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Abstract

A novel UHV microcalorimeter has been used to study the interaction between
calcium and three polymers: MEH-PPV, MEH-PPP and P3HT. All three polymers
behave differently in their reaction kinetics with calcium. On MEH-PPV we measure
45 pJ/em’ of heat generated in excess of the heat of bulk metal growth, 120 pJ/cm’
for MEH-PPP, and 100 pJ/cm? for P3HT. Comparison of the MEH-PPV and MEH-
PPP data indicate that the initial reaction of calcium with MEH-PPV occurs at the
vinylene group. We propose, based on hypothetical models, that calcium reacts with
the vinylene groups of MEH-PPV with a reaction heat of 360 kJ/mol and at a
projected surface density of 1.7 sites/nm”, while it reacts with the phenylene groups
of MEH-PPP in a two-step process with reaction heats of 200 and 360 kJ/mol

respectively, at a projected surface density of 3.5 sites/nm’.

Optical absorption experiments, using either a 1.85 eV diode laser or a xenon lamp
coupled to a scanning monochromator, have also been performed using the same

calorimeter sensor. In the case of MEH-PPV, using the laser we find an optical

absorption cross-section of 3x10™7 c¢m? per incident calcium atom at low coverages.
The change in absorptance at higher coverages correlates perfectly with the
population of reacted Ca atoms determined calorimetrically. The size of the
absorbance cross-section, and its position just within the band gap of the polymer, are
consistent with the reaction being one of polaron formation. Calcium does not appear
to dope P3HT, while the photon energy range of 1.5 to 3.75 eV used in these

experiments is likely too small for probing polaronic energy states in MEH-PPP.
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1. Introduction

In the world of electronics, one of the most pursued areas of research is in display
technologies. Increasingly, traditional cathode ray tube displays are being replaced by
less bulky liquid crystal and plasma displays, while the next generation of displays
are developed. One of the most promising classes of these future displays are based
on organic light emitting diodes (OLED)."' An OLED is, in its simplest form, an
organic layer sandwiched by electrodes, most often using the transparent indium tin
oxide (ITO) as the anode for light to escape from the device.>” A schematic drawing
of this device is shown in Figure 1.1. This organic layer can be a semiconducting
molecular layer, or a semiconducting polymer. An OLED based on polymer (PLED)
is particularly attractive when the polymer is soluble in common solvents, since this
promises easy manufacturing using spin-coating or dip-coating techniques, as
opposed to vacuum deposition with molecular semiconductors. Solubility in common
solvents also promises novel device fabrication by “ink-jet printing”, where the
dissolved semiconductor is accurately sprayed onto substrates using ink-jet printer

heads adapted for the purpose.*

Semiconducting polymers owe their electronic properties to the conjugated backbone.
While typical small organic molecules are insulators because of the wide band gaps
between their bonding and anti-bonding orbitals, the formally alternating double
bonds in these polymer chains give rise to the narrow band gap necessary for OLED
operation.” By having different backbone structures, the conjugation length can be
altered and thus different band gaps can be realized in different classes of polymers.
The choice of side groups can also be used to modify the band gap of the polymer,
through a combination of direct electronic influences and steric interactions, i.e.
twisting of the polymer backbone which in turn alters the conjugation length. As
well, careful choice of side groups is a means of facilitating solubility in common

solvents to ease device fabrication.



Cathode (Ca)

Polymer

Anode (ITO)

Figure 1.1: Schematic of a simple 3-layer OLED device
Note that the cathode is composed of a low work function metal, typically
calcium, while the anode is typically indium tin oxide. Also of note is that
while functionally a 3-layer device is sufficient, current state-of-the-art

devices usually have charge injection layers to aid efficiency.



There are a few different families of conjugated polymers of interest for technological
development: poly(para-phenylenevinylene), poly(para-phenylene), polyfluorene, and
polythiophene are some examples. While researchers have investigated the first three
polymers in terms of OLED applications, polythiophene has been studied primarily
for its feasibility in transistors thanks to its high charge carrier mobility.® The

chemical structures of these materials are shown in Figure 1.2.

While some researchers study these polymers and fine tune their electronic
properties, ' others study the actual fabrication of devices.''"* Figure 1.3 shows a
schematic of the energy levels of the various layers in the simple 3-layer OLED
shown in Figure 1.1. From this figure, we see that it is desirable to have a cathode
made of a low work function material to minimize the electron injection barrier due
to the high energy of the lowest unoccupied molecular orbital (LUMO) in polymeric
semiconductors. On the contrary, a high work function material is desirable as an
anode to minimize the hole injection barrier given the polymer’s low lying highest
occupied molecular orbital (HOMO). A commonly used material for cathode
fabrication is thus calcium metal, while the ceramic indium tin oxide (ITO) is often
used as the anode both for its transparency to visible light and relatively high work
function. Figure 1.4 shows both the work functions of several metals of interest in
OLED research as well as two that are commonly used as interconnect conductors,

and the band edge alignments for a few semiconducting polymers.'**°

As well as energy level alignment, there are many other interfacial issues that must be
understood in order to fabricate efficient devices, e.g., adhesion between polymer and
electrode,”’ electrode metal grain size effects,** the possibility of an insulating film
between electrode and polymer due to the high reactivity of the low work function
metal used,” and electro-migration of electrode material into polymer,** to name a
few. To properly design OLED devices then, the interfaces between electrodes and
polymer must be thoroughly understood. Indeed, there have been extensive

investigations in the literature on metal-polymer interfaces, most of which have been



Figure 1.2: Chemical structures of some technologically important semiconducting
polymers
(a) poly(para-phenylenevinylene) (PPV); (b) poly(para-phenylene) (PPP);
(c) polyfluorene (PF); and (d) polythiophene (PT).
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Figure 1.3: Non-equilibrated schematic energy level diagram for the simple 3-layer
OLED device
Note that the cathode needs to be a low work function (¢,,) material for
efficient electron injection. E,,. is the vacuum energy level, £4 and /E are
the electron affinity and ionization potential of the polymer respectively,
while LUMO and HOMO are the lowest unoccupied molecular orbital and

highest occupied molecular orbital respectively.
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Figure 1.4: Work functions of metals of importance to OLED devices and band edge

energies for several semiconducting polymers

The work functions are on the left hand side, while the band edge energies

are no the right hand side: (a)

MEH-PPV." (b) PPV,'*"* (¢c) NOD-PPV,'¢

(d) CN-PPV." () DD-PPV," (f) 2,5-DCN-PPV," (g) P3HT,"® (h) PT,"

(i) PFO,” (j) PA." The chemical structures of these polymers are shown

in Figure 1.5.
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Figure 1.5: Chemical structures of the polymers included in Figure 1.4



carried out using spectroscopic techniques as will be discussed in the next chapter.
While spectroscopy is useful, in fact very powerful, in deciphering the details of these
interfaces, it is nevertheless beneficial to also study these systems using methods
other than the measurement of electronic energies. We therefore introduce
calorimetry so that new, complementary information might be obtained to further
understand these systems. These calorimetric studies have been performed on a few
metal-polymer interfaces, namely those between calcium and three particular
polymers, poly[2-methoxy,5-(2’-ethylhexyloxy)-para-phenylenevinylene] (MEH-
PPV), and poly[2-methoxy,5-(2’ethylhexyloxy)-para-phenylene] (MEH-PPP). The
polymer poly(3-hexylthiophene) (P3HT) has also been studied for this work. Even
though it is not normally studied for usage in OLED devices, this polymer was
recently studied in detail using two-photon photoemission spectroscopy within our
group,” thus making it an interesting material to study with calorimetry. The

chemical structures of MEH-PPV, MEH-PPP and P3HT are depicted in Figure 1.6.

Taking advantage of the calorimeter’s capabilities, simple optical spectroscopy has
also been performed on these systems. This demonstrates the unique capabilities of
the apparatus in our laboratory: by means of calorimetry, information can be gained
about the strength of the interactions between the deposited metal and polymer.
Moreover, the kinetics of these interactions can be elucidated through the shapes of
the heat curves as a function of the amount of metal deposited. Furthermore,
spectroscopy can give information with regards to phenomenon such as doping under
conditions identical to those in calorimetric experiments, as well as potentially
yielding a second means of determining reaction kinetics through the evolution of

absorption as a function of deposited metal.

There are many different possible outcomes when calcium is deposited. Intuitively,
calcium may interact strongly with the polymer substrate, or it may not. If there is a
strong interaction, it may be due to calcium acting as a dopant to the polymer much

like in conventional semiconductors, or it may be due to calcium undergoing a
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Figure 1.6: Chemical structures of the three polymers studied in this thesis

(2) MEH-PPV, (b) MEH-PPP, (c) P3HT.
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chemical reaction with the polymer substrate. This reaction then may be due to
calcium reacting with impurities in the polymer substrates, or with the polymer
chains themselves, which may take place at functional groups on the side groups, or
at the conjugated backbone. If calcium does not interact strongly with the polymer
substrate, it may form a metallic overlayer with a sharp interface, or it may diffuse
into the polymer, which can either occur to a limited extent such that the unreacted
calcium stays close to the surface, or it may diffuse deep into the polymer layer.
These ideas will be further discussed in the next chapter with respect to each of the

polymers studied.
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2. Calcium Chemistry

2.1. lonic Species

In order to understand the interactions between calcium and polymers, it is instructive
to have an understanding of general calcium chemistry. Calcium is an alkali earth
metal, thus it readily gives up its 2 valence electrons to form ionic compounds.
Calcium can form different compounds with oxygen. One oxygen-containing
compound is calcium oxide CaO, a white ionic solid with a standard heat of
formation of -634.9 kJ/mol.?® Another compound involving oxygen and calcium is
calcium peroxide CaO,, which is thermodynamically unstable towards decomposition
into CaO and oxygen gas. This compound is not well characterized, due partly to it
always having traces of water or hydrogen peroxide trapped in the crystal lattice from
synthesis, and partly to its instability toward decomposition. The standard heat of the
aforementioned decomposition of CaO, to CaO and oxygen gas has been calculated
to be -23.5 kJ/mol,”’ thus yielding a standard heat of formation of -611.4 kJ/mol for
calcium peroxide. This reaction, however, occurs slowly, CaO; is therefore used as an

oxygen releasing source in agriculture.”®

Calcium reacts with water to form calcium hydroxide Ca(OH),, which has a standard
heat of formation of -985.2 kJ/mol.*® Ca(OH), is thus thermodynamically more stable
than calcium oxide (standard heat of formation for water is -286 kJ/mol),*® but can be
converted to the latter by heating. Calcium also reacts with sulphur to form calcium
sulphide Ca$S. This compound has a standard heat of formation of -482.4 kJ/mol,*

which is less exothermic than that of CaO.



12

2.2. Organometallic Species

While calcium is more commonly known to form almost purely ionic compounds, it
can also form molecular organometallic compounds. The most important family of
these calcium compounds is calcacene, which consists of a Ca®* cation sandwiched
between 2 cyclopentadienyl CsHs™ (C,’) or related anions. Calcium can react with
cyclopentadiene CsHg to yield Ca(Cp),, though this reaction is more facile if calcium
is pre-reacted with ammonia to form calcium amide Ca(NH,), before reacting with
cyclopentadiene.”° The structure of the compound is shown in Figure 2.1 and
Figure 2.2.2°°° Unlike the most well known sandwich compound ferrocene Fe(Cp),
however, not all cyclopentadienyls are ° bonded to the calcium, where n’° indicates
that all 5 carbons in the Cp ring interact with the metal centre. Furthermore, the Cp
rings are not 180 degrees from each other in Ca(Cp),, unlike in ferrocene where the
Cp rings are directly opposite to each other. Instead, being a large cation witha 1.0 A
radius compared to 0.61 A for Fe**,?® each Ca>" coordinates with 4 Cp rings. Some of
these bridge across different calcium centres; as a result a three dimensional cross-
linked structure is observed in the absence of solvent and impurities. This cross-
linked structure is such that in the coordination sphere of each Ca*", there are 2 1’
bonded, 1 n*-bonded, and 1 '-bonded cyclopentadienyls.”® On the other hand, the
non-cross-linked species Ca(Cp),(THF), is known to be the product when Ca(Cp); is
synthesized in THF before the solvent is driven away by heating in vacuum. Calcium
cation also forms a compound with the bulkier pentamethylcyclopentadienyl anion
Cs(CHs)s™ (Cp*). This compound does not have a cross-linked structure; instead it is
a molecular compound with only 2 n’ rings per metal centre as can be seen in Figure
2.3.%° This phenomenon is attributed to the increased steric bulk on the ligands. Both
Ca(Cp), and Ca(Cp*), readily react with Lewis bases, including solvent molecules,
where the bases form dative bonds with the calcium center. When this happens,
Ca(Cp); loses its cross-linked structure and becomes molecular, just as in the case of

THF mentioned above.
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Figure 2.1: Structure of Ca(Cp),
There are four rings in the coordination sphere of each calcium atom:
rings A and C are n°-bonded to calcium, ring B is n’-bonded, while ring
A’ is 1'-bonded. These rings can also interact with other calcium atoms to
act as bridging ligands. (Reprinted from J. Organomet. Chem., 80, R.
Zerger, and G. Stucky, Unsaturated organometallic compounds of the
main group elements. Dicyclopentadienylcalcium, 7-17, Copyright 1974,

with permission from Elsevier)
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Figure 2.2: Structure of Ca(Cp),
While this figure is not clear in indicating exactly what the interactions are
between calcium and cyclopentadienyl, it shows that some Cp rings act as
bridging ligand in forming an extended cross-linked structure. (Reprinted
with permission from T. P. Hanusa, Chem. Rev. 93 (1993) 1023.
Copyright 1993 American Chemical Society.)
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Figure 2.3: Structure of Ca(Cp*),
Of note are the molecular nature of this compound, and that the Cp" rings
are not parallel to each other in each molecule. (Reprinted with permission
from T. P. Hanusa, Chem. Rev. 93 (1993) 1023. Copyright 1993 American
Chemical Society.)



16

Interactions between calcium and carbon-carbon double bonds in species unrelated to
cyclopentadienyl are also possible. Examples of these are the molecular compounds
Ca(CHPh=C(CH3)-C(CH3)=CHPh)(THF), in which the unsaturated ligand is n*
bonded to the Ca,”'*? and Ca{[Si(CH3);]CH=CH-CH[Si(CHs)3]}»(THF),, where the
ligand is 0’ bonded.**** These two molecules are shown in Figure 2.4 and Figure 2.5
respectively. It should be noted that the latter compound cannot be formed by a direct
reaction between Ca metal and the neutral parent ligand; instead it is formed by an
exchange reaction wherein calcium halide is reacted with the ligand anion that is

typically prepared by the abstraction of a hydrogen atom using a strong base.*

Direct reaction between calcium and benzene is thought to have been achieved by the
co-deposition of calcium vapour and benzene: it has been reported that the highly
unstable insertion compound PhCaH forms when calcium and benzene is co-
deposited at 77K, followed by the warming of the reaction vessel to room
temperature.>* Insertion can also occur at the alkyl groups in substituted benzenes
using the same preparation method, where calcium inserts both between the alkyl and

phenyl groups, as well as within the alkyl chain.**

Another compound involving benzene rings and calcium is CaPh,, which is the
proposed product in the reaction between iodobenzene and metallic calcium carried
out in THF at -20°C.** The authors did not report structural information on the
compound, unfortunately, nor did they indicate whether THF is also complexed in the

reaction.

One last species worth mentioning is the ring-sandwich anion that calcium forms with
cyclooctatetraene. [Ca(CgHg),]*, with K as counter ions, can be prepared by the
addition of cyclooctatetraene to potassium and calcium metals in ammonia at -78°C.

