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Abstract

This dissertationlescribes advances made in applying sum frequency generation
spectroscopy (SFG, in particulaibrational SFG or VSFG) to multilayer thin film
systems Applicationof VSFG to thin film systems imotivatedby the challengeof
charaterizing molecular structure at the active boundary organic field-effect
transistorsthese arenherentlyburiedinterfaces. VSFG is a surfacselective probe of
molecular structurehowever, when VSFG is applied to an organic thin filime
detected signal has contributions fréwo potential sourcek the two interfaces of the
organici which must be separatedThe problem is further confounded by optical
interferences inherent multilayer thin film systemsAn intuitive mathematicamodel
is developed postulating a solution to the twnoterface problem of SFG applied to
planar and stratified multilayer structureBhe model system for this dissertation is thin
films of the smHi moleculeN , Midctyl-3,4,9,10perylenedicarboximidéPTCDIFCyg)
vapor deposited on silica thin film substrates, consistent with an oFET thin film
geometry. The interferencemodel is used for an extensive simulation analysis that
reveals intricacies caéamined in the intensity data of VSFG applied to that system.
VSFG &periments performed on samples with PTEIR3I deposited as gradient
thicknesses provide compelling evidence that the ngidesan accurate description of
optical interference effects aridat it can be used to separate contributions to the total
VSFG signal intensity. Thesupplementary material€ontain a collection of
Mathematica notebooks that can be used to investigate optical interference effects on

SFG data collected frosystems cmposed of amrbitrarynumber of thin film layers.
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l1Background

"If I have seen further it is by standing on ye sholders of Giants

- Sir Isaac Newton

CHAPTER SUMMARY

This chapter provides the background information necessary to articulate the
primary emphasis of this dissertatiofhe principal interest is in exploiting the unique
interfacial sensitivity of vibrational sum frequency generation spectroscopy (VSFG) to
characterize molecular structure at the buried interface of orfieldieeffecttransistors
(OFET9. The problem is motivatenh the second sectiohy detailing the potential
advantages of organic semiconductors in terms of cost and perforthahtaindercut
by their transitory functional behavior. While many processes contribute to overall
OFET performance, there is a clear connection to moleculactste at the active
interface; lowever, its buried nature makes it difficult to characteexpermentally.

The discussion on VSFG gives a detailed historical background and theoretical account
including a summary of the dipole approximatiomhich leads to thenterfacial
specificity of VSFGmaking it an ideal tool for studying the active interfat®BETS.
However,it is emphasizedhat coherent spectroscopies applied to thin film systems are
subject to optical interference effects. In addition, there are always two interfaces
contributing to the detected VSFG response. From the historical aatasimade

clear that the twanterface problem combined with optical interference effects is a

currentlimitation for the application of VSFG anthat there is a need for an optical
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interference model to describe the effects from multilayer thin filstesys on VSFG

signals. This is the fundamental provocation of this dissertaimh motivates the

remaining chapters.



1.1 MOLECULAR STRUCTURE AT A BURIED

| NTERFACE

The distinctive processes that occur at the boundary cohdensegbhase
materials (i.e. sal-solid, solidliquid, solidgas, liquidgas) is theimpetus for the
extensive efforts to characterize and tune the material properties at those boundaries,
broadly encompassed in the discipline known as surface science. Within this
comprehensivdield one major subject area is irharacterizing the boundas of
organic moleculethin films. Historically, organic thin film systems havbeen
important for applications such as adhesitn,adsorptior? > reactivity®’ and
wettability®*° Elucidating the mechanisms involved éachsystend sunction is a
complex problembut there is a clear connection the structure of the molecules
immediately adjacent to the boundaryor manyapplications, the intéace of interest
is at theoutermostexposed surfacellowing the surface scientist direct experimental
access to probe the properties of the molecules.there

While external material surfaces present their own challenges in terms of
structuralcharacteeation, with the advent of organic semiconductor matertaksre
has been a dramatescalation ofinterestin characterizing the molecules btiried
interfaces. Making in situ measurements isssentiabecausen mostcases processes
that have a dirdceffect on overall devicgerformance occur at internal material
interfaces and it is the nature of the bounddwying operationthat drives these
processes For example,charge separation and recombinati@inthe boundary of

electron donor and accept@hasesare crucial interfacial phenomena for organic
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photovoltaics (0PVs) and light emitting diodeoLEDs)***? Likewise, electron

injection from metal electrodes into electrochromic thin films and carrier trapping are
processes that can be dominated by interfacial struttltite A particularly salient
example in which the device behavior is almost exclusively controlled by molecular
structure at a buried interface is the orgdiatd-effect transistor FET). For G#ETs,
although thecharge transfer mechanisms that occur witkhe active region are
complex it is effectively only the first monolayer or two at the buried interface of the
organic thin film and the dietéric material that participaten overall device
performancé> %

Characterizing interfacial molecular structure in organic thin film systems
presentsseveralchallengesand when the active interface is intern@le. buried) the
problem of characterizing molecular structure poses undjtfeculties. First, the
number of molecules at the interfaces canfére fewer than the total numbeof
moleculesthrough the bulk of the film so that any measuremmnist have high
interfacial sensitivity. Mostlinear optical measurementare contaminatedy response
from the bulk ofthe film, complicating data interpretatiotHowever, nonlinear optical
spectroscopies have unique selection rules that can be exploited to gain meatiofo
about the system under study. In this context, it is the symmetry rule for all even order
spectroscopies that, within the electric dipole approximation, they are forbidden in the
bulk of centrosymmetric media. Only at iffeereswhere inversion gmmetry is broken
do they produce a response, making them inherently surface selelttisefor this
reason thathe second order spectroscopy sum frequency generation (SFG) can be used

to deduce molecular orientation at any interface accessible yith
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SFG is a coherent techniqueydawhen measurements gverformed on thin

film systemsthe detected response is subject to thin fiptical interference effects.

For films thicker than a monolayer there are always two interfaces that contribute to the
detected signaand typically ony one is of primary interest The localinput fields

present at the active interfaces depend on the geometry of the entire system as do the
fields emitted from those interfacesThus, alldetected SFG peaks potentially have
contributions fromboth interfaces Separating those contributions & complex
problem, especially in systems composéanore than a single thin film, which is the

case for mosbrganic semiconductor devicesHowever, the twenterface problem

must be overcome in order tccuratey deduce molecular structurat a specific
interface in an organic thin film system.

The ideas presented in this dissertation relate equally well to any even order
spectroscopy applied to any planar and stratified multilayer thin film systgm
materiallayers that lack inversiosymmetry; however, the introductory discussion and
all experimental work has focused ofBTs Throughout my graduate workBTs
have been thprincipalemphasis. Thegmbody the primary issue at hatite interface
that dictdes deviceperformance is buriednd the devices areherently multilayer
structures And so, vhile the majority of this project is focused on a solutiorih®
two-interface problem ir8FG, the inspiration for these efforts come from the unique
challeng of characterizing the structure of molecules at buried interfaces in organic

thin film systems, specificallyfETS, utilizing nonlinear optical spectroscopy.



1.2 ORGANIC SEMICONDUCT ING THIN FILMS

The technological relevance ofganic semiconducting thinlfa systemss a
result ofan amalgamatiorof their inherent physical and chemical properties, relative
ease of processing, and caghen compared to traditional inorganic materid#s
Apl ast i c 0 rgaricesenticonductors aften dm not require eacl room to be
processed, can be deposited on flexible subsirates are rel@avely easy to mass
produce (e.ghigh throughputprinting techniques)in many cases, they asable at
ambient conditions and have been shaavexhibit tunable conductivitsthroughself
dopingand redox chemistry/:%®

Advances in performance have yielded devices that are ingbagffective
and efficient and gsent day commercial successf organic semiconduor thin film
devicesbenchmark thesdevelopments. For instanaad,EDs sold aslarge area panels
for modern dayaesthetic lightingare available. Perhapsore impressivelyorganic
semiconductors are being usedvideo displays, both asL&Ds that make up th
individual pixels as well asFETsthatmake up the active matrifdM) for addressing
those pixels. Organic semiconductor technology offers faster display refresh rates,
brighter picturs, anda wider range of viewing angle®lative to older technologies
Few people realize thame smartphones such as the Sams@ajaxy S Il and llI
already enploy d_EDs in the pixel arrays Realizing fully organic portable video
displays(both in the AM as well as the pixels a goalfor the near future for fully
Apl asti co dightweighty shattdproad, tand dlaxikle. 1In the television
industry organic semiconductingtechnology has just recently resulted in the

commercialrelease of thavo r | d écervedpanel gefevision dispies (the curve is
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said to give a more immersed vieny experience§®*° Other devices in development

include organic circuits used for potential lmest radio frequency identification tags
(RFIDs)?! photovoltais used in organic solar cel{0SCs) and a broad spectrum of
organic thin film transistors {d-Ts) for use in electronic circujtas well as pressure
and temperature sensdfs:?

There have been tremendous strides towaafsumerapplications; however,
organic sentonductorsare generally plagued by short shelf lives and transitory
functional lifetimes.For instancecommercialvideo displays include technology that
has been developed to compensate for material degradation in order to expand the
apparent lifetime B otherwise degradegixels® and special circuits have been
developed to compensater fthreshold voltage shifts inF&Ts for potential use in the
AM.*®  They are at present generally not robust enough riost commercial
applications without these types of extraneous compensation techrtawestheless
development of thessecondary technologiésan indication of the difficulty presented
by the functionality of organic semiconductdranscendedby their potential benefits.

This sectionreviews advances leading up to the present day field of organic
semiconductors followe by a discussion omFETSs which invariably relatescharge
transportto molecular structurat a buried interface Then a brief accounsg givenof
some of the standard tools used to measure structure at buried interfaces in organic
semiconductor thin fih systems. The conclusion is thahere is a need fortachnique
that is interfacespecific, highly sensitive, and able to measure structure at buried
interfacesandon a wide variety of systemsThis leadsiaturallyto the next section on

the nonlineapptical spectroscopy calledim frequency generatioSBEG).



1.2.1 A Brief History of Organic Semiconductors

The study ofthe electrical properties of organic materials with conjugated and
ar o ma-tlectton systems began with scattered reports of a few noteworthy
substances but hascalatedver the past®yearsto a cutting edge research fietloiat
has resulted in the comnoalization ofsome ofthese technologies the lastdecade
Conductingproperties in small molecule organics that form crystalline solids have been
studied for over 100 years. Some of the earliest work includes the report of anthracene
as a photoconduee substance in 1986and 191% and aninvestigationof its dark
conductivity in 1910°° The report of a perylereromine complex in the solid state
with a remarkably low resistivity in 1954 was another intriguing discovery that touched
on an ongoing problem in organic semiconductors: they often do not maamtiinal
conductivity over timé&° The synthesis of polyacetylene was first reported in 1958 and
was shown to be a semiconductor in the solid state with variable conduttiltiy.
conductivity remained mostly a <cur,jaosity
report of thecrystallineinorganic polymer polysulfur nitride with metallic conducting
propertieé***rekindled interest in the electronic properties of the organic pol§fer.
Groundbreaking work in the |l ate 197006s
coworkers on thin films of crystalline polyacetylene showed the possibility of an eleven
orderof-magnitude mcrease in conductivity utilizing optimal stereochemistry and
introdudion of both ptype and rtype dopants*®*° The work on doped polyacetylene
is considered the beginning of the modern age of organic electronics and is the basis for
their award of the Nobel Prize in Chemistry in 20@llowing this work the field of

conducting organic polymers and moleculeguding their synthesis, characterization

b
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and potential uses has explodet@ihere have been thousands of papers, reviews, and

books published that focus on identifying orgarsemiconductor compounds,
characterizing their physical and chemical propertza®l developing applications for

their use in semiconductor devices.

1.2.2 The Organid-ield-EffectTransistor

An organic field-effect transistor is shown inFigure 1-1. The d&ET
configurationshown is for a bottorgate/bottomcontact geometry used in this work

(the gate electrode is separated from the source and drain electrodes by a dielectric

layer).
y Dielectric
a o
( ) T Gate Electrode \
Accumulation Region
~1-4nm
L =10-100em
(b)

Source Drain

Figure 1-1. (a) Side view of the geometry of a bottom gate/botho contact organic field-effect
transistor with a look at the accumulation region. (b) Top view with dimensions of the conduction
channel (not to scale).

The gate and dielectric typically consist of a doped semiconductor with an oxide

insulating layer 200 400nm thick (commonly silicon/silicodioxide). The source and
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drain electrodes are a metal with a work function close to the highest occupied

molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO) (depending
on charge carrier type)They can be deposited directly on the insulating substrate using
clean room techniques such as a photolithographic mask with electron beam vapor
deposition. The organic thin film igy/pically 30 1 50 nm thick and is normally
deposited by vacuum sublimaticor solution processing.Characteristicconduction

50,51

channel dimesions are included iRigurel1-1 (b).

An oFET is a switching device: when a suitaplatentialis applied at the gate
electrode V., charge carriers collect inthin layer of the organic semiconductor (+1
4 nm) at the interface of the organic and dielectric. This interface is referred to as the
accumulation layet”®* Current flows in this conduction channel when a potential
difference is applied between the source and drain electrdgesCharge carriers can
be either holeqp-type) or electrons ftype). The more common-tgpe organic

semiconductors turn on with negative gate voltages wherdégsenare activated by

positive gate voltages.

1.2.2.1 Electrical Characterization

There are several terms used in the literature tatifiyahe useful properties of
oFETs. The most common measure is fibld-effect mobility, m (referred to ashe
mobility throughout thisdissertatiofpn The mobility is a parameter that relates the

electron drift velocity v, to the applied electric fieldE.

n,=E I (1.2)
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It is directly proportional to conductivitys, through thevolume number density of

charge carriersN, and the fundamental charge

s =Ner (1.2
Mobility units are usually given in cifV*s and typical values for BETs range from
107 cn?/V*s for amorphous organic films ta i 10 cm?/V*s for highly crystalline
films.>>* Other important parameters include the threshold volagedefined as the
limit of the gae voltage for which conduction does not occur between the source and

drain electrodgsandthe current on/off ratid,, /1 ; is an important measure when any

small leakage in the off state is an issue.
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Figure 1-2. Typical output (a) and transfer (b) characteristics of PTCDI-Cg oFETSs fabricated for
this project. Also, scaled on the right in (b) are data foiV/ =100 V shown with a typical fit to the
saturation regime of the curve.
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The conducting properties oFETs are usually characterized by holdeither

V, or V; constant while sweeping over the other to obtdin-V, (output
characteristics) andl, -V, (transfer characteristics) curves.Figure 1-2 shows

exemplarytransfer and output curves taken on devices fabricated in our lab. The
organic material for these scans iN, Mlidctyl-3,4,9,10perylenedicdvoximide
(PTCDICg), an ntype organic semiconductor used exclusively in this work. The
electrical curves were obtained under high vacuum in order to minimize effects from
atmospheric oxygen and water. The curve features are discussed in what follows.
Several equations have been derived that make it conveniehatacterize the
mobility of oFETs experimentally*>? Mobility is a consequence of the charge carrier
profile in the conduction channel. The areal charge dengjty (number of
carriers/arepnis proportional to thezolume number density through the fundamental

charge and the channel depthlt is also proportionala the voltage difference between
the gate voltage anthe voltage along the conduction chanr\e(x) due to the bias
applied betweenthe source and drain electrodes and through the capacitance of the
dielectric materialC,,. Here x denotes the lateral position within the channel between
the source and drain electrodes.
G (9= N(Y et =G (¥ M ¥ (13)
Eqg. (1.3) is not quite correct since the point at which charge carriers are injected

into the conduction channel most often does not correspo t00. Factors that

shift the point of injection include barriers at the source and drain electrode/organic

interfaces, impurities within the semiconductor film, deep traps hast be filled
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before conduction will occur, and any other fidealities. To compensate for all these

effects the threshold voltagé is defined and the equation is rewritten.

Gu(X=N(Xet=G (¥ ¥ V¥ (1.4)

- Charge Carrier Profile
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Figure 1-3. Carrier concentration profiles across the conductiorchannel when(a) |V, | < |V; - V|
the linear regime, (b) V,|° [V 4|, and (c) V,|>|Vs -\4| the saturation regime.

With the source electrode voltage set to ground and assm‘r(in}; is due only
to V,, which has a linear gradient profile across the channel, the charge carrier profile

takes on the spatial characteristicsgf When |V, | is small compared td/; - ;| the

carrier concentration is approximately constant across the channel. As long as
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Vo| <V -V4| the average value af, can be expressed as E#5) since the average

value of a linear function is half its maximum value plus its intercept.

({9 =(NY et =62y ¥ 2 15)
Figure 1-3 shows qualitative representations of the carrier concentration in the
accumulation region for the cases thaf,|<|V;-V|, M|°M; -], and
ARVARV]
In order to obtain the -V relationshipst he deri vati on begins

and substitutes in the results from Eds2) and(1.5).

I V Iy \%
Res g dnnedt
lo = Corly V2 (19
¢ 2 =
U Vo
=L C S( Vi) Vo 2

The final result ofEq. (1.6) gives the 1V equation in the linear regime, that ibet

current is linear inV, at small V,. At higher V, the carrier density can become

clipped which makes the linear gradient approximation invalid.
There are three regions defined fof V curves: the subthreshold, saturation,

and linear regimes (refer tagure1-2). In the subthreshold part of thg - V,, curves
V5| <|V4|, the FET has no connected dar accumulation anétq. (1.6) is invalid.

With V;|>|V;| there are two regimes of operationthen |V, |° |V; -;| the curvesare

approacing saturation the point at which the carrier concentration becomes pinched at
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the drain electrodeand vhen |V,|> |\, - \;| the curves are in the saturation regime

and the carrier profile is clippedn the saturation regime ariycrease inv, leads to
no increase in current since the integrated resistance remains constant in the channel.
When V, | <|V; - 4| thequadraticV,, termin Eq. (1.6) can be dropped and is referred

to as the linear regime of the curves.

Two derivatives are useful for calculating the mobility, the transconductgpce

and condctanceg,.

| W
gn =12 == CormVo
Wer, - (1.7)
| W '
04 = STD OT Cox in (VG VI')
D \/G

Eq. (1.7) shows results for calculating the mobility in the linear regifmg ) In the
saturation regimé&/, can be approximated by settirigequal td/; - V.

wW 2
I D,sat = Zcox,nsat(ve _VT) (18)

The mobility can then beatculated from thel, - V; curves in the saturation regime
most easily byitting JI bsa CUrves(seeFigurel-2 (b), the right side axis).

The simple equations deriveahd commonly usedre based on sweeping
approximationsthus, theydo not fully accounfor characteristicl -V curves. As a
result, experimentally determined mobilities in the linear and saturation regimes often
do not agreé®>2%4° Experiments have shovthatother effects are important such as

injection barrier effects from the souraad drain electrodes and mobility dependence
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on 'V, andV,.*"***®*"|t is for these reasons that mobilities are usually calculated in the

linear regime where the approximations are considered to be more valid.

1.2.2.2 ChargeMobility Theories

Charge mobility theories account for thenicroscopic static and dynamic
processes that are responsible for the macroscamducting properties of RETS.
There are numerous sophisticated models that have been developed for the mechanism
of charge transport olie many different classes oFBTs>® °® however, the nature of
chargemobility is still not well understood?®*®> At present, it is thought that these
devices operatby some mix of a charge hopping and polacomechanism The
dependent variabl® test mobility modelss usually temperature since it is the easiest
fiknob to turn éxperimentally. The charge hopping regime is temperatassisted and

is usually used to describe mobility in highly amorphousdilfhe polaron model is

temperaturdimited and usually applied to crystalline films.

_LuMOs __
§ Lacalized Trapped Stafes | c
©
| — _— |8
HOMOs :—?———:—%f_-g___—:
> — HOMOs —
DOS
W >

Figure 1-4. Graphical representation of the charge hopping theory in amorphous organic filmgor
a negative (electroi charge carrier.
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Charge hopping theory treats molecular groapgorming spatiallydiscrete

states within the conduction chanmeld contributing to a distribution in the density of
states (DOSpccupiableby charge carriers? In the simplest approximation, these may
be thought of as the molecular HOMOs for holes OMOs for electrons.Figure1-4
depicts the theory graphically for a normally distributed DOS and a negative (electron)
charge carrierWhen charge carriers are injected they mustbeipeen these localized
states along the wildtof the conduction channel (in one dimension for simplicity) while

stayingabove some defined temperatulependentrap energy E;. Carriers that fall

into states below the trap energy are said to be trapped. Ttiemem is temperature
assistedhigher thermal energy allows carriers to overcome energetic bdraeween
adjacent statedue to disorder. Thermally induced waves (phonons) in the film rapidly
change the interactions of molecular orbitals (MOs) on adjacent mdeaulthe time

scale of hopping events. This renders states that are at one instant a trap in another

instant a conducting state. Increased thermal energy also raises the probability for

: , a :
carriers to hop out of deeperm¥ expae-% apped stas. Experimental data and
C "8

hopping models haveandicated mobility has an Arrheniuslike dependenceon
temperaturel .>%°
(2.9

Here D is the activation energy for the barrier akg is the Boltzmann constant.

Experimental evidence for trap states has been obtained using the method of thermally
stimulated currents (TSC) as well as thermally stimulatedinesecence (TSL) on

amorphous organic film¥'
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The distribution in the DOS (and therefore the density of trapped and conducting

states) is strongly dependent on film morphology. Highly amorphous films lead to
wider distributions with more electronic trap stategich in turn lead to hver
mobilities. Defects in the film (i.e. impurities) can cause additional local trap sites in
the HOMOLUMO gap>®4%¢% gpecific systems can have wlg varying DOS
characteristics which has a direct effect on overall device performance.

For highly ordeed crystalline films, charge hopping theory does not account for
the inversepower law dependence of mobility on temperafr®. At very low
temperaturesmeasured mobilities are high and reflect the band theory of inorganic
semiconductors. With the exception of a few highly pure crystals that demonsthate hig
mobility and anisotropy at ambient temperaturesy (rubrene >5cn/V+s),>> 72
measured mobilities at elevated temperaturesnost organic crystals correspond to
mean free paths that are less than the intermolecular distan€asse results exclude
the delocalization assumed in the band theory of semiconductors.

Polaron models have been developed to account for the temperature dependence
of mobility in highly ordered organic films. A polaron is thought of as a epeagicle
that travels through the latticdt consists of a charged particle (electron or hole) and
the accompanying distortions in the lattiaesociated with a reorganization energy

Figurel-5illustrates a simple phieal descripton of the polaron in one dimension.
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Figure 1-5. lllustration of a hole-polaron moving in a one dimensional lattice, the circles are nuclei.

Eq. (1.10) is the result for one derivation of the theory that relates the mobility to
temperature in the high temperature limg, is the polaron binding energy, defined as

the energy gain of amfinitely slow carrier due to the polarization and deformation of

the lattice!’

a
eXPge-

1
B (kT)* g 2T

The interactions of the polaron with thermally induced phonons predicictedtr

ni

(1.10)

charge flow with temperatur€l ¥* dependendewhen k,T>> E,. The polaron model

also accounts for seffapping that occurs due to the reorganizational energy of the
lattice. In molecular crystals the polaromael is a limit on the charge hopping model
where the DOS of conductirggatess very narrow.

Another model commonly encountered in the literature is known as the multiple
trapping and release mechanism (MTR). It was originally developed for amorphous
silicon semiconductor(§Si) devices but has since been applied to orgahfes® The
model assumes delocalized band transport with a high concentration of localized
electronic trapped states near the band edge. MTR has been applied primarily to

organic devices ansisting of small molecule crystalline films; however, meaningful
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results are obtained over limited temperature rang&<* MTR is generally ot

considered a complete description of charge transpoRHTs.

Charge mobility in organic semiconductors is thus described as some mixture of
three basic mechanisms: carriers hopping between localized states with some states
defined as traps, carriedescribed as polaronic qugmrticles moving through lattice
sites defined with some polaron binding energy, and carriers moving in delocalized
states comparable to the semiconductor band metith may include localized traps
below the band edge. Thkminant mobility limiting mechanisms in the majority of
oFETs are thought to be hopping versus polaronic. Amorphous films are typically
modeled well by the hopping mechanism whereas crystalline films are better modeled
with polarons. The switch betwedhese two mechanisms is believed to occur with
mobilities around 04L.0 cnf/V*s, the regiorin whichmany d~ETs are foung?

Considerations for modeling specific systems must factor in film morphology.
This includes the extent of disorder, defects, and impuritiesvell as the degree of
molecular orbital werlap, anisotropy in any crystalline regimes, and effects from grain
boundaries in films that form amorphous as well as crystalline regions @ly§3p
hexylthiophene2,5-diyl, P3HT))”® The dielectric layer has also been shown to play an
important role in charge transpdft’® While a unified theory on chargmobility
remains unresolved, there is a clear conned¢tianolecular packinghatis inextricable
connected tanolecular structur& Better understanding will come with experiments

that elucidate structural information.
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1.2.2.3 Charge Transfer Theory

The mobility theories as presented mask the connection to the microscopic
processes that occur order to move charges through the system. The fundamental

process is that of charge transfem an initial localized quantum statg, to a final
statey , couplal to a density of final states (Ef ) The process can be viewed as a
nonradiative decayf an electronic state.The chemical equation can be writtan
terms ofchargedona and acceptor species.
Yi ) Yt
D +A%¥% D A (1.12)
Using first order perturbation theory one writes a transitaie constantk, at long

times a&

_2p 2
k ==l Vix) &) (112
The electronic coupling matrix element between initial and final states depends on the
molecular orbital overlap and the interaction enevgyThe functional form of r (Ef)

includes temperature effects, reorganization energy, free energy (including effects from

applied bias), and effects from vibrational coupling-or instance,in the high
temperature regime, that is, for vibra@nmodes satisfyinghiw<k,T the rate

expression takes the forofi semiclassical Marcus theGPyf*

2 2 [ 1 e (DG® +)°
ke ==={ VX0 1/4/7 T eXp§ T (113

where DG’ is the Gibbs free energy of the reaction dnds the reorganization energy.




22
The transition rate describes the static and dynamic effects that influence

mobility on a microscopic scalédzrom the electran coupling matrix element it is clear

that molecular alignment and molecular structure are important parameters to consider.
On a macroscopic scale, orbital overlaies in amorphougegionsor in films with

distinct domains(e.g. grain boundaries vgolycrystalline domains). It is the
macroscopic scale that directly influences overall device performance so that average
molecular structure through the device channel is an important parameter when

assessing contributions to overall device mobility.

1.2.3 Suveyof StructuralCharacterizatiorat Buried Interface

For d~ETs,the active interface is internal to the thin film system (i.e. bursad),
that the problem of characterizing molecular stire posesparticular challenges.
There are numerous approastto characterizing the structure of interfacial molecules,
each possessing its own strengths and weaknesseamy féchniques that measure
specular reflectivity or diffraction in grazing incidence to wide angle operation can be
used to sample film strture on many different length scafé€® These techniques
typically sample the entire thin film system and extracting information on the interfaces
is a matter of setting up an appropriate model and beam tigoniehe models and
theory behind Xray scattering are weéistablished and the data interpretation is often
clear. On the other hand, these approaches sample only the most ordered (crystalline)
regions of the thin film, while the amorphous fraction necaptribute significantly to
device success. Furthermore, the grazing incidence beam geometries that can be
utilized to access interfacial information are limited to total external reflection,

generally probing the outer interfacer a combination of bulkand interfacial
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contributions®®®  X-ray spectroscopicechniques have also been demonstrated as

surface sensitive probesFor example, ear edge xay absorption fine structure
(NEXAFSY?%2 or X-ray photoelectron emission microscop§-PEEM)* can be used
to deduce structure at an interface. However, theyganerally limited to sampling
exposed interfaces.

Scanning probe microscopy (SPM) techniques like atomic force microscopy
(AFM) or kelvin probe microscopy (KFM) offer mesoscopic spatial resolution of
topography and surface potenti&f?'® Microscopic structure can sometimes be
inferred by these measuremeft$®* however, they are inherently biased to probe the
external surface. Buried interfaces are sometimes studied by SPM by fabricating
extremely thin films (< 1 monolayeand assuming that what is learned about this layer
also applies to the buried interface of a thicker fitA1°3

Optical spectroscopies offer the advantage of-ehestructive characterization
but their signals are generally overwhelmed by bulk responSerfaceenhanced
spectrosaopic techniques like surface enhanced Raman spectroscopy (SERS) may offer
very high surface sensitivity but have extremely restrictive requirements for the
substrate. In other instances, buried interfaces have been studied by physically
removing the filmfrom the substrate at low temperatures and carrying exgtyXor
SPM measurements on the newly exposed sutfa¢® Of course, this destructive
approach renders the device unviable for further testing and likely perturbs the
(formerly) buried interface.

Many of these techniques are complementary, and a common strategy is to use

some combination of experiments to impadme confidence in data interpretation.
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With this in mind, a broad implication of this work is to contribute to the viability of

adding nonlinear spectroscopy as an additional tool for the surface scientist studying

buried inerfaces in thin film systems.

1.2.4 Conclusion

Developingorganic semiconductingevices withstablemobilities andthreshold

voltageshigh 1, /1, andhavinglong functional lifetimes is of paramount imparte

for applications involving BETs. While there have beersome noteworthy
breakthroughsn terms of device performan¢® % deep physical understandimg
primary factors affectingevice functionalitys generallyeither elusive, or is obtainable
only for specific systemsOrganic semiconductors have now been studied for over 30
years with many elegant physical discoveribst thereremain many fundamental
guestions.

In terms of understanding factors tteak relevantto deviceperformance and
degradation there are Isttonsiderable challenges. These include low chaegeer
mobilities, high threshold voltageshreshold voltage drifts, current leaks, bsa®ss
effects, deep traps, environmental instabiligd variable switching rat83'° Bias
stress effects are important because applied voltagesnduce permanent changes in
oFET functionaliy. Deep traps contribute to decreased mobility over time and current
leaks. Environmental instability is very important especially foype devices because
of susceptibility to oxidation from atmospheric oxygen. Stable switching rates are
important fo applications that involve high speed on/off switching such as graphical

displays'* All of these affect orare affected by the microscopic geometric and
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electronic structure in the activeterfacialregion of these devices. This region is the

focus of this project.

Characterizing the structure of molecules in the active regiooFBfTs is a
particularly challenging problem. The two most basic requirements of an ideal
experiment for studying molecular structure at a buried interface in an organic thin film
system are that it iselectivelysensitiveto molecules at the interface and that it can be
applied to a wide variety of systemsThis is the motivation for applying nonlinear
spectroscopy to organic thin film systems. For SFG, the selection rules are such that
there is high sensitivity to interfacial molecular structure and it can be applied to any

system accessible by light.

1.3 SUM FREQUENCY GENERATION

SPECTROSCOPY

Linear optical spectroscopies describe lgldtter interactions at
electromagnetidntensities that do not alter the material optical propertiesthat

regime, the familiar quantity cakd the refractive indexn=/A + 4 has real and

imaginary parts thatary withthe frequency of lighbut areotherwise invarianto input

field light intensity and for this reason they are known as optical constants. Linear
interactionscanalsobe described in a more fundamentehy asmaterials that have an
optical response that is linear in theplied electromagnetic field amplitude. This
relationdescribe our most common experiences with lighatter interactions such as

reflection transmissiongliffraction, absorption, and thin filmopticalinterference.
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When the intensity ofight is sufficiently highi aswhen illuminated by an

intense laser beatrin the optical response of a materiahay become nonlinear in the
incident electomagnetic field amplitude. There are many congeences of optical
nonlinearities;they lead to such effects as tbptical Kerr effect (selfocusing, self
phase modulation), cross phase modulation, and wave mixing. Sum frequency
generation is describedithin the latter of these effectsThe interest in wnlinear
optical techniquestems from the unique interactiotist give rise to distincdelection
rulesrelative to linear techniqued-or SFG, the primary selection rule concerned here
is that, withn the electric dipole approximation to the interaction with light, systems
that possesgnversion symmetry on a macroscopic scaid have a possible SFG
response only at phase interfaces where inversion is necessarily broken. Details of this
statementare discussed in Sectidn3.2 The combination of wave mixing and its
interfacialselection rulanake SFG @ experimentally powerful tool to studgolecules
at interfaces.

