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ABSTRACT

This dissertation explores the effect of nanometale changeas structureon the
energetics of photocatalytic and photovoltaic materials. Of particular interest are
semiconductor nanocrystdNCs), whichhave interettng chemical properties that lead to
novel structures and applications. Chief among these properties are quantum confinement
and the high surface arg@volume ratio, which allow for chemical tuning of the
energetics and structure of NCs. This tunablergetic landscape has led to increasing
application of NCs in various areas of research, including solar energy conversien, light
emitting diode technologies, and photocatalysis. However, spectroscopic methods to
determine the energetics of NCs have noénbevell developed, due to chemical
complexities of relevant NCs such as polydispersity, capping ligand effectssheire
structures, and other chemical modifications. In this work, we demonstrate and expand the
utility of photoelectron spectroscopy (PHES)probe the energetics of NCs by considering
the physical processes that lead to background and secondary photoemission to enhance
photoemission from the sample of interest. A new methodology for the interpretation of
UP spectra was devised in order tophasize the minute changes to the UP spectra line
shape that arise from nanoscopic changes to the NCs. We applied various established
subtractions that correct for photon source satellites, secondary photoelectrons, and
substrate photoemission. We thewdstigated the effect of ligand surface coverage on the
surface chemistry and density of states at the top of valence band (VB). We systematically
removed ligands by increasing numbers of purification steps for two diameters of NCs and

found that doing secreased photoemission density at the top of the VB, which is due to
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undercoordinated surface atoms. Deeper VB structure was also altered, possibly due to
reorganization of the atoms in the NC. Using the new UPS interpretation methodology,
we examined th evolution of the valence band energys)Eof CdSe NCs as it was
modified from spherical NC to rod to ANP tipped nanorod (NR). We also employed
potentiatmodulated attenuated total reflectance spectroscopyAPR) to probe the
conduction band energ¥4£g) of the series. Thek decreased with each modification,
which is predicted with a bargending model. This trend was also observed in theds
revealed by spectroelectrochemistry, along with the appearance of new- metal
semiconductor states in thand gap. UPS was finally used to investigate the even more
complex PiNP tipped CdSe@CdS core@shell NR heterostructure. The addition of the
CdS shell decreases thesErelative to CdSe, as expected from common catievil Il
compounds. The RC increaseshe E/s, which, like the AuCdSe NR, is predicted by
employing a bandending model. XPS revealed thatFlilse chemical states were formed
near the Cd®t interface. These experiments, along with the improved UP spectra
interpretation methodology, demorste the wealth of information regarding surface
chemistry and energetics that can be obtained with PES which can be applied to not only

NCs, but also to metal oxide or molecular thin films.
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CHAPTER 1. | NDRODUCT

This dissertation focuses on undersiiag the effect of nanoscale changes to the
surface and the bulk composition of semiconductor nanocrystals (NCs) and nanorods
(NRs) on their ban@dge energies (energetics) and, in the case of NRs, the spatial
distribution of these baredge energies, fromp region to NR bulk, using photoelectron
spectroscopies (PE$Jerein, new methodologies for interpreting ultraviolet photoelectron
spectroscopy (UPS) which will enable the study of modifications to NCs and NRs on
nanometer length scales, which are psg"dl components of technologies for
photoelectrochemical solar fuel production, and for active layers in photovoltaics, is
presented'!® In this introduction, the need for advancements in renewable endrgies,
particular solar photocatalysis, will be explored, followed by an argument that the
properties of NCs that make them unique materials for solar photocatalyssates of
the critical electron transfer reactions in photocatalytic processes arelleahiry offsets
between the band edge energies and the redox couples responsible for bodneseng
(oxidation) and electreharvesting (reduction) reactio”h$142?2 However, the complex
nature of NCs have made their band edge energies, and the correlation of these energies
with composition, difficult to characterize with rcantly available techniques like
electrochemistry®3® scanning tunneling spectroscdp¥’,® and photoelectron
spectroscopy (PESY* which have been well established for planar, bulk
semiconductors. To understand the difficulty, a review of the current literature using these
techniques examining the surfachemistry and energetics of NCs, both simple and

complex, is presented along with perspective on their respective shortcomings. Finally, a
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case will be made that the methods described in this dissertation are uniquely capable of
providing measurements dhe surface chemistry and energetics that determine the
properties of not only heterostructured NCs, but also those of small molecules and

conductive polymers in solar energy applications.

1.1 THE CASE FOR SOLAR FUELS AND THEIR OPERA TION
One of the greateshallenges of the time is that of global climate change and the
search for renewable energy sources to combatit* While many solutions have been
proposed, such asind, geothermal, and hydroelectric, solar is the most promising, since
the solar flux on the surface of the earthperhour{4d®°J ) i s compar abl e t
yearly energy usage in 2014%4.0°°J) and is a carbon neutral energy sodfd¢dowever,
in the same year, the International Energy Agency estimated that approxi@iaiéty of
the total world energy supply is comprised of fossil fuels such as coal, natural gas, and
oil.>> Renewable sources only accounted for 1.4% of the portfolio, of which solar is but a
tiny fraction. In 2015, the United States produced only 9.7% of its energy by renewable
energy sources and of that, solar was only 4.7% of the renewable energy consefimption.
Despite the ever decreasing cost of solar energy, there exist several barriers to
greater solar penetration including, but not limited to, a) the average cost per watt of solar
relative to establigtd energy sources, b) poor efficiency of current technologies, émel c)
probl em of intermittency of sol ar power d
patterns. As of 2015, the average cost per watt for residential electricity generation in the