The two rings are reported to be eclipsed, and n®-bonded to calcium.
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Figure 2.4: Molecular structure of Ca(CHPh=C(CH3)-C(CH3;)=CHPh)(THF)4
Calcium interacts with the ligand via the delocalized n-electrons that span
4 carbon atoms. (Reprinted from Coord. Chem. Rev., 210, T. P. Hanusa,
Non-cyclopentadienyl organometallic compounds of calcium, strontium

and barium, 329-367, Copyright 2000, with permission from Elsevier.)
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b
'i"__—:’

Figure 2.5: Molecular structure of Ca{[Si(CH3);]JCH=CH—CH[Si(CH3)3]}.(THF),
Calcium cation interacts with the ligands via the delocalized n-electrons
spanning three carbon atoms. (Reprinted from Coord. Chem. Rev., 210, T.
P. Hanusa, Non-cyclopentadienyl organometallic compounds of calcium,
strontium and barium, 329-367, Copyright 2000, with permission from

Elsevier.)
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2.3. Interactions with Semiconducting Polymers

Polymeric semiconductors have been studied predominantly by researchers interested
in fabricating electronic devices. As a result, instead of chemistry, they are often
focused on physical electronic descriptions in terms of band structures, where

37,38
d.*”"® These new

polarons and bipolarons form when the semiconductor is dope
polaronic energy states are formed because doping, i.e. the addition or removal of
electrons from the polymer, changes the geometry of the conjugated backbone that
gives rise to the narrow-gap band structure that leads to the polymer’s intrinsic
semiconductivity. Figure 2.6 shows a schematic energy level diagram of the various
types of common polaronic species®” proposed in the literature as possible charge
carriers. The new energy states lie within the band gap. Interestingly, the energy level
diagrams in Figure 2.6(b) and Figure 2.6(c) appear to indicate that polaron

formation is an endothermic process. The following is an explanation of this

phenomenon; Figure 2.7 is an aid to this discussion.*’

In an ionization process from the neutral ground state of the polymer, an energy
corresponding to the vertical ionization energy (Ejp,y) is required to promote the
system to the charged state (Figure 2.7(a)). This Epp, corresponds to the energy of
the HOMO of the undoped polymer (Figure 2.7(b)). Since the equilibrium geometry
of the charged (doped) state is in general different from that of the ground neutral
state, there is a relaxation energy (E;) upon doping as the charged system relaxes to
the new equilibrium geometry. If we then consider the de-doping of this charged
ground state, an energy corresponding to Epp 4 is gained, which is different from Ejp,
by the sum of E; and Eq, the latter being the distortion energy of the ground state to
get to the geometry of the doped state. Thus, when a polaron is formed, the HOMO
shifts higher in energy into the band gap by the sum of E; and E4, with a
corresponding shift in the opposite direction for LUMO.* Note that the same

argument applies to the further shifting of the energy levels when bipolarons are
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Figure 2.6: Schematic energy diagram of common species in the doping of

semiconducting polymers

The empty boxes represent the empty conduction band, while the filled
ones represent the occupied valence band. The diagrams represent the
following species: (a) undoped, (b) negative polaron, (c¢) positive polaron,

(d) negative bipolaron, (e) positive bipolaron.
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Figure 2.7: Diagrams for explaining the energies of polaronic levels
(a) Schematic diagram of the energy surfaces of neutral and charged
species. The R axis designates atomic distances. Ejpy s the vertical
ionization energy, Epp 4 is the 1onization energy of the distorted species, E;
is the relaxation energy, and Eg is the distortion energy. (b) Schematic
energy level diagrams of the neutral and doped (charged) species at their
respective equilibrium geometries. AE, the energy shift of the polaronic
state from the HOMO of the undoped polymer, corresponds to the sum of
E; and E4 in (a).



22

formed.

Using PPV as an example, Figure 2.8 demonstrates the proposed geometry of
polarons and bipolarons.***' The quinoid geometry, as adopted by the negative
polaron shown in Figure 2.8(b), is higher in energy than the benzoid geometry of the
undoped polymer; thus Figure 2.8 demonstrates chemically why a polaron should be
destabilized compared to the pristine polymer. This figure also demonstrates why a
bipolaron should be energetically more stable than 2 independent polarons: since the
formation of a polaron requires a change in the entire conjugated length from where
the charge is located, whereas in a bipolaron there is a change only in the segment

between the charges, less energy is required for its formation.

From a chemist’s perspective, one desires an understanding of polymer doping by the
calcium in terms of chemical bond formation. In previous sections different types of
chemical interactions between calcium and various molecular species have been
discussed; what about interactions with polymers? One possible type of interaction
between calcium and polymer is a redox reaction involving the entire conjugated
polymer backbone. This could be a favourable reaction, since the extended
conjugated backbone of these polymers should be able to accommodate negative
charges readily, which can lead to interactions analogous to high-n interactions seen
in conjugated molecules. Analogous to calcacene compounds, another possible type
of reaction involves calcium bridging either different parts of a single polymer chain,
or bridging across chains. The extent of these reactions would depend strongly on the
geometry of the polymer chains, which in turn depends strongly on the side groups.
Of course, calcium can also interact not with the polymer backbone but with the side
groups instead. Clearly there cannot be a blanket statement about the interaction of
calcium with different polymers; the following is a brief survey of literature

information on the three polymers studied in this thesis.
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Figure 2.8: Chemical picture of polarons using PPV as a model
(a) neutral, (b) negative polaron, (c) negative bipolaron. Note in this

picture the quinoid form is adopted when a polaron is formed.
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2.3.1. MEH-PPV

There are conflicting conclusions in the literature about the interaction between
calcium and MEH-PPV. Some researchers report that polarons/bipolarons form when

4243 These studies are usually done

calcium is deposited onto PPV-type polymers.
using x-ray photoelectron spectroscopy (XPS) and/or ultraviolet photoelectron
spectroscopy (UPS). In XPS, where core electrons are investigated, new calcium
peaks attributed to Ca®" can be seen to grow in as calcium is deposited, while in UPS,
where valence electrons are probed, new peaks that arise inside the band gap have
been concluded to be due to the formation of polarons/bipolarons. These
spectroiscopic studies do not include discussion of the localized bonding structure of
the calcium. It has been suggested through theoretical studies that the calcium
interacts with the vinylene double bond, forming new electronic states within the
band gap, consistent with the formation of polarons/bipolarons.** In this picture

calcium is calculated to be located at the vinylene carbons, with electrons transferred

onto the conjugated backbone, forming delocalized new states.

Contrary to those who suggest calcium reacts via charge transfer into the conjugated
backbone of the polymer, some researchers find that calcium interacts with the
vinylene double bond to form localized carbide bonds between the carbons and the
calcium centre.* Here it is proposed that calcium bonds formally with both of the
vinylene carbons to form a 3-membered ring, as evidenced by fragments with a mass-
to-charge ratio of 65, assigned to the cation [CaC,H]", seen in the secondary ion mass
spectrometry (SIMS) spectra, together with changes in carbon XPS signals
corresponding to C-C, O-C, and C-O-C environments when the interface is exposed

to oxygen.

Some researchers contend that while calcium reacts with the polymer substrate, no
calcium polymer complex is formed.*® In this picture calcium oxide is said to form at

the surface of the polymer via two possible mechanisms. The first is that calcium
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breaks alkoxy bonds and extracts oxygen atoms, while the other is that calcium reacts
with oxygen impurities embedded in the polymer substrate near the surface. These
conclusions have been drawn through XPS studies where the authors argue that the
growth of a narrow new oxygen peak, as well as the way oxygen and calcium signals
change during the course of deposition, indicate the formation of a crystalline

compound.

2.3.2. MEH-PPP

Information is scarce about MEH-PPP in the literature: it appears that this polymer
has only been studied purely in terms of suitability as a candidate for device
fabrication, such that only device performance data is available but not chemical
details. p-Sexiphenyl (6P), an oligomer of the unsubstituted PPP backbone with six
repeat units, is concluded to form polarons and bipolarons in the presence of sodium,
since the observed Raman spectra closely resemble the calculated spectra of the anion
and dianion using DFT.*’ Based on the result for 6P as well as other oligomers of
PPP, the authors contend that the Raman spectra of unsubstituted PPP can also be
adequately explained by the formation of polarons and bipolarons through doping by

. 4849
sodium.™

Calcium, on the other hand, is argued in one study to induce bipolarons in 6P from
the very beginning of deposition, as opposed to the usual formation of polarons
followed by the coalescence into bipolarons.”® The authors draw this conclusion by a
peak shape argument of the intra-gap state seen in the UPS spectra. They argue that if
bipolaron formation was stepwise, the peak shape should change with deposition
since a peak component should first grow in and then decay while a second

component appears. Instead, they observe no peak shape change in their experiments.



26

2.3.3. P3HT

Information about the interaction between P3HT and calcium is also scarce. In a
study of a copolymer with alternating phenylenevinylene and thiophene monomer
units, it has been reported that calcium reacts primarily with the sulphur atom.”' This
is argued by the growth of a new sulphur peak in XPS. The authors have not
suggested what the chemical structure might be when calcium reacts with sulphur
centres, only that the XPS peak corresponds to a Ca-S bond. The authors also suggest
that a smaller fraction of calcium dopes the polymer by a parallel competing
mechanism, as seen in the growth of new signals in the carbon XPS peak and the

smearing of the HOMO-derived peak in UPS.

A few studies have been done on the oligomer a-sexithiophene (a6T). Some
researchers conclude that while it is possible to describe the interaction between
sodium and a6T in terms of doping, where polarons, followed by bipolarons form as
coverage increases, it is more appropriate to describe the interaction as sodium
reacting with sulphur centres by transferring its electron to S, since a low
conductivity is measured when sodium is present.’* In another study where sodium is
deposited on P3HT, the authors contend that sodium reduces and abstracts sulphur
from the polymer, breaking apart the thiophene ring to form sodium sulphide in the
process, which makes n-doping of the polymer in the conventional sense
impossible.”® They base their argument on the formation of an XPS signal that can be
assigned to sulphur in a reduced state, along with the decay of the thiophene sulphur
signal. Contrary to this study, it has also been reported that potassium, an alkali metal
like sodium, n-dopes polythiophene instead of forming localized bonds with the
sulphur atoms: polarons, followed by bipolarons, can be observed by the growth of

intra-gap states in UPS.™

In studies on the aluminum/polythiophene system, aluminum is argued to bond to
thiophene rings in the a-positions (atoms that are immediately next to the sulphur in

the ring), thus localizing the former n-electrons into strong Al-C bonds and disrupting



27

3336 Hartree-Fock calculations have been

the conjugated backbone in the process.
done in these studies using a model where aluminum dimers (chosen such that a
closed-shell system is obtained for ease of calculation) interacts with the polymer.
Within this framework, electron density between the Al centres in the dimer is
transferred to the resultant Al-C bonds. It is noteworthy that according to these
calculations, an electron-rich sulphur XPS signal does not necessarily imply atom

abstraction and formation of metal sulphide.
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3. Experimental

3.1. Apparatus

While adsorption calorimetry has a long history in surface science studies,’’ the need
to study reactions involving small sample sizes, thus small amounts of heat, has been
the drive to further refine this age-old technique. In one of the earlier designs of the
modern ultra-high vacuum (UHV) microcalorimeters designed by D.A. King, the
temperature measurement is done remotely by a broadband infrared photon detector
viewing the back side of the substrate.”®> The substrates for this apparatus are mostly
thin film single crystals of epitaxially grown metals. The next major update to UHV
microcalorimeters is by C. T. Campbell, which has a heat detection system that is
based on a pyroelectric ribbon of B-polyvinylidene fluoride placed in contact with the
substrates.®” The pyroelectric material acts as a heat detector by producing an
electrical signal when there is a change in heat input. This phenomenon arises from
the material’s crystal structure, which is polar. At equilibrium, charges accumulate at
the surfaces through internal conduction (albeit limited) or other ambient sources
such that the intrinsic dipole of the crystal is neutralized. However, when it is
perturbed, be it by mechanical means or by heating, the crystal’s dipole changes. If an
external circuit is present connecting the surfaces corresponding to the two ends of
the dipole, this change would induce a flow of charges as the equilibrium is being re-
established. This charge flow can be measured as a voltage, thus yielding the

electrical signal needed for the material’s use as a heat detector.’’

The use of pyroelectric materials in direct contact to the system being studied is
clearly a better heat detection method than a remote photon counter, especially since
considerable precautions need to be taken to minimize stray photons unrelated to the

system studied in the latter method. However, the somewhat cumbersome assembly
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required for the ribbon pyroelectric detector, makes it difficult to achieve a good

thermal contact between the detector and sample.

Taking advantage of the low treatment temperature required for polymer surfaces
compared to metallic crystalline surfaces, a novel apparatus specially adapted for
studying polymer metallization was designed in our group. A disc made of a
pyroelectric material was used as the substrate for the polymer, as well as being the
heat detector. This pryroelectric is of a ceramic type, able to withstand polymer

degassing temperatures without losing polarization.

A schematic diagram of this unique UHV microcalorimeter is presented in Figure
3.1. The sensor assembly was built around a pyroelectric lithium tantalate (LiTaOs3)
crystal disk with the crystal’s dipole normal to the circular surfaces (Marketech
International, z-cut, 10 or 11 mm diameter, 0.5 mm thickness). These two surfaces
were gold plated (200 nm), with chromium (10 nm) as an adhesive layer between
LiTaO; and gold, to serve as electrodes. The polymer was spin-coated onto the
crystal, which was then mounted such that contacts were made between the crystal’s
two faces and, respectively, the copper back electrode and the mounting stub. Figure

3.2 is a schematic diagram of this sensor assembly.

The calorimeter consisted of two chambers separated by a gate valve: a main chamber
for carrying out metal deposition and measurements, and a preparation chamber for
curing and/or degassing of the sample. A base pressure on the order of 10" torr was
achieved by a turbomolecular pump (Varian V-250), backed by a rotary vane
roughing pump at the preparation chamber, and three ion pumps at the main chamber
(Thermionics IP-200 outside of the effusion cell section and two Thermionics IP-020

pumps at the effusion cell section).

Calcium deposition was carried out via an atom beam generated from an effusion cell

(Applied EPI) containing a 10 cm’ tungsten crucible with calcium granules in an
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Figure 3.2: Schematic diagram of the sensor assembly
The cap is screwed onto the mounting stub such that the entire casing
acted as an electrode, in contact with the front face of the pyroelectric

crystal. The back face is in contact with a second electrode along the

centre of the stub.
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alumina liner (Ozark Technical Ceramics). The effusion cell was surrounded by a

custom water jacket made of stainless steel.

The pyroelectric heat detector responded to changes in heat input; experiments were
therefore carried out using a pulsed calcium metal beam, such that voltage pulses
were obtained as a function of time. The heights of these voltage signals were
proportional to the amount of heat generated when calcium arrived at the polymer.
The metal atoms from the cell first passed through a 4 mm-wide slit, followed by an
externally driven chopper wheel with a single 60° notch. This yielded the pulsed
metal beam necessary for the pyroelectric heat detection system, with a duty factor of
1/6. The last item the atoms had to pass through before reaching the sample assembly
was the velocity selector, which was first and foremost designed as a photon block to
minimize background signal due to the high temperature effusion cell. It was
comprised of 2 staggered multi-notched chopper blades, such that at any given time
there was no direct line of sight between the effusion cell and the detector.”>* These
blades were mounted on a single drive shaft and were driven by a high speed motor
mounted inside the vacuum chamber. When the motor spun at a “slow” speed of 44
revolutions per second, atom transmission was essentially zero. However, at higher
speeds, atom transmission was appreciable; thus the velocity selector acted also as a

shutter for the metal atom beam as well as being a photon block.

The main chamber is equipped with a quadrupole mass spectrometer, which is used to
perform residual gas analysis on the quality of the vacuum achieved in the
calorimeter. It is also equipped with a quartz crystal microbalance (Inficon XTM/2)
to monitor metal atom flux. The sample holder houses the calorimeter electronics: a
field-effect transistor-based voltage follower acting as a preamplifier that also lowers
the impedance to reduce the possibility of noise pickup. Final voltage amplification is

carried out outside the chamber.
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The resulting signal is monitored and logged by a computer with a data acquisition
and control card (National Instrument AT-MIO-16XE-50 initially, which was then
replaced by National Instrument PCI-6052E). The computer is also used to drive and
synchronize the chopper wheel and the velocity selector with data acquisition, using a

LabView programming environment.
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3.2. Experimental Details

The calcium granules used in these experiments were purchased from Alfa Aesar
(99.5%), and was used directly from the bottle without any treatment as appears to be
common practice given the lack of documented treatments in most OLED studies

646586 Degassing was done at around 770 K, which is

involving calcium deposition.
about 100 K higher than the normal operating temperature. This drives off volatile
contaminants, while reaction products between calcium and air such as oxides and
hydroxides, which are non-volatile at this temperature, will stay behind at the crucible
during deposition. Attempts to cleanse the calcium by dilute acid rinse followed by
transfer under cyclohexane®’ yielded no appreciable difference in the amount of time
needed to sufficiently degas the calcium to reach operating pressure, nor did it yield a
significant difference in the composition of the background residual gas, which was
principally hydrogen, with water, nitrogen, carbon monoxide and carbon dioxide also
present, but reduced to trace amounts after degassing. The pressure of the vacuum

chamber with the metal source at operating temperature is in the high 10® to low 107

torr range.

