Spectroscopic and Electrical Investigations into Chemical Interactions with Carbon
Nanotubes

by
Douglas R. Kauffman

B.S. in Chemistry, University of Pittsburgh, 2004

Submitted to the Graduate Faculty of
Chemistry in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2010



UNIVERSITY OF PITTSBURGH

Graduate School of Arts and Sciences

This dissertation was presented

by

Douglas R. Kauffman

It was defended on
March 24, 2010
and approved by
Dr. David W. Pratt, Professor, Department of Chemistry
Dr. Shigeru Amemiya, Associate Professor, Department of Chemistry
Dr. Minhee Yun, Assistant Professor, Department of Electrical and Computer Engineering

Dissertation Advisor: Dr. Alexander Star, Assistant Professor, Department of Chemistry

1



Copyright © by Douglas R. Kauffman

2010

i1



Spectroscopic and Electrical Investigations into Chemical Interactions with Carbon
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Decorating single-walled carbon nanotubes (SWNTs) with appropriate nanoparticle species or
polymeric layers can induce unique chemical sensitivities and/or catalytic activities. The
approach of decorating SWNTs with various chemically sensitive materials is advantageous
because undecorated SWNTs are only inherently sensitive towards a limited range of molecules.
Because they are electrically conductive and optically active, the enhanced chemical sensitivity
of decorated SWNTs can be exploited for the development of chemical sensors or catalytic
platforms. Of particular interest are the transduction mechanisms between the decoration layer
and underlying SWNTs, which serves to signal the adsorption and/or reaction of particular
molecular species at the SWNT surface.

A variety of techniques have been employed to characterize the properties of decorated
SWNTs towards the development of chemical sensors and catalytic platforms. In particular, a
combination of optical spectroscopy, electrochemistry and solid-state electrical transport
measurements provide real-time information about the charge transfer occurring at the decorated
SWNT surface. This information provides valuable mechanistic insight into the electronic
processes that dictate sensor response or catalyst efficiency.

Using the above-mentioned techniques, we have demonstrated that charge transfer
between SWNTs and adsorbing gaseous species creates simultaneous and complementary
changes in the optical spectroscopy and electrical transport properties of SWNTs. Moreover, our
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approach has allowed us to develop mechanistic descriptions of the interaction between
adsorbing gas molecules and the decorated SWNT networks. The decorated SWNT system has
potential applications in the field of chemical sensors and heterogeneous catalysis, and a
fundamental understanding of the chemical processes may lead to better chemical sensors and/or

catalysts.
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1.0 INTRODUCTION

Carbon nanotubes (CNTs) are an elongated member of the fullerene family with a cylindrical
structure composed of carbon atoms." CNTs have diameters between one and several nanometers
and their lengths can exceed several micrometers. The very high aspect ratio (length to width)
and nano-scale diameter of CNTs creates some unique properties that allow for exciting
applications. For example, CNTs can be electrically conductive, and their micrometer-scale
length allows them to function as one-dimensional wires in electronic devices. Additionally,
CNTs have an extraordinarily large percentage of surface atoms, which makes them extremely
sensitive to their local chemical environment. Subsequently, if placed between two electrodes
they can function as a chemically sensitive resistor or transistor for sensor applications.
Additionally, their nano-scale diameter can produce quantum mechanical phenomena, such
electron confinement around the tube circumference. Electron orbital overlap in some forms of
CNTs can induce molecule-like electronic structures with rich optical properties. The small size,
ability to function in electrical circuitry, and molecule-like characteristics of CNTs create a

unique platform for studying chemical systems.

1.1  THE PHYSICAL AND ELECTRONIC STRUCTURE OF CNTS

The discovery of CNTs was first reported in 1991, and they are best conceptualized as a sheet of
graphene (an atomically thin layer of perfectly sp® hybridized carbon) “rolled-up” into a cylinder,

as depicted in Figure 1-1A. CNTs composed of many concentrically nestled tubes are called



multi-walled carbon nanotubes (MWNTs), as shown in Figure 1-1B. CNTs containing only one

wall are termed single-walled carbon nanotubes (SWNTs).?

Many properties of a particular SWNT stem directly from its chirality, or more
conceptually, how the SWNT is “rolled-up” from a sheet of graphene. For example, the sheet of
graphene can be rolled in such a way that the ends directly overlap, or that they meet at a
particular angle. This geometry of the rolled-up cylinder of graphene can be described by two
vectors, termed roll-up vectors which are denoted as (n,m),* as shown in Figure 1-1C. In
graphene, each carbon atom has three sp” electrons that bond to the nearest carbon neighbors and
one 2p electron that projects orthogonally from the SWNT surface that creates a delocalized n-
electron structure.” The roll-up vectors describe the relative overlapping of the orthogonal p
electron orbitals and dictate whether a SWNT is metallic or semiconducting. Metallic SWNTs
have n—m values equal to 3k or zero (n—m = 3k,0), where k is any integer value; all other n—m

values produce semiconducting SWNT varieties.

To give physical meaning to this distinction, metallic SWNTs have a finite density of
allowed electronic states at their Fermi level—the position between the valence (VB) and
conduction bands (CB), and they have electrical characteristics analogous to metals. On the other
hand, semiconducting SWNTs have regions of forbidden electronic states between the VB and
CB, and this electronic band gap gives them the electrical and optical characteristics of a
semiconductor. Based on this convention, the VB and CB can loosely be considered the CNT
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
respectively. Current synthetic techniques result in a mixture of semiconducting and metallic

varieties with a composition of one-third metallic to two-thirds semiconducting.®*
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Figure 1-1. Carbon nanotube (CNT) structure. A) Depiction of carbon nanotube (CNT) formation by “rolling up” a
sheet of graphene. Reproduced with permission from Reference 4a; copyright 2000 American Chemical Society. B)
Representation of the concentric walls of a multi-walled carbon nanotube (MWNT) where the innermost red CNT is
considered a single-walled carbon nanotube (SWNT). C) Schematic of a graphene sheet depicting the roll up vectors
(n, m) of a CNT, showing armchair (n = m), chiral (n # m) and zigzag (n, 0) SWNTs. Panels B and C have been

reproduced with permission from Reference 4b; copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.



1.2  OPTICAL SPECTROSCOPY OF SWNTS

SWNTs possess well-defined electronic transitions in the ultraviolet (UV), visible (Vis) and near
infrared (NIR) wavelength ranges. Since the circumference of the SWNT is on the nano-scale,
the delocalized m-electrons experience quantum confinement and their energy levels become
quantized. A density of states (DOS) diagram is a way to describe the allowed energy states of
particular material, and a partial DOS diagram for a metallic and a semiconducting SWNT is
presented in Figure 1-2A. Here, regions of constructive interference between the delocalized
n—electrons produce sharp spikes called van Hove singularities’ that lead to characteristic
electronic transitions. The top of the semiconducting SWNT VB is depicted as being partially
depleted of electrons, which is a property of all semiconducting SWNTs under ambient

conditions due to the adsorption of oxygen.

The optical absorption spectrum of SWNT samples is a superposition of individual peaks
from a mixture of semiconducting and metallic SWNTs of varying chirality and diameter.® The
electronic transitions of SWNTs are governed by selection rules that state allowed transitions
must occur between symmetric van Hove singularities (Figure 1-2A).* More conceptually, this
rule means that only electronic transitions between van Hove singularities of equal energy from
the Fermi level can occur. This leads to semiconducting SWNTs having three prominent
absorption peaks in the UV, visible, and NIR regions called the S;;, S,», and Ss; transitions,
respectively. Even though metallic SWNTs are technically zero-band gap materials, they do
possess a single absorption peak in the visible region that results from the curvature of SWNT
wall; the metallic transition is called the M;;. Current synthetic methods produce a mixture of

semiconducting and metallic varieties of SWNTs, which has two implications for the optical



spectrum of bulk SWNT samples. First, each characteristic absorption band will be a
superposition of the individual transitions of many SWNTs of differing diameter and chirality.
Secondly, the absorption spectrum of a SWNT sample will be composed of both semiconducting
and metallic absorption bands.

Figure 1-2B shows the absorption spectra of a thin film of commercial SWNTs obtained
from Carbon Solutions Inc. that were produced using the electric arc discharge method.*
Carbon Solutions Inc. reports that their SWNT samples contain an average tube diameter of ~1.4
nm in bundles of 2-10 nm.'® In this spectrum three of the four prominent absorption bands (S,
S, My)) are clearly observed; however, strong absorbance towards the UV region that stems
from the so-called m-electron plasmon has a tendency to mask the SWNT S3; band,’ making it

appear as a series of small ripples between 450-550 nm.
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Figure 1-2. Single-walled carbon nanotube (SWNT) electronic structure and absorption spectrum. A) Partial density
of states (DOS) diagram displaying the number density of states at each energy level. The spikes in the DOS
diagram are called van Hove singularities and result from electron confinement around the SWNT circumference.
The transitions between these spikes are labeled as S;; and S,, for the semiconducting SWNTSs, and M;; for the
metallic SWNTs. Notice that the metallic SWNT has finite electronic density at the Fermi level, while the
semiconducting SWNT does not. Furthermore, the S;; band of the semiconducting SWNT is partially depleted of
electrons, making it a p-type semiconductor. B) The UV-Vis-NIR optical absorption spectra of a film of SWNTs on
quartz. Each broad absorption band (S;;, Sy, S33, My) is actually a superposition of many individual absorption

peaks from SWNTs of varying diameters and chiralities.



1.3 INTEGRATING SWNTS INTO ELECTRONIC DEVICES

The relatively long length scale of SWNTs (um or longer) allows them to be incorporated into
electronic devices by serving as the conduction channel between two metallic electrodes. An
interesting phenomenon occurs when a metal comes into contact with a semiconductor. Due to
the mismatch in work function (®) between a metal and a semiconductor, the Fermi levels of the
two materials will equilibrate, bending the p-type semiconductor valence band towards higher
energy. Under ambient conditions, the valence band of semiconducting SWNTs is partially
depleted of electronic density, making them p-type semiconductors and meaning that they will
conduct holes instead of electrons. As a result, when a semiconducting SWNT comes into
contact with a metal, some electronic density is donated into the valence band, pushing it to
higher energy. At the SWNT-metal interface a region of increased electronic density forms in the
SWNT valence band, called a depletion region (DR). This depletion region forms a potential
barrier, called a Schottky Barrier (SB), which inhibits the transmission of holes from the metal
into the SWNT valence band. The formation of a SB at the metal-SWNT interface is shown in

Figure 1-3.
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Figure 1-3. P-type semiconductor and metal band diagram describing the effects of bringing a metal and p-type
semiconductor of dissimilar work function into contact. When separated by some distance x, the metal and p-type
semiconducting SWNT have unequal work functions (@) and Fermi level energies. When they are brought into
contact Fermi level equilibration occurs; this results in a donation of electronic density into the SWNT and an
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extend several nm into the SWNT. The existence of a region of increased electronic density produces a potential
barrier for the transmission of holes between the SWNT valence band and the metal contact; this potential barrier is

called a Schottky Barrier (SB) and is measured in units of eV.



14 SWNT DEVICE DESIGN AND OPERATION

Two common SWNT-based electronic devices both employ the SWNT as a conductive channel
between two metal electrodes. Au has typically been used for device electrodes; however, Pd has
also been found to create excellent electrical connections with SWNTs.'! This trait is believed to
be a function of the close match in work function of the metals (Au ~ 5.0 and Pd ~ 5.1 eV) and
the SWNT (~5 eV),'? and should result in small SBs. Furthermore, Pd can efficiently stick to
(wet) the SWNT surface.'® The first, and more simple design consists of a SWNT (or network of
SWNTs) placed between two metal electrodes on an insulating substrate. In this configuration
the SWNT acts as a chemically sensitive resistor (chemiresistor), and the device resistance (R;
ohms, Q) or conductance (G; Siemens, S) is measured as a function of time. If chemical species
engage in charge transfer with the SWNT and modify the electronic density of the SWNT VB,
then a change in the device resistance (or conductance) will be measured. For example, if a
molecule donates electronic density into the SWNT, then the relative concentration of current
carrying holes will decrease and the SWNT resistance will increase (conductance decrease). This
picture is a slight oversimplification, because molecular adsorption can introduce charge
scattering sites along the SWNT length, and molecular interaction with the metal electrode can
modify the device SB by changing the metal work function; both of these events will alter the
measured SWNT resistance (or conductance) and present a challenge when studying chemical

systems.

A more sophisticated device design was first reported in 1998 and is called a nanotube
field-effect transistor (NTFET).'* A typical NTFET device is shown in Figure 1-4A." Here, the
schematic describes a NTFET composed of a randomly oriented SWNT network deposited onto

9



a Si substrate with a thin (~100 nm) SiO;, insulating layer and two electrodes (typically Au)
labeled source (S) and drain (D) that are deposited via electron beam evaporation. A bias voltage
is applied across the SWNT through the S-D electrodes (Vsp) and a gate voltage (Vi) is applied
to the Si substrate that acts as a back gate electrode to modulate the device conductance. NTFET
devices composed of randomly oriented SWNT networks are advantageous because they allow
higher electrical conductance and their multiple conduction channels make them more defect
tolerant;'® however, they will contain a finite concentration of metallic SWNTs in the conduction

network due to the nature of SWNT synthesis.*

Typical NTFET experiments monitor the device conductance as a function of the applied
Vg at a particular Vgp, and the device output is called a transistor transfer characteristic, or G-V
curve. The behavior of NTFET devices relies on the formation of SBs at the SWNT-metal
contact interface,'’ as presented in Figure 1-3. In NTFET devices, the height of the SB at the
SWNT-contact interface depends on the work function of the metal,'® where a larger work
function mismatch between the SWNT and metal electrode will result in a larger SB. Under a
constant Vgp the conductance of semiconducting SWNTs can be modulated by varying the V.
Specifically, sweeping the Vg towards more negative voltages will push the SWNT VB towards
higher energy. This narrows the depletion region at the SWNT-metal interface and decreases the
tunneling barrier for hole transport into and out of the SWNT, increasing the measured device
conductance.'” A representative G-V curve of a NTFET composed of a network of SWNTs
between interdigitated Au electrodes is shown in Figure 1-4B; a constant Vgp of 0.05 V was
used. Under ambient conditions the return sweep may be slightly offset (as shown), creating

what is called ‘“hysteresis”; this is caused by adsorbed H,O molecules or other ionic

10



contaminants on the SWNT or SiO, surface,20 and it is a characteristic of most NTFET
measurements conducted under ambient conditions.

The transfer characteristics of a NTFET will change if it is exposed to certain chemical
species. For example, an electron-donating molecule will shift the G-V curve towards more
negative gate voltages and produce decreased device conductance at any arbitrary gate voltage
when measured in a conductance versus time configuration. This phenomenon can be
rationalized in the following way.Tthe donation of electronic density into the SWNT valence
band results in charge carrier (electron-hole) recombination, and effectively decreases the
number of current carrying holes. A similar way to describe this phenomenon is that the added
electronic density serves to fill the partially depleted valence band, and by increasing the SB
height and depletion barrier width at the SWNT-metal interface, decreases the transmission of
holes into the SWNT. Alternatively, an electron withdrawing molecule can cause an increase in
the device conductance and shift the G-V curve towards more positive gate voltages for reasons
opposite to those given above. An example of this is given in Figure 1-5, where exposure to NH3
or NO, gases (both in N,), which are respective e donating or withdrawing molecules,”' creates
opposite shifts in the NTFET transfer characteristic, the NTFET device was composed of a
network of SWNTs between interdigitated Ti/Au S-D electrodes and was operated at Vsp = 0.05
V.

Operation of a SWNT-based device in a chemiresistor configuration, i.e. when the device
conductance is monitored versus time at Vg = 0, can be inferred from Figure 1-5. Specifically,
exposure to either NH; or NO, would cause a respective decrease or increase in conductance
during the gas exposure period. This mode of operation is advantageous because it allows one to

easily monitor the kinetics of device response during analyte exposure.

11
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Figure 1-4. SWNT field effect transistor (NTFET) diagram and operation. A) Schematic diagram of an random
network NTFET. A Si substrate is thermally annealed to produce a thin SiO, insulating layer, the underlying Si is
used as a back gate electrode. Source (S) and drain (D) electrodes (typically Au) are deposited onto the substrate and
SWNT via electron beam evaporation. A bias voltage (Vgp) is applied across the SWNT through the S-D electrodes
and the device conductance is modulated through application of a gate voltage (V) with the Si back gate electrode.
The enlarged view is a scanning electron microscope (SEM) image of a NTFET surface containing a network or
randomly oriented SWNTs. B) Typical NTFET transfer characteristic monitoring the device conductance between
gate voltages of 10 to -10 V; the Vg sweep directions are indicated with arrows. This particular NTFET device was
composed of a network of SWNTs between interdigitated Au S-D electrodes and was operated at Vgp = 0.05 V.

Reproduced with permission from Reference 15; copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 1-5. NTFET transfer characteristics. NTFET conductance versus gate voltage G-V transfer characteristics
under N2 (black curve), 100 ppm NHj in N, (red curve) and 10 ppm NO, in N, (blue curve). Because the devices
were initially exposed to ambient conditions, all G-V curves demonstrated hysteresis; VSD = 0.05 V for all three
curves. Here NHj, considered to be an electron donating molecule, creates a decrease in the device maximum
conductance and a negative shift in the G-V curve as measured from the center of the hysteresis. Exposure to NO,,
considered an electron-withdrawing molecule, creates an increase in the device maximum conductance and positive

shift in the device gate voltage as measured from the center of the hysteresis.
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Based on the change of the SWNT electrical properties that result from molecular
adsorption / charge transfer, it is possible to develop chemically sensitive platforms that can
monitor the adsorption and / or reaction of molecular species. This ability provides a means to
develop highly sensitive chemical sensors, and study catalyzed reactions at the SWNT surface.
The following chapters serve to highlight the ability of SWNT-based devices to function not only
as chemical sensors, but also as a general platform for studying the mechanistic aspects of

molecular interactions with SWNTs.
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20 CHEMICALLY INDUCED POTENTIAL BARRIERS AT THE CARBON

NANOTUBE—METAL NANOPARTICLE INTERFACE

21 CHAPTER PREFACE

The aim of this work was to investigate the transduction mechanism between metal nanoparticle
decorated SWNTs and adsorbing nitric oxide gas molecules. Specifically, we used NTFET
devices that contained SWNTSs electrochemically decorated with Ag, Au, Pd and Pt nanoparticles
to explore the electronic interactions that occur between the SWNTs, nanoparticles, and
adsorbing nitric oxide gas molecules. The material contained in this chapter was published as a
research paper in the journal Nano Letters; the figures and table in this chapter have been
reproduced with permission from Nano Lett. 2007, 7, 1863. Copyright 2007 American Chemical

Society; the full citation is listed as Reference 22 in the bibliography section.

List of Authors: Douglas R. Kauffman and Alexander Star.

Author contributions: DRK and AS designed the experiments, interpreted the data and wrote

the manuscript, DRK performed all experimental work.
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2.2 ABSTRACT

Single-walled carbon nanotube (SWNT) field effect transistors (FETs) were electrochemically
decorated with Pt, Pd, Au, and Ag nanoparticles. After exposure to 10 ppm NO gas in N, we
found a trend wherein the magnitude of electron transfer into the SWNT valence band scaled
with the work function of the individual metal. This trend gives experimental support for the
formation of a metal work function dependent potential barrier at the SWNT-nanoparticle
interface, and provides a means to mechanistically describe the transduction mechanism between

the adsorbing gas molecules, metal nanoparticles and SWNTs.