US stands at $0.1253 per kilowatthour (KWhnd while a report from the Department
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of Energyds Lawrence Ber kelévelized goaeb purcrageor t e d
agreement pricing from utilitgcale photovoltaic (PV) projects were priced at or below
$0.05 per KWh, there is a rather large installation price between $3.30/W and $5.00/W for
residential systemS.Increasing the efficiency of the various types of solar technologies
being explored can help to ewk these costs, and indeed, significant progress has been
made in researebcale PV efficiency. Figure 1 shows the best resesgtitefficiencies
for the various types of direct solr-electricity PVs being researched since 1%7Bor
nearly every type of PV being researched, an increase in efficiency is realized over time,
withmanyofthese al | ed Av¥smersgumhg &Ps quantum dot <cel

demonstrating rapid improvement in recent years.
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1.1.10verview of artificial photosynthesis and photocatalytic water splitting
Despite the rapid growth of PV power conversion efficiency, the issselaf
intermittency due to the diurnal cycle or weather patterns necessitates the coupling of direct
solarto-electricity PV systems to energy storage solutions such as batteries. The alternative
approach wherein solar energy is used to drive reactigm®tluce chemical fuels (solar
to-fuel) is one way to address both the need for solar energy and the subsequent need for
energy storage solutions. Nature has already provided the blueprint for this type of solar
energy conversion in photosynthesis, wheualight is used by plant life to produce
carbohydrates and oxygen from water and carbon dioxide through a series of electron
transfer processé$.In artificial photosynthesis, researchers aim to replicate this rather
efficient process to produce hydrogen gas, which may be derived from hydrocarbons such
as fossil fuels or biomass or water; however, to avoid the need for sequestration of
greenhouse gases, water is a preferred hydrogen $é(rbe. simplest scheme for the
photoelectrolysis of water is shown in Equation 1:
00 © -0 'O o PR C @
(Equation 1)
Figure 2 shows the general scheme for an artificial photosynthetic system producing
hydrogen; in general, a liglatbsorbing species (chromophore) is coupled to an electron
donor and an electron agutor on opposite sides so that oxidation and reduction reactions,
respectively, occur in spatially separated regions of the system and so that charge
separation of the photoexcited electron and hole is-lioed. In this scheme, when the

chromophore absbs a photon of light (1) to produce a coulombic@bund electrothole
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pair, known as an exciton, which must dissociate into free charges prior to recombination
(2), the coupled electron donor will perform an electron transfer reaction (3a); the coupled
electron acceptor will undergo an equivalent but opposite electron transfer reactich (3b).
Once the spatially charge separated state is generated, the corresponding oxidation of water
(4) and reduction of hydrogen reacts can occur at the appropriate ends of the
photocatalytic system (5). The system is thus regenerated and the cycle can be repeated.

The total efficiency of this system, the amount of hydrogen produced per photon of
light, is determined by the efficienof each stefi’ Any process that consumes an excited
electran will decrease the efficiency and should be avoided. In step 1, the efficiency is
determined by the absorption coefficient of the chromophore in the visible spectgagm (E
< 3.0 eV) with sufficient energy to drive the reactiomrdE 1.229 eV) with minimal
reflection or scattering of light. The propensity of the chromophore to generate free charges
from the exciton rather than undergo recombination dictates the efficiency of step 2.
Recombination can occur at either the surface or the bulk, and canmglalemission of
light or generation of phonons. To produce the free charge carriers from the exciton, the
exciton binding energy must be overcome, which is inversely related to the dielectric

constant of the material according to the equation:

-~ Q
O T“ - - ‘Y
(Equation 2)
whereF is the electrostatic force between to chargeseparated by a distanBein a

dielectric mediumly is the permittivity of free space, afitis the dielectric constant. The

efficiency of step 3 depends tme rapid transfer of the free charges to the electron donor
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or acceptor prior to recombination of the charges or trapping of the electrons, which can
be described by the diffusion coefficient of the charge carrier in the material. Finally, the
likelihood of the forward redox reaction to occur at either the donor or acceptor relative to
the reverse reaction determines the efficiency of the final steps 4 and 5. The forward
reactions can be favored by the addition of sacrificial reagents or by increasspatiaé

separation of the photoactive sites on the photocatalyst.
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(4)

Electron
Chromophore acceptor

Electron
donor

Figure 2. Scheme for solato-fuel energy conversion system. (19I& irradiation strikes the
chromophore to produce an excited state (2). The coupled electron donor and acceptor
electron transfer reactions to yield the charge separated state (3a and 3b). Oxidation

reduction (5) reactions can occur at thonor and acceptor, respectively, to produce the

and regenerate the system.
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1.1.2 Metal oxides for photocatalytic watersplitting