MEH-PPV was obtained from American Dye Source (ADS100RE), as well as MEH-
PPP (ADS256BE), while P3HT was obtained from Aldrich (510823). Polymer spin-
coating was done at 1500 revolutions per minute (rpm) using THF solutions with a
concentration of 1 g/mL. After the polymer was spin-coated, the sensor assembly was
placed in the heating dock at the preparation stage for degassing and annealing at a
temperature of 375 K for 3 hours in vacuum. It was then allowed to return to room
temperature, before being transferred into the main calorimetry chamber. In
experiments studying the effects of oxygen embedded in polymer films, 1 atm of pure
oxygen gas was introduced, in the dark, to the sample after the aforementioned
degassing/annealing process. The sample was exposed to the oxygen atmosphere for

20 minutes before it was returned to UHV conditions.
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Calorimetry experiments were carried out with the beam chopper operating at 234
rpm, thus generating 234 peak-shaped voltage signals per minute. The instantaneous
calcium deposition rate was between 0.05 and 0.15 A/s at the sample, measured with
an open beam chopper. The detector voltage signal was digitized at a rate of 2340 Hz,
such that each peaked-shaped voltage signal that corresponds to a pulse of calcium
atoms is composed of 600 data points. Figure 3.3 demonstrates what this voltage data
looks like. Typically, data for 1000 pulses of calcium atoms were collected with the
velocity selector operating at the low speed setting (44 Hz) such that metal flux was
effectively blocked, followed by 2000 pulses at the high speed setting (173 Hz) where
calcium atoms were allowed to pass through. This was then repeated until the desired

amount of calcium was deposited.

While there was no direct line of sight between the effusion cell and the heat detector,
there were nevertheless scattered photons that could find their way to the detector.
The amount of stray photons that the detector saw depended on the position of the
chopper wheel used to generate the pulsed metal beam: the chopper wheel was in
close proximity (~5mm) to the slit from which the calcium atoms exited the effusion
source, such that there was a significant difference in the amount of photons that were
allowed into the main chamber between when it was open and closed. Thus, the data
collected at the low speed setting measured the effusion cell thermal radiation that
was allowed into the main chamber that was subsequently scattered onto the sample.
This was then subtracted from the high speed data to yield voltage peak heights due
to reactions. While this correction was more significant in experiments carried out
previously in our group where the effusion source was operated at temperatures
upward of 1500K, it was nevertheless around 5-10% of the total voltage signal height

at the low deposition temperatures of 670K in these calcium experiments.

During data analyses blocks of 100 pulses are averaged in order to improve signal to
noise ratio. This lowers the coverage resolution, but since each pulse corresponds to

the deposition of a minute amount of calcium of between ~2.0x10™* to ~6.5x10™ A,
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Figure 3.3: Typical voltage data collected during calorimetry experiments
Shown in this figure are 5 consecutive pulses of calcium atoms that are
allowed to reach the sample, as generated by the 1/6 duty factor chopper.
Each of the pulses is composed of 600 data points. Note that the horizontal

axis is effectively time.
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or ~0.005 to ~0.015 atoms/nm?, the coverage resolution after this averaging is still
exceptionally good. The pulse shapes are still rather noisy after this averaging, thus
each averaged pulse is further smoothed by applying a running average: for each of
the 600 data points that make up a pulse shape, 40 surrounding points are averaged
together, before the peak heights are determined and shown as the results in
subsequent chapters. A comparison between the raw data, averaged data, and

smoothed averaged data is shown in Figure 3.4.

Calibration of the calorimeter was made using a 671 nm laser diode of known power.
The absorbance of the bare sensor crystal at this wavelength was first measured using
an integrating sphere ex sifu. An experiment was then carried out where the laser
beam from the diode was directed onto the detector assembly put together using this
sensor crystal, during which the laser was pulsed at the same frequency and duty
factor as the calcium metal beam in calorimetry experiments. The voltage signal due
to heating by the laser was measured. Since the absorbance was already measured,
the amount of energy absorbed by the sensor could be calculated, which was then
used to yield a sensitivity factor that correlated the voltage signal peak height to input

energy.

This sensitivity factor is used during data analysis to convert the measured voltage
peak heights to the energy released when pulses of calcium reach the sample.
Together with flux measurements from the quartz crystal microbalance, the heat
measured can be reported in the conventional kJ per mole of calcium. However, due
to the design geometry of the velocity selector, there is a non-uniform deposition
profile, as could be seen in Auger electron spectroscopy (AES), which introduces a
systematic shift in the microbalance’s readings.” One possible solution to this
problem is to assume that the reaction between incoming calcium and the substrate
after a large amount of deposition is the condensation of calcium onto calcium, such
that the heat of reaction corresponds to that of calcium’s tabulated condensation

enthalpy of -178 kJ/mol.”® To check the validity of this assumption, we measured the
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Figure 3.4: Peak shape after manipulation of raw voltage data

(a) Raw data as shown in Figure 3.3; (b) Averaging of 100 pulses; (c)

1800

Averaging of 40 neighbouring data points from the 100-pulse average as

shown in (b). Note that the horizontal axis is effectively time.
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reaction heat when calcium was deposited onto a thick film of calcium without the
velocity selector in place such that the microbalance reading was reliable. The
measured heat was in agreement with the calcium condensation energy. As well,
another calorimetry experiment involving calcium and a polymer by another research
group has been found to yield calcium’s condensation energy at high coverages.®® It
thus appeared that the reaction heat at high calcium coverage could be used as an

internal standard for calibrating flux measurements.

With the velocity selector in place, measured fluxes were between 1.5 and 2.5 times
those determined using the internal standard at high coverage. This correction factor
varied especially after the replenishment of calcium in the effusion cell. Since a
precise alignment of the calcium beam was very difficult for our calorimeter, the
geometry must be slightly altered every time a new load of calcium was placed into
the effusion cell, which may be the reason for the varying correction factor.
Nevertheless, a calibration of the microbalance by measuring the deposited calcium
overlayer thickness using Auger electron spectroscopy yielded a correction factor of

1.85, which is in reasonable agreement with those suggested in the calorimetry data.

Optical experiments were also carried out, taking advantage of the pyroelectric’s
sensitivity to heat due to absorbed light. These experiments explored the possibility
of using the calorimeter as a novel optical spectrometer. Two types of experiments
were carried out: one where a diode laser was used, and the other where a xenon lamp
was used. In both cases light was directed into the main chamber through a view port,
which was then directed to the sample by a mirror mounted at the tip of the transfer
rod that was used for moving the sample between main and preparation stages. As
well, the velocity selector was removed to eliminate the calcium deposition gradient
that would otherwise be difficult to account for without the internal reference as in
the calorimetry experiments. This did not adversely affect optical experiments, since
a photon block was unnecessary here: the chopper wheel used in the generation of the

pulsed calcium beam can simply be stopped when the signal due to the pulsed laser
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was collected. As a side benefit, the absence of this rapidly spinning component

reduced noise due to vibration.

In the laser experiments, wavelength of 671 nm from a diode laser was used, as they
are readily available and have a photon energy just below the band gap of pristine
PPV and P3HT, in the region where new band edge states might form. The laser light
was chopped to match the repetition rate and duty cycle of the chopped metal beam in
calorimetry experiments. The laser intensity was attenuated using neutral density
filters to give signal strengths approximating those seen in calorimetry to prevent
overloading of the calorimeter electronics, and also as a precaution to avoid affecting
the polymers. As well, the laser beam was defocused such that the entire sample was
illuminated. Calcium was deposited stepwise using fluxes similar to those in
calorimetry experiments. After the deposition of calcium, the mirror was moved into
place, and 100 laser pulses were shone on the sample with the resultant voltage
signals recorded. The 100 pulses in each deposition step are averaged during data

analyses to yield a single data point, as described for the calorimetry data.

In the xenon lamp experiments, a 100W xenon lamp was used as the light source,
with the output fed into a scanning monochromator. Photon energies ranging from
1.55 to 3.875 eV (800 to 320 nm) were scanned in 0.025 eV steps for samples before
and after the deposition of 2 A of calcium, using the same sample averaging as
described previously. The light from the monochromator was directed through a
chopper to achieve the same repetition rate and duty cycle as in previously discussed
experiments, after which it was split into two such that a secondary beam was
directed to a photodiode for light intensity monitoring. Before being directed into the
vacuum chamber, the main beam was passed through two lenses for focusing and

magnification such that the entire sample was illuminated.

To calibrate the apparatus, experiments were carried out using bare gold-plated
lithium tantalate, and compared with the known absorbance of gold to determine the

sensitivity of the whole system at each wavelength step. As well, absolute
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absorptances of the polymers and the bare gold-plated lithium tantalate were
measured ex sifu using an integrating sphere. These ex sifu measurements were used
to estimate the polymer thicknesses, as well as for verification of the calorimeter’s
responses for these substrates prior to calcium deposition, which were in good

agreement.
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3.3. Processing of Raw Data from Apparatus

3.3.1. Extent of Calcium Deposition

The calcium atom flux incident at the polymer was monitored by a quartz crystal
microbalance. The commercial unit used in this task reported film thicknesses in
Angstroms. It is perhaps not the most appropriate, however, to report data from these
experiments in thickness of calcium deposited, since this rather naturally leads one to
picture a sharp interface between polymer and calcium when considering these
systems, which might not be the case. As well, polymer surfaces are seldom perfectly
flat. Thus at low coverages the thickness of calcium deposited can easily be of the
same order as the height of surface features, which is another detail that one might

not picture when discussing possible coverage as a thickness.

A perhaps more instructive unit of metal dosage is the number of atoms per unit area,
since this readily allows for comparison with the surface density of repeat units for
the polymers studied. However, it must be stressed that we are not necessarily
indicating a surface density of calcium atoms when using this unit of measure, but
rather a vertical projection of atoms in a given cross-section. The conversion factor
between atoms per unit area and the thickness of calcium deposited on the
microbalance, assuming bulk metal density, is 2.33 atoms/nm” per Angstrom, which

is obtained from the following relationship:

~ IpN,

n=—= 3.1
v; (3.1)

where ¢ is the thickness of the deposited calcium as reported by the microbalance, p is

calcium’s bulk density, N, is Avogadro’s number, and M is calcium’s atomic mass.

As a reference, the isotropic areal density for bulk calcium metal is 8.12 atoms/nm?,

as calculated from the 2/3 power of the bulk density.*®
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3.3.2. Measured Heat and Standard Enthalpy

The heat measured using the calorimeter, ¢, is not quite the same as the heat that
would be measured under ambient gas conditions. In our experiments, calcium atoms
arrive at the sensor with a kinetic energy governed by the velocity selector. As well,
the calorimetry experiments were carried out in vacuum. In order to facilitate
comparison between our measured heats with tabulated values which are typically
enthalpy values, all the heats presented in this work have been converted to take into

account these differences.

To arrive at a heat measured under standard conditions, the calcium beam’s
translational kinetic energy ( £ ) needs to be subtracted from the measured heat,
while the corresponding kinetic energy for an ambient Ca gas, treated as ideal (the
concentration of calcium in the atom beam is low at the fluxes used in the

experiments, which makes this a reasonable assumption), needs to be added:

—AU:q—EK+%RT (3.2)

Here, ERT is the translational kinetic energy of an ideal monatomic gas, where 7' is

taken to be 298 K in our conversion. E, as calculated from the velocity of the

calcium atoms in the beam after passing through the velocity selector, is 9.9 kJ/mol®

while %RT equates to 3.7 kJ/mol.

In order to compare to standard enthalpies for reactions of a gas to make a solid
product, we add a further factor of — PAV = RT , the “work of compression”. This
assumes all the Ca gas condenses, which may not be true at all coverages. However

as a convenience in data presentation, the heat curves have this constant correction
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applied at all coverages. The possible error introduced is small, less than 2.5 kJ/mol

at room temperature, compared to our measured heats of typically 190 kJ/mol.

All the reaction heat data presented in this work are exothermic. One should bear in
mind therefore that while all the heats presented in this thesis are shown as positive
values, there should be a negative sign associated with them, as indicated on the

vertical axis labels.
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4. Calorimetric Studies

4.1. MEH-PPV

The heat signal for Ca on MEH-PPV as a function of calcium dosage is shown in
Figure 4.1, which is an average of 4 trials, each starting from a freshly prepared bare
polymer film. The reaction heat dropped off very quickly at low coverage and settled
to an essentially constant heat by around 6 atoms/nm”. Note that while the data
beyond 25 atoms/nm” is not shown in Figure 4.1, this same signal continues on to 60
atoms/nm” and beyond, the longest exposures measured. We ascribe this constant
heat signal to calcium deposition on a thick calcium overlayer. All the various trials
showed decays with similar rates, and with initial heats that are within 50 kJ/mol
from the averaged value of 360 kJ/mol. If we define the interaction energy between
the calcium and the polymer as just that amount of the heat evolved above the heat of
bulk metal growth, i.e. the area between the heat curve and the horizontal line on the
graph, the interaction energy between Ca and MEH-PPV is 40 pJ/cm? of exposed
polymer substrate.

The exposure by which point the heat decay subsided correlates with a study by Y.

Yang et. al.%”’

Those authors found, via current-brightness-voltage measurements, that
the performance of MEH-PPV based PLED devices improved markedly as a function
of deposited calcium thickness when it was less than around 2 Angstroms, or 5
atoms/nm?, while no meaningful improvement could be realized afterwards. They
suggested that n-doping of the polymer was essentially complete by this coverage,
thus explaining the performance plateau. Perhaps our high initial reaction heat was
also related to the n-doping of the polymer, with this reaction completed by around 6
atoms/nm”. This also agrees with another PLED device performance study by Gao et.

al.,”® where the authors measured photoluminescence intensity (PL) of a PPV

polymer without side groups as a function of deposited calcium. They observed a
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Figure 4.1: Calorimetric data of MEH-PPV with calcium
The high initial reaction heat of ~360 kJ/mol decays rapidly; from ~6
atoms/nm” onward the reaction heat is essentially constant at ~180 kJ/mol.

The dotted line indicates the calcium condensation enthalpy.
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decrease in PL, which was again attributed to n-doping of the polymer by calcium,
that levelled off by roughly the same coverage. Furthermore, the authors attributed
the PL levelling to bulk metal formation, which correlates with our constant heat
from ~6 atoms/nm” onward. It is perhaps worth noting, however, that the exposure
resolution on these other studies were rather coarse on the order of 2 to 5 atoms/nm?,

while our resolution is considerably finer.

Figure 4.2 shows a logarithmic plot of the reaction heat against calcium exposure,
where the logarithm of the difference between AH , the reaction heat at a given

coverage, and AH ,, the asymptotic heat, is plotted. As can be seen from the linear

behaviour, the initial drop in heat was an exponential decay. This result strongly
suggests a two-state model, where a high reaction heat occurs for calcium atoms
incident on unoccupied sites and a low reaction heat occurs for calcium atoms
incident on already occupied sites. We can analyse the reaction heat using this 2-state
model by writing the measured heat as a sum of two terms, one each for the high and

low energy states, designated as A and B respectively:
AH = f,AH , + f,AH, (4.1)

AH 1n this expression is the heat measured, AH , and AH , are the binding energies
of the respective sites, and f, and f, are the fractions of calcium from the metal

beam that react with the respective sites. The immediate drop in calorimetric heat
with exposure indicates that the calcium atoms are not able to move around the
surface searching for the A sites with the larger reaction enthalpy. Instead the
exponential drop in heat indicates that the atoms either react or desorb at the first site
encountered, so that the fraction of atoms that react at empty A sites is proportional to
the fraction of the surface still composed of such sites. Note that this supposition does
not necessarily preclude calcium atoms from diffusing into the polymer, nor their

lateral movement on the polymer surface: it only states that there is no preference for
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Figure 4.2: Logarithmic plot of MEH-PPV calorimetric data
The natural logarithm of the difference between the heat and the
asymptotic heat is plotted against the amount of deposited calcium. This
exponential decay of reaction heat points strongly at the presence of a 2-

energy-state system in the calcium deposition on MEH-PPV.
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calcium to either reaction site, and that the calcium atom is immobilized after a

reaction. Writing n, as the number of empty site A, n, as the total number of sites A

and B combined, and s, as the sticking probability for site A, the fraction of free site

Ais:
Ja=5,— (4.2)

Since the reaction site is either an A site or a B site at any moment, an analogous

expression can be written for f,, with s, being the sticking probability for site B:

n,

fB:SB( _—j (4.3)

ny

For each incremental amount of incident calcium atoms d@, we have:

dn,=—f,d0=—s," 40 (4.4)

n,

Rearranging this separable differential equation and integrating from n, =n, at

0 =0 yields:

g
Ra_ g (4.5)
ny

An expression for the measured heat can then be obtained by combining equations

4.5,4.3,4.2 and 4.1. Rearranging the result of this substitution gives:
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In(AH —s,AH, )= —"40 +In(s ,AH , — s ,AH ) (4.6)
n

which is straight-line plot shown in Figure 4.2. In this model site A is depleted over
time and turns into site B, which does not deplete; in other words, reaction B is a
metal condensation reaction.