2.3 INTRODUCTION

Considerable interest surrounds the fabrication and application of carbon nanotubes (CNTs)
decorated with metal nanoparticles (NPs).”> While the use of such nano-hybrids is becoming
more popular, the intimate electronic relationship between the CNT and deposited NP is still
poorly understood. On the other hand, the electronic interactions between CNTs and bulk metal

contacts is well described in the literature.'®?*

For example, Dai and coworkers have reported
that nanotube field-effect transistors (NTFETSs) experience sensitivity towards H; as a result of
modification of the Schottky barrier at the CNT-metal junction.'’ Similarly, H, sensitivity was
seen in Pd decorated NTFETs, and has been explained in terms of electron donation through H,
lowering the Pd work function.*® This explanation relies upon the ability of hydrogen to dissolve

into bulk Pd metal, and it was first suggested in the report of a hydrogen sensitive Metal-Oxide-

Semiconductor FET (MOSFET).*® However, this explanation may not be complete because it
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does not give any special consideration to the electronic interaction at the NP-SWNT interface.
Recently we reported a gas sensor array based on metal decorated NTFETs that showed unique
electronic response for various metal-analyte combinations,”’ but the fundamental mechanism

behind the signal transduction remained unclear.

By exposing NTFET devices decorated with different metals to a single gas one could
monitor the electronic response as a function of metal work function. NO has an unpaired
electron in the 2n* orbital, and the literature abounds with reports of NO-metal interactions
because it is an ideal candidate for probing metal surfaces.”® In this chapter we compare the
behavior of NTFETs decorated with Pt, Pd, Au, and Ag NPs upon exposure to nitric oxide (NO)
gas. We have found that devices decorated with different species of NPs demonstrated unique
electronic behavior upon exposure to NO gas in N>. Based on our experimental findings we
show a correlation between the metal work function of the NP and the magnitude of electron
transfer into the SWNT network of the NTFET device, which points towards a work function

dependent potential barrier at the NP-SWNT interface.

2.4 EXPERIMENTAL SECTION

NTFETs were fabricated by chemical vapor deposition (CVD) growth of SWNTs onto Si/SiO;
wafers, and interdigitated Au electrodes were photolithographically patterned onto the SWNT
network.”” The chips were wire-bonded and packaged in a 40-pin ceramic dual-inline package
(CERDIP). The fabrication process creates multiple devices per chip allowing the simultaneous

measurement of several individual devices.
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Aqueous solutions of 1mM H,PtCls, HAuCls, AgNOs and 0.5 mM K,PdCls (Sigma
Aldrich) were prepared with a supporting electrolyte of 0.1 M HCI or KNOs (for AgNO3) and
used to electrochemically deposit metal NP onto the SWNT network of the NTFET device. The
experimental setup for the metal decoration is given in Figure 2-1. Each NTFET chip contained
several individual NTFET devices that were connected to bulk Au contact pads with thin (30
pum) Au wires. To ensure that electrochemical deposition did not occur on the thin Au wires we
carefully paced an epoxy layer (Epoxy Technologies) around the perimeter of the device face
such that the individual NTFET devices were exposed, but the gold wires were encased in the
hardened epoxy. This effectively passivated, or chemically insulated, the gold wires from the
exterior environment; the epoxy can be seen as an amber color in the small gold square in the
center of the NTFET chip (Figure 2-1A and inset). To carry out the electrochemical deposition a
pair of stainless steel tweezers was used to bridge the source and drain bulk contacts of one
particular device; this was then connected to a CH Instruments Model 600 electrochemical
analyzer and used as the working electrode. Connecting the device in this manner allowed for the
entire SWNT network between the device S-D electrodes to function as a working electrode. A
small drop (~100 uL) of metal salt solution was placed on top of the epoxy passivated devices
and a Ag/AgCl reference and a Pt wire counter electrode were brought into contact with the
surface of the solution, as shown in the inset of the Figure 2-1A. This configuration allowed the
drop to act as a miniaturized 3-electrode electrochemical cell, which is further illustrated in the
experimental schematic in Figure 2-1B. Due to the experimental setup it was not possible to
deaerate the solution, and the deposition was conducted under ambient conditions. After
electrochemical decoration the devices were rinsed with deionized water to remove any

remaining metal salt solution and dried in a vacuum oven at 75 °C overnight.
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Figure 2-1. Metal nanoparticle (NP) deposition on NTFET devices. A) A digital photograph of the experimental
setup for electrochemical decoration of NTFET devices with metal nanoparticles. Here a drop of metal salt solution
is placed onto the surface of an epoxy passivated NTFET chip and a Ag/AgCl reference electrode and Pt wire
counter electrode are placed just in contact with the surface of the solution. A pair of stainless steel tweezers was
used to bridge two device pins (S-D electrodes) which functioned as the working electrode to complete the
electrochemical cell. The inset shows a magnified view of the solution drop on the NTFET device surface where the
Ag/AgCl reference and Pt counter electrodes are contacting the solution surface. B) Schematic of the experimental
setup that illustrates each component of the electrochemical cell. Here, the application of a cathodic potential

reduces the metal ions at the SWNT surface, which serves to nucleate and grow the metal NPs.
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Scanning electron microscopy (SEM) was performed with a Phillips XL30 FEG microscope
equipped with an energy dispersive x-ray (EDX) spectroscopy accessory to confirm the species
of the NPs on the SWNT surface. Conductance versus gate voltage (G-Vg) transfer
characteristics or conductance versus time measurements were performed on the NTFET devices
under research grade N, or 10 parts per million (ppm) NO (in N,) in a gas delivery system
consisting of mass-flow controllers and a custom built gas delivery chamber; all gases were
introduced at a flow rate of 300 standard cubic cm per minute (SCCM). The flow system was
purged with dry N, for 1 hour before introduction of 10 ppm NO in N,; this was done to remove
any latent humidity and/or oxygen remaining in the flow system from exposure to ambient
conditions. After the initial 1 hr N, exposure the devices were exposed to NO for 1 hr to ensure a
homogenous environment and create at steady state concentration of NO at the NP-SWNT

surface.

2.5 RESULTS AND DISCUSSION

The NTFET chips used in this study contained multiple devices on the surface, as shown in the
center of Figure 2-2, where the epoxy coating (black) is seen surrounding the wire-bonded
contacts. Three sets of degenerate devices, each with identical geometry and electrode separation
(pitch), were present on each chip; degenerate devices are denoted with subscripts (a;, a,, etc.).
Through the selective electrochemical deposition of metal NPs it was possible to decorate
particular devices while leaving their degenerate devices bare. To demonstrate the device

selective decoration a deposition time of 60 seconds was used to deposit ~150-300 nm Au
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nanoparticles on device a;, 90 seconds was used to deposit ~150 nm Pd nanoparticles on device
b;, and 30 seconds was used to deposit ~120 nm Pt nanoparticles on device ¢, while their
degenerate devices were left bare. These long NP deposition times resulted in a nearly complete
loss of NTFET transfer characteristics due to large nanoparticles screening the gate Vol‘[age;27 to
reduce this effect, smaller deposition times between 10 and 20 seconds were used to decorate
chips for gas exposure experiments.

Figure 2-3 shows the G-V transfer characteristics of degenerate devices a; and a, from
Chip 1. During deposition both devices were in the HAuCls/HCIl solution; however, Figure 2-3A
shows that after device a; was held at potential for 20 seconds it experienced modest G-Vg
modification, whereas Figure 2-3B shows the G-V transfer characteristic of device a, (not held
at potential) remained essentially unchanged. This indicates Au NPs were selectively deposited
on device a;, while a, remained pristine. Figure 2-3C shows the modifcation of Chip 1 devices c;
and c; transfer characteristics resulting from different Pt deposition times. Both devices were
independently held in the H,PtCls / HCI solution at -1.0 V for different amounts of time; device
c, was held at potential for 20 seconds, while device c; was only held at potential for 10 seconds
to obtain a smaller Pt coverage on the SWNT surface. It can be seen that while device c;
experienced modest G-V modification, device ¢, experienced an almost complete loss of gate
voltage dependency due to increased Pt deposition time. Subsequent SEM images show small Pt
nanoparticles around 20 nm in diameter in device c¢; (Figure 2-3D) and comparatively large 50-
100 nm diameter particles in device ¢, (Figure 2-3E). These results are representative of the G-
Vi modifications seen in NTFET devices after the electrochemical deposition of NPs, and they

are consistent with previous reports of metal deposition on NTFET devices.”’
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Figure 2-2. NP decorated NTFETs. Scanning electron microscope (SEM) images showing multiple interdigitated
device geometries present on the NTFET chips (center) and selective Au deposition on device a;, Pd deposition on
device by, and Pt deposition on device ¢, while the complimentary degenerate devices remained bare, as shown with

device b,.
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Figure 2-3. NP decorated NTFET transfer characteristics. G-V transfer characteristics of A) device a; and B)
device a, before and after selective Au nanoparticle (NP) deposition on device a;. Au NP deposition caused a slight
tilt in G-V curve of device a; while the undecorated device a, G-V curve does not significantly change, indicating
selective Au deposition only on device a;. C) G-V modification of Pt-decorated devices ¢, and ¢, due to different
deposition times where devices ¢, and ¢, were held at -1.0 V for 10 and 20 s, respectively; before deposition the
G-Vg curves of ¢, and ¢, were equivalent. SEM images of devices after (D) 10 seconds of Pt deposition showing
small (~20 nm) Pt nanoparticles and (E) 20 seconds of Pt deposition showing larger (50-100 nm) Pt nanoparticles,

illustrating how larger MNPs distort the device G-V curve. Vgp = 0.05 V for all G-V curves.
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G-V transfer characteristics of all devices on a particular NTFET chip were
simultaneously monitored under a 300 SCCM flow of dry N; and 10 ppm NO in N,. The flow
system was flushed with dry N, for 1 hour prior to NO exposure to remove any O, or humidity
present from atmospheric exposure during insertion of the NTFET chip. Removal of O, and trace
H,O from the flow system was necessary to ensure that NO did not undergo any Red/Ox
reactions in transit to the chip. Initially NO exposure caused a positive shift in device gate
voltage which reversed and stabilized upon further exposure. We hypothesize that NO consumed
surface-bound oxygen species on the NPs, and by producing electron-withdrawing NO, caused
the positive shift in device gate Voltage.m’27 Further NO exposure depleted the surface bound
oxygen, and eventually resulted in a NO-saturated equilibrium on the nanoparticle surface. NO,
production time varied depending on the metal species, but an exposure time of 1 hour was used
for all experiments to ensure measurement in a homogeneous atmosphere and equilibrium state
NO coverage on the nanoparticle. As NO has an unpaired electron, it is expected to be a weak
electron donor, and after the device transfer characteristics stabilized it was found that exposure
to 10 ppm NO resulted in a small decrease in conductance and negative shift in gate voltage for
all devices on the same chip, with metal-decorated devices showing consistently larger gate

voltage shifts.

Figure 2-4 shows the representative response of Chip 1 devices a, (bare) and a; (Au
decorated) upon exposure to dry 10 ppm NO in N,. It can be seen that NO exposure caused a
smaller gate voltage shift in the bare device a, (Figure 2-4A) compared to the Au decorated
device a; (Figure 2-4B), indicating increased electronic donation into the SWNT network of
device a;. Without extensive passivation techniques® to isolate the device contacts, it is difficult

to determine if the small response of the bare a; device originate from NO interaction with the
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SWNT network or the contacts; however, the increased gate voltage shift in the Au-decorated
NTFET suggests that the NPs enhanced the electron donation effects of the adsorbed NO
molecules. The G-V transfer characteristics of six bare devices and three metal decorated
devices were monitored on two NTFET chips during gas exposure. For a particular chip it was
found that bare devices with different geometries and electrode separations (pitch) showed
consistent gate voltage shifts, and NP decorated devices all demonstrated unique gate voltage
shifts larger than the bare devices. Additionally, the gate voltage shifts in NP decorated devices
showed a dependence on the metal work function, where larger shifts were seen in devices

decorated with smaller work function metals.

We noticed that while the two NTFET chips demonstrated different magnitude responses
to NO gas, the trend between smaller work function and increased device gate voltage shift was
consistent. After comparing degenerate bare and decorated devices on separate chips and finding
the trend was independent of the particular device geometry, owing to an average nanoparticle
density on the nanotube network, all four metals were used to decorate devices on a single chip
(Chip 3). Two devices on Chip 3 were decorated with each metal for either 10 or 20 seconds (see
Table 2-1 for specific details). Depositing the metals in this manner allowed a direct comparison
between metal decorated NTFET devices on one chip, removing the inconsistency in response
magnitude between individual chips. Additionally, this allowed the comparison between the NP
size and device response to be made for each metal. It was found that devices decorated with a
particular metal nanoparticle showed equivalent gate voltage shifts upon NO exposure despite
the difference in particle size, which indicates that metal work function, and not particle size,

influenced electronic donation into the SWNT network.
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Figure 2-4. NP-decorated NTFET response to NO gas. G-V transfer characteristics of NTFETs composed of (A)
bare SWNTs and (B) Au-SWNTs in the presence of pure N, (black curves) and 10 ppm NO gas (red curves). The
response can be taken as the magnitude of the gate voltage shift from N, to NO, and a larger gate voltage shift

indicates increased electron transfer into the Au-SWNT network.
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Table 2-1. Summary of NTFET device gate voltage shifts (AVg) after NO gas exposure. All devices were measured
before and after decoration with a particular NP species; the particle size and work function (@) of each metal is

listed.

Device Pitch | Metal | Deposition | Particle Size | @ (eV) AVs (V)
(um) Time (s) (nm)

All (n=8) | 5-100 Bare 0 N/A N/A 2030 £ 0.02
a 10 Ag 10 70-140 4.26 —0.84
a 10 Ag 20 80-200 4.26 —-0.83
b; 5 Au 10 40-80 ~5.0 -0.75
by 5 Au 20 110-150 ~5.0 —-0.73
e 5 Pd 10 45-80 5.12 —-0.66
d 25 Pd 20 100-190 5.12 —0.69
Ci 10 Pt 10 40-80 5.65 —-0.57
C2 10 Pt 20 80-200 5.65 -0.55
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Each metal decorated NTFET device had a unique gate voltage shift upon exposure to
NO gas, and when the absolute value of the shift was plotted against the metal work function (D)
a clear trend was found where smaller work function lead to a larger gate voltage shift. Figure
2-5 shows the relationship between metal work function and absolute value of the voltage shifts
in response to NO for metal decorated devices on Chip 3, where hollow and solid labels
represent the response of devices held at a deposition time of 10 (solid labels) or 20 (hollow
labels) seconds. Mention should be made concerning the discrepancy found in literature values
for (I)Au.3 % Common values for Opy, Pp; and (I)Ag3 % Wwere used, and in the absence of a consistent
value for @y, an appropriate value was picked (~5.0 eV); in light of this discrepancy we contend
any reasonable literature value for @4, will still show trend similar to that presented in Figure

2-5.

Schottky barriers at bulk metal-semiconductor interfaces are known to depend on work
function and gas exposure;'"'®*! however, the description of the potential barrier at NP
interfaces is still incomplete. Difficulty in applying traditional Schottky junction behavior has
lead some to suggest that metal NPs create interfacial “Schottky-type” potential barriers on
semiconducting substrates,”> and it has been shown experimentally that Au NPs form a size
dependent “nano-Schottky” potential barriers on semiconducting substrates that asymptotically
approach the macroscopic Schottky barrier.”” Regardless of the controversy over the nature of
the potential barrier existing at a NP-semiconductor interface, several important observations can

be made regarding the electronic interaction at the SWNT-nanoparticle interface.
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Figure 2-5. Summary of NP-decorated NTFET response to NO gas. Relationship between metal work function and

absolute value of observed gate voltage shift in metal decorated NTFET. Each metal was used to decorate two

devices with either a 10 second (solid labels) or 20 second (hollow labels) deposition time.
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First, NP deposition creates a characteristic “tilt” in the device transfer characteristic.
This has been previously described as a screening effect on the gate voltage,”’ but deformation of
the G-V curve geometry can also be attributed to changes in carrier mobility.>* Tt is known that
Fermi level alignment occurs whenever a metal and semiconductor are placed in contact,
resulting in charge redistribution and the formation of a depletion layer surrounding the metal.”!
The SWNT supported NP will experience this effect and create localized depletion regions on
the SWNT wall.*> These charge depletion regions should act as charge scattering sites that would
create deviation in the hole trajectory, as shown in Figure 2-6A. The result would be a reduction
in charge mobility through the SWNT network, causing the observed tilt in the decorated device
transfer characteristic. Because larger (>20 nm) nanoparticles were used, the thickness of the

3335 therefore,

depletion region at the SWNT-nanoparticle interface should not be size dependent;
decreased charge mobility should be a proportional to SWNT surface coverage. Secondly, it
appears the potential barrier at the NP-SWNT interface only affects the number of charge
carriers upon exposure to NO gas. This can be rationalized by the addition of electronic density
into the NP during NO adsorption and subsequent electron-hole recombination in the SWNT. As
shown in Figure 2-6B, the added electronic density must overcome a small potential barrier to
enter the SWNT, whereupon charge recombination occurs. This reduction of hole density in the
SWNT is seen as a negative shift in device gate voltage. It was mentioned that the gate voltage
shifts of devices decorated with different sized NPs were equivalent, this observation is

important because it gives experimental evidence that the small potential barrier at the SWNT-

nanoparticle interface is not dependent upon nanoparticle size, but rather metal work function.
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Figure 2-6. NP-decorated NTFET response mechanism. A) Deposition of NPs on the SWNT results in a localized

depletion regions (dashed line) surrounding the NPs; this depletion layer creates an obstacle for hole transport and
reduces carrier mobility. B) Adsorption of NO at the NP surface increases the electron density of the NP, which after
crossing a small potential barrier recombines with holes in the SWNT and creates a negative shift in the device gate
voltage. C) Expanded view of the electronic interaction occurring at the NP-SWNT. The potential barrier for
electron travel into the SWNT valence band is dependent upon the work function of the metal nanoparticle with

lower work functions resulting in lower potential barriers for charge recombination.

