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EPIGRAPH

Science may set limits to knowledge, but should not set limits to imagination.

—Bertrand Russell

I’m sick of following my dreams. I’m just going to ask them where they’re going

and hook up with them later.

—Mitch Hedberg
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ABSTRACT OF THE DISSERTATION

Infrared micro- and nano-spectroscopy of carbon-based materials

by

Omar Khatib

Doctor of Philosophy in Physics

University of California, San Diego, 2014

Professor Dimitri N. Basov, Chair

The following dissertation explores the low-energy physics and infrared

properties associated with a suite of organic and molecular materials. The major-

ity of the work is centered around organic semiconductors, specifically conducting

polymers. First, we introduce a novel method of charge injection in organic semi-

conductors by exposure to vapors of fluorinated organosilane molecules. We show

that ultra-high carrier densities in the range 1014 cm�2 are attainable, a regime

that is inaccessable by conventional oxide-based electrostatic field-e↵ect. Further,

we provide spectroscopic evidence of delocalized states and thus metallic trans-

port, signaling that such highly-doped polymer films are at the threshold of the

metal-insulator transition, an area of both high academic and practical interest.

The next two sections detail our investigation of a new class of narrow bandgap

xv



donor-acceptor (DA) copolymers, based on benzobisthiadiazole (BBT) and dike-

topyrrolopyrrole (DPP), that demonstrate intrinsic ambipolarity when integrated

in field-e↵ect transistors. We perform a systematic infrared investigation of thin

film transistors based on DA copolymers. We study the electronic excitations under

both positive and negative gate biases, to determine the electron- and hole-induced

IR spectral features. For high-mobility polymer films based on DPP, we observe

distinct polaronic absorption features associated with both injected electrons and

holes. We employ a customized di↵raction-limited IR microscope to study the evo-

lution of the electronic response throughout the channel of a functional field-e↵ect

transistor device. From the strength of the IR absorptions, we are able to generate

a spatial map of the carrier density across the conduction channel. When biased at

moderate gate biases in the ’ambipolar regime’ where electrons and holes coexist

in the channel, we register the transition from electron-polaron to hole-polaron

IR absorption as a function of position. The last section introduces an entirely

new concept in the field of near-field infrared nano-optics involving characterizing

biological substances in aqueous media. We utilize a novel graphene-based liq-

uid cell to trap biomolecules surrounded by water. We perform IR nano-imaging

and nano-spectroscopy measurements on tobacco mosaic virus (TMV) aggregates

in a graphene liquid cell. This work sets the stage for a new class of nano-scale

experiments on molecular and biological systems.
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Chapter 1

Introduction

Infrared (IR) and optical spectroscopy is universally recognized as an ef-

fective probe of vibrational and electronic properties of matter. Existing between

microwave and ultraviolet radiation, and spanning the energy range from 2 meV

to 6 eV, IR and optical light have direct access to important physical processes for

virtually all materials. By spectrally monitoring the low-energy excitations of a

system while tuning parameters such as temperature, doping (ie carrier density),

or chemical composition, fundamental electromagnetic phenomena can be explored

in a very wide phase space.

The sub-field of condensed matter physics consisting of organic, biological,

and other soft materials (generously lumped together as ’carbon-based materi-

als’ in the dissertation title) presents a new set of challenges that have undergone

considerably less investigation compared to conventional inorganic semiconducting

and metallic systems. The following four chapters are work done to address several

of these challenges, in an attempt to push the current boundaries of science ever

further. The ubiquity of IR spectroscopy as an experimental tool ensures applica-

tion over a number of length scales, from macroscopic crystals down to individual

biomolecules. Through significant advances in measurement techniques, IR probes

have found utility both in di↵raction-limited and sub-di↵ractional experimental

settings. As if by happenstance, the work presented here progresses in such a

manner, from the macro- to the micro- to the nano-scale.

1
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1.1 Organic semiconductors

1.1.1 High carrier densities in conjugated polymers

By virtue of being characterized as ’molecular’ systems, polymers, organic

crystals, and other van der Waals materials exhibit electronic phenomena typically

confined to just a few unit cells. The weak van der Waals interaction results in

extremely narrow energy bands in the solid state, and electron states that are very

sensitive to the local morphology, disorder, and vibrational degrees of freedom.

Thus, the science of organic semiconductors is driven by a cooperative e↵ort from

physicists, chemists, and material scientists.

Polymers, instrinsically insulating, are quasi-1D systems characterized by

large energy gaps and low electrical conductivity. Charges tend to be localized on

host atoms, hopping from site to site with a large e↵ective mass. The conductivity

can be increased by the continued addition of excess charges to the polymer chain

in several ways. The discovery and development of conducting polymers in the late

1970s by chemical doping led to the Nobel Prize in Chemistry, awarded in 2000 to

Heeger, MacDiarmid, and Shirakawa.

Due to the complexity of the energetic competition between externally ap-

plied fields, local morphological, and thermal disorder, there still does not exist a

universal model of charge injection and transport in organic semiconductors. Thus,

despite substantial progress in the field of organic electronics, there still remains

a challenge to achieve a comprehensive understanding of charge carrier dynamics.

This is especially true at higher carrier densities, a regime of both fundamen-

tal and practical interest for applications. In addition to conventional chemical

doping, which is typically performed in solution, excess charge can be added via

electric field-e↵ect. Employing organic semiconductors as the active material in a

field-e↵ect transistor has become the benchmark system by which to study charged

excitations in conjugated polymers. However both of these methods are limited

in the extent of their doping e�ciency. Chemical doping eventually results in a

breakdown of the polymer backbone structure, while oxide-based transistors are

limited by leakage currents and dielectric breakdown to modest carrier densities.
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The use of fluorinated trichlorosilanes (FTS) has recently been introduced

as a viable means to achieve high carrier densities in both organic molecular crys-

tals and polythiophenes. In Chapter 2 we carry out the first spectroscopic inves-

tigation of FTS-modified films of a prototypical high-mobility polymer, poly(3-

hexylthiophene) (P3HT). We report on the spectroscopic signatures of a high den-

sity of charges in a P3HT film introduced both through gating and FTS-doping.

Capitalizing on model-independent sum rules for optical constants, we are able

to extract carrier densities from absorption data for FTS-doped P3HT films. We

observe a significant increase in the maximum attainable carrier densities in FTS-

altered films compared to gating in an organic field e↵ect transistor (OFET) ar-

chitecture. We discuss this exciting result in the context of a critical assessment

of carrier densities in OFETs employing both SiO2 dielectric and high- dielectric

constant oxides. Our work demonstrates that FTS doping o↵ers an opportunity

to study the rich physics near the insulator-to-metal transition of polymer semi-

conductors.

1.1.2 Donor-acceptor narrow gap ambipolar copolymers

Donor-acceptor (DA) copolymers experienced a flurry in activity in the

early 1980s in an attempt to understand and control the energy bandgap, with

the goal of achieving a zero-gap room temperature metal. A modern resurgence

in utilizing the DA approach has resulted in the synthesis of ambipolar polymers,

which until recently have not been available. The inherent chemical tunability

a↵orded by the choice of donor and acceptor units has led to the realization of

copolymers with very high mobility and extremely narrow bandgaps, responsible

for the intrinsic ambipolarity. Significant improvements in these key areas are of

both fundamental and practical interest for charge transport and light-emitting

applications.

In Chapters 3 and 4 we report for the first time on ambipolar charge injec-

tion in narrow-gap polymers using infrared spectroscopy. New generations of DA

copolymers based on benzobisthiadiazole (BBT) and diketopyrrolopyrrole (DPP)

possess extremely small bandgaps below 1 eV. Further, DA systems incorporat-
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ing DPP regularly yield field-e↵ect mobilities exceeding 1 cm2v�1s�1. Utilizing

infrared methods, we are able to obtain a detailed characterization of the polymer

band edge, and its behavior upon electrostatic doping of both holes and electrons.

Our spectroscopic probe has access to the electronic excited states as well as IR

signatures of injected charges in devices based on conventional silicon substrates.

In addition to sharp mid-IR resonances associated with charge injection, we find

a significant modification of the polymer band edge with doping. This work is the

first systematic IR investigation of such a low bandgap ambipolar polymer system.

In our results for BBT-based polymers in Chapter 3, we find evidence of

a polymer with a significant self-doping of holes. We did not find IR absorption

features associated explicitly with mobile electrons, contrary to transport measure-

ments. This discrepancy is discussed in Chapter 4, where we perform a combined

transport and spectroscopic investigation on a high mobility polymer based on both

BBT and DPP. In polydiketopyrrolopyrrole-benzobisthiadiazole (PDPPBBT) we

register distinct IR resonances associated with electron and hole polaron absortion.

We clarify the role and origin of charge trapping on electron transport, and its

manifestation in the IR spectra.

1.1.3 Di↵raction-limited IR microscopy as a comprehen-

sive experimental probe

In Chapter 4, we perform a more detailed study of the spectroscopic signa-

tures of both electron and hole injection in DA polymer FETs based on PDPPBBT

using a di↵raction-limited infrared microscope. Using IR microscopy, we are able

to register distinct absorption associated with both electrons and holes, and pro-

vide a spatio-spectral map of the IR response throughout the conduction channel

of an operating FET device. Further, based on the strength of the spectral fea-

tures we are able to image the carrier density in the channel of an ambipolar DA

polymer. We show that for certain voltage configurations, there is a coexistence

of electrons and holes in the transistor channel. Our work provides a platform

for combined transport and infrared studies of organic semiconductors on micron

length scales relevant to functional devices.
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1.2 Scattering scanning near-field optical mi-

croscopy (s-SNOM)

In biological and life sciences, infrared spectroscopy serves as a noninvasive

probe of vibrational fingerprints used to identify chemical and molecular species,

and can be used to characterize cells and tissues linked to specific diseases such

as Alzheimer’s. However, significant limitations of common implementations of IR

spectroscopy include: i) the coarse spatial resolution (3 - 20 µm), restricted by

di↵raction and the long wavelength of IR light; ii) presence of multiple substances

in heterogeneous biological specimens, thus leading to mixed results when the

di↵raction-limited areas are interrogated; and iii) incapability of measurements in

aqueous media, due to the extremely strong IR absorption from water alone.

Recent advances in IR techniques have circumvented the di↵raction limit

by combining the use of an atomic force microscope (AFM) and IR lasers that

illuminate the scanning tip. In scattering scanning near-field optical microscopy

(s-SNOM), by analyzing the back-scattered light resulting from a tip-sample in-

teraction (near-field), information can be gleaned at infrared frequencies with a

spatial resolution no longer limited by the wavelength of light, but by the radius

of the AFM tip apex (as small as 5-10nm).

1.2.1 Graphene-based liquid cells

Despite significant advances and widespread applications of ’apertureless’

near-field spectroscopy, the research area of biological materials has thus far re-

mained elusive. Physiological conditions required for experimentation are incom-

patible with a usual implementation of s-SNOM. In Chapter 5, we detail an in-

novative approach enabling nano-scale IR measurements to be performed on sam-

ples in a liquid environment. This experimental configuration utilizes graphene, a

two-dimensional sheet of carbon atoms arranged in a honeycomb lattice that has

remarkable mechanical, electrical, and IR properties.

In Chapter 5, we employ large area graphene, grown by chemical vapor

deposition (CVD), as a monolayer lid over biomolecules trapped with water.
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Graphene is impenetrable by gases and liquids, but is transparent for IR light

enabling spectroscopy of substances underneath the membrane. We present IR

nano-imaging and nano-spectroscopy data on TMV aggregates trapped with water

in such a graphene liquid cell. These measurements are truly the first of their

kind. We are able to resolve individual viruses through the graphene overlayer,

and observe significant phase contrast in near-field nano-IR imaging experiments.

Further we are able to register the amide I and II bands of TMV using IR

nano-spectroscopy with a coherent broadband laser source. This work opens up a

new class of experiments using scattering-based IR techniques to study biological

systems in aqueous media.



Chapter 2

Ultra high carrier densities

induced in organic

semiconductors

We report on infrared (IR) absorption and dc electrical measurements of

thin films of poly(3-hexylthiophene) (P3HT) that have been modified by a fluo-

roalkyl trichlorosilane (FTS). Spectra for FTS-treated films were compared to data

for electrostatically-doped P3HT in an organic field-e↵ect transistor (OFET). The

appearance of a prominent polaron band in mid-IR absorption data for FTS-treated

P3HT supports the assertion of hole doping via a charge-transfer process between

FTS molecules and P3HT. In highly-doped films with a significantly enhanced po-

laron band, we find a monotonic Drude-like absorption in the far-IR, signifying

delocalized states. Utilizing a simple capacitor model of an OFET, we extracted

a carrier density for FTS-treated P3HT from the spectroscopic data. With car-

rier densities reaching 1014 holes cm�2, our results demonstrate that FTS doping

provides a unique way to study the metal-insulator transition in polythiophenes.

2.1 Introduction

Conjugated polymers, and specifically polythiophenes, are attractive ma-

terials for low-cost, large area, flexible electronics applications because of their

7
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solution processability, superior film-forming properties, and comparatively high

mobilities.1,2, 3, 4 Because these systems are insulators with a moderate band gap,

it is necessary to introduce mobile charges through doping or electric field gat-

ing, in order to initiate electrical transport. The quest to achieve a comprehensive

understanding of charge carrier dynamics in the polymer host also requires extend-

ing the carrier densities toward the boundary of the insulator-to-metal transition

(IMT). The IMT region is of fundamental interest as well, as some of the most

fascinating electronic and magnetic many-body e↵ects occur when both organic

and inorganic insulators are driven towards the metallic state by photoexcitation,

gating, or doping.5,6, 7

To go beyond the charge density limits of conventional organic field-e↵ect

transistors (OFETs) with oxide insulators (roughly 1013 cm�2 ), alternative meth-

ods have been introduced, including OFETs employing polymer electrolyte gat-

ing,8,9, 10,11,12 and the use of fluorinated organosilane molecules (known to self-

assemble on surfaces) to chemically oxidize and thereby dope the organic semi-

conductor.13,14 In this work, we explore the latter approach by modifying the

electronic properties of the polymer poly(3-hexylthiophene) (P3HT) using fluo-

rinated organosilanes. The organosilane molecules incorporate into the polythio-

phene structure, hydrolyze, and partially cross-link, forming a network that induces

a strong p-type doping of P3HT.13 The particular organosilane used in this work

is (Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (C8H4F13SiCl3), or simply

fluoroalkyl trichlorosilane (FTS).

