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Abstract

Metal / Organic and Metal / Inorganic Interfaces:

Interfacial Bond Energies, Structure and Energy Level Alignment

James C. Sharp

Chair of the Supervisory Committee:
Professor Charles T. Campbell

Chemistry

Metals deposited on surfaces play an important role in many applications, such as
heterogeneous catalysts, fuel cells, photovoltaics, microelectronics and coatings. Further insight
into the energetics and structure of metals deposited on surfaces can lead to more efficient
catalysts and photovoltaics. The first part of this dissertation details the results from studying the
adsorption of Ca onto poly[2-(2-ethylhexyloxy)-5-methoxy-1,4-phenylene cyanovinylene]
(MEH-CN-PPV), poly(9,9-di-n-hexyl-2,7-fluorene) (PDHF) and poly(9,9-di-n-hexyl-2,7-
fluorene vinylene) (PDHFV), polymers of interest for organic photovoltaics. Insights into
interfacial binding were obtained using microcalorimetry, X-ray photoelectron spectroscopy
(XPS) and low energy ion scattering spectroscopy (LEIS). The second part details the results
from studying Ag adsorption onto Fe3O4(111) using the same techniques, and the third part
describes a new method for analyzing signal intensities measured during thin film growth by

electron spectroscopies, such XPS and Auger electron spectroscopy (AES), to determine



quantitative details of film morphology, specifically extending the well-known “hemispherical
cap model” to angles of detection other than normal to the surface.

For the adsorption of Ca on polymer surfaces, it is found that whenever the polymer
contains atoms other than hydrogen or carbon, Ca reacts aggressively with these heteroatoms
with high heat. For MEH-CN-PPV, Ca was shown to initially react with the cyano group and
form Ca(CN); clusters (AHads = 436 kJ/mol). There is also XPS evidence for Ca reacting with
some of the ether groups to make Ca alkoxides at low coverage. After that, Ca reacted with
other Ca on the surface to form 3D islands of Ca(s) (AHad = 464 kJ/mol) until ~15 ML of Ca
coverage, where the polymer surface is completely covered by Ca. For both PDHF and PDFHV,
which ideally contain only hydrogen and carbon, the amount of Ca that reacted aggressively with
the polymer was 10-fold less than the amount observed for polymers with heteroatoms. Its initial
high heat of adsorption (253-315 kJ/mol) is attributed to Ca reacting with impurities or defects in
either PDHF or PDFHV. After reaction with defects or impurities, Ca forms 3D Ca(s) islands
which eventually grow together to make continuous film.

For Ag on Fe304(111), Ag was found to adsorb with an initial heat of adsorption ~230
kJ/mol and increase to within a few percent of the heat of sublimation of bulk Ag (285 kJ/mol)
by ~2 ML Ag. Using AES, low energy ion scattering spectroscopy (LEIS), and modeling the
growth of Ag on the surface as hemispherical caps, it was found that Ag had a particle density of
~4 x 10" particles/lcm? from which the heat of adsorption versus particle diameter was

extracted.
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Chapter 1 Introduction

Metal / organic and metal / inorganic interfaces are used in a wide variety of important
technological applications. Metal / organic interfaces must be produced when making organic
light emitting diodes (OLEDs)*, organic photovoltaics (OPVs)?, and photodiodes,® and coatings
In OPV and OLED:s, this interface is responsible for charge injection and extraction. Metal /
inorganic interfaces are crucial in heterogeneous catalysts, fuel cells and other electrocatalysts,
microelectonics, coatings, chemical and biochemical sensors and photocatalysts. The nature and
strength of the chemical bonding interactions at the metal / substrate interface is very important
to the material’s performance. For example, in catalytic materials, which are often made from
late transition metal nanoparticles dispersed across the surface of some oxide support material,
the material’s catalytic activity, selectivity and long-term stability against deactivation by
sintering are all thought to depend sensitively upon the strength of bonding of the metal to the
oxide.*”

Metal / Organic Interfaces: Ca on Semiconducting Polymers

The use of semiconducting n-conjugated polymers for organic photovoltaics (OPV), organic
light emitting diodes (OLED), and organic field effect transistors (OFET) is widely studied. The
use of polymers has advantages over using inorganics in that the polymers’ light absorption, light
emission and solubility can be tuned synthetically by either using a different backbone or by
attaching different substituents to the polymer backbone. Since the polymers are soluble, new
avenues of device production are available to the polymers, such as spin-coating, solvent casting,

inkjet printing, and chemical vapor deposition. Electronic devices based on polymers also have



some disadvantages when compared with those using inorganics. Generally, their lifetime and
efficiency are not yet acceptable for commercial devices. In photovoltaic and OLED devices
based on such polymers, it is often necessary to use a thin film of a low work function metal at
the metal/polymer interface to tune the energy level alignment between the electrode and the
polymer,® and calcium is a common metal used in these applications,®** often protected by an
overcoat of a less reactive metal like Al.

Some common polymers used for OPVs and OLED are derivatives of poly(alkylthiophenes)
(PATS) poly(p-phenylene vinylenes) (PPVs) and polyfluorenes (PFs). The interface formation
between calcium and poly(3-hexylthiophene) (P3HT) has been previously studied.***® Based on
X-ray photoelectron spectroscopy (XPS) and calorimetry data, it was found that Ca interacted
with the sulfur in the thiophene to from CaS(s). The Ca was able to react with sulfur down to a
depth of ~ 3 nm. After that, based on low energy ion scattering spectroscopy (LEIS), XPS and
calorimetry data, Ca forms 3D islands the P3HT surface.

The interface between Ca and PPV derivatives has been previously studied.***® Ettegui et
al.'” investigated the formation of Ca / PPV interface by XPS and found that Ca reacted with

oxygen impurities present. Andersson et al.*®

argue that Ca oxidizes the carbon-carbon double
bond in the polymer backbone based on XPS and secondary ion mass spectrometry results of Ca
deposited on OC1C1o-PPV. Hon et al.'® studied the interface formation between Ca and poly[2-
methoxy,5-(2’-ethylhexyloxy)-p-phenylene] and poly[2-methoxy,5-(2’-ethylhexyloxy)-p-
phenylene-vinylene] (MEH-PPV) using adsorption microcalorimetry and concluded that Ca

reacts with vinylene in the backbone of MEH-PPV. For their reported heats of adsorption, they

assumed that Ca had unity sticking probability. The previous work on Ca adsorption on P3HT



along with Ca adsorption on poly(methyl methacrylate) (PMMA)® show this assumption not to
be valid until high coverages of Ca.

In Chapter 3, the results of Ca adsorption onto poly[2-(2-ethylhexyloxy)-5-methoxy-1,4-
phenylene cyanovinylene] (MEH-CN-PPV), a cyano-substituted PPV, studied by XPS, LEIS,
and calorimetry is reported. Cyano-substituted PPVs are of interest because of their higher

electron affinity compared to unsubstituted PPVs and their ability to be used as an electron

9,21-25 9-11,26

transport layer and their ability to act as either a donor or acceptor in OPVs.

27-30

Polyfluorenes are of interest due to their use in blue emitting OLEDs and in blends for

OPVs.3*2 The interface between Ca and poly(9,9-dioctyfluorene) (PFO), a PF derivative, has

27-30

been widely studied for use in blue emitting OLEDs* and in blends for solar cells.®**? The

S.2"3%  The authors

interface between Ca and PFO has been previously studied by XPS and UP
found Ca induces a decrease in work function and a downward band bending, and gives rise to
UPS peaks in the band gap which can be interpreted as being due to Ca clusters and eventually
bulk-like metallic Ca.

In Chapters 4 and 5, the results of Ca adsorption on pristine and electron-damaged poly(9,9-
di-n-hexyl-2,7-fluorene (PDHF) and poly(9,9-di-n-hexyl-2,7-fluorene vinylene (PDHFV) studied
by UPS, LEIS, and calorimetry are reported. The two polymers PDHF and PDHFV differ only

by the inclusion of vinylene in the backbone of PDHFV not present in PDHF. Previous

|34 |16,18

theoretical™ and experimenta work on poly(para-phenylene-vinylene) (PPV) has suggested
that the vinylene moiety could be a reactive site for Ca. It should be noted that the PPV
derivatives used in those two experimental studies'®*® had oxygen-containing side groups, while

PDHF and PDHFV only consist of carbon and hydrogen. More recent theoretical studies of Ca /



PPV without these oxygen-containing side groups show very weak interaction between Ca and
the polymer chain.*
Metal / Inorganic Interfaces: Catalytic-interesting Metals on Oxide Surfaces
Nanoparticles of late transition metals dispersed across the surface of oxide support
materials are the key ingredients in many heterogeneous -catalysts, fuel cells, other
electrocatalysts and photocatalysts, which are crucial for energy, fuel and environmental

technologies and chemical processing.”*>

In such materials, the nature and strength of the
chemical bonding interactions at the interface between the metal nanoparticle and the oxide
support surface are very important to the material’s performance, such as its catalytic activity,
selectivity and long-term stability against deactivation by sintering.*’ The strength of the
interaction for metal adsorption and adhesion onto oxide surfaces is not known for many
systems, yet this determines the chemical potential of the metal atoms in the supported
nanoparticles, which has been shown to directly correlate with their resistance to sintering and
their chemical and catalytic reactivity.® Work in the Campbell Group has already presented a
ranking of a small selection of oxide supports by the strength of the bonding with metal

39

nanoparticles.” Also of importance for these systems is the nanoparticle size, as the size can

affect the catalytic properties and selectivity.****

In Chapter 6, the results of Ag adsorption onto Fe3O4(111) as studied by LEIS, AES, low
energy electron diffraction (LEED), calorimetry are presented. Iron oxides are promising
materials for many of the previously mentioned applications. Many researchers have studied

metal nanoparticles supported on the magnetite Fe;O4(111) surface.*>*°

For example, gold
particles supported on Fe304(111) has been studied for carbon monoxide oxidation and water gas

shift.*® Water gas shift has also been studied over copper particles on Fe;04(111).*® Palladium



on Fe304(111) has been studied for CO oxidation.”*** Particulate Ag, usually supported on other
oxides, is known to be a catalyst for epoxidation of olefins, partial oxidation of methanol, and
oxidation of carbon monoxide, and hydrogen.**>!

Chapter 7 presents a new method for determining the average size and number density of
adsorbed 3D nanoparticles dispersed across a flat solid support surface, based upon quantitative
analysis of AES or XPS signal intensities versus the total deposited amount of adsorbed material.
As mentioned previously, the size of the nanoparticle can dramatically affect the catalytic
properties and selectivity.*** Knowing the average size of the nanoparticle can also be of use in
many other applications. A much-used model for determining the average size and number
density of adsorbed nanoparticles from measured AES or XPS signal intensities versus coverage
when the detection angle is normal to the surface has already been derived.®® It is called the
“hemispherical cap model”, and assumes that the nanoparticles keep a fixed number density as
the coverage increases, and all have the shape of hemispherical caps, with the same diameter at a
given total coverage. These assumptions are reasonably consistent with experimental
observations during physical vapor deposition and the kinetic models used to explain.>® The new
method detailed in Chapter 7extends this hemispherical cap model to allow its application to

AES or XPS data taken at an angle of detection other than normal, which significantly

complicates the theoretical calculation of signal intensities.



Chapter 2  Experimental

To study these interfaces, techniques such as X-ray photoelectron spectroscopy (XPS), Auger
electron spectroscopy (AES), low energy ion scattering spectroscopy (LEIS), and
microcalorimetry are utilized. XPS, AES, and LEIS give information about the growth mode of
metals deposited on these surfaces with XPS also being able to give chemical state information.
An in-depth review of the these techniques can found here.>

Microcalorimetry is a technique to determine the heat of metal atom adsorption on these
surfaces by a direct measurement of the temperature change. This technique was pioneered by
Sir David King’s research group using an optical pyrometer to detect temperature changes when

a dose of adatoms impinged on the single crystal surface.>>>’

Professor Campbell’s group
improved upon this design by utilizing p-Polyvinylidene fluoride (PVDF) as the heat
detector.”®>® For experiments with semiconducting polymers, the polymer of interest is spin-
coated directly onto the PVDF using 0.5% w/w solution of polymer in CHCIs. This leads to an
approximately 100 nm thick film. When metal atoms are dosed, the heat released can be
measured by the change in the face to face voltage across the PVDF, which is linearly
proportional to the heat input over the region measured in our experiments. The voltage
response is calibrated using heat input from a He-Ne laser of known power.

The fraction of metal atoms that stick to the surface, sticking probability, is measured using a
modified Kings-Wells method.®® The total number of dosed metal atoms in each pulse is
determined using a quartz crystal microbalance (QCM). A zero sticking flag is then utilized to

reflect the metal atoms. The reflected metal atoms are measured using a quadrupole mass

spectrometer (QMS) and the signal of the QMS is calibrated. A metal mesh placed between the



QMS and the sample was biased at negative 500 volts to avoid any electron damage on the
sample. While dosing metal atoms onto the sample, The QMS is used to measure the fraction of
metal atoms in each pulse that do not stick adsorb to the sample. A cartoon of this setup is
shown in Figure 2.1.

For metal adsorption on oxide surfaces, the method of heat detection is modified. Instead of
growing the oxide on PVDF, the oxide is grown on a 1 um thick single crystal of Pt(111). The
growth of oxide surfaces generally requires temperatures greater than PVDF can withstand and
be useful as a heat detector. For heat detection, a ribbon of PVDF is pressed against the back
side of the Pt(111) crystal and the face to face voltage across the PVDF ribbon can be measured.
As with the polymer setup, the face to face voltage is calibrated with using heat input from a He-
Ne laser of known power and is linearly proportional to the heat input over the region measured

in our experiments.



2.1 Figures

Polymer sample Electrical contact
on to heat detector
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Mass Spectrometer

Figure 2.1 A cartoon of the microcalorimetry apparatus that is housed in an ultra-high vacuum
chamber. Metal atoms are dosed at the sample and generate a face to face voltage across PVDF
when they adsorb. The fraction of metal atoms that don’t adsorb is measured by the mass
spectrometer.
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Abstract
The adsorption of Ca on poly[2-(2-ethylhexyloxy)-5-methoxy-1,4-phenylene cyano-
vinylene] (MEH-CN-PPV) at 130 and 300 K has been studied by adsorption microcalorimetry,
X-ray photoelectron spectroscopy (XPS), and low-energy He® ion scattering spectroscopy
(LEIS). The initial heat of adsorption of Ca on MEH-CN-PPV at 300 K is 436 kJ/mol. The heat
of adsorption increases to 464 kJ/mol at ~0.05 ML. We ascribe this initial heat to Ca abstracting
cyano groups from the polymer backbone to make Ca(CN), clusters, plus a less important

contribution due to Ca abstracting alkoxy groups to make Ca alkoxides. This is supported by



XPS which shows the formation of new peaks in the N 1s and C 1s regions consistent with
Ca(CN),. There is also XPS evidence for Ca reacting with some of the ether groups to make Ca
alkoxides at low coverage. Above 0.05 ML Ca coverage, the heat of adsorption decreases nearly
exponentially to the sublimation enthalpy of bulk Ca solid (178 kJ/mol) by 5 ML. The observed
behavior is attributed to the increasing probability of forming Ca nanoparticles and eventually a
continuous solid Ca film on top of the reacted polymer. LEIS, which shows only a slow increase
of the signals related to solid Ca, supports this model. Incoming Ca atoms undergo a kinetic
competition between diffusing into the polymer to react with subsurface cyano or ether groups
versus forming or adding to three-dimensional Ca clusters on the surface. For studies done at 130
K, similar behavior is observed, with the heat of adsorption starting lower and decreasing more
quickly to the heat of sublimation, already by 1.2 ML Ca coverage. This behavior along with the
quicker growth of Ca on the surface of the polymer is attributed to the slower diffusion of Ca
adatoms to subsurface cyano and ether groups. The effective thickness of “reacted” polymer
(i.e., polymer which has lost its —CN groups and some alkoxy groups) is estimated to be 5.6 nm

at 300 K but only 1.0 nm at 130 K.

