware are
insignificant and no correction is required.
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Figure 4.12: De-embedding parasitic impedance from hardware.

Impedance magnitude and phase from a pressure ulcer, where a correction factor has been

applied to de-embed the parasitic impedance contributed by the measurement hardware. The

measurement frequency varies with measurement number; data beyond measurement number

600 were obtained with a measurement frequency of IMHz.

Addressing the issue of contact impedance between the electrodes and the sample is more
complicated. The contact impedance will vary based on many factors such as the tissue type,
the wound topology, and the presence of scab or wound exudate. Thus, the measurement
process was optimized to minimize contact impedance by selectively applying high-
conductance gel (SignaGel) to each electrode. This process was controlled using a patterned
stencil and blade-coating method; the gel can be seen on the electrode array in Figure 4.14.
Sufficient pressure was applied during the measurement to ensure the measurement array
stayed in contact with the tissue. When the conductive gel bumps were applied, excellent
measurement repeatability was observed, indicating well-controlled contact impedance.
Figure 4.13 shows the result of two measurements of healthy skin; between measurements,
the measurement array was removed, cleaned, and the conductive gel was reapplied. Thus the
application of gel to the electrodes sufficiently reduces the contact impedance, allowing
accurate, repeatable measurements of the underlying tissue impedance.
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Figure 4.13: Repeatability of impedance measurements with hydrogel.

With conductive hydrogel bumps selectively applied to the electrodes, excellent measurement
repeatability is observed. Two impedance measurements of healthy skin are shown (a, b); the
electrode array was removed, cleaned, and gel was re-applied between measurements.

4.2.6.2 Mounting the sensor array to the wound

The procedure for mounting the sensing array on wounds is shown in Figure 4.14. A thin
Polydimethylsiloxane (PDMS) stencil is first aligned and placed on the flexible array board to
allow for selective application of hydrogel (SignaGel Electrode Gel, Parker Laboratories Inc.)
to each electrode of the array. The hydrogel ensures adequate electrical contact between each
electrode and the skin of the rat. After the stencil is removed, the array is placed carefully on
the area of the rat’s back to be measured, and secured in place with a transparent Tegaderm™
dressing. Finally, a piece of Coban™™ self-adherent wrap is placed around the body of the rat
to apply even pressure to the array against the rat’s skin. This mounting procedure allows the
board to move with the rat’s breathing but ensures that it does not shift during measurements.
The rigid array board is mounted to the rat in a similar manner.

69



Chapter 4: Detection of Pressure Ulcers in vivo

1. Apply hydrogel to 2. Align array to pressure 3. Place Tegaderm™to 4. Wrap with Coban™ to
electrodes ulcer secure array apply pressure

Flex array

N/A

>
©
S
e
©
B
2
o

Figure 4.14: Mounting sensor arrays on wounds.

Hydrogel was applied to the electrodes using a stencil-printing process, then the sensor arrays
were aligned such that roughly half of the array measured tissue that had pressure applied with
magnets, and half of the sensor array measured untreated tissue. Sensor arrays were secured in
place with Tegaderm™ dressings and/or Coban™ wraps.

4.2.6.3 Rejecting data from damaged electrode arrays

Repeated use of the flex arrays, including the cleaning and sanitation required between
each measurement, eventually resulted in damage to the printed gold lines or the
encapsulation layer. The condition of the flexible arrays was tested at least twice daily
(before and after wound measurements) by measuring a known impedance value and
identifying electrode pairs that reported an incorrect value. The sensor area of the flexible
array was submerged in a small beaker of salt water with a concentration of 100 g/L. NaCl.
The impedance between each pair of electrodes was measured at a single frequency of 1 kHz.
If the impedance magnitude between any two electrodes was < 100 Q, the pair was considered
‘shorted’; this was not the typical failure mechanism, but was occasionally observed. A short
in the array was usually a result of a slight misalignment of the contact pads into the
connector to the control board. If the impedance magnitude between any electrode pair was
greater than 50 kQ (roughly twice the expected value of the salt-water), that pair was
considered ‘open’. The most common cause for an open pair was delamination of the gold
traces from the plastic substrate. Because of the hexagonal arrangement, one damaged trace
would result in multiple rejected pairs (one for each neighboring electrode). Figure 4.15
shows a measurement of salt water using an array with three ‘open’ electrode pairs: pair ID
17, 18, and 19 (plotted in red).
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Figure 4.15: Rejected pairs from damaged flexible electrode array.

Repeated use eventually damaged encapsulation or the conductive traces on the flexible
electrode arrays. Flex arrays were tested by measuring salt water, and rejecting any pair with
impedance magnitude above 50 kQ. The three rejected pairs in this dataset are plotted in red.

To ensure that only reliable measurements were included in wound analysis, the flexible
arrays were tested at least once each day during wound measurements. Any pair of electrodes
found to be ‘open’ or ‘short’ was considered a ‘flex reject’ pair. The custom MATLAB
scripts that were used for impedance analysis included an automatic filtering procedure that
identified ‘flex reject’ pairs based on the salt water test, and then removed those pairs from all
impedance measurements made with that particular array. As a result, damaged electrodes
caused asymmetrical impedance maps but did not compromise the validity of the data.