Many different chemical systems, including metal oxides, organic molecules, and
metal sulfides/selenides, have demonstrateel capability for photolysis of water.
Becquerel presented the first works involving the photoeffects at semicontigoidr
interfaces in 183% using a AgCl electrode in electrolyte to generate current upon
illumination, but the use of such photoeffects to perform photolysis was not considered
until the earliest report of photolysis of water using a semiconductor was presented by
Fujishima and Hoda in 19721 In that work, an electrochemical cell witmaype TiQ
anodic electrode connected to a platinum counter electrode in separate shaatesed
to generate @and H gas, respectivel§: This is because the conduction band energy)(E
of TiO- is appropriated poised to drive thecdon, as shown in Figure 3, reprinted from
Ref®2 However, the bad gap (Ec) of TiO; is ca. 3.0 eV, which means that it does not
absorb in the visible spectrum, making it a poor choice for solar photoelectrolysis of water.

Bard was able to show that particulate I7Mdth Pt partially deposited on the
surface was ableotexecute the desired reactions at different sites on the same particle,
which he argued was superior to a typical photoelectrochemical cell because it can be
simpler, less expensive, and because the high surface area of the particulate suspension or
slurry would increase light absorption efficient}f3 Furthermore, the use of particulate
systems allows a greater variety of materials, which may not be readily available in single
crystal or feasible as polycrystalline material due to high resistivity or long migration
distance whichincreases the likelihood of recombination, to be used to perform the

reactions'®%*Duonghong and coworkers furthered this research by functionalizing,a TiO
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particle €a. 20 nm in diameter) with both Pt and Rut® catalyze the reaction with a
quantum yield of Kigas of ca. 3& 10%, as shown in Figure%4 By adding a Ru(bpy}*
or rhodamine B sensitizer to the particle, visible light could be used to drive the redox
reactions.
1.1.3 Molecular triads for photocatalytic watersplitting

Organic molecules have also been used to power artificial photosyrfttests.
The most common are the-esalled molecular triads, which employ a porphyrin as the
chromophore, coupled to a carotenoid and fullerene to act as the electron donor and
acceptor, respectively. An example is shown in Figbtek®dis and coworkers found that
in a 2methyltetrahydrofuran solution, the excitation of the porphyrin produced an excited
singlet state which underwent electron transfer to the fullerene with a time constant of 32
ps, whereas hole transfer to the carotenoid occurred with a time constant of 125 ps, both of
which were faster than the time constant for charge recombination of 3.3 ns. The final
charge separated state had a lifetime of 57 ns, making it a feasible reactien for
photocatalytic water splitting. More recent work has improved the design of these
molecular triads by adding ligitarvesting antennae to better capture light and by
introducing a lightswitching molecule to reduce photodamage.

However, both the semiconducting metal oxide and the molecular triad suffer from
several drawbacks. As previously mentioned, metal oxides such asré@Quite robust
but have very wide band gapss@= 3.0 eV) which means it absorinsthe UV, of which
the photon flux is low on the surface of the earth. Molecules can be tuned to absorb different

wavelengths of light by modifying the side chains on the porphyrin, but suffer from
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decomposition of the chromophdf®® Although doping of Ti@ has enabled it to absorb
in the visible spectrurf;*® an intriguing class of materials known as semiconductor
nanocrystals (NCs) combines the beneficial properties of the metal oxides and the
molecular triads and may be the key to unlocking commercialization of a solar fuels

economy.
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1.2 OVERVIEW OF SEMICONDUCTOR NANOCRYSTALS

NCs are crystals of metals or semiconductors which are composed of only several
hundred or thousand atoms, and are therefore only several nm in diazaetet@ nm)
first reported by Brusni 198322 In that work, Brus discovered that while large crystallites
had intrinsic properties that were dependent on the bulk band structure, when the
crystallites become very small, the electronic, optical,somdetimes magnetic properties
of the crystal become dependent on its size and shape, a phenomenon that has been named
guantum confinement. These small crystallites were poorly understood by quantitative
methods of either quantum chemistry or solid stdigsigs at the tinfé since their
intermediate state between molecule and bulk crystal allows them to possess discrete
electronic transitions like molecules while exhibiting other Hiklk electronic properties
such as large extinction coefficients and broad absorption spectra arising from large density
of state€® However, in the years since, advancements in bytitheti@10:19.20.6877 gng
instrumental method%88 have revealed new fantastic properties that make NCs intriguing
materials  for light emission applicatiotsi®20:748105  photovoltaicS1>19
21,49,53,68,74,91,103,10619 and photocaﬂysis_l,z,&ll 15,17 19,22,47,48,91,107,12035

We will now briefly discuss the synthesis of NCs and their properties that have
made them such intriguing todlspecifically, the properties of quantum coeiment;size
and shape control; arsirface and symmetry control. We will also discuss the effect of

each on the energetics of the NCs.
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1.2.1 Basics of NC synthesis

NCs are most commonly synthesized as colloids suspended in soliatibot-
injection of pecursors, typically inorganic salts or organometallic compounds, in the
presence of coordinating organic ligands at elevated temperatures. The following is a
summary of the most common technique, adapted for-ogle synthesis of CdSe@CdS
core@shell NGvia successive ion layer adsorption and reaction (SILAR) st bl®° A
typical synthesis is composed of three stages: nucleation, growth, and isolation and
purification.