3.1 Introduction

Interfaces formed between metals and semiconducting m-conjugated polymers play an
important role in organic electronic devices such as organic light emitting diodes (OLEDs)?,
organic photovoltaics (OPVs)?, and photodiodes.”> One class of semiconducting polymers that is
of interest for these devices is cyano-substituted poly(p-phenylene vinylenes) (PPVs) because of

their higher electron affinity compared to unsubstituted PPVs and their ability to be used as an
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electron transport layer.>*?°

One of the most studied polymers in this class is poly[2-(2-
ethylhexyloxy)-5-methoxy-1,4-phenylene cyanovinylene] (MEH-CN-PPV, see Fig. 3.1 for
structure) due to its improved solubility properties and higher luminescence efficiency in the
red.>*?2% |n photovoltaic and OLED devices based on such polymers, it is often necessary to
use a thin film of a low work function metal at the metal/polymer interface to tune the energy
level alignment between the electrode and the polymer,® and calcium is a common metal used in

these applications,®*!

often protected by an overcoat of a less reactive metal like Al. Thus, the
Ca interface to MEH-CN-PPV is interesting from the point of view of OPV and OLED devices.
Most importantly, it serves as a prototype system for study of all metal / polymer interfaces
between alkaline earth metals and cyano-substituted polymers, especially those with functional
groups similar to those in PPVs. In this paper, we study the formation, structure and bonding
energetics of the calcium / MEH-CN-PPV interface as Ca is vapor deposited onto the clean
surface of MEH-CV-PPV, as done in typical device fabrication. We find that a very aggressive
reaction occurs between Ca and the cyano groups of the polymer which continues down to a
depth of more than 5 nm, and which is likely to occur for many polymers containing -CN groups.
Adsorption microcalorimetry was used to measure the heat of Ca atom adsorption as a function
of Ca coverage, and He* low-energy ion scattering spectroscopy (LEIS) was used to determine
the fraction of the polymer surface covered by Ca during growth of the calcium film. High-
resolution X-ray photoelectron spectroscopy was used to probe the character of the local
chemical bonding at the interface.

To our knowledge, no other studies exist studying the formation of the Ca / MEH-CN-

PPV interface using XPS, LEIS, or adsorption microcalorimetry. The interface between Ca and

other PPV derivatives has been previously studied.***° Ettegui et al.'” investigated the formation
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of Ca / PPV interface by XPS and found that Ca reacted with oxygen impurities present.
Andersson et al.'® argue that Ca oxidizes the carbon-carbon double bond in the polymer
backbone based on XPS and secondary ion mass spectrometry results of Ca deposited on
OC;C10-PPV. Hon et al.*® studied the interface formation between Ca and poly[2-methoxy,5-
(2’-ethylhexyloxy)-p-phenylene] and poly[2-methoxy,5-(2’-ethylhexyloxy)-p-phenylene-
vinylene] (MEH-PPV) using adsorption microcalorimetry and concluded that Ca reacts with
vinylene in the backbone of MEH-PPV. For their reported heats of adsorption, they assumed that
Ca had unity sticking probability. As shown below for the similar system studied here, the
sticking probability drops to 0.65. If the sticking probability were actually 0.65 in that case, their
reported heats were too low by over 50%. The interface between aluminum and poly(2,5,2',5'-
tetrahexyloxy-8,7'-dicyanodi-p-phenylenevinylene) (CN-PPV) was studied both by XPS and
quantum-chemical calculations.”® Aluminum was found to form covalent bonds with the

nitrogen and carbon in the cyano group in CN-PPV.

3.2  Experimental

The MEH-CN-PPV polymer were obtained from Sigma Aldrich (purity verified by
manufacturer using proton NMR and infrared spectra) and used without further purification.
Solutions of 0.5 % w/w polymer in chloroform were prepared and 120 uL of this solution was
spin-coated directly onto the pyroelectric B-polyvinylidene fluoride sheet used for heat detection
at 2000 rpm for 30 s. This yielded a film thickness of ~100 nm, consistent with expectations
based on prior work.®* The film thickness was determined by spin coating the polymer onto a

glass slide in exactly the same way, removing some of the film with a razor blade, and measuring
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the film height with a profilometer. The samples were immediately transferred to the sample
preparation chamber, pumped down to its base pressure of 8 x 10 Torr and outgassed while the
polymer was heated at 330 K for ~10 hours to remove trace amounts of solvent. The samples
were then transferred into the ultrahigh vacuum (UHV) analysis chamber when needed. No
remaining solvent was detected with XPS and Auger Electron Spectroscopy (AES).

The UHV system used in these experiments had a base pressure 2 x 10" mbar and was
equipped with a hemispherical energy analyzer (Leybold-Heraeus EA 11/100) for He™ LEIS and
Auger electron spectroscopy, an ion gun (Leybold-Heraeus IQE 12/38), a quartz crystal
microbalance (QCM, Inficon), quadrupole mass spectrometer (UTI 100C), and adsorption
microcalorimeter. The surface analysis chamber and pulsed metal atom beam have been
described previously.”®® The Ca atom beam was chopped into 100 ms long pulses which
contained ~0.02 ML of Ca at a rate of 0.5 Hz. One monolayer (ML) of Ca is defined here as the
Ca(111) packing density, 7.4 x 10 Ca atoms per cm®’. The metal atom adsorption
microcalorimetry methods used in these experiments has been described in detail previously.**?°
The heat detectors for the calorimeter were 1.3 cm diameter disks cut from a 9 um thick sheet of
B-polyvinylidene fluoride (PVDF) coated on both sides with ~60 nm films of nickel-aluminum
that serve as the two electrodes for heat signal measurements (as purchased from Measurement
Specialties, Inc.). The MEH-CN-PPV was directly spin coated onto these. These heat detector
disks were mounted across the hole in a small sample holder plate as described elsewhere.>

For experiments performed at liquid nitrogen temperature, the procedure was described in
detail previously.®? Briefly, the temperature of the sample holder plate was controlled by

flowing dry nitrogen through copper tubes immersed in liquid nitrogen, then through the thermal
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reservoir on the calorimeter. The temperature was monitored by a thermocouple spot welded to
the calorimeter.

The sticking probability for Ca on MEH-CN-PPV was determined using a quadrupole
mass spectrometer (QMS) with the modified King-Wells method described previously.”® A
metal mesh placed between the QMS and the sample was biased at negative 500 volts to avoid
any electron damage of the sample.

The growth of Ca on MEH-CN-PPV was studied by LEIS using *He" ions with a primary
energy of 1.00 keV and an angle of 45° between the ion source and analyzer axes (i.e., scattering
angle = 135°). lon fluxes were typically 100 nA/cm? with a total ion dose of 6 uC/cm? per
experiment. For the XPS studies, the MEH-CN-PPV films were spin-coated onto a washed 0.1
mm thick Al foil in exactly the same way as for the calorimetric measurements (where the
substrate was NiAl-coated B-PVDF instead).

The high-resolution XPS measurements were performed using a commercial X-ray
photoelectron spectrometer (Scienta ESCA-200) with an Al anode X-ray source, a mono-
chromator, and a hemispherical energy analyzer (SES-200). The UHV chamber (base pressure of
below 2 x 10™° mbar) also comprises a QMS (Pfeiffer HiQuad QMA 400), various evaporators,
and a sample load-lock system. All spectra were recorded in normal emission with the binding
energy (B.E.) referenced to the Fermi edge of a clean Ag(111) surface (B.E.=0), and the spectra
were normalized to the background. For XPS, Ca was evaporated from a home-built Knudsen
cell evaporator at a temperature of 873 K. The deposition rate, 2 A/min at the sample position,
was measured by monitoring the attenuation of the substrate XPS signals upon deposition of Ca
onto an Au foil. More detailed descriptions of the equipment and the experimental procedures for

XPS can be found in our previous publication'? and the references therein.
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3.3 Results

Sticking Probability. Figure 3.1 shows the sticking probability of Ca on MEH-CN-PPV
at 130 K and 300 K as a function of Ca coverage. The flux of the Ca atomic beam was measured
by the calibrated QCM. The Ca coverage was determined by time-integrating the product of the
Ca flux times the sticking probability, taking into consideration the chopped Ca beam’s “on”
time. Each curve in the figure is the average of 3 independent runs.

For Ca on MEH-CN-PPV at 130 K, the curve starts at an initial sticking value of 0.92 and
increases asymptotically towards unity. At 300 K, the initial sticking probability is 0.69. The
sticking probability initially increases to 0.75 at 0.1 ML and then decreases to 0.63 at 1.5 ML.
Thereafter it increases asymptotically towards unity.

The lineshape of the Ca mass spectrometer signal versus time for the atoms which did not
stick at 300 K was analyzed and indicated that they had negligible surface residence time (<10
ms). Assuming that these atoms which did not stick permanently were nevertheless transiently
adsorbed as monomers on the polymer surface, this short residence time suggests they were
bonded very weakly to the polymer. Estimating the pre-exponential factor for desorption to be
10" st at 300 K using the method described in ref. ®, this short residence time implies a

desorption energy below 64 kJ/mol.

Low-Energy lon Scattering Spectroscopy. When metal is vapor deposited onto a
polymer film, the metal atoms can form 3D islands or a continuous film on the surface, or diffuse

subsurface and react with functional groups of the polymer.2*®% LEIS using He* is a valuable
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tool for determining growth modes since it is only sensitive to the topmost surface layer and is
element specific. Thus, it directly measures the fraction of the polymer covered by Ca.

Figure 3.2 shows the evolution of the normalized Ca LEIS signal on MEH-CN-PPV
versus Ca coverage at 130 K and 300 K. Effects of beam damage by the He™ ion beam were
determined to be negligible by comparing measurements of signal versus coverage with 10-fold
shorter cumulative beam exposure times, yielding results that were indistinguishable within the
data scatter. As shown in Figure 3.22, the Ca signal initially grows much, much more slowly
than would be expected by a layer-by-layer growth mode, at 130 K and 300 K. This can be
attributed to Ca initially diffusing to below the surface and binding to subsurface reactive sites
on the polymer. This continues until ~1.5 ML. At both 130 K and 300 K, the Ca LEIS signal
begins to grow more rapidly starting at ~1.5 ML, but still much slower than expected for layer-
by-layer growth. This trend is indicative of the formation of 3D Ca islands on the surface. The
rate of Ca signal growth is higher on the 130 K surface than the 300 K surface, which is
consistent with Ca being able to diffuse subsurface more rapidly at 300 K, and its ability to
subsequently grow larger 3D particles at 300 K. The Ca LEIS signal does not reach its
maximum intensity expected for a pure Ca surface until ~ 10 ML of Ca coverage at 130 K and
~15 ML for 300 K. (Data were collected out to 50 ML, but not shown here so we could expand

the low-coverage behavior that is more important.)

X-Ray Photoelectron Spectroscopy (XPS). Figure 3.3 shows XP spectra of the C 1s, O
1s and N 1s regions for the clean MEH-CN-PPV surface, and their deconvolution into individual
peaks. We assumed here that these had a fixed peak full-width at half maximum (FWHM) of

1.2 eV (to match the narrowest peaks observed in the N 1s spectrum at this same pass energy,
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which we take to define the resolution used) and Gaussian lineshape. For the N 1s spectrum, the
only species present is cyano nitrogen. The peak position of 399.7 eV binding energy (B.E.)
agrees well with the value for poly(acrylonitrile) and poly(methacrylonitrile) of 399.57 eV.”
The O 1s peak was deconvoluted into 3 peaks, O-CHgs, O-CgHjs, and O=C, at binding energies of
533.5, 533.1 and 531.8 eV, respectively. The separation of 0.4 eV between O-CH3z and O-CgHjs
is in good agreement with the difference between the O 1s peak of poly(vinyl isobutyl ether) and
poly(vinyl methyl ether) of 0.27 eV.”® These peak positions and the general O 1s shape are in
agreement with those from MEH-PPV, where the individual peaks were not deconvoluted.”* The
peak due to the O=C subunit has also been seen with about this same relative intensity for MEH-
PPV." Since it is not in the repeat unit of these polymers, it must be associated with end groups
and/or impurities. The C 1s spectrum in Fig. 3.3 was deconvoluted into five individual peaks:
unsaturated carbon at 284.7 eV, saturated carbon at 285.0 eV, ether carbons and carbons bonded
to the cyano group at 286.3 eV, cyano carbons at 287.0 eV, and carbonyl carbons at 288.1 eV.
These B.E. assignments are based on reported B.E.s for polymers containing the same functional
groups as listed in Appendix 1 of High resolution XPS of organic polymers : the Scienta
ESCA300 database. Table 1 shows the B.E.s and percent contributions from each of these

individual XPS peaks as obtained from the deconvolutions shown in Fig. 3.3.
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0 ML Ca 0.1 MLCa 0.5 ML Ca
%
B.E. % area B.E. % B.E. %

Species (eV) area ideal (eV) area (eV) area Ref
C1ls
Cunsat 284.7 25.5 27.8 285.0 25.5 285.1 26.1 28
Ceat 285.0 39.7 38.9 285.3 39.6 285.4 39.1 28

C-0, C-CN 286.3 28.1 27.8 286.6 27.8 286.7 27.0 28
CN 287.0 5.7 5.6 287.3 4.5 287.4 3.2 28
C=0 288.1 1.0 0 288.4 1.0 288.5 1.5 28
Ca(CN), - 0 0 286.0 1.6 286.1 3.1 32
N 1s
CN 399.7 100 100 400.0 84.3 400.1 54.2 28
Ca(CN), - 0 0 399.3 15.7 399.4 45.8 32
O1s
0-CH; 533.5 46.5 50 533.8 44.1 533.9 39.4 28
0-CgHy5 533.1 46.5 50 533.4 44.1 533.5 394 28
0=C 531.8 7.1 0 532.1 7.1 532.2 7.1 28
Ca(OR), - 0 0 531.0 4.8 531.1 14.1 32

Table 3.1 Binding energies and percent composition for the deconvoluted XPS peaks in Figs.

3.3-5 for MEH-CN-PPV before Ca deposition and after dosing 0.1 and 0.5 ML of Ca at 300 K.

The composition for the ideal unreacted polymer (based on its stoichiometry) is also listed.

Figure 3.4 shows XP spectra of the C 1s, O 1s and N 1s regions for the MEH-CN-PPV

surface with 0.1 ML of Ca deposited at 300 K. In all regions of the spectrum the peaks shifted

by 0.3 eV to higher B.E. from their values at 0 ML Ca coverage. This shift is most likely due to

downward band bending associated with long-range electron donation from Ca into the

polymer.”""® The N 1s region shows the appearance of a new peak at 399.3 eV. This peak is

attributed to nitrogen in solid Ca(CN),.
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cyanides which vary from 398.3 eV to 400.6 eV’* The C 1s region develops a new peak at 286.0
eV attributed to solid Ca(CN),. This contribution is small, but significant and can be seen
already in the raw spectra by the disappearance of the dip at 286.0 eV (compare the C 1s spectra
in Figures 3.3 and 3.4). The B.E. is consistent with values for KCN and NaCN of 286.1 eV and
286.2 eV, respectively.”* The O 1s region also shows the formation of a new peak at 531.0 eV,
which is similar to the reported B.E. of 531.2 eV for solid Ca(OH), " This peak is attributed to
solid Ca alkoxides, labeled here as Ca(OR),, due to Ca abstracting alkoxy groups from the
polymer. This new peak may also have some contribution from the reaction of Ca with water
impurity present in the background gas. However, this is unlikely as large a contribution as from
Ca alkoxides since the same sample preparation method was used in our studies of Ca adsorption
on P3HT *? and no O 1s peak was seen, showing that any surface contamination from adsorbed
water was below the detection limits of XPS.

Figure 3.5 shows XP spectra of the C 1s, O 1s and N 1s regions for the MEH-CN-PPV
surface with 0.5 ML of Ca deposited at 300 K. In all regions of the spectrum the peaks shifted
by 0.1 eV to higher binding energy from their values at 0.1 ML Ca coverage. The peaks for
Ca(CN), in the N 1s and C 1s regions increase relative to the other peaks, showing continued
formation of Ca(CN),. In the O 1s region, the Ca(OR), peak also grows relative to the other
peaks in the same region.

Table 3.1 also shows the B.E.s and percent contributions from each of these individual
XPS peaks as obtained from the deconvolutions shown in Figs. 3.4 and 3.5 after dosing Ca. In
this coverage range, the Ca 2p XPS spectrum remains as a doublet of narrow 2ps, and 2pi,
peaks, with the 2ps, peak at 348.5 eV B.E., as expected for Ca in ionic compounds. No

evidence is seen at 0.5 ML and below for intensity in this peak at the B.E. expected for metallic
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Ca(solid), of ~346.5 eV, nor for the intense tail at higher binding energy (353-357 eV) due to the
plasmon loss expected if metallic Ca(solid) were present.”® This observation that Ca is in the
Ca’* form below 0.5 ML is consistent with the other evidences presented below for the formation
of mainly Ca(CN),, plus some Ca alkoxide, in this coverage range, with metallic Ca(s) forming

only at higher coverages.