4.2.6.4 Four-point vs. two-point measurements, and the “current path problem”

Contact impedance — and the choice of 4-point vs. 2-point impedance measurements to
mitigate its impacts — is a critically important issue in bioimpedance analysis. However,
trade-offs must be considered when measuring the impedance of heterogeneous complex
tissues. In theory, a 4-point probe configuration provides a more accurate impedance
measurement than a 2-point probe configuration because the parasitic resistance of the wires
is not included in the measurement. In practice, however, 4-point measurements in vivo are
inherently difficult due to the inhomogeneity of biological tissues.
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One of the biggest challenges in measuring the impedance of non-homogeneous materials
is the “current path problem”: the path taken by the current between any two electrodes will
follow the path of least resistance, rather than the direct path predicted for a homogeneous
material. While a 4-point measurement configuration is preferred because of its ability to
minimize contact impedance and parasitics, the current path problem is actually worse in a 4-
point measurement. The measurement of impedance (and the subsequent extraction of
material parameters such as resistivity) using a collinear arrangement of 4 electrodes relies on
the key assumption that the current driven between the outer pair of electrodes passes through
the material uniformly, and thus the voltage measured by the inner sense electrodes can be
used to calculate impedance from Ohm’s law (illustrated in Figure 4.16a). If the current takes
an unknown path between the drive electrodes instead of passing straight through the material
below the sense electrodes (as in Figure 4.16b), the actual voltage generated (V = I*R) will be
very small and the measured impedance will be erroneously low. In high precision
instruments that use an automatic leveling function to ensure linearity in impedance
measurements, the problem is worse yet: attempting to maintain a constant voltage at the
sense electrodes when the current from the drive electrodes is actually bypassing the tissue
beneath the sense electrodes results in an overloading of the drive circuitry and the inability to
properly measure impedance. While the current path is still unknown in a 2-point
measurement, the impact on the calculated impedance is clearly much less than in 4-point.
These issues were observed during early experiments for this study. In Figure 4.16c, the
small signal voltage, Vac, as measured by the signal monitor on the LCR meter is plotted for
2pt and 4pt measurements of the same pressure ulcer. In the 4-point data, the red circles
indicate the reported Vac values, while the red X’s (arbitrarily plotted as Vac = 1) are used to
identify measurement overloads where Vac could not be regulated. The electrode array was
not moved between measurements; switching between 2-point and 4-point measurements is
accomplished by changing the selection of the electrodes in software and using a different
connector between the control board and the LCR meter. The automatic level control of the
LCR is set such that Vac should be maintained at 100 mV. These data show that the error in
the impedance measurement is significantly worse in the 4-point configuration than the 2-
point configuration. It was determined that, in practice, using a 2-point configuration with
minimized parasitics outweighed the theoretical benefits of a 4-point measurement for this
work. It is important to note that the current path problem is not a limitation of this particular
device, but a complication inherent in measuring heterogeneous materials such as complex
biological tissues. These results demonstrate that the theoretical benefits of 4-point
measurements do not necessarily bear fruit in practice, and that the system as a whole must be
designed to minimize confounding effects from various sources.
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Figure 4.16: Current path problem in 2-pt vs. 4-pt impedance measurements.

(a) The current path during a 4 point measurement in a homogeneous material with 4 collinear
electrodes. (b) In a nonhomogeneous material, the current path may not pass directly below
the voltage sense electrodes if < R. This results in a negligible voltage drop across the sense
electrodes, and the measured impedance value is erroneously low. (c) The small signal
voltage, Vac, as measured by the signal monitor on the LCR meter is plotted for 2pt and 4pt
measurements of the same pressure ulcer. The automatic level control of the LCR is set such
that Vac should be maintained at 100 mV. The error in the impedance measurement is worse
in the 4-point configuration than the 2-point configuration.

4.3 Results

4.3.1 Multiplexed electrode array maps tissue impedance

An electronic sensing device was designed and implemented that measures spatially-
correlated complex impedance in vivo using a multiplexed electrode array. The device
consists of an electrode array to contact the skin and control hardware that performs
impedance spectroscopy across the array. Two versions of the electrode array were
developed: 1) a commercial rigid printed circuit board (PCB) with gold-plated electrodes, and
2) a flexible bandage-like array produced using inkjet printing on a plastic substrate. The
rigid device was a robust calibration platform that allowed the method of detecting pressure
ulcers using impedance spectroscopy to be developed while, in parallel, developing the
flexible device to employ that method in vivo. Notably, the rigid array and the flexible array
provided similar results (Figure 4.17), and both types were used in the experiments to collect
impedance data. A detailed comparison of the specifications of the rigid and flexible arrays is
given in . The fabrication process of the printed array is illustrated in Figure 4.18a-b. Gold
nanoparticle ink was ink-jet printed on a thin (35 pum) polyethylene naphthalate (PEN)
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substrate. Such thin substrates enhance conformity of the printed array, improving electrode-
skin contact. A sintering step was required to fuse together gold nanoparticles in the ink to
create conductive lines [87]. These conductive lines were encapsulated by spin coating an
amorphous fluoropolymer (Cytop); vias over the electrodes were then selectively opened
using oxygen plasma etching with a shadow mask. Since several replicate printed arrays were
used during animal experiments, minimizing processing variability was essential. The
fabrication process proved highly reproducible: for five different arrays we observed low
batch-to-batch variation in electrical properties (Figure 4.19). Sheet resistances were obtained
with standard deviation of the mean, o,z = 0.01 Q/sq. Printed features demonstrated
conductivity of 8.0 x 10* S cm ™' (20% of the bulk conductivity of gold), which is comparable
to reported conductivity values in the literature [88]. Mechanical stability of the printed lines
was another key concern because the sensor array needed to survive the wear and tear
experienced during data collection. Since the arrays were subjected to both bending and
torsion, mechanical robustness was tested by torsionally loading an array with angle of twist,
¢ = 30°. Even after 1,000 cycles, no significant alteration of the printed structures was
observed (Figure 4.18d).
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Figure 4.17: Average impedance using rigid vs. flexible array.

Impedance spectra for “Pressure” and “No Pressure” locations of reversible (lhr) and
irreversible (3hr) pressure damage, comparing results from the rigid (a) vs flexible (b) sensor
array. Impedance data includes all animals in the study measured Day 2. Markers indicate
the average data values at each frequency, with error bars showing the standard error of the
mean. np electrode pairs were used the calculation of the average values, measured from
wounds on 72,4 animals.

Before the sensing array was placed onto the skin, a thin layer of highly conductive
hydrogel was selectively printed onto the electrodes using a silicone stencil; Figure 4.14
illustrates the attachment of the sensor array to the wound. The hydrogel was used on both
the rigid and flex arrays to reduce the contact impedance between the electrode and the tissue
sample being measured, improving the reliability of the measurements [89]. During operation,
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the array control hardware selects two electrodes in the array and performs an impedance
measurement across these electrodes using a precision LCR meter; by cycling through pairs,
all of the nearest neighbors of the array can be sampled and a map of the impedance
measurements can be constructed (Figure 4.18c). “Four-point” measurements were also
performed but were found to be much harder to correlate to wound state (see discussion in
section 4.2.6.4). Registration marks were stained onto the skin to establish the position of the
electrodes with respect to the pressure ulcer being measured.
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Figure 4.18: Flexible electrode array fabrication and characterization.

a, Fabrication flow for the ink-jet printed flexible electrode array. b, An ink-jet printed array,
showing the hexagonal configuration of 55 equally-spaced gold electrodes; inset shows printed
hydrogel bumps on the fabricated array. ¢, Schematic representation of the device operation.
The array is placed on a wound in vivo and the electrical impedance is collected for each pair
of neighboring electrodes. A map of impedance magnitude, phase angle, and damage
threshold (indicated here in red) are constructed based on the location of each measurement
pair. d, Mechanical robustness testing by torsionally loading the array with angle of twist ¢ =
30°, with no significant change in line resistance after 1000 twist cycles.
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Figure 4.19: Reproducibility of the inkjet printing process.
Histograms show line resistance (a) and sheet resistance (b) of the 55 printed lines of over 5
different printed arrays. Error bars represent the standard deviation across different arrays.