In this section a historical background for inteid&FG is recounted followed
by areview of the theory of SFG frorglassical electrodynamider a single interface
system. The macroscopic observables are related to the microscopic polarization
described byguantum mechargc In Sectionl.3.2a discussion on the origin of the
interfacial selection rule is providebatinevitably results in the structural sensitivity of
SFG. Bulk contributions are considerad a reminder that most SFG data analysis
involves an approximain that may not always be valid. But in the presence of
resonant enhancement and polar ordering at an intetfecepnclusion is that SFG is a

sensitive probe tmterfacialmolecularstructure.
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1.3.1 Historical Perspective

1311 The 19600s 1y Classical Antiquit

With the advent of the first functional optical lasers in @963 scientists
were exposed to a new type of light source that provided coherent radstion
unprecedentedhigh intensities Less than a year later the first demonstration of
coherent wave mixing was reported when Franken, Hill, Peters, and Weirepated
second harmonic generation (SHG) from a quartz crystal in July of '196lh the
following year there were severakperimentakeports of coherenthreewave mixing
in various nonlinear medid“**® including the first report of SF&> Experiments
inevitably led to a more formal treatment of the thedrietheoretical implication$or
nonlinear response froncoherent radiation @rsus incoherent sources) was first
recognized by Armstrong, Bloemberg@&ucuing and Persham early 1962vhen they
formed a mathematicafoundationfor coherent wave mixing i dielectric'®® They
formulated a quantum mechanicalmicroscopic description usingsemiclassical
perturbaéion theory that mapped ontothe -classical macroscopic description of
el ectrodynami cs @ationg and theyLorditz forwahis work s the g
origin of the connection betweedhe microscopially averagedcontributions to the
macroscopiconlinearpolarization commonly used today.

The importance of boundary conditions between linear and nonlmedra
were acknowledged irthe early theoretical wotR and details were provided by
Bloembergen and Pershan in a separate report in #962This marked the first
consideration forthreewave mixing optical nonlinearites as a possiblesurface

boundary probe In that paper they specifically considered SHectedfrom an
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otherwise seminfinite nonlinear crystalKDP). However, asKDP lacks inversion

symmetry, their discussiorelied on thebulk electric dipolecontribution to the SHG
response The reflected intensity was said to have contributions from a layer thickness
on the order of the wavelength light. They also introduced the idea of a nonlinear
material slab of finite thickness faransmittedSHG although they did not makbet
connection to a polarized sheet (limit of zero thicknesd)ich has become an
importantconcept in the current theory.

It was recognized early on that the leading terms in thngewave mixing
nonlinear response are due to electric dipole interagtighich are zero in materials
that possess inversion symmetfy!*®> The next highest termsre the electric
guadrupole and magnetic dipole interacsiorhich are generallybulk active, although
many orders of magnitude smaller thgpical allowedelectric dipoletype interactions
As wor Kk on centrosymmetric s mgh efmbe pr og!
experimental observations were thus formulated based ondéze that dominant
contributions came from electric quadrupole and magnetic dipole type interactions. The
first observation of SHG from a crystal with inversion symmetayne in 1962 by
Terhune Maker, and Savagé'® The nonzero respongmm calcitewas attributed to
the higher order terms from the bulk and a third order electric dipole effecto
application of a externabktatic electric field.

The theory was modified few yeardatert o i nc | u dtey me O sallr & @atcr
quadrupole termdistinct from the bulk contributiorthat arose due to the predicted
abrupt discontinuity of the normal component of the electric field ampliatda

material boundary”¥'*®  During the early years, xperimental work on
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centrosymmetric systems focused on St6 opposed tgeneralizedSFG) observed

from metals*?® ** semicaductors®+*3*%2 dielectrics'®** and liquids**® The studes
were primarily purposed to test the theories in this new figth an emphasis on
determining the origin of the surface contributioh summary of the experimental and
theoretical contributions from this early work was published in 1&6&n important
idea that erarged fromthesefirst few yearsof coherenthreewave mixing was that the
interfacial atomic layer should provide a distinct nonlinear response as compared to the
bulk of the material.

The next advancement in the theorytlwfeewave mixing was the regaition
that the surface of a material itself is somehow intrinsically different from the dmlk
opposed to a difference in the way in which applied electromagnetic fielusvé
differently at a boundaryThat is,to this pointthe surface contributiowas attributed to
the bulk quadrupolar interaction being amplified by the large interfacial field gradient,
and therénad been no consideration for distinct interfacial material propertiesidéae
was inspired by thgossibility that surface contaminain affected the surface SHG
processas wasoriginally acknowledgedby Wangin 1968with his work on water and
acetoneé?® In 1969, Brown and Matsuoka systematically studied the effects of surface
contamination by observing SHG intensity changes from evaporated silver films in high
vacuum before and aftetbreaking the vacuur?®> To explain the changeSHG
response, ey conjectured that theaahs at the interface experienaebreak in the
otherwise isotropic bulk symmetry and are therefore subjeetrtonzerointerfacial
electric dipole type interaction This marked the first consideration for a unique

material response due to inversion syrtimndreakingat the interface. The newly
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defined dipoleallowed surface states were said to be highly sensitive to adsorbed

species and possibly even caused by these sp@tilesugh the discussion focused
primarily on thelatter hypothesisthe formerstatemenis generallyconsidered correct
today). Two years later,Rudnick and Sternproduced a detailed theoretical
consideration for symmetry breaking at an interface and the resultant-dilooled
surface state§® That work contains aomprehensiveiscussion on the various source
terms related téhreewave mixingin metals Surface states at a metal interface were

considered in more detail by Wang, Chen, and Bower in 1§73.

1312 The 197060s T The Middle Ages

Experiments in the 1970 as intdrestceMtasnded pr i T

beyond the basic ideas of free and core electron contributions to the SHGirgignal

resonant enhancement by surface egat metal interfacesthat were originally
predictedin 1909'*® The first observation of reson&ntenhancd SHG by surface
plasmonscamein 1974 by Simon, Mitchél and Watsort*® which was followed by a

number of theoretical and experimental reptfi$?® Experimentally, attenuated total

reflection (ATR) geometry was imbduced at this time as theoretical and experimental

efforts showed large enhancememisMavemixing experimentslue to better coupling

between propagating fields and surface waved3**%°

The primary emphasis
continued to be on connecting experimental observations to theoretical predié&sns
it turned out, couplingf fields to surface plasmons in metals to produce SHG was

inefficient and not surface selective since the evanescent wave penetrated the metal

surface on the order of the wavelengths involved, usually several hundred
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nanometer$®*? However, resonant enhancement of the wave mixing proassh

was theoreticall discussed earlidf®**® was an importantexperimental initiative

exploredduring this time.

1.3.1.3 Thel198® s;The Renaissance

A report in 1973 on SHG from Ge surfaces with Na controllably eapd to
submonolayer coverage perhaps the firstjuantitativereport of SHG as a surface
probe’*® However, the distinction between experimentallgubstantiatingheory and
actually characterizing an interfaceesomewhat vagyeandthe switch toapplication of
SHGand SFGas a surfacanalyticalprobe is generallgttributed towork that began in
1980 in Professor YueRon Shends r esear Researghrtaothispenda t Be
arosewhen hey made theonnedbn that thelarge surface enhancements observed in
SERS>* could gply to wave mixing experimentnd that those enhancemt® should
report on phenomena occurring only at the metal interféceéctober of 1980Chen,
Castro, and Shen reported SHG enhancement obyL@ roughened silver surface®
Several reportsfrom that groupfollowed demonstratingnterfacial sensitivity of SHG
using surface enhancement effeéefs™® These efforts led to a+examination of SHG
and SFGtheoretically and experimentafy’ Early estimates predicted insensitivity
threewave mixing to surface contamination or surface orientation of cubic
crystals' 13313 however, aside from thescattered earlier reports on surface
adsorbate$®***™¥impor t ant advances during the 198(

submonolayer sensitivity® '®® as well assurfacerotational anisotropyf otherwise

centrosymmetric crystaf§¥'®®  The general recognition of the importance of
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measuring welbefined surface with superior experimental contratas introduced

during this time, aumber of reviews fromth@i d 19806 s wpicstME%r i ze t+
While the connection between macroscopic tiwege mixing to microscopic
structure was laid out much earl#éf the first reports of SHG as a probe for molecular
structureat an interfaceonly began to emergm the ealy 1 9. 8Thi® is generally
considered to ba major strength othesetechniques today.In 1981, Heinz, Chen,
Ricard, and Shen reported two rhodamine dye monolayers adsorbed on a fused silica
substrate in which they measured Skei@hanced by electranresonancand were able
to deduce a rough average molecytatar orientation on the surfacg® Absolute
orientation calculations for molecules adsorbed at interfaces was a major step forward
for threewave mixingtechniquesas numerousstudies relating surface properties o
atomic and molecular scales emergeduding molecular adsorbates on softéfs 31
adsorbates anihterfaces of liquid$?®2°® and processes occurring at electrodes in
electrochemical cell¥32°*21® A number of these studies exploited the pulsed nature
of the inputbeamsto explore kinetics on many time scal@$!67:191:192.196,197,.208%216
noteworthyearly study of ultrafast structural dynamics came from Shank, Yen, and
Hirlimann in 1983when they observe loss of rotational anisotropy at the Si interface
on a sukpicosecond timescale by optically melting the surfdée.
Important advances in laser science allowed for expanding-waee mixing
experiments to new wavelengths and energiesa t h e Q-&watdhell dasergard
higher harmonics thereofjere the typical source of short (ns) and high intensity pulses

used for SHG. These were often used to pump dye lasers to make tunable sources in the

visible in order to perform electronically resonant studies and capturésgersion in
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the response. In late 1988)u, Suhr, and Shemseda frequency doubled -Qwitched

Nd:YAG anda CO,TEA laser (tunable miihfrared pulsed laser sourde) demonstrate
the first successfulibrationaly resonant enhanoeent of an SFG (VSFG) spectrum
from coumarin 504 spin coated onto a fused silica substratehe extensiomf three

wave mixingto surface vibrational spectroscomyas then quickly demonstrated on

217222 218,219,223

solid-air, liquid-air, and solidliquid interfaces™® Vibrational
spectroscopy watong establishedis a powerful tool for structurally characterizing
molecules, and the monolayer asdrface sensitivity of VSFG was immediately
recognized as a powerful new tool figtermining molecular orientation, conformation,
and relative order (or disorder) at interfaces

Al ong with the experi ment ddrficatioth\aradn c e s
unification of the theries used to describe those procedseg!l173177:1831824240 T
phenomenological polarized sheet description of the nonlinear interfacial region was the
primary model for interfacial wave mixing**3°?*' The basic problems for
centrosymmetric systems were (and continue to be) descsimngls generated from
the buk volume and separating interfacial contributions dueljoabrupt field
discontinuity of the normal componentmterfacial quadrupole terms), 2) a second
group of quadrupole terms arising from the discontinuity in the bulk susceptibility at the
interfaee, and 3) the dipoleallowed terms due to symmetry breaking at a phase
boundary!>°22°234236237 Any dipole-allowed response is commonly referred to as a
Al ocal o response whereas hi gher oad er
usually referred to ascontributing to thefi n o n | o ¢ a | ?0%**7*°e\ghprean the .

bulk (volume) terms had been previously well descrils&df?125127.128.130.133,134.13%
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was shown that all thiecal and nonlocatontributions to theurfacesheetpolarization

P<(W) can be combined into a single effective surface susceptiiitfW = w +)
and put imo a form consistent with aapparentlocatresponsenly to input field

amplitudesE (1) andE ().

Ps(W) =2P( W g E( JE( ,) (1.14)

Arrival at the form of Eq.(1.14) came about a e different ways, varying primarily

with where the input fields are measur@aput fields versus local fieldgnd howto
define the relevant contributions t8{ (W = y +).?2#22231237 This is the basic

equation frequently used today to describe second order nonlinear respongss
noted during this timethat orientationalanalysisis more tractable if the response is

dominated bythe local (dipoleallowed due tosymmetry breaking) ter contained in
E‘gz) (W =W +g/) but \erifying that this term dominates not trivial However,for

systems that are on resonance with either one of the fundamental beams or the sum
frequencyit is generally thoughthat the resonant enhancenteof the local response

will be comparabléo or dominatehe nonlocal respongé?34235238

1314 The 1990606s

By the 19900s, beBnkd@nmoastratied & fféctive suwiface mobe
and the theoreticarameworkthat is used today had been more oslesmpletely
worked out. A comment by Bloembergm a1999invited paper gives a retrospective
evolution of coherent nonlinear surface techniqaes! is the basis for naming

subsections in this chapféf
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For this topic one may designate the decade of the sixties as the period of

Acl assi cal antiquityo, the seventies as
starting in 1980
Applied studies of SF@Gnd SHGhad becora extremelyprevalent, of which only a
small fractionare mentionedhere. Among the systems studied
interfaces becama popular subjediecausesecond order wave mixing technigwesre
identified as the onlgxperimens available wih the necessary surface sensitiwitythe
presence of the bulk. Theyfered the only means by which to stuayid boundaries
since they donot require a high vacuum environmesuch as needed by particle
accelerator typénterfacial measurment&”® Systems studied includeneat liquids®**

253 pinary mixtures*’ 248258256 jiquid/liquid boundaies?*®*°*?*° and adsorbates and

@al260272 A number of review articles summarize the

solutes at liquid interfac
important aspects of these studig§'?243:246.258.27376 A essential experimental
demonstratn that emerged wathe emphasis placed on the utility of characterizing

buriedliquid interfaces with SFG and SHG.

1.3.1.5 2000 to Present

There have been many advances since 1t 9 Oh@re a few noteworthy
developments for SFG and SHG in the pastl30yeas are mentioned. The
polarization null angle (PNA) method applied to Sw&s developed in 2008r better
molecular orientational sensitivitglative to the method of polarization intensity ratios
(PIR) for single interfacesystens. The operating prinpie being that the input beams

are set to some fixed mixed polarization and signal is measured as a function of SFG
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pol arization angl e. Where there is a mi

which can be used to extract orientational infororati Interference methods using a
reference field overlapped with the signal field has been demonstrated for phase

é*2772"8%3nd submonolayer sensitivity’® SFG microscopy hdseen developed

sensitiv
and improved torevea spatialy resolved structural information and orientational
distributiors on micron length scalé®”?® and for high throughput measuremefifs.
Nonlinear optical ellipsometry has been describeddsamonstrated for single interface
systems?"?®8 Finally, experimental techniques have been largely confined to detect in
the frequency domain In recent years thamportanceof time domain phenomena
which are aresult of the ultrashort femtosecah pulses commonly usettave been
investigated Specifically, the effect of apodization of the vibrational free induction
decay that occurs when either the visible pusstoo short or when trying to suppress
nonresonant background signals ibyroducing atemporal delay between the visible
and midinfrared pulse$®¥?** Along those lines, thelevelopment of midnfrared
pulse shapers have led to phase control needed to extend the detectia@ssolethe

time domain, the advantageeingthatonly a single element detector is neededthe

eliminationof time domain artifacts in the detected sidffal.

1.3.1.6 Application to Organic Thin Film Systems

Interference effects iosoherentwavemixing experiments had been considered
forbulk-al | owed systems as early as 1962 wi
by Maker, Terhune, Nisenoff, ah Savage’’ In thatreport, oscillations in intensity

were the result of phase mismatofiweenthe pump and SHG fields through thelk

t h
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crystal. By angle tuning, they showed there is an optimal effective crystal tetegtd

to the period of oscillatiorin the total SHG output intensity. However, optical
interference effects due to thin film systerfwghich lead to oscillations similar to

Maker s fringes, but wefenawidkly éxplered entiltaftepp h'y s i
calculations m the 190 dssiggestedhat cofugated organic molecules and polymers

should have large nonlinear responS8$® While theoretical and experimental efforts

in the 197060s and 19806s on organic mat
motivated by bulk response for higher frequency conversifiitiencies?®?3® a

specific interest in describing second orderfacenonlinearities within multilayer thin

film systems begaa Lt later.

In 1987, Sipe formulated a theory for calculatifiglds generated within a
multilayer system usinGreer® &inctionsfor generated fieldand the transfer matrix to
propagate them out to either side of the systéniThe coefficients needed to transfer
internally generated fields out were given in a general form but only explicitly
considered fothe simplest case af system compose of a siaghin film. It was noted
at that time that the Gre@rdunction approachalone can, in principle, be used to
calculatethe farfield generated signals from multilayer structure3he technique
requiress et t i ng up Max wel énbssurce @gatization while sisngf o r a
boundary conditiondor each interface However, solving this set of differential
equations is fairly involved and the procedure must be done independently for unique
systems Further,it does not lead to a physically familiar pice of light progressing
through the stack as a series of reflections and transmigtgis*® To date, he

transfer matrixapproach of Sipe has had some tractioth surface nonlinear optical



experimentalistsprimarily applied to systemsomposedof a single thin film?:>319320

However, within the community the picture of ligfitoth input beams and generated
beams)as ageonetric series of reflections and transmissions has been the prevailing
epitome used to describe experimental observations, likely because it is physically
intuitive and offers insight into interpreting observatioftsshould be noted th&i p e 6 s
transfer matrix approachincorporated into the Greéndunction solution to fields
generated from the interfaceba systentomposed o& single thin filmis equivalent to
accounting for infinitereflections and transmissions at the boundaries of the thin film.

An interesting study of third harmonic generation (TH®uk dipoleallowed
third order response) by Messier and Ledoux in 1983 touched otwthmterface
optical interference phenomenuiewedas a series of reflections and transmissfhs.
In that work, they depositetB films of polydiacetlyene on each side of a quartz
substrat THG inactive)andvaried theangleof the sample to observed oscillations in
the THG intensity, s fftiey modeled their Meakas twd s f r
interfacial sources separated by the substrate thickness where the signal detected was a
truncated coherentsum of reflections and transssions from each source.This
formally bulk-allowed experimentunexpectedlymarks the earliest consideration for a
system with two nonlinear interfacekat interfere at the intensity leveh primary
concern of this dissertation. Theoted thatthe very simple modelthey usedwas
subject to large errors in other systems if reflection and transmission at boundaries were
larger.

While studies on ultrathihB films, surfactant monolayers, or sesembled

monolayers (SAMg)5178:181:185.219.222,223,236,260,261,266.267:269.324322, he regarded as the
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first experimental application of SFG and SHG to thin film systems, the context of this

dissertationis thin film systems thicker than a few monolayers but thinner than the

coherence length of light in SFG experimefts. micronk®?®

In this regime,the

macroscopic local fieldmplitudesas well as generated fieldaust be corrected for thin

film interference effects. Formulating this as a series of reflections and tranamiissio

was first explicitly considered fasurfacespecific SHG in 1991 by Feller, Chen, and

Shen in a report on liquid crystal molecules in contact with an organic thifi*filim.

that report, there was sirgle SFG active interfacandthe factors were formulated by

summing infinite reflectionand transmissiontrough the polymer thin film For one

of their geometies, they noted the necessity of describing the field generated in the

transmitted directiorbut reflected to the detector by the underlying substratkis

turns out to be an important effect observed in the data in Ctiapiéhis dissertation.
Since the 198060s, it has becoreblec!| ear

for studying atomic and molecular structure and dynamics at any interface accessible by

the input and generated light waved/ith the demonstrated usefulnessiuésesurface

probes at buried interfaces and an intuitive description of thin filmeiference,

application to organic thin film systems has grown into an important topic in the

literature, especially in light of the importance of interfaces in organic semiconducting

thin film systems. For these systems, there abvays two interfacesrpsent and

contributing to the SHG or SFG response and so a major focus has bdsrising

ways to separate these contributions in the presence of optical thin film interference

effects.
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Researchers have approachee twecinterface problema number 6 ways

many of which avoid this complicated issue altogethkris common to assume, and
sometimes perform peripheral checkstbstantiate, that the signal is dominated by the
interface of interest (usually the outermost interface) and thereforethieatata as
consisting ofa single interfacial contribution The common arguments for this
reasoning include assuming or calculating that the local field fabtasily favor the
interface of interest?3*3 or that the ignored interface has a fortuitgusmall intrinsic

2326338336 5r some combination of both. Another common

nonlinear respons
approach is to simply monitorcangein detected signal as correlated with a change in
the sample, presumably happening strictly ae dnterface>32733233844  Other
methods include chemically modifying the interface of intéf@st® or usng very thick

films (an argument analogous to optimizing the local field factdrsf®*>® The
popularity among researchers texperimentally optimizing for the single interface
assimption in thin film systems owes tihe simple benefit that results: therés an
immenseediction in thecomplexity of datanodelingand interpretation.

Of course, the reduced complexity afforded by the single interface assumption is
not without a cost.First, the necessity of optimizing the sample or experiméiairly
restrictive, debasingne of the primary benefits of SFG and SHGirasitu surface
probes. Also, bcauseof the coherent interference of generated fields from thin film
systems, even a small interfacial contributwitl optically heterodyne with the larger
field so thatit can significantly influence the detected sigrdepending on the

magnitude and phase differencepssibly degradingany qualitative orquantitative

analysis of the dataTo this end, asubstantiabmount work has been reported where
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two interfaces are gicitly considered in the data modeligf SFG and SHG of

organic thin film systemsPerhapske simplest approach is tircumvent modeling of
the field factorsbut fit observed peaks to inner and ouigerfacial contributiors and
take a ratio of efictive amplitudeso deduce structural informatidf®*®**® This was
our approach for one repdtand will form the basis fom detailed introduction to the
two-interface problem inChapter2. However, a8 will be expoundedin the later
chapters this leads to some ambiguities and method of modeling thin film
interferencesrepreferred.

The favorablemodelingmethodamong researchers has bélea most intuitive
one where the beams aewokedas propgaing through the systeras a series of
reflectiors and tansmissions. Local fieldare calculated by coherently summing
contributions at each interface, and generated fields are propagated out in the same
manner. The usual approach considemfinite bounces within the thin film
systent %432 hyt there are also reports that studied this problem with truncated
series’®®3%* Other modeling methods have included considering boundary conditions
for a given thin film systeri®>**® In nearly every instance of reported SFG or SHG
from a thin film system where interference effects were explicitly modeled as a series of
reflections and transmissions, the sample consisted Lfigde thin film. To date,
modeling of SFG or SHG from systems composed of more than a single thin film layer

is almost nonexistent.
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Figure 1-6. lllustration of coherently summed electric field contributions at a point for a system
composed of (a) a single thin film and (b) two thin films.

Perhaps the reason mommmplicated structures have not typicallyeen
considered is illustrateldy a simple examplm Figurel-6. The systems shown are for
a single tim film (a) and two thin films (bpn an infinite substrateith a plane wave
incident from the to@and ray traced through easbheme The dashed circles indicate
the point at which coherent addititekes place. From this it is clear that addition of a
second thin film in (b) significantly complicates the procedure as waves that transmit
out of the top layer may be refted back in by the bottom layer. céounting for the
infinite reflections and transmissioréd phase shiftthat may occur is cumbaemne
(although it has been formulated, it isokyn as recurrent Airy summatipmvhich
becomes significantly more complicated with each added thin film*fdyer

A simpler technique usingnatrix approachesor calculating fieldswithin a
linear multilayer systemhasexisted sincel948 when Abelés formulated the problem
very elegantlyin terms of boundaryconditions between layers rather than Airy
summatior’®"*"* From thatapproachit is straightforward to calculate internal fields
due to a wave incident from outside the systbat it was not extendedto describing
how internally generatedields propagate outf arbitrary multilayers Describing thin
film interference effects in interfacgecific nonlinear optical spectroscopies from

multilayer systems using the transfer matsias reported bys’’? andis thebasis for
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Chapter3 of this dissertation. The method combines the intuitive approach of multiple

reflections and transmissions with the compact form of the transfer matrix for
describing electromagnetic fields in multilayer systen@ur hope is that itnakes

modeling this complicated phenomenon more accessible to experimentalists.

1.3.1.7 Higher Order Terms in Thin Film Systems

Beyond the usual electric dipole approximation for SFG (discussed below in
Section 1.3.2.5, quantifying surface quadrupole terms and bulk contributions
centrosymmetric systenmntinue to be issues tod4yand are a special problem for
thin film systems as the dja variation of input fieldghrough the bulks affected by
the thin film geometrysince higher orderterms depend on field gradients, as will be
discussedn Chapter5. Surface quadrupole terms are very difficult to separate from
dipole terms but it is usually thought that if measurements are made on resonance and
there is significant polar ordering of atomic units at the iat=f the dipole term should
dominate?:t"1234233238\wjle it is generally acceptetthat bulk contributionsnay be
minimized in many systems by adopting experimental reflection geometinat
proceduras usuallyonly applicablefor systems composed of a single interfaetveen
otherwise bulk media where the outer medium is lifeay. air)and the inner medium
is norlinear?44:3°:374

Efforts to quantify bulk and higher order interfacial response terms in thin film
systemshas indicated that the dipole approximation may not be suit&nesome

systems For I nst anmor& on fullenene{Chy)ethin Ifilnd @iih SHG

measurd in reflection as a function of thicknedd 333 indicated that the bulk
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contribution either dominates the respons¥ or is comparableto the electric dipole

contribution underelectronicallyresonant condition$>*** In particular, Koopmans,
Janner, Jonkman, Sawatzky, and van der Wowoted the large magnetic dipole
contribution of that particular molecule due toemdive electron delocalization within

the relatively large € cage®'? Reporson SFG from a thirfilm of formic acid during
deposition indicated the thickness dependent response of the peak amplittite for
C-H modecould be modeled by a stack of polarized sheets through the bulk of the
film.%*>%%¢ A study in 2000 of a 16@00 pm film of polyethylene on fused silica
substrate with SFG measured in both reflecaod transmission indicated that, while

the reflected intensity could be described solely by an outer interfacial response, the
transmission measurement was completely described by a bulk contriution.
However, they assumed a single interface due to a very thick film and did not address
the tweinterface possibility.A report by Hsiung and Shen in 1986 on a freelnditag

liquid crystal film (no substrateyvas purposed to determine if the smectic phase of
otherwiseantiparallel 8CB molecules within a molecular layer in the bulk was subject
to ferroelectric organization in the outermost film layehst is, polar orieted parallel
ordering at the interfaces due to surface energy considerdtiorEhey studied thin

films from two to ten molecular layers thick and measured SHG on resonance in
reflection and transmissiaiw deduce that the effective surface susceptibility was only
7% in magnitude as compared to the bulk response. They concluded that this did not
provide evidence for ferroelectric ordering and thatstmall effective surface response

may be duestrictly to quadrupole couplinfrom the rapid variation irthe fields at the
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interfaces In the absence of preferential polar orientatorihe interfacethe dipole

term was zero.

There isalsoconvincing evidence that the budkd surface quadrupdierms are
negligible for some systemdowever, due to the complicated effeadf optical
interference, the evidence has been mostly gathered on single interface syStems.
instance, Guyesionnest and Shen reported no significant change in SHG sigdaf
resonant conditions with-nitrobenzoic acicadsorbed on fused silica aontact with air
in comparison with the interface tontact with asilica index matchedluid. Index
matchingsignificantly redues any field discontinuity so that the result indicated that
the surface quadrupole term was negligible as compared toighke desponsé®
When the fundamental excitation wavelength was moved off resonance, they notice a
overall decline in signal and a 25% declimken in contact with the index match fluid
relative to air providing evidence that resonant enhancement is an importantefeatur
when assuming the electric dipole approximatio8FG collected in reflection and
transmissionapplied to the alkyl region of neablvents indicated that, for thesp
experiment on methanol in contact with*&imnddecane in contact with glagke bulk
contribution was negligible (although they fourtdwas significant forsps and pss
applied todecang®’* This further highlightshe importance of expienental geometry
considerations

Searching the literature for application of SFG or SHG to organic thin films
wheretwo interfacesand bulk contributions were explicitly considereaphasizes the
complexity of this issue. Efforts to this eséem to breported only whethebulk can

be quantified as larger thazerq as discussed in the examples abovethe@ise
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peripheral checks are made, or the electric dipole approximatipistiessumeend

possible bulkand higher order interfacial ternase ighored altogether when analyzing
data. There appears to be a paradox: on the one hand, second order spectroscopies are
promoted as extremely sensitive probes of molecular structure at interfaces, but on the
other hand, bulk contributions and tpeoblematt issues with surface quadrupolar
contributions are large unknowns thateem to underminghe usefulnessof these
techniques. Further, there is nosystematicprocedurefor measuring the individual
contributions and most often the amount of experiment@ @atoo little so that the
theoretically separable contributions are underdetermined by theHiat@ver, there
are somegeneral guidelines that indicate somepriori knowledge of the thin film
systemcan assisin analying data?}"1:23%35238374.375

The relative strength of the terms that contribtde SFG depends on the
wavelengths involved antthe resonanceor lack thereoffor a given system In order
to quantify molecular structure experiments should include analigiessitbe higher
order terms. Nonetheless, there are some qualitative arguments that can assist with

these system dependent consideratiéhs;2%>37

a very nice discussioof whichwas
provided in 2002 by Held, Lvovsky, Wei, and SHéh.It has been noted that the bulk
contribution from reflection measuremefram single interface systems can be reduced
by c.a. an order of magnitude for molecular systems that are completely isotropic.
Further, oppositely oriented pairs of polar atomic groups in the bulk (e.g. molecular
layers of alternating polar orientatioshould yield smaller bulk contributions if the

distance between atomic groups is small compared to the distance betweenHayers.

VSFG, systems with high polar orientationaattive vibrational modes at the interface,
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the electric dipole term should kmuite large and possibly dominate tlbserved

signal?38374

The problem ofdeterminingbulk contributionsusually suffers froma lack of
experimental data and a naive sense of how microscopic molecular structure and
interactions play a role in detected signal. Part of this project aims at pigpetira
Aknobso to experimentally tweak, so to sp
response. Also, the molecularpicture is becoming clearer asmputational methods
have evolvedover the past decade assist in data analysis for second ordewe
mixing spectroscopies, providing a microscopic picture of the origins of the

macroscopic observabld 3!

1.3.2 Theory

The theory of sum frequency generatican be introducedstarting with
classical electrodynamicsherea wave equatios formedf r om Maxwel | 6s eq
by consideringthe second ordesource polezation The discussion fo@es on
deducing the form of that source polarization, and for the interface the
phenomenological polarized shégintroduced The important terms are collectadd
can be related to microscopic structure by connecting thgmquantum mechanical

expectatiorvalues. To begirgome periphery details anecessary.

1.3.2.1 Definitions

All electromagnetidields in thetheorydiscussed herare assumed to lefinite

plane wavesndthe primaryinterestis in sampleinteractions withthe electric field of
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light. Thus,this sectiorstars with the general equation fonalectric field propagating

as amonochromatigplane wave.

E(r,t) = Bkexpgi(k 1© ut)

=E(r)exp( iut) (119

The vector fieldE is defined with theunit polarizationvector & complex amplitude
E, frequency w, and wavevectork =KE where [E is the unit wavevector and

k =2pr/ /is the wavenumbs(in isotropic nondissipative medik@& 8). Here,n is
the complex refractive index of the medium (defined in this work ag -+ A with A
andk real and positive so that the waves may be inhomogeneous) &the vacuum
wavelength. The tilde ok is indicatesit is an oscillatory function of time and that the
time dependence is separable from spatial dependenas shown in the second
equality of Eq.(1.15) The tilde notation is used in the same manner for other time
oscillating quantities (such aB in Eq. (1.14)). Eg. (1.15) is provided here for
reference as the details of the theangy discussed

The unit polarizationvector (the normalized Jones vectas)generally complex
to allow for arbitrary ellipticdly polarized light. Most often this work will be
concerned with linearly polarized light and in that case it is tealgh the generalized

definition may be keptsince it is always the case tHEt=1. Thus, it can bewritten
that & is alinear combination of three orthogonal unit polarization veavbrs chosen

coordinate systerf j ,iE,

&= AF +j EaE (1.16)
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2 2 2
and|A"+[8" 10" F
In order to develop the SFG theorthe X, ¥ E coordinate system of the

samplemust be defined and related to the experimentally convenient coordinate system

of propagating laseglectic fields where & is decomposed into components parafel
and perpendicula& to the plane of incidenceThe sample coordinate system forms the

basis for describing the vectwith componentsgt* E’ E® and the propagating

fields frame is a basi® describe the vector with componergEp E> 0 ¢ Figure

1-7 illustrates the system.For the purposes of this introduction, iagée interfacial
boundary betweesemtinfinite media is presented where the upper medium is always

linear (e.g. air) and the lower medium has a nonlinear response.

sampl e int > £

Figure 1-7. View normal to the planeof incidence of the coordinate systems usefbr incident,
reflected, and transmitted electric field of light ata single interface system

The origin is chosen at a point on the sample intedacks always assumed an
ideal boundary, i.e. perfectly plar and no surface roughness. The figure illustrates the
chosen coordinate systems for fields propagating toward the interface, present at the

interface, and reflecting or transmitting through it. From this it is clear§ifiat £ and
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that £ contains¥ and £ components, the magnitude of each depends on the angle of

incidenceg.