The initial injection of precursors into the reaction vessel produces the first step,
homogeneous nucleation. The uniformity of the formed nuclei is governed by both the
injection temperature and injection spé&@€P:’®13% Nucleation is thermodynamically
favored initially due tasupersaturation of precursors in solution, until the formed nuclei
reach a critical siz€ Nuclei which do not meet or exceed this critical siik dissolve.

For narrow size distributions of NCs, it is beneficial to have a short burst of nucleation and
quickly progress to nuclei growth.

In the hotinjection synthetic method, the initial injection drops the temperature of
the solution which haltsutleation and initiates the second phase, growth of the nuclei,
which occurs by molecular addition when reactants are still available followed by Ostwald
ri pening once reactants are no | onger avai
the nuclei &e is achieved since the free energy driving force is larger for the smaller
particles than larger ones, which allows them to grow f&&@stwatl ripening, on the

ot her hand, is a Adefocusingodo process, whe
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the growth of larger particlé8.’®""To obtain nearly monodisperse NCs, it is necessary to
terminate the growth dung the focusing stage or after the depletion of the smaller NCs
via Ostwald ripening is complete.

At this point, it is important to consider that since NCs are small and thus possess
a large surface arda-volume ratio whereby many atoms are exposethersurface, they
are not inherently thermodynamically stable and are prone to aggre¥fafimovercome
this, organic ligands which are often lompain carboxylic and phosphonic acids,
alkanethiols, phosphines, phosphine oxides, and amines included in the reaction vessel.
They dynamically coordinate on the surface of the growing NCs and slow the growth by
acting as steric barrier for addition of t@aal and stabilize the NCs pesgnthesis by
providing a repulsive force to prevent the agglomeration of NCs as well as providing
favorable interaction with the solvelit®®We provide a much deeper discussion of the role
of ligands inAppendix Aof this dissertation.

Once the synthesis is complete, the NCs can dlatési and purified from the
unreacted precursors and excess ligand. This is most often achieved by precipitation from
a solvent/nonsolvent system using centrifugation. Successive precipitations can also
remove ligands from the surface of the NC, which a#Hact its properties. Munro and
coworkers found that changing the concentration of ligand on the NC surface affect the
photoluminescence (PL) peak position and intert$ityn Appendix A we explore the

effect of surface ligand concentration on the energetics and surface chemistry of the NC.
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1.2.2 Quanum confinement in NCs
Changing the various parameters described allows researchers to alter the various
properties of NCs. One of the most important properties of NCs is that of quantum
confinement, which allows researchers to change the electronic stratthe NC without
changing its chemical composition. Quantum confinement occurs when the diameter of the
NC is smaller than the Bohr exciton radiRs, which is given by Equation 3:

y I
0

(Equation 3)
wherea is the dielectric constant of the semiconductor amnslthe reduced mass
of the electron or the hol€8 When the diameter of the N, is much smaller thaRs, the
energy of the electron and hole can be described with the quantum mechanicatiparticle

abox, with a general forrderived by Brus in 1986 fdfsc of a NC:

(Equation 4)
whereE%g is the bulk band gap of the semiconduckis the diameter of the NC,
me andm, are the effective mass of the electron and hole, respectivelyjstie dielectric
coefficient of the semiconductdt® The physical interpretation of Equation 4 is rather
simplei the effectiveEgs of a NC is determined by the bulk band gap plus the energy of
the electron and hole wih are quantized due to their confinement in the quantum particle

in-the-box (middle term of Equation 4) minus the Coulombic interaction of the electron

hole pair. In Equation 4, it is apparent that while the Coulombic interaction decEsases
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as1/R, because the quantum localization term incredggsas 1R?, asR decreases, the
effectiveEgsc for a NC is will increase rapidly. The dependenc&wmf on the size of the
NC is shown in Figure 6A, which shows the red shift of the first excitonic peak afcgdhe
CdSe NCs as the diameter increases frar@.0 nm to 5.0 nm (data provided by Dr. Mario
Malfavon, University of Arizona).

It is important to note here that another result of the use of the effective mass
approximation for electrons and holes toatd® Esc is thatbecausem is typically larger
thanme, changes in & are minimized relative tode.*°. This is represented in Figure 6B,
which shows thakEcsg shifts to higher energy as a function@iSeNC size more rapidly
thanEvs shifts to lower energyndeed, this phenomenon is found in all NC compositions,
as seen in Figure 7, which shows both calculated and meastgaddEEs energies as a
function of NC diameter for various NC compositiofi§This discrepancy in energy shifts
means that changes tog=can quite small, making them more difficult to measure

experimentally, as we will address in a subsequent section.
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Figure 6. Sizedependent characteiitst of CdSe NCs. (A) UWisible spectroscopy of CdS
NCs ranging from 2.0 nm in diameter. Arrows denote the center of the first excitonic |
of the NCs. With increasing size, the peak position red shifts, indicating that the bar
decreases withncreasing NC diameter. Spectra was collectedDiby Mario Malfavon
(University of Arizona]B) Proposed band diagram for series of CdSe NCs shown in ()
levels are based on UPS measurements and are in accordance to the effecti

approximation, with suggests thatds will show greater NC size dependence.
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1.2.3 Modifying size, shape, and symmetry of NCs