At this point, a conservative further assumption is that the thick film condensation

energy is -178 kJ/mol,*

68,71,72

and the sticking of metal atoms on the thick film is near
unity. With this calibration (discussed earlier), the intercept of the straight line
plot in Figure 4.2 corresponds to a heat of reaction of 360 kJ per mole of incident

calcium atoms, while the slope (1, /s, ) yields 1.7 sites/nm”. The density of binding

sites is therefore 1.7 sites/nm? multiplied the sticking probability. We then consider as
a hypothesis that there is unit sticking between calcium and the polymer. This appears
to be a common assumption in the literature, where coverage is typically equated with
exposure in studies on the deposition of materials onto organic substrates of interest
to electronic devices.**>1%7%7380 1t 4150 seems likely with respect to the large
reaction heat observed per incident atom. That being said, there is at least one system
with high initial reaction heat that has a low initial sticking probability,’® and so the

alternative of a coverage dependant non-unit sticking must be kept in mind.

According to data in the literature, there are ~1.9 monomers per nm? at the surface of
MEH-PPV.*' A reaction site density of 1.7 sites/nm? from our model (or lower, if
there is non-unit sticking) might suggest that each calcium atom is bound to at most 1
monomer unit. However calcium is known to be multiply coordinated in its known
metallocene compounds. If this is the case for PPV, our result indicates that calcium
would have to at least have limited diffusivity into the polymer, which is not
precluded from the analysis presented here. We have not claimed that the reaction
sites are at the surface instead of within the polymer’s near-surface region: one can

certainly envision reaction sites that are surrounded by more than one functional
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group on the polymer chain or a few neighbouring chains such that they can only be
found within the polymer film. Indeed, this limited diffusivity has been reported by
some researchers.” However, it is a controversial subject: calcium diffusivity has

been deemed by yet others to be very limited, if it occurs at all.”"”

The initial heat of 360 kJ/mol is a large binding energy, but how does it compare to
the value for other polymers? Since calorimetry is a novel technique in studying
polymer metallization, there are not many binding energies to compare the MEH-
PPV values with. One polymer that was studied previously in our group is the
polyimide pyromellitic dianhydride-oxydianiline (PMDA-ODA, the chemical
structure is shown in Figure 4.3), which had a binding energy of 610 kJ/mol with
calcium, and displayed a similarly profiled heat curve as the Ca/MEH-PPV system.
We note that MEH-PPV has an electron affinity of 250 kJ/mol (2.6 eV)," which is
larger than that of PMDA-ODA at 140 kJ/mol (1.4 eV).* The smaller binding energy
for MEH-PPV is therefore somewhat surprising, since a stronger ionic contribution to
the bonding with calcium might be expected. However, the large electron affinity in
MEH-PPV is due to the extended conjugation instead of localized electronegative
carbonyls in PMDA-ODA. This large EA can potentially suffer considerably when
localized interaction with calcium forms and destroys the conjugation, which is one

possible explanation for the observed smaller binding energy for MEH-PPV.

As mentioned previously in the calcium chemistry discussion (Chapter 2), there are
claims in the literature that calcium deposition on PPV-type polymers leads to the
formation of calcium oxide through reactions with oxygen impurities trapped in the

polymer.*® Experiments were thus carried out on oxygen-treated MEH-PPV.
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Figure 4.3: Chemical structure of the polyimide pyromellitic dianhydride-oxydianiline

PMDA-ODA
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4.2. Oxygen-treated MEH-PPV

In these experiments, the polymer was first treated with oxygen before calcium
deposition, which we did by exposing the polymer to a dry oxygen atmosphere in the
dark prior to calorimetry experiments. If the reactivity seen in untreated MEH-PPV
was due to trapped oxygen impurities, a similarly shaped heat curve ought to be

observed in these experiments with oxygen-dosed samples.

The heat of reaction as a function of calcium exposure on oxygen-treated MEH-PPV
is presented in Figure 4.4, which is an average of 3 trials, all showing similar flat
behaviours. There is a marked difference in profile between the heat curves of MEH-
PPV and the oxygen-dosed samples. The initial heat of the latter is much lower, at
~180 kJ/mol and the entire heat curve is relatively flat, with the peak at ~5 atoms/nm’
barely ~30 kJ/mol larger than the initial value. The high initial heat observed
previously for MEH-PPV is absent in these oxygen-treated samples. This strongly
suggests that the reaction seen previously is not due to trapped oxygen as other

researchers have proposed.

Compared with the bulk standard heat of formation of calcium oxide from the
elements, which is 634.9 kJ/mol,* and the corresponding value of 611.4 kJ/mol*’ for
calcium peroxide, the measured heat for the oxygen-treated polymer is extremely
low. In fact, the calorimeter should have measure 810 or 790 kJ/mol respectively”® if
CaO or Ca0O, was formed since the calcium in the experiments was from an atom
beam and can be considered to be gaseous, instead of the solid calcium at standard
conditions. The small heat signal obtained may indicate a low sticking coefficient for
calcium atoms on the oxygenated surface, which would require that the molecular
oxygen has a significant activation barrier to reaction and is also able to prevent the
polymer from reacting. Alternatively, the low heat observed in this system is due to
the small size of the product clusters formed, since the formation of bulk ionic solids

involves a large amount of long range lattice energy. A more appropriate comparison
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Figure 4.4: Calorimetric data of oxygen treated MEH-PPV.
The heat curve is almost flat, peaking to ~ 210 kJ/mol at about 5

atoms/nm”. The dotted line indicates the calcium condensation enthalpy.
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then would be with the formation of gas phase oxide molecules as opposed to bulk

CaO or Ca0O; solids.

In an infrared study of the reaction between gas-phase Ca and O,, the authors
concluded that there is a significant amount of gaseous molecular calcium peroxide
present through comparison of IR spectra with DFT calculations.*” The calculated
dissociation energy of this molecule towards the gaseous elements is 250 kJ/mol.
This value is roughly similar to the ~180 kJ/mol observed in the oxygen-treated

MEH-PPV, in contrast to the bulk heat of formation of CaO and CaO..

Other than molecular calcium peroxide, molecular calcium oxide has also been
studied in the literature. There is general agreement between various experiments and
theory that the bond dissociation energy of gaseous diatomic CaO is 400 kJ/mol.%*
Given that the standard heat of formation of atomic O from diatomic oxygen gas is
250 kJ/mol,* the reaction between calcium atom and oxygen gas to form diatomic
CaO has a reaction heat of 150 kJ/mol. This reaction heat is similar the reaction heat

of ~180 kJ/mol observed for the oxygen-treated MEH-PPV.

Having concluded that the high initial heat observed for calcium deposition on MEH-
PPV is not likely to be due to oxygen impurities, it would be instructive to
systematically study other polymers to investigate how different functional groups
contribute to the reactivity. Since the vinylene double bond has been claimed to be a
reaction site towards calcium,‘m’45 MEH-PPP, which does not have the vinylene

double bond but is otherwise identical to MEH-PPV, was next studied.
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4.3. MEH-PPP

The calorimetric data of MEH-PPP is presented in Figure 4.5. The interaction energy
for this system, defined again as the total heat generated in excess of the heat of metal
film growth measured at high coverage, is 120 pJ/cm?. This is substantially larger
than was found for MEH-PPV, but is delivered more “slowly”, i.e. over a larger
dosage regime. The initial heat of ~200 kJ/mol of incident atoms is much smaller than
the 360 kJ/mol observed for MEH-PPV. The reaction heat increases to ~250 kJ/mol
as the exposure increases to ~3 atoms/nm”. Since MEH-PPP and MEH-PPV differ
only by the lack of vinylene groups in the backbone of the former polymer; the very
different heat curves strongly suggest that the binding site on MEH-PPV is the

vinylene moiety.

It should be pointed out at this point that the data presented is an average of just two
experiments. Three more experiments were carried out, but during these experiments,
for reasons that are still unknown, the calorimeter signal underwent large sudden
stepwise changes. Even in those experiments, though, the general peak shape seen in
Figure 4.5 could be discerned. The location of the peak is consistently at ~3
atoms/nm” in all experiments performed. The numerical values of the reaction heats
for the two averaged experiments differed by ~50 kJ/mol both for the initial heat, and

the maximum heat.

The shape of the heat curve is not an exponential decay, thus the reaction kinetics
between calcium and MEH-PPP did not proceed as previously discussed for MEH-
PPV. It is surprising that while the initial heat is much smaller than for MEH-PPV,
the total interaction energy is much larger. The integrated heat as a function of
exposure is shown in Figure 4.6. It suggests that more calcium atoms are able to
react with the MEH-PPP, due either to a greater surface density of sites or to a deeper
calcium penetration into the polymer. One possibility is that the strong reaction

between calcium and vinylene in MEH-PPV forms a barrier preventing further
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Figure 4.5: Calorimetric data of MEH-PPP
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The shape is distinctly different from the Ca/MEH-PPV system, with a
pronounced peak at ~3 atoms/nm®. The dotted line indicate the calcium

condensation enthalpy.
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Note the larger total amount of heat evolved during calcium deposition on

MEH-PPP. This may be due to a more thorough reaction with MEH-PPP

than MEH-PPV.
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reaction or penetration.

Looking at the shape of the heat curve, it resembles in profile the build up and
subsequent decay in the amount of some intermediate species during a sequential A
— B — C reaction. Thus we attempt to model the reaction heat of the MEH-PPP/Ca
system using those classic kinetics. In this model the calcium reacts with a particular
reaction heat if it encounters an empty reaction site, reacts with a different reaction
heat if it arrives at an “intermediate species” site which has already been activated by
reaction with another Ca atom, and reacts with a heat corresponding to the heat of
condensation for sites which have already reacted with two or more Ca atoms. This is
similar then to the previous model for MEH-PPV, except that each reaction site can
accept two calcium atoms before acting as a nucleation site for calcium overlayer

growth.

For the sake of simplicity in the following discussion of this 3-state model, a reaction
site that is empty will be referred to as site A, while one that has received one calcium
atom will be referred to as B, and C otherwise. In other words, the binding site
changes from being an A site to a B site upon receiving a calcium atom, and finally to
a C site which continues to act as a C site upon further calcium deposition. In terms

of chemical formulae then, the following describes this three-state model:

A+Ca—B
B+Ca—C
C+Ca—C

Mathematically then, if the numbers of binding sites with 0, 1, and 2 or more calcium

atoms, corresponding to sites A, B, and C, are designated as n,, n, and n,
respectively, while n, designates the total number of binding sites, these different

numbers of sites can be related by:
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n,+n, +n.=n, (4.7)

Using the same notations as before with f’s of different subscripts being the fractions
of the calcium beam that reacts with the respective sites and AH of different
subscripts being the respective reaction heats, the measured heat can be written as a

sum of three terms:
AH = f,AH ,+ f,AH , + f.AH . (4.8)

If calcium atoms bind to the first site encountered upon deposition regardless of
which type it is, as in the previously proposed 2-state model for MEH-PPV, the
fractions of incident atoms that react with the respective sites are equal to the
corresponding fractions of empty site on the surface multiplied by their respective

sticking probabilities s ,, s, and s, , such that:

Ja=8,—, fB:SBn—B7 fc:Sc[ _n—A_n_BJ (49)

0 ny Ry Ry

Rate equations can then be written to derive expressions for the number of each type
of site. Before proceeding to derive mathematic expressions, however, it is perhaps

instructive to first consider qualitative how these three »,’s should evolve over the

course of deposition.

Prior to any deposition, all of the binding sites are empty, thus they are all A sites,

such that n , =n, . As calcium is deposited, some of the A sites become B sites, thus

n, grows in the expense of n . Since the number of binding sites is limited, n, — 0

after a large amount of Ca is deposited. B sites will also be depleted as the deposition
progresses as they are converted into C sites, thus the number of B sites should

increase from O prior to deposition, and subsequently decay back to 0. There is no C
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site prior to deposition as well, but since C sites react with calcium to give further C

sites, n. — n,, after a large amount of calcium is deposited.

Having discussed qualitatively how n,, n, and n. should evolve as a function of the
amount of deposited calcium, let us now consider the mathematics of this model.
Concentrating for the moment on the reaction A + Ca — B, the number of times this

occurs, r, ,,, depends on the amount of calcium arriving at the polymer, 6, as well

as the fraction that reacts, f,. Writing this in differential form then yields:

dr,_, = f,d0=s,"4do (4.10)

n,

A similar expression can be written for the reaction B + Ca — C as well. Since the
change in the number of a particular site depends both on the number of reactions that
create it as well as the number of reactions that destroys it, the following rate

equations are obtained:

dn, _Zdriss _ZSa, (4.11)
do do n,

dn, :drAeB_drB%C :S—AnA—S—BnB (4.12)
do do n, n,

The differential equation 4.11 is the same as the one in the previously described 2-

state model (equation 4.4), such that the integrated form is:

_SA0

n,=nye "o (413)
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Having obtained an expression for n ,, we can now proceed to derive an expression
for n,. Substituting equation 4.13 into 4.12 yields the following differential equation

after some rearrangements:

dn, s, —o
Dy S8y —g e 4.14
a0 S ( )

To solve this differential equation, we multiply both sides by an integrating factor:

Sp Sg -S4, Sp

dn —0 S —=0 —=0 —=0

—Le" tpy,Le™ =g5,e™ e" (4.15)
do n,

The left hand side of this equation is then just the derivative of the product between

n, and the exponential term. Simplifying the right hand side then gives:
—s.e " (4.16)

We then integrate from n, =0 at & =0 to arrive at the expression for the number of

free B sites after some rearrangement:

e (4.17)

Finally, we can write an expression for the measured reaction heat by substituting

equations 4.13 and 4.17 into 4.9, then into 4.8:
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“Sag oo [ e g
AH=s,e"™ AH, +—*2—-|e™ —-e™ |AH,
Sp =S4
“Sag s Sag Sz
+sp|l—e™ _le™ —e™ ||AH. (4.18)

In this model, there are 7 parameters that can be used to fit the experimental data: the

number of reaction sites n,, the 3 sticking probabilities for the different type of sites
S,, Sz, Sc,and the 3 binding energies for these sites AH ,, AH,, AH .. After we
assign site C as metal condensation sites as before, such that AH . = -178 kJ/mol and
s. =1, we are left with 5 parameters to fit the data. Before attempting any data
fitting, it is perhaps instructive to first explore how the parameters affect the shape of

the calculated heat curve.

The dependence of the heat curve on the different parameters is shown in Figure 4.7,
where a single parameter is varied in each set of the curves. As can be seen from the
figure, n, affects the width and location of the peak on the exposure axis. s, and s,
both affect the height of the peak, as well as the rate at which it grows and decays.

Since AH , corresponds to the initial heat of the system, this parameter affects where
the heat curve begins at zero exposure, while AH , primarily affects the height of the
peak.

As shown in Figure 4.8, we can fit the data with various sets of parameters, all with a
R? value of around 0.985. To further the analysis, let’s suppose there is unit sticking

between calcium and polymer, which is, as pointed out earlier, commonly assumed in

the literature, and see if the resulting values yield reasonable results.
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Figure 4.7: Heat curves generated using the 3-state, S-parameter model

Different n, (sites/nm®), s, s,, AH, and AH, (kJ/mol) are plotted to
illustrate their respective effect on the shape of the curve. The first line in
each set of curves has n, =1, s, =1, s, =1, AH, =200 and

AH , = 400, while the other lines in the set have the same parameters as

the first line except for one varying parameter. The first set of lines have

n, =1, 2,3, and 4. The second set of lines have s, =1, 0.75, 0.5, and
0.25. The third set of lines have s, =1, 0.75, 0.5, and 0.25. The fourth set
of lines have AH , =200, 225, 250, 275. The last set of lines have

AH ; =400, 475, 500, and 625.
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Figure 4.8: Various best fits for MEH-PPP calorimetric data using the 3-state, 5-
parameter model

Fit 1 has n, =3.49 sites/nm?, s, =1.00, s, =1.00, AH , =199 kJ/mol
and AH, =358 kJ/mol. Fit 2 has n, =1.66 sites/nm’, s, = 0.476,
s, =0.476, AH , =199 kJ/mol and AH , =358 kJ/mol. Fit 3 has
n, =0.272 sites/nm?, s, = 0.0566, s, =0.118, AH , =195 kJ/mol and

AH , =449 kJ/mol. It’s clear that there is no unique fit.
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It should perhaps be noted that equation 4.18 fails when s, =s, =1, due to the
(s, —s,) term in the denominator. In that case the differential equation 4.16 drops

the exponential term on the right, with the result:

-0 o =2 g
AHze”OAHA+—e”°AHB+{1—e"° ——e"“JAHC (4.19)
ny ny

But in practice, it is sufficient for our fitting to use equation 4.18, with two just

slightly different values assigned to the sticking probabilities, e.g. s, =1 while

s, =0.999.