It is important toemphasizahat there are two choices wheleciding how to
definethe direction off for incidenceandreflection Algebraically, it is sensible to
define for the incident and transmitted frametisat the sign of both the normal and

tangential componestare preservedrelative to the sample framee. [E & © and

B GE 6, and the same fof;. For the reflectedield frame, me canmaintainthe sign
of only a singlecomponent. The choice for this work, as ingited in the figure,
preserves the sign dfie tangential component, i.fx G¢ ® but r GE 0. Often, the

opposite choice is made for the reflected field fraand care must be taken with this
definition as it affectshe description of thdinear Fresneldctors. The Fresnel factors
are at the core of the thin film interference model detailed in Chapter

Mathematically, or linearly polarized light and the chosen propagating field

frames the unit vectors are

€l o 0¢
_é& u = _ 4 €
E_go Y eSE_lej (1.17)
& O¢
and the sample frame is defined withturgctors
el o 0e o 0
= _€y U =_.€é U 3z pE
E_gou eVE—lé L € B0 (1.18)
& H Og H 1

so that
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e = EE’ 1.19
= E( ABP +Be$¢ (119

ey’ = EB
(1.20)

=E(CE +DeE E¢)
where, again, the coefficients in each frame must sat1s!${;2/+|B|2 4 and

IC’+|D]" 46° & Thesamplefield frameis related to thepropagating fiel frames

by a rotation matrix about the (or ¥ axis.

&7 =R(q)eE (1.22)
&cos(g) 0 0

R(g)=¢ 0 10 (1.22)
gsin(g) 0 O

The coefficients arthen related by

C = Acog(9)
D=B (1.23)
E = Asin(g)

where g is definedpostive or negativeas in the figure so that the proper sign is placed
on E depending on which propagating field frame is under consideration.

The discussion in this section should includeverd on tensornotation as
tensors of several ranks will be enotered. The rank of a tensor indicates how many
indices are required to specify a single scalar elenfecdlar quantities (rank O tensors)

are indicated by italics, vectofsank 1 tensorse.g. E with elementsk ) are bold, and

tensors of rank 2e(g. 3x3 matrix with elements;) and higher (T, , T, etc.) are
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denoted with a double sided arrow on p The rank of any higher order tenseill

be specified ocan be deduced hifie ranks of the tensors itaperating orby knowing
that, in this work, the operating tensor is always a rank above or below the operand
(except for scalar multiplicatioand unless otherwise noded So, for instancesoon
expressions of the form

P=¢:E AE (1.24)

will be encountered, which inditmthat ¢ is a higher rank tensor operating on the

tensor product of two vectors (results in a rank 2 tensor) to give the vBctor

Therefore, ¢ is either a vector or a rank 3 tensand the double arrow specifies the
latter.
The colon symboindicates that®, being a third rank tensor (3x3x3), operates

on the tensor (outer) product of the electric field, which is a second rank tensor (3x3).

Ciy G o4 Mul tiply el emi
Ci G, & and sum fo Ceach |l ayer of
to produce eRch el ement of
c) Cus o3 143
Con G2 A3 EEE EE EE
Coi3 Gos £ E2E1 E2E2 E2E3
cSZl €22 £3 E3E1 E3E2 E3%
C3l3 €23 £3

Figure 1-8. Graphical depiction of the tensorcolon operation in SFG.

This operation results in a rank 1 tender (a vector) describing the second order

contribution to the polarization densifigld. Mathematicallywe multiply element by

element the input fields tensor product matrix with each level (first index)(zbfand

sum all elements in layer toproduce an element Bf It can be thoughof as a higher
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order dot product operationA graphical representation Figure 1-8 is illustrative as

this is an important part of understanding the notation in the theory of SFG. Another
way to understand the tensor matheosabdf Eq.(1.24) is by writing it in the Einstein

summation convention for théh element ofP.

R=clEE (1.25)
Here,i, |, ank are elements of the chosen coordinate aystem (e.g. 1, 2, 3 arey,
andz, respectively) and there is an implicit sum on the right side of the equation over

indices appearing twice (e.gf? =3 c’E/E). The colon operation can be
ik

generalized in an analogous way to higher ordsgrations where a rank tensor

operates on a rankl tensor to always produce a vector.

1322 Maxwel |l 6s Wave Equation

The theory of SFG can be introduced starting with classical electrodynamics.
Much of what followsis available in a number of texts1 standard electromagnetic
theory!®®3238385 giarthy  writing down the general fo
when an external electromagnetic fiétderacts witha classical system composed of

nucle and electrons where the size is large enough so that the granularity of atomic
strudure is sufficiently averagedThe equations that relatiee inducedelectric E(r ,t)
and magneticé(r,t) fields of light emittedfrom the systendue tothe dynamically
induced quantitiesan be written irGaussiarunits as

DO 47 (1.26)

DB G (1.27)
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pag =1¥8 (1.29)
C ut

pa 2H0 ;5 (1.29)
CHt ¢

This is the mosgeneral form of the equationsThis work will be concerned with
regions that have no free chargés=0 and no free curresat] =0. The constitutive
equationswhich relate the electric displacemddtto electric and polarizatiodensity
P fields and the magnetic inductidf to magretic B and magnetizatioi fields, are
written

D=E #4pP (1.30)

H=B (1.31)

where it has been assumed alterials are nonmagnetl =0 so that the magnetic
induction b just the magnetic field in E¢L.31). By taking the curl of Eq(1.28) and

using the relatiorb 3 DB (: EE)D GE while realizing the divergence of a plane

wave is zerd® @ G a wave equation can bétained.

2
p M
c? ut?

|- OFkor

4o B
rar p (132

vO?dSDo

One can choose to remain in the time domain; howewerthie purposes of this

dissertation Eq(1.32) can be Fourier transformed to the frequency domain.

o & 8w L2%(y (133

C2

VOPB Qo

Here the tilde is removed to indicate the changed space arfeklthe are explicitly

expressed as frequency dependent.
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1.3.2.3 Linear Optics

Of primary concern is the form of the polarization, which is generally not
known. Howeverfor a sufficiently weak electric fielthe polarizatiordensitycan be
expanded as a power seriesEnwhere it iswritten & a sun of a linear term plus all
higher order terms grouped togetirego a nonlinear polarization term.

p=pl) P

Op =3 A (1.34)
B

0B P

For common light sources, the electric field amplitude is small so that all nonlinear

I
O

I
Ot

terms may be considered zero for all practicajppses as indicated in the equation.
Then the constitutive relation for thesetric displacement can be rewritten in terms of

thelinearresponse.

D=D"Y +ZprT (1.35)

(1.36)
=&d¥ B
The linear dielectric tensa#® is related to the linear susceptibiliﬁﬂ) by
=1 4 p'% (1.37)

Then thewave equation of Eq1.33) can be rewritten

~1*§

B ( W % (139)

vOEBQJO
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Generally, & is complex for dissipative media and is a second rank tensor in

anisotropic materials; however, f@oiropic systems it ia scalar. It igelated to the
(linear) refractive index b)e'(l) =n’.

In the absence of nonlinear interactions, the evaguation admits solutions of
pl ane waves and can be used to solve for
(linear) Fresnel amplitude coefficients for reflection and transmission at a boundary.
One subtlety of this equation is thaekemplifiesthe principle of superposition for the

electric field which states that the total field at any point is just tha sfiall fields at

that point To see this, consider thEt(r , W) is a sum of Fourier components.
E(r.w)=QE,(. w) (1.39

Inserting Eq(1.39) into (1.38) shows there are only solutions for each component with
no possibility for couplingthat is, Eq.(1.38) is written and solved irependently for
each frequency component & Linear opticsdoes notpredict such phenomena as
wavemixing (violates the superposition principle) or intensity dependent refractive

index.

1.3.2.4 Nonlinear Optics
Adding to the wave equan the nonlinear polarization terms results in a rich
extension of classical optics. WitA"" included,Eqg. (1.38) becomes nonzero dhe

right side.

%
+

B Ly w 2% ) (140

vOEBQ.)o
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Separating the linear from the nonlinear paation has served to include the linear

effects of dispersion and dissipation in the wave equation by including the dielectric
constant in the second term on te&. Each higher order term in E(L.34) is usually
several orders of magnitude smaller than the last so that nonlinear effects are only
important when the field amplitudes are comparable to characteristic atomic field
strength and is usually pracal only with short, intense laser pulse3.o simplify

further discussion, only second order effects will be considsiede SFG is contained

in this term)so that

PNL - I:,(2)

N (1.41)
=¢@:E A
The notation heravas discussed in Sectidn3.2.1 The physical interpretation is that

in general, any two components Bf may interact with the sample to produce any

component ofP? and the interaction, or material response to the fields, is described by
the second order susceptibility. It will be shown later that of thep@3sible
interactions, only 4 are independent and nonzero for centrosymmetric systems.

Before continuing, it is worth mentioning a few details pertaining t¢1d),

which states that the nonlinear polarization density acts as a source term for emitted

radiation. ConsiderE(r,W) as a sum of jughreeFourier components

E(r.w)=4E,(, w) (142)

n=1
with

W+ w =y (143
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and the amplitude of the third wave ssnall compared to the other twe;|° O.

Assuming the solution will consist of plane waves, the ttftependent phase factor can
be aplied to each wave and the reality condition &nrequires the fields to be
expressed as summed with each respective complex conjugate (@h). these
modificationsthe sum ofarbitrary componestfor each input field oEqg. (1.42) can be
insertedinto (1.41) which leads immediately tanultiple second ordepolarization

source termgignoring nonlinearity fromg,) .

PA=cOgEe™ +Ee*) €c@ (L44)
- o0 (Ele™ 426t €d (SHO)
+2c?(EE,e ™™ +cd) (SFG)
+2¢®? (ElE;e"(“’l g cc) (DFG)
+c?(|gf +|ES) (OR)
The index notation is dropped here for simplicity in order to highlight that for two
intense laser input fields there are source polarizations that radiate at twice either

fundamental (SHG), at the sum (SFG) andedéhce (DFG) of both frequencies, and a
static contribution described by optical rectification (ORNhen ¢ 0. The

significance of the waveixing terms is clear; frequencies other than the pump fields
are emitted which carry informah on the sample response, whereas OR is important
in such processes as terahertz light generdifonThe radiating contributions are
experimentally separable simply by tuning a spectrograph to the dzsmedncy.
Returning to Eq(1.44) and considering the radiating source terms (all others

beside OR) there are multiple wanexing processes possible. ofitrasted with linear
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optics, these terms obviously do not depend linearly on the total field so that the Fourier

components are coupled by the second order susceptibitityg cross termsThemost
correctprocedure for solving for field amplitudes wives setting up the wave equation
for each frequencgomponent(thus Eq.(1.42) includes all6 Fourier components for
the input, SHG, SFG, and DFG fieldadthere is a wave equation for each frequgncy
subject to boundary conditiolie.g. all wavemixing amplitudes start at zero at the edge
of the nonlinear mediunmgnd energy conservation. The setifferentialequations are
coupled so that they must behsm simultaneoustly however,there are usually
approximations that are applied irder to facilitate the solution.

An example of the solution to the couple wave equati®mstructive Usually
the urdepleted pump is a good approximation, that isgettehange of energy from the
pump fields to the higher order fields is a negligible fractionthad total pump
intensities. This allows fahe wave equationgo be solved for each frequency mixing
process separatelfactually, for bulkallowed second omt effectsthrough thick
materials phasematching can generally only be optimized for one term at a time so that

each term can be separately solved duthimeffect)**® Effects from OR are ignored

and the slowly varying amplitude approximation removes-tH@ term from Eq(1.40)

For SFGin the bulk of a nonlinear material slab of finite thicknésgignoring

reflection effectsat the interfacg), the solution results in signaintensity at w,

described by

(1.45)

Dk%2 g

2
a qine KL
|'aF_Sm8/28('
3 _—
&
¢
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with

Dk &% Kk Kk (1.46)
The intensityl, is obtainedfor some finitevalue ofL that depends othe wavevector

(phase)mismatchDk. Phase matching almost always nonzero for real materials due
to dispersion so that the detected intenisidyn a bulk mediums a very strong function

of both Dk and the total length athe nonlinear material. This is the origin of the
Maker s fringe effect menl3ilé fra derfexttphaseh e
matching Dk =0 (which is practically never possible) so that theage relation

between the pump fields and the SHG field is constantl arsgales quadratically with

L. Another possibility for quadratic dependencelois at small thicknesses, satisfying

DkL <1, where Eq.(1.45) can be series expanded aroune O and truncated at the

first term However, this is in the regime of thin film thicknesses arttiesbasis for a
common baclof-the-envelope calculation for deducing if bulk contributions are
importantin these systems That is, a quadratic rise in SFG signal with thin film

thickness is often dismissed as a completely bulk signal. In Chdpaed5 we show

that this is not amccurate indication of bulk contributions and cannot be used as such.

Fully interfacial contributions combined with thin film interference effeocteen mimic

this belavior.

To close this discussion it should be mentioned that the validity of expressing

the polarization density as a power series in the electric (ftd(1.34)) relies on the
assumption that the nonlinear interactions can be consideredlgemabationto the

system. If the output frequencies are much less intense than the input bshrols is

be
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always the case for systems concerned in this digsetathis is an indication that the

perturbative treatment is validAlso, thus farthe nonlinear susceptibilities have been
kept in their most general form so that no approximations have been made (e.g. the
electric dipole approximation has not been sidered yetand magnetic interactions
discussed in the next section can be absorbed by the current definition of the
susceptibility. Finally, microscopic locafield effecs have not been included in the
wave equation. For condensed phases, molecutes arlose proximity so that each
atomic group feels both the externally applpnpfields as well as dipoldields from
surroundingmoleculeswhich contributes to the induced polarizatiddowever, as this

is just a scaling factor on the field compotsents exclusion does not change the

discussion here. Otherwise, using a very simple model it can be shown that

microscopic field corrections result in a factor @é‘l) +2)/3 applied tothe source

polarizationfor each frequency involvetd®3%%%

1.3.2.5 TheElectric Dipole Approximation

In this section a brief account is given of the approximation thet@oyedin
order to arrive at the ubiquitous selection rule of SFG as a swéasc#ive probe. The
full form of the nonlinearsource polarization in the wave equation is rarely known so
that expansions are applied. Here, all expansions are truncated at terms involving
derivatives up to first order. The earlier assumption invgltire neglected magnetism
of the materials is eased and second order effects may now contain terms involving

magnetism and magnetic interactions.
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The theory of SFG that specifies interfacial sensititiegins with considering

how the form of the SFG paiaation from the bulk relates to the polarization at the

interface. The total second order polarizatiosource term forW =w; +y can be

described in the bulk by a multipole expansigt.’*234388

R W PO, W @) oM ) - a4

Here P, Q, and M denote electric dipole polarization, electric quadrupole polarization,
and manetic dipole polarization, respectivelynduced by the input fiekl The
polarization density (dipole moment per unit volume) is formally due to a convolution

of interactions. Physically, the polarization at any painis dueto the material
responseé(z) to the input fields in theicinity of that point, which includes influences

from neighboring pointsalso interacting with theinput fields}"*3843%93% Angther
important detail is that, just as theatarial polarization is described by a series of

electric and magnetic multipoles, each pole can be written as a result of interaction with

the electric and magnetiB= +/eé” BE components of thenput fields*”>%** The

mo st correct relati on i ncludes i nfl uence

neighbors are influenced by their neighbors and $6'sp that the terms i are

total

written™*
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PO(rW) =R (rrir ,iwWw=s #E( , Ji( , )erid

R (rrir iW=p wy:g (S, )Eg( |, )i
+RED (rrir W= WE( , JRIiED(®, gl (149
QU(rm) =A@ (ri iW=w s}, S , Jundri i

MA(rwm)=/ecrn ,iWw=w <} ( , Bw( , youdi
B
with the integration performed ovére bulk volume.Here terms in the electric dipole

polarization involving the magnetic fielB = Jé”  BE have been retained (the term

involving bah magnetic fieldsand all magnetic fielthteractionsn (3(2) andM @ are

neglected).

The physical explanation for the integration limits is that, most generally, the
sample response at is influence by the interactions of input field 1 at all possible
positionsrj and the same for input field 2 at all positianis The integration can be
performed over all space but the surroundinfjuence to the polarization at is

usually fairly local The result is thathe contribution to the integrals is spatially
localized by the definition o®@ at that point. For molecular systems considerieere

(indeed in most systems studied) the susceptibilities describe interactions with

molecular units and so they are expected to betiamelocally. Thus,eachresponse

can be expanded into a power series of post@npletely localized at.?**

+e2(rgpdt i) gtar -) (149
+27(r) & ri)g BT )i
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Here d is the Dirac delta functionBy substitutingeq. (1.49) into Eq.(1.48), each term

in Eq.(1.47) satisfyingW =1; 44 cannowbe expressed ¥8

(

(W Bl e, i
Pt(oigl(r’vv) =l é(zzEE(r1) (r '@@E@ y}’@\

e

s (

(

(1.50)

r, \y:g PB(rw) Bl . w)
WE(r. we DB, # ¢

)
o= D &l (F WE( WE (. W) &

Again, only termsup tofirst orderderivativeshave been retainedAll terms belonging
to the electric dipole polarization are grouped in curly brackietghis approximation,
the total polarizatiois due toeffects localizedat r andcontains electric dipole, electric
guadrupole, and magnetic dipole polarization contributions and the electric dipole
polarization is a result of electric dipeland quadipole-, and magnetic dipolg/pe
interactions with each input field.

The approximation introduced by Ed.49) allows for categorizing the/pes of
interactions consideredlerms involvng curls are due tmagnetic field interactions or
the magnetization sourcgolarizationwhereas terms involving gradients or divergence
are due to quadrupole interactions or the electric quadrupole source polarizatien.
first termin Eq. (1.50) is the only source term that does not involve a differential
operator. It is the electric dipole polarization resulting from electric dipole interactions
with bath inputfields. Dipole interactions are considered far strorigan quadrupolar

or magnetic terms mostnonmagneticondensed phasystemsso that when they are
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symmetryallowed, they usually dominate the total polarization density and the higher

order terms are ignoredn this case, Eq1.47) is greatly simplified.

Pt(oztz’“ (r,VV) :6(DZO)EE (r’ W :iﬂ/ ?)/E (r ! 1F/€ ’ 2) (151)

This is the electric dipole approximation. The physical interpretation is that the
polarizable volume elements akeghly localized and aranuch smdeér than the
wavelengths of the input fields so that
(but time oscillating) input fields.

Using the principle of spatial invariant®,one could rewrite Eq(1.48) with the
r - dependence placed instead on the input fields. Carrying eunikar expansion
analysis for thanput fields, an equivalentand possibly more familiamwvay to phrase
the interpretations that the wavelengths of the input fields are large compared to the
polarizable volume elementi-or the angstrom size ofiolecdar functional group as
compaed with input beams in the visible to infrared (hundreds to thousands of
nanometers) in the bulk, this is certaialyery good approximation. The electric dipole
approximation is the basifor most phenomena predicted imdar optics (e.g.
absorption selection ruled¥3**the success of which is an indication of hower of
this approximation.

A final note on the electric dipole approximation should be mentioned. It has
been pointed out that ehmultipole expansion of the polarization is generally valid in

the bulk but may not be valid at an interfate?* GuyotSionnest and Shen discussed

)I+k 1

this issué®®and found that higher order terms would scalaéds(s’ whered is the

interface thickness/ is the smallest wavelength, amdand k are related to higher
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order derivatives in the multipplexpansionl(+k -1 is always greater or equal to 1) as

compared to theowest ordeterms considereldere Thus, higher order terntisat have
been omitted in Eq(1.48) are not important, which is an indication that the multipole

expansion is valid for the analysis presented.

1.3.2.6 Symmetry and Selection Rules

Within the electric dipole approximatiorhe second order susceptibility is a
third rank tensorthat is subject to symmetry rules, specificallytrinsic permutation
symmetry andspatial symmetry. Intrinsic permutation symmetry is a fundamental
property of all nonlinear susceptibilitiésatresults from the principles of causality and
time reversal. It states that the result of exchanging the coordinate and frequency pairs
of input fields leaves the susceptibilities unchang@dactically, this means that the
expressions for the polarization may be equally written with either ingldtffrst. It is
through intrinsic permutation symmetry that the susceptibilities can be written in the
common compact form used in this work. Spatial symmetry follows from a
fundamental postul ate k8w states thaNferuama n n 6 s
system that exhibits spatial symmetry, any physical property reustin unchanged
underall the symmetry operations of the point goou

For centrosymmetric systems (e.g. isotropic or cubic point grobhps)geration
of inversion results in a sign changeatifaxes Il n keeping with Neu

the susceptibility should remain unchangedhat

Cij(lf) = &)1‘ k- (.52
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But the inversion operation ian improper rotatiordefined as- g (the Kronecker

deltg that resultsn a sign chang#or all odd-ordered tensors.

=i ) @ i) kak)-P,e

(1.53
= -c-(iZ)-j ke

The only way to satisfy both Eq$1.52) and (1.53) is for ci(z) =0. This simple

ik
argument provides the central selection rule for SKM@hin the electric dipole
approximation, SFG is forbidden in media that possess inversion symmetry.
The bulk of centrosymmetric materials &EG iractive; however, at interfaces
inversion symmetry isiecessariljbroken. At a planar interface between twsbtropic
materials there exists @, rotationalong theEaxis. Any arbitrary ptation g about
this axisleavesthe system unchanged sinke=-xEy &. According to Neu
principle, this is written
cd= g (1.54)
The general case for rotation can be illustrated by picking a convenient angle that
simplifies the derivation. Fop = p2 the axes transform ag- y, y- -Xx and
z- z(i.e.xi=Yy, Yi= X andzj= 2 so that
cl? =sign(ii) sigr(j ) sigk )i £, (1.55)
The sign function gives the sign of the argument and is equdl.tdo satisfy both Eq.

(1.54) and(1.55) it must be that =) & =z or one index isz and the other two are

both x or both yandthat c2= &, ¢ = & andcl= &, Al other elements

ZXX vy xzx XXZ

are zero.
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The result is that symmetry breakingthé interface of an otherwise isotropic

bulk medium leads to only 4 (out of 27 total) independent and nonvanishing elements of
¢@. A direct consequence is that all possible contributions can be experimentally

sampled with onlyfour polarization combinations and used to deduce average
molecular polar orientation at an interface (details on this follow in Sett®2.9.

The polarization combinations ansuallylabeled in order of decreasing photon egerg
i.e. for vibrationally resonant SF@e order isVSFG, visible, midinfrared. The results

are summarized imable1-1.

Polarization Combination Elements of &
pss c¥
sps C§§)y
ssp cl?)
ppp & & Y

Table 1-1. Summary of polarization experiments and elements sampled of the second order
susceptibility. Polarization denotes electric field polarization and is in order of decreasing photon
energy: SFGinput beam 1-input beam 2. For this work, input beam 1 is 800m and input beam 2

is in the mid-infrared.

Another consequence is that by inverting th@xis of the system, the sign of all
susceptibility elements change. This makes SFG sensitive to the polar orientation of

resonances through the relative phade  @frthe output field.

1.3.2.7 SFGfrom an Interfaceand Boundary Conditions

With the ebments of&® at an interface determinddithin the electric dipole

approximation) the wave equation remains to be solvddthe common approach is to

consider a thin nonlinear polarized sheet sandwiched betweenirgente (linear)
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medial and 2on either side. The wave equation takes the form of E8g) on either

side of the sheet (no source tgfmWithin the sheetthe sourcenonlinear polarization

is assumea 2-dimensionalnfinite plane wave of théorm?*®*224.230.236.237

PY(r,W) =PP(r, W &(z)P.gexp(ib r Ot)- am (156)

with wavevectomp andthe wave equation is

o W ~ 4 2
o & £ B )w L0 ) s

The connection to Eq1.51) is
P (r,W) =P, (r, W 158

:Cs (r’ W:W _B/),:Elocal(r, 1ﬁlocalq,’ 2)'

where the subscript notation now indicates this is a sudtoeed susceptibty (i.e.
Z'f) = “éggEE) and the superscrigbcal indicates that the total input fields within the

sheet are different from the incident amplitudéd$e wave equation is solvedbject to

boundary conditiorfé’ and the phasmatching restriction
Ky =k, ¥, (2.59

The resulting electric fielgropagating intenediummis

E, (1) —'2"":3%"‘7 B (Ve WEE, Mol JEE. Ju(weo)

The subscripm andn indicate medium 1 or 2, depending on which side of the polarized

sheet the field is being calculatétey do not indicate elements of the nts)

' The units of the emitted electric field are actually E/m. This is a result of the infinite plame wav
approximation, it is rectified when one goes to calculate irradiance (proportional to (E/m)*2) scaled by
beams of finite area.



70
The L, matrices account for the fact that the tataternally appliedields

within the polarized sheet are not just the incident and enfittielamplitudesrather,

they must be connectéxy continuity conditions at amterface.
E* =L E (1.61)
The L, matrix takes the sare form for the incident and emitted fieldg=or fields

incident from medium 1 (or generated into medium 1), in the xyz coordinate siystem

237

is
a
®og(g)t, 0 0
- e s
L12 - 0 L 0 (1.62)
& n, . )
2 0 0 = sin(g)t5,

where all refractiveindices and angles of incidence are specific to the field under
considerationand n is the refractive index within the polarized sheetdere,
t?’s=E”°/E"* are the linear Fresnel amplitude coefficients for transongsietailed
in Chapte 3). For fields ircident from medium 2, one simplgwrites Eq.(1.62) with
the indices switched and regk g with - g.

Upon inspection, it is evident that the fields within the polarized sheet are
related by the continuity condition on the tangential components ahd the normal
component ofD. The continuity conditions at@readysatisfied in the derivation of the

linear Fresnel coefficient82** To make this clearerpasiderthatthe elements of_,

areexpresse@s a rab to the incident amplitudes. They are equivalently written
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local, x

X§=E— <os(g)ty, =og Jglr}

=
Elocal,y .
L1y32/ = ? 412 F fﬁ
| (1.63)
v Dlocal,z _ﬁz Elocal,z
2 E|Z Ez

=n7sin(g)ty, =Zsin( §g1 ¥ g

with r2’* =E”*/E " * as the linear Fresnel amplitude coefficients for reflection that will

be detailed in Chapte3. Multiplying out the ratios leads to (sdegure 1-7 for the
various quantities, the mirsusign onr} in L, is a result of the coordinateames
defined therg

Elocal,xzcos(q) p :C0$ &QEP Ep 8
Elocal,y - E[S :Es Es

Dlocal,z - ﬁz Elocal, z

=nisin(g) B =ysin( g £

(1.64)

This shows thathe local fields can be calculated by summing the teledtric field
amplitudeon either side of the interfader the tangential components.orithe normal

conponentof D, the same can be done and isatedl to the normal component Bf

through a welldefined ratio of refractive indicesThus, for thin film systems where

interference effects complicate the fielljacent to the interface, the problem is solved

in a completely analogous way by using the transfer matrix to analytically calculate

adjacent fields. Thisighlights oneidea of fundamental importance tioe thin film

model that will be presented in Gitar 3.

The polarized sheet model is central to the multilayer thin film model developed

in this work and presented in Chap8r However, Eq(1.60) suggests thatvhatever
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form the susceptibility takesf one can perform relative measorentson a system

where the local field corrections do not change (much), amplitude ratios could be used
to deduce changes in the susceptip#iince the extra factors would cancel in the ratio.
This is the idea presented in Chap2ewith thermally annealed samplealpng with

somedifficulties with that approach when considering SFG from thin film system

1.3.2.8 Microscopic Origin of the Macroscopic Susceptibility

In order to extract information about molecular structure, the macroscopic
polarization P must be connected witiis microscopic origin. The polarization of a
material is defined ahe dipole morant per unit volume so that it results fréine sum
of all inducedmoleculardipoles €, ,. Within the electric dipole approximation, the
incident electric fieldexerta force on the electrorend nuclei(separatelywithin the
Born-Oppenheimer approximation)l'he induceddipole can be expandeahalogous to

the polarization in E¢(1.34).1°9:323:384.3%
£.,=4d E+b EE+g EE.E (1.65)
Here 4 is the molecular polarizability of the material afdand § are thesecondand

third order hyperpolarizabiies. Usingcompletely analogouarguments as in Sectisn
1.3.2.3and 1.3.2.40ne can show that the process of SFG is contained in the second

order term. The secondrder susceptibilitfor SFGis then anaverage of the second

order hyperpolarizability satisfyingV =1, 44 weighted by the number densiof
volume elements the sampling regiomN.

¢ = N< "[; (1.66)
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The discussion in this section considers molecular vibrational modes as the smallest

polarizable volume element.
The miroscopic quantitys is usually presented in the molecular coordinate
systemabc (dummy indicesa b)¢which is generally different from the lakyz frame

(dummy indces ijk). A guantum mechanical expression that includes damping for the

elements ofs can be derived using the densihatrix and second order perturbation
theory!20:159:323:3843% A consequence of the electric dipole approxioratSection
1.3.2.5 is that the quantum mechanical operator for the electric field perturbation is just
the electric dipole operator used extensively in linear gptibtained by expanding
plane wave electric fields and trurcating at the first termthe long wavelength
approximation)
e=el (1.67)
When one of the input beams is tuned to the vicinity of a vibrational mode in the

infrared thehyperpolarizability elements taldee forn?®°
b, = ———alls (168)

where M, , is the antiStokes Raman tensof the mode

w, L g SOm9d o) (4 ms b 69

€ ]
s108 Wo- WE G g @1+

and A, is the IR electric dipole transition moment.

A, =(1m|0) (1.70)
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Immediately it is seen that, in order for a vibrational mode to be SFG activesttom

both IR and Raman active andat SFG is enhanced wheam, is resonant with a
molecular vibration at#. For the purposes of this dissertatidmg system is assumed
to consist of two real levels, the grouf@) and first excited statdl) for thevibrational
mode and a nonresonant staﬁtx::) (alsoreferred to as virtual state). Here now it is
specified thatw, = 14 and W, = 1y, to indicate the inpufields are in the visible and
mid-infrared. Then u,, corresponds to the transifi frequency between thartual

level and the ground statéy is the peak center of the modd G is the damping
constantthat accouats for thehomogenousibrational linewidth and other relaxation

pathways.The system isssumed to start in the ground state.

In order to arrive back at the laboratory frame, the elemenﬁsébfare related

to the elements ob throughthe unit vector projectiorfs®

va(Fa(EE Eay S o

with
(b ) =(M; A ) (1.72)
Broad andrequency independent responsesaiten observedn experimental
data (e.g. fran metals)from what is referred to as the vibrationally nonresonant
responsg éﬁfg. When a detectable response is msonantly enhanced will typically

have a much more complex microscopic description due to the likelihood fuérhig

order quadrupole and/or magnetic dipole terms having an appreciable contribution.
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Since a microscopic understanding i$ necessary in many caselsese effectsan be

grouped into a macroscopic nonresonant susceptibm& that is constantbut

generally complex An energy level diagram showing vibrationally resonant and

nonresonant response is showirigure1-9.
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Figure 1-9. Jablonski diagrams of vibrationally resonant and nonresonant SFG showing response
using a broad bandwidth mid-infrared source.

1.3.2.9 Modeling SFG Data

Modeling experimentally collected SFG spectra from a single interface is
usually implemented by consideritigatthe total signal islue to the macroscopic local
field correctionsand the sample responseExperiments primarilyutilize linearly
polarized input fields sahat the polarization experiments ifable 1-1 are executed

individually. For experimentsthat sample a single element (ifgz) the intensity

expression can be written
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The prefactor projections account for the changed coordinate system (from the sample
xyzframe to propagating fieldsp framefor the generated field and opposite for input

fields). The unit vectors were defined in Sectil.3.2.1 For the ppp experiment, the

expression contains multiple contributions due-fwlarized input fields
v [ Sep o R i . 2
1207 1,0 8 (80 O @ B (R &R LA i (174
Ly

The second order susceptibility usually taken as a sum gf vibrationally resonant

modesand a nonresonant response.

cd= 8. 4a 2 (1.75)
The vibrational resonances take the form of(E@l), each with a unique amplitude
Ay =( by ), center frequencys,, and damping constait,.

The complex nature dahe resonant and nonresonant susceptibilities leads to

phase relationships between source terms tibatfére at the intensity level since

2

|- (1.76)

Cr(\le)e, ijk +a &)q, ijk
q

A single vibrational res@nce has a Lorentzian lineshape at the intensity level. In the
presene of a nonresonant contribution; howeviermay appear as a dip, peak, or

derivaive-looking lineshapgdepending on the relative phase

I ‘Cr(\JZF)e,ijk + &ijk‘z

N I N (2 77
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In spestrally congested regionwith multiple SFG active modegulling apart the

complicated interferences at the susceptibility level can be quite challenging, and often
fit results are not unique. The&mphasizesn additional challenge when interpreting
SFGdata.A review is available that has a nice discussion on the phase relationships

among the susceptibility contributiofts.

Figure 1-10. Graphics illustrating the interaction of the mid-infrared beam for (a) p-polarized
input sampling the transition normal component and (b)s-polarized input sampling the in-plane
transition component of a polar oriented mode that is otherwise isotropically distributed in the
plane.