Another promising aspect of colloidal NCs is the possibility of manipulating the
synthetic conditions to produce novel NC shapes, sizes, and sydirffety/ 14252 we
previously discussed the nucleation and growth process of NCs. Allowing the growth stage
to proceed for longer periods of time increases the size of the NGIngm&'s of different
shapes, on the other hand, is accomplished by taking advantage of the crystalline nature of
NCs and the dynamic coordination of organic ligands during the growth phase. By
selectively introducing organic ligands that preferably birderstrongly to certain facets
of the NC during growth, the growth rate of other facets can be increased. For example, in
the synthesis of CdSe, trioctylphosphine oxide (TOPO) and hexadecylamine (HDA) are
commonly used ligands which bind weakly to the N@face, since they are neutral
molecules that coordinate to the surface by forming a dative 8&fdis results in rapid
growth of the CdSe NC along all crystal axes to yield spherical or oblate particles.
However, if ligands suchs phosphonates or carboxylates, which bind strongly to Cd sites,
are used, then growth is retarded onrel facets and growth along the-B8eh facets is
preferred to produce relike NCs commonly known as nanorods (NRG)144.146.148
Using these techniques, many interesting NC shapes in addition to NRs, have been
synthesized. In a work by Maneaal., varying the precursor, TOPO, and hexylphosphonic
acid (HPA) was shown to pdoce a variety of shapes from NRs, arrows, pine trees,
tetrapods, and branched tetrapods, as the transmission electron microscopy (TEM)
micrographs in Figure 8 shoWsGenerally, they found that spherical NCs are favored

when the growth rate is slow, whereas faster growth rates promote the unidirectional
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synthesis of NRs. Increasinget HPA concentration increases the differences in growth
rates of different facets, which helps to produce tetrapods.

Changing the shape of the NC, however, can relax quantum confinement in one or
more dimensions, since the dimensions may exceed the Boloreradius. However, it
has been shown thatck and kg are still predominantly defined by the confined
dimensions!1%So, the advantage of asymmetric NCs lies in its simultaneous possession
of both quantum confined properties and blikke properties (large absorption cross
section, high electron and hole mobilityfurthermore, NRs and other elongated stmastu
possess a greater number of surface atoms than do spherical NCs, which is beneficial for

photocatalytic redox chemistf.



Figure 8. TEM micrographs of various shapes and morphologies of CdSe NCs. (A) pencisrd®s, (C) pine tree shaped, (D) tetrapt
looking down on the [001] direction of one of the arms, and (E) a tetrapod with branches growing off of each armwittiggeedission from
Ref 64 Copyright2000American Chemical Society.



35
1.2.4 Surface control of NCs

The propertiesfd\Cs can also be modified by changing the chemical composition
on the surface. We briefly discussed the effect of surface ligand concentration on the PL of
the NC as well as\e in a previous section, but several other methods have been developed
to modify the surface of NCs.

The simplest technique to modify the surface of NCs is to exchange the native
organic ligands with other organic or inorganic ligands. A more robust discussion of the
types of ligands that have been explored can be fouAgpendix Aof this dissertation.
Briefly, NC properties can be changed by using dipolar ligands that change the energetics
of the NC, highly conjugated ligands that relax the quantum confinement by delocalizing
the exciton into the ligands, short, bifunctional liganklat link two NCs to improve NC
thin film conductivity by decreasing the tunneling distate.

Inorganic or metal shells can also be grown over NCs to passiwdéee defect
states or trap sites and stabilize the NC. Additionally, combining different nanomaterials
can change the NCO6s optical and el ectroni
growing a spherical shell over the NC core is via the SILAR metiwbereby single
monolayers of the inorganic shell are added to the NC core successively, akin to atomic
layer deposition (ALD¥® However, by employing rapid growth conditionise shell can
be grown into a NR encapsulating the NC core to produce even more exotic
heterostructured NC$! In both cases, at sufficiently high growth temperatures, the shell
grows preferentially over the NC core since the activation energy for nucleation on the core

is lower than homogeneous tegtion in solutiort?’
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The addition of antter semiconductor shell over the NC core can greatly influence
the confinement of holes and electrons in the core@shell NC. Li and coworkers showed
that using SILAR to add monolayers of CdS shells to CdSe cores could red shift the
excitonic peak positon bgver 40 nm after 5 monolayers due to the relaxation of the
quantum confinemerif. Using semiconductors with significantly different band gaps as
shells can confine electronadaholes in different parts of the NC, as shown in Figure 9,
which illustrates the types of heterojunctions that can be made with CdSe cores and various
shells. In Figure 9A, a typkheterojunction is formed when the wide bagap ZnS is used
as the shellin this case, the wavefunctions of the electron and the Rplea n dn
respectivelyare localized on the CdSe core since both face large energetic bditisrs
configuration is particularly useful for phetand electroluminescence, since the CdS$e co
is protected from oxidatiotY.Figure 9B shows a quasipe-I/ll heterojunction, where the
wavefunction describing éhelectron is no longer confined to the core since Haotset
between CdSe and CdS is small. When combined with elongated NC structures like NRs
or tetrapods, the electron wavefunction can be delocalized over the length of the shell,
whereas the holeemains confined to the core; indeed, this spatial separation of charges
across a CdSe@CdS core@shell NR has been predicted by computation and demonstrated
experimentally*>1°3180 Finally, in Figure 9C, a typd heterojunction is formed between
the CdTe core ahthe CdSe shell, and the electron wavefunction is shifted into the shell
due to the favorable energetics. Carrier recombination in this configuration occurs across
the interface between the core and the shell at a lower energy, which makes it angntriguin