4.3.2 Impedance spectrum correlates to tissue health

To create pressure ulcers, rats were sedated and the dorsal body hair was shaved, and
depilated with Nair to provide bare skin for impedance measurements. After the area was
cleaned, the skin was gently tented up and placed between two disc-shaped magnets [90].
The animals returned to normal activity with the magnets in place for 1 or 3 hours, at which
point they were sedated and the magnets removed. Eleven of the twelve animals used in this
study received the 1 hour treatment, and nine of the twelve received the 3 hour treatment.
Using fluorescence angiography to image real-time blood flow in the tissue (Figure 4.9), we
observed that relieving the pressure initially resulted in increased perfusion (reactive
hyperemia) [69], [91] as the blood returned to the affected tissue. When blood returns to the
ischemic tissue, it produces reactive oxygen species and free radicals that can accelerate cell
death [92], [93]. In our model, one hour of pressure produced mild reversible tissue damage,
and three hours of pressure produced more severe irreversible damage. Following the
ischemic event, we tracked the wounds for at least three days using impedance spectroscopy.

The system measured impedance using a 100 mVyys constant voltage test signal at
frequencies between 10> — 10° Hz across all nearest neighbor electrode pairs on the array; data
from a single representative wound in the 3-hour ischemia group is shown in Figure 4.20.
Across all animals in the 3-hour group (n=9), the impedance spectra for areas developing
pressure ulcers were clearly distinguishable by Day 3 (or earlier) from spectra for areas that
were healthy. Qualitatively, wounded areas showed a decrease in impedance magnitude and
phase angles closer to zero. The tissue appeared less capacitive and more conductive,
consistent with a loss of cell membrane integrity [75] (Figure 4.20a). In the impedance
spectra (Figure 4.20b), the dominant pole for the wounded tissue was at a lower frequency
than for the healthy tissue. To determine specific threshold values of impedance magnitude
and phase that defined “damaged tissue”, impedance spectra were analyzed that had been
collected with the flexible electrode array from fourteen wounds on eight rats. A contrast
optimization process was then used that identified 15 kHz as the frequency at which the
maximum difference was observed in impedance between damaged and non-damaged tissue.
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From this analysis, a magnitude value of |Z] = 6 kQ and a phase window of -30° < 6 < -10°
measured at 15 kHz was found to be an effective threshold for identifying damaged tissue
while avoiding false positive readings.

Due to the differences in materials and assembly of the ink-jet printed flexible electrode
array and the rigid calibration array as detailed previously in Table 4-1, the threshold for
detecting damaged tissue was adjusted depending on which electrode array was used to record
impedance data. Qualitatively, the flexible arrays had as a slightly higher line resistance and
an additional capacitive contribution from one extra connector between the flexible array and
the control hardware, both of which need to be taken into account. Threshold values
indicating tissue damage were determined separately for the flexible and rigid arrays, and
were found to be as follows:

Flexible electrode array: |Z] <6 kQ and -35° <6 <-10°
Rigid calibration array: |Z] <5kQand -5°<0<10°

The same threshold values were applied to all wounds, regardless of whether they
belonged to the 1-hour or 3-hour treatment group. Any pair of electrodes whose magnitude
was below the threshold and whose phase value fell within the specified window was labeled
as ‘damaged tissue’. In other words, the term “damage” indicates regions where impedance
data predicts tissue damage, whereas the term “pressure” indicates data from any area of
tissue subjected to magnet pressure. The phase requirement was included to make the damage
parameter less susceptible to minor animal-to-animal skin variations than using magnitude
alone (such as skin thickness, hydration status, etc.), and thus improve the reliability of tissue
classification. Spatial impedance data can thus be translated into a map of the tissue damage
parameter that differentiates healthy tissue from a wound. As shown in Figure 4.20, by Day 2
(the day following the ischemic event) the impedance sensor identified an area of tissue
damage that correlates with the placement of the magnets. Not surprisingly, tissue damage
within the pressure area is not uniform; an ulcer can be seen in the lower right region of the
pressure area in the Day 3 image in Figure 4.20a, and this region is also highlighted in the
map of the damage threshold. The analysis shown in Figure 4.20a-b was carried out for each
wound on each animal in the study, and all animals in the 3-hour treatment group produced
similar results. The repeatability of the results across wounds on many animals is shown in
Figure 4.20c. Here the impedance spectra for reversible (1hr) and irreversible (3hr) pressure
damage measured with the flexible array on Day 2 were averaged over all animals in the
study, excluding those sacrificed prior to Day 2. For each wound, each electrode pair was
labeled either as ‘Pressure’ or ‘No Pressure’ depending on whether or not the electrodes
measured tissue where pressure had been applied. (All pairs spanning the boundary of
‘pressure/no pressure’ were omitted.) The reduction in impedance magnitude and a phase
angle closer to zero is clearly evident in this ensemble data for the 3 hour pressure group.
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Figure 4.20: Impedance spectrum correlates to severe, irreversible tissue damage.

a, The progression of a representative example of irreversible tissue damage created with a 3-
hour ischemia cycle is shown on Days 1-3. On Day 1, Healthy is a control measurement taken
prior to ulcer formation, ¢ = 0 hr corresponds to measurements immediately following magnet
removal, and ¢# = 3 hr corresponds to measurements after 3 hours of reperfusion. Row I: The
transparent, flexible electrode array is in place over the wound, and the pressure area is
indicated with a dashed blue circle. The outer ring of electrodes on the array was not used for
the 2-point impedance measurements shown here; the hexagon overlaid on the image outlines
the area corresponding to the impedance maps. Scale bar (1 cm) applies to all wound photos.
Rows 2-3: Impedance magnitude and phase angle measured across nearest-neighbor pairs with
the flexible electrode array at a frequency of 15 kHz. The asymmetry in the surface map on
Day 3 is due to the rejection of one broken electrode. Row 4: The damage threshold is
determined from the magnitude and phase data at each pair, and mapped across the array. Red
indicates tissue damage. On Days 2-3, a region of tissue damage is detected that clearly
correlates with the location of the developing pressure ulcer. b, Impedance spectra for the
wound shown in a of healthy skin prior to applying pressure, ‘No damage’ regions on Days 1-

78



Chapter 4: Detection of Pressure Ulcers in vivo

3, and ‘Damage’ regions on Days 2-3. A representative electrode pair was selected from each
region. The markers indicate the measured data values, while the lines and the shaded regions
indicate the estimated transfer function and the 95% fit confidence interval, respectively. ¢,
Impedance spectra for “Pressure” and “No Pressure” locations of reversible (lhr) and
irreversible (3hr) pressure damage measured with the flexible array on Day 2, averaged over
all animals in the study. Markers indicate the average data values at each frequency, with
error bars showing the standard error of the mean. np electrode pairs went into the calculation
of the average values, measured from wounds on 7, animals.