The least-squares best fit for unit sticking occurs with n, = 3.49 sites/nm” , AH , =

199 kJ/mol, and AH , =358 kJ/mol. This now appears to be a unique fit, as this set of
parameters represent a local minimum for the least squares values in the ranges 0.5 <

n, <19.5 sites/nm>, -100 < AH , < 800 kJ/mol, and -100 < AH , < 800 kJ/mol,

which should be chemically reasonable limits for the parameters. As mentioned
previously, the R? value is 0.985, indicating a very good fit, which gives some

credence to this intermediate species model.

Without experiments using other techniques, it is impossible to determine the exact
nature of the reaction products. The low initial heat may be due to a weak calcium-
polymer interaction, or a strong interaction that is offset by bond breakage, such as
the abstraction of oxygen from alkoxy side chains, or cleavage of the polymer
backbone, which would require an appreciable amount of energy. With that said, the
extracted binding energies from the proposed model can be interpreted to give a
reaction scheme that is consistent with the experiment data. In fact, it is one that is

not as radically different from MEH-PPV as it might appear.
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The value of AH ,, the binding energy for the second incident calcium atom, has a

best fit value of 358 kJ/mol. This is the same value as the 360 kJ/mol that
corresponds to the binding energy between calcium and MEH-PPV. Since we have
suggested that calcium is likely to be reacting with vinylene double bonds in MEH-
PPV, perhaps we should explore the possibility that the second calcium atom arriving
at an MEH-PPP binding site also reacts with a double bond. Since the only double
bonds formally present in MEH-PPP are on the phenyl rings, the supposition that the
second calcium reacts with a “free” double bond requires that the aromaticity of the
ring be broken. This then leads to the hypothesis that the first calcium atom breaks
the aromaticity of the phenyl ring. Thus, if we suppose that the first calcium reacts

also via a double bond, the extracted first binding energy AH , should be less than

AH ; by the aromatic stabilization energy.

What is the value of the aromatic stabilization energy? One way to estimate this is
through the comparison of thermodynamic properties of benzene with other relevant
non-aromatic compounds. A benzene molecule formally has three carbon-carbon
double bonds. If there was no aromatic stabilization, the hydrogenation of 1 mole of
benzene to cyclohexane should give off a similar amount of energy as the
hydrogenation of 3 moles of ethene to ethane. The standard enthalpies of formation
from the elements for these four simple compounds are shown in Table 4.1.%° The
enthalpy change associated with the hydrogenation of 1 mole of benzene is -205.5 kJ,
while the corresponding value for the hydrogenation of 3 moles of ethene is -409.2
kJ. Comparing these enthalpy changes, the aromatic stabilization in benzene is
therefore ~200 kJ/mol. Similarly, a comparison amongst the enthalpies of
hydrogenation for cyclohexane, 1,3-cyclohexadiene and benzene (Table 4.2)% yields
an aromatic stabilization of ~150 kJ/mol, which is a similar value as the estimate

from hydrogenation.



Name Formula Standard enthalpy of formation (kJ/mol)
Benzene © 49.1

Cyclohexane O -156.4

Ethene H,C=CH, 52.4

Ethane H,C—CH, -84.0

Table 4.1: Standard enthalpy of formation for some simple organic molecules

Name Formula Standard enthalpy of
hydrogenation (kJ/mol)

Cyclohexene @ -118

1,3-Cyclohexadiene @ -230

Benzene @ -206

Table 4.2: Standard enthalpy of hydrogenation for some simple organic molecules
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The difference between AH , and AH , is 159 kJ/mol. This is very similar to the

aromatic stabilization energy estimates above. The binding energies from the 3-state
model is therefore consistent with a reaction scheme where calcium atoms react with
the phenyl rings in MEH-PPP, with each of these reaction sites reacting with 2
calcium atoms before becoming nucleation sites for calcium island and/or overlayer
growth with subsequent deposition. If this model is correct it suggests that reaction of

the Ca with the vinylene group protects the neighbouring phenyl ring from attack.

It would have been instructive to compare the derived density of reaction sites with
the surface density of MEH-PPP monomer units. Unfortunately structural information
about PPP-related materials is scarce in the literature: the only we are aware of is for
sexiphenyl (6P), an oligomer of the unsubstituted PPP-backbone (i.e., a chain of six
phenyl rings attached at the 1,4-positions). As a reference then, the isotropic
monomer areal density of 6P crystals grown via vapour deposition is 8.6 units/nm?,
determined using x-ray and transmission electron diffraction techniques.” This value
is significantly larger than the 3.5 reaction sites/nm” deduced for MEH-PPP. It would
be expected though that the vapour-grown 6P would have a higher monomer unit
density then the MEH-PPV, due to its lack of bulky side groups and to its well

ordered crystal packing compared to the spin-coated polymer.

It is tempting to think of the reaction sites we have proposed as binding sites that are
located immediately at the surface of the substrate, such that the deposited atoms
must only react from above. If viewed in this manner, our model with 2 calcium
atoms reacting with one single phenyl ring seems highly improbable: it would not
seem sensible for two calcium atoms, each with a diameter of 2.8 A,26 to react with a
single phenyl ring, which is about 2.8 A across.”® However, we are not suggesting
that both calcium atoms must interact on the same side of the phenyl ring. Instead, a

picture where the two calcium atoms react on different sides of the phenyl ring would
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be more appropriate, such as in the case of the bridging cyclopentadienyl ligands in

calcacene as we have discussed in the introduction.

We should state clearly here that if each MEH-PPP binding site reacts with 2 calcium
atoms while each MEH-PPV site reacts with only 1, and if the site density on the
MEH-PPP is about twice that of the MEH-PPV, we are actually proposing that the
number of reacted calcium atoms with the MEH-PPP is 4 times larger than with the
MEH-PPV. In this context we note that the model does not preclude calcium atoms
from moving into the near surface region of the polymer upon deposition; it only

requires them to be immobilized once they have encountered a reaction site.

The binding site areal densities for the two polymers, 1.7 sites/nm” and 3.5 sites/nm’,
are each smaller than the areal density of calcium in a bulk film, which is 8.1
atoms/nm”. It is not proposed that the condensation proceeds as a continuous metal
film at low coverages. Instead, reacted binding sites act as nucleation centres, such

that calcium clusters grow both laterally and vertically.
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4.4. P3HT

The calorimetric data for the P3HT/Ca system is presented in Figure 4.9, which is an
average of 4 trials. The interaction energy for this system is ~100 pJ/cm?, which
indicates some reaction between calcium and the polymer. However the initial heat
signal is very low at ~100kJ per mole of incident atoms. This is followed by a strong
rise upon further deposition to a peak value of ~220 kJ/mol at ~12 atoms/nm?. It is
interesting to note that a significantly higher calcium dosage is needed to reach a

constant metallization heat than was the case for MEH-PPV or MEH-PPP substrates.

It is obvious that this heat curve is not an exponential decay, thus the reaction
between P3HT and calcium did not proceed with the same kinetics as in MEH-PPV.
At first glance the P3HT heat curve resembles that of MEH-PPP, which leads one to
suspect similar reaction kinetics. Figure 4.10 shows the curve that best fits the data
using the 3-state model discussed previously, with the same chemically reasonable
limits on the parameters as before and assuming unit sticking. It is not a very good fit,
with a R? value of 0.9374. It is also apparent that the fit does not accurately reproduce
the curvature on either side of the peak. A better fit cannot be achieved even when
freely adjusting all five parameters. We conclude then that the reaction kinetics are

actually different from that with MEH-PPP.

For completeness, Figure 4.11 is a comparison of the integrated reaction heats
amongst the three polymers studied in this thesis. The integrated heat of P3HT is
appreciably lower than the others, as one would expect from the very low initial heat
and the large calcium coverage required before the peak is reached. It does, however,

overtake MEH-PPV at higher coverages.

The very low initial heat observed in the P3HT experiments is rather surprising. The
most straightforward explanation to this would be that perhaps P3HT has very little
reactivity towards calcium. This would seem to conflict with the numerous accounts

of reactive metals interacting with polythiophene-related materials through bonding
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Calorimetric data of P3HT

The shape of the heat curve is different from the other two systems. As
well, a much larger amount of calcium is required before the heat signal
started levelling off. The dotted line indicates the calcium condensation

enthalpy.
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Figure 4.10: Fitting of P3HT calorimetry data using the 3-state model

The best fit curve has n,= 8.8 sites/nm®, AH", = 66 kJ/mol, AH, =359

kJ/mol when unit sticking is assumed. The 3-state model does not fit the

P3HT data very well, with a R* value of 0.9374.
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Figure 4.11: Comparison of integrated reaction heats amongst MEH-PPV, MEH-PPP

and P3HT

The integrated reaction heat of P3HT is appreciably lower at low
coverages than both the other polymers. The peaked nature of the heat
curve, however, does translate to an integrated heat that overtakes MEH-

PPV at higher coverages.
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at the sulphur centres, or at the carbons in the thiophene rings, or through doping, as
discussed in Chapter 2. However, we are not aware of any study done specifically on

the P3HT/Ca system.

While it is very tempting to attribute the low initial heat to low reactivity (including
low sticking), this is not necessarily the case. Strong interactions that are offset by
energetically expensive processes can also explain the low initial heat. One such
scenario would be if calcium undergoes an energetically expensive sulphur atom
abstraction upon deposition onto the P3HT surface, as has been argued for the
formation of sulphides when sodium is deposited onto thiophenes.> Indeed, in this
picture, there is another factor that can contribute to the low initial heat: when the
amount of deposited calcium is small, the CaS would form small clusters, thus having
a low heat of formation as opposed to the high heats associated with the long range

Madelung energy of a bulk crystal.

Similarly shaped heat curves have been observed for some other systems in the
literature. In systems where Pb atoms are deposited onto either metal oxides or
poly(methyl methacrylate) substrates, the initial rise in heat has been attributed to the

growth of Pb islands.”'

When the amount of deposited metal is small, these metal
clusters are tiny, such that the number of interactions between Pb atoms is low,
leading to a low reaction heat. As the clusters grow in size incoming metal atoms can
interact with more neighbouring atoms, thus leading to the heat increase towards the
bulk heat of condensation. Those authors observed but did not discuss the fact that
the reaction heat rises above the bulk heat of condensation before settling down, just
as in our Ca/P3HT data (Figure 4.10). This effect was also observed in unpublished
work in our group on Cu cluster growth on a polyimide substrate. These observations
can be explained by coalescence of the islands at high coverage, where metal atoms

filling in voids between clusters actually have more interactions than for bulk film

growth.
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In the case of Pb deposition the authors measured initial sticking coefficients of
between ~0.2 and ~0.4, depending on the substrate.”’ This sticking increased
continuously as a function of coverage, approaching unity for bulk metal film growth.
For our system of Ca on P3HT, the low initial heat of ~100 kJ per mole of incident

atoms makes it plausible that it also has a low initial sticking.

Even without knowledge of the sticking coefficients, the information obtained in the
calorimetry experiments should be useful for device fabrication, since the heat curve
gives a good indicator of the exposure regime over which reaction with the polymer
is occurring. But in an attempt to improve our analyses we have explored using the
calorimeters sensitivity to optical absorbance as a means of measuring the sticking as
a function of calcium exposure. The results of these experiments will be discussed in

Chapter 5.
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4.5. Summary of Calorimetric Studies

In this chapter, we have shown that MEH-PPV, MEH-PPP and P3HT have distinct
reaction kinetics. The reaction heat of MEH-PPV decays exponentially with calcium
exposure. This reaction heat profile has been attributed to a reaction between polymer
and calcium, which is consistent with a 2 step chemical process where the second
step is calcium condensation. If we assume unit sticking, the reaction heat for Ca
atoms in the first step is 360 kJ/mol, with a projected site density of 1.7 sites/nm*. We
have also concluded that the binding site is very likely to be the vinylene double bond

on the polymer backbone.

MEH-PPP has also been shown to react with calcium. However, the reaction kinetics
is rather different from that seen in the MEH-PPV/Ca system: the reaction heat
increases initially, before decaying to a constant value at higher calcium coverage.
This suggests a 3 step process, with the last one being calcium condensation.
Assuming unit sticking, the reaction heat in the first step is 200 kJ/mol, and is 360
kJ/mol in the second step, while the projected site density is 3.5 sites/nm”. We
propose that the binding site for this polymer is the phenyl ring on the polymer
backbone, where each ring can react with 2 calcium atoms, the first atom having a

lower reaction heat due to aromatic stabilization of the still intact phenyl ring.

The reaction heat of the P3HT/Ca system also increases initially before decaying to a
constant value. This is roughly similar to the MEH-PPP system, however the data
cannot be fit to a 3 step reaction model. The calorimetric data is consistent with
calcium island growth without a strong interaction with the polymer. However, the
reaction heat profile may also be due to the formation of a product that
simultaneously alters the polymer’s chemical structure significantly, e.g., the
formation of a calcium sulphide film which involves abstracting sulphur atoms from

the thiophene backbone.
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5. Optical Studies

As has been discussed in the previous chapter, it is important to study whether all the
incident calcium atoms are sticking to the surface of the polymer. While our data,
reported in terms of calcium exposure, is valid as presented and constitutes
measurements that are novel to the study of these systems, it would certainly be more
meaningful if we can instead report our findings in terms of calcium coverage, which
would allows us to compare our reaction heats with standard reaction heats of
tabulated reactions and hopefully gain more insight into our results. Our first attempt
in measuring the sticking probability was to use a line-of-sight mass spectrometer to
detect any calcium atoms that might reflect from the polymer surface instead of
sticking.®® Unfortunately there was not enough signal strength from our mass
spectrometer, most likely due to the geometrical constraints present in our current
vacuum chamber design. Our next attempt was to use XPS to determine the absolute
amount of calcium deposited. However, because of the need to transfer the samples
from one vacuum chamber to another, an unacceptable amount of contamination from
atmospheric gases such as oxygen and water vapour was introduced, which made

XPS an unviable method for measuring sticking in our experiments.

Since the calorimeter can detect heat due to light absorption, we determined that it
was possible to detect changes in the amount of light absorbed as a function of
calcium deposition. We therefore worked to use the calorimeter as an analytical tool
to quantify calcium coverage, and also as a spectroscopic tool to probe the electronic
structure of the interfaces. The discussion presented in the rest of this chapter is the

result from this exploratory work.
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5.1. Laser Studies

5.1.1. Modelling of Data

The first set of optical studies was carried out using a readily available red diode laser
at 1.85 eV (671 nm). Figure 5.1 demonstrates the percentage change in the measured
signal as calcium was deposited onto P3HT, which can be equated to the percentage
change in absorbance, as will be demonstrated shortly. The results for MEH-PPV and
MEH-PPP will be presented in later pages. The absorbance of the P3HT/Ca system
increases monotonically as a function of calcium coverage with some roll over at

higher coverages. The R? value for a linear fit on this data is 0.9365, with a slope of

~6.5x107* initially and ~1.7 x107* at the high coverage end.

This is an interesting result. If this system behaves according to Beer’s Law, the
amount of light the system absorbs should increase linearly as calcium is deposited.
This also means that if the sticking probability is to rise as more calcium is deposited,
the absorbance plot should curve upwards since the amount of deposited calcium
would be increasing faster than linearly over the course of the experiment. The
mostly linear increase in absorbance then appears to indicate a uniform sticking

probability.

This argument calls for Beer’s Law behaviour, which is of course observed in dilute
solutions, but may not be a valid assumption for the thin-film system studied here.
The concept of absorbance is familiar to chemists. However, absorptance is a more
appropriate quantity when discussing thin film optics. It is thus worthwhile to first
comment on the relationship between the two measures of light absorption, before we

continue with addressing the question regarding thin-film optics.

Absorbance, 4, is defined as a function of the intensity of the transmitted light that

passes through the sample /,,, and the incoming light intensity /, :
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Figure 5.1:1.85 eV (671 nm) laser diode data for the P3HT/Ca system
The absorbance change is a small rise as a function of coverage with an
initial slope of ~6.5x107, rolling over to ~1.7x10 as coverage

increased. The linear fit R? value is 0.9365.
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I
AB:—logI’” (5.1)

out

Absorptance, 4, , on the other hand, is defined as the ratio of the amount of light

absorbed 7, to the amount of incident light /,,:

I
A =4 =1-R-T (5.2)
10

Absorptance is also related to two other similarly defined quantities reflectance R and
transmittance 7', corresponding to the amount of light reflected and transmitted

respectively as indicated on the expression on the right in equation 5.2.