system for lasing application® Gur and coworkers also used CdTe@CdSe core@shell
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NRs to produce an astable photovoltaic with 2.9% conversion efficierit/Notably,
neither CdTe NRs nor CdSe NRs were able to produce rectifying devices, showthg that
typell heterojunction from the core@shell configuration was necessary to separate

charges and prevent recombination.



38

E Type-| Quasi Type-ll Type-ll
t |qj€|2 Ilpelz

1AL = — oo
_'Ivrl‘l’hl2 -v-l'l‘lﬂul2 —Tvﬂz

CdSe CdSe CdSe CdSe
ZnS ZnS CdS CdS CdTe

Figure 9. Band dagrams for types of possible heterojunctions that can be produced by r
different semiconductors, along with lowest energy electron and hole wave functions.
Type-l structure, both hole and electron wave functions are confined to the core Qtlfe,
the quasi typél, because the difference between the & CdS and CdSe is small, the electr
wave function is delocalized across both materials. In the-ltypsgime, the electron is
localized in the CdSe shell, while the hole remains confinglde core CdTe.
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A third type of surface modification of NCs is the site selective deposition of metals
and metal oxideso produce hybrid meksemiconductor NC3% The site selectivity of
metal deposition proceeds similarlyttee growth of core@shell heterostructuire=ertain
facets of the NC, and crystal defect sites, have greater chemical reactivity that promote
heterogeneous nucleation on the NC rather than homogeneous nucleation in solution. This
has been achieved for seamnductors including CdSe, CdS, CdSe@CdS with metals such
as Au?,86,16$165 Pt’4,166' 172 PtCO,173 PtNi,173 Pd, Ang, Co’l74|' 176 PdO,177 and PdS.177
Control of the morphology of the deposited metal NC has also been achieved, which is
important for proprties such as plasmon resonance or catalytic activitgeed, the
addition of Pt retal tips to CdSe@CdS NRs was shown to improve photocatalytic
hydrogen production significantly compared to the untipped-\R318.128130,131

The addition of metal NC tips to NCs introduces unique chemical and energetic
states, known as metaémiconductor interface (MSI) states first reported by Banin and
coworkers using scanning tunneling spectroscopy (STS), shown in Figtfih&Grrows
in Figure10denote kg (positive bias) and s (negative bias) of thedSe NR.n trace 1
of Figure 10, the scanning tunneling microscopy (STM) tip is poised over the Au metal tip,
and the expected Coulomb blockade and staircase pattern can be seen, but with smaller
peaks interspersed which the authors attributed to MSkstatee metal. The MSI states
in the NR are new interface states within a few nm of the rsetaliconductor junction, as
a result of Fermi level equilibratioria charge transfer. This charge transfer is shown in
Figure 11, where the left panel represeghtsks and kg of the CdSe NR and Au metal

NC separately, and the right panel shows the band bending due to Fermi level equilibration
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when the Au metal tip is grown on the CdSe NR. This is investigated furtA@pendix
B of this dissertation. Traces&dhd 3 of Figure 10, which are taken approximately 1 nm
and 4 nm from the metalemiconductor junction, respectively, show these new MSI states
as peaks in the middle of the gdjhe MSI states disappear completely at the center of the
NR, as shown in tracé, which the authors note is nearly identical to the STS of a bare
CdSe NRE3132With the appropate combination of semiconductor and metal, MSI states
could be used to promote fast charge transfer from the NC to the metal tip. Along with NC
size, shape, and surface composition, NCs with optimized energetics to match the redox
potentials necessarg trive the redox reactions of water splitting can be developed. We
report our findings on the chemical and energetic effect of metal tipping on CdSe with Au

NCs and CdSe@CdS NRs with Pt NC&pendices B and ,Gespectively.
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Figure 10. Scanning tunneling spectroscopy (STS) at various points along the length of ¢
CdSe NR. Trace 1 is positioned over the Au NC, and shows the typical Coulomb block
addition to smaller peaks associated with MSI statéiseiihu NC. Trace 4 is positioned at tt
center of the NR, and shows a clean band gap consistent with unmodified CdSe. Trace
3 are taken near the AtdSe interface and show new density of states associated witl
states. Reprinted with permissidom Ref. 8. Copyright 2005 by the American Physi
Society.