All nonzero hyperpolarizabilitglementgEq. (1.68)) in the molecular frame can
potentially contribute to every element of the macroscopicééf) response in the

laboratory framgebut with restrictions based on molecular symmetry and average polar
orientation”%?® |t is through theevaluation of themicroscopicelements, either
throughab initio methodsor by direct measuremeunsing linear absorption and Raman
techniques that molecular structure can be deduced. For instance, it is common to
implement a ratio calculation from an experiment that samples-blane IR transition

moment (e.g.sp9 to one that samples the eof-plane (e.g.ssp transitionmoment

The interactios of the mode with orthogonal components of the -infdared are

illustrated in Figure 1-10.  As the molecular hyperpolarizabilities depend on the
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symmetry of the mode under considerat a unique expression will be obtained for

modes of different symmetry. Fexample modes with G, symméry (e.g. the methyl
group) it can be shown that the intensity ratio is related to the average cosiree of

polar angle by the expressith

(5e) =1 2r (179

< b yzy> cos(q Gl al

wherer = b,/ f. It is through these types of relations that SFG can be used to

aac

deduce molecular structure.

1.3.3 Conclusion

The theory of SFG from an interfagéthin the dipole approximatiodepends
primarily on two conditions resonant enhancement and polar ordering at the interface.
The discussion on higher ordeulk-allowedterms isimportant to keep in mind when
analyzing SFG data from molecular systems that aree rtitan a single monolayer
thick, and even in the case of a monolayer one must be sure the signal is dominated by
dipole interactions and are nodm quadrupoleenhancemerthroughrapid variation in
the field amplitudesat the interface. These considerations are impomeaotder to
properly quantify molecular structure.

As it turns out, the mathematical treatment indicates that the dipole
approximation only really aoes into play when analyzing data, that is, when one tries
to say something physical about the system under interroga#anpointed out by
Sheds gbaoawkp in the 19800s, the bulk contri

consistent with an interfadiaipole-type interaction so that a single measurement
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cannot differentiat¢éhe interaction source of SFG signdMeasurements in reflection as

well as transmission can be used to determine if there is-aegigible bulk response
for single interfaceystems. More knobs are requirka determining if the interfacial
response is truly dominated by a dipt¥pe interaction (e.g. varying the refractive
index of the outermost sesmifinite material).

The local field factors relate input beams to th&lfiewithin the polarized sheet
and the nonlinear polarization to outgoing fields. Calculation of the input local fields is
readily extended to arbitrary multilayers simply by calculating the total field amplitudes
adjacent to an interfacasing the transfr matrix approach. However, it will be
discussedn the following chapterthat calculating optical interference effects on fields
generatedwithin an arbitrary multilayer system is not as straightforward. This is a
primary contribution from this workral is accomplished in Chapt8rby considering
the single interface result (Secti@r8.2.3 in combination with reducing the multilayer
thin film system to a single layer with newly defined coédiits of reflection and
transmission. With these results, the electric dipole approximation dagetteetested
by improvedsampling of SFG data from thin film systems where additional degrees of
freedom may be varied. This demonstrated experimentalin Chapter5 with data

collectedfrom gradient thicknessrganic thin filrs.
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Project Synopsi s

This dissertation describes advances made in applying sum frequency generation
spectroscopy (SFG, in particulaibrational SFG or VSFG) to multilayer thin film
systems by providing an intuitive model of optical interference effects; postulating a
solutionto the tweinterface problem of SFG applied to planar and stratified multilayer
structures. The first chapter explains the need for surface sensitive techniques for
buried interfaces in thin film systems. This is motivated by the complex nature of
chargecarrier phenomena that occur at buried interfaces within organic semiconductor
devices, specifically in organic fieleffect transistorYoFETs) Section1.3 on the
history and theory of SF@&as beenwritten from my point ofview as the inaugural
student of SFG in a research group that had no formal background in this technique.
The goal of the introduction to SFG is to provide a compact reference for some
important aspects to consider for future students of the projecis it no means
comprehensive. The introductory theory has centeresingte interfacesystems. The
conclusion is that within the electric dipole approximation, SFG can fill the need of a
surface sensitive probe to molecular structure in organic thinsiystems. The electric
dipole approximation is most likely to be valid for systems that possess resonant
enhancement and where there is significant polar ordering of the molecules at the
interface. A discussion on SFG applied to thin film systesmphaies that the
two-interface problem and optical interference effects froaitilayerthin film systems

are issues that have been largely avoided in the literature. It is surmised that the reason
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this is the case is that there has been a lack of an wetuitbdel to describe these

effects.

In the chapters following the background information, the chronotdgmy
considerations for the twimterface problem is laid out. The second chapter goes
beyond the discussion of SFG focused on a single interéaxk presentsthe
two-interface problem for SFG applied to thin film systefhgAt this point, data from
thin organic films deposited amultiple silica substrates are fit to a very simple model
where VSFG vibrational modepeaks are considered tmntain signals from both
interfaces of the organiand each has associated optical interference effddts local
field corrections and optical interference effeats not calculatedbut are eliminated by
taking a ratio of fit results for data collected before and dfiemmal annealing. The
model system for this dissertation is introduced in this chapter: thin films of the small
moleculeN , Mlidctyl-3,4,9,10perylenedicarboximid@PTCDICg) vapor deposited on
silica thin film substrates, consistent with an oFET thim fgeometry. VSFG data
obtained from PTCDCg deposited on multiple silica surfaces demonstrates that optical
interferencs influence the detected VSFG intensity, and the simple model used in the
analysis leads to some ambiguities in data interpretation.

The next three chapters aim to reduce or eliminate some of the ambiguities in
VSFG data analysis. In Chapt&ra refined model is presented for interfapecific
coherent nonlinear optical spectroscopies applied to iddstraay multilayersthat
explicitly calculates optical interference effetts The model is based on the transfer
matrix and reduces the multilayer thin film system to a single layer with newly defined

coefficients of reflection and transmission at the layer boundaries. CHapses the
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model to simulate data and present some intricacies contained in the intensity data of

SFG taken from the model oFET syst&th.Chapter5 presents experimental evidence
for the modelby obtaining VSFG data along the length of thickness gradients of
PTCDFCg deposited on silicon wafers with two different oxide thicknesses. The
thickness dependence in the intensity data is reproduced well lyaffacial thin film
model. However] find evidence that the response is not fully consistent with the
electric dipole approximation. The model is then extended to describe optical
interferences from possibhailk sources and an analysis of the data indicates that higher
order bulk and interfacial terms areboth likely presentin this system. Some
considerations for imposing better constraints on experimental data and modeling are
discussed.It is pointed out that, while contributions from the baollay complicate data
analysistheinterfadal contributions are significant and that the model developed in my
thesis workcombined withthe thin film geometry provides mew andunique way to
guantify contributions to the VSFG signdFinally, Chaptei6 provides a dicussion on
early efforts from my graduate work including key experiments that ultimatelioled
my focus on the twinterface and optical interference problems associated with SFG

applied to organic thin film systems.
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2Surface Chemi st-ry an
Drvien I nterfacial Ch e
Semiconducting Thin

Surf aces

Adapted with permission from

Dani el B. O6Bri en, Ti mot hy Su@face Ghengstryi and and
AnnealingDriven Interfacial Changes in Organic Semiconducilihgh Films on Silica
SurfacesLangmuir.2011 27, pp 13944.3949.

Copyright 2011 American Chemical Society.

CHAPTER SUMMARY

In this chapter interfacespecific VSFG spectroscopy was used to investigate
the structure of the initial monolayer df, Midctyl-3,4,9,10perylenedicarboximide
(PTCDICg) thin films deposited on silica surfaces atteir behavior upon thermal
annealing. The major goak are to present the model system of this dissertation,
introduce the effects of thin film interferemon VSFGintensity data, and introduce
very simpletwo-interface modefor VSFG applied to organic thin film systems. The
data fitting routine usethe model tasimultaneously fit an@xtract apparent amplitude

contributions from the outer (exposed) and inneri@d) interfacesor the symmetric



84
imide carbonyl mode before and after thermal annealing. A ratio of amplitudes before

and after thermal annealing used tocancel unknown variables and deduce that the
structure of the outer interface is always subjecteorganization, wheas the inner
interface resistehange when deposited on a well ordargdethoxy(octadecyl)silane
selfassembled monolayeA number of important aspects emerge from wask such

as he significanceof optical interferences odata intepretation,the sensitivity of
VSFG tosubstrate functionalization, and ambiguities associated with modeling two

interfaces and the associated issues with fitting data to such a model.
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2.1 INTRODUCTION

Semiconducting organic thin films are heldgether by weak nehonding
forces that enable them to be prepared througheftesttive methods, such as solution
casting and vapor deposition. Unfortunately, the same forces that make them
technologically attractive also result in relatively weak tetetgc couplings. This leads
to fundamentally different mechanisms of charge transport, with organic materials
favoring thermally activated charge hopping over the more efficient -tyged
conduction. Within this mechanism, charge transport is impedeshéngetic barriers
between states as well as dedfpping due to molecular rearrangement and polaron
formation>®

At first glance, the successful integration of organic materials into electronic
devices relies upon their ability to conduct charge carriers (electrons and/or holes)
through the bulk. Yet, in many cases, it & the characteristics of the bulk material,
but rather thenterfacesbetween materials that dominate device perform&hté. As
described in Sectiot.2.2 astriking example of this behavior is found in the organic
field-effect transitor (0FET). Charge conduction in these devices occurs exclusively
along the buried interface of the organic thin film and a dielectric material where an
applied gate bias drives the accumulation of charge caltit& The conducting layer
is gererally considered to be on the order of a monolayer thickness for a typical organic
material despite the fact that even the thinnest semiconductor films are on the order of

several to tens of monolayers thick. The thin and buried nature of the actiVacmie

oFETs makes it a difficult region to study spectroscopically due to its short qital



86
lengthand contamination of its spectroscopic signals with those generated in the bulk

(non-accumulated) of the materigt>*°

Vibrational sum frequency generation (VSFG) spectroscopy has been
demonstrated as a surfagecific nonlinear optical technique useful for elucidating
structural information at interfacesAs detailed in Sectiorl.3.2 in the context of
perturbation theory VSFG is a second order spectroscopy. Within the electric dipole
approximation all even order spectroscopies have selection rules that make their
observables zero anywhere there is inversion sstmnon a macroscopic scafe:*®
Planar and stratified systems such as organic thin films are generally isotropic
everywhere except at the matérayer interfaces where inversion symmetry is lost.
Therefore the accumulation layer in oFETs is amenable to characterization by
VSFG#%%! VSFG makes use of two input beams with veifined polarizations.
The IR beams tuned to the vibrational resonances of interest and the generated signals
can be used to extract information about average molecular orientations and relative
ordering at interfaces:3*3

In this work, interfacespecific VSFG spectroscopy was used to investigate the
structure of the initial monolayer oN, Mlidctyl-3,4,9,10perylenedicarboximide
(PTCDICg, a common #fiype organic semiconductothin films deposited on sda
surfaces and its behavior upon thermal annealing. The system was designed to give an
accurate representation of the interfacial layer of PFC§xthin films while minimizing
optical phase shifts between layers inherent to thicker filnkSrst we congler
gualitative trends in the data when VSFG is performed on reflective versus transparent

substrates. Additionally we consider the dependence of film morphology with subtle
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differences in the Si@substrate chemistry. Modeling of the VSFG data fromirthde

carbonyl vibrational region was used to identify changes in the ensemble molecular
ordering of the interfacial phase on bare and-asfembled monolayer (SAM)
functionalized Si@dielectrics before and after sample annealing. Modification of SiO
substrates with  SAMs and thermal annealing procedures have been shown to
significantly impact oFET device performance and stability under ambient
conditions®®>#%>4% Thus, we also compared the electrical behaviors of oFETs to the
VSFG spectra from samples prepared and annealed under identical conditions to assist

in interpreting the struatal information from the buried interfacial signals.

2.2 PTCDI-C3sBACKGROUND

Derivatives of perylene tetracarboxylic acid have been demonstrated for use as
n-type semiconductors in oFETs because of their high electron affifitj&g°240440°
Thisworkisf ocused on t h-dioctgl-8,4,9,108perylenedearbdkimidé®
(PTCDICsg, structure shown ifrigure 2-5) vapor deposited on SyOa commonly used
dielectric for &-ETs. It has been reported thidms grown by vapor deposition
assemble in terraced twbmensional polycrystalline layers. Each layer is ~2 nm tall
indicating that the molecules stangright with a small tilt angle between the long
molecular axis and the surface normal. The butlacttire is independent of the
chemical nature of the substrate and consists of stacked tettadeach layer is
composed of twalimensional plycrystalline grains where the grain sizes are
dependent on the substrate temperature during vapor deposition but the polycrystalline

domain sizes within individual grains remains essentially con&afthrough the bulk
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of the films, he molecule® r i e nt f-ori ntagreacatli ons of t he

each layer and alkyl chain interactions with adjacent laéfs:*°’

Details on the structure of the initial layer that forms directly on the substrate are
less established, yet it is this layer tliattates device performance oFETS In
particular, eports are conflicting on whether the initial monolayer phagdiffierent
from the bulk layers. Krauss and coworkers utilized grazing inciderreg Miffraction
(GIXD) to determine that the interfacial layer thickness for a 27 nmfiiamvapor
deposited at 90 °C and pemtnealed to 100 °C was ~0.6 nm, which suggested that the
molecules were in a reclined phase relative to the bulk 18yet$:ray reflectivity
(XRR) has shown that annealing a monolayer of PFCP(deposited at 130 °C) to
160°C reduced its thickness from 2.7 to 1.2 nm, which was attributed to reorientation
of an initially metastable phaé¥. In contrast, Xray diffraction (XRD) measurements
on 36 nm thin films deposited at 75 °C showed no evidenceditimct interfacial
phae when deposited on either bare or polystyrene coatedsSi@ces?® A closely
related molecule, PTCBTs, deposited on bare and octagérichlorosilane treated
SiO, was studied byAFM, XRR, and XRD. The interfacial phase was observed on
both substrates but disappeared at high deposition temper&tutesall of the %ray
studies, the molecular orientation in the first monolayer were deduced from an indirect
measurement of the thickness of the interfacial pha$hkis region, in which the
molecules may be rboed or upright relative to the surface normiags important
implications for interpretingFET device performance. The apparent contradictions
among these and other reports regarding the initial monolstyacture can be

understood from the fact thahe film formation dependson both deposition
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temperature and surface chemistry, and there is no consistency to these parameters

amongst the investigations cited.

2.3 EXPERIMENTAL

2.3.1 Materials

Silicon wafers with a 300 nm polished thermal oxide (TO, Universitfen,
silicon wafers with a polished native oxide side (NO, Silicon Quest International), fused
guartz slides (QS, SPI Supplies), and glass slides (GS, Gold Seal Cat. No. 3010) were
used as subst r-diocyl3,mAlomnylenadicahoximid@P;TODéCsg,
98%) and trimethoxy(octadecyl)silane (ODTMS, technical grade 90%) were used as
received from Sigm@ldrich. ODTMS was transferred directly into a standard
anhydrous and anaerobic (dinitrogen) glovebox prior to use. Anhydrous
trichloroethylene(TCE, SigmaAldrich) was prepared by drying over CaG@bllowed
by vacuum transfer into a sealed flask and was stored in the glovebox. All other

solvents were reagent grade and were used as received.

2.3.2 SFG Sample Substrate Preparation

NO, QS, and GS sulvates were cut into roughly 1x2 cm rectangular substrates
and were prepared for PTCIOk vapor deposition as follows. All substrates were
cleaned following a modified RCA procedufé*®® Substrates were initially blown
free of any particles and sonicated for 10 minutes in distilled water. Standard clean 1
(SC1) consisted of a solution of distilled water, hydrogen peroxide (30% in water), and

concentrated ammonium hydroxide (~5:H40:30% HO,:NH,OH by volume) heated
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to 80 °C and poured over the substrates in preheated vials followed by removal from the

hotplate for 5 minutes of sonication. The substrates were quickly removed and rinsed
with distilled water followed by 10 minute sigation in distilled water. Standard clean
2 (SC2) consisted of a 10 minute sonication in concentrated HCI diluted with distilled
water (~20:1 HO:HCI by volume) followed by a distilled water rinse and a 10 minute
sonication. Substrates were cappediatsvafter SC2 and stored in distilled water until
further use. No further preparation was used for bare substrates prior to-E§CDI
deposition.

ODTMS functionalized silica substrates were prepared by a-cggiting
technique that yields very smoottelivordered SAMS® In a nitrogen glove box a 3
mM solution of ODTMS in anhydrous TCE was prepared and sealed in a glass vial with
a septum cap and transferred out of the glove box. RCA cleaned sshsterie
removed from water and quickly blown dry with house NThe substrates were
covered with 50 eL of ODTMS solution from
and then spun at 3000 rpm for 2 minutes followed by transfer into a sealed container
that contained a small vial of concentrated /OH for 12 hours. After NH3 vapor
curing, the substrates were sonicated in toluene for 2 hours followed by a toluene rinse
and a second 2 hour sonication in fresh toluene. ODTMS substrates were capped in
individual vials and stored in toluene until further use. It istivapting that we found
by replacing the spinning step with a simple method of drawing off the ODTMS
solution by touching the substrate to a glass beaker gave comparable results to the
spinning methogdalthough it was a bit more difficult to control andsmaot used in the

present study.
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Just prior to PTCDLCg vapor deposition, surface energies were characterized by

static distilled water contact angles measured at three spots across each substrate surface
utilizing a RaméHart model 10800 goniometer. Ellipsometry and AFM were
performed at the University of Minnesota Characterization Facility on substrates
prepared identically to those used for VSFG measurements. Spectroscopic ellipsometry
(J.A. Woollam Co. VASE) was performed at three different angfaacidence (65°,

70°, and 75°) in the region of 70000 nm on NO substrates to determine oxide and
ODTMS SAM thicknesses. The @ and (G dat a
known model for native oxide optical constants and a transparent Caudey foothe

ODTMS refractive indeX*® The sirface roughness and topography were attarized

by AFM (Agilent 5500) performed ilC mode and stabilized in the attractive regime

under dry N gas purge (<1% relative humidity, room temperature).

2.3.3 Field-Effect TransistoSubstrate Preparation

Bottom contact fielekffect transistors (FETs) werprepared in a Class 10
cleanroom at the University of Minnesota Nanofabrication Center as described in detail
previously”® TO substrates were prepared as follows: The unpolished side was
selectively etched and a universal gatecebde was produced by electron beam
deposition of 50 nm of aluminum followed by 200 nm of gold onto the exposed silicon
surface. Multiple devices were then patterned by photolithography on the polished side.

The source and drain electrodes consistesl 2ihm chromium adhesion layer with 250
nm gold contacts. Each device had three
em, and 500 em with a constant width of 3

RCA proceduredescribedn the last sectiotut with someminor changes: substrates



92
were submerged in SP1 flust 1-2 minutes with intermittent sonication during SP1 and

SP2. ODTMS treatment followed as above. Substrates were characterized by static

water contact angle measurements.

2.3.4 PTCDICg Thin Hlm Preparation

Vapor deposition was performed in a homebuilt high vacuum chamber. It
consisted of a substrate holder mounted
(RADAK 1, Luxel Corp). Just prior to vapor deposition of PTAQY substrates were
removed from storage solvents and immediately blown dry with house nitrogen. All
depositions were done at or below 5%Torr. A crucible loaded with PTCBCs was
heated following a temperature profile of 5 °C/minute to a final temperature near
230°C. The crucible soaked for 10 minutes prior to film deposition and the
temperature was adjusted to yield 0.1 A/s average deposition rate to a total thickness of
8 nm as monitored by a quartz crystal microbalance (QCM) and verified by
spectroscopic ellipsometr

Vapor deposition was done in sets for VSFG substrates. Each set consisted of
one each of bare and ODTMS surface preparations for NO, QS, and GS substrates for a
total of six samples per set. There were three sets. After each deposition, sample sets
were removed from the instrument and placed in individual vials and capped in air.
After all samples had been through VSFG data collection they were thermally annealed
at 110 °C for 1 hour in an oven followed by pashealed VSFG data collection.

For dectrical characterization, eight oFET substrates were loaded into the vapor

deposition chamber concurrently to give four each of bare and ODTMS surface

W
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preparations. Devices were removed from the instrument and placed in vials capped in

air prior to eletrical characterization.

2.3.5 VSFG Spectroscopy of PTG} Thin Films

2.3.5.1 VSFG Spectrometer Description

The femtosecondvVSFG spectrometetilized the tunable broadband IR and
narrowband visible outputs of a regeneratively amplified laser and parametric amplifier
system. The system consisted of a titanium sapgAit&apph) oscillator (Kapteyn
Murnane Laboratories) pumped by a frequedoybled cotinuous wave (CW)
neodymium vanadate laser (Speddaysics, Millennia 5W) to generate meldeked
pulsesat 93 MHz ad centered at 800 nm with 50 nm of bandwidtwWHM) and 3 nJ
of power per pulse.

The oscillator output was used to seed ithgeneratively amplified Ti:Sapph
laser (Spectr®hysics, SpitfirePro 40f, 1kH2 pumped by a diodpumped Qswitched
neodymium ytrium lithium fluoride (Nd:YLF) laser (Spectfahysics, Empower 15) to
produce amplified Z.mJ chirped pulses at 1kHz. The majority of the amplified wutp
was compressed to produce 0 pulses as the output from the amplifier system, while
a smaller prtion (D 300 mW) was diverted for use in the generation of the narrowband
visible light.

To generate the mitR pulses, half of the total power from the regenerative
amplifier 600 mW) was used to pump an optical parametric amplifier (OPA) (Spectra
Physics, OPAB800C). The OPAutilizes a 3mmthick b-barium borate (BBO) crystal

and parametric amplification to produaegletunedsignal and idler pulsesThe signal
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and idler outputs from the OPA were difference frequency mixed in an-tmgid

silver gallium sufide crystal (AgGag 1.0 mm thick) to generate tunable rhRI
pulses.

The narrowband visible light source was generated by passing the remaining
300 mW chirped output from the regenerative amplifier through an-tunggel narrow
bandpass filter (Serack Inc., 3 nmFWHM) to obtainD2 5 J plses centered at 800
nm. These spectrally narrowed pulses weseduto seed a honfmiilt multipass
amplifier (MPA). The MPA consisted of a Ti: Sapph crystal (Altos Photonics, 6 mm
diameter, 1 mm thick, 0.25% doping) pumped by a poriBi4 W) of the output from
the Qswitched Nd:YLF laser. The crystal was anteetion coated (AR) at 527 nm on
both sides and AR at 800 nm on one side with a high reflective coating at 800 nm on the
other. These coatings allowed the amplifier to be pumpetaimsnission geometry
while the seed pulses were focused on the crystal from the opposite saliection
geometry?™ TheD25 &J narrowband pulses were fo
reflection geometry consisting of three passes so that theptdtallength on a single
pass with reflection was 2 mm. The MPA produ@dl0 ¢ J p uHl veeeshenwh i c

passed through af4pulse shaper for further spectral narrowing.

2.3.5.2 VSFG Sample Measurements

The visible and midR pulses were focused onto the sample e SFG output
collected andrecollimated with a pair of 60 off-axis parabolic mirrors.Beam
characteristics at the sample were 5P&/KM) pulses centered at 799 nm with 5tm

of bandwidth(FWHM) and 4 ¢J/ pul se f or FWHMepulses si bl e
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centered arounti680cm* with 160 cm' of bandwidth FWHM)  and 2 eJ/ pul s e

mid-IR. The midIR and visible pulses were incident at 55° and 63° respectively from

the sample nor mal and were focused and sp
spot. Temporal overlap was achieved by second order-carsslation on a ZnO thin

film and set to a delay of O fs. The generated signal was collected in reflection
geometry and was spectrally resolved using multiplex detection by focusing into a 150

mm dspersive monochromator coupled to a liquigddoled CCD detector (Princeton

Instruments Speel0). The work presenteid this chapteutilized the ssp polarization

combination: s-polarized VSFG,s-polarized visible, andp-polarized mid-IR. The
optical system was sealed and purged with dry aBGto-100 °F dew point.

For VSFG measurements, the PTG thin film samples were loaded into a
magnetic mount sample holder so that each substrate surface was held in the same
plane, which was perpendicular to the plane of incidence. Laser spot sizes were
optimized so that laser annealing was not evident. The sample was continuously moved
horizontally and data were taken along a stripe £2 mm relative to the initial laser setup.
Each sample was placed in the instrument at least twice for data collection. Data
collected on samples after reloading into the instrument indicated good overall
reproducibility. The spectra were then averaged for each sample.

Data were collected using aistom LabVIEW program written ihouse and
employed a sequential background subtraction scheme with a simple algorithm for
removing cosmic rays. A single frame consisted of integrating on the CCD for a given
time followed by blocking of the mitR beam ad integrating for the same time with

subsequent subtraction of the two spectra after cosmic ray removal. Cosmic rays were
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removed by collecting five frames and executing a discrimination procedure for each

pixel in the raw and background data separat&lgch pixel value was compared to the
median value for that pixel in all frames. Values that were beyond four standard
deviations of the median were rejected and replaced with the mean of the remaining
pixel values. The five cosmic ray corrected andkbemund subtracted spectra were
then averaged and scaled to integration times which varied from 1 to 10 minutes among
samples. A reference spectrum was collected for each sample spectrum using a ZnO
thin film to normalize by the midR power spectrum. T&hZnO film was deposited on

a Si wafer substrate at 230 °C by atomic layer deposition (ALD) by alternating the
precursors diethylzinc and water vapor to a thickness of 75 mhe ZnO film was

prepared at the University of Minnesota NanoFabrication Center

2.3.6 PTCDI-C3 oFET Electrical Characterization

Electrical characterization was performed in a cryostat at room temperature
under vacuum at or below 1x4@orr. Transfer curves were collected in the saturation

regime (V, =100 V) using two Keihley 617 electrometersThermal annealing at

110°C for 1 hourfollowed and he samples were alled to cool to room temperature.
Then, postannealed transfer curvesere collectedwithout removing them from

vacuum. Transfer curves were obtained on @hthe three channel lengths for each of

four devices for both bare and ODTMS treated substrates. Saturation molsijties

were extracted from fits to the square root of the sedram currentﬂ/I versus

D,sat

gae voltageas detailed in Eq(1.8) in Sectionl1.2.2.1 For these devices, the width

varies but the length ia constant 3 mm.The capacitance of Spvas measured in
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these devices to b€, =1.190° 0.006 3 16 F cmi®. The threshold voltag¥, and

saturation mobilities were used as fitting parameters.

2.4 RESULTS AND DISCUSSION

2.4.1 SubstrateCharacterization

The cleaning process described above resulted in hydrophilic surfaces for all
substrates (NO, QS, GS, and TO) as indicated by low water contact iangédsde 2-1.
Functionalization of all four substrate types with ODTMS prodwuathaces that were
equally hydrophobic with water contact angles approaching 110°. Surface
morphologies and roughnesses characterizei®ynode AFM indicated very smooth
interfaces for bare and ODTMS functionalized surfaces with only slightly lower RMS
roughnesses for the highly polished NO wafdrable 2-1). The bpographic images
are shown irFigure2-1. These consistencies across all sample types are important for
the interpretation of the VSFGath below in terms of substrate surface energies with
minimal effects from differences in substrate topographies. Spectroscopic ellipsometry
indicated that the bare NO substrates had a 2.6 nm oxide layer, and the ODTMS SAM
thicknesses were 2.2 nm, conergtwith a single layer of crystalline ODTMS with the

alkyl chains standing eand?®
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Table 2-1. Water contact angles and RMS roughnesses for bare substes, and PTCDICg
thicknesses and fieleeffect electron mobilities

bare substrate properties

PTCDFCy unannealed improvement

substrate . s mobility x10? factor upon
thickness (nnt) TP '
froo (degrees) RMS (nm)' (cnY/Vs) annealing
NO 37+13 0.18 +0.02
+ +
QS 42+0.8 0.42 £0.08 80403
GS 3.1+£0.8 0.53+£0.12
TO 25+0.3 3.7+£13 2.1+0.3
NO-ODTMS 107.4+£0.8 0.28 £0.12
QS ODTMS 104.9+0.6 0.57 £0.13
8307
GSODTMS 109.2+£0.5 0.77 £0.44
TO-ODTMS 104.3+£1.7 1.1+£0.3 2.1+0.2

' Error values represent the standard error of the mean.
ffMeasured on NO samples only, but all PT&RIsamples were depositatithe same time.
" RMS roughness values calculated over the entire Bm #nages for the bare substrates.
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3.00 nm

Figure 2-1. AFM topographic imagesof bare and ODTMS functionalized substrates. Substrates
shown: a) NO, b) NOCODTMS, c¢) QS, d) QSODTMS, e) GS, and f) GSODTMS.

VSFG data were collected fromha ODTMS SAMs prior to PTCDBCg
deposition using thespbeam polarization combination in the alkyl vibrational region.

The results from all three substrates are shovigare?2-2.
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Figure 2-2. VSFG spectra in the CH stretching region for ODTMS SAMs on the three substrates
studied in this work. Data are shown as markers, and the fits (usinggs. (2.1) - (2.4) for a single
interface system are overlaid in solid lines. Offset (by 60) are the three resonances that were
extracted from the fits.

All three datasets were fit with the same resonant parameters and the nonresonant
amplitude was allowed to vary between the samples to accommodate the larger NR
background on the NO substrate&. unique transfer coefficienwas assigned to NO
ODTMS (will be discussedbection2.4.4) due to differences in the local field factors for

a reflective relative to transparesubstrate. The presence of strong GMibrationson

all substrates(symmetric stretch and Fermi resmmwe at 2880 and 2940 ¢m
respectively) indicatewell-ordered monolayers. Also, the fact that all three spectra are

fit by the same resonant parameters indicates that the only difference between the
samples is the presence of a #iesonant backgrourfdom the underlying silicon wafer

that interferes with the resonant lineshafés.
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On the basis othese measuremends all substrates we conclude that the NO,

QS, and GS samples did not have significantly different surface roughnesses, and the
ODTMS functionalized samples differed only in their surface energies from the bare

SiO, substrates.

2.4.2 PTCDI-Cg Thin Film Characterization

Spectroscopic ellipsometry was performed on PTCpihin films deposited on
NO and revealed that the organic thin film thicknesses were approximatelyBabta (
2-1). Figure 2-3 shows representative AMrimages for PTCDICg grown on bare and
ODTMS functionalized NO, QS, and GS substrates. The films on NO and QS
substrates for both bare and ODTMS preparations exhibit similar surface morphologies
(Figure 2-3a-d). Discrete ~2 nnsteps are clearly evident in the pixel density plots
adjacent to each frame. The topography is consistent with the reported growth method
of vapor deposited PTCBIg on SiG and ODTMS SAM surfaces in which 2D
polycrystalline terraces proceed in a Straf§idstanov fashion (laydry-island
growth) with molecules oriented with the long axis of the perylene core standing up

with a small tilt relative to the substrate norriral.
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Figure 2-3. AFM topographic images of preannealed PTCDICg vapor deposited onto a) bare NO,
b) NO-ODTMS, ¢) QS, d) QSODTMS, e) GS, f) GSODTMS. Pixel density plots areincluded
adjacent to each image.

Comparison ofigure 2-3a-d to Figure2-3e and freveals that the GS substrates
produce more fractured films, which is also apparent in the larger inhomogeneity in the
pixel density plots. We have found that the morphologies of PIGDiIlms on GS are
consistently different from those on QS and NO surfaces. Island growth is partially
apparent for G®DDTMS but is absent for bare GS. Although it is beyond the scope of
the current study, these topographical changes suggest a different growth mechanism of

PTCDFCg on GS surfaces. Becausethe surface roughnesses are identical, we
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tentatively attribute the differences in film morphologies to a chemical difference. GS

is a soda lime glass that is only ~78% SiQ by mass, while the remaining
components include M@, CaO, MgO and other trace compounds. By coating the GS
surface with ODTMS, the stepwise growth is somewhat recovered (more apparent in
the pixel density plot ifrigure 2-3f), but the impact of the GS surface chemistry is not
completely nullified by the overlaid SAM. These chemical differences are subtle at the
silica and SAM level based on the fact that the water contact angles cdfarentiate

the surface energies, AFM cannot discern differences in surface roughnesses, and the
VSFG spectra of the CH vibrational region report identically packed monolayers.
However,seemingly minor differences in surface chemistry can be amplifies wiey

perturb the kinetics of the earliest nucleating molecules during thin film formation.
These data highlight the weéthown fact that the kinetics and thermodynamics of film
growth from vapor deposited PTCIO are exquisitely sensitive to substrate
preparation, and the observation is significant since GS substrates are often used as
surrogates for silica wafers.

Upon thermally annealing the same six samples at 110 °C for 1 hour, AFM
images were collected and are shownFigure 2-4. The behaviors of the film
topographies upon annealing are again similar between the NO and QS substrates
(Figure2-4a-d) with no obvious differences in the images or pixel density plots on bare
versus ODTMS functionaied surfaces. Compared to the-armealed NO and QS
samples inFigure 2-3a-d, there is a clear coalescence of grains upon annealing that
forms larger islands and more complete terraced layers. The pixel density plots show

layer heights that are ~2 nm tall as were observed before annealing and similar height
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distributions. There are small differences between the NO and QS pixel height

distributions, but we attribute these to difficulties encountered in stabilizing the tip
sampleinteractions on QS (and GS) substrates due to electrostatic effégtse 2-4e

and f demonstrate that PTG} on the GS substrate also undergoes an increase in
grain size through the annealing procedure, but the final toploigsaof films on these

substrates continue to be more fractured than the NO and QS surfaces.