In standard UV-visible experiments using cuvettes, a blank subtraction procedure is
commonly performed, which corrects for the amount of light that is reflected off of
the various interfaces between the atmosphere, the cuvette, and the solution, and light
that is otherwise scattered. This means that the effective incident light intensity 7, is

the amount of incident light that is not reflected. Equation 5.1 can thus be re-written

as:
A, :logM:—logT+log(l—R) (5.3)

Recalling that absorptance, reflectance and transmittance add to unity, rearranging
equation 5.2 and substituting for 7 in equation 5.3 yields an expression relating

absorbance and absorptance after some rearrangements:

A, =(1=R)-(1-107") (54)
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The exponential term can be written as a series. In the low absorbance regime, higher

order terms can be discarded, such that:
107" ~1-4,1In10 (5.5)

This approximation can be considered acceptable up to an absorbance of around 10%,
by which point the error is ~3%. Using expression 5.5 then, there is a linear
relationship between absorbance and absorptance when only a small amount of light

is absorbed:
A, =[(1-R)In10]4, (5.6)

Since the focus of the optical studies here is on the percentage change in the amount
of light absorbed, the constants that differentiate absorptance from absorbance, i.e.,

(1-R)In10, cancel out in writing AA/A, assuming that the reflectance does not

change appreciably. There is thus no distinction between percentage absorbance
change and percentage absorptance change in the low light absorption regime, which
is what we observe in these experiments. From this point onward all references to the
amount of light absorbed will be designated as 4, and the words absorbance and
absorptance will be used interchangeably. However, one must be aware that this is
not the case when there is a large amount of absorption: while absorptance can only

be is large as unity, absorbance does not have an upper bound.

Having clarified the difference between absorbance and absorptance, we shift our
attention back to the question we posed before: can we expect Beer’s Law behaviour
when calcium is deposited onto the polymer? The metallization is a process that
involves, in the most simplistic view, 4 layers of materials, the substrate, the polymer,
the metal overlayer, and finally vacuum. We need to determine if the growth of the

overlayer should cause a linear increase in absorptance.
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This thin-film optics problem can be treated in a similar way as O. S. Heavens did in
his analysis on a simpler 3-layer system.”” The complete derivation is presented in
Appendix 1. Through this analysis, we conclude that there should indeed be a linear
increase in the absorptance change with the overlayer thickness, irrespective of how
many layers we include in the multilayer model as long as the optical properties of
these buried layers do not change in the course of deposition. Our observed linear
change of absorptance as a function of calcium dosage for deposition on P3HT lends
us some confidence then that there is constant sticking in this system, ruling out that
the shape of the heat curve profile was due to a change in sticking. We next examine
the laser data in more detail, in an attempt to quantify the absorptance change so that

the value of the sticking coefficient might be obtained.

The percentage change in absorptance depends on a number of factors if we are to
attempt to analyse it using the simplest multilayer model: the refractive index of the
gold substrate, the refractive index of the polymer, the thickness of the polymer, the
refractive index of the overlayer, and the thickness of the overlayer. If there is no
reaction between calcium and a particular polymer, the growing overlayer may
simply be metallic calcium. To determine if this is the case for P3HT, calculations
have been carried out at a photon energy of 1.85 eV, using refractive indices found in
the literature.”**>® The thickness of the polymer has been estimated to be 18 nm, as
will be discussed later in the xenon lamp section (Chapter 5.2). Since no optical data
appears to have been published in the literature for P3HT, the refractive index used
for these calculations is actually that of poly(3-octylthiophene) (P30T), a
polythiophene polymer with octyl side chains as opposed to hexyl in P3HT. The
refractive indices of P30T and P3HT ought to be rather similar, given the minor

differences between the two species.

The result of the calculation, assuming complete sticking of the incident calcium, is
shown in Figure 5.2. The first thing to note is that the calculation, which was carried

out without using the d << 4 approximation, yields an absorptance that increases
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Figure 5.2:1.85 eV laser data for P3HT, compared with calculated percentage
absorbance changes assuming bulk metallic overlayer
It is obvious that the calculated values do not match the experimental data,
indicating either a small calcium sticking coefficient, or that the overlayer

does not have bulk metallic properties in this coverage regime.
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linearly with coverage; thus this 4-phase model does obey Beer’s Law, in accordance
with our more general proof. The slope is approximately 7 times steeper than the
experimental data, which may indicate a very low calcium sticking. However, there is
no curvature in the experimental data even though the calorimetric data indicates that
calcium must be reacting with the surface and eventually building up. Also, if the
initial sticking is ~14% as the magnitude of the slope suggests, the initial heat of
reaction between calcium and P3HT would be ~700 kJ/mol (recall that the initial heat
previously reported for this polymer is ~100 kJ/mol of incident calcium), which
seems exceedingly large. An alternative explanation is that the calcium overlayer at
these low coverages has a dielectric function different than that of a metal film: there
are reports by some researchers that even by 30 A calcium is still not entirely metallic

on PPV-type polymers.*

In a second attempt to model the film, the calcium is embedded in a near-surface
layer of the substrate to create a film of metal-polymer composite. Since an interfacial
region of between 20 to 40 A has been suggested when calcium is deposited onto a
PPV-type polymer,” 30 A is used as the thickness. This layer is treated as a
Maxwell-Garnett (MG) film of calcium in P3HT, which takes into account field
effects caused by the dispersed particles: MG theory is an effective-medium
approximation which describes how oscillators in the film are driven by the incident
field plus the polarization field from neighbouring oscillators.”””® The refractive
index of this MG film is calculated by taking the square root of its dielectric function

&6 » which in turn is calculated using the following relationship:

e —¢p _  Cca (5.7)

+2 1 +2
Eng T4Ep Ecg T 2Ep

where &, is the dielectric function of the polymer, &, is the dielectric function of

calcium, and ¢ is the volume fraction of calcium in the MG film.
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The calculated absorptance change is plotted and shown in Figure 5.3. Clearly, this
system cannot be properly modeled by a MG film. It is quite surprising that the MG
model predicts an even stronger absorbance for the overlayer. This is because at the

1.85 eV photon energy, the real part of calcium’s dielectric function Re(gCa) is -6.6,

while the corresponding value for the polymer Re(s P) is 3.4, such that the

denominator on the right hand side of equation 5.7 is close to zero.

There are other effective-medium models that offer different approximations to the
dielectric function of a medium with embedded absorbers. Our next attempt was
therefore to try to see if we can obtain a better fit using the Bruggeman (B) model, the
Sheng (S) model, the Landau-Lifshtiz-Looyenga (LLL) model, and the Monecke (M)
model. The respective expressions for evaluating the dielectric functions, designated

99
as &, &, &, and g,,, are shown below:

Ep—& Ecy, — €
_1\ P B _ Ca B 5.8
(q }8P+283 nga+283 (58)
U ep—t&s  —U, &q—¢&5 .

U +U, ¢, +2e, U, +U, &, +2&5
U, =(-q). U, =(1-31=¢) (59)
€t :[(%_%)Q‘H\/g]l (5.10)

gy 41— g)e, +2(1-q) (60, —5)
. Ec, T26p (3.11)
M E, —& |
M+(1—q)
Ec, T26p

The results of these calculations, as well as from the MG model, are shown in Figure
5.4. It should be noted that of the 4 models, the Sheng and Monecke models do not

give a dielectric function equalling that of the polymer when the volume fraction is 0,
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Figure 5.3: Calculation of the percentage absorptance change at 1.85 eV for P3HT
where the near-surface region is treated as a MG film

Clearly the calcium MG film model is not a better model than the calcium

overlayer model.
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Figure 5.4: Calculation of the percentage absorptance change at 1.85 eV for P3HT
using various effective-medium models
While the other models produce better results than MG, they are

nonetheless still poor fits to the data.
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i.e. when no calcium is present. These 2 models thus yield calculated absorptance
changes that are unrealistic in the low exposure regime in our experiments, and are
hence not shown in the figure. While the other effective-medium models yields
calculated absorptances that are closer to the experimental data, they are still
extremely poor fits. This might be an indication that the embedded calcium clusters
do not themselves have bulk metal properties, due either to their size or to reaction

with the polymer.

According to classical Drude theory which describes metals as having free electrons

surrounding the ion cores, the dielectric function of a metal can be written as:'**'"!
2.2 2
® T 0,7 dre’n’
Eo =|1-—5— |+i L W) = (5.12)
I+t a)il +o’t ) m

where @, is the angular plasma frequency, 7 is the relaxation time, @ is the angular

frequency of the incident photons, n” is the effective density of free electrons in the
metal, and m is the mass of electron. Since the real and imaginary parts of the

refractive index for calcium are known at 1.85 ¢V, @, and 7 can be evaluated,

which is commonly done in the literature.”®'**'% Thinking simplistically, the size of

the particle should not significantly affect »”, and thus @, should also not be

significantly altered. However, it should play a role in how long an electron can
remain free before encountering an edge of the particle, which then leads to
scattering. Thus, calculations using the MG, Bruggeman and LLL models are carried
out with 7 as a fitting parameter. The result is plotted in Figure 5.5, where only the
fit line using the MG model is shown since the best fit lines for all 3 models are

virtually identical.

Whereas bulk calcium has 7 =7.6x107" s (calculated from the dielectric function at
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Figure 5.5: Best fit curve for the 1.85 eV P3HT laser experiments using a MG model

with a Drude-metal
The best fit 7 for the MG model is 2.3x107"7 s, while 7 =2.2x107" s
for the Bruggeman model, and 7 =1.8x10""" s for the LLL model. These

other models yield essentially the same curve as the MG model.
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1.85 eV), the least squares fit to the experimental data yields 7 =2.3x107" s using

the MG model, 7 =2.2x107"" s using the Bruggeman model, and 7 =1.8x107"" s
using the LLL model. The best fit 7 is smaller than the bulk value, which is as
should be since the amount of time between scattering events is supposed to be

shorter with a smaller particle. However, the calculated bulk calcium value of
7.6x107'° s is quite low: it is comparable to liquid tin’s value of between 3.5x107'°

and 5x107'° 5,” while solid metals typically have values on the order of 10™"° ~

110

10714 §.00104106-109 aking calcium’s Fermi velocity of 1.3x10" nm/s, ' the small

value of 7 ~2x10™" s corresponds to an electron mean free path of about 0.3 A,

which is most likely too short to be physical possible.

One possible reason for the failure of Drude theory may be that inter-band transitions
can occur in calcium when irradiated with light at 1.85 eV. However, the only
reported inter-band transitions below ~5.5 eV are at 5.2 and 4.5 eV,'"! while a 2.9 eV
absorption has been predicted theoretically but not observed experimentally.'"
However Lorentz oscillator terms might also need to be added to the Drude dielectric
expression in cases where the plasma frequency is a function of nanoparticle size.'"
This is unfortunately impossible to do with the single photon energy used in these

experiments.

The laser experiments were carried out originally in a quest to gain more information
on the sticking probability, in particular with respect to calcium deposition on P3HT.
While the data cannot be used to quantify sticking, it does indicate that the sticking is
constant. Since the calorimetric heat increases quite dramatically in this regime, this
may indicate the sticking is already close to unity. Unit sticking appears to be a
common assumption when vapour depositing calcium on organic

46,51,69,70,73-80,114
substrates.” "

While the modelling still requires significant work, thanks to the high signal-to-noise

ratio achievable, and it being an in situ procedure, this technique does have potential.
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With further development it might be integrated with calorimetric measurements to
yield real-time sticking information during deposition. As well, it may be possible to
develop this technique as a monitor for when the material being deposited attains

bulk optical properties.

5.1.2. Absorption Cross-sections

Having discussed the linearity in percentage absorptance change at 1.85 eV for P3HT
in relative detail, let us now examine the absorptance changes for all three polymers,
which are shown in Figure 5.6. The behaviour of MEH-PPP is very similar to that of
P3HT: they are both essentially straight lines with very similar slopes. More
interesting, however, is the behaviour of MEH-PPV, which shows a dramatic rise
initially before settling to a linear rise with a similar slope as the other two polymers
by ~6 atoms/nm?. Note that this correlates very well with the calorimetric data, which
levels out at roughly the same coverage, as can be seen in Figure 5.7 when the two

sets of data are plotted in the same graph.

In order to gain more insight about the different slopes seen in MEH-PPV versus
P3HT and MEH-PPP, it may be helpful to look at the absorptance changes in terms of
absorption cross-sections, o . The change in absorptance formally depends on the
number of absorbers in a film, and also local field effects that are dependent on the
distribution of absorbers, as well as thin film interference effects as demonstrated in
the thin film optics discussion in Appendix 1. Thin film effects can be accounted for
by using the multilayer model composed of the gold substrate, the polymer, a near-
surface layer where the absorbers are embedded in the polymer, and vacuum. We can
then extract absorption cross-sections by neglecting local field effects, as is often the
case in literature.'"> We should keep in mind that the local field contribution to the
optical response could change with coverage, but the low observed absorptance of

about 0.05 (absolute absorptances of the polymers prior to calcium deposition will be
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Figure 5.6: Percentage absorptance changes at 1.85 eV for all three polymers studied
in this thesis
The behaviours of MEH-PPP and P3HT are very similar, with essentially
linear rises of similarly small slopes. MEH-PPV shows a much different
profile, growing quickly initially before tapering off to a linear rise with a

similar slope as the other polymers by ~6 atoms/nm”.
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Both sets of data have an initial rapid change that tapers off by ~6
atoms/nm’, suggesting that both the heat and absorptance change are

caused by the same chemistry.
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presented in the next section) implies that there should only be a small polarization
effect. We thus tentatively analyse the data by assuming a Beer’s Law-type behaviour
where the amount of absorption is proportional to the number of absorbers in the
film, i.e., that the extinction coefficient « , which is itself dependent on the imaginary

part of the refractive index &, can be written in terms of o such that:

%zazpa (5.13)

where 4 = 671 nm is the wavelength of the light and p is the density of absorbers.

An expression for translating £ into o can then be written taking into account film

thickness:

 4d7kd

> (5.14)

no

where 7 is the projected areal density of absorbers, and d is the thickness of the film
that the absorbers are embedded in. In order to obtain o, multilayer calculations are
carried out using £ as a fitting parameter to arrive at the observed absorptance
changes. The value of £ is then converted into no via expression 5.14 and plotted. It
should be noted that, due to interference effects, the value of k£, and thus no , is
dependent on the assumed thickness of the absorbing near-surface layer. Since the
diffusion layer has been suggested to be between 20 to 40 A when calcium is
deposited onto PPV-type polymer, as mentioned previously, > calculations are
carried out for these two thicknesses. Figure 5.8 is the result of these calculations for
P3HT, while the results for MEH-PPV, using the refractive index by M. Tammer e.
al."'® is shown in Figure 5.9. Calculations are not performed for MEH-PPP, since

the absorptance change for this polymer is very similar to P3HT such that the P3HT
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Figure 5.8: Plot of no as a function of calcium deposition for P3HT
Results for both 20 and 40 A thick diffusion layers are shown in this
graph. The absorption cross-section, which is the slope, has been found to
be 9x107" ¢cm?, as indicated by the best fit on the average of the two

diffusion layer thicknesses.
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Figure 5.9:Plot of no as a function of calcium deposition for MEH-PPV

Results for both 20 and 40 A thick diffusion layers are shown in this

graph. The best fit line is for the average of the two thicknesses, where the

two absorption cross-sections have been found to be 3x10™" and

6x107" cm?.
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calculations should be representative for both polymers, given the similar refractive

indices at the photon energy in question.'"’

Since the P3HT/Ca system is the simpler of the two, let’s first examine the results for
this before considering the MEH-PPV/Ca system. The assumption of different

diffusion layer thicknesses does not significantly affect the calculations here. The best

fit line on the average of the two sets of calculations has a slope of 9x107" cm?,

which corresponds to the absorption cross-section. The fit is obviously not perfect: if

we take tangents at the low exposure end and at the high exposure end, the cross-

section would appear to change from 1.5x10™"* cm? (at ~2 atoms/nm?) to 5.5x107"
cm’ (at ~12 atoms/nm?). The cross-section obtained here is rather small: it
corresponds to a Beer’s Law molar extinction coefficient of ~250 L-mol™-cm™. To
put this number into perspective, the extinction coefficient for d-d transitions in metal
complexes can be as large as 1000 L-mol™-cm™, while symmetry allowed charge

transfer bands can have coefficients up to 50,000 L-mol™"-cm™.!'®

How does the absorption cross-section for the MEH-PPV/Ca system compare with
the P3HT/Ca system we have just discussed? We first note that the optical and
calorimetric data for MEH-PPV both have exponential dependencies on calcium
exposure. Since we argued previously that the calorimetric data shows two distinct
reactions when calcium is deposited onto MEH-PPV where calcium atoms either
react with the polymer or they react with calcium that is already on the surface, we
propose that there too are two absorption cross-sections involved in the optical data,
corresponding to the two products from the reactions. Information from the
calorimetric data is therefore incorporated in determining the best fit no line shown
in Figure 5.9: we obtain the populations of the individual states from the 2-state
model introduced in the calorimetry analysis, and use the two cross-sections as fitting

parameters to the multilayer calculation. Recall from Chapter 4.1 that the number of

available empty binding sites, or site A in the previous discussion, 7, is given by:
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Ma_ g (4.5)

Continuing with the binding site labels used in the previous discussion, since a site B
is generated when a site A becomes occupied, the total number of occupied site A,

n',, is the number of available site B. Recall as well that the total number of
available sites of any type is n, suchthat n, + ny, =n, =1.7 nm™. The population of

site A (equivalent to the amount of products from the first reaction) is thus:

-0
n'A—nO[le"O} (5.15)

The sum of the two states’ populations should add up to the amount of calcium
deposited €, which yields an expression for the population of site B (equivalent to

the amount of products from the second reaction), n',:

-0
n'B—Qno(le"O} (5.16)

Using these populations, the best fit &, is 3x107" cm?, while the best o 5 1S

6x10™" cm?. The value for o » 1s roughly similar to the cross-section obtained for

P3HT, as the similar slopes for P3HT and MEH-PPV at higher exposure indicates,

and is attributable in all cases as due to condensation of calcium clusters.