31



Lastly, the electronic donation into the SWNT network (negative gate voltage shift)
scaled inversely with the work function of the NP, indicating the existence of a metal work
function dependent potential barrier between the SWNT and NP. Figure 2-6C depicts the
potential barrier at the NP-SWNT interface. Due to the much smaller size of the metal
nanoparticle, we rationalize that the NP Fermi level was most affected, and we contend that the
SWNT Fermi level remained relatively constant. By holding the SWNT Fermi level constant, the
relative scale of the interfacial potential barrier can be correlated with the work function of the
metal. Here, Au and Pt are used as an example, and it can be seen that lower work function
results in a lower potential barrier; this allows a larger amount of electronic density to transfer
into the SWNT, and creates a larger negative shift in the device gate voltage. Interestingly,
similar results were seen in SWNTs end-contacted to bulk metals of similar work function; it
was found that SWNTs contacted with lower work function metals resulted in negative shifts in
the device threshold voltage.'®*® The main difference between the SWNT supported NPs and
bulk metal contacts is that until electronic density is introduced, via molecular interaction, the
NP acts as an inert hole scattering site. Only upon electronic interaction do the SWNT-supported
NPs show behavior similar to bulk metal contacts. Based on these observations we contend that
the potential barrier at the SWNT-metal nanoparticle interface is not a traditional Schottky
barrier, and the effect of the potential barrier on the device gate voltage is only felt when a

molecular bias (electronic interaction) is applied.
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26  CONCLUSION

Through device selective electro-deposition of Ag, Au, Pd and Pt NPs, we have shown
experimentally that electronic donation into the SWNT network of a NTFET upon exposure to
NO gas in N, depends upon the work function of the metal. Furthermore, we have given
evidence that a potential barrier exists at the NP-SWNT interface that is intimately related to the
work function of the metal. While the potential barrier at the NP-SWNT interface does resemble
traditional Schottky barriers in some regards, there are several differences that make it stand
apart and necessitate a unique description. Additionally, we have shown that the NP-SWNT
potential barrier is not size dependent, as devices decorated with NPs of different sizes gave
equivalent gate voltage shifts upon exposure to NO gas. It is now possible to rationalize metal
decorated SWNT sensor array response as a combination of analyte electronic transfer and the
potential barrier at the particular NP-SWNT, where a work function dependent response should
be expected for each metal-analyte interaction. It is that hoped further investigation into the
intimate electronic relationship between CNTs and NPs will lead to the design of higher

sensitivity chemical sensor platforms and more efficient catalytic reaction pathways.
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3.0 SINGLE-WALLED CARBON NANOTUBE SPECTROSCOPIC AND
ELECTRONIC FIELD-EFFECT TRANSISTOR MEASUREMENTS: A COMBINED

APPROACH

3.1 CHAPTER PREFACE

The aim of this work was to propose the use of both optical spectroscopy and electrical
measurements to understand the mechanistic aspects of SWNT sensor response. Here we
intended to highlight how optical spectroscopy and electrical transport measurements could be
complementary, and a combination of both techniques to investigate SWNT response to a
particular analyte was superior approach to using either method exclusively. Specifically, we
suggested that this combination of optical spectroscopy and electrical transport measurements
could shed light onto the controversy of charge transfer versus Schottky barrier modification-
based mechanisms for SWNT-based sensor response. The material contained in this chapter was
published as a research paper in the journal Small, and the figures have been reproduced with
permission; Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA, unless otherwise noted.

The full citation of this paper is listed as Reference 37 in the bibliography section.

List of Authors: Douglas R. Kauffman and Alexander Star.

Author contributions: DRK and AS wrote this paper.
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3.2 ABSTRACT

Spectroscopic and electronic field-effect transistor measurements reveal complementary
information about molecular interactions with single walled carbon nanotubes (SWNTs). Here
we demonstrate how these two techniques can be combined to further understand electronic
modification of the SWNT. The complementary nature of these techniques stems from the
perturbation of the SWNT electronic structure upon electronic interaction with an electron

donating, or accepting species.

3.3 INTRODUCTION

The study and application of carbon nanotubes (CNTs) has gained much interest in recent
years.®>’ The rapid progress and seemingly limitless application of CNTs is quickly bridging
the field between traditional chemistry and device physics. Two predominant techniques have
been used to monitor the electronic structure of CNTs in the presence of molecular species,
namely optical spectroscopy and electronic field effect transistor (FET) measurements. While
these methods have independently revealed vast amounts of information about the electronic
structure and nature of molecular interactions, they are seldom used in tandem. The scheme
outlined in this chapter serves to illustrate the intimate relationship between optical spectroscopy
and electrical transport measurements. The relation between the two techniques stems from the

outcome of molecular interactions with the SWNT; perturbation of the SWNT electronic

structure.
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3.4  PRINCIPLES OF SINGLE-WALLED CARBON NANOTUBE OPTICAL

SPECTROSCOPY MEASUREMENTS

Conceptualization of SWNT electronic structure has often been aided through the analogy of a
perfect sheet of graphene rolled into a cylinder.”* Depending on how the cylinder is “rolled-up”
the SWNT will have a particular chirality that depends upon two so-called “roll up” vectors n
and m,*® as shown in Figure 3-1A. The roll-up vectors describe the orbital overlap of the SWNT
creating metallic (n-m=3k), and semiconducting (n-m#3k,0) varieties. The chirality of
semiconducting SWNT dictates m-orbital overlap such that three discrete electronic transitions
are present called the S;;, Sy» and Ss3, as show in Figure 3-1B. The chirality of metallic SWNT
creates non-zero electronic density at the Fermi level, and results in one metallic transition called
the M, positioned in energy between the semiconducting S,; and Ss3. In addition to chirality the
nanotube diameter also affects absorption energy,’ with smaller diameter SWNT absorbing at

higher energy wavelengths.
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Figure 3-1. SWNT roll-up vectors and band structure. A) Depiction of SWNT roll-up vector with different chiral
indices. B) Density of states diagram showing the semiconducting SWNT and the S;;, Sy, and S;; electronic

transitions. Reproduced with permission from Ref. 6b; Copyright AAAS, 2002.
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Previous reports have shown that some molecules will preferentially interact with either
semiconducting or metallic SWNTs,*' and as a result only certain electronic transitions will be
modified by charge transfer. In metallic SWNT selective interactions, the M;; band will be
modified, whereas in semiconducting selective interactions the S;; and S;, bands will experience
some type of spectral alteration. For example, Strano et al. 42 reported diazonium reagents show
covalent attachment exclusive to metallic SWNT that leads to a degradation of the My,
absorption band while leaving the semiconducting bands essentially unaffected. Similar results
were realized by Yang e al.* with the preferential attack of metallic SWNT by fluorine gas.
Exposure to fluorine gas, and subsequent heating resulted in a near complete loss of the metallic
M, optical absorption band, while the semiconducting SWNT absorption bands remained intact.
In both cases, the selectivity towards metallic SWNT was attributed to finite electronic density at
the Fermi level. Semiconducting SWNTs can also experience modification of the characteristic
absorption bands. For example, by using a sample of SWNTs enriched with semiconducting
chiralities Zheng and Diner M reported that strong oxidants, such as KMnOy4 and K,IrCls will
decrease the S;; absorption band, and it was found that sidewall protonation in acidic conditions
will produce similar S;; degradation.*” While the previous two examples are not strictly
semiconducting specific interactions, they do serve to illustrate the effective of modifying the

SWNT absorption spectra via chemical interactions.
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3.5 PRINCIPLES OF SINGLE-WALLED CARBON NANOTUBE FIELD-EFFECT

TRANSISTOR MEASUREMENTS

A typical nanotube field-effect transistor (NTFET) is comprised of an individual or random
network of SWNTs between source and drain electrodes with a Si back gate separated by SiO,
insulating layer, as depicted in Figure 1-4. Applying a variable voltage through a gate electrode
creates a so-called transfer characteristic, where the source-drain conductance is measured as a
function of the gate voltage that is swept between negative and positive values. Molecular
interactions will lead to charge transfer with the SWNT, which will change the number of charge
carriers in the SWNT and subsequently shift the device gate voltage and modify the
conductance. Under ambient conditions NTFETs behave as p-type semiconductors;'* therefore,
electron donation results in electron-hole recombination which is seen electronically as a
decrease in the device conductance and a negative shift in the gate voltage. Conversely, electron
withdrawal will serve to increase the hole concentration in the SWNT valence band and create a
positive gate voltage shift and increased conductance. NTFET response to electronic withdrawal
and donation has been shown experimentally with molecules such as NO, causing positive shifts
in gate voltage and NH; causing negative shifts in gate voltage (Figure 1-5).' The interactions
between SWNT and aromatic organic molecules have been investigated with NTFETs, and it
was found that a linear relationship exists between the device gate voltage shifts and the
clectronegativity of the substituents on the aromatic ring, i.e. the Hammett constant.*
Additionally, it is possible to quantify electron transfer based on the area of the NTFET device
and the magnitude of the gate voltage shift through evaluation of the SWNT capacitance.”* The
SWNT specificity of the interaction can also be deduced from the transfer characteristic because

semiconducting and metallic SWNTs demonstrate different electronic behavior in a NTFET.
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Semiconducting SWNTs show a conductance dependency on the device gate voltage which
resides in the upper portion of the curve, whereas metallic SWNT conductance is independent of
the gate voltage and resides in the lower portion of the curve. Lastly, changes in the shape of the
transfer characteristic yields information about the nature of the interaction. Changes in the
carrier mobility modifies the tilt of the device G-V curve, called the transconductance
(dG/dV)," and can be rationalized as the addition of charge scattering sites through molecular
adsorption.** However, NTFET behavior is known to depend on the Schottky barrier existing at
the SWNT-metal contact.'” This has raised some controversy over the actual signal transduction
mechanism because some have argued that molecular interactions modify the work function of
the NTFET contact.”>*" This argument suggests that device gate voltage shifts actually arise
from changes in the contact work function and not electronic interaction with the SWNT.'® This

topic remains a subject of controversy, and it will be discussed in more detail later in the chapter.

3.6 A COMBINED APPROACH OF OPTICAL SPECTROSCOPY AND

ELECTRICAL MEASUREMENTS

The spectroscopic and electronic behavior of SWNT undergoing non-covalent electronic
interactions with an electron donation or electron accepting molecule can be further developed
using frontier orbital theory.*'® As SWNTs are p-doped in ambient atmosphere, the valence band
will be partially depleted,'* and charge transfer interactions with adsorbing molecular species
will occur at the top of the valence band.*® As a result, molecular interactions necessitate correct
molecular orbital (MO) energy, and SWNT response can be thought of in terms of how the

interaction shifts the top of the SWNT valence band with respect to the Fermi level. While it is
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known that covalent bonds destroy the aromaticity of the SWNTs and ultimately result in the
loss of spectral features,” non-covalent interactions allow electronic interaction with the SWNT
valence band (Figure 3-2) while maintaining the m-electron system. This non-destructive

electronic exchange is ideal for applying a tandem approach.

An electron withdrawing molecule will have an unfilled MO positioned below the top of
the SWNT valence band, whereas an electron donating species will have a full MO positioned
above the SWNT valence band. As a result, electron transfer into or out of the SWNT valence
band will have several consequences: (1) electron transfer will render the nanotube either less
(electron donation) or more (electron withdrawal) p-type. This can be monitored electronically
through shifts in the NTFET transfer characteristics. Electronic donation will result in electron-
hole recombination and create a negative shift in the NTFET transfer characteristic, whereas
electronic withdrawal will result in positive shifts in the NTFET transfer characteristics. (2)
Electronic transfer with the SWNT valence band will serve to modify the electronic density and
optical band gap. A decrease in electronic density will result in a decreased S;; band absorbance
(bleaching) and should correspond to a shift towards smaller wavelengths as a result of increased
band gap. Alternatively, electronic donation will add electronic density into the SWNT valence
band and increase S;; band absorbance. Moreover the decreased band gap should also serve to
shift to S;; absorption band towards longer wavelengths. Interestingly this approach has been
illustrated in the creation of an optical NTFET, where the valence band of a SWNT film was

modified by applying varied gate voltages.™
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Figure 3-2. Molecular interactions with SWNTSs. Partial density of states diagram representing the relative energy
levels of the semiconducting SWNT valence band (VB) with interacting molecular orbitals (MOs) in two different
scenarios: (1) interaction with an electron donating MO, and (2) interaction with an electron accepting MO. In order
for a MO to donate electronic density it must reside higher in energy than the partially vacant SWNT valence band.
Alternatively, to accept electronic density the MO must be partially vacant and reside lower in energy than the

SWNT valence band.
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Lastly, this combined approach can shed some new light on the controversy over the true
mechanism of signal transduction in NTFET devices. Specifically, it can indicate whether the
signal is a result of electronic interaction with the SWNT or Schottky barrier modification. This
debate arises because supposed electron donating molecules will lower the work function of the
device contact, and produce results similar to that of electron donation. For this reason it has
been difficult to determine the true transduction pathway during NTFET sensing events.
However, thinfilm optical absorption spectroscopy, when combined with NTFET measurements,
can differentiate between the electronic interactions with the SWNT, and modification of the
device Schottky Barrier. For example, the interaction with an electron donating species will
cause a negative shift in the gate voltage of NTFET devices. If electronic donation into the
SWNT is indeed occurring, then spectral modification in the S;; absorption band should result.
Conversely, if Schottky barrier modification is the dominant mechanism behind the NTFET
behavior then no spectral changes should occur. Accordingly, this approach can not only be used
to track electronic transfer in the SWNT system, but it can be used to determine to what extent
Schottky barrier modification plays in the response of the NTFET device, and should help to

alleviate some of the controversy surrounding molecular sensing using NTFETs.

3.7 CONCLUSIONS AND OUTLOOK

In this chapter we have outlined a concept for the rationalization of NTFET and spectroscopic
behavior of SWNTs through the use of frontier orbital and band theory. We have proposed that
SWNT spectroscopic and electronic behavior, upon molecular interaction, can be described in

terms of the electronic density in the valence band. Through electronic donation or withdrawal
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the relative position of the SWNT valence band will be altered with respect to the Fermi level,
and the subsequent change in the electronic band gap and carrier density will modify the SWNT
spectroscopic and electronic transistor behavior. The qualitative correlation between SWNT
thinfilm spectroscopic shifts and NTFET transfer characteristics can provide a more in depth
analysis of molecular interactions occurring at the SWNT surface. Future chapters will describe
work using this approach to investigate the interactions between SWNTs and adsorbing chemical

species.
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4.0 INTERACTIONS BETWEEN SINGLE-WALLED CARBON NANOTUBES AND
TETRAPHENYL METALLOPORPHYRINS: CORRELATION BETWEEN

SPECTROSCOPIC AND FIELD-EFFECT TRANSISTOR MEASUREMENTS

41 CHAPTER PREFACE

The aim of this work was to provide experimental evidence that the combination of optical
spectroscopy and NTFET measurements produced complementary information about the
interaction between SWNTs and adsorbing molecular species, building upon the concepts
presented in Chapter 3.0

Tetraphenyl metalloporphyrins (M-TPP) have been shown to noncovalently attach to the
sidewalls of SWNTSs,”' presumably resulting in the donation of electronic density from M-TPP
into the SWNT. Previously, the donation of electronic density into the SWNT valence band had
only been measured using electronic NTFET measurements.** However, we hypothesized that
the attachment of M-TPP onto the sidewall of SWNTs would also result in complimentary
modifications to the spectroscopic signature of the SWNT S;; electronic transition. The added
electronic density should serve to increase the transition intensity and decrease the band gap,
resulting in a red shift in the absorption wavelength. By observing independent changes in the
electronic NTFET and spectroscopic properties of the SWNTs after functionalization with M-
TPP species, we hoped to correlate the two characterization techniques and demonstrate that they
both originated from modification of the electronic density in the SWNT valence band. While

the SWNT/M-TTP complex has been relatively well studied, the correlation between solid-state
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electronic and spectroscopic measurements had not yet been shown. Therefore, this system
provided a good starting point to demonstrate the relationship between optical spectroscopy and
electrical transport measurements of SWNTs.

The material contained in this chapter was published as a research paper in The Journal
of Physical Chemistry C; the figures and table in this chapter have been reproduced with
permission from J. Phys Chem. C 2007, 111, 3539. Copyright 2007 American Chemical Society;

the full citation is listed as reference 52 in the bibliography section.

List of Authors: Douglas R. Kauffman, Oleksandr Kuzmych and Alexander Star.

Author contributions: DRK and AS designed the experiments and wrote the paper. Optical
spectroscopy was conducted by DRK and field-effect transistor work was performed by DRK

and OK.
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42  ABSTRACT

Noncovalent functionalization of single-walled carbon nanotubes (SWNTs) with
metallotetraphenyl porphyrins (M-TPPs) was monitored with UV-vis-NIR absorption
spectroscopy and electroanalytical measurements using nanotube field-effect transistors
(NTFETs). By comparing the experimental data that we have obtained using both techniques, we
have found that M-TTPs donate electron density exclusively into semiconducting SWNTs.
Moreover, thin-film UV-vis-NIR absorption spectroscopy on SWNT/M-TPP complexes provides
a well-resolved picture of the interaction between the SWNT valence band and the electron-
donating M-TPP. In total, the electron donating properties of four different M-TPPs containing
Mn(III), Co(II), Cu(Il), and Zn(II) were compared, and the electronic affects of each are

discussed.

4.3 INTRODUCTION

Porphyrins are an extensively studied group of organic molecules and much interest has been
generated in exploiting their natural biochemical behavior.” Research into this rich field has
produced developments such as solid-state™* and electrochemical sensors,> as well as the design
of integral components for solar energy conversion.’® Compared to porphyrin research the field
of carbon nanotube (CNT) chemistry is still in its infancy,” and much can be learned from
coupling the well-studied porphyrins to the relatively new CNT system. Interest has been gaining
in CNT research due, in part, to the potential for such applications as molecular electronics,”

sensing devices®’ and catalytic platforms,’® to name a few. Due to the CNT’s environmentally
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.. . . . . . 59
sensitive electronic properties, which can be probed by various spectroscopic’ and

electrical’!%%°

methods, they represent an ideal candidate for nano-scale devices for extremely
sensitive applications. Pairing the CNT with a system having photoactive properties, molecular
selectivity, and electron-donating characteristics invites the possibility for the development of

ultra-sensitive and compact devices for a host of energy conversion, analyte sensing, and

catalytic capabilities.