3

2 2
g
< |
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Figure 2-4. AFM topographic images of postannealed PTCDICg vapor deposited onto(a) bare
NO, (b) NO-ODTMS, (c) QS, (d) QSODTMS, (e) GS, () GS-ODTMS. Pixel density plots are
included adjacent to each image.
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2.4.3 PTCDI-Cg Vibrational Spectroscopy

Figure2-5 shows the FTIR absorption spectrum for a 30 nm thin film of PFCDI
Cg deposited on &€ak, window with graphical representations of the molecule and the
modesin theinset. Absorption peaks at 1655 Ciand 1697 cil have been previously
assigned to the i mig#g cardbosnygymseeghyngeme(ta i
vibrations.*®* The Raman activities of these modes are notoriously weak but have been
measured through surfaeehanced Raman and are comsistwith the assignments
above™®  The linear vibrational spectrum reports the mean frequencies and
distributions of frequencies for these vibrational degrees of freedom for the entire film
thickness with the majositof the signal resulting from absorption in the bulk rather
than at the material interfaces. Nonetheless, this provides a starting point for assigning

the vibrational resonances to specific nuclear motions.

0.04

0.03

0.02

absorbance

0.01

0.00

1640 1660 1680 1700 1720
frequency, cm!

Figure 2-5. FTIR spectrum of the carbonyl vibrational region for a thin film of PTCDI -Cg on Cak,.
Inset are structural diagrams showing the nuclear motiongor Nagymand Ngym.
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2.4.4 Two-InterfaceModel for Fitting VSFG Spectra

VSFG spectroscopy was used to determine the vibrational spectra of the
interfacial species, with the goal of monitoring structural changes at the RT4CDI
substrate interface where charge conidacoccurs in oFETs. The VSFG electric field
generated at a given interface can be written as a sum of vibrationally resonant and

nonresonant contributiorfg3>941°

c?=& &a & (2.1)

VSFG —T C E)WSE)": (22)
Here T, is the total transfer product for interfase which relates the input

fields E;® and Ey° to the output fieldE)5™, and accountsor thin film interference
effects and local field corrections at material junctions& is the second order

susceptibility for theq'th vibrational resonance at the interface ar@ describes all

other vibrationally nofresonant contributions to the material response.

For an organic thin film, the same modes appear at both interfaces but generally
are not in identical chemical environments. Equata® is the general quantum
mechaircal result for a homogeneously broadened vibrational nood@ed in Section
1.3.2.8

W= A (2.3)
w- g A

Here w is the central frequengyG is the linewidth, andA is the amplitude of a given

vibrational mode. In VSFG spectroscopy is proportional to the product of the IR

transition dipole moment and Raman molecular polarizability and can be used to deduce
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average molecular orientaticas described in Sectioh.3.2.8°%44" Ag in linear

spectroscopy, thew and G parametersreport on the chemical environments
surrounding the vibrational modes at a given interfaBach resonance is associated

with a particularvibrational modeq at a particular interface®. In stratified systems,

where multiple parallel interfaces contribute signal, the total VSFG intensity detected
includes the output fields from all interfacds. this work, there is one organic thin film

with two interfaces.

2

(2.4)

2
- VSFG
a Ev,0
=1

lo

This is theconcisemathematical description of the tviterface problem in VSFG

applied to organic thin films

2.4.5 Overview of th&wo-InterfaceSystem

In this chapter the resonant VSFG data from PTGQY thin films are
interpreted as arising from trauter (aif PTCDICg) and inner (PTCDECgi substrate)
interfaces. Figure 2-6 shows an illustration of the system model and an exemplary
VSFG spectrum (data markers) with overlaid fit calculated fEm®. (2.1) - (2.4) (black
line) and the individual interfacial vibrational mode contribusidhat produced the fit
(red and blue |l ines). Bsfn@ h dyd rasbnancds ghate ¢ o n
are unique in their parameterskuq. (2.3). The PTCDICg vibrational modes between
these boundaries are in a centrosymmetric environment leaving them VSFG silent. The
outer interfacial spectrum has opposite p

relative to the inner interface.
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Figure 2-6. (a) Conceptual model used to fit and interpret the VSFG data showing the inner and
outer interfacial imiide functional groups. (b) Calculated VSFG data (black solid line) and the
component Lorentzian peaks from each interface (solid red and blue lines).The fit spectrum is
overlaid on actual QSODTMS data (black markers). Also shown with dotted lines of the same
colors is the resultant VSFG spectrum when the lover frequency (buried interfacial) mode
experiences a 2 cishift.

The inner and outer interfaceBidgure 2-6a) have their own uniqud, values
(Eq. (2.2)) that depend on the optical properties of the entire systEnis wavelendt
dependent and complex valu€f, =|T,|exp(ifT,) with /T, =arg(T,) ), and it imparts a

system dependent scaling factor andgghshift on one interface relative to the offiér.

In this work, the wavelength window for an entire vibrational spectrum (after
upconversion) is quite narrow (~150 ¢is detected over ~5 nmhence we trat T, as

being constant across the spectrum from a given interface. Reflections at media
interfaces with primarily real refractive
depending on the wave polarization, angle of inciderened refractive indices.

Arbitrary phase shifts can be introduced by the spatial geometry of a layered system or
from the transfer coefficients at interfaces of materials with refractive indices that
include appreciable imaginary componefifs. In the current system, the refractive

indices of all system materials for all wavelengths are primarily real and all layers are
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negligibly thick compared to the experimental wavelengths so that the phase shift

introduced by T, is approximated to be zero. In this scheﬂi)e:|Tv| simply acts as a

scaling factor on the VSFG spectral contribution from a given interface.
In Figure 2-6b the four vibrationemodes $.symandssym from an inner and outer
interface) generate second order fields that are combined to produce the net detected

VSFG signal intensity. The spectral contributions from the two interfaces are scaled by

different |T,| but e productT,| A, , has not been separated. The vibrational modes on

opposite interfaces amssumed out of phase and have cent

by 5 cm'. The small frequency shift phasei mport

difference and similatTv| A, values would perfectly cancel leading to no detectable

VSFG signal. The frequency dependence of the phase of the vibrational resonances
renders the interference batheveig constructipeh as e
interference between them and destructive interference outside of them. The amount of
constructive interference (and thus the intensity of the signal detected) is extremely
sensitive to changes in the frequency difference whes small (within only a few
wavenumbersy>® The dotted line irFigure 2-6b shows how the model predicts the
signal intensity would change when the -sede symmetric mode center frequency is

blue-shifted by only 2 ci with no changes in resonant signal amplitudes, widths, or

T,. Interference at the susceptibility level dramatically changes the amount of signal

that is observed experimentally.
The intensity level resonant VSFG spectrum heakpheights and lineshapes

that depend on the transfer coefficients and susceptibilities at each int&da22))
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as well as how they mix at the electrield level Eqg. (2.4)). When complex

interferences such as these are considered, interpreting seemingly simple VSFG spectra
quickly becomes challenging. Ancrease in measured peak intensities could be the
result of an increase in VSFG activity (higreanount oforder,changed averageolar
orientation, etc.) at one or both interfaces, or could be due to a change in the vibrational
frequencies, lineshapesr transfer coefficients at either interface leading to less
destructive interference. The results are not always intuitive, especially when several
vibrational resonances overlap is the case for a twoterface systemin the following
sectionsthe VSFG data will be first presented and discussed qualitatively in the context
of Egs.(2.1) - (2.4). Details of the fitting routine will follow and results from nonlinear

fits to the data will be presented to reveal the underlying resonant changes upon

annealing.

2.4.6 Qualitative Aspects dhterference ilVvSFG Data

Repesaentative VSFG spectra of PTCHlg thin films from NO, QS, and GS
bare (solid lines) and ODTMS functionalized (dashed lines) substrates are presented in
Figure2-7. On all surfaces, thasym intensity at ~1700 cht in the VSFGspectrais
noticeably stronger than the asymmetric mode. UsingseVSFG polarization
combination, the-polarized IR beam primarily measures the component of the VSFG
transition moments that are orthogonal to the surfaee Figure 1-10(a) in Section
1.3.2.9. Consistent with the notion that PTGD4 molecules orient vertically on the
substrates, this aligns the imide symmetric stretch vibrational dipole moment with the
IR driving field, whereasthe asymmetric vibration is orthogonal. However, the

orientation cannot be quantitatively defined by this measurement alone since the
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intrinsic VSFG activities of these resonances ar&knownnor are the extents to which

the vibrational modes are depatzd or interfering from opposite interfaces.

VSFG intensity, a.u.
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Figure 2-7. Pre-annealed VSFG spectra collected on bare (solid lines) and ODTMS functionalized
(dashed lines) versions of the NO (black), QS (red), and GS (i) substrates. Spectra from each
substrate type are offset by two units and the NO spectra were multiplied by five for clarity.

A comparison of the data iRigure 2-7 shows that the spectra generated from
NO substrates (bladines) are about a factor ofH) weaker than those from QS and
GS surfaces. A modulation of the full spectrum could be the result of an increase in
disorder at the interfaces that are sampled by VSFG. However, based on the nearly

identical bare surfaceharacterization showim Section2.4.1 this cannot be the

explanation for such a dramatic difference. We attribute this eff¢€f| tvhich can be
separated into the individual transfer caméints fao each field involved

T, :‘t},’SFGtVV‘StV'j. The reflectivity of the underlying silicon substrate in the visible to
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nearlR changes the local field of the visible beam at both interfaces by reflecting out

most of the portion that is otherwise lostabgh the back of QS and GS substrates.

Upon reflection the field undergoes a ~ p!

vis
v

incident field makingt!™ smaller at both interfaces. At the same time, the VSFG signal

is emitted inthe reflected and transmitted directions from both interfaces and a similar

argument can be made for collecting the transmitted portion upon reflection from the
silicon substrate, effecting®>™ in the same wayln short, the NO systm has smaller

transfer coefficientsgq. (2.2)) due to the reflectivity of the substrate in the visible to
nearlR range leadig to lower signal intensities.

A comparison of the VSFG spectra for PTG on bare (solid lines) versus
ODTMS functionalized (dashed lines) surfaces reveals another interesting trend. The
signal strength from the NODTMS substrate data is about twice that of bare NO
while it is roughly a half to a quarter of the intensity for-QBTMS and GSODTMS
compared to their bare substrates. It is striking that modifying the dielectric surface
with an organosilane monolayer can cause the VSFG signals from NO wafers to
increase while theransparent silica substrates decrease. Based on the nearly
indistinguishable nature of the bare and ODTMS substrates sholiablie2-1 and the
corresponding AFM images Figure2-1, the PTCDICg buriedmonolayer should not
be significantly different on N@DTMS relative to QSODTMS. The AFM
topographies and pixel density plots Figure 2-3 indicate the outer interfaces are
similar as well. Therefore we hypothesize that thiemdnce is likely a result of two
phenomena: a relative difference in transfer coefficients of the two interfaces on

reflective versus transparent substrates as well as chemically different environments
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experienced by the first monolayer on bare versu3TidS treated substrates.

However, a detailed investigation of these phenomena is beyond the scope of the

current study and is not necessary for the conclusions drawn here.
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Figure 2-8. VSFG spectra colleted from pre-annealed (open markers) and posannealed (filled
markers) PTCDI-Cg films on NO (black), QS (red), and GS (blue) substrates. Spectra from
different surface types are offset by two units and NO spectra are multiplied by five for clarity.

Upon annealing the PTCBCg films on bare and ODTMS functionalized
substrates, the VSFG spectra from all six sample types reported similar chiigges.
2-8 and Figure 2-9 show the pre and postannealed ectra for each surface
preparation. The apparent bislkift upon annealing for all substrates and surface preps
is tentatively attributed to a larger reorganization and ordering at one interface relative

to the other. It is clear from the pemtnealed AM images inFigure 2-4 that the
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molecules on the outer interfaaendergo a substantial reorganization leading to

increased grain sizes and a fillimgof theobservable incomplete layers.
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Figure 2-9. VSFG spectra collected from preannealed (open markers) and posannealed (filled
markers) PTCDI-C8 films on NO-ODTMS (black), QS-ODTMS (red), and GSODTMS (blue)
substrates. Spectra from different surface types are offset by two usi and NO spectra are
multiplied by five for clarity.

2.4.7 VSFG Data Fitting

2.4.7.1 Fit Details Amplitude Ratios

In order to quantify the relative amount of reorganization upon annealing from
each interface the data were fit usiags.(2.1) - (2.4) as follows. With three sets of
samples, six samples per set (NO, QS, G®-ODTMS, QSODTMS, and GS
ODTMS), and VSFG data collected before and after thermal annealing there were 36

total spectra to fit. When the samples are considered individually the resulting fit
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parameters are highly correlated. In order to minimize thesggaities a global fitting

scheme was employed. Data were fit 12 spectra at a time (each sample aatpre
postannealed) using the nonlinear fitting algorithm available in Mathematica 8.0. All
resonant center frequencies were shared across all etatég allowed to float (i.e.

W, m Was the same in all 12 spectra for a given sample set). Each resonance had its
own width and amplitude that were independent of the other resonances. The substrate

interfaces were assigned a uregfr.

substrate

for each substrate and surface prep but the

pre and postannealed data sets shared this parameter. The parameters for the
vibrational resonances were assigned starting values and allowed to minimize with

fT.

substrati

S al set to zero. The final optimization floated all parameters including all
fT 's, which ended up still close to zero and had a very small effect on the resultant

substrate

parameters. The product m| A, is not seprable in this scheme so that the fitting
parameter A, =|T,| A,, was defined (Equations 1 and 2). All values weren

reported as a ratio of, ,/G,, postannealed to prannealed wheréj, /G, is the

metric for the total contribution from a given resonafté>>***°Here [T,| is
assumed approximately constant upon annealirtegrefore cancels in the ratios.

Avﬁq is assumed real and set positive so that relative polar orientation was assigned by

changing the sign omg?{,q. The data were fit best by assigning opposite signs to the

resonances from a given interfadel?. _ - éﬁ)ain sy and assigning the spectrum

R, air,sym

from the substrate interface to be opposite to that of the air interface
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The substrate interfacial modes were assigned a

(- ¢ )

R, substrate sym R substrate aslm
bathochromic shift keed on a simple solvation argumé&ift**? We rationalize that the
outer interface should be more similar to the gas phase vibrational frequencies, which
would be blueshifted in the absence of solvation. A small vibrationally nonresonant

contibution was observed in all NO and NODTMS substrate data. A constant
modulus and phase for? was used in the fitting, which was shared across NO

NR, substrate

and NOODTMS pre and postannealed data sets.

2.4.7.2 Fit Results

Figure 2-10. Final fit parameters for C=0 vy, PTCDI-Cg films on NO (black), QS (blue), and GS
(red) substrates on bare and ODTMS functionalized surfaces. Shown are tHex" /G )/(A,/ G))

ratios to demonstrate the incrase or decrease of a contribution from the inne¢substrate) or outer
(air) interface, where unity (gray dashed line) implies no change. Error bars reflect the standard
error from the average of three sample sets.

The fitted VSFG spectra are overlaid @he data irFigure2-8 andFigure2-9
as solid black (prannealed) and gray (pesthnealed) lines, demonstrating that the

agreement with the spectral data is excellent. In the following discussidocuwe
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attention on3ssym due to the fact thadasym is generally low amplitude in the VSFG

spectra. The results from fitting for thgm mode are presented Figure2-10 and the

full table of resultant fitting parameters is shownTable2-2. For VSFG with thessp
polarization combination, a decrease in resonant contribution upon annealing is
interpreted as primarily the result of a decrease in the ensemble avegmaxection of

the transition dipole moment (relative the substrate normal) for that mode. For the
3sym Mode, this translates to an increase in the average tilt along the long axis of the
perylene core. The molecules become more reclined. The appareshifiue the

VSFG spectra upon annealing can be explained by a disproportionate changetat the to
contribution from the two interfaces upon annealirfgjgure 2-10 shows that on bare
substrates the buried interfacial (lower frequency) contribution tends to decrease while
the outer (higher frequency) contribution increafmsall substrates. For ODTMS
substrates the buried total contribution remains approximately unchanged while the
outer contribution increases. The large relative change at the outer interface for both
surface preps is consistent with the topographic gémmbserved in the AFM images
(Figure 2-3 versusFigure 2-4). These molecules have more freedom to restructure
compared to the buried interface. The reorientation that occurs eliminates smaller
islandswhich suggests the molecules join larger grains with less tilt along the long
axis® The results for the buried interfaces are consisteth wéports that the
interfacial phase on bare SI® subject to reorientation upon thermal annealing. The
decrease in the VSFG contribution suggests that the molecules reorient in favor of a

reclined phase as was observed previoUsiy>*?’ The essentialljunchanged buried
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modes on the ODTMS substrates are evidence for thermodynamic stability of the initial

PTCDLHCg layer.

Table 2-2. Full VSFG fitting routine parameter results.

Bare ODTMS
Set 1 Set 2 Set3 Set 1l Set 2 Set 3
Wy sym 1701.45 1701.4 1700.93
Wpsiae sn~ 1696.21 1696.16 1695.74
é Wy asym 1661.98 1660.32 1661.34
E | Wmessyn 1656.18 1656.98 16555  Snared Values
© \cg;m 0.06284 0.06238 0.05249
f & 1.07462 1.27013 1.4134
| e 0.16506 -0.0844 0.02184 0.1571 0.03053 0.0723
g | My 0.16895 0.16414 0.10098  -0.0142 0.00826 0.04813
Tes -0.0647 -0.0326 0.1222  -0.0422 -0.1608 -0.0766
Avo,sym 2.759  2.93944 2.75735 2.91575 3.0332 2.65858
Guo,eym 556374 5.20714 5.61068  4.41631 4.73099 4.47729
Ao, asym 0.687 1.21669 0.43181  0.73395 1.14201 0.53885
Guoaym  5.50177 5.43459 4.97397  6.3719 5.38141 5.79521
Apmeanosn  2.16802 3.13533 1.93385  2.48501 3.09756 2.18814
Guneano s 4.83023 6.44961 5.48795  4.04435 3.92283 4.43751
@ | Amcanoasn 041575 126208 0.09348  0.39204 0.78402 1.2646
E | Guneangesn 5.03987 470231 2.2693  3.27494 4.62109 6.33136
g Ao, oy 7.38743 7.70496 7.52223  4.82356 4.47708 3.51342
T | G o 4.68612 4.54189 4.90728  4.13523 4.11969 4.12019
é Ags, asyn 1.30572 4.08395 1.69417  2.25299 3.98359 2.24455
Gos asyr 3.83188 5.2758 4.28266  4.57899 5.8331 5.12497
Auneacs s 570626 6.60507 5.18649  4.26558 4.10748 3.05849
Guneaigs on ~ 3.88619 4.17276 3.93299  3.85562 3.88898 3.77447
Aueacs s 1.06291 2.98702 1.26155  1.82594 3.66854 1.38072
Gimeaios s 3.66143 4.35269 3.5156  4.69088 4.88975 4.10816
Ass 9.41807 11.1526 8.67221  5.87374 6.57083 5.18804
Gos oy 4.46516 4.56582 4.50677  4.14135 4.22844 3.9523
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| Au., 357782 8.83272 221873 274165 4.48826 2.30902
Gosayr 486794 6.08572 4.83507  4.96478 4.80047 4.88758
Aencss, 7.88013 9.92035 553751 501709 62561 4.68413
Gunencs 5n  3.84B7 4.25236 3.75094  3.61779 3.74587 3.64297
A vencs ny 262299 528579 157968  2.0016 6.2163 1.59885
Gurewcs an 430162 5.64377 4.3044  4.35952 5.22306 3.84951
Ao 2.0698 2.29263 3.19017  2.75810 2.72688 2.65917
Guogm 6.59578 6.31823 5.82495 5.0599 5.44341 5.00878
Ao aam 1.60757 2.05677 1.859  0.74017 1.68789 0.60922
Guo,aem 7.50237 6.482 8.80699  4.10178 6.73352 3.8093
Apreano o 295852 3.551 277031  2.93402 2.95782 2.80017
Gieaina sy 5.60791 5.86516 4.67426  4.35129 4.57381 4.34404
Aveamowyn 137244 258087 0.75047  0.55372 1.16707 2.41672
Gureanoasyn  6.44548 855286 3.68137 3.3075 4.84974 12.9937
Bos o 7.06503 7.50674 7.9352  3.91473 3.63127 3.15511

| Gesan 5.44504 6.25508 5.3246  5.31272 4.9882 4.30496
% Bos com 322745 7.1868 3.50187 220603 3.74825 2.33197
£ | Gysagn 5.83600 7.98342 5.63801  6.24084 7.79263 6.62176
S | Aueacs or 6.0693 8.36184 5.46225  4.64289 4.50211 3.41245
T | Gumeaos o 410848 5.36515 3.99021 3.952 4.025@ 3.79555
O | Apuswy 249514 7.00156 226081  2.52361 4.63877 1.89919
Gurengs s 451238 8.16165 4.24395  4.75264 7.26718 5.13834
Ao o 8.34430 10.3346 7.74609  5.05048 5.83015 4.72172
Ges sy 5.20587 5.60308 4.81377 5.14122 5.0847 4.77417
Bos o 4.42836 10.7229 3.23486  3.08482 5.7803 2.57529
Gis asyr 6.38371 7.99918 5.13732  7.18066 9.26888 5.3453
A encs o 8.08111 11.1467 6.13326  5.39805 6.06406 5.14124
Gipnenics o 410579 4.44004 3.96722  3.90338 4.12147 3.82374
Avencswy 40697 804414 2.80046 2.923  7.66797 2.35411
Gurencs s 5.35555 6.3639 47043 5435  6.90856 4.80973

2.4.7.3 Ambiguities in the Fitting Routine

The limitations of the fitting routine should be discussed. We found that the

VSFG spectra presented here could not be fit using a single interface model. However,
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there were two problems encountered wheplying the multiple interface model to

VSFG data. The main difficulty is the high correlation between parameters so that it
was necessary to constrain the system by making informed choices on how to share
parameters between data sets. The other probtems from the fact that VSFG is
extremely sensitive to molecular ordering so that when contributions to the observed
spectra were somewhat varied between samples it had a large effect on the detected
spectra making the choice of shared parameters aseraples problematic. Our
approach here is to depict how the total contributions from the buried and outer
interfaces change upon annealing under the assumption that the center frequencies do
not change appreciably. Other fitting schemes involving neliigerfaces were tested

and generally showed the same trends as presented aldoveajor focus of this

dissertation is contributing mathematical descriptioof T, so that it can be modeled,

reducing some of the ambiguities eantered in thischapter This is the focus of the

next threechapters.

2.4.8 PTCDI-C; Field-Effect Transistor Electrical Characterization

In an effort to connect the structural changes that were extracted from fits to the
VSFG data with device performancesaton mobilities were measured on PTG
OFETs at room temperature under vacuum at or below 1 ¥tlr in the saturation

regime € ) before and after thermal annealing at 110 °C. The mobilities were

averaged from all channels and all devicesbfre and ODTMS surface preps and are
included inTable2-1. Mobilities from the bare substrate devices were on average more

than a factor of three higher than those of ODTMS devices. It has been shown that
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depositions of PTCDCg at relatively low substrate temperatures (such as the 30 °C

used in this study) result in finer grain structure and that oFET device performances are
significantly degraded by grain boundartés!®©4%3423 Although we did not discern
topographical differences at the outer interface among these films by AFM, tke high
mobilities on bare substrates is likely due to the formation of more grain boundaries at
the buried interface on ODTMS substrates. The initial stage growth of a closely related
molecule deposited on bare Si@nd alky}$SAM treated Si@ showed a tendegcto
nucleate into finer grains in the initial perylene monolayer on the £AM.

Interestingly, the mobilities doubled upon annealing for both bare and ODTMS
devices. Fieleeffect conduction occurs only at the buried (inner) interface, thus we
would expect that both substrate types experienced a structural change duraligm@nne
that resulted in increased carrier mobilitiéhe fits to the VSFG spectra shown above
reported that there was a notable change in structure for the bare substrates and no
change on ODTMSThese results seem contradictory, though they are camtsigitia
previous reports of device improvement with annealing and preferential stfuctura
rearrangement on bare silicdhe observations can be rationalized by first recognizing
that annealing helps to better coalesce grains, includoggtat the substre interface.
Coal escence | ead orbital overlam df the PTCBCamoteculad at -
grain boundaries, which leads to improved mobilities on both substrates.grain
boundary improvement may have no direct connection to the VSFG data, but the
formation of the reclined phase upon annealing that was recovered from the fits to these

data was expected to have some impact on the carrier mobility.
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One perspective on these observations is that the devices on ODTMS, which had

improved carrier mobilities buto structural change reported by VSFG, achieved their
improvements primarily thragh grain boundary coalescencehe oFETs on bare silica

had fewer grains to begin with, and, assuming only coalescence, should not have
improved by as much as the ODTMS dm& (a factor of two).lt is conceivable that

the bare substrate samples were improved by grain boundary coalescence as well as
molecular rearrangement within the grains, thereby enabling them to have the same
improvement factor as the ODTMS surfacda. other words, on ODTMS devices,
where there are more grains but the film is thermodynamically stable, the improvement
factor is mostly due to coalescenesehereas on bare devices, with fewer grains but
thermodynamic instability, the improvement factor is&@ t o i mp rowesrdl a'p
between grains as well as within the graiitss not yet clear how the reclined phase in

the bare substrates might lead to more favorable conduction, but the stfuntii@n

relationships for monolayers of PTG would bean excellent future study.

2.5 CONCLUSION

In this work thin films of an fiype organic semiconductor, PTCD}, were
vapor deposited at low temperatures on bare and ODTMS functionalized silica
substrates. After analyzing the film properties with AFM anddstestate spectroscpp
we utilized VSFG spectroscopio extract the vibrational spectra from the film
interfaces. It was necessary to treat these data as arising from two interfacks to
properly fit the spectral lineshapesThe results show thdahe manner in which the

interfacial signals change with surface chemistry and annealing procedures can be
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extracted by making some assumptions about the optical constants of the materials and

by using signal ratios to cancel unknown variables. Withimtbdel presented and for
our experimental parameters, we were able to demonstrate that the initial -4 CDI
monolayer phase that forms on bare silica is subject to reorientation upon thermal
annealing, whereas ddDTMS functionalized surfaces it is more Iska and resistant to
restructuring. Interpreting the electrical characteristics of oFETs with the same
conduction channel preparations was not straightforward and highlights the fact that
there is a complex interplay between the molecular structures antierface and their
impact on device performance. The results show that VSFG approaches can be useful
to test hypotheses about the molecular arrangements at bugeddas in electronic
devices.

Efforts beyond thesimplemodel used here are prased in thenextchapters of

this dissertation Specifically, modeling off, is presented in the next chapter amdn

important step towarda better physical understanding of optical interferences effects
present in VSFG data dh will be discussed in Chaptdr In Chapter5 the model is
applied to experimental data where it is shown that it provides a good description of the
data. Withimproved constraints fditting routinessome of the ambiguities are reduced

and this leads to increased sensitivity to other effects present in the data

' This work was supported by the National Science Foundation under Award Numbef. 006886, and
partially supported by a Seed Grant from the MRSEC Program of the National Science Foundation under
Award Number DMR02123@2 and DMR0819885. TCA was supported by an American
Competitiveness in Chemistry Fellowship (A€g from the National Science Foundation under Award
Number CHE1041955. Part of this work was carried out in the Institute of Technology Nanofabrication
Center University of Minnesota, which receives partial support from the NSF through the NNIN
program. Parts of this work were also carried out in the Characterization Facility, University of
Minnesota, which receives partial support from NSF through the MRB&gam.
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CHAPTER SUMMARY

This chapter presentbe optical interference modeleveloped in my graduate
work for describing effectdrom thin film geometries on nonlinear spectroscopic
signals. Development of the model was inspibgdthe twainterface problem for
VSFG applied to oFETsnherently multilayer systems. adiever, it is derived here in a
compleely generalized way to describe optical interfereneffects on nonlinear
signals generated from any interface within a system composed of an arbitrary number

of thin film layers. It is based on the transfer matroeinalism for thin film optics.
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3.1 INTRODUCTION

When the interaction of the electric field of light with matiteframed in the
context of perturbation theory (expanding the electric field to higher order terms), a set
of coherent nonlinear optical spectroscopies are desdtia¢dccess nevinformation
on the static and dynamic states of physical systéindhe symmetry of a system
under interrogation then provides selection rules for simplifying the model used to
describe those interactions. The present scope is contingentone such selection
rule that applies to all evewrdered spectrosces. Within the electric dipole
approximation, systems that possess inversion symmetry on a macroscopic scale are
inactive to even ordered interactions. While the bulk of most materials possess this
symmetry, inversion is necessarily broken at interfacdsis for this reason that
techniques such asecond harmonic generatig8HG) and sum frequency generation
(SFG have been widely demonstrated as praifamolecular structure and dynamics at
interface325,217,400,424,425

When such coherent techniques are applied to planar and stratified thin film
systems, data interpretation is complicated by interference effects. The local fields
present at the active interfaces dependhengeometry of the entire system as do the
fields emitted from those interfaceg\pproaches taken in the literature to account for
these effectsvere detailed in Sectioh.3.1.6 Theyinclude techniques that eliminate
thin film system dependence such as a method of amplitude tesgusin the last
chaptet® or experimental separation of contributing sigriaf§?®3>® Direct modeling
schemes include approximation by simple reflectifsnodified Airy summation for

infinite reflections?’3°6:359:361.38%iract solutions using boundary conditions for a given
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sample geometif® andtransfermat r i x met hods iowbsadutions@r een o s

generated field§*231:37426

For a more general approach it is desirable to have a model that is readily
applicable to any arbitrary thin film system and does not involve numerically solving
differential equations. Thavailable models typically include simplifying assumptions
are applicable to a system composed of only a single thin ditmequire extensive
calculationsand are not readily extendéal an arbitrary layered system in a clear and
concise way. In this sense, a fully transfer matrix approach is most appdaimgell
known that the transfer matrix provides a direct analytical solution to the fields present
within an ideal arbitrary layered thin film systéf 382

The objective in thischapteris to provide a general muliyer model for
describing thin film interference effects present in intedsmecific coherent
spectroscopies using theamsfer matrix approach. We ignore bulk nonlinear source
terms and focus specifically on the layer interfaces, treating them as source polarized
sheets in the usual wA3? We do not take into account transverse input beam variation,
i.e. we consider systems where the total thickness of the thin film stack is much smaller
than the spot sizes of the input beams (the infinite plane wave approximation). The

systems are modeled as isotragndall fields maintain coherence

3.2 MODEL OVERVIEW
All fields in the thin film model are assumed to be plane wagesutlined in
Section1.3.2.1 Figure 3-1 shows the schematic of an arbitrary multilayer system and

contains the definitions of variables used in the model as well as the coordinate frames.
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Figure 3-1. Schematic of model and definitions of variables for an arbitrary layered thin film
system.

3.2.1 General Description of Interfae8pecific Spectroscopy

The definitions for an arbitrary layered tHilm system are shown iRigure3-1.
The system consists & thin film layers bounded by sennifinite media 0 andk +1.

Most of the details oFigure 3-1 will be discussed in the coming sections but we start
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by considering that the individual layer interfaces numbered on the rightlftork +1

are all potential sources in interfagpecific nonlinear spectrogpy. In what follows,
the subscripD/k +1 indicates fields can be incident from and generated into either side

of the systl#ho)(.readhdé Ot otral i nt elg,sisty of

proportional to the squared modulus of the sum of all nonlinear soéﬁdﬁsl that

make it out of the system in the phase matched direction.

o [
a E,ox 4‘ (3.

v=1

I 0/k+1

Here subscripty,0/k+1 indicates that the field generated at interface transferred
to medium O/k+1. The generated fields depend on the interfacial nonlinear

polarizationsPM induced by the local amplitudes of all input fields (indexednby

over all n input fields, E'°*) and an output transfer coefficient matfiiy,,

Evones = Tuon P (32)
Where
NL — =NL. A m local
Pr=¢c":QEl (3.3
m=1

with the O symbol indicating the outer products and
EV =T s E ik a (34)

m

The local felds are related to the input fieldeéo,k+l through the input transfer

coefficient matricesTg).,. .
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of Eq. (3.3) contains all of the

The interfacial susceptibility tensoi )"

molecular information on the interfaces of the system under study. We seek to separate
this quantity from thin film interference effects. So it is clear that the objectitce is
compute the transfer coefficient matrices for the input and output fields from each
interface within an arbitrary layered system. We proceed by detailing the transfer
matrix formalism inSection3.3 followed by Sectior3.4 where we describe how these

results are applied to arrive at the transfer coefficient matrices of interest.