Heat of Adsorption. Figure 3.6 shows the differential heat of adsorption of Ca on MEH-
CN-PPV at 130 K and 300 K as a function of Ca coverage. Each of the curves is the average of
3 independent runs. The heat of adsorption in the limit of zero coverage is 325 kJ/mol at 130 K
and 430 kJ/mol at 300 K. It then increases slightly at both temperatures until about 0.05 ML,
and thereafter decreases slowly in an exponential-like decay to 179+2 kJ/mol at high coverages,
which it approaches to within a few percent by ~1.3 ML at 130 K and ~4.5 ML at 300 K. This
final value is within experimental error of the reported heat of sublimation of Ca, 178 kd/mol’’,

as expected for Ca adsorption onto pure Ca solid.

3.4 Discussion

The experimental results can be summarized as follows:
a) The LEIS intensity of Ca increases much more slowly with Ca coverage than expected for
layer-by-layer growth.
b) The XPS results show the formation of solid Ca(CN), and Ca(OR),, and loss of relative

intensity in the carbon-carbon portion of the C 1s peak, upon Ca deposition at low coverages up
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to 0.5 ML, but Ca(s) is clearly formed at very high coverages as shown by the heat of adsorption
and LEIS.

c) The heat of Ca adsorption on MEH-CN-PPV for low and medium Ca coverages (<4 ML) is
very high (up to 465 kJ/mol at 300 K), and much larger in magnitude than the heat of bulk Ca
sublimation (178 kJ/mol).

d) The heat of Ca adsorption approaches the heat of bulk Ca sublimation at high coverages.

e) Lowering the temperature of the MEH-CN-PPV decreases the amount of Ca needed for the
heat of Ca adsorption to reach the heat of bulk Ca sublimation, and increases the rate at which Ca
LEIS intensity grows on the surface

In the following, we will describe a model for the formation of the Ca / MEH-CN-PPV
interface which is consistent with these results.

As shown in Figure 3.2, the Ca LEIS signal grows much more slowly with Ca coverage
than expected for the formation of a continuous first layer and subsequent layer-by-layer or 3D
growth for both temperatures. This is consistent with either 3D Ca island growth or the diffusion
of Ca down into the subsurface or bulk region of the polymer, or both. For 3D Ca island growth,
the heat of adsorption should be equal to the heat of sublimation of bulk Ca, 178 kJ/mol, or less
in the case of small Ca clusters due to the formation of fewer Ca-Ca bonds.”® Figure 3.6 shows a
much higher heat of adsorption than 178 kJ/mol at low coverages, starting as high as 450 kJ/mol
at 300 K, and it remains higher up to 4 ML at 300 K and 1% ML at 130 K. Thus the adsorbed Ca
must diffuse to subsurface where a more exothermic reaction occurs than Ca(s) formation. This
is consistent with the XPS results, which show the formation of Ca cyanide and Ca alkoxide.
Note that the -CN and -OR groups of the polymer are expected to be subsurface, since the alkyl

chains of such polymers usually enrich at the surface due to their lower surface energy.”*®
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We propose that the reaction which occurs between Ca and the -CN groups of the
polymer is similar to the following reaction, whose standard heat at 298 K (AH%,,) could be
calculated using thermodynamic tables of heats of formation ""%*:

Ca(g) + 2C2HCN(l) — Ca(CN)2(s) + CaHe(9) 1)
AH i = -546 kd/mol.

In this proposed reaction, each Ca atom extracts two cyano groups from MEH-CN-PPV and
forms Ca(CN),, followed by polymer-polymer coupling between two C atoms which lost their -
CN groups. This is consistent with the XPS data, which shows formation of a new peak at 286.0
eV in the C 1s spectra and 399.3 eV in the N 1s spectra in Fig. 3.5 attributed to Ca(CN),. The
observed heat of adsorption has a maximum value of 465 kJ/mol, which is 80 kJ/mol less than
this heat. This difference could be caused by the much lower heat of formation expected for
small Ca(CN), clusters than for bulk Ca(CN),(solid), as was observed for CaS clusters made by
reacting Ca with the polythiophene P3HT.*2

Another reaction that contributes to the high initial heat of adsorption is the abstraction of
alkoxy groups by Ca to make Ca alkoxide and the subsequent polymer-polymer coupling
between two C atoms which lost their alkoxy groups. That is, a reaction of the type:

Ca(g) + 2ROR"(I) — Ca(OR)2(s) + R"2(g), )
where R is any alkyl group and R” is any hydrocarbon group. This is consistent with the
observation of the formation of Ca alkoxides by XPS in Figs. 3.4-5. The heat for this type of
reaction must be similar to the standard heat for the  reaction:
Ca(g) + 2 EtOH(I) — Ca(OH),(s) + n-butane(g), (3)
which is -755.1 kd/mol at 298 K.”" Again, this is higher than the maximum observed heat of

465 kJ/mol, which again may be due to cluster size effects. The XPS data of Table 1 shows that
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this reaction of Ca with —OR groups is much less likely than the reaction of Ca with —CN groups:
by 0.5 ML Ca, 45% of —CN groups have reacted with Ca whereas only 14% of the —OR groups
have reacted. As shown in Fig. 3.3, there are more than ten times fewer C=0 species than —-OR
groups in the starting surface, which may explain the higher probability for Ca to react with the
alkoxy groups than with these C=0 impurities, even though the probability to react with alkoxy
group is still low compared to Ca reacting with cyano groups.

The LEIS data in Fig. 3.2 clearly show that at the condition of this maximum heat in Fig.
3.6 (i.e., 0.07 ML Ca and 300 K), a negligible fraction of the Ca that adsorbs resides in the
topmost atomic layer as clusters of Ca(s). That is, the reaction is clearly dominated here by
Reactions (1) and (2), where the Ca interacts with subsurface heteroatoms. On the other hand, at
high coverages, the heat of adsorption is equal to the heat of sublimation of bulk Ca(s) at both
temperatures, and the LEIS shows that the surface is nearly pure Ca. Thus, at high coverages,
the dominant reaction is Ca(g) making Ca(s).

We now use a simple two-state model to estimate the effective thickness of reacted
polymer (i.e., the amount of polymer whose —CN groups or -OR have been abstracted by Ca
either by Reaction (1) or (2). The model assumes that the measured heat of adsorption has two
contributions, one due to Reaction (1) or (2) with an average heat equal to the maximum heat
observed (465 kJ/mol, see Fig. 3.6), and a second due to formation of Ca(s) with a heat equal to
its bulk heat of sublimation (178 kJ/mol). The differential heat of adsorption at any Ca coverage
(AHq) is a simple sum of the fraction f of Ca in that pulse that reacts with -CN or —OR groups
times 465 kJ/mol and the remaining fraction (1-f) times 178 kJ/mol:

AHyg = f (465 kJ/mol) + (1-f) (178 kd/mol). (4)
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This equation can be solved to give the value of f for each coverage from its measured AHgyq
value. The resulting f values look identical to the heat curves in Fig. 3.6 except that they are
rescaled such that 465 kJ/mol corresponds to f =1 and f = 0 is at 178 kJ/mol. Multiplying f by
the amount of Ca that adsorbed in that pulse and integrating with time gives the total amount of
“reacted Ca” at that coverage. This is shown in Fig. 3.7 versus Ca coverage at both 300 and 130
K. As seen, 1.15 ML of Ca reacts at 300 K and saturation coverage, but only 17 % as much
(0.20 ML) reacts at saturation at 130 K.

We converted this reacted Ca coverage to the effective “reacted thickness” by assuming
that the dominant reaction (i.e., the reaction with —CN groups) is the only reaction (i.e.,
neglecting the small contribution from -OR reactions) using the number density of repeat units
("monomers") in this polymer, the knowledge that there are two —CN groups per repeat unit (see
Fig. 3.1) and assuming the Ca(CN), stoichiometric ratio of Reaction (1), following a similar
procedure to that described previously.?> We assumed that the number density of repeat units in
MEH-CN-PPV is approximately the same as in MEH-PPV. The number density of repeat units
in MEH-PPV was calculated from its reported crystal structure®® to be 1.53 x10%* repeat units
per cm®. Assuming that the repeat units are packed like spheres in FCC closest packing, the
closest-packed face (i.e., the (111) face) would have a packing density of 1.22 x 10* repeat units
per cm® and a monomer layer thickness of 0.80 nm. Remembering the Ca : CN reaction
stoichiometry of 1:2 and the fact that there are 2 —CN groups per repeat unit, one ML of reacted
Ca (7.4x10™ Ca /cm?) thus corresponds to 6.1 repeat unit layers or an effective reacted thickness
of 49 nm. Figure 3.7 also shows this estimated thickness of reacted polymer versus Ca
coverage. From this plot, one can see that the total effective thickness of reacted polymer at

saturation is ~5.6 nm (~7 layers of monomers) at 300 K but only ~1.0 nm at 130 K.

24



The much lower initial heat at 130 K than at 300 K shows that the fraction of Ca that
makes Ca(s) is much larger at 130 K than at 300 K (and f is much smaller). This is consistent
with Ca diffusion to subsurface functional groups being slower at this lower temperature, which
is expected to decrease the contributions from Reactions (1) and (2) in this three-reaction kinetic
competition. This same effect of temperature was observed for Ca on P3HT®? and OC;Cyo-
PPV.*

At 300 K, the sticking probability for Ca is always substantially below unity (Fig. 3.1).
Thus, some of the diffusing Ca monomers are neither able to find a subsurface -CN or -OR group
with which to react nor are they able to attach to a growing Ca(s) cluster before they desorb back
into the gas phase. Since their desorption will be faster at 300 K than at 130 K, one expects a
substantially lower sticking probability at 300 K than at 130 K, as indeed observed (Fig. 3.1).
The decrease in sticking probability from 0.75 to 0.63 as coverage increases from 0.1 to 1.5 ML
at 300 K is due to the fact that the Ca must diffuse deeper and deeper to find a subsurface -CN or
-OR group with which to react as the extent of that reaction proceeds. Its later asymptotic
increase towards unity starting at ~1.5 ML reflects the fact that most of the Ca that sticks is
making particles of Ca(s) starting at ~1.5 ML, and that pure Ca(s) has unit sticking probability
for Ca(g) at 300 K.**®% This increase reflects the increasing fraction of the surface covered by
Ca(s) as measured by LEIS (Fig. 3.2). It is not clear why the sticking probability increases from
0.69 to 0.75 in the first 0.1 ML, but it is correlated with an increase in heat of adsorption also
seen in this same coverage range. We postulate that both effects are due to the electronic
stabilizing effects of small amounts of reacted polymer and Ca cyanide on the energy of species
nearby, both the transiently adsorbed Ca adatom (which would increase its sticking probability)

and the products of that same reaction (which would increase the measured heat).
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The heat of Ca adsorption decays nearly exponentially with Ca coverage to the bulk heat
of Ca sublimation at both 300 and 130 K, but it does so almost four times faster at 130 K than at
300 K. This is due to the lower diffusion coefficient for Ca into the polymer at lower
temperature, ** which leads to less competition from subsurface Reactions (1) and (2) that have
higher heats. At 300 K, LEIS shows that the 3D Ca islands coalesce and form a continuous layer
by 15 ML. This occurs already by 9 ML for Ca growth at 130 K. These differences between
130 K and 300 K are also due to the slower Ca diffusion across the polymer surface at 130 K,
which generally leads to a higher density of metal clusters per unit area and thus a quicker
percolation into a continuous metal film.2* The combination of this higher density of Ca(s)
clusters at 130 K than at 300 K and the slower rate of desorption of transiently adsorbed Ca
adatoms (which slows down more than diffusion upon cooling due to the higher activation
barrier for desorption than diffusion) leads to a much higher probability that a Ca adatom find an
existing Ca(s) cluster at 130 K than at 300 K, explaining the higher sticking probability at 130 K
in spite of its much lower probability to diffuse subsurface and react. The net effect of this
decrease in probability to diffuse subsurface and the increase in probability to add to Ca(s)
clusters, is that less than 20% of the Ca reacts by pathways like Reactions (1) and (2) at 130 K
than at 300 K (Fig. 3.7).

The observation that much less of the polymer reacts with Ca at 130 K than at 300 K
(Fig. 3.7) implies that devices constructed at low temperatures should have better operational
characteristics than those fabricated at room temperature due to the formation of a sharper metal
/ polymer interface. Previously it has been shown that decreasing the amount of metal atom
diffusion into OC;C10-PPV leads to improved device performance for PLEDs.** The decrease in

the diffusion in that paper was done by increasing the metal deposition rate leading to more Ca
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cluster formation. This may not be the ideal method to limit diffusion if one wants to make a
thin uniform layer of Ca. Our results show, in agreement with previous work on another
polymer,® that deposition at low substrate temperature (130 K) greatly limits the amount of Ca
that diffuses and reacts with subsurface groups that contain heteroatoms, in this case with -CN

and alkoxy groups.

35 Conclusions

The interface formation of Ca onto MEH-CN-PPV was studied by microcalorimetry,
LEIS, and XPS. Ca deposited on the surface can desorb, diffuse and react with nitrogen
contained in cyano groups of MEH-CN-PPV, or bond with other Ca atoms to form 3D islands.
At low coverages (<1 ML) of Ca, desorption or reaction with the polymer —CN or alkoxy groups
are the predominant processes. After 4 ML of Ca coverage, the heat of adsorption is equal to the
heat of sublimation of Ca and Ca grows on the surface as 3D islands. At 300 K, the surface is
fully covered by Ca at a coverage of 15 ML. Based on the XPS data, we proposed a possible
reaction of Ca with MEH-CN-PPV. The proposed dominant reaction has Ca removing two
cyano groups and forming Ca(CN); and cross-linking polymer chains. The experiments at 130 K
show that the reaction can be suppressed by depositing Ca onto cold MEH-CN-PPV. Depositing
at low temperatures significantly decreases the subsurface diffusion / reaction of Ca, thus
increasing the growth of Ca(s) on the surface. Low temperature deposition also decreases Ca
desorption and thus increases the sticking probability. The effective thickness of the reacted
polymer is estimated to be 5.6 nm (7 monomer layers) at 300 K but only 1.0 nm (1.2 monomer

layers) at 130 K.
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Figure 3.1 Sticking probability of Ca on MEH-CN-PPV at 130 K and 300 K plotted as a
function of Ca coverage. One monolayer is defined as 7.4 x 10** Ca atoms per cm?, the Ca(111)
packing density. The insert shows the structure of the repeat unit of the polymer.
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Figure 3.2 He" LEIS measurements of Ca on MEH-CN-PPV at 130 K and 300 K. The
normalized integrated Ca ISS peak intensity is displayed as a function of Ca coverage. All
intensities were normalized with respect to the saturation signal obtained for very high Ca
coverages. The black dashed line indicates the expected trace for layer-by-layer growth. The
solid lines are drawn to aid the reader and do not represent a fit to the data.
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Figure 3.3 XP spectra of the C 1s, N 1s, and O 1s regions on clean, Ca-free MEH-CN-PPV
recorded with a photon energy of 1486.6 eV. The C and O spectra are deconvoluted into
individual contributions as described in the text.

31



C 1s 0.1 ML Ca coverage

M Cc

=

|

g

| S

<

2

(7]

o

8

= =

290 288 286 284 282
B.E. (eV)

N 1s 0.1 ML Ca coverage

Intensity (Arb. Units)

402 401 400 399 398 397
B.E. (eV)
O 1s 0.1 ML Ca coverage

0
=
-
g
| .
<
2
w
c
3
=
536 534 532 530 528
B.E.(eV)

Figure 3.4 XP spectra of the C 1s, N 1s, and O 1s (b) regions for 0.1 ML Ca coverage on MEH-
CN-PPV recorded with a photon energy of 1486.6 eV. The formation of new peaks at 286.0 and
399.3 eV are attributed to the formation of Ca(CN),, and the new peak at 531.0 eV is attributed

to Ca alkoxide formation.
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Figure 3.5 XP spectra of the C 1s, N 1s, and O 1s (b) regions for 0.5 ML Ca coverage on MEH-
CN-PPV recorded with photon energy of 1486.6 eV. The Ca(CN), and Ca(OR), peaks increase
in intensity relative to the other peaks present.
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Figure 3.6 The differential heat of adsorption of Ca atoms on MEH-CN-PPV at 130 K and 300
K as a function of Ca coverage. The sublimation enthalpy of Ca, AHgy, is displayed as a solid
line. The insert shows the low coverage region up to 0.5 ML.
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Figure 3.7 The amount of Ca that reacts with subsurface —CN and ether groups of MEH-CN-

PPV plotted versus Ca coverage at 300 K and 130 K. The depth of reacted polymer is also

shown on the right-hand axis, saturating at 5.6 nm at 300 K but limited to only 1.0 nm at 130 K.
Also shown is a schematic of the Ca / polymer interface formed at the highest coverage plotted

here.
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Abstract

The adsorption of Ca vapor on two polyfluorenes, poly(9,9-di-n-hexyl-2,7-fluorene

(PDHF) and poly(9,9-di-n-hexyl-2,7-fluorene vinylene (PDHFV), has been studied by adsorption

microcalorimetry, low-energy He" ion scattering spectroscopy (LEIS), and ultraviolet and X-ray

photoelectron spectroscopies (UPS and XPS) at surface temperatures between 130 and ~400 K.