It is very interesting that o , is much larger than o, . What may be the cause of this
large absorption cross-section? If calcium is capable of n-doping the polymer,
negative polarons would form, and new electronic states would appear inside the

band gap, as indicated schematically in Figure 5.10.""" This figure also shows some
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Figure 5.10: Schematic diagram of possible transitions, and thus absorption energies,
for negative polarons
Recall that for a negative polaron the lower polaronic level is filled,
while the upper is half-filled, such that transitions can potentially occur
from the valence band to the upper polaronic level, from the lower level
to the upper level or to the valence band, or from the upper level to the

valence band.
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120 The distance from the

of the potential optical transitions for the negative polaron.
band edge is related to the polaronic relaxation energy,'*' which is a small number:
values in the literature range up to ~0.7 eV.'** The 1.85 eV photon energy used is
0.25 eV less than the MEH-PPV band gap of 2.1 eV, thus the absorption we observe
may be due to polarons. The polaronic absorption cross section found by I. H.

Campbell ez. al., where field-induced charges were introduced into MEH-PPV,'* has
been estimated to be no larger than to 1x10™'® ¢m? which compares quite well with

our o ,.

It is very exciting that our calorimetry data clearly correlates so well with the optical
data, and that we might have a chemical probe of the photo-physical doping reaction.
Combining the calorimetric and optical results, we propose the following chemical
picture in regards to calcium deposition on MEH-PPV: calcium undergoes a redox
reaction with MEH-PPV to form calcium cation and polymer anion. The electron-rich
vinylene double bond in the polymer ion then acts as a ligand and interacts with the
calcium ion. This chemistry agrees beautifully with the findings of V.-E.Choong et.
al., where DFT calculations indicate that calcium ions are located at the vinylene

double bonds, with their electrons transferred onto the conjugated backbone.**

Returning to P3HT, it is interesting that the cross-section is such a small value at

9x107" cm? since one might expect to be able to observe absorption due to polarons
with this polymer’s band gap of 2.2 eV."® P. J. Brown et. al. have measured the cross-
section due to polarons in P3HT, formed through field-induced charge injection, to be
on the order of 107'® cm?,'* at 1.34 and 1.65 eV. The 1.65 ¢V signal in Brown’s study
decayed by ~30% by 1.85 eV, but there was nevertheless a reasonably strong
absorption. The lack of absorption in our experiments thus appears to suggest that
calcium deposition does not cause polaron formation. This is consistent with the
calorimetric data showing no strong reaction of incident calcium atoms with the

P3HT.
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5.2. Xenon Lamp Studies

Spectroscopic experiments using a xenon lamp coupled with a monochromator were
also carried out. However, before any in situ experiments were performed using the
calorimeter, the absorptance spectra for the gold substrate and polymers were
collected in an integrating sphere ex sifu using the same light source and associated

optics. The spectra are shown in Figure 5.11.

It is obvious that MEH-PPV shows a lot more absorption at 1.85 eV than P3HT. This
is rather surprising, given that the two polymers share similar band gaps at 2.1 and
2.2 eV respectively.'*'® Calculations are thus carried out using a 3-phase vacuum-
polymer-gold model, using the same equations as before with photon energy
dependent refractive indices taken from the literature,”**>*%!'%!17 to hopefully shed
some light into this unexpected result. Polymer layer thickness is used here as a
parameter to fit the observed spectra. As a check before fitting the experimental data
with polymer film thickness as a parameter, a calculation with a polymer thickness of
0 A is first carried out to verify that there is agreement between theory and
experiment. This is shown in Figure 5.12. Comparisons between calculated and
measured absorptances for MEH-PPV, P3HT and MEH-PPP are shown in Figure
5.13, Figure 5.14 and Figure 5.15 respectively.

There is good agreement between the calculated absorptance for a 20 nm polymer
film and the observed MEH-PPV absorptance. This is therefore the thickness used for
the calculations in the laser data discussion. This thickness reproduces accurately the
rise of the absorption with increasing photon energy, as well as the dip after the
absorption peak. However, the fit is not very good at the peak. It is interesting to note
that the 10 nm calculation reproduces the feature in the data at ~2.5 eV, which is
perhaps a consequence of the imaginary part of gold’s dielectric constant having a

“kink” at this photon energy.96
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as collected using an integrating sphere



104

0.7

0.6

0.5

Absorptance

0.4

0.3

0.2

+ Experiment

0.1
—— Calculation

0 T T T T f T T T T f T T T T f i i i i f
1.5 2 25 3 3.5

Photon energy (eV)

Figure 5.12: Comparison between measured absorptance of the gold substrate ex situ
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of gold’s refractive, k, is shown as well to illustrate the location of the

“kink”.



106

0.7

0.6

0.5

0.4

Absorptance

N s+ Experiment
18 nm
/ -—-=10nm

0.3

0.2

0.1

0 i i i i f i i i i f i i i i f i i i i f
1.5 2 25 3 35

Photon energy (eV)

Figure 5.14: Comparison between measured P3HT absorptance ex sifu in integrating
sphere and calculation
The agreement is quite poor for this polymer: the absorption between 2
and 2.5 eV is much lower in the experimental data. The best fit is for an
18 nm thick polymer film, while calculated absorptances for 10 nm and

30 nm films are also included for comparison.
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Figure 5.15: Comparison between measured MEH-PPP absorptance ex situ in
integrating sphere and calculations for 11 nm, 14 nm (best fit), and 20
nm thick films
The fit is also poor for this polymer. However, the fit is based on the
PPP polymer poly(p-phenylene-alt-co-p-2,5-dioctyloxyphenylene), since
the refractive index for MEH-PPP appears to not have been published in

the literature.
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The agreement for P3HT is, on the contrary, quite poor. A thickness of 18 nm does
match the high energy regime reasonably well, but the observed absorptance around
the band gap region is significantly lower than the calculated values. While the most
obvious reason for this observation would be that the P3HT did not adhere during
spin-coating onto the substrate, a film was definitely present and visible to the eye. It
should be noted that the MEH-PPV was a brightly coloured film, while the P3HT was
very lightly coloured, even though one would expect the two materials to appear
similar. There may be interfacial effects between P3HT and gold that are absent in
MEH-PPV. Further studies will need to be carried out to determine the cause of this

phenomenon.

The agreement for MEH-PPP is also quite poor. An 11 nm film is a good fit for
photon energies below ~2.7eV, but cannot reproduce the observed absorptance at
higher energies, while a 20 nm film appears to be a good fit above ~3.3 eV, but
overestimates the absorptance for all energies below. However, the inability to fit the
experimental data is perhaps not unexpected, given that the refractive index used in
the calculations is actually that of the PPP polymer poly(p-phenylene-alt-co-p-2,5-
dioctyloxyphenylene), a polymer where there are side-chains only on every other
phenyl ring, as well as having side-chains of different lengths from those in MEH-
PPP. Indeed, the main absorption peak of this polymer is at 2.9 eV.,'"” which
corresponds quite well to the location of the peaks in the calculations. The absorption
peak for MEH-PPP is, however, at 3.8 eV according to the manufacturer, which is
perhaps the reason for the observed rise in absorptance at the high energy end of the
experimental data. Unfortunately it would require a significant effort in measuring the
photon energy-dependent complex refractive index of MEH-PPP, which would be a

major project in and of itself.

Regarding spectra recorded in situ after calcium deposition, the original idea of this
exploratory work using a xenon lamp was to have stepwise calcium deposition with a

full spectrum at each step to complement the laser studies. Unfortunately, the results
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were erratic, likely due to the 20-30 minutes required to record each spectra, during
which time the sample was exposed to background gases, as well as photo-
degradation.'*'?® Since both the calorimetry and laser data indicate that the majority
of the reaction occurred before 4.5 atoms/nmz, or 2 A, of calcium exposure, we chose
this dosage for the lamp experiments. The percentage absorptance changes as a

function of photon energy for the three polymers are shown in Figure 5.16.

At the diode laser energy of 1.85 eV, the lamp data indicates an approximately 18%
absorptance change for MEH-PPV; this is somewhat larger than the 11% seen in the
laser diode experiments. There is essentially no absorptance change observed in the
lamp experiments for MEH-PPP and P3HT, whereas 2% can be seen in the laser data.
While it would have been ideal that the numbers from the two sets of experiments
match perfectly, the lamp data nevertheless demonstrates qualitatively what is
observed in the laser data. We deem the laser data to be more accurate since the time
delay between deposition and measurement was minimal in these experiments; as
well, a significantly better signal-to-noise ratio was possible compared to the lamp

experiments due to the higher and more stable light intensity the laser provided.

The most noticeable feature in Figure 5.16 is that only MEH-PPV absorbs
appreciably differently after the deposition of 4.5 atoms/nm? of calcium, with
increased absorption at energies below ~2.2 eV, which is the sub-band gap region of
this polymer. It has been reported in the literature that an absorption band appears at

1.6 eV when charge carriers are injected into MEH-PPV;'%*

the absorption seen in the
lamp experiment is likely to be the same band, which further consolidates our

conclusion that polarons formed during calcium deposition on MEH-PPV.
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Figure 5.16: Percentage absorptance change upon the deposition of 4.5 atoms/nm? of
calcium for all three polymers as a function of photon energy
Only MEH-PPV can be observed to have a significant change in

absorptance. As a reminder, the laser diode energy is 1.85 eV.
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5.3. Summary of Optical Studies

We have demonstrated theoretically (the full derivation is presented in Appendix 1)
that in the thin film limit where a growing overlayer has a thickness much smaller
than the wavelength of the light incident on the system, the change in absorptance is
linear with the overlayer’s thickness. This is true for any number of underlying films,
as long as these films’ refractive indices/dielectric functions do not change in the
course of the overlayer growth. This linear absorptance change is strictly a result of
interference effects within the multi-layer system, and does not require an absorbing
overlayer. However, if the overlayer is not absorbing, at least one film in the
underlying multilayer must be absorbing, or the system will just be completely non-

absorbing regardless of the overlayer thickness, as intuition would suggest.

We have presented exploratory work utilizing the calorimeter sensor as a detector for
changes in optical absorption using the laser energy of 1.85 eV. In the case of
calcium deposition on MEH-PPV we observe a large optical cross section of 3x107"

cm’ per incident atom, which we attribute to polaron formation.

In the case of P3HT and MEH-PPP, we observe a linear change of absorbance with
exposure, which indicates constant sticking of calcium, most reasonably unit sticking.

However attempts to fit the absorbance with models assuming unit sticking failed.

The optical behaviour of MEH-PPP during Ca deposition was similar to that of
P3HT. While we suspect the polymer may be doped upon deposition, since the
calorimetric data suggests similar chemistry as for MEH-PPV, 1.85 eV is too low an

energy to probe the band-edge region of this polymer, whose band gap is 3.8 eV.

We have presented further exploratory work in this chapter where absorption spectra
have been collected over the visible spectrum of wavelengths. Even though the
signal-to-noise ratio is significantly worse than the laser experiments, the lamp data

nevertheless reproduced qualitatively the laser results. There is essentially no
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absorptance change for MEH-PPP and P3HT after the deposition of 4.5 atoms/nm’ of
calcium, while an absorption which we believe is due to polarons is present below

~2.1 eV for MEH-PPV.

The measured absorptances for the 3 pristine polymers show varying degrees of
discrepancies from calculated values based on refractive indices found in the
literature. Whereas there is a reasonably good agreement for MEH-PPV, the band gap
region cannot be described accurately for P3HT. This lack of absorption around the
band gap has also been observed visually, where there is a lack of colour on the spin-
coated polymer film. Barring decomposition of the polymer, this lack of absorption
may be due to interactions between P3HT and the gold substrate. The agreement is
also poor for MEH-PPP, but this is not entirely unexpected: since there is a lack of
optical studies in the literature on MEH-PPP, the calculations have been based upon a

copolymer between PPP and PPV.
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6. Conclusion and Proposals for future work

There were in practice two parts to this project. The first part was to use the
calorimeter for its original purpose in measuring the heat of reaction during polymer
metallization. Most of this work centred around the benchmark PLED material MEH-
PPV. By comparison with MEH-PPP, we propose that the binding site for calcium on
MEH-PPV is the vinylene moiety on the polymer backbone. The heat of reaction at
these sites is 360 kJ/mol, and they are occupied at a projected areal density of 1.7
sites/nm”. Incident calcium atom is likely to be immobilized once it encounters a
reaction site, which can either be an empty binding site, or an occupied binding site

that then acts as a nucleation site for calcium island/overlayer growth.

Calorimetry experiments were also performed on MEH-PPP and P3HT, which
showed more complex behaviour. A model involving two distinct binding energies
and three reaction steps has been suggested as a plausible explanation to the
behaviour seen in MEH-PPP, while the P3HT data cannot be modeled
mathematically at the present time without further experiments using other techniques
as guidance. The model for MEH-PPP, if correct, suggests that the binding sites have
a projected areal density of 3.5 sites/nm?, with a first binding energy of 200 kJ/mol
and a second binding energy of 360 kJ/mol. The binding energies can be explained if
the phenyl rings on the polymer backbone are the reaction sites. In this picture, an
unreacted phenyl ring interacts with calcium via one of the three double bonds. This
interaction requires energy to overcome the aromatic stabilization, which is on the
order of 150 kJ/mol; thus the expected reaction heat for the first calcium would be
360 kJ/mol (as measured for MEH-PPV) offset by this amount, which is comparable
to the 200 kJ/mol obtained.

While we have not proposed a model that can accurately describe the P3HT
calorimetric data, it is consistent with calcium island growth without a strong

interaction with the polymer. However, the reaction heat profile could also be due to
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the formation of an overlayer which requires significant alterations of the polymer’s
chemical structure, such as the formation of a calcium sulphide film, during which
sulphur atoms are abstracted from the polymer’s backbone. Nevertheless, calcium
island growth is the more likely explanation, since data from the laser studies also

appears to support this hypothesis.

The second part of this project involved the expansion of the calorimeter’s capability
to measuring optical absorbance, formally absorptance, initially using a laser diode,
and subsequently expanded further with a lamp and scanning monochromator. It has
been demonstrated quite successfully that the calorimeter is capable of functioning as
a spectrometric sensor. Using MEH-PPV as the test case, it has been determined,

through calculations using a thin film optical model, that the absorption cross-section

for polaronic species in this polymer is ~3x 10" cm’, comparable to literature
reports. With further development the laser diode technique can potentially be used as

a real-time coverage monitor concurrent with calorimetric studies.

Throughout this thesis, we have reported the amount of calcium deposited in terms of
exposure. It is important that we upgrade our calorimeter to measure sticking
probabilities in real time so as to gain information on the reaction heats as a function
of the amount of calcium reacted, since this is important information in the

understanding of the chemistry of these reactions.

For other future work, it would be very interesting to study the variations of binding
site densities on MEH-PPV and MEH-PPP due to sample preparation methods, since
the polymer film morphology can be expected to vary widely depending on factors
such as solution concentration, spin speeds, and indeed also on whether the sample
was dip cast, spin coated, deposited as polymer chains or cured in situ, etc. This is
especially important in terms of doping, for a higher density of binding sites means a

higher degree of doping, which might significantly alter device efficiency.
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Future work could also include the study of the interaction between calcium and other
technologically important polymers. Given that side groups can be used to tailor the
photoluminescence colour of polymers as well as alter their physical properties, such
as solubility, of importance to PLED device fabrication, it would be interesting to
study PPV and PPP polymers with different side groups to determine if they would
interfere with the reactions seen in MEH-PPV and MEH-PPP. Other classes of PLED
polymers with different backbones, such as polyfluorene, where the repeat unit has
two benzene rings fixed in a coplanar geometry by a bridging 5-member ring, and the
related polyfluorene vinylene, would also be interesting systems to study, especially

given the backbone reactivities seen in the polymers examined in this thesis.