We have utilized infrared (IR) spectroscopy: a tool ideally suited for inves-

tigating fundamental electronic processes in organic semiconductors.15 IR mea-

surements directly probe electronic excitations associated with injected charges,

and are complementary to transport measurements. With IR spectroscopy, we are

able to characterize the low-energy excitations induced in FTS-modified structures

by comparing the IR absorption of FTS-treated films to that of the same polymer

film electrostatically doped in an OFET. At the highest carrier densities, we have

observed both Drude absorption (indicative of delocalized states in a metal) and

a broad mid-IR absorption (indicative of self-localized polaron states). We there-
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fore demonstrate that FTS modification is a useful technique for exploring and

exploiting the onset of metallic transport in polymers.

2.2 Experimental details

All IR and DC transport measurements reported here have been performed

at room temperature using two types of devices: (a) two-terminal structures and

(b) three terminal OFETs, shown in the insets of Figures 2.1 and 2.2, respectively.

Two-terminal devices were fabricated by spin-coating a 10 - 15 nm-thick P3HT film

onto an intrinsic H-terminated Si(111) substrate with bulk resistivity 30 k⌦· cm,

or onto a glass slide. Graphite contacts were painted on top of the polymer film,

separated by 0.5 - 1 cm (Fig. 2.1 inset). Three-terminal P3HT-based OFETs

were prepared by depositing thin (4 - 6 nm) film of P3HT on SiO2/n-Si substrates

(inset in bottom panel of Fig. 2.2). In the OFETs, 200 nm-thick SiO2 on n-Si

wafers were used, with the doping level suitable for IR transmission measurements.

Gold source and drain electrodes were patterned on top of SiO2 and spaced roughly

200 microns apart as previously described in Ref. (16).

IR measurements were performed ex-situ, i.e. after the P3HT samples have

been brought to a highly conducting state by exposure to FTS. IR transmission

measurements with a spectral resolution of 8 cm�1 were carried out in the mid-

IR range (400 - 7000 cm�1) and were extended to the far-IR region (down to 40

cm�1) for selected structures. We employed a home-built IR microscope with the

focus size reduced down to d = 200 µm, allowing us to explore the uniformity of

electronic properties along the sample surface. Typically we recorded transmission

spectra of an FTS-treated polymer, Ttr(!), normalized by the transmission of a

pristine sample, Tp(!), on the same substrate. It is customary to plot these data

in the form of the change in absorption (�↵d) defined as:

�↵d = 1� Ttr(!)/Tp(!)). (2.1)

For the OFETs we characterized transmission, T(Vgs), at various gate volt-

ages, Vgs, and normalized these data by T(Vgs = 0V ). OFET data are presented
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Figure 2.1: DC current flowing through a 10-15 nm-thick P3HT film exposed
to the fumes of (tridecafluoro-1,1,2,2-tetrahydrooctyl)-trichlorosilane (FTS ) as a
function of exposure time. Dashed line: P3HT on a semi insulating (transparent
for IR) Si(111) substrate. Solid line: P3HT on a glass substrate. Measurements are
performed with V= 1V applied between graphite contacts that define a 1 x 1 cm2

P3HT film. The left inset shows the structure of FTS molecules. The right inset
shows a conceptual geometry of 2-probe samples. The apparent large background
conductivity in the P3HT/Si device is due to the residual bulk conduction through
the Si substrate.



11

as:

�↵d = 1� T (Vgs)/T (Vgs = 0V ), (2.2)

where d is the thickness of the accumulation layer (typically 1 - 2 nm) and

T(Vgs = 0V ) corresponds to the transmission at zero Vgs.

2.3 Results

2.3.1 DC transport data

Figure 2.1 shows DC transport data for a P3HT film obtained during ex-

posure to FTS vapor. A dramatic increase of the DC current, by 5 - 6 orders of

magnitude, is observed within the first few hours of the treatment. The large back-

ground conductivity of P3HT/Si(111) samples before the FTS exposure (dashed

line) is due to the shunt by the 30 k⌦·cm substrate. The magnitude of the current

in the saturated regime is similar for both P3HT/Si(111) and P3HT/glass. The

e↵ect of FTS on conductivity is persistent: FTS-altered P3HT shows no degra-

dation of the high-conductivity state, provided the samples are stored in high

vacuum or in an atmosphere of dry non-polar gases. The conductivity lasts for

weeks in ambient atmosphere albeit with some gradual degradation accelerated by

humidity. FTS-induced modification of the DC conductivity is similar to results

reported for FTS layers grown at the surface of organic molecular crystals.14 For

molecular crystals, the FTS is restricted to the surface of the crystal; since FTS

molecules cannot penetrate the tightly packed molecular structure, they form a

self-assembled monolayer at the surface.14 In a polymer with weak interchain in-

teractions, however, the entire volume of a 10 nm film reacts with FTS, evidenced

by a change in the color of P3HT from purple to transparent as the result of FTS

exposure.13
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Figure 2.2: IR response of P3HT film modified by electrostatic doping in an
OFET structure and under exposure to FTS fumes. Top panel: Mid-IR absorp-
tion �↵d = (1�T(Vgs)/T(Vgs = 0V ) for a device gated at Vgs = �90V (black
dashed curve) and Vgs = �30V (gray dashed curve); �↵d = (1�Ttr/Tp) for FTS-
modification with no applied bias (blue solid curve). Bottom panel: Change in
the absorption coe�cient �↵ for the same device. Bottom inset: Schematic of
FTS-treated OFET device.
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2.3.2 IR Spectroscopy and comparison of FTS and electro-

static charge injection

The three-terminal OFETs (Fig. 2.2) o↵er known advantages for studying

electronic e↵ects in organic semiconductors,17,16,18,19,20,21,22, 23, 24,25,26,27 and will

serve as a reference system for characterizing the IR absorption associated with

FTS e↵ects on the electronic transport. We first injected charges in a P3HT film

by applying a gate voltage, forming a hole-accumulation layer in the polymer at

the interface with SiO2. With this gate-induced carrier density, we observed the

spectroscopic fingerprints of electrostatic charge injection (black and grey dashed

lines in top panel of Fig. 2.2).16 These include: (i) sharp peaks in the frequency

range 1200 - 1400 cm�1 attributable to infrared active vibrational modes (IRAVs)

and (ii) a broad band centered around 3500 cm�1 attributable to polaron absorp-

tion. The oscillator strength of these features, proportional to the area under �↵d

spectra, is voltage-dependent in agreement with published data.16

After verifying the ”fingerprint absorption” of the OFET, we subjected the

same device to FTS fumes and repeated the measurements after 6 hours of exposure

(blue line in top panel of Fig. 2.2). In both cases, we observed sharp resonances in

the frequency range between 1000 - 1500 cm�1 and an absorption band centered

at 4000 cm�1. The low frequency structure is reminiscent of IRAVs seen in the

OFET. The apparent agreement is improved further with OFETs employing TiO2

as the gate insulator, as SiO2 allows observation of only the higher energy IRAVs.16

Upon detailed investigation, however, we found that the FTS layer itself

grown on various substrates (including KBr and SiO2) exhibits absorption res-

onances in the same frequency range as the electrostatically-induced IRAVs in

P3HT (inset in Fig. 2.3). Here we compare the absorption of P3HT two-terminal

device subjected to FTS fumes to that of FTS-coated KBr. Note that clean KBr

substrates are transparent in the mid-IR, and since FTS does not induce any

measureable DC conductivity in KBr, we conclude that these peaks are primarily

formed by the intrinsic vibrational modes of an FTS self-assembled network. The

two largest peaks are most likely due to the six CF2 groups in each molecule, which

typically have stretching frequencies in this range.28,29,30
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Figure 2.3: IR absorption of four di↵erent P3HT-based structures extended down
to 40 cm�1 to include the far-IR range of the spectrum. The blue curve is FTS-
induced absorption of the FET device presented in Figure 2.2. All other curves are
2-probe (ungated) P3HT/Si structures doped with FTS. The curves are labeled
according to their integrated polaron spectral weight (detailed in text) and listed
in order of polaron absorption strength. Inset: Vibrational spectrum of an FTS-
treated P3HT/Si sample and FTS-coated KBr substrate.
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The broad absorption band at higher frequencies (centered at 4000 cm�1)

in the IR spectra of both the gated P3HT devices and P3HT altered by FTS in

Figure 2.2 arises from optical transitions to energy levels within the energy gap. In

nondegenerate ground-state polymers, excess charges lead to the formation of ei-

ther polaron or bipolaron states within the gap. This absorption from the localized

polaron states is a characteristic spectral feature of charge injection in polymers.

The distinction between polarons and bipolarons in the context of FTS-doping will

be discussed in the next section, and the broad absorption will be referred to as a

“polaron band”for simplicity. Similar polaron bands are also observed in photoex-

cited and chemically-doped polymers, and their line shape can be quantitatively

described by models of polaron absorption.31,32,1, 33,34,35, 36 The appearance of the

prominent polaron band in the FTS-induced absorption in the OFET provides ev-

idence of oxidation or p-type doping in the polymer host. In control experiments,

we exposed KBr, Si, and GaAs substrates to FTS vapors. We did not find any

significant modification of the absorption in the range where FTS-altered P3HT

displays a polaron band. Although the polaron bands and IRAV resonances ap-

pear simultaneously in IR spectra for electrostatically and/or chemically doped

polymers,16,18,37,1, 33,36 the contributions from direct absorption of the FTS net-

work discussed above do not allow unambiguous identification of IRAV features of

FTS-controlled P3HT.

We now analyze the strength of absorption of the gate-induced and FTS-

induced polaron band in the P3HT film, both produced in the same OFET device.

It is customary to define an e↵ective spectral weight

N

P
eff =

Z

Pol

(�↵d)d!, (2.3)

where the integration is done over the polaron band. According to the

oscillator strength sum rule,38 this spectral weight is proportional to the density

of charges participating in an absorption feature: a polaron band in this case. The

�↵d spectra plotted in Figure 2.2 reveal that FTS-induced absorption is an order

of magnitude stronger compared to that of the OFET device under Vgs = �90V .

This enhancement is at least in part due to the bulk nature of the doping in the
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P3HT film caused by the reaction with FTS. Doping throughout the thickness of

the film results in a larger net absorption than that obtained from gating the same

OFET (gate-induced charges are confined within a 1 - 2 nm thick accumulation

layer). The bottom panel in Figure 2.2 compares only the change in the absorption

coe�cient, �↵. After properly correcting for the di↵erence in thicknesses of the

respective layers, it is apparent that the FTS reaction still yields higher doping

levels than obtained by applying the highest sustainable gate voltage (blue and

black curves in lower panel of Fig. 2.2).

2.3.3 FTS-treated P3HT

Figure 2.3 shows IR absorption spectra for three di↵erent P3HT/Si two

terminal structures and a P3HT OFET obtained in separate FTS treatments. The

polaron band is reproduced in all spectra, rea�rming the assertion that this spec-

troscopic feature arises from doping by reaction with FTS. The oscillator strength

of the polaron feature varies for di↵erent FTS treatment experiments, and can

even vary across the same sample. The energy of the polaron absorption reflects

the degree of order between polymer chains36 and therefore can be expected to

show some sample-to-sample variation. As shown in Figure 2.3, we do find minor

nonsystematic variation of the frequency of the polaron peak. Figure 2.4 shows

data obtained by probing several di↵erent spots (separated by 1 mm) on the same

two-terminal P3HT/Si sample. 1 mm is an enormous length scale compared to

that of the features seen in AFM images of FTS-treated films,13 calling for further

studies with nano-scale spatial resolution that are now possible.

Structures which showed the most intense polaron band oscillator strengths

reveal an additional feature in the far-IR absorption (black trace in Fig. 2.3, Fig.

2.4). The monotonic increase of this far-IR absorption towards lower frequencies

(for ! < 1000 cm�1) is the Drude-like response of delocalized charge carriers,38

and apparently signifies metallic transport in FTS-doped films. The low-energy

absorption persists at low temperatures, consistent with the notion of metallic

transport, with a modified !-dependence to be reported in a separate publication.

From the data in Fig. 2.4, we extract a two-dimensional (2D) conductivity of
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Figure 2.4: IR absorption spectra collected from di↵erent spots on a single 1x1
cm2 P3HT/Si sample doped with FTS to saturation. Probed locations are sepa-
rated by 1 mm
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�

2D
DC =.970 k⌦�1, which is consistent with the highest values seen in transport.13

The coexistence of metallic (delocalized) and polaronic (localized) states may point

to a phase-separated system.

Additionally from Fig. 2.4, the Drude absorption appears to be more uni-

form over the large length scale considered. This suggests that the variation in the

mid-IR absorption is likely due to light scattering, as opposed to inhomogeneities

in the FTS treatment. Some inevitable swelling occurs in doped films, altering the

surface morphology and leading to a reduced IR signal through regions with large

surface irregularities. IR microscopy at the nano-scale is necessary to resolve such

issues of inhomogeneity.39

2.4 Analysis and discussion

2.4.1 Quantifying carrier density from IR data

The gate-induced or doping-induced carrier density in P3HT can be ex-

tracted from the spectroscopic data. Note that an OFET can be modeled as a

parallel plate capacitor in which the charge density N2D is proportional to the

applied gate voltage:

N2D =
✏0

eL

Vgs, (2.4)

where  and L are the dielectric constant and thickness of the gate insulator,

respectively. Naturally, N2D is the same at both interfaces of the dielectric (i.e., in

the gate electrode and in the OFET accumulation layer). The 2D carrier density

in an accumulation layer in the P3HT-based OFET can thus be obtained directly

from the applied gate voltage. Using the e↵ective spectral weight N

P
eff defined

earlier (Eqn. 2.3), there exists a one-to-one correspondance between the carrier

density and the strength of the polaron absorption. The validity of this approach

is confirmed by the linear dependence of NP
eff on Vgs observed in OFETs with

SiO2 insulator (red triangles in Fig. 2.5). Previous work on SiO2-based P3HT

OFETs has shown a 2D carrier density reaching 1013 holes cm�2 at Vgs = �100V
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Figure 2.5: E↵ective 2D spectral weight of the polaron band N

P
eff and corre-

sponding 2D carrier density plotted as a function of the applied gate voltage for
SiO2 (|Vgs|=0-100V) and TiO2 (|Vgs|=0-30V)-based FET devices (triangles). The
blue circles are N

P
eff and N2D associated with the FTS-doped P3HT structures,

with error bars due to the uncertainties in film thickness. Dotted and dashed lines
indicate doping levels of 5% and 10%, respectively, for P3HT.
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in structures with similar thickness of the gate insulator18 and is limited by the

break-down of the insulator.