At 300 K, the initial heat of adsorption of Ca on PDHF is 250 kJ/mol and on PDHFV is 315

kJ/mol. We ascribe this initial heat to Ca reacting with impurities or defects in the polymers.
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The heat of adsorption for both polymers decreases nearly exponentially to the sublimation
enthalpy of bulk Ca solid (178 kJ/mol) by 0.75 ML. The observed behavior is attributed to the
increasing probability of Ca finding and adding to solid three-dimensional Ca islands which
nucleate and grow on the polymer surface, and eventually grow into a continuous solid Ca film
on top of the polymer. LEIS, which shows only a slow increase of the signals related to solid Ca,
supports this model. Incoming Ca atoms are subject to a kinetic competition between diffusing
into the polymer to react with subsurface defects or impurities versus adding to the three-
dimensional Ca clusters on the surface. For studies done at 140 K, a similar behavior is observed,
with the heat of adsorption starting lower and decreasing more quickly to the heat of sublimation,
already by 0.1 ML Ca coverage. This behavior, along with the quicker growth of Ca on the
surface of the polymer, is attributed to the slower diffusion of Ca adatoms to subsurface
defects/impurities at 140 K than at 300 K. The opposite effect is observed when studied at 400
K. Calcium induces a downward band bending and work function decrease on both polymers,

consistent with transfer of electrons from Ca to the polymers.

4.1 Introduction

The interfaces formed between metals and semiconducting, m-conjugated polymers play
an important role in organic electronic devices, such as organic light emitting diodes (OLEDs)?,
solar cells?, and photodiodes.® One group of polymers that are of interest for these devices are
polyfluorenes, which are relevant due to their blue electroluminescence and thermal

29,31,85,86

stability. Two of the simplest polyfluorenes are poly(9,9-di-n-hexyl-2,7-fluorene

(PDHF) and poly(9,9-di-n-hexyl-2,7-fluorene vinylene (PDHFV) (see Fig. 4.1 for structures). In
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photovoltaic and OLED devices based on such polymers, it is often necessary to use a thin film
of a low work function metal at the metal/polymer interface to tune the energy level alignment
between the electrode and the polymer.® Calcium is a commonly used metal in these

applications,?” %88

often protected by an overcoat of a less reactive metal like Al. Thus, the Ca
interfaces to PDHF and PDHFV are interesting from the point of view of OPV and OLED
devices. They also serve as prototype systems for the investigation of all metal / polymer
interfaces between alkaline earth metals and polyfluorenes. Here we study the formation,
structure and interfacial bonding energetics of thin, vapor-deposited calcium films as they grow
on clean surfaces of PDHF and PDHFV.

Adsorption microcalorimetry was used to measure the heat of Ca atom adsorption as a
function of Ca coverage, and He" low energy ion scattering spectroscopy (LEIS) was used to
determine the fraction of the polymer surface covered by Ca during growth of the calcium film.
X-Ray Photoelectron Spectroscopy (XPS) was used to study film morphology and the electronic
character of the Ca, which was also studied by Ultraviolet Photoelectron Spectroscopy (UPS).

To our knowledge, no other studies on the formation of Ca / PDHF or Ca / PDHFV
interfaces using LEIS, other surface analysis techniques or adsorption microcalorimetry have
been reported. Poly(9,9-dioctyfluorene) (PFO) is identical to PDHF, except that the hexyl groups
in PDHF are replaced with octyl groups in PFO. PFO has been widely studied for use in blue
emitting OLEDs*"* and in blends for solar cells.**** The interface between Ca and PFO has

been previously studied by XPS and UPS.?"%

We find very similar behavior in the XPS and
UPS spectra for Ca on both PDHF and PDHFV as reported there for Ca on PFO: Ca induces a
decrease in work function and a downward band bending, and gives rise to UPS peaks in the

band gap which we interpret here as due to Ca clusters and eventually bulk-like metallic Ca.
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The two polymers PDHF and PDHFV differ only by the inclusion of vinylene in the
backbone of PDHFV not present in PDHF. Previous theoretical®** and experimental™®*® work on
poly(para-phenylene-vinylene) (PPV) has suggested that the vinylene moiety could be a reactive
site for Ca. It should be noted that the PPV derivatives used in those two experimental
studies™*® had oxygen-containing side groups, while PDHF and PDHFV only consist of carbon
and hydrogen. More recent theoretical studies of Ca / PPV without these oxygen-containing side
groups show very weak interaction between Ca and the polymer chain.™

We find that Ca atoms bind very weakly to these polymer surfaces at 300 K, with the heat
of adsorption quickly approaching the heat of sublimation of bulk Ca(s) when only a small
fraction of the surface is covered by Ca. We interpret this as due to the rapid formation of thick
three-dimensional (3D) Ca(s) particles covering a small fraction of the polymer surface. There is
also a high initial heat of reaction for Ca vapor which we attribute to reactions with some
subsurface impurity such as residual solvent (chloroform) or polymer chain end-groups. The
extent of this reaction is very small, and it can be almost completely suppressed by holding the

polymer at 140 K during Ca deposition, or enhanced by deposition above 300 K.

4.2  Experimental

The PDHF and PDHFV polymers were obtained from Sigma Aldrich (purity verified by
manufacturer using proton NMR and infrared spectra) and used without further purification.
Solutions of 0.5 % w/w polymer in chloroform were prepared and 120 uL was spin-coated
directly onto the pyroelectric material used for heat detection at 2000 rpm for 30 s. This yielded
a film thickness of ~100 nm, consistent with expectations based on prior work.®* The film

thickness was determined by spin coating the polymer onto a glass slide in exactly the same way,
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removing some of the film with a razor blade, and measuring the film height with a profilometer.
The samples were immediately transferred to the sample preparation chamber, pumped down to
its base pressure of 8 x 10”° Torr and outgassed by heating the polymer at 330 K for ~10 hours to
remove trace amounts of solvent. The samples were then transferred into the ultrahigh vacuum
(UHV) analysis chamber when needed. No remaining solvent was detected with Auger Electron
Spectroscopy (AES).

The UHV system used in these experiments had a base pressure 2 x 10™° Torr and was
equipped with a hemispherical energy analyzer (Leybold-Heraeus EA 11/100) for low energy ion
scattering spectroscopy and Auger electron spectroscopy, an ion gun (Leybold-Heraeus 1QE
12/38), a quartz crystal microbalance (QCM, Inficon), a quadrupole mass spectrometer (UTI
100C), and an adsorption microcalorimeter. This analysis/calorimetry chamber and the pulsed
metal atom beam have been described previously.®® The Ca atomic beam was chopped into 100
ms long pulses which contained ~0.02 ML of Ca at a rate of 0.5 Hz. One monolayer (ML) of Ca
is defined here as the Ca(111) packing density, 7.4 x 10** Ca atoms per cm®. The metal atom
microcalorimetry method used in these experiments has been described in detail previously.?**°
The heat detectors for the calorimeter were 1.3 cm diameter disks cut from a 9 um thick sheet of
B-polyvinylidene fluoride (PVDF) coated on both sides with ~60 nm films of nickel-aluminum
that serve as the two electrodes for heat signal measurements (as purchased from Measurement
Specialties, Inc.).

The procedure for the calorimetric experiments at elevated or liquid nitrogen
temperatures is described in detail elsewhere.®? Briefly, the temperature of the sample was

controlled by flowing dry nitrogen either through liquid nitrogen for cooling, or through a heated
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tube for elevated temperature, and then through the thermal reservoir of the calorimeter. The
temperature was monitored by a thermocouple spot welded to the calorimeter.

The sticking probability for Ca on PDHF and PDHFV was determined using a
quadrupole mass spectrometer (QMS) with the modified King-Wells method described
previously.”® A metal mesh placed between the QMS and the sample was biased at negative 500
volts to avoid any electron damage on the sample.

The growth of Ca on PDHF and PDHFV was studied by LEIS, using “He" ions with a
primary energy of 1.00 keV and an angle of 45° between the ion source and analyzer axis (i.e.,
scattering angle = 135°). lon fluxes were typically 100 nA/cm? with a total ion dose of 6 pC/cm?
per experimental run.

The XPS measurements were carried out in an UHV system which has been described in
detail elsewhere.® Briefly, the system contains two UHV chambers: an analysis chamber and a
sample preparation chamber, whose base pressures are 6 x 10 and 1 x 10™° mbar, respectively.
The analysis chamber is equipped with a hemispherical electron analyzer, a SPECS twin anode
X-ray source, and a quadrupole mass spectrometer (Pfeiffer QMG 220). The preparation
chamber is connected to a sample load-lock system and comprises LEED optics, a cold-cathode
ion gun for sample cleaning, and several evaporators. The C 1s and Ca 2p XPS spectra were
acquired using a Mg Ka source (hv = 1253.6 eV) with overall energy resolution of ~0.9 eV at
normal emission.

The UPS and work function measurements were conducted using synchrotron radiation
with a photon energy of 25 eV. The detailed description of the endstation and beamline can be
found elsewhere.'® For work function measurements, a bias voltage of -6 V was applied to the

sample in order to allow the observation of the secondary electron cut-off.
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4.3  Results
Ca adsorption on pristine PDHF and PDHFV at 300K.

Sticking Probability. Figure 4.1 shows the sticking probability of Ca on PDHF and
PDHFV at 300 K as a function of Ca coverage. The flux of the Ca atomic beam was measured by
the calibrated QCM. The Ca coverage was determined by time-integrating the product of the Ca
flux times the sticking probability, taking into consideration the chopped Ca beam’s “on” time.
Each curve in the figure is the average of 3 independent runs.

For Ca on PDHF at 300 K, the sticking probability starts at 0.41 and increases
asymptotically towards unity. For Ca on PDHFV at 300 K, the initial sticking probability is 0.53.
Then in the low coverage range from 0 to 0.1 ML the sticking probability increases rapidly to
0.60 at 300 K. Between 0.1 and 0.3 ML, the sticking probability decreases to 0.55. After 0.3
ML the sticking probability increases asymptotically towards unity.

The lineshape of the Ca mass spectrometer signal versus time for the atoms which did not
stick at 300 K was analyzed and the lack of pulse broadening indicated that they had negligible
surface residence time (<10 ms). Assuming that these atoms which did not stick permanently
were nevertheless transiently adsorbed as monomers on the polymer surface, this short residence
time suggests that they were bonded very weakly to the polymer. Assuming a pre-exponential
factor for desorption of 10" s at 300 K based upon our entropy approach,® this short residence
time requires a desorption energy below 64 kJ/mol.

LEIS and XPS. When metal is vapor deposited onto a polymer film, the metal atoms can
form 3D islands or a continuous film on the surface, or diffuse below the surface and react with

12,13,20,65-69,90,91

functional groups of the polymer. LEIS using He® is a valuable tool for
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determining growth modes since it is only sensitive to the topmost atomic layer of the surface,
and is element specific. XPS is a quantitative elemental analysis and chemical sensitive
technique that also elucidates the growth morphology, but it probes five to ten times deeper than
LEIS. Knowledge of the growth mode is essential in the interpretation of the heat of adsorption
of Ca on these polymers.

Figure 4.2 shows the evolution of the normalized Ca LEIS signal on PDHF and PDFHV
at 300 K. Sample degradation by exposure to the He" ion beam was determined to be negligible
by comparing measurements with shorter acquisition times, yielding similar results. As shown
in Fig. 4.2, Ca grows slower on the surface than would be expected for a layer-by-layer growth
mode at all temperatures. Below 0.5 ML for both polymers at 300 K, the Ca LEIS signal grows
at a rate that is less than 5% of that expected for layer-by-layer growth. This will be attributed to
Ca diffusing below the surface and binding to subsurface reactive site(s) which, as we show
below, also give higher heats of adsorption. This assignment is based on similar behavior
observed with other polymer systems we have studied.****®? The faster growth rate after 0.5 ML
but not as fast as a layer-by-layer model is indicative of Ca forming 3D islands on the surface,
also consistent with the heat of adsorption being very close to the heat of sublimation of pure
Ca(s). The Ca LEIS signal does not reach its maximum intensity until ~ 30 ML of Ca coverage,
showing that these 3D islands of Ca(s) grow thicker as the coverage increases, while their
footprint parallel to the surface only grows slowly, and that patches of Ca-free polymer surface
persist even when the Ca islands are >20 ML thick.

The C 1s XPS intensity for both PDHF and PDHFV decreased more slowly with Ca
coverage than expected based on a layer-by-layer growth model. Using an estimated electron

mean free path of 3.4 nm for the 968 eV kinetic energy of these photoelectrons through Ca,* the
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average slope of the C 1s intensity (relative to its starting intensity) versus Ca coverage from 0 to
5 ML is predicted to be -0.080 per ML for layer-by-layer growth. The measured average slope
was only -0.031 per ML for PDHF and -0.028 per ML for PDHFV at 300 K. This is consistent
with the LEIS results, which suggest that Ca(s) grows as thick islands that cover only a small
fraction of the polymers.

Heat of Adsorption. Figure 4.3 shows the differential heat of adsorption of Ca on PDHF
and PDHFV at 300 K as a function of Ca coverage. Each of the curves is the average of three
independent runs. The measured heats plotted here were corrected for gas velocity as described
previously,”® so that they represent the standard enthalpies of adsorption at 300 K. For Ca on
PDHF, the initial heat of adsorption is 250 kJ/mol at 300 K. As shown, the heat of adsorption
decreases from its initial value until ~0.25 ML, where it reaches within 4 kJ/mol the heat of
sublimation of bulk Ca(s), AHsw, = 178 ki/mol®*, and remains steady thereafter. For Ca on
PDHFV, the initial heat of adsorption is 315 kJ/mol at 300 K. The heat of adsorption also
decreases until ~0.8 ML, where it reaches AHgy, within 4 kJ/mol, and remains steady thereafter.

The initial heat of adsorption is high and rapidly decreases with coverage below 0.25 ML
for both polymers. This behavior can be explained by a simple two-state model, where Ca can
either react to make some state with a high heat or make Ca(s) with a heat equal to AHgy,. The
decrease in heat with coverage is due to the consumption of sites on or below the polymer
surface that give rise to the high-heat state by Ca. According to this model and the data of Fig.
4.3, the maximum amount of Ca that reacts in the high-heat state is less than 0.06 ML for both
polymers (see Discussion). Polymers that have heteroatoms in their repeat unit have been shown

to have a much greater extent of high-heat reaction with Ca, with between 1.2 and 1.6 ML of

20,90 12,82

reacted Ca reported for poly(methyl methacrylate), a polythiophene, and a cyano-
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poly(phenylene vinylene).”" In all these cases, the high-heat reaction was proven to be due to
bond-breaking reactions near the heteroatoms, which are below the polymer surface. The extent
of reaction is 20 to 26-fold less here, suggesting instead some reaction with minority species,
either impurity or defects in the polymer, that contain heteroatoms. We therefore attribute the
high initial heat to the reaction of Ca with some low concentration of subsurface defects in the
polymers or some impurity like residual solvent.

No impurities were observed by XPS on the starting polymers’ surfaces. The presence of
residual solvent or other impurities was checked also by AES on both the starting and Ca-reacted
polymers. No chlorine could be detected within the probe depth of AES. However, the
downward diffusion of Ca below the AES or XPS probe depth could allow more impurity to
react than that detected in AES or XPS, and the amount of Ca that reacts with high heat is tiny
(<0.06 ML). So this does not rule out reaction with impurities as the high-heat process.