4.3.3 Impedance spectroscopy identifies damage that is not visible

The ability to detect and monitor a pressure ulcer that has already formed on a patient is
valuable, but a key advantage of using impedance spectroscopy to detect pressure ulcers is
early detection of tissue damage. Mild, reversible pressure damage was created using a 1-hour
ischemia cycle (as opposed to the 3 hour ischemia cycle used above), then monitored with
impedance measurements for three days. The skin appeared slightly white during reperfusion,
but no visible ulcer developed in the following nine days, indicating that any pressure-induced
damage was truly reversible.

The impedance measurements reveal a more nuanced story. Using the same impedance
thresholds to detect damage that were employed for irreversible damage, the impedance
sensor detected damaged tissue in the region of pressure application in just over half of the
cases studied (6 out of 11 animals using the rigid array, and 5 out of 7 animals using the
flexible array), again with no false positive results (Figure 4.21). Due to the expected animal-
to-animal variation, the combination of pressure and duration used in the 1-hour cases was
sufficient to create tissue damage in some, but not all, animals. Histology of skin samples
with 1 hour of ischemia confirmed that the tissue was not damaged in all cases. Variation in
damage severity was also observed in 3 hour ischemia cases, with some ulcers reaching a
stage II classification while others with the same treatment were only classified as a stage |
ulcer [68]. This animal-to-animal variation observed for the 1-hour pressure cases (as well as
the non-uniform damage within the area of pressure application) explains why averaging the
impedance of “Pressure” and “No Pressure” areas over many animals (Figure 4.20c) obscures
a meaningful result for the reversible damage case. Three outcomes were observed in
response to applied pressure (Figure 4.22): 1) severe, irreversible pressure damage is
sustained creating a visible ulcer that is also detected with impedance spectroscopy (panel A);
2) mild pressure damage is sustained that is not visible to the naked eye, but can be detected
using impedance spectroscopy (panel B); and 3) pressure is not sufficient to damage the tissue
and, correspondingly, the impedance sensor does not indicate damage (panel C). Figure 4.22
also demonstrates that the rigid calibration and flexible printed sensor arrays produced similar
results, but that the rigid arrays produced more complete damage maps because they were
more robust during multiple measurement-disinfection cycles. The second observation —
detecting changes in the tissue that cannot be seen by eye — demonstrates the sensitivity of
impedance spectroscopy to physiological changes associated with ulcers and its applicability
as an early detection method for pressure ulcers.
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Figure 4.21: Impedance maps identify mild, reversible pressure damage.

a, The progression of reversible pressure damage created with a 1-hour ischemia cycle is
shown on Days 1-3. Dashed grey circles indicate where the pressure was applied, and dots
represent the placement of the electrodes. Slight discoloration of the skin is observed
immediately after removing the magnets, but no ulcer develops. Impedance magnitude and
phase were measured with the rigid PCB array. Damage is detected electrically on Day 2 even
with no visible evidence of the pressure damage, demonstrating the early detection capability
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of the device. (The small abrasion to the right of the measured area was irritation from hair
removal.) Only a small region of damage remains on Day 3. Scale bar (1 cm) applies to all
wound photos. b, A Bode diagram showing the impedance magnitude and phase vs frequency
of ‘No damage’ and ‘Damage’ regions on Days 1-3. A representative electrode pair was
selected from each region. The circle markers indicate the measured data values, while the
lines and the shaded regions indicate the estimated transfer function and the 95% fit confidence
interval, respectively.

Sensor Location on Skin Flexible Array Rigid Array Histology

Apply pressure

Figure 4.22: Three outcomes observed for pressure-induced tissue damage.

Magnets were used to create a pressure ulcer model on rats in vivo. Three outcomes were
observed, influenced by the amount of pressure, the duration of treatment, and animal-to-
animal variation: A) Irreversible damage was detected both visually and electrically; B)
Reversible damage was detected electrically but not visually; C) No damage was detected
visually or electrically. Histological analysis indicated loss of epidermis (1) and ulceration
when there was irreversible tissue damage, hyperkeratosis (2) and hypergranulosis (3) when
the damage was measurable but reversible, and focal hyperkeratosis (4) in the scenario where
no damage is detected. Panel B illustrates the sensitivity of the impedance sensor to identify
damaged tissue, providing an early detection mechanism for pressure ulcers. Representative
wound images with sensor locations indicated, damage parameter maps obtained from those
wounds using flexible and rigid sensor arrays, and histology results are shown for each
scenario. Dashed light blue circles indicate where the pressure was applied to the skin, orange
and dark blue hexagons indicate the location of the flexible and rigid arrays on the wound,
respectively, and grey dots represent the electrodes. The scale bar is 1 cm for wound photos
and 100 pm for histology images.

4.3.4 Cell membrane disruption correlates with impedance change

Histological cross-sections performed at various time points throughout the study (Figure
4.22 and Figure 4.23) support the hypothesis that the alteration of cell membranes and tissue
structure causes the observed impedance changes. Histological analysis was performed on
tissue samples from reversible (1 hour of ischemia) and irreversible (3 hours of ischemia)
pressure groups. Histopathologic examination of the hematoxylin and eosin-stained sections
showed focal compact hyperkeratosis and focal hypergranulosis in the area of magnet
application in both 1 hour and 3 hour groups. The skin samples from the 1 hour application
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group showed no evidence of skin ulceration, while all samples taken after the 3 hour magnet
application  period demonstrated ulceration. These lesions showed overlying
necroinflammatory debris with serum crust, focal loss of epidermis, alteration of underlying
collagen and had sparse to moderate amounts of mixed inflammatory infiltrate composed
predominantly of lymphocytes and neutrophils. In some cases, the inflammatory infiltrate
involved deeper dermis, skeletal muscle and fascia. These histological findings were
consistent with the changes in tissue structure that are expected to cause changes in
impedance [75].