The doping-induced carrier density in FTS-treated P3HT can then be ob-

tained by integrating the absorption spectra:

N

P
eff,FTS =

Z

Pol

(�↵)d!. (2.5)

Figure 2.5 shows a comparison of for the OFET- and FTS-based methods

of introducing charge carriers. It is evident from the plot that much higher carrier

densities are attainable in FTS-doped P3HT, delivering as much as an order of

magnitude enhancement over OFETs.

The capacitor model indicates that carrier densities in OFETs can in prin-

ciple be increased with an appropriate choice of gate insulator. However, the

experimental reality of OFETs employing high dielectric constant oxides as gate

insulators is more complex than this simple conjecture. In Figure 2.5 we plot data

for OFETs with TiO2 ( = 37) and SiO2 ( = 3.9),16 and indeed devices employing

TiO2 dielectrics show strong enhancement of the carrier density (blue triangles),

but only at small Vgs in the regime where the carrier density still varies linearly

with the gate voltage. At Vgs approaching �30V ideal OFET behavior is arrested

due to high leakage current preempting breakdown at yet higher Vgs. In our ex-

perience, TiO2 dielectrics yield no sizable improvement to the maximum possible

carrier densities in OFETs compared to SiO2-based devices. The data in Figure

2.5 rea�rm that FTS modification of polymers o↵ers a viable means to achieve

carrier densities significantly exceeding that of oxide-based OFETs. It is important

to note that the FTS-induced carrier densities shown in Fig. 2.5 are calculated

considering only the polaron band. Including the low-energy Drude absorption in

the integral in Eqn. (2.5) puts the density of injected carriers from FTS molecules

slightly higher in the 1014 holes cm�2 range for the highly-doped films.

2.4.2 Insulator-to-metal transition in P3HT

Data reported in Figs. 2.3 - 2.5 may reveal additional details about the

insulator-metal transition that occurs in doped P3HT. In Ref. (18), three possible
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theoretical scenarios were suggested to describe the IMT in P3HT: (i) a first-order

transition between a bipolaron and a polaron lattice, (ii) a gap closure between the

polaron band and the valence band, and (iii) a gap closure between the bipolaron

band and the valence band. A schematic diagram of these three possibilities for

a transition is displayed in Fig. 2.6. The critical doping concentration for both

scenarios (i) and (iii) was predicted to be near 10%, or 1̃013 cm�2, while for scenario

(ii) it is closer to 5%. It is evident from Fig. 2.5 that 1013 cm�2 is barely attainable

in gated OFETs. Despite being on the cusp of the IMT, no signs of metallic

conductivity are evident in the OFET absorption data at the highest gate voltages.

Using a theoretical model originally proposed by Brazovskii and Kirova,40 the

lowest optical transition frequency was calculated to be 0.16 eV for polarons, and

0.45 eV for bipolarons.18 With these energies in mind, P3HT OFET data show

one broad absorption at 3500 cm�1 (0.44 eV) at all dopings up to 10%, indicating

that this absorption is likely due to bipolarons. This suggests a merging of the

valence and bipolaron band as the mechanism by which an IMT occurs.

Here, we have increased the carrier density in P3HT an order of magnitude

further, with clear signs of metallicity, and both the peak structure and position of

the mid-IR absorption band have not changed appreciably. Therefore, in light of

the three IMT scenarios presented earlier, the new data would provide additional

evidence for the physical picture of a bipolaron band merging with the valence

band to form a partially-filled (metallic) energy band. Previous work on P3HT

has led to numerous interpretations of the low-energy excitations in the absorp-

tion spectrum for the various methods of introducing excess charges (electrostatic,

chemical, etc.).18,31,36,41,42 To evaluate these interpretations as well as the models

used to calculate polaron and bipolaron energies, e↵ects such as disorder must be

taken into account. This is especially true in the case of FTS doping, where the

penetration of FTS molecules into the bulk of the P3HT film may have a significant

e↵ect on the local order of the polymer chains. Perhaps more importantly, most

of the theoretical models used to calculate these energies assume non-interacting

polarons. In order to completely capture all of the essential physics at such high

carrier densities near the IMT, interactions between the polarons must be taken
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into consideration.43,44

The previous interpretation of a continuous transition from an insulating

to metallic state is based upon the assumption of a homogeneous film. This may

not necessarily be the case. The coexistence of metallic and localized features

in the IR absorption data (Figs. 2.3 and 2.4) for FTS-doped films is indicative

of phase separation. Earlier, Dhoot et al. estimated that a small fraction (⇠
1%) of the field-induced carriers in regio-regular P3HT OFETs occupy delocalized

states at high carrier densities, while most charges remain in the lower-energy

localized states.23 Phase separation may be a common attribute among conducting

polymers. Earlier work on heavily-doped polyacetylene has demonstrated metallic

absorption appearing simultaneously with localized excitations (IRAVs). Recent

work on polyaniline, however, has demonstrated a metallic response in reflectance

simultaneously with reduced-strength IRAVs.45 The strong absorption of FTS

molecules obscures the IRAV spectrum in FTS-doped P3HT, but it is important

to note that the metallic response observed in Fig. 2.3 occurs simultaneously with

the highest polaron absorption, relative to other treated samples. Truly resolving

these issues certainly requires these e↵ects to be thoroughly studied at the nano-

scale.

2.5 Conclusions

The IR data (Figs. 2.2, 2.3) confirm the assertion that the large increase in

DC conductivity in FTS-treated structures is based on doping via electron trans-

fer from the conjugated polymer to electronegative FTS molecules located nearby

the polymer chains. The data in Figure 2.5 demonstrate that carrier densities

in FTS-doped films are significantly higher than those in OFETs, with the high-

est values reaching nearly 1014 holes cm�2. Such strong doping is indicated by

the significantly enhanced polaron band and the strong far-infrared Drude-like

absorption. The range of carrier densities is consistent with the variation seen

in transport measurements of FTS-treated P3HT, which typically have saturated

DC conductivities in the range �

2D
DC = 10�4 - 10�3 ⌦�1.13 The Drude-like form
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Figure 2.6: Schematic energy level diagram displaying three possible scenarios
for an insulator-metal transition in P3HT upon doping: (i) a first-order transition
from a bipolaron to a polaron lattice, leading to a partially-filled band; the (ii)
polaron or (iii) bipolaron band broadens to merge with the valence band.
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of the far-IR absorption is characteristic of a free carrier response. These data

therefore indicate that FTS-controlled films can be doped to su�ciently high car-

rier densities (of order 1014 holes cm�2 or 1021 cm�3) to be on the metallic side

of the insulator-to-metal transition. The transition to the metallic state in this

highly-doped regime is in accord with the analysis of required carrier densities.18

With the number of carriers surpassing 1014 holes cm�2, FTS-doping provides an

opportunity to study the nature of the insulator-to-metal transition in conjugated

polythiophenes. When combined with IR nanoscopy, these studies can directly

address competing physical descriptions of the IMT, such as phase separation or

a continuous transition to metallic states.
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Chapter 3

Infrared spectroscopy of

BBT-based narrow gap

donor-acceptor copolymers

Donor-acceptor (D-A) copolymers have recently emerged as versatile ma-

terials for use in a large variety of device applications. Specifically, these systems

possess extremely narrow bandgaps, enabling ambipolar charge transport when

integrated in solution-processed organic field-e↵ect transistors (OFETs). How-

ever, the fundamentals of electronic transport in this class of materials remain

unexplored. We present a systematic investigation of ambipolar charge injection

in narrow-gap D-A conjugated polymers polybenzobisthiadiazole-dithienopyrrole

(PBBTPD) and polybenzobisthiadiazole-dithienocyclopentane (PBBTCD) using

infrared (IR) spectroscopy. We observe a significant modification of the absorp-

tion edge in both PBBTPD- and PBBTCD-based OFETs under the applied electric

field. The absorption edge reveals hardening under electron injection and soften-

ing under hole injection. Additionally, we register localized vibrational resonances

associated with injected charges. Our findings indicate a significant self-doping of

holes that is modified by charge injection. Observations of both electron and hole

transport with relatively high carrier mobility strongly suggest an inhomogeneous,

phase-separated conducting polymer.

25
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3.1 Introduction

Organic semiconductors have emerged as attractive materials for use in a

variety of large-area, low-cost electronic applications.46,47 Recently, organic field-

e↵ect transistors (OFETs) based on solution-processed conjugated polymers have

attained carrier mobilities exceeding 1 cm2V�1s�1 for unipolar p-type48 and n-

type devices.49 There is considerable interest in ambipolar polymers for use in

organic complementary logic electronics similar to standard silicon CMOS tech-

nology.50 One very e�cient way to achieve intrinsic ambipolarity in conjugated

polymers is through the use of donor-acceptor (DA) structures.51,52,53 With ap-

propriate choices for donor and acceptor moieties, electron and hole injection bar-

riers can be minimized by e↵ectively tuning the highest-occupied (HOMO) and

lowest-unoccupied (LUMO) molecular orbitals of the DA polymer.54,55,56 This

inherent tunability has enabled fabrication of polymers with extremely narrow en-

ergy bandgaps, highlighting DA systems as useful materials for photovoltaic and

light-emitting devices.57 When incorporated in ambipolar OFETs, DA polymers

allow for a detailed investigation into mechanisms of electrostatic injection of both

electrons and holes into a polymer host. Very recently, a new class of DA polymers

based on electron acceptor benzobisthiadiazole (BBT) have demonstrated ambipo-

lar OFET operation with reasonably high carrier mobilities58 between 10�2 - 10�1

cm2V�1s�1. Additionally, these systems possess extremely narrow bandgaps be-

low 1 eV, as well as many other unusual optical, electrochemical, and transistor

properties.53,58,59,60 Polymers with such small energy gaps alleviate large injection

barrier issues that prevent a thorough study of both electron and hole doping in

systems employing commonly used gold electrodes.

We present a systematic investigation of ambipolar charge injection in

OFETs based on narrow-gap DA conjugated polymers polybenzobisthiadiazole-

dithienopyrrole (PBBTPD) and polybenzobisthiadiazole-dithienocyclopentane

(PBBTCD) using infrared (IR) spectroscopy. IR methods have the advantage

of directly probing the electronic excitations associated with charge injec-

tion.16,27,61,62 A detailed characterization of the ungated polymer absorption

edge in the mid-IR is carried out using spectroscopic ellipsometry. We then
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observed a significant modification of the absorption edge in both PBBTPD- and

PBBTCD-based OFETs under the applied electric field. The absorption edge

reveals hardening under electron injection and softening under hole injection.

In addition to this field-induced behavior near the polymer band edge, we find

evidence of localized charge carriers in the form of sharp vibrational resonances at

lower energies. We critically assess the possible role of several physical mechanisms

that can be responsible for these voltage-dependent features in the IR transmission

data, including absorption due to charged molecular species (i.e. polarons).

3.2 Experimental

A detailed description of polymer synthesis and sample preparation for

Poly[(4,7-bis(3-hexylthien-2-yl)-2�4�2-benzo[1,2-c;4,5-c0]bis[1,2,5]thiadiazole)-alt-

(N-(3,4,5-tris(dodecyloxy) phenyl)-dithieno[3,2-b:20,30-d]pyrrole)] (PBBTPD) and

Poly[(4,7-bis(3-hexylthien-2-yl)-2�4�2-benzo[1,2-c;4,5-c0]bis[1,2,5]thiadiazole)-alt-

(3,3-bis(2-ethyl hexyl) 4H-cyclopenta[2,1-b:3,4-b0]dithiophene)] (PBBTCD) can

be found in Ref. (58).

Partially transparent 20-30 ⌦-cm n-doped Si wafers served as the back gate

in devices employing two types of dielectrics: SiO2 (✏= 3.9) and Ta2O5 (✏ = 24).

Electrodes were patterned using standard photolithography and were formed with

e-beam evaporation of 3 nm of nickel followed by 47 nm of gold. Thin 25nm poly-

mer films were spin-coated onto substrate surfaces treated with decyltrichlorosilane

(DTS) to lower interfacial trap densities and improve device performance. In struc-

tures with Ta2O5 gate dielectric, a thin bu↵er layer of SiO2 (10nm) is grown just

below the polymer for deposition of DTS. Devices suitable for simultaneous elec-

trical and spectroscopic characterization contained source and drain electrodes,

while structures optimized for IR measurements, in order to obtain the highest

possible quality optical data, contained a single terminal enclosing a 3 mm2 area

(inset in Fig. 2). Previous micro-spectroscopy studies have determined that the

charge injection landscape in polymer OFETs with low leakage SiO2 gate insulator

remains uniform over cm length scales.16
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Current-voltage IV characteristics of our OFETs with channel widths of 1

mm and channel lengths of 5 µm were obtained using a Keithley 4200 Semiconduc-

tor Parametric Analyzer and a Signotone Micromanipulator S-1160 probe station.

Transient current measurements were performed by a Keithley 6487 picoamme-

ter, using AC square wave pulses with a period of 10s for both electron and hole

injection.

Infrared transmission data were acquired in vacuum using a Bruker Vertex

70v FT-IR spectrometer with a spectral resolution of 8 cm�1. Broadband light

from a thermal globar source was focused onto a liquid nitrogen-cooled HgCdTe

(MCT) or InSb IR detector for mid-IR (750-6500 cm�1) and near-IR (5000-10000

cm�1) measurements, respectively. Raman spectra were obtained by a Bruker

Senterra dispersive Raman microscope using an excitation laser of wavelength 532

nm. All electrical and optical measurements were performed at room temperature.