For PDHFV, Ca reaction with the vinylene moiety has also been suggested as a
possibility,®*®** but the low extent of Ca reaction relative to the large number of vinylene
groups present within the probe depth suggests this reaction does not occur. Also, XPS shows no
evidence for such a reaction with C atoms in the polymer (see below). Finally, quantum
mechanical calculations show that Ca has very weak interactions with pure hydrocarbon
functionalities even when these have C=C bonds.*?*°

After all these defect or impurity sites have been reacted, the dominant reaction is Ca

binding to Ca(s) clusters, with the expected heat of adsorption of 178 kJ/mol.

Ca adsorption on PDHF and PDFHV at different temperatures. Our experimental

apparatus allows for the study of metal growth on polymer surfaces at various temperatures.
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Previous work has shown that significant diffusion of Ca into the polymer surfaces occurs at 300
K.' By lowering the temperature of the polymer surface, we can limit the extent of diffusion of
Ca in the polymer.®

Sticking Probability. Figure 4.4 shows the sticking probability of Ca on PDHF at 140,
300 and 370 K, and on PDHFV at 140, 300 and 410 K, as a function of Ca coverage. The initial
sticking probability increases with decreasing temperature. As shown below, the initial heat of
adsorption does just the opposite, decreasing with decreasing temperature. In general, the
sticking probability increases with decreasing temperature for both polymers, except for PDHF
at coverages above 0.15 ML at 370 to 300 K, where the sticking probability is slightly larger at
370 K.

For Ca on PDHEF, all curves exhibit the same basic shape, that is, they start at an initial
sticking value and increase asymptotically towards unity. The initial sticking probability is 0.93
at 140 K, 0.41 at 300 K and 0.32 at 370 K. The sticking probability at 330 K increases faster than
at 300 K and then slows its rate of increase around 1.0 ML.

For Ca on PDHFV, the sticking probability at 140 K is similar to that of PDHF. It has an
initial value of 0.94 and increases asymptotically towards unity. At 300 and 410 K, the sticking
probabilities start at 0.53 and 0.46 respectively. Then in the low coverage range from 0 to 0.1
ML the sticking probability increases rapidly to 0.60 at 300 K and 0.55 at 410 K. Between 0.1
and 0.5 ML, the sticking probability decreases to 0.55 at 300 K and 0.50 at 410 K. After 0.5 ML
both curves increase asymptotically towards unity.

Low Energy lon Scattering. Figure 4.5 shows the evolution of the normalized Ca LEIS
signal on PDHF at 140, 300 and 370 K, and on PDFHV at 140, 300 and 410 K. At 370 or 410 K,

the Ca signal increases with coverage in almost the same way on both polymers as that shown in
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Figure 4.2 for 300 K, which was already discussed. At 140 K, the Ca signal grows at a higher
rate than at those elevated temperatures, but is still much slower than the layer-by-layer model,
again indicative of Ca growing as 3D islands of Ca(s) on the surface even up to quite high
coverages. At 300 K and higher, the Ca LEIS signal does not reach its maximum intensity until
~ 30 ML of Ca. For the measurement taken at 140 K, the Ca LEIS signal grows at a much faster
rate, reaching nearly the maximum signal intensity already below ~10 ML for both polymers.

Heat of Adsorption. Figure 4.6 shows the differential heat of adsorption of Ca on PDHF
at 140, 300, and 370 K, and on PDHFV at 140, 300 and 410 K, as a function of Ca coverage.
Each of the curves is the average of three independent runs. The measured heats represent the
standard enthalpies at the given temperatures.

For Ca on both polymers, the heats decrease quickly with Ca coverage. Both the initial
heat of adsorption and the Ca coverage at which the heat drops below 190 kJ/mol (i.e., within 7%
of AHg,p) decrease rapidly with decreasing temperature. We attribute this to the slower rate of
diffusion of Ca into the polymer with subsurface reaction at lower temperature, relative to its rate
of non-activated nucleation and growth into 3D Ca clusters on the surface.

For Ca on PDHF, the initial heats are 192 kJ/mol at 140 K, 250 kJ/mol at 300 K, and 269
kJ/mol at 370 K. For Ca on PDHFV, the initial heats are 263 kJ/mol at 140 K, 315 kJ/mol at 300
K, and 698 kJ/mol at 410 K. The initial heats are much larger for PDHFV than PDHF,
especially at elevated temperatures.

After the defect or impurity sites have been reacted with, the primary reaction occurring
is Ca binding to Ca. This should lead to an expected heat of adsorption of 178 kJ/mol. Instead,
the heat of adsorption is lower than expected. This is related to the size of the Ca islands formed.

Smaller metal particles are known to have lower heats of adsorption than the bulk values.”®.
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After 1.0 ML, the Ca islands are large enough such that the heat of adsorption approaches the
heat of sublimation of Ca. At elevated temperatures, this behavior is not seen because it is
hidden by the greater extent of reaction with subsurface defects or impurities.

The large increase in the initial heat of adsorption at 370 K for PDHF and 410 K for
PDHFV is attributed to Ca reacting with more subsurface defects or impurities at higher
temperatures. Since both Ca and impurities can diffuse faster at higher temperature, one expects
a greater extent of such reactions. The higher initial heat for PDHFV at 410 K than for PDHF at
370 K could be due to a combination of the higher temperature and differences in solubility and
mobility of Ca and the impurity in the different polymers, or differences in the chemical nature

of their defects or end-groups.

UPS, Work Function, XPS and Band Bending Measurements

Figure 4.7 shows the evolution of the UPS spectrum with increasing Ca coverage on both
PDHF and PDHFV at 300 K. The spectra show a new feature in the 0-3 eV binding energy
(B.E.) range that grows with Ca coverage and shifts towards lower B.E.. This is characteristic of
the nucleation of small metal clusters that grow in size. The Ca-induced feature very slowly
evolves to that characteristic of the bulk metal, which is characterized by its intensity cutoff at
the Fermi edge (0 eV B.E.).*> A similar behavior was observed for Ca on another polyfluorene,
PFO.”’

The onset of the secondary electron distribution in these UP spectra was used to measure
the change in work function with Ca coverage, as shown in Fig. 4.8 for PDHF and Fig. 4.9 for

PDHFV. As can be seen, the work function decreases by a total of ~0.8+£0.1 eV in both cases,
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decreasing more quickly at first but then leveling off after 0.6 ML for PDHF and 1 ML for
PDHFV.

These figures also show the effect of Ca adsorption on band bending, measured by the
shift in the centroid of the C 1s XPS peak. Band bending induced by metal adsorption on
semiconductor surfaces reflects the change in the long-range dipole moment at the surface
associated with transfer of charge from the adsorbate into the carrier depletion or accumulation
layer.* The 0.2 to 0.3 eV increase in the C 1s B.E. (i.e., downward band bending) seen upon the
addition of 0.1 to 0.2 ML of Ca for both polymers indicates that Ca initially contributes electron
density to the polymers’ depletion or accumulation layer, and the Ca is slightly positively
charged below 0.1-0.2 ML. Thereafter, there is not much change, which means that long-range
charge transfer is not significant at higher coverages. Besides this band bending, there were no
new peaks that appeared in the XP spectrum upon Ca adsorption nor was any new shoulder seen
on the single C 1s peak that might suggest specific reactions of Ca with selected C atoms in
either polymer. Thus, the UPS and XPS data indicate that adsorption of Ca at low coverages
induces a decrease in work function and a downward band bending on both PDHF and PDHFV.
Similar work function changes and band bending have been observed for Ca on PFO, another
polyfluorene.”’

The sum of the work function and band bending values is also shown in Figs. 4.8 and 4.9.
The slope of this band-bending-corrected work function, or sum curve directly reflects changes
in the local surface dipole.®® This is exactly what is measured by work function changes alone
on metal substrates, so it can be interpreted in the same way that adsorbate-induced work
function changes are interpreted on metallic surfaces. Thus, the magnitude of the slope gives the

local dipole moment for the adsorbate-substrate complex, using the Helmholtz equation. This
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sum stays nearly constant or increases slightly in the first 0.1 ML, and then decreases rapidly
until it levels off ~0.4 eV below the starting value. This steep decrease indicates transfer of
electron density from Ca to nearby atoms on the polymer surface, so that the adsorbed Ca is
slightly positively charged when the slope is most negative (i.e., in the 0.1 to 0.5 ML coverage
range). At higher coverages, the Ca that adsorbs is essentially neutral, consistent with the growth
of Ca(s) as the only significant process above ~0.5 ML. The Ca 3p XPS peak’s lineshape
eventually shows the strong plasmon losses expected for metallic Ca(s) at higher Ca coverages.
Initially, the sum’s value is nearly constant in the same coverage range where the heat of
adsorption is highest (below 0.1 ML). This is consistent with Ca reacting with subsurface
impurities or defects in this coverage range, whereby any dipoles that are formed would have

random orientation.

4.4  Discussion

For Ca adsorption on the two studied polyfluorenes, PDHF and PDHFV, four
observations are evident:

(1) The initial heat of adsorption is larger than the heat of sublimation of bulk Ca(s) (178
kJ/mol), and it grows rapidly with increasing temperature.

(2) The Ca coverage required to decrease the heat of adsorption to within 10 kJ/mol of
this 178 kJ/mol sublimation enthalpy is small and decreases rapidly with decreasing temperature.

(3) No significant new features appear in the C 1s XPS that suggest aggressive reactions

of Ca with the polymer.
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(4) At 300 K, the Ca LEIS signal remains below 1% of the value expected for layer-by-
layer growth (up to ¥4 ML for PDHF and %2 ML for PDHFV, which is the coverage range where
the heat of adsorption remains substantially larger than AHgyp.

We propose a simple two-state model that is consistent with these observations, whereby
Ca atoms can bind in one of two states A and B: (A) a state associated with some low
concentration of subsurface defect or impurity sites that has a high heat of adsorption, AHa, and
(B) Ca in 3D Ca(s) particles that have a heat of adsorption approximately equal to the heat of
sublimation of bulk Ca(s), AHs,, = 178 kJ/mol. At high temperature, the Ca initially binds mainly
in state A, explaining the low Ca LEIS signal. After these subsurface type A sites are occupied
within the diffusion range of Ca, the dominant path of Ca adsorption is to occupy state B and to
form the 3D Ca(s) particles.

We now analyze the temperature-dependent heat data in Fig. 4.6 with this simple two-
state model where the heat at any coverage is a sum of the heats for producing the two states,
each weighted by the fraction of the Ca that sticks in that pulse which adsorbs into each state:

AHyg = fa (AHA) + (1- fa) (178 kd/mol).
We assume that AHa is the highest heat of adsorption observed for that polymer: 265 kJ/mol for
PDHF and 700 kJ/mol for PDHFV. These values could be larger, which means that the fraction
that reacts in A sites, fa, estimated in this way is really an upper limit to the real fraction. This
fraction is shown versus coverage for 370 K for PDHF and 410 K for PDHFV in Fig. 4.10. For
both polymers, the only reaction occurring is Ca(s) cluster formation (i.e., fa = 0) above 0.75 ML
Ca coverage. Multiplying fa by the amount of Ca that adsorbed in that pulse and integrating with
time gives the total amount of “reacted Ca” (i.e., Ca in state A) at that coverage. Also shown in

Fig. 4.10 is this amount of reacted Ca versus Ca coverage.
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For both polymers, Fig. 4.7 shows that less than 0.15 ML of Ca reacts with polymer even
at elevated temperatures. This is only ~5% or less of the amount of Ca that reacts aggressively
(i.e., with heats of adsorption much larger than AHg,) at 300 K with polymers that have
heteroatoms (O, S, N) in their repeat unit, as we previously reported for polymers that contain

2090 thjophene®? or cyano groups.® In those studies, we found that Ca directly attached to

ester,
these functional groups that contained heteroatoms, but did not bond strongly to the pure
hydrocarbon parts on the polymers, even if unsaturated. This is also consistent with quantum
mechanical calculations which show that Ca has very weak interactions with pure hydrocarbon
functionalities even when these have C=C double bonds.***

The high initial heat of adsorption and its very rapid decrease to the negative heat of
sublimation of Ca(s) seen for both PDHF and PDHFV corresponds to such a small amount of Ca
that we attribute it to some sort of defect site or impurity in the polymer. The most likely
reaction occurring is Ca reacting with residual of solvent (CHCI3) or heteroatoms in the polymer
chain end-groups that are present in concentrations below the detection limits of AES. That
these type A sites (defects or impurities) are subsurface is consistent with our observation that
the extent of this reaction is suppressed as the polymer temperature is decreased, such that it is
almost completely eliminated by 140 K, and is greatly enhanced when heating the polymer
above 300 K. The difference in the initial heat of adsorptions and initial sticking probability
between the two polymers is likely due to either Ca being able to more readily diffuse subsurface
on PDFHV than PDHF, the presence of a higher concentration of A type sites in PDHFV than
PDHF, or defect sites with a larger value of AHA for PDHFV than PDHF. If Ca can diffuse

faster in PDHFV, then it can react with more type A sites so that the ratio of A-site to B-site

heats will be higher in the first pulses, so the initial heat will be higher, even if the A-site heats
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are the same in both polymers. This emphasizes that the initial heat is a lower limit on the A-site
heat, so that the reacted amounts and fractions in Fig. 4.10 are really upper limits.

A 4 nm-thick “interface region” was reported to be formed between another polyfluorene
(PFO) and a vapor-deposited Ca film on the basis of UPS and XPS measurements and that was
proposed to be associated with poor OLED device performance.?’ As noted above, similar
trends to those UPS and XPS results for Ca on PFO were observed here for both PDHF and
PDHFV. Also reaction with type A sites (defects or impurities) was probably also present in that
PFO study, it would not have been seen due to the lack of measurements like calorimetry that are
sensitive to this. Our results indicate that that these band bending and work function changes
seen in UPS and XPS are related to the reaction with type A sites, since this reaction is most
prevalent below 0.2 ML when the band bending and work function changes are the strongest.

The variations in the sticking probability (S) with Ca coverage and temperature on PDHF
and PDHFV (Figs. 4.1 and 4.4) can be understood within this two-state model as well. The
initial sticking probability represents the intrinsic sticking probability of Ca on that polymer, So,
which is about 0.4 for PDHF and 0.5 for PDHFV. Initially, adsorption at 300 K is dominated by
binding to A sites (Fig. 4.10), so So represents the competition between a transiently-adsorbed Ca
atom finding a subsurface A site and binding to it, versus desorbing back into the gas. Finding
an A site is slightly more probable on PDHFV, due to either a higher concentration of A sites or
slower desorption. The increase of S with coverage (Fig. 4.1) is dominated by the effect of Ca(s)
particles (B sites) on S. It is known that S is 1.0 on Ca(s) at 300 K,?* % so that S must increase to
1.0 as the surface gets more and more covered by Ca(s). Thus S should correlate with the
fraction of the surface covered by Ca(s), Xca, Which is directly given by the normalized Ca LEIS

signal (Fig. 4.2).
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Plots of S-Sy versus Xc, for the data in the first Ca monolayer from Figs. 4.1 and 4.2 are
shown in Fig. 4.11. These are approximated by directly proportional lines with slopes of 12 for
PDHF and 9 for PDHFV, with a maximum deviation in S-Sy from the line of 0.03 for PDHF and
0.05 for PDHFV. These large slopes prove that the increase in S is not simply equal to the
increase in the fraction of the surface covered by Ca(s), but instead it increases by 12- and 9-fold
that fraction. This is due to the fast diffusion of the transiently adsorbed Ca atom across the
surface, which allows them to find the Ca(s) particles, which thus have capture zones that are 12-
and 9-fold larger than their actual areas. For PDHFV, S initially increases by 0.05 above the
simple proportional model and then decreases below it by a similar amount, but rejoins it already
when only ~1% of the surface is coverage by Ca. This oscillation could have many explanations,
but since the dominant reaction at the lowest coverage is Ca reacting with subsurface A sites, it
probably is due to the effect of that reaction on the binding of Ca atoms to the polymer surface.
For example, that reaction may initially make it easier for a diffusing Ca atom to find A sites or
lower the barrier for it to react with A sites, possibly due to some cooperative binding, but then,
after the A sites in the near-surface region are consumed, the sticking probability drops down to
the lower, intrinsic value that would obtain for PDHFV in the absence of any A sites. At higher
coverage than shown in Fig. 4.11, S asymptotically approaches its value for Ca(s), 1.0.