Day 1

1 hr Ischemia

3 hr Ischemia

Figure 4.23: Histology of skin samples.

Skin samples were collected for histology on days 1, 2, 3 and 9, and processed with
hematoxylin and eosin staining. Samples a-d were taken from animals in the 1-hour pressure
treatment group, while samples e-h were taken from animals in the 3-hour pressure treatment
group. All images were taken with 100x magnification. a, Normal-looking dermis and
epidermis. b, No signs of ulceration. Normal epidermis (1) with orthokeratosis (2). ¢-d, No
signs of ulceration. Normal epidermis (1) with compact hyperkeratosis (3). e, Early small ulcer
(4). f-h, Loss of epidermis (5) and necroinflammatory debris (scab, 6) with inflammation
(neutrophils and lymphocytes, 7) deeper in the dermis. Scale bar (100 um) applies to all
images.

4.3.5 Applications extend beyond pressure ulcers

In addition to the detection of pressure ulcers, this device also has the ability to track the
state of open skin wounds, such as abrasions, open sores, and lacerations (see Figure 4.24).
An open wound was created by surgically excising a small (roughly 1 c¢cm) skin section from
the back of the rat using a scalpel (n=1). Impedance measurements were taken with both the
rigid and flexible array boards on days 1, 2, 3, and 5 to track the progress of the wound
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healing. These measurements confirm that the impedance sensor can identify not only the
size and shape of an excision by determining the border of the wound, but can also
differentiate between a moist wound (exposed wound bed, potentially pus, etc.) and a healing,
scab-covered wound. On Day 1, immediately after the wound was created, impedance in the
wound bed was significantly lower than the surrounding tissue due to the excess of wound
exudate in the wound. Impedance remains lower in the wound bed until day 3 when the scab
starts to form. The scabbed area is characterized by higher impedance due to the decrease in
ionic exudate and the presence of high resistance fibrin plugs.

Day 5

-,

@ 15 kHz
%
.:. > =

@ 15 kHz

Magnitude |ZI
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Figure 4.24: Impedance measurements of open wounds.
Impedance of an open, excisional wound was monitored over the course of 5 days using the
rigid array board. Initially, on Day 1, the wound area exhibited significantly lower impedance
due to the presence of conductive wound exudate. After Day 3, the scabbed region
demonstrated higher impedance than the surrounding tissue.

With a slight change in instrumentation, the same device can also be used to measure
voltage at each electrode with respect to a common reference, creating a map of the voltage
and endogenous electric field across the wound. It is well known that cells can be directed to
migrate with an applied electric field [94]-[98], and there is evidence, though somewhat
controversial, that applying an electric field may assist in the healing process [99]. The device
demonstrated here provides the capability to test the extension of these theories from cells to
complex tissues in vivo. Thus, it could be adapted to sense the endogenous field, apply an
external field, and monitor the response of the tissue to the stimulus, providing much-needed
evidence regarding the efficacy of electrical stimulation for healing chronic wounds.

4.4 Conclusions

In this chapter, a non-invasive electrical sensing device was presented that utilizes
impedance spectroscopy to detect pressure-induced tissue damage in a rat model in vivo. The
sensitivity of this detection method and the robustness of the calculated damage parameter are
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sufficient to detect mild, reversible physiological changes that are not apparent by visual
inspection. While the specific threshold values that indicated tissue damage in this study
demonstrate the capability of impedance spectroscopy as a technique for early detection of
tissue wounds, additional studies will be needed to determine clinically relevant threshold
values in human patients. A commercial device with this capability could have a dramatic
impact on the standard of care for pressure ulcers. Disease prevention is a well-recognized
approach in medicine; providing an early detection mechanism for pressure damage would
allow caregivers to respond proactively, preventing any further damage to the tissue and
enabling close monitoring of tissue condition. Further, the variation in wound severity that
was observed for a given treatment (which is not unique to this model) strongly supports the
value of a device that directly measures the status of the tissue, rather than relying on
secondary measurements such as applied pressure. If the subtle changes in tissue are detected
early enough, as demonstrated here in the case of the reversible 1 hour pressure damage, the
formation of pressure ulcers in some patients may be prevented entirely, greatly reducing
health care costs and improving patient outcomes.
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Chapter 5: Conclusions & Future

Outlook

5.1 Summary

Flexible electronics are poised to dramatically change the way that electronic devices are
integrated into our everyday lives. Lightweight, flexible form factors will allow new types of
displays, sensors, and wearable devices to enter the market. Progress in flexible electronics
will continue to be fueled by further advances in the materials and manufacturing methods
that underlie their success. In particular, the performance of solution-processed electronic
materials employing additive manufacturing techniques will continue to improve, and the cost
will continue to drop as a result of high-throughput processing. The industries most likely to
exploit these technologies and help bring them to market are next-generation displays and
biomedical sensors because they can leverage the low cost per unit area of printed electronics.
In this work, solution-processed nanomaterials are studied with an eye towards advanced
displays and biological sensing applications.

Metal oxide semiconductor materials were investigated as a candidate for high-
performance, solution-processed electronics. Metal oxides (In,O3;, ZnO, SnO,, etc) are a
particularly interesting class of material because they exhibit excellent mobility (an order of
magnitude higher than amorphous silicon) even in an amorphous or disordered state. The
solution processed electronic materials utilized in this work can be generally categorized as
sol-gels and colloidal nanocrystal solutions. Sol-gel precursors typically consist of a metal
element surrounded by alkoxide, nitrate or chloride ligands. Precursor solutions are deposited
onto a substrate and converted to a dense, thin film with a heat treatment. Colloidal
nanocrystals, in contrast, are synthesized in a solution prior to deposition onto a substrate.
Nanocrystals offer many benefits over sol-gels, including fine control of the shape, size,
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composition, and surface properties. Furthermore, nanocrystal inks are often more stable than
sol-gel precursor solutions; the instabilities in sol-gel precursor inks pose challenges both in
terms of device uniformity and large-scale manufacturability. Sol-gels and colloidal
nanocrystals can both produce high-performance solution-processed TFTs, but the work in
this dissertation is primarily focused on colloidal nanocrystal inks. In this work, colloidal
nanocrystal thin films undergo a heat treatment to remove the surfactants from the nanocrystal
surfaces, allowing the particles to form a high-quality semiconductor channel material.
Semiconductor nanocrystals are preferred not because the quantum confinement effects are
being exploited, but rather as a way to combine the benefits of inorganic materials with low-
cost solution-processing manufacturing methods.