In order to obtain frequency-dependent optical constants of the studied

polymers we performed variable angle spectroscopic ellipsometry (VASE) measure-

ments on thin films spin-coated onto unpatterned substrates. Data were recorded

using a commercial Woollam ellipsometer (IR-VASE) based on a Michselson inter-

ferometer (Bruker 66vs), covering the energy range 0.05 - 0.7 eV. The ellipsometric

parameters  and �, are related to the Fresnel reflection coe�cients for p- and s-

polarized light (Rp and Rs) through the equation Rp

Rs
=tan( )ei� . The complex

dielectric function of each polymer was modeled by considering a single Kramers-

Kronig consistent Cody-Lorentz (C-L) oscillator63 to fit the ellipsometric data.

This model has been used to successfully describe optical absorption of a disor-

dered semiconductor near the band edge.64 Data for each polymer on SiO2/Si at

incidence angles of 60� and 75� were used for modeling.

3.3 Results

3.3.1 OFET transport data

The bottom panels in Figure 1 show typical output curves for OFETs based

on small-gap polymers PBBTPD (Fig. 3.1a) and PBBTCD (Fig. 3.1b). The
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Figure 3.1: Top panels: chemical structure of a) PBBTPD and b) PBBTCD.
Bottom panels: I-V output curves for a typical c) PBBTPD- and d) PBBTCD-
based OFET with SiO2 gate dielectric. Insets: OFET transfer characteristics using
|VDS| = 60V for p-type (red curve) and n-type (blue curve) operation.
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observed transistor behavior is characteristic of ambipolar FET devices:65,66 for

small, negative gate voltage VGS, holes are injected from the source electrode to

form a relatively uniform charge distribution in the conduction channel. As the

drain bias VDS is increased beyond VGS, the hole density at the drain decreases

to zero, and the drain potential with respect to the gate surpasses the threshold

for electron injection (VGD > 0V neglecting trap states). Thus during ambipo-

lar operation, there exist spatially separated regions of accumulated electrons and

holes occupying a common conduction channel in the polymer. The contribution of

both types of charge carriers to the source-drain current (IDS) results in diode-like

behavior seen in the I-V output characteristics. At high enough gate voltage such

that both VGS and VGD are of the same polarity, the channel is populated with

only one type of charge carrier, and transport becomes unipolar. For this config-

uration, conventional FET behavior is recovered with p-type (n-type) operation

for VGS < 0V (VGS > 0V), demonstrating saturation of the drain current at high

VDS. The ”V”-shape of the transfer curves (insets in Fig. 3.1c,d) is an additional

hallmark of ambipolar charge injection, with the minimum signifying a transition

from ambipolar to unipolar conduction.

Charge carrier mobilities were extracted using the conventional equation

describing FET operation in the saturation regime:24

IDS =
1

2

W

L

µCi(VGS � VT )
2 (3.1)

with mobility determined from @|IGS|1/2/@VGS. Unipolar transport regimes were

used for this calculation, since during ambipolar operation it is di�cult to dis-

tinguish the separate electron and hole contributions to the current. Average

mobilities for electrons and holes, respectively, were µe=8.2x10�3 cm2V�1s�1,

µh=9.6x10�3 cm2V�1s�1 for PBBTPD, and µe = 0.11 cm2V�1s�1, µh = 0.072

cm2V�1s�1 for PBBTCD, demonstrating ambipolar transport with similar p-type

and n-type performance.58 Due to the sensitivity of electronic transport to charge

traps arising from film deposition and fabrication conditions, threshold voltages

for electron injection tended to vary substantially among di↵erent devices.
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Figure 3.2: Voltage-induced change in transmission spectra T (!, VGS) /
T (!, VGS=0V)) for structures employing a) PBBTPD and b) PBBTCD as the
active semiconductor. Blue curves indicate n-type operation (VGS >0V), i.e. elec-
tron injection; red curves indicate p-type operation (VGS <0V), i.e. hole injection.
Spectra from 750 - 1500 cm�1 are representative data for devices with Ta2O5

gate insulator, where strong absorption due to the substrate is absent. Inset in
a) schematic of single-contact device architecture used for IR and capacitance
measurements.
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3.3.2 IR spectroscopy of BBT-based DA polymer OFETs

We used infrared spectroscopy to probe the electronic excitations associated

with injecting both electrons and holes into DA polymer films. The use of a rectan-

gular electrode structure enclosing the illuminated area (inset in Fig. 3.2) ensures

an electrostatic charge configuration, equivalent to grounding the source and drain

electrodes, while maximizing the IR signal. Figure 3.2a shows IR transmission

spectra T(!,VGS) for a PBBTPD device plotted at various VGS, normalized by

T(!,VGS=0V). Typically, di↵erential spectra �T(!)/T(!) are better suited than

absolute T(!) measurements for studying charge- and field-induced changes in IR

transmission, which are usually extremely small (10�3 - 10�4) and require very

high accuracy. The red curves in Fig. 2 indicate p-type operation (VGS < 0V ),

while the blue curves indicate n-type operation (VGS > 0V ). To facilitate the

discussion, we denote three separate frequency regions in the spectra as regions A,

B, and C, described in more detail below. Spectra are plotted in 10V increments

except for region A in Fig. 3.2b (5V increments). Data in region A were ob-

tained through transmission measurements for Ta2O5-based devices, while spectra

in regions B and C were recorded for devices with SiO2 gate insulator. SiO2/Si

provides an ideal oxide/substrate interface with extremely low leakage currents

and long-term device stability. However, excitations in the polymer below 1500

cm�1 are obscured by Drude absorption in n-Si and phonon modes in SiO2. For

devices based on Ta2O5, a high- dielectric, in most cases no Drude absorption in

the silicon is observed, and the oxide does not possess any IR-active phonons in

the experimental range of interest.

We start with the features originating from hole injection (red curves in Fig.

3.2a) for negative gate voltage. In the range 750 - 1500 cm�1, labeled as region A,

several sharp absorption peaks (dips in transmission) are observed, a prominent

absorption band centered at 3400 cm�1 defines region B, while a broad increase

in transmission from 5000 - 9000 cm�1 is described as region C. The oscillator

strength of all excitations systematically increases with the applied gate voltage.

The injection of electrons (blue curves in Fig. 3.2a) results in the appear-

ance of features occurring at nearly the same frequencies compared to hole doping.
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Interestingly, however, the change in oscillator strength for each excitation demon-

strates the opposite dependence on the applied field: the absorptions in regions

A and B are suppressed, whilst a new absorption appears in region C. Further

increasing of the gate voltage to higher positive values leads to systematic sup-

pression of the features in regions A and B, while strengthening the absorption in

region C. All these e↵ects mirror the evolution of the spectra with hole doping.

Figure 3.2b displays field-modulated transmission spectra for PBBTCD, a

higher-mobility polymer of the same BBT-acceptor family. Similar IR features and

field-dependence compared to PBBTPD are observed. Notable di↵erences, how-

ever, include a slightly di↵erent lineshape and blueshift of the excitations in regions

B and C. Additionally, the sharp resonances in region A occur at lower frequencies.

Lastly, there is a more pronounced asymmetry in the strength of the modulation

of the spectra, with positive gate-induced features being generally weaker than

those for hole doping. The mirror-like behavior reflected in the IR spectra for both

polymers is highly reproducible, and was observed in over 30 structures, consisting

of both two- and three-terminal devices. The symmetry in the intensity of the

positive and negative voltage-induced features is more common in PBBTPD de-

vices, while the spectra tend to be more asymmetric in most PBBTCD structures.

Later we discuss a possible connection of these di↵erences to transport in the two

polymers.

3.3.3 Ellipsometric characterization of polymer absorption

edge

In order to explain the voltage dependence of the IR transmission spectra,

it is important to understand the behavior of absolute absorption in the polymer

films. We employed spectroscopic ellipsometry to obtain a detailed characteri-

zation of the absorption edge for both polymers, which occurs in the vicinity of

the gate-induced features. Due to the limited device area, as well as other con-

straints imposed by field-e↵ect devices (eg electrodes), ellipsometry was performed

on thicker polymer films deposited on unpatterned silicon substrates. Figure 3.3

shows the absorption coe�cient as a function of frequency, ↵(!), determined from
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analysis of the ellipsometric data as described in Section II. The complex refractive

index N = n + ik was extracted from a Cody-Lorentz oscillator model, whence

↵(!) was obtained via k = ↵c/!. The optical bandgap Eg was extracted by ex-

trapolating the linear portion of the absorption edge to the horizontal axis (red

and blue dotted lines). The values of Eg obtained were 4,113 cm�1 (.51 eV) for

PBBTPD and 4,758 cm�1 (.59 eV) for PBBTCD, which are very close to those

observed in absorbance spectra.58 Experimental and model ellipsometry data for

PBBTPD on SiO2/Si obtained at an incidence angle of 60� are shown in the inset

of Fig. 3.3.

3.3.4 Raman spectroscopy

In addition to an ellipsometric analysis of the absorption edge, we carried

out Raman spectroscopy measurements to assist in the examination of the sharp

doping-induced peaks in region A of Fig. 3.2. The bottom panel of Figure 3.4 shows

Raman spectra for thin films of PBBTPD (violet line) and PBBTCD (green line)

on SiO2/Si., while the top panel reproduces data from Fig. 3.2. Though spectra

for both polymers show a similar pattern, Raman modes for PBBTCD are distinct

from those of PBBTPD. Important to note is the large discrepancy in energies

associated with the voltage-induced peaks in PBBTPD compared to PBBTCD, in

contrast with the rather small variations in the Raman modes between the two

polymers.

3.3.5 Quantifying carrier density from IR excitations and

transient charging currents

In general, the optical functions of a material can yield important infor-

mation about physical processes governing the dynamics of electrons and holes

through the frequency sum rule
R1
0

nc
4⇡↵(!)d! / Ne

meff
. This expression connects

the density of chargesNe (with e↵ective massmeff ) contributing to the electromag-

netic response, to the integral of the absorption coe�cient over all frequencies.67

In the spirit of this generic sum rule result, we define a quantity, �I, that relates
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the injected charge carriers to the field-induced change in IR transmission as

�I =

Z 5200

1400

T (!, VGS)

T (!, VGS = 0V )
d!, (3.2)

where the limits of integration were chosen over the feature in region B near the

onset of the absorption edge. Plotted on the left axis of Figure 3.5a is |�I| as a

function of VGS (red squares). �I very clearly evolves linearly with the applied

electric field for both electron and hole injection.

For structures with SiO2 gate insulator, it is safe to model device behavior

as an ideal parallel plate capacitor, where the induced charge density increases

linearly with the applied electric field.16 We independently verified this assumption

by acquiring transient current data IGS(t) for a PBBTPD-based device (Fig 3.5b),

where |VGS| is applied as square wave pulses with a period of T=10s. The charging

currents measured during the first few seconds of each pulse can be integrated to

yield the total number of injected charges Q =
R
(IGS(t)� IL)dt, and thus the 2D

carrier density n2D = Q/A, where IL is the leakage current and the active device

area is A = 1 cm2. n2D as a function of VGS is plotted on the right axis of Fig. 3.5a

(black squares). Establishing the linear relationship between the applied electric

field VGS (i.e. injected charge carrier density) and the field-induced change in IR

transmission�I is important for interpretations presented in the next section. The

obtained values for n2D are in good agreement with the maximum carrier densities

typically achieved in OFETs employing oxide gate insulators.16

3.4 Discussion

The salient characteristic of pristine BBT-based copolymers is the excep-

tionally narrow energy bandgaps observed in absorbance measurements58,59 and

confirmed through our ellipsometric data plotted in Fig. 3.3. Gap values extracted

from these data, 0.51 eV for PBBTPD and 0.59 eV for PBBTCD, are among the

smallest for ambipolar DA conjugated polymers. Additionally, there is considerable

broadening of the absorption edge, which is expected for a disordered, amorphous

polymer thin film. The energy range associated with the disorder-induced band
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tail states, and of the interband transitions in general, is relevant to the observed

gate-induced transformations of the spectra.

3.4.1 IR-active vibrational modes

There are multiple processes that give rise to the features we observe in the

IR transmission data in Fig. 3.2. We start this analysis with a discussion of the res-

onances in region A. The addition of charge carriers to a neutral polymer commonly

leads to the formation of infrared-active vibrational modes (IRAVs): distortions

in the polymer backbone due to injected charges.34 The excess charge couples to

symmetric Raman modes, inducing a transition dipole moment that renders these

modes IR-active. The manner in which sharp peaks induced by hole injection in re-

gion A of Fig. 3.2 intensify systematically with increasing gate voltage is consistent

with previous spectroscopic studies of conjugated polymer OFETs.16 Observation

of a distinct IRAV spectrum each for PBBTPD and PBBTCD is a natural conse-

quence of the di↵erent chemical structure, also reflected in the Raman data shown

in Fig. 3.4. The lower frequencies associated with IRAVs in PBBTCD, indicative

of weaker localization of charge carriers, is discussed later.

The systematic increase in transmission of IRAV features for positive gate

voltages remains curious. The amplitude mode (AM) formalism34,68 and subse-

quent theoretical e↵orts,69,70,71,72 aimed at providing a model for IRAV bands in

polymers, do not discriminate between the electrons and holes. However, studies

investigating electrochemical n- and p-doping of the same polythiophene hosts re-

veal distinct IRAVmodes induced for positive and negative charge carriers.73 Thus,

one would expect to observe a di↵erent series of absorption peaks for electron in-

jection, as opposed to suppression of the same absorption features. The observed

behavior is consistent with the assumption that IRAV absorption persists in the

ungated polymer as will be detailed below.
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Figure 3.5: a) Left axis: Field-induced change in transmission, |�T| (red trian-
gles), integrated from 1400-5200 cm�1 and plotted as a function of VGS. Right
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of VGS. n2D was obtained by integrating the transient current IG in b), after sub-
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active area of A = .5 cm2. b) IG(t) data for a PBBTPD thin-film device, applying
|VGS| = 10 (light grey), 50 (dark grey), and 100V (black) as a pulse waveform with
period T=10s.
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3.4.2 Interpretation of polaronic IR features

The assignment of the broad mid- and near-IR features (regions B and C)

is less straightforward. Typically, concomitant with IRAVs are large absorption

bands signifying optical transitions to mid-gap localized states, observed in many

previous spectroscopic studies of conducting polymers.37,1, 33,36,31, 32, 35 Formation

of these localized states is related to geometrical relaxation (lattice distortion) in

non-degenerate ground state polymers due to excess charges, usually described

as polarons or bipolarons. In addition to unique IRAVs, a distinct polaron fea-

ture is expected to arise each from electron and hole injection, confirmed through

chemical doping studies in Ref. (73). Recent data on polyselenophene-based am-

bipolar OFETs from Chen et al. also reveal spectroscopic evidence of electron

and hole polaron absorption, in response to an applied gate bias.74 The intensity

of these excitations increases at the expense of the (bleached) neutral absorption.