42

EEEEEEER pgEEENEEEEER

VAC Eyppeeeeeemss

EVB EVB__,/

o-
E
E- ;" T -

ECB ECB_/
CdSe Au CdSe Au

Pre-contact Post-contact

Figure 12. Proposed band diagram showing the effect of deposition of Au NCs to a CdS
Precontact, the Fermi levels of the materials are not aligned, but once contact is made, ¢
trarsfer from the Au to the NR is made to equilibrate the Fermi levels. The states comj

the band bending region may be those of the MSI states.
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1.2.5 The casedr NCs in photocatalytic water splitting reactions

The properties described in the previous section all provide methods to enable NCs
to become particularly promising materials for photocatalytic water splitting. Here, we
briefly expound on some of the argents for the use of NCs.

1. Enhanced charge carrier collectionOne of the factors Ilimiting
photocatalytic efficiency is that of recombination of either the exciton or the free charges
before they are either separated or consumed by the appropriate eadtans'® The
probability of recombination is governed by the exciton lifetime and the diffusion length
of the charges (either the electron or the hale),

0 ROt

(Equation 5)
whereq is a dimensionality factorq(= 2, 4, 6 for one two-, and threadimensional
diffusion), D is the carrier diffusion constant, aiis the carrier lifetime. To optimize the
collection of the carriers, it is necessarylfdo be approximately equal to or greater than
the thickness of the material, but a thicker film is often needed to absorb more light. This
balance can be achieved in this films by roughening the surface or by using small particles
like NCs, as shown ifrigure 12. In Figure 12A, the exciton is generated in the bulk
semiconductor and both the electron and the hole must reach their respective contacts, but
becausd. is smaller than the thickness of the matedathe probability of recombination
of eitherthe exciton or the free charge carriers is high. In fact, for this particular example,
the electron is unlikely to be collected at the appropriate contact since the diffusion length,

as defined by the circle of radius of the electron does not extend émough. However,
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in Figure 12B, which depicts a nanostructured surface, because the thickness varies, the
area defined by the diffusion length of the charges which overlap with the contacts is
greatly increased, suggesting a greater probability thatltheges can be consumed for
their respective processes before they recombine. In Figure 12C, the suspension of NR
particles essentially eliminates the issue of diffusion length, since the exciton is already
confined by the surface of the NR. This exampleves a NR which is functionalized with
a metal cecatalyst NC tip, which further aids the spatial and temporal separation of the
charges to suppress charge recombination. The length of the NR can also be tuned to
increase separation of the charges, asevéti al found by measuring the Stark effect by
field induced PL intensity modulations and finding that it increased in longer NRs due to
increased spatial separation of the delocalized electron and strongly confin& hole.

2. Enhanced charge transfer due to increased surface-tr@alume ratio
Since the charge a@nsfer and redox reactions occur at the ssdikid and solidiquid
interfaces, respectively, the increased surfacetargalume ratio of NCs should promote
these events!®Furthermore, when the NCs have strong quantum confinement, the charge
carriers extend beyond the boundaries of the NC, which enhances electronic coupling to
adsorbed chargacceptors, thus increasing the rate of interfacial charge transfer from the
NCs1178179s discussed previously, elongated NCs like NRs can also increase the surface
areato-volume ratio. However, the increain surface area can also lead to increased rate
of surface trapping and recombination, since the atoms on the surface are disordered due
to incomplete coordinatioff. Surface pasivation with organic or inorganic ligands, or

inorganic shells that are more resistant to surface traps is therefore necessary to improve
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performance?:100.103.137.153.18089 g rface ligandsan also be used to extend the NC wave
functions, such as dithiocarbomate ligands explored by Frederick and cowrkéasmd

chalcogenol ligand¥6-192.193
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Figure 12. lllustration depicting how NCs can improve charge carrier collection. (A) A flat
film of a seniconductor of thicknesd with a carrier diffusion length of (whend > L, to

maximize light absorbance) is only able to collect one of the charge carriers to drive a re
(B) A nanostructured surface of the same semiconductor with average thidksesisle to
collect both charges since the roughened surface creates areas wher€he charge which
was unable to reach the reduction interface in (A) can now do so in (B) . (C) dipetdINR

solution whered < L is able to collect both chargartiers since the carriers are able to
spatially separated along the length of the NR, aided by compositional asymmetry frc
metal NC tip.
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3. Tunability of NC energetic3.he benefit of quantum confinement afforded
by NCs for photocatalysis is in the tunability of theg Enaximum and Es minimum by
changng the size, shape, and composition of the NC, which may increase the
thermodynamic driving force for the electrolysis of water. Holeteal showed that the
H> evolution rate declined logarithmically with increasing CdSe NC diameter, a result of
decreasig thermodynamic driving force from the change of thgs Eninimum?!?!
Additionally, as we explored in a previous section, the use of core@shell heterostructures
can be used to engieekcs and E/s such that there exists strong confinement of one charge
carrier and delocalization of the other. Amirav and Alivisatos used various lengths of Pt
tipped CdS and CdSe@CdS NRs, along with variation of CdSe core diameter, and found
the greateapparent quantum efficiency for hydrogen producti@photocatalytic water
splitting occurred when the CdSe core NC diameter was 2.3 nm, rather than'3Tham.
reasoned that the smaller diameter CdSe core NC produced a qudkbipe structure,
which allows for the delocalization of the electron along the NR vdaitdining the hole
in the core. The application of metal NC tips to NRs also provides energetic tunability,
both through charge transfer across the interface during Fermi level equilibration and the
generation of MSI states.
4. Multiple exciton generatiorA product of strong quantum confinement in

NCs is the possibility of multiple exciton generation (MEG) with a single incident photon,
as illustrated in Figure 18:21.98111179.19y MEG, a high energy photon excites an electron
into a high energy state (step 1), which upon relaxdstap 2) produces a second exciton

(step 3). MEG can improve the efficiency of solar energy conversion since in traditional
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systems, excess kinetic energy is lost as heat and is thus not able to be converted to
electrical or chemical energy.