Several studies have been conducted on the functionalization of single-walled carbon
nanotubes (SWNTs) with porphyrin systems.”’ Recently, the interaction between SWNTs and
porphyrins has lead to the creation of supramolecular assemblies®' and the study of light-induced
charge transfer® for applications in solar energy conversion. In light of the budding interest in
SWNT-porphyrin hybrids, it is important to understand the result of the complexation between
the two species in terms of the impact on the SWNT electronic structure. Combining two
techniques such as optical spectroscopy and electroanalytical measurements using nanotube field
effect transistors (NTFETSs) creates a powerful tool for probing SWNT electronic structure. The
extreme sensitivity of these techniques has been illustrated in recent studies monitoring the
hybridization® and conformational changes® of DNA molecules immobilized on SWNT
surfaces. In this chapter, we combine UV-Vis-NIR thinfilm absorption spectroscopy and NTFET
measurements to address the consequences of porphyrin complex formation on the SWNT
electronic structure. Specifically, we seek to determine how complexation with M-TPPs affects

the electronic transitions and electrical transport properties of the SWNTs.
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44  EXPERIMENTAL

As purchased SWNTs (Carbon Solutions) were sonicated into DMF for approximately 30
minutes until the solution became uniform in color, indicating good nanotube dispersion.
5,10,15,20-Tetraphenyl-21H,23H-porphine manganese(Ill) chloride (MnTPP), zinc(Il) (ZnTPP),
copper(Il) (CuTPP), and cobalt(Il) (CoTPP) tetraphenyl porphyrins (Sigma-Aldrich) were
dissolved in DMF and introduced in excess to the SWNT solution. An additional 5-minute
sonication was conducted to ensure even distribution of SWNT and M-TPP and facilitate
complex formation. After stirring overnight, the solution was then filtered and rinsed with
copious amounts of DMF, water and acetone to remove any free M-TPP, and finally dried in
vacuum. The dried SWNT/M-TPP filtrate was re-dispersed in DMF by brief sonication and used
for solution UV-Vis absorption spectroscopy or sprayed onto a heated quartz substrate with a
commercial air brush (Iwata) to create SWNT/M-TPP thinfilms, which afterwards were dried in
vacuum and used for spectroscopic measurements on a Lambda 900 UV-Vis-NIR
Spectrophotometer (Perkin Elmer). NTFET devices were constructed as described elsewhere,”*
but briefly, SWNTs were grown via a CVD process onto Si wafers and interdigitated Au/Ti
electrodes were photolithographically patterned onto the SWNT network creating multiple
devices on the Si chips. For experiments, chips were wire-bonded and packaged in a 40-pin
Ceramic Dual-Inline Package (CERDIP) and tested using a custom NTFET electronic test

63
fixture.””*

NTFET devices were complexed with M-TPP by dropcasting a small volume of
metalloporphyrin solution (I puL; 10* M in THF or DMF) onto the NT network. NTFET source

drain conductance versus gate voltage (G-VQ) transfer characteristics were recorded with a Vg

sweep frequency of 3 Hz at Vgp = 0.05 V using LabView data acquisition software.
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45  RESULTS

In DMF, free MnTPP has major and minor peaks at 466 and 436 nm, that are known as the Soret
and Q-bands and correspond to allowed and forbidden porphyrin ring n-m* transitions,
respectively.®> The ability of the M-TTP to complex with ligands, such as nitric oxide (NO), has
been known for some time, and ligation events typically result in modification to the M-TTP
UV-Vis absorption spectra.’® To investigate the affect of chemical ligation on the M-TTP
absorbance spectrum, N, saturated solutions were bubbled with either 10 ppm NO or 10 ppm
nitrogen dioxide (NO;) for 60 seconds. Figure 4-1A shows the results of bubbling the N,
saturated MnTPP solution (MnTPP / N,; black curve) with 10 ppm NO (MnTPP / NO; red curve)
or 10 ppm NO; (MnTPP / NOy; blue curve). Initially, MnTPP had two Soret band peaks, with a
less intense peak at 436 and a more intense peak at 466 nm. Bubbling with NO gas creates a
clear increase and blueshift of the 436 nm peak, shifting it to 427 nm, while the 466 nm peak
experiences a significant decrease in absorption intensity. This phenomenon has previously been
explained as NO donating an electron from its singly occupied 2n* orbital to the central Mn
atom in the MnTPP.®*" This has been suggested to create a Soret band blueshift by placing a
negative charge on the porphyrin ring and pushing the porphyrin © and n* orbitals further
apart.”> Upon exposure to NO,, a similar increase in the 436 nm peak occurs; however, no
blueshift was seen, and a small decrease in the 466 nm peak is also observed. This phenomenon
has been observed in other porphyrin species, and recent reports have suggested that NO,
molecules engage in m—7 interaction with the porphyrin ring.®” CoTPP, CuTPP and ZnTPP were

also exposed to 10 ppm NO and NO, gases (not shown), with CoTPP showing a slight decrease
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in its Soret Peak upon NO exposure, and the formation of a new lower wavelength peak in the

presence of NO,; CuTPP and ZnTPP did not show any response to either NO or NO,.

The reaction of MnTPP with NO and NO, exposure is a useful starting point when
investigating the interaction with SWNTs. Figure 4-1B shows the UV-Vis absorbance spectra of
MnTPP (dashed black), bare SWNT (solid black) and the SWNT/MnTPP complex (red) in
DMF. Pristine SWNTs do not show prominent spectroscopic features in the MnTPP Soret
absorption region, but after complexation with MnTPP, filtration, rinsing and resuspension, two
small peaks developed at 436 and 466 nanometers. Interestingly, these features correspond to the
ligated form of MnTPP, showing a larger peak at 436 nm and a smaller peak at 466 nm in

34068 and correspond to the attachment of M-TPP species onto

accordance with literature results,
the sidewalls of SWNTs.” In addition SWNT/CoTPP, SWNT/ZnTPP and SWNT/CuTPP
complexes were investigated, but it was found that only CoTPP demonstrated a behavior to

MnTPP in the Soret region in the presence of SWNTs, which probably resulted from solvent

effects.
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Figure 4-1. Mn tetraphenyl porphyrin (MnTPP) and SWNT absorbance spectra. A) UV-Vis Spectra of a DMF
solution of MnTPP saturated with N, (MnTPP / N,; black curve), 10 ppm nitric oxide (NO) gas (MnTPP / NO; red
curve) or 10 ppm nitrogen dioxide (NO,) gas (MnTPP / NO,; blue curve). B) UV-Vis absorbance spectra of MnTPP

(Free MnTPP; black dashed curve), bare SWNTs (black solid curve) and MnTPP functionalized SWNTs (SWNT /

MnTPP; red curves) in DMF.
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Thinfilms of SWNT/M-TPP complexes were made in order to investigate the NIR region
of the SWNT S, transition. Spectroscopic measurement of SWNT solutions in the NIR region is
greatly complicated in solution for two main reasons; (1) water shows strong optical absorbance
in this region and unless the experiments are conducted in a completely dry environment ambient
water vapor will dissolve into the DMF solvent and mask the SWNT S;; band, and (2) the
SWNT S, transition is highly sensitive to the local solvent environment, and so-called
solvatochromic effects can influence the absorption and fluorescent wavelengths.”’ The
problems of dissolved water and solvatochromic effects were avoided entirely by probing the
SWNT §S;; region in the solid state. Moreover, the interconnected network of SWNTs obtained
by spraying a film on quartz more closely resembles the nanotube environment present in

NTFET devices, as compared to a solution of SWNTs.

Figure 4-2A compares the normalized UV-Vis-NIR absorption spectra of thinfilms of
bare SWNTs (black curve) and the SWNT / MnTPP complex (red curve); spectra were
normalized at 1500 nm (marked with blue asterisk). This comparison highlights the obvious
change in the SWNT S;; absorbance band, which we suggest arose from the added electronic
density in the SWNT valence band. Moreover, we proposed that the added electronic density
would also serve to decrease the transition band gap, resulting in a redshift in the S;; band
wavelength of maximum absorbance. Interestingly, we also observed an increase in the SWNT
Sz, absorption band, which is somewhat surprising because it is not expected to experience any
change from the charge transfer. This phenomenon has been reported before but it was attributed
to changes in the local solvent environment surrounding the SWNT,71 and the SWNT Sj,
absorption in our particular case could be a change in the local dielectric environment from a

layer of attached MnTPP molecules. MnTPP functionalization did not result in significant
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modification to the SWNT M;, absorption band, which has been reported before.”” CoTPP,
CuTPP, and ZnTPP porphyrins all had equivalent effects on the SWNT S;; absorption band, as

listed in Table 4-1.

Electronic NTFET measurements were conducted on the SWNT/M-TPP systems. Figure
4-2B presents the G-V transistor characteristics of a NTFET before (black curve) and after (red
curve) MnTPP functionalization. The results of drop casting dilute MnTPP solutions onto the
surface of the NTFET device were consistent regardless if the solvent was THF or DMF.
However, DMF required a much longer drying time and THF was used for experimental
convenience. Drop casting MnTPP onto the SWNT network of the NTFET device resulted in a
shift in the transfer characteristic towards more negative gate voltages and decreased device
conductance. This behavior is indicative of electronic donation into the SWNT network of the
NTFET device. Furthermore, no significant change in the positive extreme of the gate voltage
sweep occurred after the addition of the MnTPP, indicating no interaction with the metallic
component of the SWNT network. CoTPP, CuTPP and ZnTPP all had effects on the NTFET
transfer characteristic similar to MnTPP, such that functionalization resulted in a negative shift in
gate voltage and a decrease in device conductance. The average shifts in gate voltage of NTFET
devices functionalized with different M-TPPs are listed in Table 4-1; due to variations in device-
to-device performance, the gate voltage shift can only be viewed as a general trend and we did
not try to place any emphasis on the magnitude of the shift. These results corroborate the
spectroscopic evidence of selective interaction between MnTPP and semiconducting SWNTs,
and give experimental evidence that both the spectroscopic and electronic response to MnTPP

functionalization resulted from electronic donation into the SWNT valence band.
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Figure 4-2. Solid-state porphyrin-SWNT absorption spectra and transistor behavior. A) Normalized thinfilm UV-
Vis-NIR absorbance spectra of bare SWNTs (black curve) and the SWNT/MnTPP complex (red curve); the spectra
were normalized at 1500 nm (marked with a blue asterisk). B) NTFET transfer characteristic showing the G-Vg

curves of bare SWNTSs (black curve) and MnTPP functionalized SWNTs (red curve); Vsp = 0.05 V.
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Table 4-1. Summary of SWNT / M-TPP properties. The average gate voltage shifts (AV) were calculated from four

individually tested devices functinoalized with the same M-TPP.

Complex S11 Band Redshift (meV) | Gate Voltage Shift (AVg)
SWNT / MnTPP 16 -22+0.1
SWNT / ZnTPP 16 -43+0.2
SWNT / CuTPP 15 -2.0+0.5
SWNT / CoTPP 15 -43+0.1

56



46  DISCUSSION

Upon complexation with M-TPP the SWNTs demonstrated a spectral redshift in the S;; band and
to a lesser extent in the S,, band, whereas the M;; and S;; bands were un-shifted. Previous
studies have concluded certain molecules preferentially interact with either semiconducting or
metallic SWNTs*' and metalloporphyrins have been shown to selectively interact with
semiconducting SWNT.” Our spectroscopic results support this finding in that complexation
only significantly modified the S;;. It is well established that metalloporphyrins are electron

626973 and, as SWNTs are hole doped in ambient conditions,’**” the S;; band

donating systems,
will be partially vacant.*® As a result, electronic transfer is expected to occur at the top of the
SWNT valence band,*****™* meaning the S, transition should be strongly effected. As M-TPP
donates electronic density into the SWNT valence band the transition will redshift and become
more intense due to the added electronic density and the decreased band gap (Figure 4-3). The
small redshift in the S,, absorbance band has been reported previously in charge transfer
experiments and has been attributed to noncovalent interactions between the charge transfer
molecule and the SWNT sidewall.”! However, unlike previous experiments, the S;; band did not

experience bleaching, because the noncovalent m—m electron interactions prevent destruction of

the SWNT electronic structure.
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From NTFET G-V measurements we observed a negative shift in gate voltage and no
significant change in minimum conductance. Under ambient conditions NTFET devices are p-

199 meaning electron donation from M-TPP results in a decrease of the carrier

type,
concentration. The negative gate voltage shifts in M-TPP functionalized NTFETs G-V transfer
characteristics are in line with previous ﬁndings.34 The observed negative shift in gate voltage
corroborates spectral redshifts resulting from electronic donation into the SWNT S;; valence
band. We found that the NTFET gate voltage shifts are consistent for all device geometries

functionalized with the same M-TPP, indicating device geometry did not play a role in charge

transfer.

In the evaluation of this data we assumed surface adsorption of M-TTP on the SWNT,
which is in line with previous porphyrin-functionalized SWNT studies.”’ The ability of
porphyrins to maintain intimate contact with the SWNT sidewall is due to n—m stacking between
the SWNT and aromatic porphyrin, and previous STM studies have found excellent porphyrin
adsorption on HOPG,”® which is an accepted model for nanotube sidewalls. Controversy does
exist, however, on the orientation of adsorbed porphyrins. Previous studies have concluded that
porphyrins in aqueous solutions can assemble in monolayers, or form extended rod-like
aggregates on HOPG.® To address this controversy, we contend that porphyrin aggregation was
avoided in thinfilm preparation due to thorough rinsing of SWNT/M-TTP complex filtrate;
however, we followed a previous method for functionalizing NTFETs with M-TPP,** which may
have allowed the formation of aggregate porphyrin structures on the nanotube surface due to
solvent evaporation. Regardless of M-TTP aggregation in NTFET devices, all measurements

indicated in electronic donation into the semiconducting SWNT valence band.
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4.7  CONCLUSIONS

We have demonstrated that upon complexation with metalloporphyrins SWNTSs experience an
injection of electronic density into the S;; band, while confirming spectroscopically and
electronically that M-TPP species donate electronic density into semiconducting SWNTs.
Thinfilm UV-Vis-NIR absorption spectroscopy was employed to directly monitor the electronic
changes in the lower energy SWNT transitions resulting from the complexation with the electron
donating M-TPP. A better understanding of the fundamental charge transfer events present in the
interaction between SWNT and M-TPP will hopefully lead to further progress in the study and

applications such complexes for a host of novel sensing and optoelectronic platforms.

Acknowledgement. We thank Nanomix Inc. for supplying the NTFET devices used in this

study.
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5.0 SIMULTANEOUS SPECTROSCOPIC AND SOLID-STATE ELECTRONIC

MEASUREMENT OF SINGLE-WALLED CARBON NANOTUBE DEVICES

5.1 CHAPTER PREFACE

The aim of this work was to build upon our concept of combining optical spectroscopy and
electrical transport measurements that was discussed in Chapters 3 and 4. Specifically, we
provided experimental evidence that the two measurement techniques can provide
complementary information in real time. We chose the well-studied interaction between bare
SWNTs and NH; and NO; to show that gas adsorption, and subsequent charge transfer, will
produce simultaneous and complementary changes to the SWNT absorption spectrum and
electrical transport properties. This approach is presented as a means to differentiate between two
hotly debated sensor response mechanisms; charge transfer versus Schottky barrier modification
at the SWNT-electrode interface. The material contained in this chapter was published as a
research paper in The Journal of Physical Chemistry C; the figures and table contained in this
chapter have been reproduced with permission from J. Phys Chem. C 2008, 112, 4430.
Copyright 2008 American Chemical Society; the full citation is listed as reference 77 in the

bibliography section.

List of Authors: Douglas R. Kauffman and Alexander Star
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Experimental work was performed by DRK.
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5.2 ABSTRACT

We describe simultaneous spectroscopic and solid-state electronic operation of a single-walled
carbon nanotube (SWNT) thinfilm device under the influence of NH3 and NO, gases. Using this
simultaneous approach we show that both the optical absorbance and network conductance show
a shared time dependency upon exposure to NH3 or NO, gas. We show that the device behavior
is dominated by gas adsorption on the SWNT network, and we explore the role of network
density in regards to device behavior under gas exposure. Lastly, we provide evidence to suggest
that the device sensitivity towards a particular analyte can be tuned by simply varying the density

of the SWNT network.

5.3 INTRODUCTION

The development of gas and vapor sensors based on single-walled carbon nanotubes (SWNTs)
has attracted considerable attention in recent years.”® Despite the rapid progress in SWNT-based
sensors, fundamental questions concerning the mechanism of the device response still remain.
One widely held opinion is that charge transfer between the analyte molecule and SWNT is
responsible for sensor response. A second argument is that molecular interaction with the device
electrodes may actually produce sensor response. More specifically, molecular adsorption on the
electrode could alter the metal’s work function and modify the Schottky barrier (SB) at the
SWNT-metal interface. The distinction between SB modification and charge transfer is a
daunting task, and a good deal of debate surrounds this argument because both phenomena

produce similar results. For example, Dai and coworkers®'® first reported that exposing a SWNT

62



based device to NH; or NO; produced opposing sensor response, presumably from electron
donation or withdrawal, respectively. However, Avouris and coworkers'® have shown that

similar results could be achieved by simply varying the work function of the device electrodes.

While NH; and NO, are widely considered the prototypical electron donating and
withdrawing species, respectively, theoretical and experimental values of binding energy and

charge transfer between SWNTs and these two gases varies widely.2**%"

For example,
infrared® and x-ray photoelectron® spectroscopic studies have concluded that NO, and NH;
adsorb onto SWNTs and subsequently effect their electronic structure. However, despite the
many experimental examples of NO, and NHj interaction with SWNTs,”® computational studies
disagree on the exact adsorption geometries®” and selectivity towards semiconducting or metallic
SWNT types.® A simultaneous spectroscopic and electronic measurement technique would be
an advantageous approach because it would allow one to consider the SWNT as a molecule by
probing the electronic transitions spectroscopically while operating the sample as a chemically
sensitive network resistor. By spectroscopically monitoring a working electronic device and
adopting a molecular orbital (MO) based description of the chemical interactions occurring at the
SWNT surface,*® one could begin to develop a more complete understanding of the mechanisms
prompting the device response that either technique may not provide independently. The aim of
this type of combined spectroscopic and electronic approach is to help identify significant
mechanisms present in electronic SWNT devices. Understanding the processes that govern solid-
state SWNT-based sensor response will help researchers develop device architectures that can

exploit dominant phenomenon, and will provide another tool towards the goal of realizing more

sensitive, and possibly selective sensors.
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Recently, Haddon and coworkers™ reported the simultaneous measurement of the optical
spectroscopic and solid-state electronic properties of a sample of poly(m-aminobenzenesulfonic
acid) (PABS) functionalized SWNTs in the presence of NH3 gas and HCI vapor. In this report
we detail the simultaneous spectroscopic and electronic behavior of devices composed of random
networks of SWNTs in the presence of NO, and NH3 gases. While some groups have utilized
passivation techniques to chemically insulate device electrodes,”*” inconsistency in passivation
layers and the possibility of gas diffusion through pinholes has created some confusion about the
origin of device response. Here, we report on a technique to use changes in the optical absorption
spectra of SWNTs to understand the electronic response of large area (~3.8 cm?) SWNT
network-based electronic devices. We present this technique as an additional route towards
investigating molecular interaction with SWNTs without the need for complicated passivation
schemes, and we provide evidence that strongly suggests the response of large area devices to
NH; and NO, is dominated by gas adsorption on the SWNT network. Additionally, we show
data that suggests more subtle effects, such as modification of inter-SWNT potential barriers, or

interaction with the SWNT hydration layer or defect sites, may also contribute to the device

response.

5.4 EXPERIMENTAL

A cartoon representing the setup for conducting in situ spectroscopic and electronic
measurements on a single SWNT sample is shown in Figure 5-1A. SWNT thinfilm devices were
created by spray casting a DMF suspension of SWNTs (Carbon Solutions P2 SWNTs; Batch #

02-170) onto a 1” x 17 quartz plate heated to 185 °C using a commercial air gun (Iwata, Inc.).
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Electrodes were created using Al tape and conductive Ag paint (SPI Supplies),* and were
spaced 1.5 cm apart. This ensured an unobstructed optical path through the device and separated
the spectroscopically probed area a macroscopic distance from the electrodes—therefore
removing it from any far-reaching SB effects.”” A finished device is shown in Figure 5-1B,

where the University of Pittsburgh emblem is clearly visible through the device.