3.2.2 Notation Comments

We will introduce various transfer coefficients which are alwagfindd as the
ratio of one field at one position in the system to another field at another position. To
start we define two general types of fields that will be encountered: those that are in the
semtinfinite media0 and k+1 (externalfields) and those within the thin film layers
(internal fields). We make a distinctiofetweeninternal and external fieldsy placing
an arrow on top of the external field#\ left facing arrow indicates an incident field
popagating towards the thin film system (I
thin film syst eégf. i® the amplitode of exteanah pnpug fieldh
incident onto the system in mediutnat interfacel. A right facing arrow indicatea
field propagating away from the system (r
systemo) . There are three typesetodn out gc
incident field either reflecting at or transmitting through the system or they can be due

to an internally generated nonlinear field transferred out of the system. For instance,

E.., is the amplitude of an outgoing externald in mediumk +1 that could be due to
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reflection of E,,, or transmission o, (Section3.3.), whereasE,; is the amplitude

of a nottinear field generated at interface that is transferred to mediu®d and is
outgoing Gections3.3.3and 3.4.2. Matricesinvolving transfer into and out of the
system follow the same convention. Thus, the input transfer coefficient rffﬁ;ps
of Eq. (3.4) transfes input field m from medium O ork+1 to the local field at
interfacev and so has a left arrow. The output transfer coefficient mﬁ;g%l of Eq.

(3.2) transforms the nonlinear polarization at interfaceto internally generated fields
and transfers themut ofthe systenand so has a right arrow

There are three types of internal fields encountered: those adjacent to the
interfaces due to external input fieldSegtion3.3.2, the local fields at the interfaces
due to externahput fields Section3.4.1), and generated fields immediately adjacent to
the generating interfaceSéctions3.3.3and3.4.2. The internal fields adjacent to the
interfaces are shown Figure3-1. They have associated with them a superscript which
denotes the direction of travel and positiorV (- indicates the sign ofk® and a prime

indicates thez side of the interface) and a subscriphich specifies the interface to
which the field is adjacent (i.eE, , E", E,", and E;' account for all field adjacent to
interfacev in mediav- 1 andv). In Figure3-1 we have ao shown how the external
field notation relates to the internal fielubtation on the outer sides of interfadeand
k+1 (E =E,, E =E, El,=E,, and E/,=E,,). The local field is the total
field at inteface v and is related to the adjacent fields as will be describ&kation

3.4.1(e.g. EM°? is the local field amplitude at interfacedue to input fieldm). The
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generated fields have the same subscript notation as the local fields but the superscript

indicates in which direction (and therefore into which layer) the field is generated. For

instance,e"-*

Vv

indicates lhe amplitude of the nonlinear field generaiedhe positivez

direction and immediately adjacent to interfage(therefore generated into medium
v- 1). We usee to describe the field amplitude because ihesfield radiated from the
induced polarization at a specific point at the interface bunibigh general the total of
that field at that point. This detail will be elucidatediections3.3.3and3.4.2

A generalized transfer coefficient describes the ratio of the field at one
position and directionality to another in the system where the specified positions are
always immediately adpent to either side of an interface. It requires two subscripts
that denote the starting and ending interfaces and two superscripts that denote
directionality (+/ ) and position (prime or no pri me
instane, the generalized transfer coefficient for describing an incident field in medium

0 transmitting through the entire system and outgoing in mediuni would be
1 =E JE, &/ E where the transfer efficient adopts the more general

internal field notation. The generalized form is helpful for understanding the basic idea
behind the transfer matrix approach. However, it is redundant for our purposes and so
we use abbreviated forms that will be ddsed as they are encountered in the coming

sections.

3.3 TRANSFER M ATRIX FORMALISM

The transfe matrix formalism follows frome.g. Knittl Chapter 2 and is

summarized here for completeness (our axes are rotated so thkataihez-axes are
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opposite from Knitf).3®” The formalism uses boundary conditions to construct matrices

that relate fields on either side of an interface. We consider plane wave fields linearly
polarizeds or p (unit polarization vector€ and & that form arorthogonal bas with

the unit wavevectoIE) so that we may work with the complex amplitude$® of the

vector fieldsE¥P. The transfer matrix operates on the basis of waves polarized ®ither
or p moving with positive and negativk®. Note the choice of axis orientation in
Figure3-1 preserves the signs of the tangentidtfisomponentd& and &) for waves

moving in either direction. This is important for the definition of the linear Fresnel

coefficients and the derivation of the local fields.

3.3.1 The Total System Transfer Coa#ius

It can be showrthat the matrix of refraction/\/ that relates the fields

v-1,v
traveling in the+z and - z directions adjacent to either side of interfads®®’

1 é, 1 I 1v
€

W, ,, =
' tv— 1v érV- Lv 1

-1v

(3.5)

so that

eE o 2

o BW.,, % (36)
ek, 0 Eé

The field notation follows that of the internal fields discussed in Se&i®2 Note

thatW, t, r, andE are all associated with eitheror p polarization (excluded from the

superscript for simplicity). Herd,,, and r,,, are the linear Fresnel factors for

\" Vv

transmission anckeflection at interfaceg and traveling from mediure-1 to mediumv
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_N,.,co8g,)- n, cog ¢g,)

rh, (3.7
" n,cogq,)+n, cog g,)

7y, = a0OAs) - 1 004 9 (38)
Y n.,codg,,)+n, cog g

2n\/-1 CoiQV -l)

poo= (3.9)
" n,_,codg,)+n, cog ¢,)

£, = 2n,., cod4,.,) (3.10)

n.,cos(q,,)+n, cog ¢
where n, and g, are the complex refractive index and angle of refraction relative to
normal in mediunv.

A phase matx accounts for the spatial phase offset due to traversing Valee

layer phase)

i g 0 exp(if,) 31D
so that
=
6 g F & (3.12)
' U Ed
and
f,=k, Gp |k z;&dvcos( ) (3.13)

as defined irFigure3-2. Hereads the vacuum wavelength of the incident beam a@nd

is the thickness of layev. Note that with this definition of the layer phase all
computations for the fields within the thin film system involve perpendicular

momentum transk (perpendicular to a reference point on interface k+1) shown
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by the vertical dashed line Figure3-1. This greatly simplifies calculations in the thin

film model when more than one beam is considesi@ce the calculation considers a
path independent of dispersiofhe layer phase is calculated from a phase difference at

points on each interface corresponding to the ends of the red arFogune3-2.

Figure 3-2. Definition of the layer phase calculation showing planes of constant phase.

From these definitions the total system transfer maixdan be built

A 5
S=gDW... F. W (3.14)
v=0 -
so that
&E o eF
6. 855 (3.15
eE:L u e-k+«

A graphical look at E((3.14) is shown on the left side ifigure3-1. It is clear now for

a beam incident from mediufthat E;}, =0. In our external field notation we take

+

E =E, E =E, and E/,=E_,. The totd systemtransfer coefficient into the

incident medium(r, ) and mediunk +1 (t,,,,) are thef®”

4

Mooy == ) (3.16)
S

dm
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q 1 (3.17)

oo EO S(11)

iyt

t

wheres;, are the elements & For a beam incident from mediuknt+1 we have

I B - 10 (3.19)
Ek+1 S(11)
po=B 8 (319

Herer andt are defined similarly to Eq$3.7) - (3.10) with sys indicating the entire

system as the effective second medium (g.g., ., may be read Atr ansmi

thin film system to medim O from mediumk+10 ,r,,, i S read fAinci den

sy
medium O reflect from the thin film syste
general transfer coefficient form discussed at the afnSection3.2.2in favor of this

simpler form for the total system coefficients in order to keep them distinct (e.g. the

+, +

generalized forms of, . and t aret;; andt ., respectively).

,Sys k+1,sys

3.3.2 Internal Transfer Coefficients

In this section we highlight two procedures for accessing the fields adjacent to

any arbitrary interface within the system due to beams incident from mébl(é@) or

k+1 (Ek+1). The internal transfer coefficients are defined as the ratio of an internal

field to an incident field. We start by dividing the system up at medwmmto

subsystemsl and Il

[}

N

VA

S =

O

Wi Fy &V (320

i=0

O
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I s 0
S = W Fa Wi (3:21)
so that S= § F §(refer to left side ofFigure 3-1). By examining this form and

considering the total system transfer coefficients it is straightforward to calculate the

internal transfer coefficients from subsysténor Il . For instance, using subsystdin

we have
&g o et
e ?,.v 5 FS! éOSVS (3.22
& ov l:l e
&, 0 et
6% 59 & 0ssys (3.23
&dov 0 €0
&, o er
a 1111, § FS' i k ;Il-,sys (3.29
8 k+iv U e
Qllﬂ,v g_ S|/| erk 4,5ys (3.25

Sray g 61

Here the notation for the transfer coefficients is an abbreviation of the generalized form
stated at the end of SectiBr2.2 For examplef, ., = E; / E, , indicates transfer of an
input beam from mediunk+1 (+j directionality and position is implied) to thej
directionality and position of interface. Notice these equations rely on the total
system transfer coefficients so that the internal fields depend emtinesystem.

A useful alternate approach to the internal transfer coefficients involves viewing
the two subsystems as individual total systeepasated by medium. The derivation
involves properties of the partial and total system transfer matrices. The result shows

the system can be thought of as the single laybounded by interfaces with mi@ O
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and k+1.%" We define partial system transfer coefficients analogous to Egs.

(3.16) - (3.19) treating the subsystems as being isolated. The notation on the subscripts
now usesl| or Il to specify the effective second medium is a subsystem. The

necessary quantities are

g, =2 = (3.26)
R Y (1)
i |
=S = 2 (3.27)
& S (1)
. I
Loy = €V+l _“?_‘ (3.28)
= g
k+1 (12)
. I
L A 1 (329
€ %,(11)

so that, for examplet,,i s r ead @t r an sOmo medifinmvothroughe di um
susysteml 0 amydi s read fr ef |veolf subsystemlmbackendoi u m

mediumvo . We hedowslkeo thastieedields described here are not the internal
fields of the total system. Rather, they lead to terms which must be summed over
infinite reflections to obtain the system internal fields. Thus, the problem of the internal
fields is reduced to a gife layer system with the pseutioundaries of subsystenis

and Il. Here simple reflection and transmission are described by the partial system
transfer coefficients. An illustration of this view of the teys along with the partial

system transfer coefficients is presentefigure3-3.
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nk+|

‘— /|

Figure 3-3. Graphical depiction of the effective boundaries of subsystemis and Il for layer v
showing partial system transfer coefficients as the newly defined transmission and reflection
coefficients at the boundaries.

The internal transfer coefficients are then geometric series in the partial system transfer

coefficients and the layer phas€or a beam incident from mediuth we have (with

geometric series shown only fof, and#;}, )

tiz% Olagvlvllexp(z\f) E
‘ (3.30
“1or,r,, expl 27,)
z‘giva+i =8 > 3.31
VCE Shoaexp(2 ) (3.31)
- _E _
ty, == =4, .&X 3.32
CE £, exp(i |, 1) (332
+ _E
ty, ==~ - 1E€X 3.33
E =&, exp( i-, 1) (3.33)
and for a beam incident from mediuk+-1
=S =i (339

=
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t;i1’V = i :tk 4,11 eXp(i \f) a. gv,lrv,ll eXF( Q Vy jE
Ek+1 j=0

. (3.35)
— tk+1,|| exp(|fv)
1-r,r,, exp( 27,)
iy =2 = Loy sl 1) (339
k+1
tl:+1,v = Ei = f—ﬂ.,v 1eXp( i'v {) (3-37)

k+1

This discussion on derivinthe coefficients from the partial system transfer
coefficients is important for the next section on the external transfer coefficients
whereas calculating them directly from the subsystems is included because it is more
concise. The results are identical.

We make a final note in this section about the outermost boundary interfaces.
When applying the modét is helpful torealizehow the internal transfer coefficients
relate to the total system transfer coefficiemts these boundaries, for instance,
Foxi =tosys Lok =0, @ndeg, =r

0sys’ Osys'

3.3.3 External Transfer Coefficients

The external transfer coefficients relate internally generated fields to fields
external and outgoing from the thin film system. The irgkyngenerated fields are
treated as incident fields that originate from within the system. The distinction is made

clear by referring to the generated fieldsgas They can be thought of in the same way

as described in the lastaion but without initial transfer into the system frdmor

k+1. When considering generated fields it makes sense only to discuss the fields
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generated and outgoing from interfagce €' and €. Once again we split the system

up at mediumv or v-1 (depending on the side of the interface with which we are
concerned, seBigure 3-1) and reduce the problem to a single layer system. We then
propagate the field through the thin film system allowing for infinite reflections and
transmissions at the boundaries of subsystenasd Il . The additional partial system

transfer coefficients needed are

. I
t, == _\s\ (3.39)
& S
t,, =24 = .1 (3.39)
€a Sy
For transfer to mediun® we hae
o Eo o . i
tv,o _; :tv,lrv,ll eXp( 2 \f)a_ gv,lrv,u ex;( 2 v)f E
i =0 (3.40)
_ tv,Irv,II eXp( 2fv)
1-r,r,, exp( 27,)
+ = . N j
rv,O :% :tv— 1,1 eXp(I \fl)a_. gv l,lrv 1] eXF( Q ] fl)— E
v oom (3.41)
= tv-l,l exp(lfv -1)
1- rv—l,lrv EN] eXp( va 1)
and to mediunk +1
. Ek+1 oo . j
ZLv,k+1 - e+ 4v —l,IIrv 1| eXp( 2 \fl)a_. gv l,I[v lll—exd 2 v f]) E
v =0 (3.42)

tv- 1,1 r‘v 4, eXp( va l)
1- PRI eXp( 2fv 1)
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. _E. a2 -
tv,lk+1 = él:.il :tv,ll eXp(l f) a gv,lrv,ll EXF( Q vy JE
j=0

Vv

3.43
__ texp(if,) 549
C1-1,r,, exp( 2F,)

Here the abbreviated form of the generalized transfer coefficient (S&cBdh omits

the implied position and directionality of the outgoing field. For instance,
fra=E./ €is read ftransf er +tpdsidon &nd directonate n e r a t

of interfacev to mediumk +1 (- i position and directionality implied).

3.4 THIN FILM INTERFERENCE M ODEL

Returning to the objective, we want to compute the transfer coefficient matrices
of the system. We will consider spatially propagating waves irgﬂ?e E° 0 basis
(a rotating frame) whereas the local and indudezlds are in the sample

gE* E FE* fixed reference frame dfigure3-1. The sample frame is chosen so

that the generated signal is in tieplane and traveling with positivie”. So the'ltor}‘kﬂ’V
matrices of Eq(3.4) serve to transfer afl input beams to interfacein the propagating
fields frame and project them onto tracdl fields in the sample frame. Tﬁjg,jo,k+l

matrices of Eq(3.2) then relate the nonlinear polarization to generated fields followed
by transfer out of the thin film system. With the internal transfer coefficients in hand

we start with the computation of the input field coefficients.

3.4.1 The Input Field Transfer Coefficient Matrices

We seek to build the matrik,,, so
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2Evm, local, x 3 EEOkal

,local, U =

S L S (3449
gEvm,Iocal,z 8 8’ 0

for beams incident from either mediuth or k+1 in the samplexzplane. We omit
superscriptm in what follows for clarity but recognize all quantities are for a given

input field.

First we note that the matrix for projecting tIgEp E* O basis onto the

samplegt* E” E® basis in mediunv is given as
: 00

Pr(g)=¢ 0 10 (3.45)
: 00

so that
' g ER
é_, U
&' gPr(a) Eg (3.46)
& i %6
where - p/2 ¢g ¢/2 relative to the surface normal. Care must be taken with the

sign of g, so that it is defined as positive or negative when zltemponentof

p-polarized light projects on the positive or negative samzggis (as discussed in

Section1.3.2.). In Figure 3-1 (and Figure 1-7) we have defined the axes so that
sign(g,) = -sigr‘(kz) sigrﬁkx)

The local fields are solved by consideritige boundary conditions within the
polarized sheefs discussed in Sectiod.3.2.7 It is required thatE*, EY, and

D? =n’,E* (the displacement vector amplituder fnonmagnetic materials and no
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surface charge) are continuous across the intéffefc@ These requirements are

aready met using the transfer matrix approach. Thus, the local fields are related to the

total fields adjacent to the interface by summing in the projected basis.

E\I/ocal,x — COS(Clv_l) ( Ev P +EV+D) (347)
E\I/ocal,y — E\-/,s +Ev+s (348)
n’E™*=n,’sin(g,.)(E" -E") (349

Here 1, is the refractive index of the interfacial polarized shéét"**/ Normalizing
by an input wave from mediud or k+1 we use the internal transfer coefficiefram

Egs.(3.30) - (3.37) and define

f07ll<+:1,v = é 0 [o;;;v O (350)

g 0 0 0

2L o0 0
€ 1 0
J, =é . X (3.51)
9 0 am% 9
e =&/ 2
e
where J, accounts for the continuity d0* so that
1t0/k+1,v = Jv(Pr( qv -1) f(;/k v Fpr( Q1) ‘fO_/k 1,\) (352)

We have chosen the positigeside of the interface in EqE3.47) - (3.49) but the fields

on the opposite side yield the same result if we define
Dopiy 0 0
f07|i</+_1,\i/ =é 0 t o/E «ias,v '0 (3.53
g€ 0 0 0



145

e o 0
e 1 0
JJ=(§ . 2 (3.54)
% 0 ar% 0
e = &/n 2
e
then
-ItO/k+1,v:J\igDr( qv) :F()Jr/]kﬁ,v Fpr( @ fo;ki v (355)

An equivalent approach is to include theerfacialsheet as a layer in the system

and simply sum the internal fields whileiiag the limit of zero thickness. With this

method one needs only to considéf (rather thanD?) for the normal component
because boundary conditions are not used. It is important to note that all three
procedures just described give identical results for the local fields (numerically verified
on the example systerpresented in the next chapf&f and they converge to the same
result reported in the literature for the local fieldsisingle interface systefi*#*’

For a beam incident from a plane rotated from the sampfdane we can
follow as above and compute the local fields imotated sample frame (clockwise

rotation about the-axis by an anglg when looking from above the system and
-p <j ¢ If we call this matrix'lto’,"kﬂLv we can project the tangential componeoris

the sample fixed frame by a rotation matF&(j )

&os/ ) - si(/) 0
R*(/ )=gsin j) co{ )y O (3.56)
§ 0 o 1

so that
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TO/k+1,v = RZ (j ) TOr/Okt v (357)

Together with our range specification @f this covers the entire hadpaces above and

below an interface.

3.4.2 The Output Field Transfer Coefficient Matrices

Returning to Eq(3.2) we have

é*NL,p g eF)NLX

€=ns Uz NL

B g, /k+1eP g (3.58)
é u NL,z

e 0 U &R

Considering these bases we can write

E\’:“(;/k+l ( pv v0/k-EL +pv‘Tv 0/k i)PNL (359)

to show that in general each polarized sheet can potentially contributeifiitlkalty
generated in the positive and negativglirections into the layers on either side of the

interface followed by transfer to mediuank +1. Here

\7 — izpse(( gl) (360)
c/n.,

. - 12055 g) (3.61)
c/n,

arefactors resulting from the solution to a field radiating from a polarized shbete
c is the speed of light anglis the vacuum wavelength of emitted lightoutlined in

Sectin 1.3.2.7°%

We conslder'l'V ks @S consisting of twaransformations.

Tv+(/)lll+1 = fv g/k :1L a (362)
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Together with thep.’ ' factors, thel.’ * matrices transform the polarized sheet into

fields emitted immediately adjacent to the interface. With the projected basis we have

eeVNL + 4,p I R/&x

e +/ 4,8 g + |t +

ceN-! ‘ ap L PRy (3.63)
§ 0 H P

where now all angles, refractive indices, and wavelengths refer to the generated signal.

The angle is dictated by the phamatching condition forlan input fields in mediunv.

kY= ki K2... k® (3.64)
It is of interest to note that oa the angle is calculated in one material it is related to all
ot her materials simply through Snell 6s Layv
the interface are not in general the total fields at that point and so we have tsed
represent the amplitude as described in Sec8dhgand3.3.3

With the local input fields already determined, our approach will be to consider
each interface in isolation, treatingetimaterials on either side as senfinite. In this

case thel:’ ' matrices have already been sohasdpresented in Sectidn3.2.7%*° The

el ements are found by the solution to May>
absence of the sheet boundaries subject to the -piatshing restriction and the same

boundary conditions as the input fields. The results can be written

L; = g:)r(qv-l)T +fv 1,v Pr( 'QL)T glz (365)

L= 4) #.P(q 8 (3.66)

with
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&, 0 0
fi’j:go 50 (3.67)
€0 0 O

where the elements are the linear Fresnel factors for reflection froif8EZypand(3.8).

This is equivalent to the result reported in theréiture for the commonly usel,

Fresnel factors when care is taken with the definition of all field frafié€

The final transformation comes from transfer of the internally generated fields

out of the thin film system to mediur®/k+1. If we consider &"“" = ¢ and

Vv

NL-i —
€, =

£ (for eithers or p fields) we can use the external transfer coefficients of Egs.

(3.40) - (3.43).

SNL O EENL+ =NL, 4
0/k+1 — S0k 4 0k %
— eNL,+ \f- + NLei- i (368)
Y] ,0/k+1 v v,O/l{ﬂ
which gives
Y +/ 'Yp
gv,0/1k+1 O O
£+ i I+ .9
f\/,0/11<+1 —é 0 [v,Olk 4 0 (3-69)

g€ 0 0 0
SO that'I:vyo,H1 may beconstructed by Eqg43.59) - (3.69). In this way the outgag

electric field generated by a nonlinear polarized sheet driven by multiple input fields is

propagated out of an arbitrary layered thin film system.

3.5 CONCLUSION

This chapter haprovided a generalized model to describe thin film interference

effects insurfaceselective nonlinear spectroscopies on multilayer systems. The model
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is based on reducing the multilayer problem to a single layer with newly defined

coefficients of reflection and transmission at the effective boundaries. Summation over
infinite reflections within the layer is then analytical for the total fields of the ideal
system. With this view we add to the literature external transfer coefficients which
serve to transfer internally generated fields out of the system without needing to resor
to truncated summati ons or Greenos funct
determined from the internal transfer coefficients and the usual boundary conditions.
We envision this model will have implications in a wide range of probkeoms those

as straightforward as rational experimental design to some of the more vexing
challenges in surfaegpecific spectroscopy such as quantification of bulk contributions

or microscopic local field corrections (i.e. local dipole effet46§°**?° Further, we see

this as a steforward for such techniques as nonlinear ellipsomi&t& on thin film
systems. The equationgpresented allow for a multitude of experimental geometries.
Any input beam may be incident from either side of the system and from any plane of
incidence ad the generated signals are described on both sides of the system as well,
providing experimental flexibility and control. Application of the model provides the
ability to separate optical interference effects from the true sample response contained
in the intensity data from potentially complex layered systeMedeling these effects
should impart confidence in data interpretation from such systems and open up the
possibility for many new and interesting studies on interfacial structure and dynamics.
Finally, the matrix notation presented here should lend itself to extending the model to

optically anisotropic systems



150
In the next chapter the model is specified for VSFG and used to simulate optical

interference effects in VSFG signals generated fronmibeéel PTCDICg OFET system.
Then, in Chapteb VSFG data collected from wedged samples is used to validate that
this approach provides a good description of optical interference effects from multilayer
thin film systems withtwo active interfaces. Thaterferencemodel is extendeth that

chaptetto include sourcetermsthat originate fromhe bulk of the thin film layers

' This work was supported by the National Science Foundation under Award Numbef. 006886, and
partially supported by a Seed Grant from the MRSEC Program of the National Science Foundation under
Award Number DMR0212302 and DMF0819885.
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CHAPTER SUMMARY

In the field of surfacespecific vibrational sum frequency generation
spectroscopy(SFG) on organic thin films, optical interferences combined with the
two-interface problem presents a challenge in terms of qualitative assessment of the
data and quantitative modeling. The difficulty is amplified when considering systems
comprised of mar than a single material thin film layetn Chapter3, a generalized
modelwas developethat describes thin film interference in interfesgeecific nonlinear
optical spectroscopies from arbitrary multilayer systermsthis chapter themodelis

usedto simulate VSFG spectra frohe model system of primary concern in this
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dissertation. The oFET geometrytie simplest multilayer: a system of two thin films,

one of which is an organic small molecule and the other is acttieldayer on a

semiconductor substrate systenfror the purposes of these simulatiotie organic
interfaces arédealized as beingqually VSFG activéi.e. &% = "€ in the notation of

the previous chapter)Of specific concern is thmodel system of this dissertation: the
smallmo | e c u diectyl’8,4,8, BOperylenedicarboximide (PTCBIg) deposited on

a silicon wafer with a thermally grown oxide dielectriBesults are presentdéor the

four polarization experiments that sample tionzero nonlinear susceptibility elements

of macroscopically centrosymmetric materiédsp sps pss andppp and in two mIR
frequency windows (the imide carbonyl stretches around 1680 amd the alkyl
stretches around 2900 &jnas a function of batthin film thicknesses with fixed input
beam angles.Frequency dependent refractive indicee usedor all materials. The

goal is to illustrate some of the intricacies contained in the intensity data of such
systems. Of particular interest is theeetfof the relative polar orientation of modes at

the interfaces and the possibility of designing a system where the collected signal is
exclusively attributable to a single interfac&€he calculations indicate that in order to
unambiguously identify theelative polar orientation one must experimentally vary an
additional system parameter such as thin film thickness or input beam angle and for
guantitative modeling one cannot ignore either interfacial contribution. The results
show that proper modeling thin film interference effects is essential for accurate data
analysis and should include the frequency dependent refractive indices, especially for
modes with larger mIR absorption cross sections, even when absorptive losses are

small.
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4.1 INTRODUCTION

The interfaces of organic thin films play important roles in materials research,
often dictating the performance of the material function of interest. This is apparent in
studies on adsorption and adheéiGi***4**4*hut also extends toharge transport in
organic semiconducting devices such as orgheld-effect transistor§oFETs)where
conduction occurs in the first monolayers of a bulk filft*** Characterizing the
molecules at the interface of interest is confounded by régepce of bulk material or
is difficult because the active interface is buried. Second order nonlinear spectroscopies
of macroscopically centrosymmetric systems possess the ssackicity necessary
to characterize the structure and dynamics of nutdscat interface§” %%’ However,
wheninterfacespecific nonlinear optical spectroscopies are applied to layered thin film
systems, the detected signal is subject to optical interfererezseffThe amplitudes of
the input fields at the active interfaces depend on the geometry of the entire system as
do the generated fields that propagate out to the detector. In the case of vibrational sum
frequency generation (VSFG) spectroscopy of amami thin film in a multilayer
system the challenge te accurately separatbe contributions to the detected signal
from two very similar interface¥.

When a single thin film layer is present between two ggfiriite media, the
problem of modeling these effiscis tractable by considering the Fresnel formula for
reflection and transmission at boundaries. The usual procedure is to sum the input field
contributions at each active interface, accounting for infinite reflections and
transmissions at the boundaraswell as phase changes due to propagating through the

thin film. Then, generated fields are propagated out of the system in a similar manner,
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summing the contributions on the side of the system at which the signal is

collected?3>9301363432 Hg\vever, as soon as subsequent layers are added, the
expressions for describing infinite reflections and transmissions become cumbersome
because the contribahs that transmit out of one layer may subsequently be reflected
back in from the other layers. Accounting for the infinite reflections and transmissions
quickly becomes unwieldy and so the usual solution is to avoid directly modeling thin
film interference effects by experimentally optimizing the system for a single

interfacg?4328:353

or to monitor a change in the signal that is presumably due to only a
single interfacé>3** The disadvantage is that, in general, it is better to have a model
that describes thin filmnterference effects in order to impart confidence in data
interpretation. One approach is to use the transfer matrix to describe the input fields
and a Greens function solution to the internally generated fields, the drawback being the
necessity of solvig a differential equation by approximation for each systeft.
Another option might be to truncate the infinite reflections and transmissions at some
finite sum, however, these results are not analytiedlthe choice of where to truncate

so as not to introduce excessive error is system depefident.

The fields within ideal multilayer thin film systems have long been well
described by the transfer matf’.*"° This method differs from above in that it builds
matrices that describe the internal fields based on boundary conditions at the individual
layer interfaces. One aspect of this approach is that it allows for the simplification of an
arbitrary layered system tostnglelayer with newly defined coefficients of reflection

and transmission at the two psetmmindaries. The model developed in Chaptéis

based on this idea Within the plane wave approximatiothe modelanalytically
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describes interference effects in interfapecific nonlinear spectroscopies from ideal

multilayer thin film systems for the input fields aglias the generated field€ This
allows for the separation of the individual layer interfacial responses from optical thin
film interference effects.

The goal of thischapteris to utilize the model developed in ChapteB to
demonstrate some of the intricacies eamd in the VSFG intensity data collected from
a multilayer system that has two similarly VSFG active interfaceslculated results
are presenfor the organic/dielectric/semiconductanodel system of this dissertation,
which is representative aftherorganic electronic assemblies that we and others have
studied by VSFG32°%6:343433 The gnalysisis restrictedto the common experimental
geometry ofcoplanar input beams with VSFG collected in reflection. The specific
systemist he or gani c-dioctyl3.d,8,10per/lenbdjctidximide (PTCPBI
Cg) deposited on a silicon wafer substrate with a thermally grown silicon dioxide

dielectric Figure4-1).%°

4.2 MODEL OVERVIEW

The model equations are generalized for any interspeeific coherent optical
spectroscopy from any arbitrary layered thin film system. Séttion 4.2.1 those
equationsare specifiedor VSFG of a two layer system where only the interfaces of the
organic layer contribute to the VSFG response of the system detected in reflection
geometry Figure4-1). Presented irbection4.2.2aresimpified equations for the four
typical VSFG polarization experimentslhe notation developed in Chaptis used

throughout this worR’?
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Figure 4-1. lllustration of the system under consideration showing the interfacesumbered on the
right.

4.2.1 General Description of VSFG

VSFG is a 3wave mixing process in which a visible pulse is spatially and
temporally overlapped at the sample with a mIR pulse tuned to a vibrational mode of

interest. The detected signal is then coldcat the sum of the two frequencies. The

signal collected from our systen(l,) will contain sum frequency electric field

contributions(Ey3®) from interfaces 1 and 2 of the organic film.

2 2
2 C=VSFG
a EV,O

v=1l

(4.1)

IO

Each external field contribution is the result of internally generated fields radiating i

the phase matched directions from the second order sum frequency source polarized
sheet induced at interface (P? as discussed in Sectidn3.2.3%*%%" followed by
transfer through the thin film system into the bounding air medium.

EVSFe =T, vspl? (4.2)

\
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Here T, is the external transfer coefficient matrix. It describes how the nonlinear

polarization in the sample framing(z)'X Py P32 s transformed into internally

generated fields and propagated out of the system in the propagating fields frame

gE/oT°P ES™®® 0 £ The nonlinear polarization depends on the sample response

and the local field amplitudes of the visib[E'*'**®) and mIR (E"*"*") input beams
at interfacev.
P(Z) — 6(2) - EVislocal ﬁEmIR,IocaI (43)
The second order susceptibili(yi‘éz)) is a third rank tensor that describes the sample

sum frequency response to the input fields at the interface. It provides molecular
information from the layer interfaces and we seek to sepamteittribution to the

detected signal from thin film interference effects. The input beam locahfiglible

or mIR) is related to the external input fie(cﬁg“) through the input field transfer
coefficient matrix(Tyn).

B = TRy (4.4)
The 'I:O”; matrices (defined unigely for each of the mIR and visible input beams)

account for thin film interference effects as well as the basis change from the

propagating  fields ~frame gE° E’° O to the sample frame
gEvm,local,x Evm local y Evm local z at the interface.

The T,5® and T, matrices describe all optical thin film interference effects

and local field factors at the interfaces. They depend on the angles of incidence of the
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input beams, the refractive indices of all matsriand the thicknesses of all thin films

in the system. They provide for the separation of the samﬁ]eresponse from thin

film interference effects arttie constructiorof each igletailedin Chapter3.>"2

4.2.2 Simulated VSFG Experiments

The selectin rules for VSFG on a macroscopically centrosymmetric system

state that of the 27 elements mﬁz) there are only four nonzero and independent

contributions: ¢@*= @0 pl@xzx p)2 . p@zao By gng (2 22,236
These can be probed with four beam polarization combinations experimessily:
sps pss and ppp where the polarization is in the order VSW{SiblemIR. We will
discuss the model results pertaining to all four polarization combinations while making
no assertion on the functional form ofz) until the last section.