As with any adsorbate, decreasing temperature causes Ca adatoms to diffuse more
slowly, but to desorb much more slowly. Thus, S should increase with decreasing temperature,
as indeed observed: S is much higher at 140 K and lower above 300 K than at 300 K (Fig. 4.4),
except for PDHF at 370 K and intermediate coverages, where S is very slightly larger than at 300

K. We have no simple explanation for this small deviation from expectation.
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45  Conclusions

The formation of interfaces between vapor-deposited Ca and the surfaces of PDHF and
PDHFV was studied by microcalorimetry, LEIS, UPS and XPS. Adatoms of Ca deposited on the
surface can desorb, diffuse across and into the surface, and react with defects in PDHF and
PDFHV, or bond with other Ca atoms on the surface to form 3D islands. At low coverages of Ca
(<0.75 ML), reaction with subsurface defects and desorption without sticking are the
predominant processes. These defects may be impurities or polymer end groups. After 0.75 ML
of Ca coverage, the heat of adsorption is equal to the heat of sublimation of Ca and Ca grows on
the surface as 3D islands with UP and XP spectra characteristic of Ca(s). At 300 K, the surface
is only fully covered by Ca after 30 ML. The experiments at 140 K show that the reaction with
defects can be suppressed by depositing Ca onto cold PDHF or PDHFV. Depositing at low
temperatures significantly decreases the subsurface diffusion / reaction of Ca, thus increasing the
growth of Ca(s) on the surface. Low temperature deposition also decreases Ca desorption and
thus increases the sticking probability. High temperature deposition shows an increase in the
initial heat of adsorption due to the increased ability of Ca atoms to diffuse subsurface and react

with defects.
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4.6 Figures

1.01 1 1 ! 1

ot
(o0
]

0 . 6 i P

Sticking Probability
o
-

0.2- L -
- R R n R R n -
PDHF PDHFV
0.0 v T T T v T v
0.0 0.5 1.0 1.5 2.0

Ca Coverage (ML)

Figure 4.1 Sticking probability of Ca gas on PDHF and PDHFV at 300 K plotted as a function
of Ca coverage. One monolayer is defined as 7.4 x 10'* Ca atoms per cm?, the Ca(111) packing
density. The inserts show the molecular structure of the polymers, where R is -CH,(CH;)4CHa.
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Figure 4.2 He" LEIS measurements of Ca signal versus Ca coverage on PDHF and PDHFV at
300 K. All intensities were normalized with respect to the saturation signal obtained for high Ca
coverages. This normalized, integrated Ca LEIS peak intensity directly reflects the fraction of the
polymer’s surface area which is covered by Ca. The black dashed line indicates the expected
trace for layer-by-layer growth. The inset shows an enlarged plot of the low-coverage region.
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Figure 4.3 The differential heat of adsorption of Ca atoms on PDHF and PDHFV at 300 K as a
function of Ca coverage. The sublimation enthalpy of Ca, AHgy,(Ca), is displayed as black solid
horizontal line.
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Figure 4.4 Sticking probability of Ca on (a) PDHF at 140, 300 and 370 K, and (b) PDHFV at
140, 300 and 410 K, plotted as a function of Ca coverage. One monolayer is defined as 7.4 x
10 Ca atoms per cm?, the Ca(111) packing density.
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Figure 4.5 He" LEIS measurements of Ca signal versus Ca coverage on: (a) PDHF and (b)
PDHFV, at 140, 300, and 370 or 410 K. The lines are drawn to aid the eye, not as a fit to the
data. The dashed lines show the behavior that would be exhibited for a layer-by-layer growth
model. The insets show enlarged plots of the low-coverage region.
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Figure 4.8 Changes with Ca coverage in the work function (A¢) and the binding energy of the C
1s XPS peak relative to the Fermi level (Ef) during deposition of Ca on PDHF at 300 K. The
latter value reflects the long-range Ca-induced band bending (with the increase in B.E. reflecting
downward band bending). Also shown is the sum of these two values, which gives the Ca-
induced shift in the position of the valence band maximum (VBM) relative to the vacuum level.
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Figure 4.9 Changes with Ca coverage in the work function (A¢) and the binding energy of the C
1s XPS peak relative to the Fermi level (Ef) during deposition of Ca on PDHFV at 300 K. The
latter value reflects the long-range Ca-induced band bending (downward for the increasing B.E.
seen here). Also shown is the sum of these two values, which gives the Ca-induced shift in the
position of the valence band maximum (VBM) relative to the vacuum level.
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Chapter 5 Interface formation between Calcium and Electron-

Irradiated Polyfluorenes

J.C Sharp, J.A. Farmer, J.H. Baricuatro, and C.T. Campbell”

Department of Chemistry, University of Washington, Seattle, Washington 98195-1700, USA

Abstract

The adsorption of Ca vapor on pristine and electron-damaged polyfluorenes, poly(9,9-di-
n-hexyl-2,7-fluorene) (PDHF) and poly(9,9-di-n-hexyl-2,7-fluorene vinylene) (PDHFV), has
been studied by adsorption microcalorimetry and low-energy He® ion scattering spectroscopy
(LEIS) at 300 K. The Ca grows mainly as three-dimensional Ca(solid) particles that cover a
small fraction of the surface below 10 monolayers (ML) of Ca, with a small amount of Ca
diffusing subsurface to react with defects or impurities in the polymer at low coverages. The
initial heat of adsorption of Ca is 250 kJ/mol onto pristine PDHF and 315 kJ/mol onto pristine
PDHFV. These high initial heats are due to reactions with subsurface defects or impurities. The
heats of adsorption for both polymers decreased nearly exponentially with Ca coverage to the
sublimation enthalpy of bulk Ca(solid) (178 kJ/mol) by ~0.75 ML. Electron damage increases
the sticking probability for Ca by ~0.1 to 0.2 and slightly increased the heat of adsorption of Ca
at low coverages on both PDHF and PDHFV, with the largest increase in heat (by 65 kJ/mol)
seen on PDHFV at the lowest Ca coverage, up from 380 kJ/mol. These increases are attributed
to electron damage disrupting the polymer structure to enable faster Ca diffusion through the
polymer. Electron damage does not significantly alter the morphology of the growing Ca(solid)

particles on the surface of these polyfluorenes.
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51 Introduction

Electron or ion beam damage has been shown to increase the reactivity of a polymer

59,69,94-96
lon

surface toward metals and improve the adhesion of metal films to their surfaces.
beam damage has been shown to create additional metal atom adsorption sites on polymers.®
Electron damage can cause mass loss of the polymer, chain scission, and cross-linking of

polymer chains.?"'®

The effect of electron damage on Ca adsorption has been studied on
poly(methyl methacrylate)®® (PMMA) and poly(3-hexylthiophene)™® (P3HT). For PMMA the
electron damage increased the sticking probability at all coverages, decreased in the heat of
adsorption, and increased the amount of Ca on the surface. For P3HT the electron damage
increased the sticking probability at all coverages, the heat of adsorption was independent of
electron damage except for below 0.1 ML of Ca coverage, and the growth of Ca on the surface
was not significantly affected. The effect of electron damage on PDHF has been studied
previously.'®*®" It was found that electron damage caused cross-linking of polymer chains or
scission of the polymer backbone.

The interfaces formed between metals and semiconducting, m-conjugated polymers play
an important role in organic electronic devices, such as organic light emitting diodes (OLEDs)?,
solar cells?, and photodiodes.® One group of polymers that are of interest for these devices are
polyfluorenes, which are relevant due to their blue electroluminescence and thermal
stability.?>*85% Here, we study the effect of electron damage on the adsorption of Ca vapor on
two polyfluorenes, poly(9,9-di-n-hexyl-2,7-fluorene) (PDHF) and poly(9,9-di-n-hexyl-2,7-

fluorene vinylene) (PDHFV).
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In our previous work™*

, we studied the formation, structure and bonding energetics of the
interface of calcium with these two polymers at temperatures from 140 to 400 K using Ca
adsorption microcalorimetry, LEIS, and ultraviolet and X-ray photoelectron spectroscopies (UPS
and XPS). . At 300 K, the initial heat of adsorption of Ca was found to be 250 kJ/mol on PDHF
and 315 kJ/mol on PDHFV. This initial heat was assigned to Ca reacting with impurities or
defects in these polymers. The heat of Ca adsorption on both polymers decreased nearly
exponentially with coverage to the sublimation enthalpy of bulk Ca(solid) by 0.75 ML, which
was attributed to the increasing probability of Ca finding and adding to solid three-dimensional
(3D) Ca islands which nucleate and grow on the polymer surface. The temperature dependence
showed that incoming Ca atoms are subject to a kinetic competition between diffusing into the
polymer to react with subsurface defects or impurities versus adding to the three-dimensional Ca
clusters on the surface, with slower diffusion of Ca adatoms to subsurface defects/impurities at
lower temperatures.

In this present work, we employ LEIS and adsorption microcalorimetry to study the

effect of electron damage on Ca adsorption onto these same polymer surfaces.

5.2  Experimental

The apparatus and procedures were identical to those used previously.'®  Briefly, the
PDHF and PDHFV polymers were spin-coated directly onto the pyroelectric material used for
heat detection. This process yielded a film thickness of ~100 nm, consistent with expectations
based on prior work.*> The samples were immediately transferred to the sample preparation

chamber, pumped down to its base pressure of 8 x 10 Torr and outgassed while the polymer
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was heated at 330 K for ~10 hours to remove trace amounts of solvent. The samples were then
transferred into the ultrahigh vacuum (UHV) analysis chamber when needed. No remaining
solvent was detected with Auger Electron Spectroscopy (AES). The Ca was dosed from an
atomic beam that was chopped in to 100 ms long pulses which contained ~0.02 ML of Ca at a
rate of 0.5 Hz. One monolayer (ML) of Ca is defined here as the Ca(111) packing density, 7.4 x
10" Ca atoms per cm?. LEIS was performed using “He" ion with a primary energy of 1 KeV and
an angle of 45° between the ion source and detector. lon fluxes were typically 100 nA/cm? with
a total ion dose of 6 mC/cm? per experiment.

The electron irradiation was performed by using the QMS filament as the electron source.
The sample was biased with respect to the filament, such that the kinetic energy of the electrons
to sample was 100 eV. The electron dose was determined by the measurement of the current to

the sample.

5.3 Results and Discussion

Sticking Probability. The sticking probability of Ca on PDHF and PDHFV surface at
300 K with 10 ML electron damage (1 ML = 7.4 x 10" electron per cm?) and without electron
damage as a function of Ca coverage is shown in Figure 1. The flux of the Ca atomic beam was
measured by the calibrated QCM. The Ca coverage was determined by time-integrating the
product of the Ca flux times the sticking probability, taking into consideration the chopped Ca
beam’s “on” time. Each curve in the figure is an average of three independent runs.

For PDHF, electron damage increased the initial sticking probability. The initial sticking

probability on the pristine surface, 0.41, increased to 0.56 on the 10 ML electron damage film.
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Similar results have been seen for Ca on PMMA® and Pb on PMMA.*® The electron-irradiated
curve showed a similar behavior to that of pristine PDHF, in that from its initial sticking it
increases asymptotically to unity.

For Ca on PDHFV, electron irradiation also increased the initial sticking probability. The
initial sticking probability on the pristine surface, 0.53, increased to 0.72 on the 10 ML electron
damage film. Electron damage also eliminated the initial increase in the sticking probability
seen in the pristine PDHFV. The electron-irradiated surface showed a slight decrease from the
initial sticking probability with coverage below 0.2 ML, followed by an increase to
asymptotically approach unity at high coverages.

Low Energy lon Scattering. When metal is vapor deposited onto a polymer film, the
metal atoms can form 3D islands or a continuous film on the surface, or diffuse below the

surface and react with functional groups of the polymer, 121320656990

Figure 2 shows the
normalized Ca LEIS signal as a function of Ca coverage for both pristine and 10 ML of electron
damage films of PDHF and PDHFV at 300 K. As observed for the pristine polymers, the growth
of Ca LEIS signal on the electron-damaged polymers was much slower than expected for layer-
by-layer growth (for which model the expected growth curve is shown), which was attributed to
the growth of 3-D Ca(solid) particles that cover only a small fraction of the surface below 5 ML
Ca.'® For Ca on PDHF, electron irradiation did not significantly affect the growth mode in the
low coverage range (<3 ML). For Ca on PDFHV, at low coverage the coverage of the surface
are by 3-D Ca(s) islands is slightly faster on the damaged surface.

Heat of Adsorption. Figure 3 shows the differential heat of adsorption of Ca on PDHF

at and PDHFV at 300K for pristine and electron-irradiated films (10 ML electron) as a function

of Ca coverage. Each curve in the figure is an average of 3 independent runs. As noted above,
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the high initial heat of Ca adsorption on these surfaces without electron damage was assigned
previously to Ca reacting with subsurface impurities or defects in both these polymers, with the
incoming Ca atoms experiencing a kinetic competition between diffusing into the polymer to
react with these defects / impurities versus nucleating or adding to 3D Ca clusters on the
surface..'” The latter process gets more and more probable as coverage increases, so that the
heat decreases exponentially to eventually reach the bulk heat of Ca sublimation.

For Ca on PDHF at 300 K, electron damage does not change the initial heat of adsorption
of 247 kJ/mol, but increases the amount of Ca needed to reach the heat of sublimation of Ca. For
the pristine film, the heat of sublimation of Ca is reached by about 0.75 ML Ca coverage and for
the 10 ML electron-irradiated film, it is reached by about 1 ML Ca. For Ca on PDHFV at 300 K,
electron damage increased the initial heat of adsorption slightly, from 315 kJ/mol to 380 kJ/mol
on electron damaged surfaces. The effect of electron damage is much smaller than the effect of
increasing temperature on the pristine PDHFV to 410 K, which increased the initial heat to 700
kJ/mol.’% This suggests that at least part of the apparent 65 kJ/mol increase in the initial heat
with electron damage instead may be due to slight temperature differences between “room
temperature” (300 K) in these studies.

For both polymers, electron damage has an effect that is similar to that of a small increase
in temperature: it increases the probability for Ca diffusion to react with subsurface
defects/impurities in its kinetic competition with Ca nucleating or adding to 3D Ca(solid)
clusters on the surface. This suggests that electron damage disrupts the polymer structure to
enable faster Ca diffusion through the polymer. This would also explain its increase in the

sticking probability of Ca (Fig. 1), since this would also increase the probability that Ca react in
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its kinetic competition with simple Ca desorption. The electron-induced disruption of the

polymer may result from localized bond breaking or charging by the incident electrons.