Gas exposure experiments were conducted in a custom built gas flow chamber
constructed out of Teflon (shown in Figure 5-1C) that was housed inside of a Perkin Elmer
Lambda 900 UV-Vis-NIR spectrophotometer. After purging the chamber with dry N, for 30
minutes, either 10 ppm NO; or 100 ppm NH;s (both in N,) were introduced for a period of 90
minutes at a constant flow rate of 300 SCCM. UV-Vis-NIR absorption spectra of the SWNT
films were continuously measured with a cycle time of 9 minutes. Network conductance versus
time, G(t), measurements were conducted with a constant bias voltage of 500 mV using a
Keithley 2400 Sourcemeter. Scanning electron microscopy was performed with a Phillips XL30

FEG microscope.
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Figure 5-1. Experimental setup for simultaneous optical spectroscopy and electrical transport measurements of
SWNTs. A) Cartoon describing the experimental setup where a SWNT network connects two electrodes on an
optically transparent quartz substrate. This allows simultaneous measurement of the network conductance and UV-
Vis-NIR absorbance spectra. B) A digital image of a completed device where the bulk Al tape contacts and
conductive Ag paint are shown. The University of Pittsburgh emblem is clearly visible through the SWNT network,
illustrating the optical transparency of this electronic device. C) A digital image of the gas flow chamber with a
completed device housed inside where the gas inlet and outlet ports, and stainless steel electrical contacts are

labeled.
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5.5 RESULTS AND DISCUSSION

SWNTs can be broadly classified as semiconducting or metallic, and a sample will contain both
varieties. Electronic transitions between spikes in the SWNT density of states (DOS),* called
van Hove singularities, produce peaks in the SWNT UV-Vis-NIR absorption spectra that
correspond to either metallic or semiconducting SWNTs.® Three semiconducting transitions,
called the S;i, Sy, and S33, and one metallic transition, called the M, are typically observed in
the UV-Vis-NIR absorption spectrum of a sample of SWNTSs, and it has been reported that the
intensity of these transitions can be modified via doping the SWNT with holes or electrons.”® We
found that the SWNT absorption spectrum remained constant regardless of the applied bias
voltage. As expected, the conductance and absorbance spectrum of the SWNT sample remained
constant (excluding minor electronic drift) under pure N,; however, the device showed
significant electronic and spectroscopic response to NH3 and NO,. If a molecule engages in
electronic interaction with p-type semiconducting SWNTs, then it must donate or withdraw
electronic density from the top of the valence band,*"""’* and should produce complementary
changes in the electronic and spectroscopic properties of the SWNT sample.”” This occurs
because the redox potentials of the p-type semiconducting SWNT and adsorbing molecules are

such that electronic interaction with the semiconducting SWNT valence band is favorable.*

Figure 5-2, panels A and B show the absorption spectra of independent SWNT devices as
a function of exposure time to either NH3; or NO,, respectively. In both experiments, the
introduction of the particular gas resulted in exclusive modification of the SWNT S;; transition
intensity such that it increased as a function of NH; exposure time and decreased as a function of

NO; exposure time. Furthermore, NH3; exposure produced a small (~3 nm) redshift while NO,
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exposure produced a small (~3 nm) blueshift in the S;; peak absorption wavelength. While gas
adsorption on metallic SWNTs is likely, there was no observable change in the M, transition
intensity. The SWNT M, transition is relatively insulated from the effects of charge transfer,”’
owing to the finite electronic density at the Fermi level. Subsequently, any influence that NO; or
NH; adsorption may have had on the electronic structure of metallic SWNTs was not visible by

absorption spectroscopy.

Because the S,; transition intensity is directly proportional to the electronic density in the
semiconducting SWNT valence band, we hypothesize that interaction with the gas molecules
serves to modify the electronic density of the semiconducting SWNT valence band. More
specifically, MO overlap must occur such that an NH; MO with finite electronic density must
reside energetically above the semiconducting SWNT valence band edge, and a partially vacant
NO; MO must reside energetically lower than the semiconducting SWNT valence band edge;
this is depicted in the insets of Figure 5-2, panels C and D. Moreover, the change in electronic
density could serve to move the absolute position of semiconducting SWNT valence band edge,

and may explain the small shift in the peak absorption wavelength.
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Figure 5-2. SWNT response to NH; and NO, gases. UV-Vis-NIR absorption spectra of SWNT films under exposure

to (A) 100 ppm NH; and (B) 10 ppm NO, (both in N;) where spectroscopic changes are limited exclusively to the

SWNT 8§, transition. At corresponds to a 90-minute gas exposure time and the insets show the corresponding gas

interacting with the top of the semiconducting SWNT valence band. The insets show the simultaneously recorded

electrical conductance measurements of the SWNT films during NH; and NO, exposure, respectively. Diagram

depicting charge transfer between (C) NH; and (D) NO, and the SWNT valence band (VB). Here the donation or

removal of electronic density modifies the electronic density of the VB, affecting the S;; transition, as shown in

panels (A) and (B).
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We previously reported a strong correlation between the electrical and spectroscopic
behavior of a noncovalently functionalized sample of SWNTs.”> Here, the spectroscopic
response was accompanied by a simultaneous change in the network conductance of the SWNT
device. However, the electrical and spectroscopic responses, AG and Aabs, respectively, will be
of opposite sign because semiconducting SWNTs demonstrate p-type behavior under ambient
conditions." The origin of p-type doping is still under debate, however, it is widely believed to
result from oxygen adsorption on the SWNT®* or at the SWNT-electrode interface.'* The insets
of Figure 5-2, panels A and B, show that NH3; or NO, exposure independently decreased or
increased network conductance, respectively. After approximately 90 minutes of gas exposure
there was a ~3% change in the S;; absorbance and ~30% change in the network conductance in
either direction, depending on the gas used. For both gases the combined response seemingly
corresponding to charge transfer with the SWNT network. For example, NH; exposure increased
the S;; transition intensity and decreased the network conductance—both of these results could
be explained in terms of refilling the partially depleted SWNT valence band with electronic
density. Conversely, the decreased S;; transition intensity and increased network conductance
after NO, exposure could be attributed to electronic withdrawal.

Three sets of devices were created with “high”, “medium” and “low” density networks to
determine if the network composition influenced the device response. Medium and low density
devices had approximately 2/3 and 1/3 the network density of the high density device,
respectively; network densities were estimated from scanning electron microscope (SEM)
images and S;; band absorbance intensities (Figure 5-3, panels A and B). The response of these
devices under NH; and NO, are summarized in Table 5-1. In all cases, the spectroscopic (Aabs)

and electronic (AG) responses shared a time dependency which suggests that gas adsorption on
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the SWNT network dominates the device response. Another similarity between devices of
differing network density is that the spectroscopic response to both gases decreased with
decreasing network density; this is most apparent in the spectroscopic response of the low
density device to NHj;, where the Aabs (~0.12%) was just within the sensitivity of the
spectrophotometer.

We contend that the difference in magnitude between the spectroscopic and electronic
measurements stems, at least in part, from the cross section of sample measured by each
technique. For example, conductance of SWNT networks of this size is dominated by a few
percolation pathways that depend on inter-SWNT potential barriers.**® On the other hand, the
spectroscopic response is an average value measured over a large number of SWNTs. This
difference is conceptually illustrated in Figure 5-3C where the dominant percolation pathway is
represented with bold lines and the area probed spectroscopically is contained inside the dashed
rectangle. Consequently, the electronic response is inherently more sensitive than the
spectroscopic response because of the smaller number of pathways contributing to the network
conductance. While charge transfer appears to influence the device response, we acknowledge

that the presence of a hydration layer”'>®

or defect sites”™ on the SWNT surface may play a role
in device response to a particular analyte. However, the discrepancy in response to NO, and NHj3
suggests that analyte sensitivity (and possibly selectivity) may be further tuned by simply
varying the network density in typical SWNT-based sensor architectures. Lastly, if device
response were dominated by Schottky barrier modification we contend that significant electronic
response would occur with negligible spectroscopic response. However, if Schottky barrier

affects dominated the response of a device, one could consider developing a geometry that could

exploit this phenomenon by maximizing the area of the SWNT-metal electrode interface.
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Figure 5-3. SWNT films of different thickness. A) Scanning electron microscope (SEM) images of the “high”,
“medium” and “low” density SWNT networks; scale bars correspond to 500 nm in all three images. B) UV-Vis-NIR
absorption spectra of the films imaged in panel A. C) Conceptualized illustration of the difference in electronic and
spectroscopic measurement cross section areas. Here the dominant percolation pathway is represented with bold

lines and the area probed spectroscopically represented by the darker lines contained inside the dashed rectangle.
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Table 5-1. Summary of the electronic (AG) and spectroscopic (Aabs) response of devices of differing SWNT

network density to NH; and NO, gases.

NH3; Exposure

NO, Exposure

Network Density | AG (%) | Aabs (%) AG (%) | Aabs (%)
High -19.5 3.8 40.1 -3.2
Medium -15.5 1.1 47.9 -1.9
Low -5.00 0.12 68.0 -1.1

73




5.6 CONCLUSIONS

We have described the combined spectroscopic and electronic operation of a SWNT thinfilm-
based solid-state device under the influence of NH; and NO, gases. We have shown that the
device response seems to be intimately related to the overall composition of the SWNT network.
Our observations suggest that gas adsorption on the SWNT network seems to dominate both the
spectroscopic and electronic response; however, modification of potential barriers at inter-
SWNT junctions, or interaction with the SWNT hydration layer or defect sites, may also have an
important role in the response of the device. Furthermore, we have shown that the analyte
sensitivity of a device may be tuned by simply varying the density of the SWNT network. This
type of combined spectroscopic and electronic (spectronic) approach will hopefully lead to a
more fundamental understanding of the chemical processes occurring on the device surface,

ultimately leading to the design of more sensitive and possibly selective chemical sensors.
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6.0 UNDERSTANDING THE SENSOR RESPONSE OF METAL DECORATED

CARBON NANOTUBES

6.1 CHAPTER PREFACE

The aim of this work was to revisit the sensor response of metal nanoparticle decorated SWNTs
(Chapter 2) with the use the combined spectroscopic and electrical transport measurement
techniques that were described in Chapters 3 through 5. In addition to our experimental work, we
engaged in a collaboration with computational chemists to further understand the behavior of the
metal decorated SWNTSs. The material contained in this chapter has been published in the journal
Nano Letters; the figures in this chapter have been reproduced with permission from Nano Lett.,
2010, 70, 958. Copyright 2010 American Chemical Society; the full citation is listed as reference

91 in the bibliography section.

List of Authors: Douglas R. Kauffman, Dan C. Sorescu, Daniel P. Schofield, Brett L. Allen,

Kenneth D. Jordan, Alexander Star.

Author contributions: All authors contributed to design of experiments. All experimental work

was performed by DRK, except for Raman spectroscopy, which was performed by BLA.

Computational work was performed by DCS, DPS and KDJ.

75



6.2 ABSTRACT

We revisit the metal nanoparticle (NP) decorated single-walled carbon nanotube (NP-SWNT)
system with a combination of solid-state optical spectroscopy, electrical transport measurements
and electronic structure calculations using density functional theory (DFT). Specifically, we have
explored the effects of metal nanoparticle (MNP) deposition on the electronic structure of single-
walled carbon nanotube (SWNT) networks, and we study the response mechanism towards
carbon monoxide (CO) gas exposure. Using optically transparent and electrically conductive
SWNT networks immobilized on quartz substrates, we find that the deposition of Au NPs creates
a decrease in the intensity of the first semiconducting SWNT absorbance band indicating
electron transfer out of the SWNT valence band. CO exposure induces simultaneous changes in
the absorbance spectrum and network conductance of SWNT networks decorated with various
species of metal nanoparticles, which indicate electron donation back into the SWNT upon CO
adsorption. We show that combination of optical spectroscopy, solid-state electrical
measurements and DFT calculations can provide mechanistic information about the room
temperature and ambient pressure behavior of supported nanoparticle species, which may
provide a valuable tool for exploring catalytic abilities and sensor response of nanoparticle-based

systems.

6.3 INTRODUCTION

Recent years have seen an explosion of interest in carbon nanotubes (CNTs) for applications in

advanced electronics,'* biotechnology/medicine,’* fuel cells” and sensors.”®** Along these lines,
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the interaction between metal nanoparticles (NPs) and CNTs’>” has also attracted much
attention because NP-CNT systems show unique or enhanced sensitivity towards gaseous species
such as H2,25’27 CH4,27’97 H,S, 27,96c CO,27’98 NOz,gg’99 and NO.? Despite their application in gas
sensing, little is actually known about the electron transfer events that occur between the NP and
CNT during gas adsorption. Previous computational efforts have investigated the interaction
between CNTs, NPs and adsorbing gas molecules,'” but a combination of computation and
experimental measurement could provide more information on the NP-CNT system during gas
adsorption.

Carbon monoxide (CO) gas can serve as a chemical probe because it has the ability to
bind to a variety of surfaces at low temperatures.'’' Accordingly, CO adsorption should be useful
in studying the interactions that occur between single-walled carbon nanotubes (SWNTs) and
NPs. SWNTs are an interesting platform to study such interactions because they maintain their
electrical conductivity even in thin, optically transparent networks. Herein, we demonstrate the
use of optically transparent SWNT networks to study the electronic interactions between the
MNPs and SWNTs under the influence of CO gas, and we use DFT-based electronic structure
calculations to further explore the system. This approach is significant because we can probe the
chemical interactions occurring at the surface of the MNP-decorated SWNT networks at ambient
temperature and pressure, which is useful for understanding the processes occurring at operating
fuel cell catalysts and chemical sensor elements. While we focus primarily on the interaction
between CO and Au-SWNTs, we demonstrate that SWNTSs decorated with Pt and Rh NPs show
similar behavior, and we contend that the insights gained from this system may extend to a wide

range of other supported NP systems.
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6.4 EXPERIMENTAL

Materials. Single-walled carbon nanotubes (SWNTs) were obtained from Carbon Solutions
(type P2; ~1.4 nm average diameter)'’ and used without further purification. All chemicals were
used as received from Sigma-Aldrich. For gas exposure experiments, grade 5.0 N, (Valley
National Gas) was used as the reference gas before exposure to 2500 ppm CO (in grade 5.0 Np;

Liquid Technology Corporation).

MNP Deposition on SWNT Networks. SWNT networks were fabricated as previously
described by spraycasting DMF suspended SWNTs onto heated 1” x 1 electrically insulating
quartz substrates with an air brush (Iwata).”” The application of a sufficiently cathodic
electrochemical potential in an appropriate metal salt solution will induce the nucleation and

102103 Electrochemical NP deposition was

growth of metal NPs at the nanotube surface.
accomplished by using the spray-cast SWNT networks as working electrodes in aqueous
solutions of 1.0 mM HAuCly, H,PtCls or NazRhClg with a supporting electrolyte of 0.1 M HCL.
Specifically, the SWNT network working electrodes were connected to an electrochemical
potentiostat (CH Instruments, model 604C) as the working electrode with Ag/AgCl reference
and Pt wire counter electrodes completing the cell.

The electrochemical deposition of NPs onto a SWNT network results in the formation of

103
® To create

a density gradient that decreases as a function of distance from the potential source.
more uniform NP coverage across the SWNT network surface we adopted a procedure to form
opposing deposition gradients. For example, a potential of —1.0 V was applied for a

predetermined duration to a SWNT network in a particular metal salt solution, it was then dipped

in DI water several times and blown dry with air. The opposite end of the network was then
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connected to the potentiostat as the working electrode and the deposition process was repeated.
As a control, —1.0 V was applied to a SWNT network in an identical manner in an aqueous

solution of 0.1 M HCI for a total of 200 seconds.

Physical characterization. All measurements were performed with the NP-SWNT networks
supported on quartz substrates. Scanning electron microscope (SEM) imaging and energy
dispersive X-ray (EDX) spectroscopy were performed with a Phillips XL30 FEG microscope
equipped with an EDAX assembly; samples were sputter coated with Pd prior to imaging and
EDX spectroscopy to eliminate charging of the quartz substrate. X-ray diffraction (XRD)
patterns were recorded on a Phillips MPD-1880 multipurpose diffractometer system. Raman
spectra were recorded under ambient conditions with a Renishaw Inviva Raman microscope
using a 633 nm excitation wavelength; the reported spectra are the average of five individual
scans. X-ray photoelectron spectroscopy (XPS) was performed with a PHI 5600ci spectrometer
employing Al Ko X-rays with a base pressure lower than 1 x 10 torr; an electron flood gun was
used to neutralize surface charging of the substrate. XPS binding energies were corrected using

104

the Si 2p peak of the quartz substrate at a binding energy 103.4 eV, ™ and the reported spectrum

is the average of 20 individual scans.

Electrochemical measurements. Cyclic voltammetry (CV) and spectroelectrochemical
measurements of SWNT networks (on quartz) were performed in a custom built Teflon
measurement chamber’’ with a supporting electrolyte of N, saturated 0.5 M NaOH. The Au-
SWNT networks were secured in the chamber such that they contacted two stainless steel

electrodes (which were not in contact with the supporting electrolyte) while leaving an
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unobstructed optical path. In this configuration, the SWNT networks were connected to the
electrochemical analyzer as a working electrode with Ag/AgCl reference and Pt counter
electrodes completing the cell. For spectroelectrochemical measurements of the Au-SWNT
network, the chamber sat inside of a Perkin Elmer Lambda 900 UV-Vis-NIR spectrophotometer
and absorbance spectra were recorded while holding an electrochemical potential corresponding

to the Au NP oxidation or reduction.

Gas exposure measurements. NP-SWNT networks were placed inside the Teflon measurement
chamber for simultaneous spectroscopic and electrical conductance measurements.”” The NP-
SWNT networks were secured in the chamber such that they contacted two stainless steel
electrodes (which were not in contact with the gas) while leaving an unobstructed optical path,
and the chamber was cycled between N, and 2500 ppm CO at room temperature and ambient
pressure. The chamber sat inside of the spectrophotometer for acquisition of the UV-Vis-NIR
absorbance spectra. Network conductance data were collected at a bias voltage of 0.5 V with a
Keithley 2400 SourceMeter interfaced to LabVIEW 7.1 software. The response of the Au-

SWNTs to CO gas exposure was fit using OriginPro 7.5 software.

Computational methods. The adsorption properties of Auyg clusters on (14,0) SWNTs, as well
as the interaction of the Auy-SWNT system with molecular CO, have been studied using density
functional theory (DFT) in conjunction with periodic slab models. Calculations were performed

105 \hich evaluates the total

using the Vienna ab initio simulation package (VASP) code,
energies of periodically repeating geometries based on plane-wave basis sets and the

pseudopotential approximation. The electron-ion interactions were described by the projector
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augmented wave (PAW) method of Blochl'® and implemented in VASP code by Kresse and
Joubert.'” The generalized gradient approximation (GGA) with the Perdew, Burke and
Ernzerhof (PBE)'® functional has been used for description of exchange and correlation. In the
case of adsorption on the defective nanotube surface spin-polarized calculations were employed.

The selection of the (14,0) SWNT with a diameter of 1.096 nm was motivated by the
need to use a semiconducting nanotube within the diameter range of the experimentally
examined SWNTs. The supercell model used in the calculations contained four repeating SWNT
units along the tube axis leading to a system with 224 carbon atoms. A supercell model with
dimensions 21.0 x 17.04 x 30 A® was used for description of Auy clusters adsorbed on the
nanotube surface where the nanotube was placed along the shortest supercell direction, i.e. the
Oy axis. The relatively large dimensions of the supercells were necessary in order to separate the
lateral interaction between the (Auy-CO) species adsorbed on nanotube surface and their
periodic images.

Solution of the Kohn-Sham equations was accomplished using a plane wave basis set
with a cutoff energy of 400 eV. This value gave adequate energy convergence for the systems
examined in this study. The Brillouin zone was sampled using a single k-point at the I" point,
which is a reasonable choice given the large size of the supercell employed. The equilibrium
configurations were determined by relaxation of all the atoms in the supercell excepting the
bottom two layers of the SWNT C atoms, which were kept frozen.