In other intrinsically ambipolar systems, such as monolayer and bilayer graphene,

either polarity of gate voltage results in increased absorption at far- and mid-IR

frequencies.75,76,77,78,79 This expected behavior of both electron and hole-induced

absorption stands in contrast with what we observe in our data. The mirror-

symmetric form of the spectra in Fig. 3.2 is more in line with what has been seen

recently in heavily-doped semiconductors.80

It is possible that these IRAV and broad excitations persist even in the

ungated film due to an intrinsic charge-transfer mechanism during polymerization,

or alternatively due to unintentional doping from extrinsic factors such as oxidation

or trapping.81 If there is an already-present hole-induced polaron band, the act

of injecting electrons by gating reduces the number of positively-charged polymer

segments, thereby suppressing the intensity of this broad absorption feature. The

pronounced symmetry of the IR data for gated structures, with respect to the

polarity of VGS, would thus be the result of increasing or decreasing the oscillator

strength of extrinsic hole-induced absorptions. In a similar vein, the behavior of the

spectra in region C could reflect bleaching/restoration of the neutral absorption as

holes or electrons are injected, respectively. In essence, the primary consequence

of injection of electrons in the mid-IR spectra is to compensate for holes that
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are already present in our polymers. Based on the symmetry reflected in the

data, the charge neutrality point is never reached within the range of VGS we

apply. Additionally, an initial population of excess holes implies the existence of

IRAVs without an applied field. However, IRAV modes could not be definitively

distinguished from intrinsic IR vibrational absorptions in absolute transmission

measurements of the polymer film.

The presence of mobile holes in the ungated film has implications for the

prospect of ambipolar device operation. Electron transport is especially sensitive

to the presence of trap states, and such charged defects would assuredly com-

promise device performance by capturing mobile electrons. The consistency of the

symmetric behavior in the IR transmission data presents an interesting conundrum

to the origin of the intrinsic ambipolarity in BBT-based copolymers. Though elec-

tron transport varied greatly across structures with source and drain electrodes

(for which OFET I-V characteristics could be measured), both ambipolar trans-

port and symmetric IR spectra have been observed for at least a few devices. This

would seem to rule out the possibility of degradation before every spectroscopic

measurement, due to ambient air exposure. The simplest physical picture of en-

hancement/suppression of hole-polaron and IRAV absorption, seemingly evident

from the IR spectra, implies that movement of the Fermi level in response to charge

injection takes place entirely within a polaron band in the vicinity of the HOMO

band edge. The possibility of such a system sustaining electron transport with mo-

bility comparable to holes is dubious at best, calling for perhaps more complicated

interpretations of the electronic structure of these particular DA materials.

3.4.3 Inhomogeneous phase-separated conducting polymer

In light of the observation of IR features associated with localized states,

as well as transport data demonstrating relatively high carrier mobility, we posit

the prospect of phase separation and coexistence in the copolymer. Many theo-

retical models of conducting polymers involve a continuous electronic transition

from localized to itinerant charge carrier motion with doping, as trap states are

eventually filled up to the ”mobility edge.”82,33,83 An underlying assumption is
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that of a homogeneous film, a questionable postulate. Perhaps a more realis-

tic picture of electronic transport in disordered polymer films is the one allowing

for coexisting regions dominated by either localized or delocalized (”metallic”)

transport. Indeed phase coexistence of both localized and delocalized states has

been observed in highly-doped polyacetylene,33 polyaniline,83,45 and P3HT.23,84

Our spectroscopic probe interrogates the higher energy bound states characteristic

of localized charges, while OFET transport data are dominated by mobile carriers.

The response of delocalized carriers to light excitation typically manifests

in increased far-IR Drude-like absorption.27,67,33,45,83,23, 84 In polyaniline, a signifi-

cant metallic optical response was observed concurrent with IRAV modes, and was

modeled as a conductor with molecular scale disorder and mesoscale inhomogeneity

associated with phase separation.45 Such a Drude-like response in the DA polymers

investigated here would likely be masked by the overwhelmingly strong free-carrier

absorption in the n-doped silicon substrate. Also consistent with the notion of

coexisting localized and itinerant carriers is the weaker suppression of absorptions

in PBBTCD devices for electron injection. IRAVs in PBBTCD have smaller en-

ergies and are generally less intense compared to PBBTPD, reflecting a smaller

degree of localization, consistent with transport measurements that show an order

of magnitude higher electron and hole mobility. Detailed studies of doping-induced

vibrational modes in conducting polymers show that the degree to which IRAV fre-

quencies are red-shifted from the symmetric Raman modes is related to a ”pinning

parameter” that characterizes the localization of the injected charge carriers.85,86,70

Theoretically, a lower vibrational frequency (i.e. smaller force constant) reflects

smaller electron-phonon coupling, leading to improved charge transport. Addi-

tionally, if suppression of the polaron absorption in region B is associated with

trapped electrons, the symmetry in the IR data is an indicator of compensation by

holes. Thus, the ’weaker’ suppression of hole-induced absorptions for positive gate

voltages in PBBTCD suggests an increase in the population of mobile carriers,

leading to better electron transport.
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3.4.4 Electroabsorption (Stark E↵ect)

Lastly, we comment on the possible role of field-induced modification of the

band edge states (electroabsorption), i.e. the Stark e↵ect. The observed e↵ects in

regions B and C of Fig. 3.2 clearly occur in the vicinity of the broadened band

edge. The apparent blueshift of this structure for PBBTCD, which possesses a

slightly larger bandgap than PBBTPD, further strengthens the connection between

these features and the polymer absorption edge. Electroabsorption (EA) spectra

of conjugated polymers are usually interpreted in terms of either the linear or

quadratic Stark e↵ect.87,88,89,90,91,92, 93, 94,95,96,62 The latter originates from induced

dipoles, as the applied electric field mixes the low energy states of odd parity with

the excited state continuum at higher energies.90 The energy shift associated with

a quadratic stark shift is independent on the sign of the applied field, which is

inconsistent with the linear behavior we observe in Fig. 3.5a. The linear Stark

e↵ect, which is due to permanent dipoles, can explain the symmetric form of

the broad absorptions, provided there is a large intrinsic built-in electrical dipole

moment, as well as interfacial ordering at the semiconductor/insulator interface.97

The origin of such a dipole, as well as a mechanism by which ordering near the

interface could occur, is unclear. We carried out density-functional theory (DFT)

calculations for isolated donor-acceptor molecules using the Octopus code98 with

PBE99,100 functionals, and we do find a significant ground state dipole moment for

both PBBTPD (3.47 Debye) and PBBTCD (1.31 Debye), as well as a strengthening

of the dipole in the dimers.101 However, compared to the more plausible picture of

polaron absorption, and the failure of the linear Stark e↵ect to explain the behavior

of IRAVs, we feel that any electroabsorptive e↵ects are most likely minor and/or

unnoticeable.

3.5 Summary

We have systematically investigated the infrared response of charge in-

jection in ambipolar OFETs based on narrow-gap DA polymers PBBTPD and

PBBTCD. In both polymers, hole doping produces several sharp absorption peaks
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in the range 800 - 1400 cm�1 associated with injected charges and identified as

IRAVs. Additionally, hole injection results in the appearance of a broad absorp-

tion near the band edge in both PBBTPD and PBBTCD, followed by an increase

in transmission above the energy gap. For positive gate voltages, the intensity of

charged excitations occurring at the same frequencies weakens with increasing field,

leading to a mirror-like behavior in the IR spectra (i.e. hole-induced absorptions

are suppressed). An observed blueshift of field-induced IR features in PBBTCD is

consistent with the slightly larger energy bandgap, and suggests the origin of the

broad structures to be closely linked to the absorption edge of the HOMO-LUMO

transition.

The symmetry of the IR transmission data with respect to the polarity of

the gate voltage presents a challenge to understanding the electronic excitations

associated with ambipolar charge injection in narrow-gap polymers. The totality

of our data indicates a significant self-doping of holes that is modified by charge

injection. Clear observations of both hole and electron transport with high carrier

mobility strongly suggest an inhomogeneous, phase-separated conducting polymer.

A high-resolution real space probe is necessary to resolve such inhomogeneities,

and explore the molecular e↵ects of electron and hole injection on the electronic

structure of BBT-based DA copolymers.
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Chapter 4

Infrared microscopy and imaging

of high mobility narrow-gap DA

copolymers

A resurgence in the use of the donor-acceptor (DA) approach to synthe-

sizing conjugated polymers has resulted in a family of high-mobility ambipolar

systems with exceptionally narrow energy bandgaps below 1 eV. The ability to

transport both electrons and holes is critical for device applications such as or-

ganic light-emitting diodes (OLEDs) and transistors (OLETs). Infrared spec-

troscopy o↵ers direct access to the low-energy excitations associated with injected

charge carriers. Here we use a di↵raction-limited IR microscope to probe the

spectroscopic signatures of electron and hole injection in the conduction chan-

nel of an organic field-e↵ect transistor (OFET) based on ambipolar DA poly-

mer polydiketopyrrolopyrrole-benzobisthiadiazole (PDPPBBT). We observe dis-

tinct polaronic absorptions for both electrons and holes, and spatially map the

carrier distribution from the source to drain electrodes for both unipolar and

ambipolar biasing regimes. For ambipolar device configurations, we observe the

spatial evolution of hole-induced to electron-induced polaron absorptions through-

out the transport path. Our work provides a platform for combined transport

and infrared studies of organic semiconductors on micron length scales relevant to

functional devices.

45
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4.1 Introduction

Organic semiconductors continue to evolve as a viable and attractive

alternative to conventional silicon-based electronics.24 Much e↵ort is devoted to

reducing and tuning energy bandgaps between the highest occupied molecular

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels in

⇡-conjugated polymers to improve performance.54,55,56 Specifically, the donor-

acceptor (DA) approach to synthesizing polymers has led to a new generation

of high-mobility ambipolar systems, a necessary precondition for many transis-

tor, photovoltaic, and light-emitting device applications.51,52,53,57 Recently, DA

polymers based on acceptor benzobisthiadiazole (BBT)53,58,59 and donor dike-

topyrrolopyrrole (DPP)102,59,103,104,105,106 have demonstrated strong ambipolarity

as well as exceptionally narrow energy badgaps as small as 0.5 eV.102 The highest

field-e↵ect mobilities in these systems have surpassed 1 cm2V�1s�1 for both

electrons and holes.102,51 Despite much recent progress, however, there remains

an incomplete understanding of the fundamental nature of charge transport and

dynamics, especially in DA systems that accomodate both types of carriers.

Infrared and optical spectroscopy is a valuable tool for probing the fun-

damental charged excitations in conducting polymers.41,21 Spectroscopic probes

have direct access to microscopic details of the electronic states without interfer-

ence from extrinsic e↵ects that often complicate electrical measurements of field-

e↵ect devices, such as contact resistance.24,19 The electronic structure of these

quasi-1D systems is significantly modified by the presence of additional charges,

giving rise to localized states in the forbidden energy gap. The optical transitions

to these sub-bandgap states characterize the nature of the mobile charge carriers

in organic semiconductors. Polaronic absorption in polymers is very well estab-

lished.36,21,41,107,85,16,18 However, very few studies thus far have explored spectro-

scopically both electron and hole polarons in the same system, made possible by

the emergence of ambipolar DA polymers. In recent work on homopolymer poly-

seleneophene,74 using charge-modulation spectroscopy (CMS) Chen et al. studied

the origin of the di↵erent transport characteristics of electrons and holes in a semi-

crystalline ambipolar polymer. Similar charge-induced absorptions, in the near-IR



47

just below the bandgap, were observed for both types of carriers.74 Such extensive

studies for ambipolar copolymer systems, where the choice of donor and acceptor

molecules can lead to widely varying electron/hole properties, are still lacking.

Previously, we investigated the infrared response of a new generation of

small bandgap DA copolymers108 based on BBT. In this work, we expand on these

studies in a high-mobility narrow gap DA system polydiketopyrrolopyrrole - benzo-

bisthiadiazole (PDPPBBT). Using infrared spectroscopy, we observe distinct elec-

tronic absorptions for electron and hole polarons accumulated in electrostatically-

doped PDPPBBT. Further, using a di↵raction-limited IR microscope, we register

the evolution of the dynamic IR response along the conduction channel during

device operation. In conjunction with IR measurements, we measure OFET trans-

port in-situ. We are thus able to directly link macroscopic transistor behavior to

the micro-spectroscopic signatures of electrons and holes in the polymer. Based

on the peak position and strength of the IR absorptions, we are able to image the

charge density throughout the transistor channel. We create a spatial map of the

carrier distribution for several biasing configurations spanning unipolar electron

and hole operation, as well as ambipolar device regimes, where both electrons and

holes coexist in the transport path. Coexistence of electrons and holes in a single

polymer layer forms the basis for emission in devices such as organic light-emitting

diodes (OLEDs) and transistors (OLETs). Our experimental approach sets the

stage for combined transport/optics studies of the low-energy physics of polymers

and molecular crystals on micron length scales important to practical devices.

4.2 Experimental details

PDPPBBT (Figure 5.2a) was synthesized via Suzuki coupling between the

donor (DPP) and acceptor (BBT) moieties following a well established proce-

dure.58,102 Thin polymer films were spin coated onto IR-transparent 20-30 ⌦-cm

n-doped Si wafers, serving as the back gate, with a 300 nm SiO2 (✏= 3.9) gate

insulator. Electrodes were patterned using standard photolithography and were

formed with e-beam evaporation of 3 nm of nickel followed by 47 nm of gold.
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Substrate surfaces were passivated with decyltrichlorosilane (DTS) before polymer

deposition to lower the density of interfacial trap states.