One could also consider broadening the program to include the deposition of non-
metallic materials that are of technological importance onto semiconducting
polymers. One such material that was contemplated was lithium fluoride, which has
been found to significantly increase OLED performance when an appropriate layer is
deposited before the low work function cathode.'?”'**!'* As well, there is no reason
the calorimeter should only be used for polymers; since it is already equipped with an
effusion cell, films of molecular OLED materials can be grown using the cell, which

can subsequently be studied just as has been done for polymers.
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Appendix 1

Because of interference effects, the field strength of the light passing through a thin
film does not decay exponentially throughout the thickness of the film as would be
the case for an unbounded medium. The objective of this appendix is to demonstrate
that the growth of an overlayer, regardless of it being absorbing or non-absorbing,
leads a linear behaviour in percentage absorptance. This discussion will be structured
as follows: general expressions related to electromagnetic wave propagation will first
be presented, followed by a discussion of a simple 3-phase system, and finally a
discussion of general multi-phase systems. It will be shown that a linear percentage
absorptance change as a function of overlayer thickness can be expected for systems
with any number of bounded phases between overlayer and substrate, in the limit that
the overlayer is thin compared to the incident light’s wavelength, and that none of the
buried phases’ optical properties change during the growth of the overlayer. This is a
noteworthy extension of what is in the literature, which as far as we are aware has

been demonstrated for 3 phases only.”'*°

The propagation of light in isotropic media is well known: it is governed by

Maxwell’s Equations:

V.-¢E =4np (Al.l)

V-uH =0 (A12)

vxEo_#o (A13)
c Ot

v =37k £k (Al4)
c c Ot

where ¢ is the electric permittivity, p is the electric charge density, u is the magnetic

permittivity, o is the conductivity, and c is the speed of light. Note that as written,
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these equations are all expressed in the centimetre-gram-second system. Furthermore,
electrical quantities are in electrostatic units such that there is no proportionality

constant in Coulomb’s Law:

F=995 (A1.5)

while magnetic quantities are in electromagnetic units such that there is no

proportionality constant in the Biot-Savart Law:

(A1.6)

In order to obtain expressions for the electric and magnetic fields, one should note
that the electric and magnetic field vectors are related to each other by the curl
operator. Thus, the curl of the curl of either vector would separate out the dependence

of the vectors from one another. Thus, using the mathematical identity:
VxVxF=V.-V.-F-V*F (AL.7)

and applying Maxwell’s Equations, equation A1.8 can be written for F = E and

Al9for F=H:
—%%(Vxﬁ)zv-“%p—vzﬁ (A18)
79 (v E)+ £ O (vxE)= VA (AL9)

c c ot
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Applying Maxwell’s equations once more on equations A1.8 and A1.9 followed by

rearrangement yields wave equations for the electric and magnetic field vectors:

. B}
pOE Amo OF _ g (A1.10)
c” ot ¢ ot

- a
g0l Ao O _ Gap (AL11)
c” ot ¢ ot

If light travels along the z-axis, and we assign the associated electric field to be along
the x-axis, the following wave solution can be written, with E being the amplitude of
the wave’s electric field, o being the angular frequency of the wave, n being the
refractive index of the medium through which the wave is propagating, 4 being the
wavelength, and X being the unit vector along the x-axis:

2mz

(ol
i(otF 1 ) A

E = Ee % (A1.12)

Note that the negative sign at the exponent is for a wave travelling in the forward
direction. When the wave encounters a boundary, part of it is reflected backwards.
This backward travelling light thus has the opposite sign at the exponent as the

forward travelling wave.

The magnetic field vector can be expressed in terms of the same electric field
amplitude £ as in equation A1.12 if we note that Maxwell’s Equation A1.3 gives a
relationship between the two vectors. Evaluating the curl of the electric field vector as
written in equation A1.12 and writing the unit vectors along the y- and z-axis as y

and Z respectively then yields:

(A1.13)
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Since the magnetic permittivity u is essentially unity for materials in the visible

spectrum, equation A1.13 can be simplified to the following:

o _ iamiEei[mzﬁ 5 (AL14)
o
]j[ _ +nEei(wt¢ Z”ZJ )
+ » (AL15)

Equations A1.12 and A1.15 are general expressions describing the electric and
magnetic fields of light in the visible wavelengths propagating in a medium with

refractive index n.

Let us now consider a simple 3-phase model, as shown in Figure A1.1, composed of
a substrate, an overlayer, and vacuum from which the light originates. The refractive

indices of the 3 phases are designated as n,, n, and n, = 1 respectively. Also

demonstrated in Figure A1.1 is how the incident light would propagate in this 3-
phase model: whenever light approaches an interface it is split into a beam that passes
through and one that is reflected. The coordinate system is set up with the z-axis
normal to the surface, while the origin is defined at the top of the overlayer (phase 1),

which is of thickness d.

This discussion is based on the analysis by O. S. Heavens but slightly different:
whereas the present discussion is a derivation for absorptance, Heavens performed an
analysis on reflectance.”” Through this discussion the percentage change in
absorptance will be shown to increase linearly as a function of the thickness of the

overlayer, i.e. phase 1, if the refractive indices of all phases stay unchanged.

From equations A1.12 and A1.15, expressions can be written for the electric and
magnetic field vectors, which are sums of the individual forward and backward
travelling components, present in each of the 3 phases. In writing these expressions

the + and - superscripts designate the forward and the backward propagating wave
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Figure A1.1: Schematic diagram of a 3-phase system
The light approaches from the top of this system. The diagram on the
left demonstrates how light is reflected and transmitted at each interface
between phases. On the right is a vector sum representation, where E is
the electric field vector, and H the magnetic field vector. The notation
for these vectors is such that the subscript designates the phase, while

the superscript designates direction. The two representations are

different, but mathematically equivalent.
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respectively, while the subscripts designate the particular phase in question. Note that
the refractive index of the phase 0, vacuum, is unity. We will limit this discussion to
normal incidence. This significantly simplifies the physics since there is no angle
dependence, and there is no distinction between s- and p-polarization in the light.

This normal incidence is reflected in the following expressions:

z[wt—z—)
Ef =Eje' *'X (AL.16)
B = Eoe{mﬂfc (AL17)
Er = E;e’[m s (ALI3)
2z
Er = E;e'[ )z (A1.19)
Br = E;ei[m_mﬂx (A1.20)
e
Ar=Ere' *'5 (A121)
X 2
i = —Eoe'(miJ 5 (A1.22)
2z
i = nlEfe{(m_lj 5 (A1.23)
A: :—nlElel[ N ﬂy (A124)
A= an;e{M ) 7 (A125)

For the model to be physical, the total electric and magnetic field vectors must each
be continuous when crossing the interface boundaries. This translates into the
following four expressions for the two interfaces at z=0 (equations A1.26, A1.27)

and z=d (equations A1.28, A1.29) respectively:



E,+E, =E  +E/

E; —E, =n(E' -E

2md 2md
-l I

E'e * +Ee *

7[2”"1d i2/mld
n|E'e * —Ee *

Jzan;e
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(A1.26)

(A1.27)

(A1.28)

(A1.29)

Combining the two equations for each interface, it can then be shown that the

amplitudes of the electric fields in each phase can be expressed as a linear

combination of the amplitudes of the electric fields in the next phase:

E, =—E  +—E/
1 L
_ | -
E; =LE' +—E;
4 4
. i27zzld 1 . 7[27m2d
E'e =—FE)e
f
2mmd _2mnd

(A1.30)

(A1.31)

(A1.32)

(A1.33)

In these four expressions, the various 7’s and #’s are linear combinations of the

refractive indices: called Fresnel coefficients:

ny—n, l-n

n,+n, l+n

(A1.34)

(A1.35)
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2n, 2

= _ (A1.36)
n,+n, l+n
2
(= (A1.37)
n1+n2

Dividing equation A1.33 from A1.32 followed by some rearrangement yields an
expression that relates the amplitudes of the two electric field components in phase 1
with each other:

Amnd
-l

E =rE'e * (A1.38)

Substitution of equation A1.38 into A1.30 and A1.31 yields, respectively:

1 _i47m]d
EJ:—Ef(lJrrlrze g j (A1.39)
Il
1 7[_47m1d
E, :t—Ef(r1+rze g j (A1.40)
1

The ratio between the electric field amplitude of the beam reflected off the first

interface and that of the incident beam is related to the reflectance of the system.

Designating this ratio as r(d ), it can be expressed as:

(d)= E, _n +re? _2md

7 B 2 (A1.41)

+ =2i
E; l+nre

The variable d measures the thickness of phase 1. If the overlayer is a thin film such

that d <</, where 4 is on the order of 100 nm, approximations can be made to
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simplify equation A1.41. By expressing the exponential terms as a series and ignoring

higher order terms of f since f << 1, i.e.,

e ~1-2ip (A1.42)

we can write:'*°

_h +r2(1—2iﬁ)
”(d)~1+r1r2(1_2iﬂ) (A1.43)

So far in this discussion all derivations have been done in electric and magnetic
fields, which are not directly measured in experiments. Instead, the calorimeter is
sensitive to energies. Electric and magnetic fields are related to energy by the

Poynting vector, which represents energy flux:

S=CExd (Al1.44)
4z

The Poynting vector points toward the direction of energy flow, while its magnitude,

’ﬁ , gives the energy per area per time. The reflectance R of the system is therefore

given by the ratio of ’E ’ for the reflected beam to that for the incident beam at the

first interface:

(A1.45)

toy| o

il Ly
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X | X
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Substituting in the respective field vectors from equations A1.16, A1.17, A1.21, and
A1.22 thus gives a relationship between the reflectance R and the previously defined

electric field amplitude ratio 7:

R(d)= =|ra)’ (A1.46)

Ey

Furthermore, since the energy that is not reflected is absorbed somewhere in the
multilayer, and that there is no transmittance given a thick enough substrate,

absorptance is related to reflectance by the simple expression:
Ald)=1-R(d) (A1.47)

The last step of this derivation is to determine the behaviour that has been measured,
namely the percentage absorptance change. Noting that the pristine substrate can be
represented using the multilayer model by requiring that the overlayer (phase 1)

thickness d be 0, the percentage absorptance change can be expressed as:

a0 a0)
1—MR(0) 1—@21{(0)
1-R(d R(0 r(0)
:A(O())_lz ;(3) S T (A1.48)

In order to obtain an expression for the percentage absorptance change then, the ratio
of r(d) to (0) needs to be evaluated. To simplify the resulting expression, the same

thin film limit expression from equation A1.43 is used:
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r+n(1-2i8) rn+n(1-2ip) - 2ipr,

r(d)z1+r1r2(1—2i,6'): n+r, __ ntn (A1.49)
0) notT 1+ nrr,(1-2ip) {— 2iprr, '
1+nr, 1+rr, 1+nr,

In order to simplify this expression further, we concentrate on the denominator. It can
be rearranged, and subsequently expanded in its entirety as a series around f;

discarding higher order terms in £ then yields:

1 B l1+nr,
- 2iprr,  1+rr, —2iprr,
l+nr,
zlJ{(lﬂ,lrz) _(—217’17”2) 2} :1+Zlﬂi (A1.50)
(1+7"1V2—2lﬂl"17”2) £=0 I+7r,

After substituting equation A1.50 back into A1.49 and once again ignoring higher

terms in £, the ratio of 7(d) to »(0) we seek can be written as:

@z(l— 2ifr, j(1+2iﬁrlr2]zl—2iﬂ( rz(l—rlz) (A151)
r

(0) r+r, l1+nr, v+, )(1 + rlrz)

We recall from equation A1.41 that S =27m,d / A, thus substitution into equation

A1.51 gives:
rd) y_Amdy = mnli=] (ALS2)
r(O) A (7”1"'7”2)(1"'7”17”2) .

Since the factor y in equation A1.52 is composed of, ultimately, refractive indices of

the various phases (all the 7’s with subscripts are Fresnel coefficients that are
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calculated from refractive indices), and they can be complex values if they absorb
light, y is also a complex number. This means that in order to calculate the percentage
absorptance change according to equation A1.48, the real and complex parts of y,
which are designated as Re(y/) and Im(y) respectively, must be written out
separately, since the magnitude of a complex number is calculated by taking the
square root of the product between the complex conjugate pair. The ratio of

reflectances, as required in equation A1.48, can then be written out as:

(12 ety it 1 e 1)

(1 +%1m(y)_i%m(y)j(1 A i)+ i%Re(y)j (ALS3)

Continuing the thin film approximation, if higher order terms in d /A are ignored,

equation A1.53 can be further simplified:

M) 1 3 ) (AL54)

Finally, putting equation A1.54 back into A1.48 and rearranging the result gives an

expression for the percentage absorptance change:

A(d)-40)  8zIm(y) R0
(31(0)():_ 1(7)1420;01 (AL1.55)

This equation indicates that if the refractive index of the substrate does not change
over the course of overlayer growth, and that the overlayer’s refractive index is

independent of thickness, the percentage absorptance change should be linear for a 3-
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phase system. It should be noted that according to this expression, the overlayer
needs not be absorbing for the absorptance to change linearly; the overlayer could be
a dielectric material, and a linear behaviour would still be observed. However, in
order to observe a non-zero absorptance change, Im(;/) must be non-zero as well, 1.e.,
there must be at least one phase in the system that has a dielectric constant with a
non-zero imaginary part. In other words, at least one phase needs to be absorbing in

order to observe a linear percentage change in absorptance as a function of overlayer

thickness.

The following discussion extends the concepts originally put forth by J. D. E.
Mclntyre and D. E. Aspnes,'*” which we have detailed above: it is an attempt to show
that the result in equation A1.55 also applies to a 4-phase system. Indeed, this result
further applies to systems with any number of phases, so long as the only phase with
a changing thickness is the overlayer (phase 1), and that all refractive indices stay

constant.

Expressions analogous to equations A1.30 through A1.33 can be written for a 4-phase

system, with the interfacesat z=0, z=d,,and z =d,:

Er=Llp il

E; (A1.56)
ZLl tl
N N
E =g+ E (A157)
tl tl
pmdi 2 2,
Ele * =—Eje * +-%tEje * (A1.58)
t2 tz
2mds _2md, 2,
Ele * =2%Eje * +—E,e * (A1.59)
tz t2
7i27zn2(d1+d2) 1 7i2/m3(d1+d2)
Efe 4 =—E'e * (A1.60)
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Eje * =2Ee 4 (A1.61)

Dividing equation A1.60 from A1.61 followed by rearrangement yields:

_Am (d,+d,)

E, =nEle % (A1.62)

Substituting equation A1.62 into A1.58 and A1.59 gives, respectively:

_izm_ldl 1 _i27m2d1 _i4zmzd2
Ele * =—FEe / (H%e ’ j (AL.63)
2
,‘M 1 ﬂ'M ,,'M
Ee * :t_E;e 2 (,,2+r3€ 2 j (AL64)
2

The electric fields of the forward and backward travelling light in phase 1 can then be
obtained by dividing equation A1.64 from A1.63, followed by some rearrangement:

Am,d,
22

,47m1d1 A
—i +
E =aEe a=2210 (A1.65)

Am,d,
_j %
A

1+rre

At this point, in order to evaluate the percentage absorbance change, equation A1.65

needs to be substituted into equation A1.56 and A1.57. The subsequent two
expressions could then be used for writing the ratio of £, to E_ . Alternatively, we

present the argument as follows.

Equation A1.38, which gives an expression for E . 1n the 3-phase system, is:
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E =rE'e * (A138)

It can be seen that the only difference between the expressions for E . in the 3-phase
equations A1.38 and corresponding 4-phase equation A1.65 is that the factor r, in

A1.38 is replaced by a new factor @ in A1.65. Noting that these expressions are both
substituted into the same equations for the subsequent derivation (equations A1.30
and A1.31 in the 3-phase discussion are identical to A1.56 and A1.57 in the 4-phase)
and that « is independent of the phase 1 thickness, the evaluation of percentage
absorptance change in the current discussion proceeds exactly as previously. Thus the
expression for percentage absorptance change for a 4-phase system is exactly as has

been shown in equation A1.55, except that the factor y has all references to r,

replaced with a, which is an effective Fresnel coefficient. This shows then the

percentage absorptance change is still linear with d when it is small.

If one is to look more closely at these thin film expressions, it can be observed that
similar kinds of simplification can be realized in systems with even more layers. For

instance, in the case of a 5-phase system equation A1.65 would give the expression

for E, instead of E, with the subscripts of all the symbols incremented by one and

k=3
d, replaced by Zd ; where k=35 is the number of phases. This expression is of the

Jj=1
same form as equation A1.62 for the 4 phase system other than some constants; as a
result, the linear dependence of percentage absorptance change on the overlayer
thickness is unchanged. This argument can be repeated for systems with more layers,
1.e., no matter how many layers there are in a system, the growth of an overlayer
causes a linear increase in absorptance in the thin film limit, where the thickness of

the overlayer is much smaller than the wavelength of the incident light.