For the adsorption configurations identified in this study, we report the corresponding
adsorption energies. For Auy clusters these have been determined based on the equation Eu4s =
(mEx) + Estab) — E(stab+x))/m, where E(x is the energy of the isolated Auy cluster, m=1 and Egiap)

is the total energy of the relaxed nanotube. In the case of adsorption of m CO molecules on the
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(Auyp-SWNT) system, E(x is the energy of the isolated CO molecule, Eap) is the total energy of
the (Auyo-SWNT) system and Eab+x) 1s the energy of the entire system composed of the SWNT,
Auyg cluster and mCO molecules. Note: In the sign convention described above, positive
adsorption energies correspond to stable adsorption configurations. Charge transfer upon
adsorption of an Au, cluster on a SWNT, or CO adsorption on the Auy decorated SWNT have
been determined using the set of Bader charges.'” In these cases the electronic charge density
decomposition was obtained using the algorithm developed by Henkelman et al.'"”

A non-equilibrium Green's function (NEGF) approach combined with DFT was used to
determine the electronic structure of the system when a bias voltage is applied.''" Specifically,
we used this approach to model the electrical conductance of a single (14,0) SWNT decorated
with an Auy cluster as a function of CO coverage. The four unit cell system described above was
used as a scattering region placed between two semi-infinite (14,0) nanotube electrodes. We
chose this arrangement to avoid any influence from SWNT-metal Schottky barriers.'* The self-
energy of the electrodes was determined from separate bulk calculations with periodic boundary
conditions, a k-point grid of 1x1x50 and a mesh cutoff of 150 Ry. The LDA functional along
with a double-zeta polarized (C, O) and single-zeta polarized (Au) basis set was used. All
electron transport calculations were performed using the NEGF-DFT formalism in the Atomistix

Tool Kit (ATK).""?
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6.5 RESULTS AND DISCUSSION

The application of —1.0 V for 100 seconds per side (200 seconds total) to a SWNT network in a
solution of HAuCly resulted in the deposition of Au NPs. We found that the application of —1.0
V for 200 s deposited polycrystalline Au” NPs between ~50-150 nm in diameter onto the SWNT

104,113

network (Figure 6-1, panels A and B, and Figure 6-2), giving it a pink color due to the Au

"4 The absence of detectable Au-oxide peaks, which

NP surface plasmon resonance (SPR).
would be expected at ~86 eV and ~90 eV in the XPS spectrum (Figure 6-1C),'**'"* indicates that
O, dissociation and subsequent formation of surface oxide species did not occur with our Au-
SWNT samples. Using identical deposition times and potentials we also found equivalent NP
size, distribution, and polycrystallinity with Pt (Figure 6-3) and Rh (Figure 6-4) NP decorated
SWNT networks.

Optical spectroscopy is a valuable tool for probing electron transfer within SWNT
systems. Electron confinement around the SWNT circumference produces a unique electronic
structure with several spikes due to van Hove singularities in its density of states (DOS).*’
Electronic transitions between singularities in the SWNT valence and conduction bands
correspond to optical absorbance bands in the UV, visible, and NIR spectral regions (Figure
6—5A),6a where semiconducting SWNTs typically show three absorbance bands, termed S;;-Ss3,

37,52,77 44,7184
%" and others™™ """ have shown that

while metallic SWNTs show one, termed M;;. Our group
the magnitude of the S;; absorbance band can vary with the addition or removal of electrons
from semiconducting SWNTSs because it originates from states at the top of the valence band.*®
Subsequently, observing changes in the absorbance of the S;; band is a good way to qualitatively
monitor charge transfer with the semiconducting component of the SWNT network. Conversely,

the M, transitions of metallic SWNTs are relatively unaffected by charge transfer.*>**"11°
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Figure 6-1. Au NP decorated SWNTs (Au-SWNTs). A) Digital photograph of an Au-SWNT network on quartz; the
expanded view shows a scanning electron microscope (SEM) image of the Au-SWNT network surface. B) Energy
dispersive X-ray (EDX) spectroscopy and (C) X-ray photoelectron spectroscopy (XPS) of the Au-SWNT network.
The strong O, Si, and Pd signatures in the EDX spectrum are due to the quartz substrate (SiO,) and Pd sputter

coating process, respectively.
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Figure 6-2. X-ray diffraction (XRD) pattern of an Au-SWNT network on quartz. The XRD pattern is somewhat

noisy due to the thin Au-SWNT sample and the large background signal from the quartz substrate.
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Figure 6-3. Pt-SWNT characterization. A) Normalized UV-vis-NIR absorption spectra of a SWNT network before
(black curve) and after (red curve) deposition of Pt NPs for 200 seconds at —1.0 V in an aqueous solution of 1 mM
H,PtCl¢ with a supporting electrolyte of 0.1 M HCI; spectra were normalized at 1350 nm. B) EDX spectrum and
SEM image of the Pt- SWNT network—the O, Si and Pd signals are from the quartz substrate and Pd sputtering
process, respectively. C) XRD pattern of the Pt-decorated SWNT network; the XRD pattern is somewhat noisy due

to the thin Pt-SWNT sample and the large background signal from the quartz substrate.
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Figure 6-4. Rh-SWNT characterization. A) Normalized UV-vis-NIR absorption spectra of a SWNT network before
(black curve) and after (red curve) deposition of Rh NPs for 200 seconds at —1.0 V in an aqueous solution of | mM
Na;RhClg with a supporting electrolyte of 0.1 M HCl; spectra were normalized at 1350 nm. B) EDX spectrum and
SEM image of the Rh-decorated SWNT network. C) XRD pattern of the Rh-decorated SWNT network; the XRD
pattern is somewhat noisy due to the thin Rh-SWNT sample and the large background signal from the quartz

substrate.
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Figure 6-5A shows the absorbance spectra of a SWNT network before (black curve) and
after (red curves) Au NP deposition at —1.0 V for times of 100, 150 and 200 s. In addition to the
development of the Au NP SPR centered around 530 nm,'"* we also observed a ~30% decrease
in the absorbance of the SWNT S;; band. The decrease in the S;; absorbance after Au NP
deposition is consistent with the removal of electronic density from the SWNT wvalence
band.”*””* Moreover, the magnitude of the Au SPR and the SWNT S;; band change linearly
with respect to the Au NP deposition time (Figure 6-6); SWNT networks decorated with Pt or Rh
NPs also experience a comparable decrease in the S;; band absorbance (Figure 6-3 and Figure
6-4). As a control, a SWNT network was held at —1.0 V for 200 s in 0.1 M HCI (no metal salt),
after which the S;; band absorbance increased by ~14% (Figure 6-7). This result shows that the
growth of metal NPs, and not the application of a cathodic potential, produced the decrease in the
SWNT S;; band absorbance.

Raman spectroscopy also suggests that NP deposition modifies the electronic structure of
the SWNT, as observed through changes in the radial breathing mode (RBM) and G band
(representative of the SWNT graphitic structure''®) regions. For example, in Figure 6-5B the
RBM of the Au-SWNT network (red curve) is broadened and shifted towards lower
wavenumbers, as compared to that of the bare SWNT network (black curve). Furthermore,
Figure 2c¢ shows that the SWNT G band experiences a decrease in the intensity of the lower
wavenumber shoulder (boxed region, ~1550 cm™). The intensity decrease in both the RBM and
G band of the SWNT Raman spectrum have been attributed to removal of electronic

44,71,96b,117

density, which is consistent with the decrease in the S;; absorbance band after Au NP

deposition.
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Figure 6-5. Au-SWNT optical spectroscopy and DFT calculations. A) Normalized UV-vis-NIR absorption spectra of
a SWNT network before (black curve) and after (red curves) being held at -1.0 V (vs. Ag/AgCl) in a 1 mM HAuCly
/ 0.1 M HCI solution for a total of 100, 150, and 200 seconds; spectra were normalized at 1350 nm. The inset
contains a density of states (DOS) diagram for metallic and semiconducting SWNTs and shows their respective
optical transitions. B) Radial breathing mode (RBM) and (C) D and G band regions of the Raman spectrum for a
bare SWNTs (black curve) and Au-SWNTs (red curve); A = 614 nm and the spectra have been offset for clarity.
D) Adsorption configuration and (E) charge variation maps depicting “corner-on” adsorption of an Auy, clusters on
a defective (14,0) SWNT; the indicated isosurfaces correspond to values of +0.02 /A’ (red) and -0.02 /A’
(blue)—Au atoms are yellow and C atoms are green. F) Charge difference plot of the Au-SWNT couple at different

z planes; for clarity, an image of the Au-SWNT couple is shown behind the plot.
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Figure 6-6. Spectroscopic changes during Au NP deposition. Normalized absorbance of the (A) Au NP SPR (530
nm) and (B) SWNT S;; band (1895 nm) as a function of Au NP deposition time at -1.0 V in a 1 mM HAuCl4 / 0.1
M HCI solution. The non-zero absorbance at a deposition time of 0 seconds in panel A is from SWNT Ss3; band; see

Figure 6-5A.
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Figure 6-7. Control sample to evaluate the effect of holding a cathodic electrochemical potential on a SWNT

network. The normalized UV-vis-NIR absorbance spectra of a SWNT network before (black curve) curve and after

(red curve) holding it at —1.0 V for 200 seconds in an aqueous solution of 0.1 M HCI; the spectra were normalized at

1350 nm. The increased S;; band absorbance indicates donation of electronic density into the SWNT valence band.
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In our theoretical studies, we employed a (14,0) SWNT and an Auy cluster to model the
Au-SWNT system. In the absence of defects, the gold cluster is calculated to bind only weakly
with an adsorption energy of only 6.1 kcal/mol for attachment in a “corner-on” configuration to
the SWNTs; this value is in agreement with the reported low binding energy of Au;; on pristine
(5,5) SWNTs.""® The Au-SWNT systems relevant to the experiments are expected to have the
NPs bound at defect sites, where the binding can be appreciably stronger. Figure 6-5, panels D
and E, show the adsorption configuration, and charge variation maps of an Auy cluster attached
to a semiconducting (14,0) SWNT with a missing carbon atom defect. The calculations show that
“corner-on” attachment at the SWNT defect site is most energetically favorable with an
adsorption energy of 39.8 kcal/mol, supporting Collins and coworkers’”* report of preferential
NP deposition at SWNT defect sites. Attachment of the Auyg cluster at this site is accompanied
by transfer of 0.050 e from the SWNT to the gold cluster. Figure 6-5F presents the average
charge difference of the Auy-SWNT couple taken at different z-axis planes parallel to the
SWNT axis; for clarity, an image of the Auy-SWNT couple is shown behind the charge
difference plot. This data shows a depletion of electronic density from the SWNT immediately
before the Au-SWNT interface, followed by large fluctuations at the interface, and finally an
accumulation of electronic density on the Auyy cluster. The computational prediction of large
fluctuations in electronic density at the Au-SWNT interface supports our previous suggestion of
NP-SWNT interfacial potential barriers,” and the prediction of electron transfer from the SWNT
into the Au NP is consistent with the observed changes in the absorbance and Raman
spectroscopy of the SWNTSs upon metal NP deposition.

We used a simultaneous combination of absorbance spectroscopy and electrochemistry

(spectroelectrochemistry) to investigate the optical properties of the Au-SWNT system as a
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function of the applied electrochemical potential. Figure 6-8A presents the stabilized cyclic
voltammograms (CVs) of a SWNT network in N, saturated 0.5 M NaOH before (dashed curve)
and after (solid curve) the electrochemical deposition of Au NPs. In NaOH, bare SWNTs show a
relatively featureless CV typical of CNT double layer capacitive behavior.''” However, after Au
NP deposition, we observed peaks centered around 0.5 V (anodic sweep direction) and 0.0 V
(cathodic sweep direction) that correspond, respectively, to oxidation and reduction of the Au
NP.'"** The wavelength and intensity of the Au NP SPR could be modified by applying
electrochemical potentials.120 Figure 6-8B shows the SPR region of a Au-SWNT network
absorbance spectrum in 0.5 M NaOH. Initially (dashed black curve), the SPR maximum was
approximately 564 nm, which is somewhat redshifted from the peak in air (or N;) due to the
different dielectric environment.'”® After applying an oxidizing potential (0.5 V; solid black
curve) for 700 s we observed a redshift and decrease in intensity of the SPR, whereas the
subsequent application of a reducing potential (0.0 V; solid red curve) for 700 s returned the SPR
maximum to its initial wavelength and intensity. This spectroelectrochemical behavior,
supported by the XPS measurements, suggests that the Au NPs are initially in a non-oxidized

state, and it demonstrates how the addition or removal of electrons affects the Au NP SPR.
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Figure 6-8. Au-SWNT electrochemical properties. A) Cyclic voltammogram (CV) of a SWNT network (on quartz)
in N, saturated 0.5 M NaOH before (dashed curve) and after (solid curve) Au NP deposition. B) Au NP surface
plasmon resonance (SPR) region of the Au-SWNT absorption spectrum as a function of applied electrochemical

potential.
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Figure 6-9A shows the UV-vis-NIR absorption spectra of an Au-SWNT network in
flowing N, (black curve) and after a 30 min exposure to flowing 2500 ppm CO at room
temperature and ambient pressure (red curve). During CO exposure, the Au NP SPR (Figure
6-9A, inset) increased in intensity and slightly blueshifted. Based on our spectroelectrochemical
results (Figure 6-8B) we interpret this as being caused by a donation of electrons into the Au NP,
which agrees with previous findings of electron donation into Au surfaces from the 5c orbital of
adsorbed CO molecules.'?' During CO exposure we also observed a simultaneous increase in the
magnitude of the Au-SWNT S;; absorbance band (Figure 6-9B) and a decrease in the electrical
conductance (Figure 6-9C), both of which are a consequence of electron donation into the
SWNT network.”®* The 3% increase in the Au-SWNT Si1 absorption band after CO exposure
was approximately 70 times larger than the baseline noise, and it is comparable to the response
of bare SWNTs to 100 ppm NHs.”” Furthermore, the room temperature electrical response of
approximately 6% after CO exposure is in line with other reports of SWNTs decorated with
A’ or Rh?” NPs. As shown in Figure 6-9C and Figure 6-10, bare SWNTs did not respond to
CO gas; however, we found that SWNT networks decorated with Pt and Rh NPs showed similar
electrical and spectroscopic responses to CO gas (Figure 6-11).

Our density functional theory (DFT) calculations indicated that O, dissociation at the Au
NP surface was energetically unfavorable, and our model proceeds with the hypothesis that the
Au-SWNT system transduces the adsorption of CO at the Au NP surface. We contend this
approach is valid because XPS and spectroelectrochemical measurements did not indicate the
presence of oxidized Au species, and CO gas exposures were conducted in an O, free
atmosphere. Figure 6-9, panels D and E, show that CO adsorption at Auy, corner (i) and edge (i,

ii1) sites is possible, with all adsorption configurations leading to electron donation into the
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SWNT. However, our results showed that adsorption at the Auy corner sites was the most
energetically favorable configuration with an adsorption energy of 20.1 kcal/mol and a donation
0f 0.049 ¢ into the SWNT for the adsorption of three CO molecules.

Non-equilibrium Green's function — DFT calculations''' were performed on a single
(14,0) SWNT decorated with a Auy cluster to model the electrical transport properties of the Au-
SWNT system during CO adsorption. For example, Figure 6-9F shows the normalized electrical
conductance of a 0.1 V biased Auyp—(14,0) SWNT with zero, three and nine CO molecules
adsorbed on the Auy cluster. Specifically, the calculations predict that the adsorption of more
CO molecules on the Auyg NP will decrease the SWNT conductance due to electron donation,
effectively driving it into an electrically “off” state. Notably, this model qualitatively agrees with
our experimental results presented in Figure 6-9C, insomuch as continued CO adsorption
decreases the electrical conductance of the Au-SWNT system. We should note that the Auy
clusters considered in the calculations are smaller than those present in the experimentally
measured Au-SWNT samples, but they should be suitable as models because the corner and edge

122 Qualitatively, we obtain

sites that they contain will also be present in larger particles.
agreement between the experimental and computational results, such that CO adsorption at the
Au-SWNT couple results in a donation of electronic density into the SWNT.

Typically, gas adsorption on surfaces can be described by a Langmuir adsorption

isotherm (Equation 1). '**

r=r._ _kC
1+kC

Equation 1
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Here, I represents the amount of adsorbed gas a particular time, ['max is the maximum amount of
adsorbed gas, k is an equilibrium constant, and C is the concentration or partial pressure of the
gas. However, in our specific case the pressure and concentration of CO remains constant. To fit
our data with a Langmuir-type equation we have replaced the I' and I',x terms with the
measured Au-SWNT response, S and Smax, respectively, and we have replaced the C term with
gas exposure time, x. We based these changes on the hypothesis that the Au-SWNT response is
proportional to the amount of adsorbed CO, and that the CO coverage (i.e. concentration) on the

Au NP surface will increase as a function of exposure time, giving Equation 2.

kx
T+ ke

=S5

Equation 2

Using this approach, and taking Smax as the response of the Au-SWNT at the end of the
exposure period, we were able to fit the response of the Au-SWNT S;; absorbance band and
network conductance (red dashed curves in Figure 6-9, panels B and C). The departure of the
Au-SWNT conductance from the ideal Langmuir-type response may stem from the presence of
metallic SWNTs because they can attenuate the electrical response of SWNT networks to
particular analytes.”'® This approach also allowed us to fit the Au NP SPR response to a
Langmuir-type curve, as shown in Figure 6-12, but this response appeared to require much

longer to show saturation during CO exposure.
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Figure 6-9. Au-SWNTs during CO exposure. A) UV-vis-NIR absorption spectra of a Au- SWNT network under N,
(black curve) and after thirty minutes of exposure to 2500 ppm CO gas (red curve). The inset depicts the enlarged
Au NP SPR region before and after CO exposure. B) The absorbance of the Au-SWNT network S;; band at 1895
nm during CO exposure. C) Normalized network conductance (G/Gy) of a bare SWNTs and Au-SWNTs during
exposure to CO gas. The red dashed lines in panels (B) and (C) represent the fitted response using the Langmuir-
type adsorption isotherm. D) Adsorption configuration and (E) charge variation map depicting nine CO molecules
C atoms are green and O atoms are red. F) The calculated electrical conductance of a single (14,0) SWNT decorated

with an Au,, cluster as a function of adsorbed CO molecules; a bias voltage of 0.1 V was considered.
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Figure 6-10. Spectroscopic response of bare SWNTs to CO gas. UV-vis-NIR absorbance spectra of a bare SWNT
network under flowing N, (black curve) and after exposure to 2500 ppm CO for 30 minutes (red curve). As seen

from the spectra, the SWNT S;; absorbance band did not change during CO exposure.
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Figure 6-11. NP decorated SWNT response to CO. Combined spectroscopic S;; band absorbance (left axis; red
labels) and electrical conductance (right axis; black curve) response for (A) Au-SWNTs, (B) Pt-SWNTs and (C) Rh-
SWNTs during exposure to 2500 ppm CO gas. For all three experiments the samples were in flowing grade 5.0 N,
before CO exposure. The spectroscopic S;; band response is substantially smaller than the electrical response for Pt-

SWNTs and Rh-SWNTs during CO exposure.
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Figure 6-12. Response of the Au NP Surface plasmon resonance (SPR) during CO exposure. Normalized Au NP
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The donation of electrons into the Au-SWNT system upon CO exposure is in accordance
with previous results.”” However, it is interesting that the response of the Au NP SPR is on a
longer timescale than the response of the SWNT S;; absorbance band and electrical conductance.
We hypothesize that this phenomenon stems from an increase of the Au-SWNT interfacial
potential barrier upon CO adsorption.”* Eventually these potential barriers become large enough
that electron donation into the SWNT will slow, and eventually lead to a saturation of both the
S11 band and electrical conductance response.