The synthesis of indium oxide nanocrystals was studied, with the goal of obtaining a
high-performance solution-processed semiconductor material. Colloidal In,O3; nanocrystals
were prepared using an air-free synthesis with indium acetylacetonate as the metal precursor,
and oleylamine as the solvent and ligand. The synthetic procedure was varied, and the
impacts of those variations on the nanocrystal ink and the performance of solution-processed
TFTs was examined. Proper degassing of the reaction and optimizing the reaction
temperature resulted in nanocrystals that form air-stable, high-performance indium oxide
TFTs, the performance of which far exceeds previous reports of indium oxide nanocrystal
transistors.

The impact of In,O3; nanocrystal TFT fabrication conditions on device performance was
investigated in a multifactorial experiment. The annealing temperature, annealing ambient,
and the gate dielectric were varied, and TFTs were fabricated at each condition. The choice
of a high-x gate dielectric (specifically, ZrO,) and a higher annealing temperature had the
most significant positive effect on the performance of TFTs. Surprisingly, though a dramatic
difference in TFT mobility was observed, there was no change in the average crystallite size
in the channel with different annealing conditions or different gate dielectric materials. The
field-effect mobility was compared across devices after taking into account the effective
transverse electric field in the channel, and TFTs utilizing high-k gate dielectrics reached
higher mobilities than the devices on SiO,. These results indicate that the transport in In,O;
nanocrystal TFTs is not limited by the crystallinity, and that the mobility boost cannot be
attributed strictly to the higher fields achieved with high-k gate oxides. In this work, In,O;
nanocrystal inks were shown to be a promising pathway towards high-performance, air-stable,
solution-processed transistors.

One particularly promising application for flexible electronics is bio-integrated devices,
from biomedical sensing devices to wearable fitness monitors. Devices for biological
applications can build on the vast materials development work in the printed electronics
community, but additional studies must be carried out to ensure biocompatibility of the
materials and devices. Fortunately, many of the metal oxide materials that are being pursued
are biocompatible in their bulk form, and are thus promising candidates for biocompatible
printed electronics. High-performance TFTs made from likely biocompatible materials were
demonstrated in this work, as well as the ability to dissolve such materials in a simulated body
environment. However, nanomaterials have unique concerns in terms of their
biocompatibility. Recent research indicates that even materials that are safe in their bulk form
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may be hazardous in the nanosize regime, and, further, solution-processed films may have
residual contaminants from the ink that alters the toxicity of the material. In vitro toxicity
tests are proposed that will push the field of bio-integrated flexible electronics devices
forward.

The merit of flexible biological sensors was demonstrated with a “smart bandage”
prototype. A flexible, non-invasive electrical sensing device was developed that utilizes
impedance spectroscopy to detect pressure-induced tissue damage in a rat model in vivo. A
flexible inkjet-printed 2D electrode array measured the complex impedance of the tissue at
many points, then the impedance data was analyzed and presented in a spatially-correlated
manner that creates a “map” of the wound. Impedance was found to be strongly correlated
with tissue health: the impedance of pressure-damaged tissue has lower magnitude and a
phase angle closer to zero. The data support the hypothesis that the change in impedance can
be attributed to changes in the integrity of the cell membrane. The sensitivity of this detection
method and the robustness of the calculated damage parameter are sufficient to detect mild,
reversible physiological changes that are not apparent by visual inspection. The impedance
sensor provides objective information about the physiological state of the tissue that could
enable early detection (and possibly prevention) or pressure ulcers. A commercial device
with this capability could have a dramatic impact on the standard of care for pressure ulcers.

5.2 Suggested Future Work

In this work, solution-processed nanomaterials were investigated for applications in
displays and bioelectronics. In particular, an indium oxide nanocrystal semiconductor ink
was studied in detail. Further research in the following areas will provide a better
fundamental understanding of the device physics in these materials, and thus may lead to
further improvements in TFT performance and new applications for solution-processed
electronics:

* Tuning semiconductor material properties via controlled incorporation of
various metal cations: Studies of ternary/quaternary systems indicate that metal
cations may contribute different characteristics to the material. For example,
indium content increases TFT mobility, but often requires a larger negative bias to
fully turn the device off. Zinc stabilizes an amorphous film and can contribute to
conduction. Gallium suppresses carrier generation by preventing oxygen
vacancies.  Synthesizing In,Os;, ZnO, Ga;Os nanoparticles separately, then
combining them to make an IGZO nanoparticle ink would allow the composition
of semiconductor thin films to be tuned by mixing different proportions of metal
oxide nanocrystals into the ink. This approach is more promising than a mixed
sol-gel route because the size, shape, crystallinity, and phase of each oxide
material can be controlled independently.

* Determine the density of states in the bandgap in solution-processed In,Os:
Conduction in disordered semiconductors is strongly dependent on the density
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and distribution of states in the bandgap. Measuring the field effect conductance
of In,O3 TFTs is one possible method to map out the density of states (DOS).
The conductance is measured as a function of gate voltage (Vi) and temperature,
then the flat-band voltage (Vgg), the conductance activation energy (AE), and
surface potential W (V) can be determined. Using Vg and ¥ (Vg), the DOS in
the bandgap can be calculated. Performing this analysis on devices made with
ZrO, and SiO, gate dielectrics may help to explain the increase in mobility
reported in chapter 2.

Compare HfO, gate dielectric to ZrO, in metal oxide TFTs: Metal oxide
TFTs in this work and in work from many other groups have exhibited higher
mobility when ZrO, gate dielectric is employed. ALD films of HfO, have a
dielectric constant close to that of ALD ZrO, (17 vs. 21). Thus a comparison of
metal oxide TFT performance using HfO, vs. ZrO, would enable a distinction to
be clearly made between the effects of a high dielectric constant and the ZrO;
material in particular. This may help to elucidate the physical mechanism of the
improved mobility.

In parallel with the materials development work outlined above, the following studies
will build on the newly-developed impedance sensing platform and continue to advance the
biomedical applications for flexible electronics:

Study the endogenous and applied wound fields during healing: There is
much discussion among the wound healing community about the role of the
endogenous (internal) electric field in a healing wound, as well as the efficacy of
applied (external) electric fields to promote and speed wound healing. With
minor changes in the design and instrumentation of the impedance sensor, the
endogenous electric field that is naturally developed at a wound site could be
measured and external fields could be applied using the electrode array. The
impedance sensor could then be used to monitor the state of the healing wound.
This study would provide critical knowledge about the fundamental role of
electric fields in wound healing.