Source and drain contacts were patterned in an interdigitated device struc-

ture with a channel width of 17 mm and length of 200 µm, allowing for spectro-

scopic monitoring of the gate-induced changes in the IR transmission/reflection

on di↵raction-limited length scales (detailed below). Transistor measurements

and electrical characterization of devices were obtained with dual Keithley 2400

Sourcemeters.

Figure 5.2b shows a schematic of the experimental setup. Infrared spectra

were acquired using a di↵raction-limited IR microscope (Bruker LUMOS). Broad-

band light from a SiC globar source is focused onto the sample surface using an

8x Schwartzchild objective. In reflection mode, the return path of the reflected

IR beam is along the other half of the objective, while transmission mode uses

a bottom illumination configuration (Fig. 5.2b). The transmitted/reflected IR

light is then focused onto a small-area (d=100µm), mid-band (650-6500 cm�1)

HgCdTe (MCT) detector. In all measurements, we observe similar behavior in

IR transmission and reflectance, however in this work we only report transmission

data.

The minimum beam size is determined by an optically transparent, IR

opaque software-controlled motorized knife-edge aperture. For electrostatic IR

measurements (VDS=0V), data were recorded with a spectral resolution of 8 cm�1

and a beam width spanning the distance between the source and drain electrodes

(200µm). For microscopy, the beam size and spectral resolution were reduced to

20µm and 16 cm�1, respectively. The motorized stage was translated in increments

of 20µm between the source and drain, to map out the microscopic IR response

during device operation.

To observe gate-induced e↵ects in OFETs, we adapted an Oxford micro-

cryostat (MicrostatHe2) to fit the microscope stage, allowing us to perform re-

peated IR and transport measurements in high vacuum and low temperature if

desired. This was necessary to minimize carrier trapping in the devices, especially

for electron transport as we detail below, and achieve a high signal-to-noise ratio.
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Figure 4.1: a) Chemical structure of PDPPBBT. b) Experimental setup allowing
for electrical transport measurements and IR micro-spectroscopy along the con-
duction channel between the source and drain electrodes. Small arrows denote the
optical path of the IR beam in both reflection (top-illumination) and transmission
(bottom-illumination) modes.
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All data reported here were obtained at a pressure of 10�6 mbar and at room tem-

perature. The cryostat was fitted with 1.5mm IR-transparent KBr windows and

Manganin wires for electrical connections. The entire microscope was encapsulated

in a nitrogen purge box.

We note here that introduction of thick windows into the optical path of

the microscope shifts the focus of the IR beam. Since the index of refraction of

KBr is flat from the mid-IR through the visible energy range, we do not expect

a discrepancy between the IR and visible focus. For transmission measurements

(bottom illumination) we adjusted the microscope condensor to account for both

the KBr window and thick Si substrate. Our ability to resolve spectral shifts on

20µm length scales a�rms the validity of our adjustments.

4.3 Results and discussion

4.3.1 Transport

Figure 4.2 shows the in-situ output characteristics of the PDPPBBT OFET

prepared for IR microscopy. We observe typical ambipolar transport behavior:65,66

diode-like evolution of the drain current at low to moderate gate voltages, and

strong electron or hole saturation currents at higher gate bias. Charge carrier

mobilities were calculated in the saturation regime during unipolar operation via

the standard equation:24 IDS = 1
2
W
L µCi(VGS � VT )2, with mobility determined

from @|IGS|1/2/@VGS.

For the device characteristics shown in Fig. 4.2, the extracted room

temperature electron and hole mobilities were µe=0.04 cm2V�1s�1 and µh=0.02

cm2V�1s�1, respectively. Electron transport comparable to or stronger than

holes is often seen in the DPP family of copolymers,102 consistent with our

extracted values. However, these values are quite low compared to typical

DPP-based OFETs, which often have electron and hole mobilities surpassing 1

cm2V�1s�1.51,103,104,105,106 We attribute the low field-e↵ect mobility of the device

studied here to a very high density of charge traps at the oxide interface, typically

the result of exposure to ambient air and water moisture. The finite time required
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Figure 4.2: In situ I-V characteristics for SiO2-based PDPPBBT device mounted
in IR microscope. Electron and hole mobilities of µe = 0.04 cm2V�1s�1 and µh

= 0.02 cm2V�1s�1, respectively, were extracted from the saturation regime during
unipolar FET operation.
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to mount and wire the sample in the micro-cryostat (roughly 30 minutes) in

a quasi-purged environment ensures a small amount of inevitable exposure to

ambient air, leading to a higher trap density.

We found severe carrier trapping for both electron and hole injection, in-

dicative of bias stress: the trapping of injected charges, understood to be di↵usion

into the oxide layer.109 Bias stress results in many trapped charges at the poly-

mer/oxide interface, screening of the applied electric field, and a subsequent shift in

the threshold voltage as a function of time.74 The manifestation of trapping in the

IR measurements, where repeated voltage applications are necessary, is discussed

later. We were able to mitigate spurious e↵ects of charge trapping by reversing

the applied bias between measurements. This was confirmed by remeasuring I-V

characteristics and monitoring the leakage current. We emphasize the importance

of maintaining a very low pressure environment (10�6 mbar in our experiments)

by use of a cryostat to minimize the role of trapping.

4.3.2 IR spectroscopy of PDPPBBT (electrostatic charge

injection)

Figure 4.3 shows the field-induced changes in IR transmission for a

PDPPBBT OFET. Data are plotted as negative di↵erential spectra (i.e. absorp-

tion):

��T

T

(⌫) = 1� T (VGS)

T (VGS = 0V )
(4.1)

where T(⌫) is the absolute IR transmission. The color scheme adopted previ-

ously108 and used throughout this manuscript labels positively charged (hole) ex-

citations with red curves, and negatively charged (electron) excitations with blue

curves. In this electrostatic configuration, the source-drain bias is zero, resulting

in a large uniform spatial distribution of holes (electrons) in the channel for VGS

< (>) 0V.

At high gate voltages, we find strongly resonant IR absorptions associated
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with both injected electrons (VGS = +120V) and holes (VGS = -120V). At low

energies, an absorption tail extends to just below 2000 cm�1, with several sharp

peaks superimposed. In the range 2000 - 5500 cm�1, we observe very broad absorp-

tion bands, while at higher energies the absorption drops below zero (indicating a

significant increase in IR transmission).

The low energy gate-induced increase in absorption is understood to be

dominated by the free carrier response in the Si substrate, while the large feature

at 1100 cm�1 is attributed to the SiO2 oxide layer.16,18 The smaller peaks superim-

posed on the substrate absorption, however, are infrared-active vibrational modes

(IRAVs). These are symmetric raman modes in the polymer made IR-active by

coupling to injected charges.34,68,16,73 IRAVs are most evident in the absorption

spectra for the hole-doped polymer (red curve in Fig. 4.3) where the substrate

interference in minimal, but are otherwise too di�cult to discriminate from the

background and only briefly discussed.

The broad absorption bands above 2000 cm�1 are attributable to polarons:

a result of adding free carriers to a neutral polymer chain. Polarons are formed

when injected charge carriers distort the local bond arrangement of the polymer

backbone, creating an energy well and resulting in self-localization. These energy

minima create bound states in the bandgap, leading to the characteristic sub-gap

absorption features. The bottom inset in Fig. 4.3 shows a schematic of the optical

transitions for a single (a) positive or (b) negative charge added to a polymer

chain, as well as the neutral HOMO-LUMO transition. The di↵erence in energy

between the polaronic states and the HOMO and LUMO orbitals indicates the

energy gained by the system from the geometrical relaxation associated with the

lattice distortion.36,31,32

IRAV and polaron spectral features are a hallmark of conducting polymers,

and are very well understood in the context of both electrochemical and elec-

trostatic doping.53,59,37,1, 33, 36, 31,32,35 The decrease of the gate-induced change in

absorption below zero at energies just above the polaronic response is indicative

of polymer bleaching. Indeed, the population of charged molecules increases with

doping at the expense of the neutral ⇡ � ⇡

⇤ absorption (bottom inset in Fig. 4.3)
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Figure 4.3: Di↵erential transmission spectra �T/T for DPPBBT OFET. Red
(blue) curves denote the field-induced absorption from a uniform accumulation of a
high density of hole (electron) polarons in the conduction channel. The sharp peaks
in the 900-1600 cm�1 range are infrared-active vibrational modes (IRAVs). The
solid lines at higher energies represent averaged curves overlaying raw experimental
data. Top inset: strength of peak absorption (!h = 3413 cm�1, !e = 3981 cm�1)
as a function of gate voltage VGS. Bottom inset: schematic of allowed optical
transitions for a single a) hole and b) electron polaron state, as well as the neutral
⇡ � ⇡

⇤ absorption between the HOMO and LUMO. Based on the peak energies
in the experimental data, we ascribe the associated hole and electron absorption
bands to the P

+
2 and P

�
1 transitions, respectively.
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that defines the energy gap. Thus, from the IR spectra we obtain a small bandgap

of .62 eV (5001 cm�1) for this PDPPBBT film, and ascribe the field-induced ab-

sorptions to the P+
2 and P�

1 transitions for hole and electron polarons, respectively.

The weaker bleaching of the neutral absorption under positive gate voltage is likely

because some of the increase in transmission is o↵set by the high energy tail of the

electron polaron absorption occuring concurrently. The strength of the absorption

decreases linearly with applied gate bias, shown in the top inset of Fig. 4.3.

We find a significant di↵erence in absorption energies between electrons and

holes in the IR spectra in Fig. 4.3. The electron polaron absorption (blue curve)

has a peak energy of 3981 cm�1, while the hole polaron (red curve) peak occurs

at 3413 cm�1. The di↵erence in polaronic peak energies is interesting in that it

reflects an intrinsic asymmetry in the electron and hole wavefunctions in the poly-

mer structure. In DA polymers, the degree of ambipolarity is intimately tied to

the constituent donor and acceptor moeities. As di↵erent molecules are substi-

tuted into the copolymer structure, the HOMO and LUMO energy levels can shift

significantly, a↵ecting the bandgap, environmental stability, and band o↵sets deter-

mining the charge injection properties for various metal contacts.51,52,53,54,55,56, 102

Electronic transport, especially, is extremely sensitive to the choice of donor. The

emergence of high-mobility DA polymers with strong electron and hole transport is

a result of both HOMO and LUMO electron orbitals that are often well delocalized

over the entire DA molecules.53,52

We can infer from the di↵erence in peak energies that the electron polaron

states are more weakly bound, and lie slightly closer in energy to the extended

states than the hole polarons. This is also reflected in the higher electronic mo-

bility we observe in transistor characteristics in Fig. 4.2, and much higher drain

current for a given gate voltage, compared to holes. Our observations are consistent

in general with the strong electron transport commonly observed in DPP-based

copolymers. Slight shifts occur in the absorption peak energies for lower gate volt-

ages, but these are much smaller than the energy di↵erence between electron and

hole polarons. Additionally, though plagued by a large background, the n-induced

IRAVs appear to be much weaker than those for holes, also indicating a smaller
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degree of localization. Thus, with our spectroscopic probe we are a↵orded direct ac-

cess to microscopic details of the electronic structure, and fundamental di↵erences

in electron and hole behavior that are not available from transport measurements

alone due to extrinsic e↵ects (contact resistance, trapping, etc).

To conclude this section, we comment on our previous studies investigating

a similar class of small bandgap polymers based on BBT,108 discussed in Chapter

3. We found a remarkable symmetry in the IR spectra for both positive and

negative gate voltages that we originally attributed to the existence of a self-

doped polymer. We did not find significant absorption for positive gate voltages

attributable to mobile electrons, and thus concluded a hole-dominated polymer

despite often showing balanced ambipolar OFET transport. We now understand

the origin of this self-doping to be due to severe electron trapping, resulting in a

highly hole-doped ’o↵’ state (VGS = 0V) to maintain electrostatic balance. The

symmetry seen in the IR data is a result of enhancement/suppression of an existing

hole polaron absorption in the unbiased polymer.

The work presented in this Chapter, where we observe distinct spectral

features for both conducting electrons and holes, underscores the need for an ex-

tremely low pressure environment (< 10�5 mbar) a↵orded to us by using a high

vacuum cryostat. We were unable to reproduce data shown in Fig. 4.3 in our

broadband FT-IR spectrometer, where the ambient pressure is 2 mbar. Such a

drastic dependence on ambient conditions indicates that charge trapping from wa-

ter moisture and ambient air dominates the bias stress in these small-gap DA

polymer devices, as well as trap states from the SiO2 interface.109,110,74,111,82,112

4.3.3 Di↵raction-limited IR microscopy of PDPPBBT

OFET

Having established the spectral features associated with mobile electrons

and holes in PDPPBBT, we employed IR microscopy to probe the charge injection

landscape and dynamic response with 20 µm spatial resolution, much smaller than

the OFET source-drain separation (d=200µm). For various voltage configurations,

we expect very di↵erent carrier distributions in the transistor channel, especially
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during ambipolar operation when both negative and positive charges contribute to

the current.

Figure 4.4a shows representative IR absorption microscopy spectra for the

PDPPBBT device biased in the ambipolar regime, where VGS = +80V and VDS

= +120V, as a function of position. The format of Fig. 4.4a is a 3D plot using a

logarithmic color scale to indicate the strength of absorption, and a 2D colormap

projection of the IR spectra in the base plane as a visual aid. Starting from

the source (x = 0µm), we find strong electron polaron absorption at the charge

injection point (VGS = +80V). As the lateral drain field is increased, charges flow

from the source to drain and the current increases. At the same time, however,

the strength of the gate field also decreases as the drain is approached, where the

potential is VGD = VGS - VDS.

As x increases, we see a systematic decrease in the strength of the electron

polaron absorption until an electrically neutral point of zero potential is reached

close to the drain, near x = 150 µm. After this crossover point, the channel

potential is now negative with respect to the gate, resulting in a negative electric

field and an injection of holes. This is reflected by an increase in absorption due

to the accumulation of mobile holes. At the end of the conduction channel, where

the drain potential is VGD = -40V, we find a moderate hole polaron absorption.