Another factor that we expect to contribute to the longer response of the Au NP SPR than
the SWNT S;; band absorption and electrical conductance is the presence of Au NPs with
diameters greater than the electron mean free path, which is approximately 50 nm in bulk
Au’tt# Specifically, electron transfer into Au NPs from CO adsorption sites more than ~50 nm
away from the Au-SWNT interface will lose too much energy through electron-phonon and
electron-interface scattering'> to overcome the interfacial potential barrier and transfer into the
SWNT. Ultimately, these electrons may become localized on the Au NPs and promote the SPR
response even after the SWNT response has saturated. Based on the observations presented here,
we suggest that large gains in SWNT-based sensor response or catalyst efficiency could be made
through utilization of well-dispersed NPs that are substantially smaller than the respective

electron mean free path.

6.6 CONCLUSIONS

We have demonstrated a technique using optically transparent SWNT-based devices to

investigate the electronic interactions between SWNT networks and metal NP species under the
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interaction of CO gas under ambient pressure and temperature. Moreover, we have obtained
consistent agreement between the measurements on the impact of CO adsorption on the
electronic properties of Au NP / SWNT systems and electronic structure calculations on a model
system with a Auy cluster attached to a carbon vacancy defect on a (14,0) carbon nanotube.
While we focused primarily on the Au-SWNT system, the similar response of Pt- and Rh-SWNT
networks in the presence of CO gas indicates that this approach could provide equally fruitful
results with other systems. These findings show that electronic structure calculations, in
conjunction with experimental studies, can provide insight into the behavior of SWNT-supported

NP species.
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7.0 DECORATED CARBON NANOTUBES WITH UNIQUE OXYGEN

SENSITIVITY

7.1 CHAPTER PREFACE

The overall scope of this work was quite serendipitous, inasmuch that we did not set out to create
a room temperature SWNT-based O, sensor. However, by applying the techniques outlined in
Chapters 3 — 6 we were able to deduce that this particular SWNT system was reversibly sensitive
towards O, at room temperature and ambient pressures. This work can be viewed as the
culmination of the previously described work because it is the most complex and sophisticated
SWNT-based system described in this document, and we addressed both the mechanistic and
practical aspects of developing a SWNT-based sensor system. The material contained in this
chapter was published as a research paper in the journal Nature Chemistry, and the 2009
copyright is retained by the authors listed below. The chapter contents have been reproduced
with permission from the Nature Publishing Group, and the full citation is listed as reference 126

in the bibliography section.

List of Authors: Douglas R. Kauffman, Chad M. Shade, Hyounsoo Uh, Stéphane Petoud,

Alexander Star.

Author contributions: All authors contributed to the design of the experiments and preparation

of the paper. DRK fabricated devices, performed electron microscopy, optical absorption
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spectroscopy, EDX spectroscopy, electrical conductance measurements, and gas sensor studies.
CMS performed photoluminescence spectroscopy and luminescence lifetime measurements. HU

synthesized and characterized the Eug dendrimer.

7.2  ABSTRACT

The relatively simple and robust architecture of carbon nanotube (CNT) based microelectronic
devices, in conjunction with their environmental sensitivity, places them among the leading
candidates for incorporation into ultraportable or wearable chemical analysis platforms. We use
single-walled carbon nanotube (SWNT) networks to establish a mechanistic understanding of the
solid-state O, sensitivity of a Eu’"-containing dendrimer complex. The Eu’" dendrimer-decorated
SWNT networks show bimodal (optical spectroscopic and electrical conductance) sensitivity
towards O, gas at room temperature under ambient pressure after illumination with 365 nm light.
Through time-resolved and steady state optical spectroscopy, analysis of excited-state
luminescence lifetimes, and solid-state electrical transport measurements, we investigate the
mechanism of this unique O, sensitivity. We demonstrate a potential application of this system

by showing a reversible and linear electrical response to O, gas in the tested range of 5-27%.

7.3 INTRODUCTION

Molecular oxygen is a ubiquitous requirement for human safety, and the need for ultraportable or
wearable personal safety devices for ambient level O, monitoring is paramount for a wide array

of civilian and military applications. Such sensor platforms could operate as personal safety
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devices for workers in confined spaces or ambient level O, sensors for enclosed working
environments. As a result, researchers have worked to develop microelectronic sensor platforms
based on chemically sensitive resistors (chemiresistors) for the room-temperature detection of O,
gas. The advantage of a room temperature O, sensor design over state of the art O, sensor
technology, including optical spectroscopy,'?’ solid-state or solution phase electrochemistry,'**
and resistive metal-oxide semiconductors,'*” is the potential for the miniaturization of robust low
power devices without the requirement of maintaining high operating temperatures. While

130

progress has been made, = the complicated fabrication techniques required to produce the

sensing elements inhibit wide-scale adoption of this technology. Towards this end, ultra-small

. . : 14,131
and low power carbon nanotube-based microelectronic devices,

especially those composed
of networks of single-walled carbon nanotubes (SWNTs),'® have shown great promise as
candidates for the development of robust and low cost chemical detection platforms.”® However,
60a,132

SWNTs have only shown reversible O, sensitivity with the aid of vacuum instrumentation,

illustrating a fundamental limitation towards the development of this technology.

Here we describe the spectroscopic and electrical behavior of simple chemiresistor
devices composed of SWNT networks decorated with an oxygen sensitive Eu’’-containing
dendrimer complex, abbreviated here as Eug and illustrated in Figure 7-1, panels A and B.
Lanthanide-containing complexes show solution-phase sensitivity towards O,'*> which we
exploit by immobilizing Eug on highly conductive and optically transparent SWNT-based

devices,”” as shown in Figure 7-1, panels C-E. We use the combined approach,’”**

of optical
spectroscopy and electrical transport measurements on SWNT-based devices to show that the O,

sensitivity of the solid-state Eug does not rely on the typical excited state quenching phenomena

observed in the solution phase.'?® Specifically, we show that a preliminary illumination with UV
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light (365 nm) is required to populate electron traps in the substrate surface. This approach is
different from other solid-state techniques because we have used simple chemiresistor devices to
transduce chemical events in the overlying molecular layer. Lastly, the Eug-decorated SWNT
(Eug-SWNT) devices demonstrate a linear sensitivity towards O, gas in the environmentally
relevant concentration range of 5-27% while operating at room temperature and ambient
pressure, which represents an important step in the development of small scale and low power

room temperature O, detection platforms.

107



UV Light
-i'.-ﬁm"

B) ¢ :

Figure 7-1. Chemical structure of the Eu®’-containing dendrimer complex (Eug) and presentation of decorated
SWNT devices. A) Chemical structure of the Eug complex which contains eight Eu®* cations (red) coordinated
inside of a 1,8-naphthalimide terminated, generation-3 poly(amidoamine) (G3-PAMAM) dendrimer core. B)
Expanded view of the Eug structure illustrating the coordination of the Eu’* ions. C) Cartoon representation of an
optically transparent and electrically conductive Eug-SWNT device composed of a SWNT network decorated with
Eug (green layer) for simultaneous spectroscopic and electrical conductance measurements. D) Digital photographs
of 1”x1” Eug-SWNT devices decorated with a dropcast layer of Eugunder white light (left) and 365 nm light (right);
the green color of the Eug layer is the complex photoluminescence. E) Scanning electron microscope (SEM) image
of a typical device surface showing the Eug-decorated SWNT network; here, the Eug molecules coat the underlying
SWNT network. Energy dispersive x-ray (EDX) spectroscopy confirmed the presence of Eu on the Eug-SWNT
device surface, and for comparison a SEM image and EDX spectrum of a typical bare SWNT network are presented
in Figure 7-2.
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Figure 7-2. Characterization of Eug-SWNTs and bare SWNTs—scanning electron microscope (SEM) images and
energy dispersive X-ray (EDX) spectroscopy of Eug-SWNTs and bare SWNTs. The SEM image of the Eug-SWNT
network (panel A) shows a coating of Eug on top of the SWNT network, and the EDX spectrum (panel B) confirms
the presence of Eu at approximately 1.2 keV. The bare SWNT network (panel C) is composed of bundles of
individual SWNTs, and as expected, the Eu signature is absent from the EDX spectrum (panel D). In the EDX
spectra of both samples, the strong O and Si signatures are due to the underlying quartz (SiO,) substrate; the Pd
signature results from sputter coating the sample with Pd prior to imaging, which was done to prevent charging of

the insulating quartz substrate during SEM operation.
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74  EXPERIMENTAL

Synthesis of G3-PAMAM-(1,8-naphthalimide)s;. Poly(amidoamine) (PAMAM) dendrimer
G(3)-NH; (390.5 mg, 0.0565 mmol) and 1,8-naphthalic anhydride (447.9 mg, 2.26 mmol) were
suspended in DMF (25.0 mL) and stirred at 95°C for 48 hours under a N, atmosphere. The
compound was purified by dialysis using a regenerated cellulose membrane (Fisher; nominal
MWCO 12,000-14,000) in DMSO for three days. The solution in the dialysis membrane was
dried in a vacuum oven to yield the title product as a brown solid (517.6 mg, 72.4%); '"H NMR
(300MHz; CDCls, 6): 8.23 (br s, 64H, Ar H), 7.97 (br s, 64H, Ar H), 7.69 (m, 60H, -NH), 7.49
(br s, 64H, Ar H), 4.12 (br s, 64H, -N(CO),CH,-), 3.51 (br s, 64H, -NHCH,-), 3.19 (m, 56H, -
NHCH,-), 2.90-2.40 (m, 60H, -NCH,CH,NH-), 2.27 (m, 120H, -NCH,CH,CO-), 1.93 (m,

120H, -COCH>-).

Synthesis of Eug-G3-PAMAM-(1,8-naphthalimide)s;, Eug. The preparation of the dendrimer
complex was adapted from a synthesis protocol that we have described previously for a parent
dendrimer ligand.”*”> G3-PAMAM-(1,8-naphthalimide);, (16.81 mg, 1.326x10° mol) was
dissolved in DMSO (5.0 mL) and a solution containing 1.397 mM of Eu(NOs); solution in
DMSO (7.593 mL, 1.061x10” mol) was added. The mixture was incubated for seven days.
DMSO was then evaporated in a vacuum oven, and the residual solid was dissolved in 10.0 mL

of DMF to obtain a 1.40x10™ M solution.

SWNT Device Fabrication. Optically transparent and electrically conductive SWNT network

devices were fabricated and measured as previously described.”’ Briefly, commercially available
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SWNTs (Carbon Solutions, Inc. P2 SWNTs; reported purity 70-90 percent) were suspended in
DMF via sonication without further purification. 1 in®x1/ 16™ in thick fused quartz (Si0O;) plates
(Quartz Scientific; reported specific resistance of 10x10'® Ohm/cm® at 20 °C) served as the
device substrates, and were cleaned prior to SWNT deposition with acetone, rinsed with water
and dried under compressed air. After spraycasting the SWNT networks with a commercial air
brush (Iwata) onto the heated quartz plates, Al tape and Ag paint were used to form the device
electrodes. To create devices with two SWNT networks a cotton tipped applicator soaked in
acetone was used to wipe clean a section of the spray-cast SWNT network. Two devices were
created from the bisected SWNT network by individually connecting electrodes to each section
with Al tape and Ag paint. Quartz plates with additional hydroxyl surface groups were created by
soaking overnight in Piranha solution (1:3 H,SO4:H,0, v/v; CAUTION: Pirahna is a vigorous
oxidant and proper caution should be taken when handling this solution). Nanotube field-effect
transistor (NTFET) devices consisted of interdigitated Au electrodes (10 um pitch size) on a
Si/S10, substrate; dilute suspensions of Carbon Solutions P2 SWNTs in DMF were dropcast

onto heated devices to form the conduction channel.

Device Decoration and Measurement. SWNT devices were decorated as follows: the devices
were heated to just above the solvent boiling temperature and 200 uL (4 pL for NTFETSs) of a
particular molecule was dropcast evenly onto the surface of the device. For NTFET devices, all
measurements were conducted under ambient conditions with a drain-source bias voltage of 100
mV using two Keithley model 2400 SourceMeters interfaced to LabVIEW 7.1 software.
UV-vis-NIR absorption spectra were recorded with a Perkin Elmer Lambda 900 UV-vis-

NIR spectrophotometer, and steady-state excitation and emission spectra, as well as the
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luminescence lifetime measurements, were recorded using a custom designed JY Horiba
Fluorolog-322 spectrofluorimeter and a Tektronix TDS model 754D oscilloscope. At least 1000
luminescence decay traces, each containing 50,000 points were averaged and treated to calculate
the lifetimes using Origin 7.0 software. The reported lifetime for a particular excited state is the
average of at least two independent measurements. For multi-exponential fittings, we used the
amplitude of the major component as a criterion for isolating the values reported in Table 7-1;
components with amplitudes less than 1% were discarded. Time-resolved excitation and
emission spectra of the FEug solutions were measured using a Varian Cary Eclipse
spectrofluorimeter.

For the optically transparent SWNT devices, the UV-exposure and gas sensitivity
measurements were performed in a custom-built gas delivery chamber’’ that was housed inside
of the spectrometers for simultaneous electrical and optical measurements. The device
conductance was measured at a bias voltage of 500 mV with a Keithley model 2400
SourceMeter interfaced to LabVIEW 7.1 software. The network conductance of two devices on a
single quartz substrate was simultaneously measured at 500 mV with a Keithley 2602
SourceMeter and a Keithley 708 A switching matrix using Zephyr data acquisition software. The
atmosphere inside the chamber was controlled with flowing research grade gases at a constant
flow rate of 1000 standard cubic centimeters per minute (SCCM); all gases were dry unless
otherwise noted. Atmospheres of 43 % RH were created by passing the gases over the headspace
of sealed container of saturated K,COjs solution; literature RH: 43.2 + 0.3 % at 20 °C. 134 The UV
lamp used for device illumination was a UVP, Inc. Model UVGL-55 hand held unit (365 nm;
250 uW/em?). Caution: UV light can be dangerous and appropriate eye protection should be

worn. All measurements were conducted at room temperature and ambient pressure. Scanning

112



electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) were conducted on
a Phillips XL30 FEG microscope operated at an accelerating voltage of 10 kV; samples were

sputter coated with Pd prior to imaging to prevent charging of the insulating quartz substrate.

7.5 RESULTS

Solution Phase Behavior of Eug. Figure 7-3A presents the emission spectra of a Eug solution (in
DMF) saturated with either Ar or O,, where O, saturation results in a decrease of the apparent
emission intensity. The Eug emission profile contains a broad band arising from the excited states
of 1,8-naphthalimide groups centered around 469 nm, and three narrow emission bands located
at lower energy that are characteristics of the Eu’* centered transitions. In the Eug structure, the
1,8-naphthalimide groups act as sensitizing agents (Figure 7-4). Specifically, photoexcited
electrons in the excited naphthalimide singlet state undergo intersystem crossing into a triplet
state, and subsequent energy transfer into the accepting levels of the Eu®* ions produces the sharp

3+ .o 135
Eu’" centered emission bands.

The reversible and reproducible quenching effect of O, on the
solution phase Eug emission intensity is in accordance with its predicted behavior.'** However,
we found that the Eu’" centered emission bands show a larger sensitivity to O, in comparison to
the 1,8-naphthalimide band. For example, Figure 7-3B shows the relative emission intensity of

3* Dy — 'F, (615 nm; circular labels)

the naphthalimide centered (469 nm; square labels) and Eu
bands in a solution cycled several times between O, and Ar saturation. The larger relative change

in the Eu’” emission suggests that O, more effectively deactivates the Eu’" excited state, as

compared to the 1,8-naphthalimide, through the introduction of non-radiative pathways.'**
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Figure 7-3. Solution phase O, sensitivity of the Eug complex. A) Steady state emission spectrum of a Eug solution
(in DMF, 1.45x% 107 M; Aexcitation = 354 nm) saturated with Ar (black curve) and O, (red curve). B) Relative emission
intensity of the 1,8-naphthalimide (Aemission = 469 nm; hollow square labels) and Eu’* 5Do — 'F, (Aemission = 615 nm;

solid circular labels) centered emission bands cycled between Ar and O, saturation.
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Figure 7-4. Emission spectra and energy diagram of Eug. A) Normalized steady-state (black curve) and time-
resolved (red curve; delay of 4 ms) emission spectra of a solution of Eug (in DMF; 1.45x10™ M) recorded under
ambient conditions; Aexcitation = 354 nm. The spectra were normalized at the height of the apparent maximum of the
naphthalimide emission band. B) Diagram of Eug describing energy transfer from the naphthalimide triplet state into
accepting levels of Eu’’, as well as the proposed location of the O,-induced non-radiative relaxation pathway for

solution phase Eug. C) Energy level diagram showing the Eu®" centered transitions.
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Solid-State Behavior of Eug. In the solid state, the relative intensity of the Eu®" centered
transitions were greatly attenuated, and as shown in Figure 7-5A, we could only resolve the
Dy — 'F, transition. The decreased emission intensity and apparent absence of distinguishable
*De>"F; and *Dy>F, transitions may result from less efficient sensitization through a decrease
in the efficiency of energy transfer into the accepting levels of Eu’". The relative emission
intensity of solid-state Eug (dropcast onto a quartz substrate) was constant when cycled between
atmospheres of pure O, and Ar (Figure 7-5A), highlighting a fundamental difference between the
behavior of solid-state and solution phase samples. However, after illuminating the sample with
365 nm light for 30 minutes (in flowing Ar), the emission profile of the solid-state Eug developed
a sensitivity towards O, such that the intensity was decreased after illumination and partially
restored under flowing O,, as shown in Figure 7-5, panels B and C. The observed behavior is
quite interesting compared to the solution phase behavior of Eug, and to the solid-state behavior

of other O, sensitive photoluminescent complexes.'*
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Figure 7-5. Solid-state Eug O, response and recovery. A) Normalized emission spectra of Eug (on quartz) in flowing
Ar (black line) and pure O, (red line). B) Emission spectra of Eug before (black line) and after (blue line) UV
illumination in flowing Ar, and in flowing O, (red lines); spectra in flowing O, were recorded every minute. C)
Naphthalimide centered emission intensity as a function of O, exposure time as measured at 486 nm. Aexcitation = 394

nm for all plots.
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To further explore the solid-state behavior of Eug, we dropcast solutions onto optically
transparent and electrically conductive SWNT devices.”” We observed minimal changes in the
spectroscopic signatures of both the SWNT network and the overlying Eug layer after the devices
were decorated, and separate field-effect transistor measurements of Eug-decorated SWNT
networks suggest that the dominant effect of the overlying Eug layer was to introduce charge
scattering sites along the SWNT network (Figure 7-6)."*7 Specifically, we found that Eug
decoration decreased the intensity of all the SWNT absorption bands (Figure 7-6A), and field-
effect transistor measurements of a SWNT network dropcast onto interdigitated electrodes show
a flattening of the drain-source current (Ips) versus gate voltage (V) curve (Figure 7-6B), which
has been suggested to indicate a reduction in charge mobility through the SWNT network."”” On
top of quartz immobilized SWNT networks, the Eug absorbance spectrum was slightly blue
shifted and broadened (Figure 7-6C). The excitation spectrum was slightly broadened, and the
emission spectrum experienced a small redshift (Figure 7-6D). The spectroscopic characteristics
of the system suggest that the electronic structure of the overlying Eug molecule is not strongly
effected by the presence of the SWNT network. Accordingly, we propose that Eug acts as an
overlying dielectric layer® that serves to reduce SWNT network charge mobility through the

- : e 137,138
introduction of scattering sites. ~
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Figure 7-6. Characterization of Eug-decorated SWNT devices. A) UV-vis-NIR absorbance spectra of an optically
transparent SWNT device (on quartz) before (black curve) and after (red curve) decoration with Eug; spectra were
normalized at 1375 nm. B) Field-effect transistor transfer characteristics showing the drain-source current (Ipg)
versus gate voltage (V) of a SWNT network dropcast onto interdigitated electrodes before (black curve) and after
(red curve) decoration with Eug; the applied drain-source bias voltage was 100 mV. Normalized (C) absorbance as
well as (D) excitation (Aey, = 615 nm) and emission (A, = 354 nm) spectra of Eug on quartz (black curve) and on top

of a quartz-immobilized SWNT network (red curve).