In these experiments the input beams are linearly polarized atberp and
the selection rules dictate the polarization of the output VSFG fields. We define the
transfer product at interface (T * ) as the product of transfer coefficient matrix

elements for the given element of?™

with i, j, andk=x vy, or z anda, b,

and g=s or p. The superscript o, indicaes the basis change for each beam
grouped in order: VSFG,visible,mIR. We will use an abbreviated form of the
superscript that indicates only the sample bagis The model allows us to write very

succinct descriptions of the s@nintensity for three of the four polarization

combinations that sample individua@z) elements.
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Q2 5 _

| 550 ?‘ﬁ Tvyyzc\(lz),yyz g(\)ns, miR, P (4.5)
Cv=1 -
a2 : 2

19 |5 T, yZVC\(IZ)vyZY g(\)"& miR, (4.6)
Cv=1 -
32 : 2

I Opss . ﬁ Tv ZWC\(IZ)vZW gg'sr miR, 4.7
g — -

The sums run over the two interfaces of the organic thin film and th&fdrgmroducts

are defined as

T RVoSFsz) ovvIS (22 g;I(R % (4.8)

T %SF% ovvIS gt o"J'F 2 (4.9)

Tt Rosiegtovf (22 ;I(R 2 (410

wheret with subscripts in parentheses indicate elements of the transfer matrices of Eq.
(4.4) for the input fields and Ed4.2) for the generated fief> The expression for the

ppp combination is somewhat more compleacause the experiment samples all four

independent elements of the interfacial susceptibility.

2

2 2 Al . -—
|0ppp . %. TVXXZC\(/Z)'XXZ +-|-V xzx (@), xzx q:v Zxx (\2, zxx T'\|/' zzz(VZ)C_zzz &/IS, aﬂR, p (411)
Gv=t -

T O 412

T O (419

T TSR (419

T LSt @19
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We take the visible pulse as an 800 nm monochromatic wave and focus on two

regons of mIR activity in PTCDICg: the imide carbonyl stretches centered in the
region around 1680 cmand the alkyl @H stretches around 290@m*. The bulk
refractive indices for all materials in the mIR and VSFG frequency regions are shown in

Figure4-2(a) and(b), respectively. The black traces comprise the real gajtsand
are scaled on thleft, and the red traces are the imaginary p@r}sscaled on the right
with the definition of the complex refractive index=/ 4 & The refractive indices at
800 nm are shown in Table I. We takg, =1 for all wavelengths and use the

frequency dependent refractive indides all the other materialsPTCDI-Cg refractive
indices Figure 4-2 solid lines) were obtained through analysis of spectroscopic
ellipsometry dta at all wavelengths of interest from thin films vapor deposited on a
silicon wafer with polished native oxide (sample preparation avaifatstipsometry
data unpublished). Thermal oxide optical constdfitpue4-2 dashed lines) aredm a
three term Sellmeier equation for all wavelendt{$®* Silicon indices Figure 4-2
dotdashed lines) in the mIR are also from a three term Sellmeier eqtitidabular
data for silicon at the visible andSFG wavelengths are availafii®and were used to
construct a thirebrder interpolating function for use in the thin film model. All optical

constants were obtained from models @rat Kramerskronig consistat.
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Figure 4-2. Complex refractive indices of PTCDICg (solid), SiO, (dashed), and Si (dotdashed) at
(a) mIR frequencies and (b) VSFG wavelengths. The black traces are the real parts and are scaled
on the left, the red traces are the imaginary parts and are scaled on the right.

Table 4-1. Refractive Indices at 800 nm
Norepig, N0, Ng;
1.741+0.012 i 1.480 3.679+0.004 i

The outof-plane component of the local fieldE™"***) and the generated
fields depend on the refractive index of the source polarized $heét There has
been considerable discussi on the difficulty in quantifying the interfacial sheet
refractive index?’*?84%9 |n the simulations thabllow we consider only the organic
layer as contributing to the VSFG signal. Thus the source polarized sheets are the inner
and outer interfaces of PTCIOk. We idealize that the refractive indices of these

sheets do not differ significantly from thelbwalues and takeéy, =1, =, where
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Noreoie, 1S the bulk value. For the Si3i interface we usé, = n; for comparison of

the total transfer product at that interface (although we consider the seamierd o

susceptibility equal to zero at this interface).

4.3 RESULTS AND DISCUSSION

Within this framework we have several degrees of freedom with which to
explorethe model. They include the input beam angles and the thicknesses of the
organic and dielectrichtn films. In these simulations we have sampled a very small
portion of this space with an effort towards a logical progression through some of the

more prominent model predictions. We will confine ourselves to fixed input beam

angles (gy°* =60 and g™ =56) so that in total we have three coordinates in

parameter space (the two thin film thicknesses and frequency spaEged-1). In
what follows, all transfer products have been scaledheysame factor so that the
relative scales are meaningful. We are interested in exploring the rd|§ ain the

detected VSFG signal and so we set the input field amplitudes equal to unity. We

consider all complex quantities imlar form so that compleXA has a magnitude and

phase(A=|A Exj f A).

4.3.1 Transfer Product Magnitudes

We begin by considering how the magnitude daf* affects the

T ik —

\

ijk
TV

g)uk‘expgi( T + ¥4 terms ofEgs.(4.5) - (4.7) and(4.11) as a

function of frequency. If we choose a dielectric thickness of 300Fmye4-3 shows
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TX| in the imide carbonyl and alkyl-8 stretding regions at all three interfaces for

v

the ssp sps and pss experiments as a function of frequency and PTFCPpihickness.
Figure 4-4 shows the results for theomponent transfer products of thppp

experiment. The magnitude change when going from contour line to contour line
represents a 5% change in the total scale in these plots.
There are several items worth noting from the resoligure 4-3 and Figure

4-4. The first is that for strong mIR absorbers such as the imide carbonyl modes (see

Figure 4-2(a)), there is a frequency dependenceTgf| through the vicinity of the

modes. This is important because it will add frequency dependent modulations to the

T @ terms that are independent of?* (the true interfacial response). This

effed may skew data interpretation in two ways. If all modes in the mIR refractive
index data are VSFG active, the detected nonlinear response will contain this frequency
modulation. If there are multiple modes in proximity and not all modes are VSFG
active,the transfer product will affect the response in the shoulders of the active modes
so that there may appear more VSFG modes than are truly present. This effect is
especially evident in the results that samplezheomponent oflte mIR(Figure4-3(a)

and (b), andFigure 4-4(a), (b), (j), and (k)) where the magnitude modulation can span
over 50% of the total scale across the frequency window for certain values of the
PTCDLHCg thickness. The effect is relaxed (but present) for the weaker absorbing alkyl
C-H modes. There are primarily three influences contributing to this phenomenon. The
first is due to absorption of mIR by the organic layer which obviously becomes larger

with film thickness but is nonetheless a small effect in this space. The second
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contribution is a consequence of ttispersivepart of the mIR refractive index within

the polarized sheets and is primarily responsible for the large modulations an the
component of the mIR at any thickness. When going from air into the organic, the mIR
beam refracts so its wavevector is closer to normal. The projection pfpblarized

field onto thez axis within the polarized sheet is small and sweis/ sensitive to the
angle of refraction which is a function of frequency (due mainly to the real part of the
mIR refractive index irFigure4-2(a) although dispersion is a consequence of both the
real and imaginary components)Yhe third effect is neither new nor specific to our
model (it appears even in the limit of a system with a single interface). It is well known
that reflections and transmissions at the boundaries of media with appreciable and
rapidly varying absorption W lead to rapidly varying Fresnel coefficients dieethe
KramersKronig relation betweenthe real and imaginary parts of the refractive
index*'°**° However, often this effect is overlooked or dismissed and we take this
opportunity to draw attdion to the importance of the frequency dependent mIR
refractive index, especially fanodes with large mIR absorption cross secti@ven in
systems where the layer thicknesses are much smaller than the mIR wavelength and
absorptive losses are negligiblehe last comment we make pertains to the residual
effect of the PTCDICg layer on the frequency dependent transfer proditbie StSiO,
interface (Figs.3(c), 3(f), 3(i), 4(c), 4(f), 4(i), and 4(l)). If this interface contains a

vibrationally nonresoant contribution (T2* c3%), this term will also contain a

frequency modulation due @®*. This effect will show up in the cross terms with the

VSFG active interfaces at the signal intensity level which could bee ld&rghe
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nonresonant susceptibility is large,ibthe vibrational modes are VSH@activethere

mayappeaio befresonance 6 i n t he nonresonant signal

VSFG wavelength, nm
709 704 699 654 649 645 641709 704 699 654 649 645 641709 704 699 654 649 645 641

0 | ) . 5
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Figure 4-3. Transfer product magnitudes 052) for ssp sps and pss(rows) at the three interfaces of

the system (columns) forf {:2 ™ = nm, where interface 1 = air/PTCD}C, interface 2 = PTCDF
Cg/SiO,, and interface 3 = SiQ/Si.
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The transfer product analogs figures 43 and 44 (e.g.Figure 4-3(a), ‘leyz

and Figure 4-4(a),

XXZ
I

) show different thickness dependences due to the way the

componens or p fields propagate differelytthrough the system. It is notably different
at the buried interfaces (columns 2 and Figure4-3 versusFigure4-4). We point out
that one cannot generally express ppe signal intensity simphas a sum of individual
ssp sps andpsscontributions plus @zzcontribution because while the susceptibilities
are relatedc?**= @ @ = @Y and cP**= A the transfer products
are not(T°*, T T, T and T”*, T.*).

With the change in optical interference due to PT-Cthickness relaxed at the

buried interfaces dfigure4-4 (u|T.*

/ Foreone, 1S small and approriately constant) it

is easy to point out some of the effects mentioned above. First, the dispersive effect is
constant across the entire range of thicknessdsgare 4-4(b) and (k). Also, the
growth of weak vibrational featusewith organic film thickness shows how the
absorptive effect is manifegtigure4-4(e) and(h)) and that it is the primary contributor
to the apparent nir es oFgareded@)s(® (Hoand(l)). he t hi r d
Our observations fronFigures 43 and 44 are consequences of the fixed
choices we made for parameter spadenvhich we have sampled a very small subset.
These results highlight the importance of properly accounting for thinifitenference
effects for accurate analysis of VSFG experimental data. Yet it is clear that the changes
in the transfer product magnitudes associated with PICgMhickness are only weakly
correlated with frequency within either frequency region. Thees@ntrue of the

transfer product phase plots (not shown). This observation is important for the next
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sections. Finally, upon close inspectiminFigures 43 ard 4i 4 it is apparent thaiﬂ'”k

\

can be tuned to enhance the contributfoom either interface of the organic by
changing the thickness and that this relationship is generally different in either
frequency window for a given thickness. We investigate this feature in more detall

next.

4.3.2 Transfer ProduciMagnitudeRatios

When degning VSFG experiments on thin films it is most often the case that
only one of the two interfaces is of principal interest and so considerable effort is made
to isolate or make separable one from the other (indeed, thispsimary emphasis of

this dissertatiop One way this is done is by attempting to make one of the two terms

in the sums ofgs.(4.5) - (4.7) and(4.11) dominate. In thel,* ¢ product we focus

\

on tuning the facto. For theppp experiment this is complicated by the fact that

one needs to simultaneously minimize (or maximize) four separate contributions to a
single interface.
With the weak correlation between thickness and frequency noted insthe la

section we can choose a single mIR frequency in each spectral region, observe the log
ratio (IoglO‘Tz“k/Tfk‘), and consider the results for each respective spectral window.
Figure4-5 shows plots of the log ratio adnction of SiQ and PTCDICg thicknesses

at 1720 crit and 2900 cil. Columns 1 and 3 show the ratios for the individual
component expaments §sp sps andpsscorresponding tar**, T, and T#) at the

two frequencies, respectively, while columns 2 and 4 showppipecomponents with
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analogs placed adjacent to one another. The contomlgrl' T | =0 are drawn

dot-dashed. Thus, redder colors indicate contrast favoringfante 2 whereas bér

colors favor interface 1.

dSiOz’nm
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Figure 4-5. Logo ratio of transfer product magnitudes at interface 2 to interface 1 showing how
contrast is tunable as a function of thin film thicknesses Columns 1 and 3 show results fossp sps
and pssat each mIR frequency. Columns 2 and 4 show results for the components of tpep
experiment with analogs placed adjacent so that the owif-plane index is on the mIR in (a)i (d),
the visible in (e)i (f), the VSFG in (i) 1 (I), and on all three fields in (m) and (n). The contours at

Iog(Tz”k /T ) =0 are drawn dot-dashed.
We first observe that there is an irregular periodicity in the ratio for all cases.

This is expected since we are samgllayer thicknesses comparable to the VSFG and
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visible wavelengths. We find that for these thickness ranges the model predicts contrast

as high as an order of magnitude in favor of interface 2 (PIGIAIO,) in the case of

Ioglo‘TziiZ /T?| (eg. Figure 4-5(a)) and more than an order of magnitude in favor of

interface 1 (air/PTCDBCs) for log,, [T /T

and log,,

T,%/T,”} (e.g. Figure 4-5(k)).

Contrast can be achieved specific thin film thickness combinations for the buried
interface only for thesspand spsexperiments (with the exception of a very small area
in Figure 4-5(k)). For theppp experiment it is clear that one can never tune all
components in favor of the buried interface du€&iture4-5(), (1), (m), and(n) never
crossing the contour at @nd to tune for the outer interface is never optimal for all
components.

The log ratio analogs behave very samy at either mIR frequency (e.gigure
4-5(@) 1 (d)) but quite dissimilarly when considering signal generated with the VSFG
polarization component in the sample plaRk&re 4-5(a) i (h)) versus oubf-plane
(Figure 4-5(1) i (n)). For the implane components we see periodicity that alternates
contrast at each interfacehereas the outf-plane components almost always favor
interface 1 (again, the exception being a smat anéigure4-5(k)). This contrast can
be explained similarly to the strong frequency dependence obser#égune 4-3 and
Figure4-4 due to thez-component of the input mIRdid. The projection of the VSFG
field on thez-axis of thep-polarized signal generated in the phase matched direction is
small in the layers that have a small phase matching angle. Thus, the outer interface

will always have a larger projection due teetphase matching angle always being
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largest on the outer side of that interface since the input fields refract closer to normal

within the thin film layers.

The log ratios show that one can achieve magnitude contrast as high as ~10:1 in
favor of interfade 2 and ~70:1 in favor of interface 1. For quantitative modeling, these
relative magnitudes may not be large enough to nullify either interfacial contribution to
the total signal on their own. Interference between the outer and inner contributions
may poduce a significant cross term at the signal intensity level, thus, we explore the

relative phase of the interfacial contributionghe next sectian

4.3.3 Transfer ProducPhase Differences

The transfer products are complex quantities and so their phdkafaegt how
the contributions from each interface interfere to produce the detected signal. In this

section we will consider only those polarization combinations that sample individual
052) componentgssp sps andpsg sincethese haveonly one interference tern the
ppp experimentthere aresix). It is easily seen if we expaids.(4.5) - (4.7) in polar
form, remembering that we have set the input field amplitudes to unity.
. 12 " 12
Igz bg ‘Cf),llk-l-luk‘ _'_( é?) leTgk ‘
L ) ) (4.16)
+2‘Cl(2),uk-|-luk éZ)ukTgk‘Coi -D:kz + (fzukc)
Here fA ,= A - A (A=T* or ¢®@™) is the phase difference between the outer
and inner interfaces of the complex trangfducts and nonlinear susceptibilities.
) ik

For the moment we také £, =0 and present results fanos(fﬂ_j"z) since it is

this factor that contains the phasdependent effect in the interference term of4&46).
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Figure4-6 shows the results for the three experiments of interest at 172@mh2900

cm™ as a function of thin film thicknesses. \Wave drawn the contours at 0 diztshed
to highlight the vicinity where the interference term is nullified. Each contour color

represents a 5% change in the total scale.

1720 cm™!

dpTCDI-Cg> MM

0 e
0 100 200 300 400 5000 100 200 300 400 500
dSioz,llm
Figure 4-6. The phase dependenfactor cos(f'l’l‘_ikz) in the interference term for ssp sps and pss

(rows) at each mIR frequency (columns). The white line in (e)rovides a scale bar of 30 nm to
demonstrate how quickly the interference terms can changesign as a function & PTCDI-Cq

thickness.

These results show irregular periodicity in this space. ConsiderTitis a
difference of sums of the phases of the component transfer coefficient matrix elements

from Eqs(4.8) - (4.10).
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= L iy & (S W ) (417
The visible and VSFG terms in E4.17) are all expected to be similar at small
thicknesses (because they are similar wavelengths with similar refractive indices) but
will vary differently with thin film thicknesses so thdifferencesn the quantities from
the inner and outer interfaces changeaicomplex &y to produce the plots iRigure
4-6. In all experiments and for both mIR wavelengths there are bands that represent
90% constructive (red) or destructive (blue) interference that span these plots which are

a strongunction of both thicknesses.

There are areas in these plots showing thabs(f'l'l"_j"z) / Horcoig ,Sig‘may be
large or small. We generalize that in areas of large interference (red and blue bands) the
change in interference is relatively insensitive itbex thickness. Conversely, in areas
around the contour abs(f'l’l"_“‘z) = Cthe phase difference can be particularly sensitive to
thicknesses and a shift of only a few nanometers can cause the interference to change
quite rapidly. For exampld;igure 4-6(e) shows a white line representing a 30 nm

change in the organic thickness results in a shift from 90% constructive to 90%

destructive interference. These observations are due to the contour at O existing at the

inflection point of the cosine functio(1|ucos(f ) / pr is maximal) whereas areas close

to 1 are at the maximum and minim¢mcos(7)/ pf is minimal).

The phase results presented here show only a portion of how thin film
interference cotributes at the signal intensity level. In order to get a full sense of how

experimental data will behave as a function of thin film thicknesses, both the phases and
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magnitudes (the full amplitudes) of all fields must be considered along with the sample

response. We will explore signal intensity as a function of thin film thicknesses in
Section4.3.5but first we discuss the possibility of designing experiments that sample

only a single interface.

4.3.4 Single Interface Assumption

In order to design an experiment that conceivably samples only a single

interface of our system we will want to minimize the cross term in(£§6) while
optimizing [T;" /" ‘2 for the interface of interest. When analyzing dat&igure 4-6
the contours atcos(f'l’li_j"z): C necessarily eliminate the cross term. Thus, when

searching thickness space we withnt to find an area in the vicinity of these contours

that is also in a region of favorable contraSig(re 4-5) so that ideally the error

introduced by the single interface assumption is zero
_ (2).iikiik |? ab abg . . .
(o =l&7 T - 1577/157790).  We wil focus strictly on finding the best

scenario for each interface. In the case of interfaseelcan see maximal contrast is
attainable in the alkyl region of thessexperiment Figure 4-5(k) and Figure 4-6(f)).

For interface 2 we choose tlsspexperiment in the imide regiorFigure 4-5(a) and

Figure4-6(a)). We setc®™ equal to 1 at both interfaces.

\
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Table 4-2. Errors due to the single interface assumption. Boldfaced values indicate changed
variables and their resulting errors.

Interface
of . mIR ijk |2 ijk |2 ik /iik |2 Cross
Interest Experiment (cm?) dPTCDI-Cg (nm) dSio2 (nm) |T1 | |T2 | |T2 / L | term error
Vv
299.0 136.6 2.33 0.000830 2810 00011 0.00
1 pss 2900
299.0 130.6 2.35 0.000456 5150 00381 0.02
111.3 1265 0.0070 0.217 272 ) 0.00
2 SSsp 1720 0.0081
117.3 126.5 0.0051 0.203 399 012

0.0265

Table Il shows the results of our analysis as well as the effect of some deviations

we will discuss. For both interfaces we seésipossible to achievé_ =0.00 at

error
specific points in parameter space (top rows for each experiment in the table).

However, the underlying cause is different in each case. Whereas interface 1 achieves
. 12
very favorable contrast (281pand a very small cross term so that fh{-t‘z)“k'l'l”k‘ term

truly dominates the signal intensity, interface 2 has modest contrast (27.2) but the cross
term is nearly matched and opposite from the outerfacial contribution, canaap it.

Now, if we change the Sidhickness by 6 nm, we can see that in the case of interface 1
the cross term begins to get larger which introduces a small @grgr=0.02) even as

the contrast has increased in favor of interface 1 to 515Bxanination of Figure

4-6(f) reveals that at these thicknesses there is a rapid change in interference along the

dg, coordinate so that the error ratio will be most sensitive to this parameter. Again,

the contarrs at cos(f'l’l‘_jkz) = Ctend to be in regions of rapid phase change so that this

will almost always be an issue when designing experiments that favor one interface.
For interface 2 we change the PTGQY thickness by 6 nm and find that the créessn

and contribution from interface 1 rapidly become unmatchdtch introduces error
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very quickly (I, =0.12). As a result, the single interface assumption error is quite

error
sensitive to both thicknesses for interface 2.

For quantitative radeling it is probably best not to strive to design a system that
totally favors one interface for this system. First, it is cleat even in the bestse
scenario for interface 1 that the error can fairly quickly appear when the thickness of
SiO, is not controlled very carefully. A 2% error may not seem critical, but if we
include other nonidealities, such as surface roughness, possible errors in refractive
indices or input beam angles, as well as differences in the nonlinear response at each

interface (which will affect the plots iffigure4-6 by making/ & nonzero), the error

from the single interface assumption may become appreciable. Another drawback of
designing experiments that attempt to samplengle interface is that it limits the
measurements to very specific points in parameter space. Sample to sample differences
for the various experiments requiring an assortment of thickness combinations may
cause the interfaces to be structurally différdespecially the outer interfaces),

complicating fitting proceduregshis will be discussed in some detail in Chapler

4.3.5 Spectral Window Signal Intensities

In Section4.3.4 we determined thabne cannot generally ignore interference
between the outer and inner interfaces of the PTC{ahin film for this system. If one
cannot disregard either term in the sum€qs. (4.5) - (4.7) and (4.11), then perhaps

we can pick a thickness combination that makes the experiment easier. If we consider

that the frequency dependence 6f&™ is nearly the same at both PTGOY

interfaces (and therefore the phase differefic€)™ is zero), then the interference
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between the outer and inner terms is controlled &Y, as illustrated irSection4.3.3

Now, if we estimate thakcgz)"“‘| is not drastically differentrém |cl(2)'”k| we can set

them equal and examirtegs. (4.5) - (4.7) and (4.11) to get a sense of the detected

signal intensity as a function of thin film thicknesses due to thin film interference
effecs. We set i = @iz = (ge A3pz= g and
cAd = @7 = (A 3@ 81 since the signal intensities from individual
components that sample theplane mIR transition dipoles are usually considered to be

roughly an order of magnitude lower than the-ofsplane magnitudés’*** (although

the true inplane to oubf-plane ratio will depend on the molecular structure).

dpTCDI-Cg> MM

oL :
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dsi0, >, nm
Figure 4-7. Logy, of the VSFG signal intensity in the case of £, =0 for all four polarization

experiments (columns) at each mIR frequency (rows) showing the orders of magnitude (contours
drawn dot-dashed) spanned irthe space of thin film thicknesses.

Figure 4-7 shows the results foﬂogm(lg" ? at 1720 cnt (top row) and

2900 cmi* (bottom row) with contours at each order of magnitude drawrdasted.
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These plots are a catpuence of the absolutBigure 4-3 and Figure 4-4) and relative

(Figure4-5) transfer products at the interfaces of interest and the interferences between
them Figure4-6). First, we note that the patterns are similar but not the same in both
frequency windows as should be expected. This is due mainly to the effect that the mIR
frequency has on the VSFG wavelengths, shifting to shorter wavelengts aikyl

region relative to the imide regiorrigure 4-2). Different VSFG wavelengths have
unique transfer matrix elements that beat differently with the visible field transfer
matrix elements in Eq$4.8) - (4.10) and(4.12) - (4.15), as discussed i8ection4.3.3
Second, we can see the detected signal in thigrpican be very low when in regions

of nonoptimal thickness combinations, or very high in regions of optimal thicknesses,
and that the signal intensity of a given experiment can span several orders of magnitude
in this space. We have previously reportiedmatic differences in VSFG signals for
identical thicknesses of PTCIg but varied Si@thicknesse¢Chapter2).%®

For electronically nonresonant VSFG, the amplitude of a given mode is real and
the sign of its contribution to:éz) can be either positive or negative. By inverting the

sample axes the amplitude of the mode will change sign due to the tensor properties of

c® as mentioned in Sectioh.3.2.6 In a typical VSFG experimerdnd when the

electric dipole approximation is valid (discussed throughout Sedti8y the signs

among modes can be used to quickly deduce the relative polar orientations of those
molecular moietego n average functional *gP8UPfs poin
we consider the same mode at both interfaces (which is always true for an organic thin

film that is thiker than a single monolayer) the sample axes for that mode may or may

not be inverted. Setting both contributions to the same sign (&gure 4-7) is
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equivalent to interpreting the relative polar orientation as the same tainetfaces

(e.g. on average the outer dipole transition points into the air, the inner transition points
into the organic film). But if we now consider the modes have opposite polar

orientation (i.e. the inner dipole transition now points toward the;)SiBen
A= @A =1 and P = P7 =J0.1sothatf &% = (this result reverses

the scale oFigure4-6).
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Figure 4-8. Logy, of the VSFG signal intensity in the case off & = for all four polarization

experiments (columns) at each mIR frequency (rows) showing the orders of magnitude (contours
drawn dot-dashed) spanned in the space of thin film thicknesses.

The intensi plots in this case are shownhigure4-8. We observe that there is less
overall signal compared teigure 4-7 but again the intensity can drop many orders of
magnitude for nomptimal thickness combations. But perhaps more importantly
there is a clear difference in signal asuadtion of thin film thicknes®etweenFigure
4-7 and Figure 4-8 for all experiments in both frequency windows. Barramy large

deviations from our assumptions on the nonlinear responses of the two interfaces, a
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careful VSFG thickness study of a given organic thin film should unambiguously

differentiate the relative polar orientation of all vibrational modes at theaotsf

4.3.6 Simulated VSFG Spectra

The primary goal in VSFG is to discern interfacial molecular structure from
experimental data. Going beyond the qualitative discussion on the amplitude sign in the
last section, the usual analysis involves calculating tlezage polar tilt angles for
multiple modes and relating these results tokmawledge of the structure of the bulk
molecule to deduce the molecular orientation at the interface using either the bond
additivity model?24942"4%3gcal mode approximatioff-“?’or more recently a whole
molecule approacfi* The calculation can be done using the ratio of @Sfata that

2) jjk

sample thec! components with #plane mIR(spsor ps9 to outof plane mIR(ssp

or ppp).240:261:274.335.428.444.449 ditional information can be obtained by considering the
relative amplitude ratio of two different modes within a given polarization
combinatior?®* 45447 |n this section we investigate the effects of thin film interference
on these experiments at the signal intensity level in VSFG spectra in order to illustrate
the meaning of tha@apparentamplitudes in experimental data. It is important to note
that the discussion on the interfacial susceptibility that follows is highly idealized in
order to more easily separate susceptibility effects from transfer product effects on
spectral da.

We consider the nonlinear susceptibilities at the inner and outer interfaces of the
organic film as a sum of five Lorentzian oscillatias discussed in Sectidn3.2.8and

1.3.2.9
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5
c*=c'g & (4.18)
=1
¢ = P (4.19)
Wl,q - Wig A 1,(;"

The collection of oscillators are assumed identical or opposite in sign at the two

interfaces

c@ik = o @ik (4.20)
depending on which relative polar orientation we are discussing. igras the mR
input field frequency,A , is the amplitude of theg™ mode at interface 1y, is its
center frequency, an@, , is the damping constant. All of the orientaabmformation
is contained inA ,. The prefactorC* is equal to 1 fork =z (™ and ¢?) or

Jo.1for k=xory (c?* and c?*™), as discussed in the previous section.

Table 4-3. Resonant VSFG Parameters

W, (cm‘l) A./G, G, (cm‘l)
1657.7 -J0.5 5
1693.5 1 5
2844.% Jo.7 5
2928.C J0.7 5
2952.C Jo.7 5

We have chosen for our simulation to use the modesmrasthe miR refractive index
data ofFigure4-2. We set the center frequencies to be the same as five primary peaks
found in the imaginary part of the mIR refractive index. The parameters for all VSFG
active modes are shown Table4-3.

With the interfacial nonlinear susceptibilities assumed equal we can factor out

the pure susceptibility spectrum from E@E5) - (4.7).
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Igbg ‘c£2),iik‘2g-rlijk‘2 ﬂTgk‘z ,ilmkHT;jzk‘COS( ﬂﬁlkz +/(‘12)¥) (4.21)

Here T, is frequency dependent anfd{f)Z’"k =0 or p depending on the relative polar

orientation of the modes at interface 2 (the simgkg. (4.20)) so that changing the polar
orientation of molecules at interface 2 simply changes the sign of the interference term
in Eq.(4.21). We will analyze how the inner, outer, and interference terms i(ME24)
contribute to the total signal. For thpp experiment of Eq4.11) the number of terms
involved is ten and so we simplify the analysis by absorbingtéctor value in Eq.

(4.18) into the transfer products. We define an effegipptransfer product
TVDDD 1 -I—Vxxz 'k/ﬁ szx VLO_]I/ ZXX -I:I_'_z; (422)
so that we can replacE™ with T, in Eq.(4.21) andperforma similar analysis for

the ppp experiment, separating the total inner and outer interfacial contributions along
with their interference term.

With this set of assuntipns, for all modes the true-plane to oubf-plane ratio
of individual tensor elements at the intensity level is 0.1. Of course, this is artificial but
makes it easier to analyze thin film interference effects on the apparent ratios of the
individual modes. Also note that in general each mode may have either polar
orientation, here we have chosen to examine the two extremes where all modes have
either the same or opposite relative polar orientation at each interface. If a mix is
considered, the anaig is more complex.

If we choose an experimental geometry that maximizes contrast in favor of
interface 2 we can see froRigure4-5 that for this system there is no optimum choice

of thin film thicknesses that satisfies thexjuirement for all four experiments and both
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possible relative polar orientations of modes. Focusing on optimizing only for-one in

plane and one ogf-plane experiment we can seeFigure4-7 andFigure4-8 that the
in-plane experiment should Isps(sincepssalmost never provides contrast in favor of
interface 2). For the owdf-plane experiment we selesspsince the thin film model
analysis is more straightforward than fgsp. ExaminingFigure 4-5 - Figure 4-8 we
=100 nm andd

select the vicinity ofd =120 or 150 nm. We have chosen to

Sio, PTCDI-G

present results for the case of two PT&Rlthicknesses in order to further illustrate the
sensitivity of the collected signal to similar thin film thicknesses.

Figure 4-9 shows simulated VSFG spectra for all four experiments at both
organic thicknesses. The simulated msigy spectra(lZ”y are shown as solid dark
gray and black for the case af?™ = £ and ¢ = - £, respectively. The

‘cfk‘z spectrum is drawn dashed green and is full scale irld#.pThe first two terms

in Eq. (4.21) (|T* ‘2 and ‘Tz”k‘z) are shown dashed gray and black, respectively. These

all share a common scale on the left. The interference term is solid lighter red for
c = & and dark red in the case af?™ = - £ The corresponding scale is

on the right for these terms.
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dPTCDl—C8= 120 nm VSFG wavelength, nm ‘IPTCDI—C3= 150 nm
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Figure 4-9. Simulated VSFG spectra and component transfer product terms in Eq(4.21) with
dsio, =100 nm for all four polarization experiments (rows) shown at two PTCDICg thicknesses

(columns). Each plot contains traces o1cfk|2 (dashed green),|‘|’lijk |2 (dashed gray), and |T2""‘|2

(dashed black). The transfer terms for he ppp experiment are defined in Eq.(4.22). For the cases
of 7 E)Z'”" =0 and p the signal intensity (I¢”¥ is drawn solid gray and black, respectively, and the
interference terms are drawn solid light and dark red, respectively. The componentclijk |2

resonances ee shown in (b) (solid blue). The interference terms are scaled onhie right and all
others are scaled on the left.
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”’"‘2 spectrum (dashed green) relative to the individual

Examining the ‘cl

Lorentzian oscillators (blue) ifrigure 4-9(b) we can see that the total interfacial
spectrum has different maximum amplitudes relative to the component resonances due

to interferences among the componexgis well described elsewhet®. This effect is
not related to thin film interference. We provide *h’é(‘z spectrum as eeference in

all plots of Figure 4-9 because the thin film interference moddfects this spectrum,

not the individualLorentziancontributions. Thus, ifrigure4-9 the detected signal is

composed of each of the dashed tra(cﬁ&k‘z) plus its corresponding interference term

(red trace}imes the‘ cl”'k‘z spectrum. Which of the signal traces is dete¢téd ? solid

black or solid gray) depends on the relative polar orientation of the molecules at the two

interfaces. The polar orientation relatitor a given mode is maintained in all plots
(since inversion of the axes changes the sign of the eatftetensor, all elements).

Thus, in the plots ofigure 4-9 if one performs measurements for all p@ation
experiments the collected intensity data will correspond to either all the black traces or
all the gray traces. This provides a useful constraint when analyzing data.