Investigate the ability of the impedance sensor to detect tumors: Electrical
impedance has recently been pursued as a potential screening technique for breast
cancer. The standard screening method, x-ray mammography, has high
sensitivity but low specificity, resulting in many false positive screening results.
The two-dimensional impedance sensing array developed in this work could be an
ideal non-invasive, early detection platform for identifying early stage tumors.
By selecting electrodes with varied spacing, the penetration depth of the
impedance measurement may be able to be controlled such that a three-
dimensional impedance map could identify the structure of breast tissue.
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Explore extended gate field-effect transistors (EGFETs) based on amorphous
metal oxide semiconductors as a platform for biological sensing: Thin-film
EGFET sensors printed on a flexible substrate could be a cost-effective biological
sensing platform; integrating sensors with a passive RFID tag and implanting the
device subcutaneously could, for example, provide a minimally invasive route to
continuous monitoring of glucose in diabetic patients. By expanding the library
of analytes detectable with this flexible biosensing platform, a broad array of
sensors could be developed for various on-body and in-body monitoring needs, as
well as broader health applications such as identifying air or water contamination
or detecting spoilage during food production.
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Appendix

Appendix A: Nanocrystal TFT Fabrication Process

This process flow was designed for the tools in the UC Berkeley Marvell Nanofabrication
Laboratory, except where noted.

INDIUM OXIDE NANOPARTICLE TFT FABRICATION PROCESS

Sarah Swisher, January 2014

UC Berkeley, EECS — Subramanian Group
Seq.
Step g.;l.]?l:—:[ss TARGET AND PROCESS SPEC Notes
No.
[ e <0.005 ohm-cm, n-type, <100>,4" | n+ wafers purchased from SQI
** Perform cither step 2A (for high-K gate dielectric) or step 2B (for Si02). but NOT both. **
RCAL: 10 minin 5:1:1
2) RCA clean Whift H20:NH4OH:H202
HIGH-K GATE |wafers RCA2: 10 minin
54 |OXIDE H20:HCIH202 @ 70C.
](\S:::If:;‘; b) Deposit HFO2 Pﬁi‘;‘ﬂz'}_ﬁ‘gz 500 cycles @ 250C (~1A/cycle) Measure ‘}&fé“;iix‘l‘\‘{"m“‘) on
o) Deposit 2602 | 22V S 635 cyeles @ 200C (-09ATeyele) | MU thickness, wnifomity on
2) TCA clean Tystarl, 1TCA 8 hours, run overnight
s [oat :)d?:r: clean sink6_ |10 min Piranha +d;i:‘un 10:1 HF, until
OXIDATION Tystarl, Target= 170A. 900C, 50 min ) ;
o) Dry oxidation | X 0500, 20 min N amnegl | Measure oxide thickness using ELLIPS
NP dispersed in chloroform. Filter= | <= "o
2) Prepare n203 188 Cory 0.45um pore size, 25mm diameter h’e’a dway by Bill Frc';un lers and Bob
Ink synthetic lab |  PTFE. Adjust concentration o ~1 Y Bill E
A% Hamilton
wi%
b) Cleave wafers Nanolab Quarter wafers
5 [sEmL T70mL H2504 + 26 mL H202
3 |DEPOSITION |¢) Gate oxide msink16/18, (~6.5:1) in glass beaker or Self-heating solution, no external heat
clean Piranha | crystallization dish. Submerge samples needed.
for 10 min. DI Rinse, N2 dry.
4) Spin-coat e Suatic dispense; 60 scc @ 5000rpm, | Dispense ~04mL for V4 wafer. Start
s headway T000rpmsee drop away from wafer to prevent
splatter.
2) Cleave samples Cleave 1/4 wafers into samples <= 1 | SCtibe backside with material code or
Sample ID
Ambient gas flow: tank output pressure|
= Spsi, manifold fully open. Flow
4 |ANNEAL 1" tube furnace, Ramp from 0C ==> Tanneal @ meter =5 for 10min @RT to purge,
b) Anneal 133 Cons i Davell 60 then reduce flow to 4 for ramp and
32 Cory min; Dwell 60 min !
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Mask: DenscShadow
Hard Contact Mode
! - - 50 um Alignment gap
< |y Lo <) Exposure ksaligner 155 mi/em? for i-line Exp. Time o (155 mWrsscem2)
(intensity mW/cm2). Add 10%
overexposure.
4) PEB hotplate 60 sec @ 120C
ODP HPRD 4262 Developer ( 1-2%
<) Develop msink3 1 min in developer, Dl rinse, N2 dry | TMAH. Completely miscible with
water; aspirate to dispose.)
) Inspect pattern | olympus; asiq PR thickness ~ 1.1um “h“k}fg' ;‘(::ﬁfﬁizz:ﬂ‘ﬁz;‘“'“d
2) Hard bake oven 30 min @ 120C Hard-bake required for CHA
Pump down o 5 E-7 Tort prior to |0 conted graphite crucible
S/D METAL  [a) c-beam Al CHA, standard | deposition. Ensure that alumninum y
6 [ope B Ao o] cambie ki e o durino somet1 | edges sanded sharp. 99.999% pure Al
5 leposition Aluminum recipe | carbide skin is pierced during soa (e
Deposit 80~100 nm @ 5A/sec e
2) Remove PR and Sonicate in acetone until pattern is
msink18
R A unwanted metal cleared, ~5 minutes
o) ipect patiem | olympus Ensure all S/D patterns are clear, no
; ympus residual metal near devices.
1) 30 sec manual dispense @ 0 rpm
. 2) 1 sec @ 500 rpm, Ikipmisec | OCG OIR-700 10, Positive PR for i-
o) Spin iline PR | headway, Prog #1| 5} (38 S0 ;m' mk"rpm,scc e
4) 30sec @ 4100 rpm. 20kpm/see
b) Softbake hotplate 60 sec @ 90C
Mask: Active_Arca L2
Hard Contact Mode
. _ 50 um Alignment gap
o |rcmvearea <) Exposure ksaligner 155 mJ/em2 for i-line Exp. Time = (155 MW *confcm2)
LITHO (intensity mW/cm2). Add 10%
d) PEB hotplate 60 sec @ 120C
ODP HPRD 4262 Developer  1-2%
) Develop msink3 I min in developer, DI rinse, N2 dry | TMAH. Completely miscible with
water; aspirate to dispose.)
ensure proper alignment of AA (o S/D.
2) Inspect pattern | olympus Misalignment will destroy Al S/D
during AA ctch!
@) Wet ctch 203 | S min submerged in 1:1 HCIH20. DI| 12.1M HCI provided at msink16/18,
msink16/13 rinse, N2 dry. 1:1 dilution results in 6M HCI etchant.
ACTIVE AREA [b) Remove PR msinkl6/18 | Submerge inacetone ~Imin or spray
9 ETCH with squeeze bottle. DI rinse, N2 dry.
Measure dimensions of clectrodes
<) Inspect pattern | Olympus | Check edges of AA, and margin of AA
above/below the S/D pads.
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Appendix