5.4  Conclusions

Electron damage increases both the sticking probability for Ca gas atoms and their heat of
adsorption at low Ca coverages on both PDHF and PDHFV. This is attributed to electron-
induced disruption of the polymer structure so that Ca diffuses faster through the polymer. LEIS
shows that electron damage does not significantly alter the growth morphology of Ca(s) on the

surface of these polyfluorenes.
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Figure 5.1 Sticking probability of Ca vapor on PDHF and PDHFV films at 300 K plotted as a
function of Ca coverage for the pristine and electron-irradiated surfaces. One monolayer is
defined as 7.4 x 10* Ca atoms per cm?, the Ca(111) packing density, for Ca coverage and
electron dose. The inserts show the molecular structure of the polymers, where R is -
CH3(CH2)4CHs.
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Figure 5.2 He" LEIS measurements of Ca on PDHF and PDHFV on pristine and electron-
irradiated surfaces. The normalized integrated Ca ISS peak intensity is displayed as a function of
Ca coverage. All intensities were normalized with respect to the saturation signal obtained for
high Ca coverages. The lines are drawn to aid the reader in visualization, not as fit to the data.
The black dashed lines show the behavior that would be exhibited for a layer-by-layer growth
model. The insets show enlarged plots of the low Ca coverage region.
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Chapter 6  Silver Nanoparticles on Fe304(111): Energetics by Ag

Adsorption Calorimetry and Structure by Surface Spectroscopies

James C. Sharp Y. X. Yao and Charles T. Campbell*
Departments of Chemistry
University of Washington

Seattle, WA 98195-1700 USA

Abstract

The heat of adsorption of Ag atoms and the growth morphology of the resulting silver
particles on the Fe3O4(111) surface at 300 K were studied by adsorption microcalorimetry, Auger
electron spectroscopy (AES) and low energy ion scattering spectroscopy (LEIS). Thin films (~6
nm thick) of Fe3O4(111) were grown on a Pt(111) single crystal. The changes in AES and LEIS
signals versus Ag coverage during Ag vapor deposition onto Fe3O4(111) were indicative of Ag
growing as 3D particles with a fixed density of ~4 x 10 particles’cm®. The heat of Ag
adsorption increased with Ag coverage from ~230 kJ/mol initially up to within a few percent of
the heat of sublimation of bulk Ag (285 kJ/mol) by ~2 ML Ag. This corresponds to an increase
in Ag atom stability (decrease in chemical potential) by ~55 kJ/mol as the Ag particle size grows
from <1 to ~4 nm effective diameter on Fe3O4(111). The Ag(solid) / Fe3O4(111) adhesion
energy for the 4 nm particles was estimated from the integral heat of adsorption to be 2.5+0.3
JIm?. The sticking probability of Ag atoms was ~0.96 initially and increased to ~0.99 by ~1.0

ML and above.
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6.1 Introduction

Nanoparticles of late transition metals dispersed across the surface of oxide support
materials are the key ingredients in many heterogeneous -catalysts, fuel cells, other
electrocatalysts and photocatalysts, which are crucial for energy, fuel and environmental
technologies and chemical processing. In such materials, the nature and strength of the chemical
bonding interactions at the interface between the metal nanoparticle and the oxide surface are
very important to the material’s performance, such as its catalytic activity, selectivity and long-

term stability against deactivation by sintering.*®

The strength of the interaction for metal
adsorption and adhesion onto oxide surfaces is not known for many systems, yet this determines
the chemical potential of the metal atoms in the supported nanoparticles, which we showed
directly correlates with their resistance to sintering and their chemical and catalytic reactivity.®
Iron oxides are promising materials for many of these applications. In particular, late
transition metal nanoparticles supported on iron oxides form the basis for new materials that are
being intensively investigated for use in catalysts, fuel cells, other electrocatalysts and
photocatalysts. To understand these systems, many have used a model catalyst approach,
whereby nanoparticles of the late transition metal are vapor deposited onto the surface of a clean
single-crystalline surface of the oxide support*®. This allows better control of the structure of
the nanoparticles and their interface to the oxide support. Thus, to understand catalysts that use
iron oxide supports, many researchers have studied metal nanoparticles supported on the
magnetite Fes04(111) surface.***® For example, gold supported on Fe3O4(111) has been studied

for carbon monoxide oxidation and water gas shift.*® Water gas shift has also been studied over

copper on Fe;04(111).* Palladium on Fes04(111) has been studied for CO oxidation.**
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Silver, usually supported on other oxides, is known to be a catalyst for epoxidation of

olefing®1%3

, partial oxidation of methanol,’® and oxidation of carbon monoxide at low
temperatures.*

In this work, we report calorimetric measurements of the heat of adsorption of Ag vapor
onto a clean and well-ordered Fe3O4(111) surface, wherein the Ag particle morphology is
characterized by Auger electron spectroscopy (AES), and low energy ion scattering spectroscopy
(LEIS). The results are analyzed to provide the relative enthalpy and chemical potential of the
Ag atoms versus Ag nanoparticle size on Fe3;04(111), and the Ag / Fe304(111) adhesion energy.
The results are compared to similar measurements of Ag particles on MgO(100) and
Ce0,(111).2%51% To our knowledge, no other report exists of the heat of adsorption of any metal
on any iron oxide surface. A preliminary report of some of these results has appeared.’®’ The
morphology of Ag growth on Fe;04(001) at 200 °C, 400 °C, and 750 °C has been study by

Reflection High Energy Electron Diffraction, X-ray reflectivity and diffraction, High Resolution

Transmission Electron Microscopy, and Atomic Force Microscopy.>

6.2  Experimental

The details of the calorimetric measurement of Ag gas atom adsorption energies onto
oxide supports has been presented in detail elsewhere.'®® The calorimeter was housed in an
ultrahigh vacuum chamber, with a base pressure of ~2 x10™° Torr (rising to ~1 x10™ Torr, which
was mainly H,, during Ag deposition). It was equipped with low energy electron diffraction
(LEED), Auger electron spectroscopy (AES), low-energy ion scattering spectroscopy (LEIS), a

quadrupole mass spectrometer (QMS), and a quartz crystal microbalance (QCM). AES was
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carried out using 1.6 keV electrons from a PHI LEED system (15-120), and a Leybold-Heraeus
EA11 hemispherical energy analyzer. 1SS was carried out using He" ions with 1 keV primary
energy from a de-focused ion gun (Leybold-Heraeus IQE 12/38). The calorimeter consists of a
pulsed metal atom beam and a pyroelectric polymer (polyvinylidenefluoride, PVDF) ribbon
pressed against the back of the single crystal for heat detection. The 4-mm diameter, chopped
Ag atom beam is produced from a high-temperature effusion cell. The Ag was purchased from
Alfa Aesar with 99.999 % purity. The metal atom beam is chopped to provide 100 ms pulses
containing ~0.02 ML of Ag atoms every two seconds. One monolayer (ML) is defined
throughout as 1.42x10% atoms/cm?, which is the number of oxygen atoms exposed to the
vacuum per unit area for Fe3O4(111). The absolute beam flux is measured by using a calibrated
QCM. The sticking probability is measured by a modified King—Wells method, using a line-of-
sight quadrupole mass spectrometer (QMS) to measure the fraction of metal atoms which strike
the surface but do not adsorb. The mass spectrometer signal was calibrated by measuring the
integrated desorption signal from a known amount of Ag reflected from a hot Ta foil (1100 K to
1200 K), located at the same position as the sample and corrected for average velocity.

The typical operating temperature of the effusion cell was ~1380 K, which generated
some thermal radiation that impinged on the sample and also was detected by the calorimeter.
This thermal radiation was measured by inserting a BaF, flag between this cell and the sample.
The flag blocks the Ag atoms but allows almost all the thermal radiation to pass. The measured
thermal radiation was then corrected for the transmittance of the BaF, flag (~92%). The heat
signal for Ag adsorption was corrected for this thermal radiation by subtraction, and the heat
detector was calibrated using light pulses from a He-Ne laser, as described elsewhere **'%. The

amount of light adsorbed per pulse from this He-Ne laser for pulses of fixed energy was
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measured and found to decrease nearly linearly with Ag coverage, from its starting value on the
Ag-free Fe304(111) to 69£3% of its starting value by 3 ML Ag, and remain constant afterwards.
By setting the final reflectivity of thick multilayer Ag to the literature value for bulk Ag of

949%'% we estimate that the initial reflectivity for the starting Fes04(111) thin film was 91+ 1%

using this 31% decrease in absorbed light.

To convert the calorimetrically measured internal energy changes into standard enthalpy
changes at the sample temperature (300 K), the excess translational energy of the metal gas
atoms at the oven temperature, above that for a 300 K Maxwell-Boltzmann distribution (~0.3
w)/pulse), is subtracted, and a small pressure—volume work term (RT per mole) is added, as
described elsewhere.®® The corrected enthalpy of adsorption is thus the standard molar enthalpy
of adsorption at 300 K, which at high coverage, where the atoms are adding to bulk-like sites,
can be compared directly to the standard heat of sublimation of the metal. The measured heats
are expressed as the enthalpy of adsorption on a “per mole of adsorbed Ag” basis by correcting
for the sticking probability.

The preparation of the 1 pm-thick Pt(111) single-crystal was described previously %1%,
The preparation of Fe3O4(111) thin films on Pt(111) was based on the recipe of Zscherpel et al.
199 In brief, ~1 monolayer of FeO is first grown by depositing ~1 ML of Fe on Pt(111) at 300 K
and annealing for 5 minutes at 900 K in 5 x 107 Torr O,. Then ~20 ML of Fe is deposited in 2 x
107 Torr O, at 300 K, and subsequently annealed at 800 K in 5 x 107 Torr O, for 5 minutes.

This led to a Fe3O4(111) film of ~6 nm thickness, whose composition, cleanliness and order were

verified by AES and LEED.
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6.3 Results and Discussion

Characterization of the Fe3O4(111) Thin Films. The Fe304(111) thin films were
characterized by AES and LEED. The AES spectra matched spectra previously reported for
Fe304(111).° Figure 6.1 shows a typical LEED pattern for the grown Fe304(111) thin film. The
p(2x2) LEED image is comparable to previous reports.'*

Sticking Probability of Ag on Fe;O4(111). Figure 6.2 shows the sticking probability as
a function of Ag coverage at 300 K. The initial sticking starts at 96% and increases to ~99% by
1.0 ML Ag coverage. The flux of the Ag atomic beam was measured by the calibrated QCM.
The Ag coverage was determined by time-integrating the product of the Ag flux times the
sticking probability, taking into consideration the chopped Ag beam’s “on” time. This figure is
the average of three independent runs

Morphology of Ag Islands on Fe3O4(111). The morphology of the growing Ag film on
Fe304(111) was studied by AES and LEIS. Figure 6.3 shows the AES measurements for Ag on
Fe304(111). The circles represent the integrated intensity of the Ag(MNN) Auger peak at 351
eV normalized to the signal from a thick, bulk-like Ag film (>30 ML). The triangles represent
the integrated intensity of the oxide’s O(KVV) peak at 515 eV normalized to the signal from
O(KVV) AES signal from Fe304(111) with no Ag deposited.

The dashed lines in Fig. 6.3 also show the theoretical intensities expected for O(KVV)
and Ag(MNN) if Ag grew in a layer-by-layer fashion''? on Fe;04(111). The measured AES
signals change much more slowly than in layer-by-layer growth, indicating 3D island growth.
The solid lines show a fit of the data to a hemispherical cap model.*>® As shown in Figure 6.3

the hemispherical cap model fits the data well. The hemispherical cap model assumes Ag
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growth as 3D particles on the surface in the shape of hemispheres of fixed diameter at any given
coverage, and a number density that is constant, independent of Ag coverage.® The model
represented by solid lines uses a density of 4 x 10* particles /cm? The model was only fit up to
the Ag coverage of 2.1 ML, because after approximately 35% of the surface area is covered by
Ag islands, they can begin to overlap and the assumption that the hemispheres are isolated is no
longer valid.

Figure 6.4 shows the growth morphology of Ag on FeszO4(111) as probed using He"
LEIS. The integrated intensity of the Ag peak (circles) versus Ag coverage is shown. The
normalized Ag LEIS signal provides a direct measure of the fraction of the surface that is
covered by Ag, since it is sensitive to only the topmost atomic layer. Thus, at any Ag coverage,
the Ag coverage divided by this fractional signal is equal to the average thickness on the Ag
islands, in ML. Beam damage from the ion beam was minimized by measuring only a small
kinetic energy range corresponding to the Ag peak and using a small ion beam exposure for each
data point. The lack of ion beam effects was proven in control experiments performed with large
coverage increments, which were indistinguishable from the experiments in Figure 6.4. This
indicates that beam damage did not impact the growth measurement within the accuracy of the
LEIS experiment. Also shown is the expected curve for layer-by-layer growth (dashed line) and
hemispherical cap (solid line) growth with a density of 4 x 10*? particles per cm?. As with the
AES data, the growth of Ag on Fe30,4(111) fits the hemispherical cap model well. Previously,
3D island growth was reported for Ag growth on Fes04(001) at 200 °C.*°

Heat of Adsorption of Ag on Fe3O4(111). Figure 6.5 shows the differential heat of
adsorption of Ag on Fe304(111) as a function of coverage. The curve is the average of three

experimental runs. The insert shows the low coverage region (0-0.8 ML) in more detail. The
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pulse-to-pulse standard deviation at high Ag coverages (where the heat of adsorption was
constant) was 6 kJ/mol and the experiment-to-experiment standard deviation was 16 kJ/mol
(6%). To rule out possible effects on the heat of adsorption due to surface damage by electrons
(from doing AES and LEED after Fe3O4(111) film growth), a control experiment of Ag
adsorption on Fe304(111) was done without doing AES or LEED before the calorimetry
experiment, and no difference was observed compared to experiments where LEED and/or AES
were done after film growth.

The heat of adsorption starts at ~230 kJ/mol and rises to ~277 kJ/mol by 0.5 ML, then
slowly increases to the heat of sublimation of Ag (285 k/mol’’) by ~2 ML. The low initial heat
of adsorption shows that Ag binds more weakly (~55 kJ/mol) to the Fe304(111) surface than the
surface of Ag(solid) bulk. The near unity sticking probability and the fact that Ag grows as 3D
particles indicate that Ag adatoms are adsorbed in very mobile precursor state and diffuse to
nucleate a new Ag cluster or find and attach to an existing Ag cluster, and only a very few desorb
back into the gas. The rise in the measured heat up to the heat of sublimation by 2 ML can be
attributed to the effect of particle size on the binding energy of Ag to Ag nanoparticles, similar to
what we have reported for Pb, Ag, and Cu on Mg(100)****** and Ag on CeO,., (111).1%

Heat of Ag Atom Adsorption versus Ag Particle Size. Based on the heat of adsorption
data and the Ag hemispherical particle density measured using AES and LEIS, the heat of
adsorption versus particle size can be determined. To do this, we divided the best-fit Ag particle
density (4 x 10% particles /cm?) by the Ag coverage (in atoms /cm?) to get the average Ag
particle size (in atoms), which is easily converted to an average volume and effective diameter
using the bulk Ag density and the relationship between diameter and hemisphere volume, as

described previously.” Figure 6.6 shows the heat of adsorption versus average Ag particle size
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and number of Ag atoms already in the particle. As shown in Fig. 6.6, the heat of adsorption
grows rapidly with particle size below 2.5 nm but, after reaching a particle diameter of ~4 nm,
the heat of adsorption approaches within the noise of the data to the heat of sublimation of bulk
silver solid (285 kJ/mol). This ~55 kJ/mol increase in heat of adsorption corresponds to a ~55
kJ/mol decrease in the chemical potential of Ag atoms in Ag nanoparticles supported on
Fe304(111) as their particle size increases from ~0.6 nm to 4 nm. (This assumes that entropic
differences with particle size are small compared to these large enthalpic effects.) Much more
dramatic changes in chemical potential with particle size were seen for Ag on MgO(100), but Ag
on slightly reduced CeO,(111) surfaces behaved quite similar to these present results on
Fes04(111).%°

The implications of these results with respect to the effect of Ag particle size on the
catalytic properties for Au in relation to Ag on Fe3O4(111), ceria, reduced ceria and MgO(100)
has been discussed elsewhere, when we gave a preliminary report of these results.*”’

Adhesion Energy of Ag Solid onto Fe3O,4(111). Using the data in Figs. 6.5 and 6.6, the
adhesion energy of 3.6 nm diameter Ag particles to Fe3O4(111) can be calculated to be 2.5+0.3
JIm? using the simple thermodynamic cycle previously derived.***** This result is much larger
than the adhesion energy for Ag nanoparticles to MgO(100) surfaces (0.3+0.3 J/m?) and similar
to that for Ag nanoparticles on CeO,.,(111) surfaces (2.3 to 2.6 J/m?).”® The value of 2.5+0.3
JIm? is statistically indistinguishable from the value for Ag to itself (i.e., twice the surface energy
of pure Ag solid, 2.44 J/m? '®). This indicates very strong bonding at the Ag/ FesO4(111)
interface. The same effects of lattice mismatch discussed regarding Ag nanoparticle binding to
Ce0,.(111) surfaces’®, and the resulting change in adhesion energy as Ag particle size grows,

are also likely to occur for Ag on Fe3O4(111).
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6.4 Conclusions

Silver atoms adsorb onto Fe304(111) with an initial heat of adsorption of ~230 kJ/mol,
increasing with coverage to the heat of sublimation of bulk Ag (285 kJ/mol) by ~2 ML. This
initial heat of adsorption is ~55 kJ/mol weaker than Ag bonding to bulk Ag. The sticking
probability was found to be ~0.96 initially and increase to ~0.99 by ~1.0 ML. Based on AES
and LEIS data, Ag grows as 3D islands on Fe;04(111) with a fixed particle density of 4 x 10*
particles/cm?. Using this particle density, the average size of Ag particles was calculated at each
Ag coverage, and the heat of adsorption versus Ag particle size was determined. From this, it
was found that the Ag atoms in Ag nanoparticles supported on Fe3O4(111) increase in stability
(decrease in chemical potential) by ~55 kJ/mol as the Ag particle size grows from ~0.6 nm to ~4
nm, but stabilizes near the chemical potential in bulk Ag solid after reaching a diameter of ~4
nm. The adhesion energy for ~4 nm Ag(solid) particles to Fe3O4(111) was found to be 2.5+0.3

JIm?, similar to values found for Ag on CeO,.(111) surfaces.
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6.5  Figures

Figure 6.1 LEED Pattern at 60 eV of 6 nm thick Fe304(111) film grown on Pt(111). The (0,0)
spot is near the center but hidden by the sample holder.
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Figure 6.2 Sticking probability of Ag atoms onto the Fe304(111) thin film at 300 K as function
of Ag coverage. One monolayer is defined as 1.42 x 10 atoms per cm?, which is the number of
oxygen atoms exposed to the vacuum per unit area for Fe304(111). The insert shows a structural
model of the Fe304(111) surface.
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the clean Fe30,4(111) surface, respectively, versus Ag coverage at 300 K. The dashed curves
correspond to the expected behavior if Ag grew layer-by-layer. The solid curves correspond to
the calculated curve for a hemispherical cap model (with a Ag particle density of 4 x 10*
particles per cm?). The inelastic mean path used was 0.71 nm for Ag and 0.93 nm for O,**° and
the detection angle was 45°.