119



Figure 7-7A shows the emission spectra of one Eug-decorated SWNT (Eus-SWNT)
device before (black curve) and after (blue curve) exposure to 365 nm light, and during exposure
to pure O; (red curves). After 30 minutes of illumination with 365 nm light (in flowing Ar) the
Eus-SWNT device experienced a 25% decrease in the emission intensity of the naphthalimide
band, and a 20% decrease in the emission intensity of the Eu’" centered band. The spectroscopic
behavior of Eug after illumination and O, exposure was comparable on bare quartz as well as the
SWNT networks, which strongly suggests that the observed behavior is an intrinsic property of

solid-state Eug on quartz.

Behavior of Eug Decorated SWNT Networks. Using simultaneous UV-vis-NIR absorbance
spectroscopy and network conductance measurements on Eug-SWNT devices, we found that the
underlying SWNT network was able to transduce changes in the electronic properties of the Eug
layer during illumination with 365 nm light and exposure to pure O, gas. After a 30 minute
illumination period, the device exhibited a decrease in the first semiconducting SWNT
absorption band, labeled S, in Figure 7-7B.°**"* Additionally, illumination triggered an increase
in the network conductance (Figure 7-7C), which we have termed the photogenerated ON-state.
We found that the ON-state conductance abruptly increased after the termination of UV light and
then slowly decayed as a function of time. To test the reproducibility of the Eusg-SWNT response
to UV light we exposed nine individual devices to 365 nm light for 30 minutes. Each device
behaved qualitatively similarly, but we found that the magnitude of the response scaled inversely
with the initial device conductance (Figure 7-8). This behavior differs drastically from the

139

response of undecorated SWNTs to UV light, " which show a decrease in the SWNT network

conductance and an increase in the S;; absorption band (Figure 7-9).
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Figure 7-7. Bimodal O, sensitivity of the Eug decorated SWNT devices. A) Emission (Aexcitation = 354 nm) spectra of
a Eug-SWNT device before (black curve) and after (blue curve) 30 minutes of illumination with 365 nm light (in
flowing Ar) and during one hour of O, exposure (red curves); the UV and gas exposure times are identical in panels
A-C. B) UV-vis-NIR absorbance spectra of the Eug-SWNT device before and after illumination with 365 nm light
(in Ar) and during O, exposure; a partial density of states (DOS) diagram is presented in the inset. C) Network
conductance of the Eug-SWNT device during 365 nm illumination and sustained photogenerated ON-state (in
flowing Ar), followed by the introduction of pure O,; the network conductance was measured simultaneously with

the UV-vis-NIR absorption spectra (panel B).
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After a 30 minute exposure to 365 nm light, we found that the device conductance
decreased rapidly in the presence of O, (Figure 7-7C) such that nine individually tested devices
experienced a 60 £ 10% decrease after a 200 second exposure to pure flowing O,, regardless of
the initial network conductance. After an hour-long exposure to pure O,, we observed nearly 100
% restoration of the S;; band absorbance (Figure 7-7B) and approximately 90% recovery of the
initial device conductance (Figure 7-7C). This electrical behavior was also reproducible, but we
did notice that after 1 hour of O, exposure some devices demonstrated a larger than 100%
response that stemmed from increased defect sites in the quartz substrate (vide infra). We found
that the absorbance change of the SWNT S;; band displayed a time dependence like that of the
network conductance during O, exposure (Figure 7-10), which indicates that the device response
stems from perturbations in the electronic density of the SWNT valence band rather than a
modification of the potential barriers at the interface between the SWNT network and device
electrodes.'”® Throughout these experiments, the intensity of the M, transition remained
constant. While the metallic component of the SWNT network may contribute to the electrical
response of the SWNT devices, the finite Fermi-level electron density of metallic SWNTs (inset;
Figure 7-7B) renders the M; transition intensity somewhat unaffected by changes in the local

. 8
charge environment.*’
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Figure 7-8. UV light response of multiple Eug-SWNT devices—response of nine individually tested Eug-SWNT
devices after a 30-minute exposure to 365 nm light (in flowing N, or Ar). We found that all of the SWNT-Eug
devices showed qualitatively similar response towards UV light, however devices with lower initial conductance
demonstrated a larger relative increase in conductance. The device conductance can be viewed as a measure of the
SWNT network density, where higher conductance devices have a higher SWNT network density. We believe that
lower density networks allowed more contact between Eug and the electron traps at the quartz substrate—producing
a larger response during illumination with 365 nm light. Furthermore, the lower SWNT network density of low-
conductance devices may indicate a higher semiconducting SWNT contribution to the electrical properties. This
observation follows the accepted hypothesis that semiconducting SWNTs show larger response to their local charge

environment, as compared to metallic SWNTs.?!?
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Figure 7-9. Response of bare SWNTs to UV light and O, gas. Simultaneously recorded (A) normalized network

conductance (G/Gy) and (B) spectroscopic response (not normalized) of a bare SWNT network upon a 30 minute

period of illumination with 365 nm light (in flowing Ar) and subsequent 60 minute exposure to pure O,.
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Figure 7-10. Spectroscopic and electrical response during O, exposure—simultaneously recorded spectroscopic and
electrical behavior. The Eug-SWNT device network conductance (black line) and S;; band absorption (purple labels)
are of the Eug-SWNT device shown in Figure 7-7; a scaling factor of 0.9 was applied to the S;; response. We have
previously used scaling factors to compare the spectroscopic and electrical response of bare SWNT devices to gas
phase analytes, but those values were typically larger than 5 (reference 77). Changes in the S;; transition intensity
are proportional to changes in the electronic density of the semiconducting SWNT valence band, and a S;; scaling

factor close to unity may indicate that semiconducting SWNTs dominated the device response to O,.
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Further control experiments were conducted on SWNT networks individually decorated
with each component of Eug complex, including the generation-three poly(amidoamine) (G-3
PAMAM) dendrimer with and without the 32 naphthalimide groups and the 1,8-naphthalic
anhydride molecule by itself. Additionally, SWNT networks were decorated with an iron
containing tetraphenyl porphyrin as an analog to a heme-containing moiety (Figure 7-11). We
found that only the SWNT networks decorated with the 1,8-naphthalimide terminated G-3
PAMAM dendrimer demonstrated photo-response and O, sensitivity comparable to the Eug-
decorated SWNT networks, indicating that the 1,8-naphthalimide terminated G-3 dendrimer

component of Eug was responsible for the observed behavior.

Luminescence Lifetimes. The presence of the Eu’” ions in the Eug-SWNT networks allowed a
quantitative comparison between the luminescence lifetimes of the Eug triplet state and the Eu®*
acceptor level (abbreviated as Ts and Eu’-AL, respectively). In essence, the presence of the Eu’*
emission serve as a spectroscopic beacon that can help identify the electronic processes that
occur in the Eug-SWNT system by analyzing the two states’ luminescence lifetimes. We
measured the luminescence lifetimes of the Eug Tz and Eu’"-AL before and after illumination
with 365 nm light (in flowing Ar), and after the reintroduction of pure O gas. The data presented
in Table 7-1 shows that the luminescence lifetime of the T3 state was not strongly affected by
365 nm illumination or the presence of O,. However, we observed an increase in the lifetime of
the Eu**-AL after 365 nm illumination, which began to decrease towards its initial value after 1

hour of O, exposure.
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Figure 7-11. Effect of molecular decoration. Normalized conductance of SWNT networks decorated with various
components of the Eug complex including the 1,8-naphthalimide terminated G-3 PAMAM dendrimer (labeled
Empty Dendrimer; purple curve), the G3 PAMAM dendrimer without the terminating 1,8-naphthalimide groups
(labeled PAMAM; blue curve), and 1,8-naphthalic anhydride (labeled Naphth; red curve). Also presented is a
SWNT device decorated with an iron containing porphyrin meso-Tetraphenylporphyrin Fe (III) chloride (labeled as
FeTPP; green curve); a bare SWNT film is also presented for comparison (labeled Bare SWNTs; black curve). We
found that only the SWNT devices functionalized with the empty dendrimer demonstrated behavior similar to the
Eug-SWNT devices during 365 nm illumination and oxygen exposure. This observation strongly suggests that the

1,8-naphthalimide terminated PAMAM structure is responsible for the increased conductance after UV illumination

and the sensitivity towards O, exposure.
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Table 7-1. Luminescence lifetimes (t) of the Eu8 triplet state (T5) and Eu®" acceptor level (Eu**-AL).

Measured Luminescence Lifetimes (ms)
Ts Eu®*-AL
Initial 0.3900 + 0.0001 0.657 £ 0.001
After UV Light 0.370 £ 0.001 2.73 +0.07
After O, Exposure | 0.4000 + 0.0002 1.76 £0.07
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7.6  DISCUSSION

Photoresponse. It has been reported that SWNTs will donate electronic density into the
photodepleted ground state of an overlying chromophore during illumination with light.** The
combined electrical and steady state spectroscopic behavior of the Eug-SWNT device fits this
hypothesis (Figure 7-7, panels B and C), where the increased device conductance, and decreased
SWNT S, band absorbance during 365 nm illumination suggests that the photodepleted ground
state of the Eug complex exerted an attraction towards SWNT valence band electrons during
illumination with 365 nm light.

The sustained Eug-SWNT photogenerated ON-state conductance after illumination with
365 nm light closely resembles the behavior of optoelectronic memory devices composed of

polymer-decorated SWNTs.'*!

In such systems, a so-called metastable ON-state persists after
photoexcitation through the excitonic (separated electron-hole pairs) filling of electron traps at
the SiO, surface.'*'™** Si0O, electron traps include SiOH groups,'*® water molecules hydrogen

bonded to the device surface,*” and a variety of other defects.'*

The abrupt increase in the
network conductance immediately following termination of UV light has recently been described
as a characteristic of photo-induced exciton separation and charge trap filling in polymer-
decorated SWNT devices.'* Moreover, the observation of a slight decay in the photogenerated
ON-state conductance of the Eug-decorated SWNT networks is a consequence of the gradual
recombination of spatially separated excitons.'*®

In contrast to polymer-decorated SWNT optoelectronic devices, which typically require
141

an externally applied gate voltage to restore the initial conductance under ambient conditions,

the photogenerated ON-state of the Eug-SWNT system was sensitive towards O,. To explain this
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behavior, we propose a model based on the relative energy levels of the Eug electronic states,'?’
and electron traps in the quartz substrate, as described in Figure 7-12. For example, 365 nm
illumination desorbs O, from the device surface,'”” whilst photoexciting electronic density from
the ground singlet state (S¢) of the Eug complex into an excited singlet state (S;) results in energy
transfer to the electron traps at the quartz surface.

After illumination, we observed a comparable decrease in both the intensity of the
naphthalimide and Eu’" centered emission bands, while the lifetime of the T; state was not
strongly affected. This suggests that the electron traps are located close in energy to the S; state
of the Eug complex. In this configuration, the traps can accept energy from the S; state (red
arrow) and inhibit intersystem crossing (ISC) into the Tj; state, thereby acting as an electronic
bottleneck. The trap-induced inhibition of ISC serves to decrease the electronic population in
both the T3 and Eu’"-AL, producing the observed decrease in emission intensities. Subsequently,
a Coulomb attraction'*® develops between the photo-depleted S, state and electrons in the SWNT
valence band, which effectively p-dopes the SWNT valence band. This phenomenon produces
the increased Eug-SWNT network conductance during UV-illumination, sustained metastable
ON-state conductance after the termination of UV-illumination, and decreased absorbance in the

SWNT S]1 band.
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O, Response. O, has been shown to passivate quartz charge traps, such as SiOH, through the
introduction of non-radiative relaxation pathways.149 Consequently, we suggest that the
introduction of O, results in adsorption on the device surface and passivation of the electron
traps through the addition of non-radiative pathways. The adsorption of O, removes the
electronic bottleneck, increases ISC, and leads to the restoration of both the naphthalimide and
Eu’" centered emission band intensities. The increased lifetime of the Eu’" centered transition
after 365 nm illumination is a consequence of O, desorption, which removes any O,-induced
non-radiative pathways in the Eu’" electronic structure. Finally, exciton recombination in the
naphthalimide S state eliminates the Coulombic attraction between the Eug ground state holes
and SWNT valence band electrons, which decreases the Eug-SWNT network conductance and
increases the absorption of the SWNT S;; band.

To summarize the proposed response mechanism (Figure 7-12), we suggest that
photoexcitation of the Eug-SWNT system promotes Eug ground state electrons into an excited
state, which subsequently fill electron traps at the quartz substrate surface. This leads to a
Coulombic attraction between SWNT valence band electrons and the depleted Eug ground state
orbital, effectively p-doping the SWNT valence band. Upon the introduction of O, gas, non-
radiative relaxation pathways allow electrons to return from the quartz electron traps back into
the Eug ground state. This alleviates the Coulombic attraction between the SWNT valence band
and Eug ground state and reverses the SWNT p-doping.

As a control, we modified the quartz surface to understand how an intentional increase in
the number of surface electron traps (SiOH groups'* and H,0*") would affect the Eug-SWNT
sensitivity to UV light and O, exposure in atmospheres of 0 % and 43 % relative humidity

(Figure 7-13). We found that devices with increased trap sites behaved in a qualitatively similar
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manner, but the response to an hour-long exposure to O, was consistently greater than 100%. We
observed that this phenomenon was more pronounced in atmospheres with 43 % relative
humidity, indicating that the density of charge traps has an important influence on device

behavior in the presence O;.

O, Detection. Using the Eug-SWNT devices in a chemiresistor configuration, we found a linear
electrical response to O, in the concentration range tested (5-27%). By exploiting the stability of
the Eug-SWNT photogenerated ON-state conductance, we were able to create a baseline for
measuring O, response. For example, an initial 365 nm illumination in dry Ar (marked with a
blue asterisk) established a baseline at an arbitrary network conductance (Gon). Sequential pulses
of dry O, gas (diluted in Ar) produced a concentration dependent decrease in the network
conductance (Figure 7-14A). O, exposure (indicated with dashed lines) was followed by short
periods of 365 nm illumination (marked with blue asterisks) to return the device to its arbitrarily

defined ON-state conductance.
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During the 200 second O, exposure periods the device response did not saturate.
However, we found that the rate of change in the network conductance scaled with the
concentration of O,. Figure 7-14B plots the rate of conductance change (AG relative to Gon)
during O, exposure cycles. Based on the standard deviation in the ON-state conductance before
the first O, exposure, we have calculated the signal-to-noise ratio to be 3.89 for the device
response to 5% O,. The linear response to O,, and repeated return to the ON-state conductance,
indicates that the Eug-SWNT network did not experience any photo-degradation or chemical
damage during operation. Using a value of three times the standard deviation of the ON-state
conductance as the minimum detection limit (MDL), we have determined that the MDL of our
un-optimized devices is less than 1 % O, for a 200 second exposure time, which is comparable to
state-of-the-art, high temperature metal-oxide semiconductor sensor platforms for human safety
applications.'’

Lastly, the Eug-SWNT devices showed comparable photoresponse with N, as the carrier
gas, demonstrated insignificant response to CO, and NH3, were not adversely affected by relative
humidity (0-43% RH; shown in Figure 7-13E), and retained good O, sensitivity even after
storing the device in ambient conditions one week after the initial measurement. Typical of most
solid-state O, sensors, we observed sensitivity towards NO,. To identify false positives due to
the presence of oxidizing species we created a device that contained both a Eug-SWNT network
and a bare SWNT network (Figure 7-14C). Because bare SWNTs respond to oxidizing gases,
such as NO,,2'™"" but do not respond to O, in ambient conditions, this device design provides an
internal reference against the measurement of false positives. By monitoring the simultaneous
conductance of both networks during UV, O, and NO, exposure we could determine the

difference between a true O, response, and a false response due to the presence of NO,.
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The insignificant sensitivity towards CO, and NHs, identifiable response to an oxidizing
species (NO,), and comparable device operation in N, and humid atmospheres indicates that this
system may hold promise as a low temperature platform for monitoring O, levels under ambient
conditions. However, in the design of a field-usable platform one would need to take into
consideration the need for a small reservoir of inert gas such as N, or Ar to purge the sample

chamber during illumination with a compact UV light source.

7.7  CONCLUSIONS

We have used SWNT networks as a tool to establish a mechanistic understanding of the solid-
state O, sensitivity observed in the Eug system. When incorporated into electrically conductive
and optically transparent devices, the Eug-SWNT system shows bimodal (optical spectroscopic
and electrical conductance) sensitivity to O, gas at room temperature and ambient pressure.
Using Eug-SWNT devices as chemiresistors, we have demonstrated a linear and reversible
response to environmentally relevant O, concentrations between 5-27%, with a calculated
minimum detection limit less of than 1% O,. The response of Eug decorated SWNTs towards
UV light and O, gas is completely unlike that of bare SWNTs, allowing us to explore the
mechanisms of device behavior without the controversy concerning the direct interaction
between SWNTs and 0,.%%*'**">! Ultimately, the incorporation of the Eug-SWNT system into
low power, micro-electronic devices may find a broad range of applications in civilian and
military arenas as personal safety devices for workers in confined spaces or for ambient level O,
sensors for enclosed working environments where space, weight, and energy consumption are at

a premium, such as mines, aircraft, submarines or spacecraft.
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8.0 CONCLUDING REMARKS

The increasing interest in SWNT-based platforms for chemical sensors and energy production
necessitates a fundamental understanding of the chemical and electronic processes that occur in
the system. The two major avenues for studying such interactions are optical spectroscopy and
electrical transport measurements. The chapters contained in this document outline the work that
I have completed while pursuing a Ph. D. in Alexander Star’s research group. In general, the
complexity of the work has increased with each new chapter. For example, the initial work
involved a purely electrical investigation of gas adsorption on metal decorated SWNTs. From
there, an approach was introduced that utilized a simultaneous combination of optical
spectroscopy and electrical transport measurements to study the electronic structure of SWNT
networks during gas adsorption. With this new approach in hand, the problem of gas adsorption
on metal decorated SWNTs was re-visited, and a more thorough description of the charge
transfer mechanism was provided. Lastly, the most complex system involved SWNTs decorated
with a photoactive, and O, sensitive Eu*"-containing dendrimer. This work produced an elegant
description of the system’s O, sensitivity, and it was the first reported SWNT-based sensor for
room temperature and ambient temperature O, gas.

My hope is that this work may serve as a stepping-stone for future researchers striving to
further develop an understanding of chemical interactions and charge transfer with SWNT-based
systems. In my opinion, fundamental studies that aim towards elucidating the mechanistic
aspects of CNT-based systems, such as the ones outlined in this document, will undoubtedly lead

to novel discoveries and help develop useful applications.
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