Appendix C: Impedance Sensor Control Board Bill of
Materials

Project

Board Name
Version
Schematic File
PCB Layout File
Assembly Drawing
Date

Last Revised by

IC/Control Board Rev 3 BOM

NSF EFRI Wound Mapping
IC/Control Board

Rev3
TOP_ControlBoard_Rev3_SCM v3.1l.dch
TOP_ControlBoard_Rev3_PCB_v3.1l.dip

7-Aug-13
Sarah Swisher

Page 1 of 2

BILL OF MATERIALS

Ref e . Manufacturer Part Digi-key Part
e Description Value Manfr. Noanhoe Number oty
Cl |Capacitor, 0402, X5R or X7R Ceramic 1 uF TDK Corporation C1005X5R0J105K050BB |445-4998-1-ND 1
C2 |Capacitor, 0402, X5R or X7R Ceramic 1 uF TDK Corporation C1005X5R0J105K050BB |445-4998-1-ND 1
C3 [Capacitor, 0402, X5R or X7R Ceramic 100 pF AVX Corporation 0402YC101KAT2A 478-7887-1-ND 1
C4 [Capacitor, 0402, X5R or X7R Ceramic 100 pF AVX Corporation 0402YC101KAT2A 478-7887-1-ND 1
c5 |Capacitor, 0402, X5R or X7R Ceramic, (3.3 uF |TDK Corporation 445-5946-1-ND 1
ESR < 3 Ohm C1005X5R0J335K050BC
c |Capacitor, 0402, X5R or X7R Ceramic, |4 3 .n  |ppg corporation 445-5946-1-ND 1
ESR < 3 Ohm C1005X5R0J335K050BC
D1 |LED 0603, Red, 1.75V Rohm Semi SML-310LT 511-1298-1-ND 1
D2 [LED 0603, Red, 1.75V Rohm Semi SML-310LT 511-1298-1-ND 1
D3 |LED 0603, Red, 1.75V Rohm Semi SML-310LT 511-1298-1-ND 1
D4 |LED 0603, Red, 1.75V Rohm Semi SML-310LT 511-1298-1-ND 1
ATtiny828, 8-bit AVR Microcontroller, 1
Il |32 pin MLF package Atmel ATtiny828-MU ATTINY828-MU-ND
I2 |Analog Devices 32 Channel Analog 32-1 MUX |Analog Deivces ADG732BCPZ ADG732BCPZ-ND 1
I3 |Analog Devices 32 Channel Analog 32-1 MUX |Analog Deivces ADG732BCPZ ADG732BCPZ-ND 1
I5 |Analog Devices 32 Channel Analog 32-1 MUX |Analog Deivces ADG732BCPZ ADG732BCPZ-ND 1
I6 |Analog Devices 32 Channel Analog 32-1 MUX |Analog Deivces ADG732BCPZ ADG732BCPZ-ND 1
I7 |Analog Devices 32 Channel Analog 32-1 MUX |Analog Deivces ADG732BCPz ADG732BCPZ-ND 1
Dual Pos/Neg Low Noise LDO, Linear LT3032IDE or LT3032EDE#PBF-
I8 |Adjustable Output, 14 pin DFN Technologies LT3032EDE ND !
0.5mm pitch FFC connector, LVDS Mouser 538-
J1 |shielded, bottom contact Molex 502244-3330 502244-3330 1
IC/Control Board Rev 3 BOM
Page 2 of 2
0.5mm pitch FFC connector, LVDS Mouser 538-
J2 |shielded, bottom contact Molex 502244-3330 502244-3330 !
J3 |Header Receptacle, Top entry, 4-pin TxX,RX Molex 22-02-2045 WM3202-ND 1
R1 |Resistor, 0402, 150k, 1%, 1/10W 150k Panasonic ERJ-2RKF1503X P150KLCT-ND 1
R2 |Resistor, 0402, 143k, 1%, 1/10W 143k Panasonic ERJ-2RKF1433X P143KLCT-ND 1
R3 |Resistor, 0402, 150k, 1%, 1/10W 150k Panasonic ERJ-2RKF1503X P150KLCT-ND 1
R4 [Resistor, 0402, 143k, 1%, 1/10W 143k Panasonic ERJ-2RKF1433X P143KLCT-ND 1
R5 |Resistor, 0402, 0 Jumper, 1/10W 0 Ohm Panasonic ERJ-2GEOROO0OX P0.0JDKR-ND 1
R6 |Resistor, 0402, 3k, 1%, 1/10W 3 k Panasonic ERJ-2RKF3001X P3.00KLCT-ND 1
R7 |Resistor, 0402, 0 Jumper, 1/10W 0 Ohm Panasonic ERJ-2GEOR00X P0.0JDKR-ND 1
R8 |Resistor, 0402, 20, 1%, 1/10W 20 Ohm Panasonic ERJ-2RKF20R0X P20.0LCT-ND 1
R9 |Resistor, 0402, 20, 1%, 1/10W 20 Ohm Panasonic ERJ-2RKF20R0X P20.0LCT-ND 1
R10 [Resistor, 0402, 40.2, 1%, 1/10W 40 Ohm Panasonic ERJ-2RKF40R2X P40.2LCT-ND 1
R11 [Resistor, 0402, 40.2, 1%, 1/10W 40 Ohm Panasonic ERJ-2RKF40R2X P40.2LCT-ND 1
R12 [Resistor, 0402, 100k, 1%, 1/10W 100k Panasonic ERJ-2RKF1003X P100KLTR-ND 1
Ul [AVR ISP Header, 6 pin, Shrouded N/A 0
U2 |Header Receptacle, Top entry, 4-pin LCZ Molex 22-02-2045 WM3202-ND 1
U3 |Header Receptacle, Top entry, 4-pin |PWR Molex 22-02-2045 WM3202-ND 1
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