Gray dotted lines in Fig. 4.4a mark the peak frequency positions of the

electron and hole polaron absorptions extracted from Fig. 4.3 (!e = 3981 cm�1,

!h = 3413 cm�1). Figure 4.4b shows IR absorption curves representing selected

spectral slices taken from the 3D plot in Fig. 4.4a (colored horizontal lines). The

shaded color curves in Fig. 4.4b directly visualize the transition from electron

polaron absorption (bue spectra) before the charge neutral point near x = 150

µm, to hole polaron absorption (red spectra) as the drain at x = 200 µm is ap-

proached. We do observe small shifts in polaron peak frequencies, compared to the

electrostatically-doped device show in Fig. 4.3, however the distinction between

electron and hole polarons is quite clear. We have repeated these experiments

for other ambipolar biasing configurations, and the same charge carrier-crossover

behavior was observed, with polaron peak positions in general agreement with
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Figure 4.4: Representative IR microscopy data for a PDPPBBT device operating
in the ambipolar regime with VGS = +80V and VDS = +120V. a) 3D color plot
visualizing the evolution of the polaronic absorption across the conduction channel.
The IR beam size was reduced to 20 µm and scanned across the channel from the
source electrode (x = 0 µm) to the drain (x = 200 µm). We find a prominent
electron polaron absorption near the source gradually decrease in strength, and
eventually transition to a weaker hole polaron absorption at the drain. A 2D
colormap projection at the base of the graph shows the intensity of the IR response
on a log scale, while colored lines indicate selected spectral slices. Gray dotted lines
near the source and drain indicate peak frequency positions of electron and hole
polarons, respectively. b) Selected IR absorption curves for specific positions in
(a), showing the clear distinction between electron (blue) and hole polarons (red).
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absorption spectra in Fig. 4.3.

4.3.4 Carrier density map for both unipolar and ambipolar

operation

From the strength of the polaron absorption, we can quantify the accu-

mulation of mobile carriers in the transistor channel. Conventionally, the optical

functions of a material are connected to the density of charges via the frequency

sum rule:67

Z 1

0

nc

4⇡
↵(⌫)d⌫ / Ne

meff
. (4.2)

We define a similar quantity Neff proportional to the density of injected electrons

or holes as

Neff =

Z

Pol

��T

T

(⌫)d⌫. (4.3)

The di↵erential spectra are integrated only over the broad polaron absorptions

from 2000 - 5000 cm�1

Having established a quantitative measure of field-induced IR absorption,

we connect the strength of this resonance directly to the number of charges, which

can be independently calculated either by assuming a simple capacitative model:

n2D =
✏0

eL

VGS (4.4)

or also by measuring transient charging currents, and thus calculating the total

number of injected charges. The obtained doping-induced carrier density n2D can

then be correlated to the integrated intensity of the polaron absorption Neff . We

have previously shown this approach to be consistent with the linear capacitor

model of an OFET.84,108
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Figure 4.5: Charge density map across the conduction channel for a) unipolar
hole, b) unipolar electron, and c), d) ambipolar OFET device operation. Areas
under the curve are filled in with the color indicating the carrier type (red:holes,
blue:electrons). The 2D charge density n2D was extracted by comparing the
integrated polaron absorption N

Pol
eff at each location to that obtained from the

electrostatically-doped configuration in Fig. 4.3, and assuming linear device oper-
ation (Top inset in Fig. 4.3), typically valid for SiO2-based OFETs.108
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We performed similar IR microscopy for four biasing regimes. Figure 4.5

shows a spatial map of the carrier density n2D throughout the transistor channel,

extracted from the totality of spectroscopic data for the respective gate and drain

voltage configurations. The color of the shaded areas indicates the carrier type

(red:holes, blue:electrons). For unipolar hole and electron operation (Fig. 4.5a and

4.5b respectively), we find a slow but steady suppresion of the polaron absorption

from the source to the drain electrode, where the charge density is pinched o↵.

During ambipolar device operation (Fig. 4.5c and 4.5d), there exist

spatially-separated hole-rich and electron-rich regions in the transistor channel,

indicated by the red (p) and blue (n) shaded areas. The size of these regions, as

well as position of the electron-hole boundary is determined by both the point of

zero drain potential and the threshold voltage Vth.

These data confirm the well-established notion that the charge density in

the saturation regime of an OFET is highly nonuniform, which comes directly from

the conventional equations for field-e↵ect transistors.24 However, very few studies

have directly imaged this behavior using IR spectroscopy,112 and to our knowledge

such spatiospectral mapping has never been demonstrated for an ambipolar or-

ganic system in the IR range. Since the saturation regime is most often invoked

to estimate carrier mobility, a detailed account of the carrier distribution in the

conduction channel, as well as the microscopic details provided by the spectro-

scopic features, is very useful for developing accurate models of OFET transport.

This is especially important for ambipolar and light-emitting devices, where there

is electron/hole coexistence in the transistor channel, as well as potentially impor-

tant intrinsic di↵erences between positive and negative charge carriers, as we have

shown.

4.4 Summary

In summary, we have performed a systematic IR investigation of ambipo-

lar charge injection in a small bandgap DA copolymer PDPPBBT. We register

distinct absorptions associated with negative and positive polarons, and uncover
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an intrinsic electron/hole asymmetry in the electronic structure of the DA system.

Using di↵raction-limited IR microscopy, we explored the evolution of the polaronic

absorptions along the conducting channel of a functional PDPPBBT OFET, bi-

ased in both unipolar and ambipolar operating modes. In the ambipolar regime,

we observe a spatial transition from hole to electron polaron absorption, indicating

a coexistence of both charge carriers in the transistor channel akin to a pn junc-

tion diode.113 Lastly, from the strength of the polaronic response, we constructed

a spatial map of the charge carrier density from the source to the drain electrode

in the various biasing regimes. Thus, we have demonstrated that IR microscopy

combined with electrical transport measurements provide a comprehensive exper-

imental approach with access to important details of the electronic structure, as

well as a real-space charge density profile of functional transistor devices. This

allows for a much more thorough and accurate characterization and modelling of

transport behavior in organic semiconductors, especially ambipolar polymer sys-

tems.
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Chapter 5

Scattering scanning near-field

optical microscopy (s-SNOM) of

biological materials in aqueous

media

Scattering scanning near-field optical microscopy (s-SNOM) has emerged

as a useful tool capable of characterizing individual biomolecules and molecular

materials. However, applications of scattering-based near-field techniques to real

systems in biology has been hindered by a fundamental incompatibility between

typical implementations of s-SNOM, and the aqueous environment required by

many biological specimens. In this work, we propose a new infrared-suitable liquid

cell architecture, enabling near-field imaging and nano-spectroscopy measurements

by taking advantage of the unique properties of graphene. Large-area graphene

acts as an impermeable monolayer lid that allows for nano-IR interrogation of

the underlying molecular materials in liquid. Here we use s-SNOM to investigate

tobacco mosaic virus (TMV) aggregates trapped with water underneath graphene.

We are able to resolve individual viruses through graphene in near-field amplitude

and phase images, and register the amide I and II bands of TMV using nanoscale

fourier transform infrared spectroscopy (nano-FTIR). We verify the presence of

63
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water in the graphene liquid cell by spectrally identifying the water absorption in

the SNOM repsonse, amidst a large background contribution from the substrate.

Our work paves the way for future studies using scattering-based near-field IR

spectroscopy on biological systems in aqueous media.

5.1 Introduction

In biological and life sciences, fourier transform infrared (FTIR) spec-

troscopy serves as a ubiquitous noninvasive probe of vibrational fingerprints used

to identify chemical and molecular species.114 Small changes in the frequency and

lineshape of conformational absorption modes of specific proteins can be used to

characterize cells and tissues linked to diseases such as Alzheimer’s115 and cancer

(Fig. 5.1).114,116 However, due to the small IR absorption cross-section of individ-

ual proteins and molecules (⇠10�24 cm2), large aggregates are needed to resolve the

weak spectral features associated with biological systems.117 Additionally, strong

absorption from the vibrational and rotational modes of liquid water presents a

large undesirable background, requiring substitution of either di↵erent isotopes

of water, or specially prepared bu↵er solutions. Further, the long wavelength of

IR light and consequently the coarse spatial resolution imposed by di↵raction

provide only an average response, potentially masking important heterogeneities

associated with individual biomolecules. Figure 5.1 shows a comparison between

the natural length scales of various biological materials, and the wavelength of IR

probes used to study vibrational fingerprint absorptions.

Scattering scanning near-field optical microscopy (s-SNOM) circumvents

the di↵raction limit by combining an atomic force microscope (AFM) with coherent

infrared lasers.118,119 Incident light illuminates the sharp conducting tip in the

vicinity of a sample. Scattered light from the coupled tip-sample system is detected

in the far field, encoding dielectric information from the local near-field interaction.

The incident field is highly confined to the tip apex, resulting in an infrared or

optical probe with spatial resolution limited only by the tip diameter and not the

wavelength of light. Various interferometric detection schemes can be employed
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Figure 5.1: Top: Natural length scales for organisms and molecular materials in
biology and life sciences. Bottom: Important IR absorptions and spectral finger-
prints for various organic, biological, and chemical species accessible with fourier
transform infrared spectroscopy (FTIR).

to extract both amplitude and phase of the near-field response from the scattered

signal.120 Coupling s-SNOM to monochromatic light allows for the construction

of near-field images, while use of a broadband coherent source enables nanoscale

fourier-transform infrared spectroscopy (nano-FTIR).121,122,123

Infrared nano-imaging124 and nano-spectroscopy125 have already demon-

strated the ability to resolve individual biomolecules and chemically identify spe-

cific proteins.126 However, widespread application of apertureless near-field spec-

troscopy in biology has been slowed by the incompatibility between physiological
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conditions required for most living biological specimens, and typical implementa-

tions of s-SNOM. Specifically, the native aqueous environment of most biological

samples prohibits the use of scattering tip-based optical probes in the infrared

energy range, due to absorptive losses from the liquid medium. Measurement

in water is a precondition for studying living systems, and is thus a necessary

obstacle to overcome in order to apply rapidly-advancing nanoscale infrared tech-

niques. There has been considerable development of aperture-based SNOM in the

visible range.127,128,129,130,131,132,133,134,135,136,137 However, these measurements re-

quire chemical modification to detect fluorescence, and in practice aperture-based

probes are limited to a spatial resolution of 40-50nm, a factor of four worse than

what is possible with scattering-based detection.117 Although it is possible to

measure local fields of materials in liquids with aperture SNOM, the experiments

require specially designed AFM heads immersed in a liquid cell.

Here we propose an IR-compatible liquid cell architecture, enabling near-

field imaging and spectroscopy measurements by taking advantage of the unique

properties of graphene. Recent work has demonstrated the ability to trap liquids

beneath graphene,138,139,140 an atomically thin sheet of carbon atoms with remark-

able mechanical, electrical, and IR properties.141,142 Di↵erent graphene-based liq-

uid cell architectures have already enabled nano-scale studies of biomaterials using

high-resolution probes such as scanning tunneling microscopy139 (STM) and trans-

mission electron microscopy143 (TEM). The IR transparency of graphene allows for

extending such studies to scattering-based near-field techniques. In this work, we

use s-SNOM to investigate tobacco mosaic viruses (TMV), a prototypical biologi-

cal system, trapped with water underneath graphene.144 The large-area graphene

acts as an impermeable monolayer lid that allows for nano-IR interrogation of the

underlying molecular materials in an aqueous environment. We are able to resolve

individual viruses through graphene, and observe anticipated contrast in near-field

amplitude and phase images. Further, we register spectroscopic resonances specific

to TMV while encapsulated in the liquid cell. Our work paves the way for future

studies using scattering-based near-field IR spectroscopy on biological systems in

aqueous media.
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Figure 5.2: s-SNOM experimental setup with an IR-compatible graphene liquid
cell. a) Schematic of scattering-based near-field IR imaging and spectroscopy ap-
paratus. A continuous wave laser (CO2 or quantum cascade) is used for our single
frequency nano-imaging experiments in a pseudoheterdyne detection scheme with
the reference mirror oscillating at 300 Hz. For nano-FTIR, coherent broadband
mid-IR light from di↵erence frequency generation (DFG) is utilized in an asymmet-
ric Michelson configuration, where one arm of the interferometer is the scattered
signal from the AFM tip. b) Zoomed-in representation of the tip-sample interac-
tion, showing the geometry of the biomolecules in water trapped beneath a large
area CVD graphene sheet in a liquid cell that allows for s-SNOM measurements.
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5.2 Experimental details

5.2.1 Graphene liquid cell

Large-area graphene is grown from chemical vapor deposition (CVD) atop

Cu foils. A lower methane-to-hydrogen ratio is used to give higher monolayer cov-

erage. The method for trapping water with biomolecules beneath graphene is a wet

transfer similar to what has been established previously for water alone.139,144 The

graphene is transfered with poly(methyl methacrylate) (PMMA) onto either mica

or SiO2/Si substrates. Successive deionized (DI) water baths clean the graphene

films from residual etchant contamination after the transfer process. The sam-

ples are heated at 60� C for 5 minutes to drive out excess water and increase the

graphene adhesion to the substrate. Remaining water from the wet transfer pro-

cess is then trapped between the graphene overlayer and the underlying substrate

surface. For SiO2/Si substrates, an additional bottom layer of graphene was re-

quired for adequate adhesion, creating a graphene nano-sandwich. Both mica and

SiO2-based substrates function as suitable s-SNOM compatible liquid cells based

on a graphene ’lid’ as shown in Figure 5.2b.