The sign of the interference term will determine for which polar orientaten th
detected signal intensity is higher. In this space we find that in all cases the interference
term is negative for the same polar orientation except the imide regkiguse4-9(a),
both regions inFigure 4-9(f) and the alkyl region irFigure 4-9(g). In general this

relation will depend on the experiment geometry (film thicknesses, angles of incidence,

etc.) which dictates the value ofT*. It should k& noted that if we design an



186
experiment where the interference term is nearly zero, we clearly lose sensitivity to the

relative orientation of modes at the interfaces (e.g. imide regidtigofe 4-9(a) and

Figure 4-9(f) and alkyl region ofFigure 4-9(g)) since this sensitivity is contained in
f £ within the interference term.

Our thickness choices were based on attempting to maximize contrast in favor of
interface 2 for thespandspsexperiments. Ifrigure4-9(a), (b), (e), and (f) we can see
that by first considering the results Bfgure 4-5 i Figure 4-8 we can design the
ijk ‘2

experiment to meet these needs. Tr}@‘z trace is larger tha‘Tl in all cases except

the alkyl region for thesps experiment withd,c, o, =150 nm. However, we have

chosen thikness combinations that are not optimaldpssignal intensity (se€igure

4-7 and Figure 4-8). Also, in attempting to satisfy the contrast condition for both
experiments and at both mIR frequenciss, did not obtain a single spectral region in
which the contrast was maximally an order of magnitude in favor of interface 2 as we
noted could be the case in Secti3.2 The highest ratio we observe is for gsp

experimet in the imide region with dyrpe o =150 nm  (Figure 4-9(e) where

[T%/T,*1° 6). If we had chosen a thickness combination that resulted in higher

contrast for thessp experiment, it would have been at thgpense of the desired
contrast for thespsexperiment (se&igure4-5). This is in fact the case for the alkyl
region in thespsexperimenof Figure4-9(f).

Of course, both interfaces contribute tbthk signal intensities dfigure 4-9,
thus, the apparent amplitudes at the intensity level are complicated by the fact that every

observable resonance is composed of contributions from both interfaces. The amplitude
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ratio orieriational analysis mentioned at the beginning of this section is therefore

dubious based on the apparent amplitudes the full thin film interference model is
essential to separate the interfacial contributions and digpeantitative molecular
structue. Even if one could attribute the full response to a single interface, there is still

the issue of the relative field strengths at the interfao@logous to thel; factor

corrections commonly reported for single interface systand discussed in Section
1.3.2.72%%8%  Thus, Figure 4-9 is meant to illustrate the wide variety of apparent
responses due to thin film interference together with the possibility of two polar
orientations. For these similar PTCD} film thicknesses the experimahtresponse

can be very similar (e.g. thmppresporse for same polar orientatioRigure4-9(d) and

(h)) or drastically different (e.g. trepsresponsdor opposite orientatiorfigure4-9(b)

and (f)). The experimentally observed relative peak intensities may follow the same
2),ijk‘2

relative true‘ cl( peak heights when the individual terms of Ej21) are spectrally

flat (e.g. imide region of thepsexperiment ofFigure 4-9(b)). However, the relative

peak heights are generally modulated by either a gradual change in the transfer product
terms across the spectralngow (almost all cases for theitfane experimentspsand

ps9 or are modulated by very distinct frequency variations as in the case of tbk out
planesspandppp experimentsas discussed in Sian 4.3.1 Frequency modations in

the imide region for the owdf-plane experiments even cause a discernible apparent
frequency shift in the intensity plots Bigure4-9(a), (d), (e), and (h). Finally, we point

out that the frequency windows we havewh are sufficiently far apart that in many

cases the magnitude of the signal amplitude relative to th+a}ﬁ?§‘2 response may be
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quite different in the imide region versus the alkyl region (@gure4-9(b), (c),and(f)

for same orientation show the apparent imide responsamnaler than the alkyl
response) but is not cessarily dissimilar (e.dgzigure4-9(e)). The results frorfigure
4-9 emphasize thenportance of accurate modeling of interference effects in nonlinear

surfacespecific spectroscopy in order to arrive at the true sample response.

4.3.7 Additional Comments

We end our discussion with a few comments. Obviqubly assumption that
the inner anauter interfaces of the organic film have the same VSFG response implies
that all modes are identically ordered and are in the same chemical environment at
either interface. This is clearly not the case in general (indeed, discerning molecular

structureand structural differences the goal in most VSFG experiments). Thiésg,,
G, and w,, may vary for all modes at either interface. The result is that in general

one cannot factor oqtcéz)'”k ‘2 in Eq. (4.21) and 7 ¥, is frequency dependent. We

simply state that our suppositions are a reasonable gtgridnd for evaluating VSFG
data taken from thin film systems with two similarly VSFG active interfaces and that
complete data analysis must factor in deviations from this ideality. In fact, by using our
model these results may be used to test thesenptisns.

Experimentally there is rarely prior knowledge of the true interfacial responses
and so we want to point out a problem of correlation between the magnitudes of the

contributions from the inner and outer interfaces. Consider the simplest calsiEhn

I;* and 15> data are measured on the ideal system outlined abowe, fgy . =120

nm. Here, the interfacial response is identical on the inner and outer interfaces for each
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experiment andhiereforesspandspsexperimental data match either the black or gray

traces inFigure 4-9(a) and(b). While the transfer producit the two interfaces

generally have different absolute magnitudes, it is apparent Figare 4-9 that they

are nearly proportional (|T}*|° C|T*| where C is the proportionality constarthat

depends on the experiment, thin film thicknesses, and input beam angles). Now, if we

ik

consider tle possibility for scaling the interfacial nonlinear responsesa(‘el(.z) ‘ and

b‘cgz)’“k‘ Where‘cf)'”k‘ = ‘1 &”"‘ as outlined in the last section) while maintaining the

samedetected signal intensity we can rée Eq.(4.21) with scaling factorsa and b

on the appropriate terms.
12 - " . . "
1509 ‘Cf)‘”k‘ gaTl”'“2 ﬂbCTf"‘z 2abq'[k‘zcos( i, +,(f12_)2<) (4.23)
From our example we know that the true response is describea=y 4 but a

secom possibility for describing the detected signal is éor C andb=1/C. So that

when fitting the data, even with the constraints of the thin film model, extracted
parameters from a single point in parameter spaag not be unique and identifying
which is the correct physical picture may be ambiguous. Before we address this further
we consider an additional issue.

We want to highlight the importance of discerning the relative polar orientation
ik

for all modes of iterest!*® Deviations from our assumptions iqu) will cause the

differences that are obvious in the spectraFaure 4-9 to become less clear in
experimental datgthis is indeed the case for data presented in the next chapter)

Discerning the black lines from the gray lines for any individual thickness combination
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with no reference may be ambiguous amddeling for one case when the true case is

opposite will lead to large errors in fit parameters as they are adjusted to make up for an
erroneous model. For instance, if we were to experimentally megStiend ;> in

the alkyl region ofFigure 4-9(e) and (f) and, using the thin film model, extracted
resonant parameters by assuming one polar orientation when the actual case was the
opposite, there would be a very large disparityhia extracted mode amplitude ratios
relative to the true ratios.

In order to resolve the problems associated with correlations between interfacial

responses and nonidealities within those responses, more information is required. For

instance, if Kleinman symmetry can be invoked th*atnZyZZ =‘ gm‘zzz and ideally one

need only to do the additiongbss measurement in order to constrain the model.
However, it is more likely that the analysis will need to include more complicated
effects. For instance, the refractive index ofGBPI-Cg has a small imaginary
component in the visibler@ble4-1) and VSFG wavelength&igure4-2(b)). This may
mean that this particular molecule contains a small doubly or triply resonant VSFG

contribution which makes the amplitudes of the mod@g,s) complex®®®

Additional degrees of freedom need to be sampled in order to sort these issues out.
Thus, any interfacspecific coherent spectroscopy of thin film systems with two
similarly active interfaces may realistically reégumultiple thicknesses to be prepared
or beam angles to be varied in order to extract unambiguous resonant parameters.

We have taken a preliminary look into the effect on intensity level ratios with an

amplitude changeat one or the other interfaceThe result suggests that, foreth



191
thicknesses sampled Figure 4-9, the apparent ratio can reproduce qualitative trends

(i.e. actual irplane to oubf-plane ratio goes down at the buried interface, intensity
level ratio goes dom). However, we stress that this may not be true for all
experimental geometries and that the problem of reliably changing only one interface

experimentally without changing the other complicates this analysis. Consider the

terms in Eq. (4.16). If ‘ Ak ‘2 >‘ gk ‘2 and

‘Z‘Cl(Z)ijTlijk éZ)ijkTgk‘COS( T+ (ﬁk‘i) %(3”" T ‘2 with Cos(lei_J'kz + fgzéijk) <

2) ik

then as‘ cg ‘ becomes largerl?® goesdown affecting the apparent amplitude ratio

opposite to the way that is expected.

The input angle space that we chose not to explore here certainly adds additional
degrees of freedom to the mod®*°>*>! Allowing for different input angles for the
different polarization xperiments will allow for better optimization of desired
properties (e.g. contrast in favor of the buried interface, higher signal intensities).
However, in actual experiments there will be the issue of the relative spatial overlap of
the input beams thatill need to be addressed if dateeto be compared with varied
input beam angles. We propose that a more elegant mathematical exploration of the
multidimensional parameter space will lead to better optimization of experiments and
additional effects nobbserved here. Indeed, the model has revealed many interesting

details on this system herewhichwe have sampled a small subset of parameter space.
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4.4 CONCLUSION

The application of the thin film model to VSFG of stratified systems has
important impliations for the field. For certain, the resultsttuésecalculations show
that inclusion of the frequency dependent transfer products is necessary for quantitative
assessment of interfacial structure. In a broader sense, the qualitative metrics of
orienation and order by VSFG may still be accurate, but only in cases in which the thin
film thicknesses and experimental geometries are carefully chosen. With frequency
dependent refractive indices and film thicknesses in htral,multilayer thin film
interferencemodel can be used to impose additional constraints on fitting procedures,
adding certainty to the conclusions from these measurements. We propose that
carefully executed thickness dependent VSFG studies combined with the model
presented above ma ka solution to the twmmterface dilemma facing many in this
field. Experimental work corroborating these resul{gréesented ithe next chapterA
collection of Mathematica notebooks that were used to generate the model ifiigures
this chapterwhich can be used to investigate other multilayer thin film systams

included in the supplementary materials

' D.O. wishes to thank T. Tiwald for assistance with PT@Rlellipsometry data. This work was
supported by the National Science Foundation under Award Number-TNMB386, and partially
supported by a Seed Grant from the MRSEC Program of the National Scienaafi@uninder Award

Number DMR0212302 and DMF0819885.
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CHAPTER SUMMARY

This chapter presents experimental evidence that the interfacial thin film model
developed in Chapter @rovides an accurate description of optical interference effects
contained in VSFG obtained from mulgker thin film systems. The samples are
PTCDFCg vapor deposited ahkickness gradiesion silicon wafer substrates, one with a
very thin 2 nm native oxide and another with a 300 nm thermally grown oxide thin film
layer. Two surface substrate surface mmegiions were used: bare $Si@nd silica
functionalized with trimethoxy(octadecyl)silane(ODTMS) in a self-assembled
monolayer (SAM). VSFG datawere collectedn both thesspand sps polarization

combinations from rasters along each thickness gradigmbthuce 2D datasethat are
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a function of organic thickness and mIR frequency in the region of the imide carbonyl

stretches. Treatment of the data within the electric dipole approximation indicates that
the interfacial thin film model provides a good cigstion of optical interference effects

in the VSFG data and that interfacial terms are significant. However, discrepancies
between the physical interpretation of the fit results and what would be expected for
response within the electric dipole approa&iton provokes consideration for higher
order interactions. The thin film model is expanded to include a description of fields
generated from theulk of the organic film and is applied tbe data analysis The
conclusion is that bulk and higher ordeterfacial terms ar@resentfor this system.

Even with this complication, an analysis is provided based on the signsfivfréseilts

that allows for the deduction of the relative magnitudes of the interfacial electric dipole
responseat the buried ir@rfacebetweenbare and ODTMS substrates. Those results
indicate that the initial monolayer of PTCIOk on bare Si@ assembles in a more
reclined phase and molecules on ODTMS are standing up but with more tilt across the
short axis of the perylene cord he significance of this chapter is the demonstration
that the multilayer interference model provides an accurate description of VSFG from
thin film systems and that this providasinique way to separate contributions to the

VSFG intensity data.
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5.1 INTRODUCTION

The molecular structure at organic interfaces can dictate the function of a
material*®**°24°3 Characterizing the microscopic structafeexposed interfaces can be
challenging, but interrogating the molecules that reside at internal interfaces is
particularly problematic. While exposed interfaces have historically neeoriant for
fields such as adhesidri,adsorption®® or reactivity®’ characterizing the molecules at
buried interfaces has become an especially important challenge as the field of organic
semconducting devices has become pervasive in recent’yéassdetailed in Sections
1.1and1.2 Of particular concern in this dissertation is the active interface in organic
field-effect transistors (o0FETs\here devicebehavior is almost exclusively controlled
by molecular structure dhe buried interface For oFETSs, although the charge transfer
mechanisms that occur within the active region are complex, it is effectively only the
first molecularmonolayer or two at the buried interface of the organic thin film and the
dielectric material that participaie overall device performancd.?°

Various techniques for characterizing buried organic thin film interfaces were
detailed in Sectiorl.2.3 where it was noted that none of the standard experiments
possess thereferred conditions for characterizing buried interfacd$he two basic
requirements of an ideal experiment for studying interfacial molecular structure are that
the measurement is highly sensitive to interfacial moleculehasithe ability to make
measirements on a wide variety of systems. In the field of nonlinear optical
spectroscopy, and within the electric dipole approximadietailed in Sectiori.3.2.5
the signals generated by techniques described by-ademned inéractions are zero

where there is inversion symmetry. For thin film systems, the bulk of most materials
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are subject to this selection rule and it is only at the interfaces of the thin films where

inversion is broken and there is a possible-pem materl responsé? Vibrational
sum frequency generation spectroscopy (VSFG) is a semoladspectroscopyhathas
been demonstrated as a sensitive probe to molecular structure at inteffacess 44
In addition to interfacial sensitivity, it also meets the second requirement of the ideal
experiment with its ability to make nondestructive measurements with few limits on the
types of systems that can be probéa principle, t can be used to study any interface
accessible by light. Perhaps of greatest value is its ability to study tloéustrof
molecules at buried organic interfad&g®324328:344.455

Yet, despite decades of valuable contributianthe understanding of interfacial
phenomena, VSFG remains somewhat exotic and speciadizddas not been adopted
into the list of standard characterization techniques for organic thin films. This is in part
because the technique is not without its tations, particularly in the complexity of
data interpretation. To those outside the nonlinear optics community, it is not always
clear how thick of an interfacial region is probed by VSFG, and whether the bulk really
has no contribution to the signals. ¥ih the community, there is evidence showing
that the interface is largely only the first layer of the functional group under
interrogation and that the bulk response is negligifle.But arguably, these are
guestions that must be addressed on a syBtesystem bas, as discussed in Section
1.3.1.7 and they are not easily answered. Aklat generality in data interpretation is
particularly hindering for VSFG applied to thin film systems composed of arbitrary
numbers of layers whetthere existoptical interference effects for all electromagnetic

fields involved. In the case a@FETs, whch are almost always multilayered, these
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guestions are prominent issues that we have focused on addressing with a generalized

multilayer interference mod@a{>3%’

For any interfacespecific nonlinear optical spectroscopy, the detected signal
will depend ontie local electric field amplitudes at each active interface as well as on
the emitted waves, all of which are subject to thin film optical interference effects. For
a system comprised of only a single thin film, the description of optical interference in
VSFG data is tractable by considering the Fresnel formulas for reflection and
transmission at interfaces. The problem is solved by considering infinite reflections and
transmissions at the boundaries while accounting for phase offsets due to traversing th
thin film layer?13593613624321q\vever, br systems composed of more than a single thin
film layer the expressions that describe optical interference very quickly become
unwieldy as waves that trangrout of one layer may subsequenlgrefleciedback in
by other layers. For VSFG applied to an organic thin film within a multilayer system,
the problem is further confounded by the presence of two very similar interfaces
contributing to the same VSF&pectrum. Thus, every mode that appears in VSFG data
from an organic thin film is potentially a result af leasttwo sourcesi the two
interfaces of the organicwhich must be separated.

Chapter 3 addressedmodeling multilayer interference for interfacgpecific
nonlinear optical spectroscopies by considering the transfer matrix formalism for thin
film systems composed of arbitrary layfs.With this approachthe system is split
any layer into subsystems | and Il and use partial system transfer coefficieafsé d
reflection and transmission through each subsy&ténThe model effectively reduces

the multilayer problem to a single thin film (any layer in the system) with newly defined
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coefficients of reflectionrad transmission at the pseuboundaries of subsystems | and

Il. The local and emitted fields are then calculated in a completely analogous way to
the single thin film system described above.

Chapter4 providedfurther effots at tackling the twainterface and multilayer
interference problerby detailingan extensive VSFG simulation analysis tioe model
system of this dissertation thatrepresentative of a commaofET device geometry?’

That chapgr discussed the feasibility of quantifying molecular structure at the buried
interface of an organic thin film by specifically considering the-imterface problem
applied to the simplest multilayer, a system comprised of two thin films in which an
orgarnc layer is vapor deposited onto a thermally grown oxide dielectric on a silicon
wafer substrate. By using the thin film interference mdtetas shown that the
thicknesses of the thin films can have a profound effect on the detected signal
intensity>">%" There was also discussion orsome of the possible issues that could be
important when attempting to use the thin film model to separate the interfacial
contributions in VSFG data. Onancertainty that remains is whether ttetected
signals are descrnl within the electric dipole approximation. There are two
complications that arise if higher order terms are appreciable. First, one must describe
thin film interference effects contained in any possible bulk contributions, and second,
we must separatthe dipole terms from any higher order terms within the interfacial
response.

The goal of thischapteris to present experimental evidence that the multilayer
thin film model provides a good description of optical interference effects in VSFG

spectrafrom thin film systems. The focus continueson the model system: the organic
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s emi ¢ ondu cdootyl-3,4,9MQpeylenedicarboximide (PTCBIg) vapor

deposited as thickness gradierdn silicon wafer substrateBigure5-1). Wefocus on

the imide symmetric(n,, ~1700 cnt) and asymmetric streteb (77,., ~1660 cnf).

as?
We present evidence that major features in the intensity data are predicted by interfacial
response described kire multilayer model, indicating that the detected signal has
significant interfacial contributions. Analysis of those results indicates some
inconsistencies with what would be expected for response from this system within the
electricdipole approximation.The rultilayer modelis thenexpandedo include terms

that describe optical interference effects in possible bulk contributiotge present

an analysis on the datmsed on inclusion of bulk and interfacial termSrom those
results wereexaminethe interfcial contributions. In particular, we considsfects

from large interfacial field gradients and possible interfacial quadrupolar coupling terms
andshowthat these higher order terms behave like dipole terriwithin film system.
Finally, we discus some of the difficulties that must still be overcome and ways to
improve upon this work in order to more quantitatively solve theitwgrface problem

of VSFG applied to organic thin film multilayer systems. The major contribution from
this chapteris the experimental evidence that indicates the multilayer model provides a
complete description of optical interference effects from interfacial as well as bulk
terms and that the thin film geometry offers a unique method to deduce relative
contributions fom the various VSFG source term®/e considerthis astep towards
interfacespecific nonlinear spectroscopy becoming a viable and robust tool for studying

interfaces in thin film systems.
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5.2 EXPERIMENTAL

5.2.1 Sample Preparation

80 mm

n

air

1
n
PTCDLC
ﬁ dp'rcm-cs
2

Figure 5-1. Schematic view of gradient samples on silicon wafers with two oxide thicknesses. Also
shown is a the structure of PTCDiCg and a photo of two bare SiQ samples used in this work
illustrating different optical interferences present.

Sample preparation followedrom Section 2.3 with some modificatiori®
Substrates consisted of ~25 x 100 Trsiticon wafers cleaved from the center of 100
mm diameter, 0.5 mm thick, <100> wafers. Silicon wafers had eitheish@d native
oxide (NO, Silicon Quest International) or polished 300 nm thermally grown oxide
dielectric layer (TO, University Wafer). Briefly, all substrates were cleaned following
the RCA cleaning proceduf@4%® Standard clean 1 (SC1) consisted of a ~5:1:1
solution of distilled water/30%4D, in water/NHOH initially heated to 80°C.

Substrates were sonicated in SC1 for 5 minutes followed by distilled water rinse and
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sonicatim.  Standard clean 2 (SC2) consisted of ~50:1 solution of distilled

water/concentrated HCI. Substrates were sonicated in SC2 for 5 minutes followed by
distilled water rinse and sonication and wereeson distilled water until useA ~5

mm strip of alminum or gold was masked onto the long edge of each substrate by
electronbeam vapor deposition. This provided reflectivity needed for the sample
position monitoring system described below. For substrates that were modified with an
trimethoxy(octadecyl)iane (ODTMS) self-assembled monolayer (SAM), we followed
aspin-casting and vapor annealipgocedurghat gives a very smooth and weldered
SAM® followed by masking on the metal strip. Finally, witte metal strips masked

off, using a home built vapor deposition chanibBTCDFCs was deposited as a linear
gradient using a programmable shutter that continuously moved back and forth over 80
mm of the length of the substrates during deposition. Substrates&onps were held

at 105 °C during deposition. Gradients were deposited pairwise for NO and TO
substrates for bare and then ODTMS functionalized surface preparations. This resulted
in wedged thickness gradients of PTA@Qy that went from 0 to ~200 nm indlcase of

the bare substrates and O to ~400 nm in the case of the ODTMS functionalized

substratesKigure5-1).

5.2.2 VSFGEXxperiments

The VSFG spectrometewas described in Sectio.3.5.1%° Briefly, the
regeneratively amplified system (regen) outputs 4¥¥HKIM) pulses centered around
800 nm with 30 nm of bandwidth at 1 kHz for 1.7 W of power before compression.
About 300 mW of this is spectrally filtered to 3 nm of bandwidth aseld to seed a

home built multipass amplifier followed by further spectral narrowing in a 4f pulse
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shaper for use as the visible pulse in the VSFG experiment. Half of the 1.0 W

compressed regen output is used to pump an optical parametric amplifieretblbyw
difference frequency mixing of the signal and idler beams to give the mIR pulses used
in the experiment. Typical visible beam characteristics are BW&M) pulses with 4
pd/pulse centered around 798 nm with 7’c(AWHM) bandwidth. The mIR pulses
weretuned to the imide carbongtretchingregion of PTCDICg and were typically 100

fs (FWHM) with 2 pJ/pulse centered at 1680 tand 150 crit (FWHM) bandwidth.

The mIR angle of incidence from normal was 56° and the visible wasTa% .optical

sysem is enclosed in a sealed box and continuously purged with dal@@ {Fdew
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Figure 5-2. Schematic of VSFG experiment and data collection showing the sample leg and
reference leg. Also shan is a faceon view of the gradient sample indicating beam placement and
raster direction.

QPD1  QPD2

Both sspandspspolarization experiments were performed (polarization in order
of VSFGuisiblemIR). Rotating the mIR fronp- to s-polarization was accomplisd
by replacing a turning mirror and straight periscope with a twisted peris€ogad

5-2). Thesspdatawerecollected forboth bare SiQ samples followed by rotating the
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polarization of the input beams sps The ODTMS suiace functionalized samples

were prepared later but adhered to the same VSFG data collection seqizate.
individual spectrum was obtained as an average of 5 data frames and 5 background
frames with the mIR beam blocked. Fmpthe CCD integration tim on an individual
frame was 6 minutes, fapsit was 10 minutes.

The VSFG experiments consisted of collecting spectra fromdené&nsional
raster along the length of eattficknessgradient with step sizes of 1 or 2 miidure
5-2). Thus, for a given gradient sample the total time for collectingsphdata set was
maximally 801 90 hrs, and fospsthat time increased to 130150 hrs. There were
two main technical challenges involved in these experiments. The first e@méog
for instability in the laser system over the many weeks and months of data collection.
The second was accounting for pointing in the detection system as we transtated 80
mm along the gradient.

In order to account for instability in the lasystem, data collection consisted of
a sample leg and reference leg simultaneously collected as vertically separated
spectrally dispersed stripes on the CCD arfagure5-2). The input beams were split
for use in each leg witthe mIR split 50/50 and the visible split 20/80 with more power
going to the gradient sample. The reference sample consisted of a 75 nm ZnO film
deposited by atomic layer deposition onto a NO wafer. The reference VSFG spectrum
was consistenthgspfor both thesspandspssample experiment§. The beams were
focused in each leg to around 100 um 1/e radius spot size on the short axis of the
projected spot ellipse. Temporal overlap was achieved by second order cross

correlation of the input beams on a ZnO thimfih both legs with timing delays set to
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0. Each data stripe was independently calibrated for wavelength. Sample spectra were

then normalized by dividing by third order interpolation of the reference spectra.

To minimize walkoff in our detection syem as we translated along each
gradient we employed a sample positioning scheme that used two qyattverdiodes
(QPDs) paired with two HeNe beams that reflected offnle¢al strip on each sample
(Figure5-2). One QPD monitad the beam at neaprmal incidence and was used to
correct twist and tilt of the sample plane. The other QPD monitored the beam at
oblique incidence (~45° from normal) and was used to correct depth and assist with
monitoring tilt. With motorized actuats on the xyz and twist/tilt degrees of freedom
of the sample stage we were able to autordata collection and sample positioning
along 50 mm of travel at a time using a custom LabVIEW interface. Automation
consisted of an algorithm that used feedbfiokn the QPDs to make sample plane
corrections after automatically moving to a preprogrammed raster spot followed by
shuttering off the QPD HeNebs for VSFG dat
gradient we used a manual linear stage and micronstéek to translate to the
unsampled region and continue data collection. The efficacy of the QPD positioning
system was tested by monitoring the SFG spectrum of a ZnO reference sample and it
was found to correct pointing to well within the tolerancehefdetection system.

With a rasterized step size of 1 or 2 mm we can calculate the PTEDI
thickness step size. For bare substrat@®@ nm wedge over 80 mm) this results in
thickness steps of about 2.5 or 5.0, mespectively For ODTMS substrates400 nm
wedge over 80 mm) the thickness steps were then doubled. Based on the spot sizes of

the input beams we calculate the thickness differential to be no more than 1.0 nm (for
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ODTMS gradients) within the area being sample for a given raster point #leng

gradient. Thus, we ignore the variation in thickness within a given measurement. This
gave uexcellentthickness resolution for our VSFG experiments.

The steps we took to account for the technical challenges associated with these
experiments led ot very reliable sample positioning and mostly reliable data
normalization. We found that in particular, careful attention to maintaining the
cleanliness of the reflective metal strip was important for the accuracy of the QPD
positioning systemwhich was otherwise extremely robust. Normalizing by the
reference spectra was in most cases reproducible whenvdag¢aetaken after any
adjustments and feptimizations of the laser system. However, in some cases repeated
datasets, which otherwise had the sapectral features, were sometimes not on the
same absolute scale after reference normalization, differing by as much as a factor of
or more Nonetheless, for a given gradient sample set, any fluctuations in the laser
system were generally well accounfied by this scheme so that we are confident that
each individual gradient dataset is at least largelycaeifistent and the absolute scales

among all sample datasets are nearly correct.

5.2.3 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) wasrfpemed on the thickest ends of the
wedges in order to corroborate our QCM measurements. Vidatacollected in the
spectral range of 700 to 1100 nm at 45°, 60°, and 75° angle of incidence. TO and NO
data were simultaneously fit using known optical cantst for air, Si@, and Si. We set
the oxide thicknesses at constant values determined by several SE measurements on

unique sampleswith the ODTMS SAM aslorbed into the NO layer. The refractive
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index of PTCDiCg was modeled as isotropic and was tiedotdh TO and NO data.

The resulting optical constants agreed with previous results for this material in this
spectral rang&’’ The thin film thicknesses are showriable5-1. These were used in

the multlayer VSFG model.

Table 5-1. Thin film thickness results from SE used in the VSFG multilayer model. Quantities in
italics were fixed in the SE data fits.

Bare ODTMS
Oxide PTDCICg Oxide + SAM PTDCLICs
NO 2.0 202.7 4.0 406.3
TO 295.0 190.8 295.0 421.3

It should be noted that the quality of the fits to the SE data were reasonable for
the 200 nm wedge (16.heansquared errorMSE) and a bit lower for the 400 nm
wedge (42.1 MSE). Efforts to improveetl$E data fitting indicated that a graded index
model and, to a lesser extent, optical anisotropy may be important; however, we found
that the thickness results were consistent even when more complicated effects were
introduced. There was high correlatibetween the resultant PTCGIQ% thickness and
chosen oxide thickness so that it was necessary to constrain the oxide at estimated
thicknesses based on previous measurements. The TO manufacturer stated that the
thermal oxide was nominally 300 nm with up5% error. The value used is consistent
with measurements on bare substrates and is well within the manufacturers stated error.
Reporting these results is reasonable for the work considered here because the thickness
results were only slightly differerior more complicated models. Anisotropic effects
may be important for future studies; however, the VSFG multilayer interference model

assumes isotropic media. Extending the model to anisotropic systefsusegoal.
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5.3 QUALITATIVE OBSERVATIONS

(a) ssp NO-bare

(b) ssp TO-bare

VSEG intensitys arb

"Cm~r 1660

(¢) ssp NO-ODTMS (d) ssp TO-ODTMS

0 0
Figure 5-3. VSFG gradient experimentsspresults for bare substrates(first row) and ODTMS
functionalized substrates (second row).

We begin by presenting the reference normaligsp data for both surface
preprations and oxide thicknessesHigure 5-3. The data are all shown on the same
scale with thicker gridlines for the major frame ticks drawn as well as thinner gridlines

for the minor ticks from the dependent variables. The @bboring is scaled to each

individual dataset in order to bring out contrast within each plot. In all four cases,
starting at 0 nmwe see there is a dramatic increase in signal intensity with organic

thicknessfor both imide modes and thtte intensitypeaks in the region of 120200
nm PTCDICg for all datasets. The symmetric mode around 1700 ‘tmeaches a

maximum that is larger than that of the asymmetric mode around 166Gmththe
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symmetric mode maximum is significantly larger for NO substrdagiress-3(a) and

5-3(c)). The absolute scalerfthese datasets indicate thatreaches a maximum peak

at more than twice the intensity for NO substrate vs.f@iCboth surface preparations

and that thenaximumfor rn_ is roughly the samm all cases It is striking that in the

data from ODTMS functionalized substrates (Figuse3(c) and5-3(d)), where the
gradient went to ~400 nm, we observe a second rise in the signal at the thickest end of
the gradent (most apparent iRigure 5-3(c)).

There are clear differences in the response for both surface prepairadioate

that functionalization of the substrate surface does have an effect on the thickness

dependent VSFG respsmat thicknesses below 200 nm. For instangereaches a

larger maximum for Né&bare Figure 5-3(a)) relative to ODTMSFigure 5-3(c)). A
recheck of data from the bare substrdtem Figure 5-3(a) (bare SiQ samples placed
back in the laser system atite intense regiomeasured for a second time) indicated
that the relative signal intensities are realthis caseand that ODTMS has lower
overall signalas compared to barative oxide We have previously noted differees

in overall signal intensitie$or these two surface preparatiofis.This is an early
indication of the exquisite interfacial sensitivity of VSF@& somewhat more subtle
effect present in theada is an apparent frequency shift in the vibrational modes, both as
a function of organic thickness (e.g. follow the gridline at 1700 infrigure 5-3(d)) as
well as in the frequency scales for bare relative to ODTMS substrafest is, it
appears that the mode maxima are {doited in Figures B3(a) and 53(b) relative to

Figures 53(c) and 53(d). Finally, we note that there is a perceptible vibrationally
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nonresonant response that is most obvious in data from TO subgiaferes 53(b)

and 5 3(d) where the noise in the baseline below 200 nm generally does not cross zero).

Figure 5-4. VSFG gradient experimentspsresults for bare substrates(first row) and ODTMS
functionalized substrates (second row).

The spsdataare shown inFigure 5-4 where again, all data are on the same
absolute scale but the plot coloring is scaled to each individual dataset in order to bring
out contrast. Immediatelye see the data are on a scale thabigghly an order of
magnitude less intense thasp Again, each mode experiences a dramatic increase in

signal from 0 nm but now the relative magnitudes between the symmetric and

asymmetric modes are differenFor instance, the maximum far, is now larger for

both surface preparations ™O (Figures %54(a) and 54(c)). Also, we see that,

shows two maxima inthe 07 200 nm thickness range on J@DTMS (Figure5-4(b)),







































































































































































































































































































































































































































































































