87



= 1.04 —‘< —————————
S) 1 / Layer by Layer Model

& 0.8- / :
n ‘ /

I._IIJ 0.6 - / Hemispherical Cap Model

(@) ®

< =
©

[}

N

© il
=

P

o ) b )

< 3 4 5

Ag Coverage (ML)

Figure 6.4 Integrated Ag LEIS intensity, normalized to bulk Ag, versus Ag coverage at 300 K
on Fe304(111). The dashed lines correspond to the expected curve if Ag grew layer-by-layer.
The solid curve corresponds to the calculated curve for a hemispherical cap model (with a Ag
particle density of 4 x 10*? particles per cm?).
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Figure 6.5 Heat of Ag atom adsorption versus Ag coverage at 300 K on Fe304(111). The data is
the average of three experiments. Each data point represents a pulse of 0.025 ML of Ag. The
inserts shows the 0 — 0.8 ML range in expanded scale.
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Figure 6.6 Measured heat of Ag atom adsorption versus the average Ag particle size on
Fe304(111) at 300 K. The Ag particle size is expressed as both the effective diameter and the
number of Ag atoms already in the particle, both estimated assuming the Ag is in the form of 3D
particles with a fixed density of 4 x 102 particles per cm?, as measured by AES and LEIS. The
diameter is estimated assuming hemispherical shape, an assumption also used in analyzing the
AES and LEIS data.
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Chapter 7 The Hemispherical Cap Model for Analyzing Electron
Spectroscopy Signals during Thin Film Growth: Extension to Non-Normal

Detection Angles

J.C. Sharp and C.T. Campbell
Department of Chemistry
University of Washington

Seattle, Washington 98195-1700, USA

Abstract

The growth of nanoparticles on a surface are key ingredients many heterogeneous
catalysts, fuel cells, other electrocatalysts and photocatalysts. The size of these nanoparticles can
have an effect on the usability. To study the size of these nanoparticles an electron spectroscopy
can be used. For electron spectroscopy conducted at an angle normal to the surface, the
relationship between the normalized electron intensity and the particles’ size and density has
been derived. In this paper, we used a numerical method to determine the normalized electron
intensities versus the particles radius divided by the inelastic mean free path for angles other than
normal detection. We used this information to give a method for modifying the results at non-
normal angles to fit the expected results for detection at normal to the surface. Further we show
that for large values of the particle radius per the inelastic mean free path, the ratio of the
normalized intensity is nearly equal to the ratio of the spectroscopic footprints given by

0.5*(1+1/cos 0), where 6 is the angle of detection from normal.
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A very common structural motif in materials science involves nanoparticles of one
material dispersed across the surface of another. Such structures are commonly encountered
when making and/or studying catalysts, microelectronics, plasmonic and optical devices,
nanoelectrode arrays, coatings and thin film growth by vapor deposition or other condensation
processes. For example, metal nanoparticles dispersed across the surfaces of oxides and carbon
supports are key ingredients in many heterogeneous catalysts, fuel cells, other electrocatalysts
and photocatalysts, all of which are crucial for energy, fuel and environmental technologies and
chemical processing. One of the three growth modes that occur during thin film growth by vapor
deposition is the Volmer-Weber mode, whereby clusters of the deposited material first nucleate
and then grow as 3-D nanoparticles on the substrate 3283105106117 A yiery common method to
estimate the size and number density of such nanoparticles is based upon measurements of the
intensities of peaks associated with substrate and adsorbate elements using an electron
spectroscopy, typically either X-Ray Photoelectron Spectroscopy (XPS) or Auger Electron
Spectroscopy (AES). A model that has been very widely applied for analyzing these intensities

.2 which assumes that the

is the hemispherical cap model introduced by Diebold et a
nanoparticles all have the shape of hemispheres with the same diameter at any coverage. It is
often applied to cases where the intensities of substrate and adsorbate peaks have been measured
versus the amount of adsorbate deposited on the flat substrate surface, in which case the further
assumption is made that the number of particles per unit area remains constant. This number
density is estimated from a fit of these plots of intensities versus coverage to the resulting
equations of this hemispherical cap model, which also gives the average diameter of the particles

versus coverage.”% Unfortunately, these equations for the hemispherical cap model only apply

when the electron intensities have been measured for a take-off angle normal to the substrate
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surface. Here, we present an expansion of that model that allows it to be applied at other angles
of electron detection, which are often demanded by the constraints on sample mounting or
manipulation.

In either XPS or AES, electrons are emitted from a material due to interaction with either
X-Ray photons or high energy electrons. The intensity of the electrons emitted at given Kinetic
energies is element specific. These electrons can interact with matter prior to escaping vacuum
and lose energy. The probability for an electron to traverse through matter without the loss of

energy, is defined as escape probability, pescape, and is given by the equation

Pescape =€ /A, (1)

where d is the distance the electron transverses through matter, referred to as the attenuation
distance, and A is the characteristic inelastic mean free path for the measured electron, which
depends on its kinetic energy and the material, as reported in detail.™*® Using Equation 1 for a
simple over-layer of an adsorbate on a substrate, the ratio of the intensity of electrons from the
substrate, Iy, covered by an over-layer of thickness, t, to the intensity with no over-layer, I o
can be determined. Similarly, the ratio of the intensity of electrons from an over-layer, l,gs, t0
the intensity of electron from an infinitely thick adsorbate over-layer, lags -, can also be

determined.™® For normal detection the equations, respectively, are

I —t
Sub/lsub'o =e /Asup (2)

-t
IadS/] =1—¢ /Aaps ©)

ads,o

Where where Aqyp is the inelastic mean free path of electrons from the substrate and A is the

inelastic mean free path of electrons from the adsorbate. When the angle of detection is instead
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at some angle @ from normal to the surface, the thickness, t, is replaced with t cos & in these
equations.

When the adsorbate is in the form of nanoparticles instead of a uniformly thick layer, the
analysis is much more complex, since the distance any electron travels through the solids is
dependent upon where the electron originated from within the plane of the substrate surface. In
the hemispherical cap model mentioned above, the ratio of the intensity of emitted electrons
from adsorbed hemispherical particles to the intensity of emitted electrons from an infinitely
thick film of the same adsorbate was determined for the case of normal detection by averaging

(integrating) over the total surface area,>® and found to be

lads
Iqgs(®)

= nnR? — 2nnA? [1 - [1 + AR ]e_R/ﬂads] , (4)

ads

where n is the particle density, R is the radius of the hemispherical caps. For the signal from

the substrate relative to the signal at zero coverage, they found that:

b 1 —nmR? = 2mnaly, [1 - [14+ 5] e fisw). 5)

These equations only work for electrons emitted normal to the surface.

In order to determine the relationship between particle geometry and signal intensity of
electron spectroscopies using non-normal detection methods, Equations 4 and 5 can be derived
by integrating the escape probability given in Equation 1, where the distance an electron travels
is simply the z-coordinate of a hemisphere centered at (0, 0, 0). In this case, the surface is
defined as the z=0 plane. For non-normal detection the distance an electron travels through the
adsorbate from a single coordinate is no longer the z-coordinate of the hemispherical cap as

described in eq. 6, nor is it simply related to the z-coordinate divided by cos(6). Figure 1
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illustrates how using a d/cos(6) correction would overestimate the attenuation length for
electrons from the substrate in the “shadow” of the hemispherical cap. In Figure 1, the solid part
of the lines represent where an electron would be traveling through the adsorbate, while the
dashes part represents traveling through vacuum where there is no probability of energy
loss. Since we know of no method for solving for all distances symbolically, we instead propose
the following numerical method.

The substrate surface, with the surface defined as the z=0 plane, is divided up into
discrete segments. For a single point in one of these segments, the distance an electron emitted
from that point would travel through the hemispherical cap is calculated and used as the average
for all points in that particular segment. For points on the surface directly underneath the
hemispherical cap, the distance is calculated by determining the length of a line originating from
the point and with an angle from normal to the surface same as that of the detector intersects the
hemispherical cap. For points on the “shadow,” the line originating from the point intercepts the
hemisphere twice. The distance between these two intersections is the distance an electron
travels through the hemispherical cap. These same distances are used to calculate the signal
from the adsorbate. The limits on where this calculation is performed in from —R to R in the y-
direction and from —R/cos(8) to R in the x-direction. Outside of these limits the attenuation due
to the adsorbate is zero. Assuming the particles are distributed on the surface hexagonally, the
maximum R can reach before spectroscopic footprints overlap is in determined the following

equation,

(6)

2\/ 1/2n\/§/

1+ 1/cos(9).
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When these distances are used in conjunction with Equation 1, the escape probability for
an electron from any point on the surface or substrate can be determined. These results can then
be normalized by dividing by the escape probability at d = O for electrons from the substrate and
d = oo for electrons from the adsorbate. To verify the methodology, the values calculated using
this method at normal detection were compared to those calculated using Equation 4, as shown in
Figure 2. Using a step size 0.01 nm, i.e., a discrete segment has an area of 0.0001 nm?, to
calculate the signal from the hemispherical cap leads to a percent error from Equation 4 of less
than 0.1%. As usual with numeric integration, choosing a smaller step size leads to a greater
accuracy while increasing the computational time. Changing the step size from 0.02 nm to 0.01
nm leads to less than 0.01% change in the calculated values.

Figure 3 shows a plot of the normalized electron intensity at a specified take-off angle
divided by the normalized electron intensity at normal detection versus the radius of the particle,
R, divided by the inelastic mean free path for an electron, A, from the adsorbate assuming a
constant particle density for detection at 0°, 30°, 45°, 60°, 70° and 75° from normal.. This plot
will allow the reader to be able to correct experimentally acquired data to that of normal
detection and fit it to Equation 4 using relevant values for n and 1. As Figure 3 show the value
for the ratio of the normalized electron intensities approach a single value for large R/A which is

nearly equal to the ratio of the spectroscopic footprints given by

1
05(1+—). @)
To determine the normalized signal from the substrate at a given angle, the following

equation is used

I I I
sub_ _ 1— ( abs ) abs,normal. (8)

Isub,oo Iabs,normal Iabs,oo
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Where laps/laps, normar 1S read from Figure 3 for a given R/A and laps, normal/ lasso 1S determined
from Equation 4 for a given R, A and n.

In conclusion, we have applied a numerical method to determine the normalized electron
spectroscopy intensity for varying angles from normal for hemispherical caps. We verified this
method by comparing it the results the numerical method generated with results determined
previously using the equations from Diebold et al. and found less than 0.1% error with a step
size of 0.01 nm. We have also given readers a method to correct experimental results at non-
normal angles to fit the equations derived by Diebold et al., so density of nanoparticles on the

surface can be determined.
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7.1 Figures

Figure 7.1 Electrons emmited from the substrate will be attenuated by the hemispherical cap if
they originate from either the area under the cap or from the shadow created by the cap as
indicated by the hashed area. The hashed area of the substrate therefore represents the effective
spectroscopic footprint of the particle at this particular angle.
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Figure 7.2 Intensity of adsorbate electrons relative to that for an infinitely thick film versus
average thickness for hemispherical caps with number density n=0.005 particles/nm? and A=1
nm. The solid line is calculated using Equation 1 and the open circles were determined using the
numerical method with a step size of 0.01 nm and have a less than 0.1% deviation from the solid
line.
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Figure 7.3 Plot of the normalized electron intensity for a peak associated with the adsorbed
hemispherical particles at different take-off angles divided by the electron intensity at normal
detection, plotted versus the radius of the adsorbed particle, R, divided by the inelastic mean free
path for that electron through the adsorbed material, A, assuming a constant particle density.

This plot allows readers to correct values calculated using the standard hemispherical cap model
derived for normal detection (i.e., Egn. 4) to fit experimental data acquired at other detection
angles, which in turn allows one to quantitatively estimate particle densities from such data.
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Chapter 8  Conclusions

In this dissertation, surface science techniques were applied to study the metal / organic and
metal / inorganic interfaces. In the chapters 3, 4, and 5, the growth of Ca onto polymers that are
of interest in OPVs and OLEDs were studied. In chapter 6, the growth of Ag / Fe304(111)
interface was studied. The energetics of late transition metal on oxide surfaces are of particular
interest in catalysts, fuel cells, other electrocatalysts and photocatalysts. In chapter 7, a method
for determining particle size and number density for Volmer-Weber growth using photoelectron
spectroscopy data acquired at an angle other than normal is detailed. Previously these values
could only be determined from photoelectron spectroscopy data acquired at normal to surface.

In chapter 3, the formation of the Ca / MEH-CN-PPV interface was studied calorimetry,
LEIS, and XPS at 300 K and 130 K. Based on calorimetry and XPS data, at low coverage (<1
ML), CA was found to diffuse and react with cyano or alkoxy groups in the polymer chain, with
the dominant reaction has Ca removing two cyano groups and forming Ca(CN), and cross-
linking polymer chains. After 4 ML, the dominant reaction was Ca binding to Ca and forming
3D islands. For deposition at low temperatures, the subsurface diffusion / reaction of Ca was
significantly decreased. The effective thickness of the reacted polymer went from an estimated
5.6 nm (7 monomer layers) at 300 K to 1.0 nm (1.2 monomer layers) at 130 K.

In chapters 4 and 5, the formation of the Ca / PDHF and Ca / PDFHYV interfaces were studied
calorimetry, LEIS, XPS, and UPS at different temperatures and with and without electron
damage. Ca deposited on these surfaces can desorb, diffuse across and into the surface, and react
with defects in PDHF and PDFHV, or bond with other Ca atoms on the surface to form 3D

islands. At very low coverages (<0.75 ML), the dominant reaction is with defects in the

101



polymers or impurities. After 0.75 ML, the main reaction is Ca binding to Ca and forming 3D
islands on the surface. As with the Ca / MEH-CN-PPV, deposition of Ca at low temperatures
(130 K), decreased the subsurface diffusion / reaction of Ca, thus increased the growth of Ca(s)
on the surface. For the electron-damaged polymer surfaces, the electron damage increased the
sticking probability of Ca and the slightly increased the heat of adsorption. The increases in the
heat of adsorption are attributed to electron damage disrupting the polymer structure to enable
faster Ca diffusion through the polymer. The electron damage did not significantly alter the
morphology of the growing Ca(solid) particles on the surface of these polyfluorenes.

In chapter 6, growth of Ag on Fe304(111) was studied by calorimetry, LEIS and AES. The
initial heat of adsorption was ~230 kJ/mol, which is ~55kJ/mol weaker than the binding of Ag to
bulk Ag. The initial sticking probability was ~0.96 and increased ~0.99 by 1.0 ML. The LEIS
and AES data showed Ag grew as 3D islands on the surface. Fitting the LEIS and AES using a
hemispherical cap model found the Ag particle density of 4 x 10* particles per cm?. Using this
particle density, the average size of Ag particles was calculated at each Ag coverage, and the
heat of adsorption versus Ag particle size was determined. From this, it was found that the Ag
atoms in Ag nanoparticles supported on FezO4(111) increase in stability (decrease in chemical
potential) by ~55 kJ/mol as the Ag particle size grows from ~0.6 nm to ~4 nm, but stabilizes near
the chemical potential in bulk Ag solid after reaching a diameter of ~4 nm. The adhesion energy
for ~4 nm Ag(solid) particles to Fes04(111) was found to be 2.5+0.3 J/m? similar to values
found for Ag on CeO,4(111) surfaces.

In chapter 7, a numerical method for determining the normalized photoelectron signal from a
hemispherical cap at angle of detection other than normal is detailed. This numerical method

was verified by comparing its results at normal detection with the results determined using the
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equations in Diebold et al., and found less than 0.1% error with a step size 0.01 nm. Using
method, a way to correct data acquired at angle other than normal to that of normal detection is
given. In particular for large values of the particle radius divided by the inelastic mean path, it is
seen that the normalized photoelectron signal from the adsorbate is approximately 0.5*(1+1/cos

0), where 0 is the angle from the surface normal.
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