5.2.2 s-SNOM setup

A schematic of the s-SNOM experimental setup is shown in Figure 5.2. For

s-SNOM imaging and nano-FTIR measurements, we used a commercial near-field

microscope (Neaspec GmbH, Germany) based on an AFM operating in tapping

mode at a frequency ⌦ ⇠ 250 kHz, with PtIr-coated cantilevers of nominal tip

radius 20-30nm (Arrow NCPt, NanoWorld AG). The single frequency IR nano-

imaging results we report in this work consisted of tip illumination by a CO2 laser

(Access Laser Company) with frequency ! = 890 cm�1 (Fig. 5.2a). The scattered

light from the tip is focused onto an HgCdTe detector (Kolmar Technologies). The

detector signal, a combination of the local near-field interaction and a far-field

background, is modulated by the oscillating AFM tip. The far-field background is

strongly suppressed by demodulating the s-SNOM signal at higher order harmonics

of the tip tapping frequency.145 From the n-th harmonic of the scattered near-field
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radiation Sn(!) = |Sn|ei�n , we recover both amplitude |Sn| and phase �n of the

field by employing a pseudoheterodyne detection scheme with a reference mirror

that oscillates at 300Hz.145

For nano-FTIR experiments, we use a broadband laser source (Lasnix, Ger-

many) based on di↵erence-frequency generation (DFG).121 A train of ultrashort

pulses is generated by the nonlinear mixing of a near-IR Er-based fiber laser and

a tunable IR supercontinuum laser (Toptica Photonics, Germany) inside a GaSe

crystal.146 The generated coherent broadband mid-infrared radiation is tunable

from 650-2200 cm�1, while for a given tuning range the full width at half maxi-

mum (FWHM) of the frequency spectrum is roughly 250-300 cm�1. An asymmetric

Michelson interfometer was used to analyze the s-SNOM signal, with the reference

arm consisting of a step-scan mirror (1500 µm travel range). For nano-FTIR

measurements, a frequency spectrum is collected in 60s with 8 cm �1 resolution.

Spectra are normalized to the s-SNOM spectrum from a gold reference.

5.3 Results and discussion

5.3.1 IR nano-imaging of TMV in graphene liquid cell on

mica substrate

Figure 5.3a shows a large-area AFM scan of TMV viruses contained in a

graphene liquid cell on mica. The TMV are typically identified directly from the

AFM topography through a well defined rod-shaped structure, with a length of 300

nm and a diameter of 18 nm.147,148,124 When contained in a graphene-based cell

with water, however, the width and height of the TMV as registered by the AFM

tip are modified by the graphene overlayer, which conforms to the shape of the virus

and surrounding water. Thus the 300nm virus length was used to discern the TMV

from the environment. In addition to virus aggregates, we observe many large-scale

features associated with residue and contaminants from either the tobacco plant,

or the CVD graphene overlayer, which often contains many wrinkles and folds.149

Acquired concurrently with topography are the s-SNOM amplitude and
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Figure 5.3: a) Large area 4x4µm2 AFM topography scan of IR-compatible
graphene liquid cell on a mica substrate. Large-scale morphological features ac-
companying the presence of TMV aggregates include additional tobacco plant ma-
terial (1), graphene folds/wrinkles (2), and possible PMMA residue (3). b) Third
harmonic of the phase of the scattered near-field signal �3, defined in the main
text. Green (c) and blue (d) boxed regions in the large-area topography and phase
scans are high-reslolution nano-IR images of the third harmonic of the near-field
amplitude S3 (left panel) and phase �3 (right panel). Individual viruses are easily
identified through the graphene top layer from the near-field contrast observed in
both amplitude and phase. Nano-IR images were acquired using a CO2 laser (! =
890 cm�1).
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phase images using a CO2 laser with ! = 890 cm�1. Figure 5.3b shows the third

harmonic of the scattered near-field phase �3. We register near-field contrast in the

locations of the TMV, highlighted by the green and blue color boxes in Fig. 5.3a

and 5.3b, as well as many features in the phase image occurring near areas with

much residue or wrinkles in the graphene sheet (number labels in Fig. 5.3a). Ad-

ditionally, we observe a vertical stripe pattern that could indicate varying amounts

of water. Nano-confined water has been shown to form filaments and conform to

the templated CVD graphene morphology.144

High-reslolution nano-IR images for isolated TMV (colored boxes in Fig.

5.3a) are shown in Fig. 5.3c and 5.3d, with a pixel size of 10nm, corresponding

to the resolution limited by the tip radius. The third harmonic of the scattering

near-field amplitude and phase are shown in the left and right panels, respectively.

We observe significant s-SNOM contrast in regions with TMV. While optical con-

trast in the scattering amplitude alone can sometimes be trivially attributed to

a topographical e↵ect, phase shifts are less susceptible to such artifacts and in

principle more sensitive to electronic e↵ects and vibrational absorptions.150 In

addition, higher harmonics of the scattered signal are progressively less sensitive

to topographical artifacts by virtue of the highly nonlinear tip-sample near-field

interaction. We discuss the origin of the near-field contrast surrounding the TMV

below.

5.3.2 Nano-FTIR absorption for TMV in graphene liquid

cell on SiO2 substrate

Through the outer graphene layer, an IR-transparent conductor, we are

able to image individual biomolecules surrounded by water. In addition to single-

frequency imaging, we performed nano-FTIR of TMV and the local aqueous envi-

ronment. Figure 5.4a shows the AFM topography of a single virus in a graphene

liquid cell on a SiO2 substrate. We performed a nano-FTIR linescan across the

TMV, with a tracjectory shown by the green dotted line in Fig. 5.4a, collecting

a spectrum at each pixel in steps of 20nm as the tip is scanned across the sam-

ple. The broadband DFG laser source was tuned to the frequency range 1400-1800
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cm�1, where we expect absorption from the amide I (1660 cm�1) and II (1550

cm�1) bands in TMV,125 as well as the bending mode in liquid water ⌫H2O (1640

cm�1), as shown in Figure 5.1.151 For the nano-spectroscopy measurements, we

chose graphene liquid cells based on SiO2 because intrinsic vibrational modes from

the mica substrate dominate this frequency region where both water and TMV

absorb.152

Nano-FTIR absorption spectra for a liquid cell containing TMV are shown

in Figure 5.4b. For weaker resonances, the near-field absorption is approximated

by plotting only the imaginary part of the scattered s-SNOM signal, Im[Sne
i�n ] =

Snsin(�n), which has been shown to correlate well with far-field absorption spec-

tra.150 Data shown in Fig. 5.4b have been normalized to the signal from a spec-

trally flat gold reference. The black curve in Fig. 5.4b shows nano-FTIR spectra

for TMV averaged over the green dotted line in Fig. 5.4a. We observe two small

spectral features at 1520 cm�1 and 1660 cm�1 superimposed on what appears to be

the tail of a broad absorption background. The blue curve represents nano-FTIR

spectra for a region away from the virus, where the salient feature is a minimum

in the data near 1610 cm�1.

In order to understand the nano-imaging and spectroscopy data, it is in-

structive to more closely examine the microscopic tip-sample interaction. Contrast

in the near-field images is indicative of a change in the dielectric environment of the

tip apex, often due to strong resonances in the sample leading to significant phase

shifts and enhancements of the scattered light.153 The evanescent fields emitted

from the photoexcited tip apex can penetrate well beneath the sample surface.154

Consequently, the complete sample response includes contributions from underly-

ing layers.

While the spatial resolution of s-SNOM is ultimately limited by the diame-

ter of the tip apex, the in-plane resolution and probing depth are not the same. In

practice, the depth of s-SNOM is e↵ectively several tens of nanometers.155 Thus

the tip-sample interaction includes biomolecules, water, graphene, and the under-

lying substrate. As a result there are many sources of variations in the scattered

near-field signal due to significant inhomogeneity in these various layers. The im-
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Figure 5.4: (a) AFM topography and (b) nano-FTIR absorption spectra for TMV
in a graphene liquid cell on a SiO2 substrate. Absorption spectra are plotted in the
range 1450-1750 cm�1 and computed from the second harmonic of the scattered
near-field signal S2(!), with an acquisition time of 60s per spectrum and 8 cm �1

resolution. All spectra are normalized to Au. The green dotted line in (a) indicates
the trajectory of AFM tip during the nano-FTIR linescan over the TMV. The
nano-FTIR absorption spectra for TMV (black curve) in (b) is averaged over this
AFM linescan. The blue curve in (b) is an absorption spectrum of the graphene
liquid cell away from the TMV. The prominent spectral feature associated with
the presence of water in the liquid cell is a minimum in the s-SNOM signal near
1610 cm�1, as detailed in the text.
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ages in Fig. 5.3 were acquired using a CO2 laser (! = 890 cm�1) in a frequency

range where there is likely considerable absorption from water,156 mica,152,157 and

SiO2.158

Nano-FTIR spectra in Fig. 5.4b for the graphene liquid cell on SiO2 (blue

curve) exhibit a prominent feature near 1610 cm�1. Bulk liquid water posseses

a sharp vibrational absorption at 1640 cm�1 due to the H-O-H bend mode ⌫H2O

(Fig. 5.1).151 We can understand the evolution of the nano-FTIR absorption

spectra by considering the e↵ect of the graphene layers and the oxide. During the

growth process, it is highly likely that the large-area graphene becomes doped from

atmospheric adsorbates or PMMA residue. Although intrinsically IR-transparent,

the free carriers in graphene can interact with phonons in the underlying SiO2

oxide by a plasmon-phonon coupling.159 This coupling results in a significant

enhancement and broadening of the near-field response near the optical phonon of

SiO2 (1100-1200 cm�1). At high enough doping, the frequency position of sharp

resonances can shift as well. The unintentional doping of graphene can be non-

uniform throughout a single large-area CVD sheet.149

5.3.3 Modeling s-SNOM response of graphene cell

To simulate the s-SNOM response of the entire multilayer system of the cell,

we employed the recently-developed Lightning Rod Model : a quantitative model

of the near-field interaction that goes beyond simplistic approximations of the tip-

sample system, and utilizes a realistic probe geometry as well as electrodynamical

e↵ects.160 Figure 5.5b shows a schematic of the subsequent layers constituting the

graphene liquid cell. For the simulations, we used tabulated H2O and SiO2 optical

constants taken from the literature.156,158 For the top and bottom graphene layers,

we assume a moderate doping level denoted by the chemical potential, with µ =

2000 cm�1, and use the dielectric function calculated within the random phase

approximation (RPA) method.159

Figure 5.5a shows a simulated s-SNOM spectrum predicted by the Light-

ning Rod Model for a graphene liquid cell consisting of 10nm of water sandwiched

between two sheets of doped graphene on silicon oxide (blue line). Also included
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for comparison is the spectrum calculated in the absence of water (red line in Fig.

5.5a). The significant graphene enhancement of the SiO2 phonon results in a large

background in the s-SNOM response. However, the presence of water significally

modifies the predicted nano-FTIR absorption, and results in a spectral behavior

similar to what we observe experimentally in the nano-FTIR data (blue line in Fig.

5.4b). Without any liquid, the spectra evolve smoothly and monotonically, shown

by the red curve in Fig. 5.5a. We observe a slight deviation of the lineshape and

center frequency of the water absorption from the simulated s-SNOM response.

However, this is not surprising considering that bulk liquid H2O optical constants

were used in the model, which may not accurately reflect potential di↵erences in

the infrared response of interfacial and nano-confined water. Despite interference

from the substrate, we are able to verify the presence of a layer of water in the

graphene cell. Furthermore, we are sensitive to the very small amount of trapped

water (likely 5-15 nm) amidst several other absorbing materials, enabling further

more detailed studies on other biomolecules of comparable size (< 20nm), using a

similar graphene liquid cell architecture.

In addition to absorption from water, we expected to observe spectral fea-

tures associated with the amide bands in TMV, which also occur in our experi-

mental frequency range.125 The nano-FTIR absorption data for TMV in Fig. 5.4b

clearly show two weak resonances at 1520 cm�1 and 1660 cm�1 indicative of the

amide II and I bands, respectively, superimposed on the broad s-SNOM response

from the graphene-SiO2 subsystem. While the frequency position of the amide I

bands agrees very well with what has been previously observed in nano-FTIR,125

the amide II absorption is considerably redshifted compared to the expected reso-

nance near 1550 cm�1. At these lower energies there is a stronger s-SNOM contri-

bution from the SiO2 phonon and doped graphene, which is likely responsible for

such a spectral shift of the much weaker absorption mode in the TMV.

As mentioned previously, sandwiched TMV samples on SiO2 were more suit-

able for nano-spectroscopy measurements due to the lack of vibrational absorptions

associated with the substrate in the frequency range of interest. Conversely, mica

substrates were used for nano-IR imaging experiments because of plasmonic inter-
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ference e↵ects observed in doped graphene on SiO2 with a CO2 laser.161 To realize

the full potential of s-SNOM imaging and spectroscopy for quantitative charac-

terization of biomolecules in aqueous media, the liquid cell architecture can be

optimized by selecting spectrally flat substrates such as Si, or by using free stand-

ing graphene nanosandwich cells transferred to TEM grids.143 Additionally, future

iterations of such graphene-based liquid cells could employ other isotopes of water

involving varying mixtures of deuterium, e↵ectively tuning the bending mode vi-

bration out of the frequency range of interest.151 Lastly, besides graphene, other

2D materials can be explored for use as a nanofluidic lid, such as boron nitride

(BN), silicon nitride (Si3N4), or transition metal dichalcogenides (TMDCs).

5.4 Conclusion

To summarize, we have performed s-SNOM on TMV aggregates trapped,

together with water, underneath large-area monolayer graphene. We are able to

image individual viruses through graphene, registering significant contrast in both

amplitude and phase of the scattered near-field signal. The presence of water in

the liquid cells was confirmed using nano-FTIR spectroscopy. We observed in the

near-field response spectral features associated with trapped water, amidst a large

background contribution from the underlying silicon oxide substrate. Further, we

are able to measure weak absorptions associated with the amide bands in TMV

inside the graphene liquid cell. Our nano-spectroscopic probe is able to register as

little as a 10 nm layer of water, enabling studies of other macromolecular materials

using a similar sample architecture. We have demonstrated that scattering-based

near-field techniques are applicable to biomolecules in aqueous media. Our work

sets the stage for further nano-IR studies of biological and molecular materials

utilizing optimized liquid cells employing ultrathin lids made of graphene and

other 2D nano-materials.
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[32] Österbacka, R., Jiang, X., An, C., Horovitz, B., and Vardeny, Z. Physical

Review Letters 88(22), 226401 May (2002).

[33] Kim, Y. H. and Heeger, A. J. Physical Review B 40(12), 8393–8398 (1989).

[34] Horovitz, B. Solid State Communications 41(10), 729–734 March (1982).



82
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