5. Ability of NGs to seHassemblelNCs are also able to assemble with methods
of varying complexity:2-19:49.6895199 Simple methods to form thin films of NCs include
methods such as evaporation and solution destabilization, which can produce grain sizes
that approach hundreds of micrometér®."42%° The evaporation method typically
prodices thin film superlattices and includes techniques such asdstipg, spincoating,
doctor blading, and, with the appropriate choice of solvents, Langshdgett
techniques. The synthesis of magnetic NCs also provide a useful method to produce
orderedthin films of NCs, as has been demonstrated with ferromagnetitped
CdSe@CdS NR§!/3174.176.199.201.202arromagnetic Co NCs which are selectively grown

on the ends of NRs may be tnsnental in the selhssembly of photocatalytic NRs.
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Figure 13. Schematic of multexciton generation (MEG). First, a photon impinges the sar
to excite an elgtron into a high energy state (1). This excited state electron relaxes to a
excited state (2); if this relaxation process has enough energy, another electron in the |

can be excited to produce a second exciton in the material (3).
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1.3 MEASUREMENT OF NC ENERGETICS

The importance of energetics of NCs has been alluded to several times thus far in
this introduction, but the techniques for the measurement thereof has noteyet be
presented. It is necessary to know the energetics of the NC, sines; tedEw/s, and B
by extension, control the light absorption, the driving force for charge separation, and the
driving force for photocatalysis. Several experimental techniquee baen used to
measure the electronic structure of NCs, the most common being electrochemistry and
spectroelectrochemistry, STM and STS, and photoelectron spectroscopy (PES). However,
to our knowledge, these techniques have never been used to defirsthashmne the
surface chemistry and electronic properties of photocatalytically relevant heterostructured
NCs, most likely due to the complexity of these materials. In this section, we explore these
techniques and their capabilities in measuring the effieliC size, capping ligands, and
other surface modifications such as the addition of shells and metal tips.
1.3.1 Electrochemistry and spectroelectrochemistry of NCs

GuyotSionnest and Wang reported the first quantitative voltammetric response for
the raluction of CdSe NC thin films on ITO and Pt in 2683While voltammetric
measurements had been attempted on NCs previously by lea@mwho were able to
correlate the reduction and oxidation peaks to the electron transfer to the LUMO and
HOMO of 2.4 nm CdS NCs, respectively, due to irreversibility, poor goindty in the
thin films, and poor electrical contact with the substrate, quantitative results could not be
collected® Nevertheless, they reported aBf ca.5.71 eV and Es of ca.2.76 eV, which

are comparable to energies presented in this manudyigixchanging the native ligands
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on the CdSe NCs with crodisking dithiol or diamine ligands, Guy«ionnest and Wang
showed that rapid bleaching and recovery of the excitpeak could be observed and
quantitative information regarding the charge density was obt&in€tese results
demonstrated, among other works, the feasibility of electrochemistry to probe the
energetics of simple NCs.

Cyclic voltammetery (CV) is the commonly used electrochemical technique to
determine Es and Ep of NCs2429141203\When the vacuum level potentials of the
reference electrodes are known, it is possible to estimate the absolute enetgyod E
Eve of the NCs. Kucuet al foundthat measurements obtained by CV matched well with
theoretical calculations of quantum confinement in different sizes of spherical CdS& NCs,
and Querneet al. demonstrated that CV was capable of measuring differences sml
Ece of CdSe NCs not only as a function of size, but also when theenB@O ligands
were exchanged for an electrochemically active aniline tetramer, as shown in Figtire 14.
In Figure 14A, the size dependence afsEand Es for CdSe NCs as determined
electrochemically is compared to theoretical proins, with good agreemeriior 3.0 nm
CdSe NCs, they estimategd= 5.74 eV and for 6.5 nm CdSe NCsgE 5.59 eV. These
values are also comparable to those presented in this disseffégure 14B shows the
two NC-ligand systems used to obtain t€ of Figure 14C, where the TOP€pped NC
voltammogram is shown in Figure 14C(i), and the aniline tetramer is shown in Figure
14C(ii). The exchange of the TOPO ligand for the aniline tetramer ligand introduces a new
redox couple ata.E = 0.2 V, correspading to the oxidation of the ligand. Additionally,

the oxidation peak corresponding tesHs shifted 100 mV more positive, while the
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reduction peak corresponding tegHs shiftedca. 200 mV more negative. Using ionic
liquid as the supporting electrolyééforded Kucur and coworkers the electron mobility to
measure oxidation and reduction peaks associated with defect states in CFS&INGs.
found evidence that, for the sizes investigated, the predominant defect state observed were
the result of Se/Cd divacancilegated on the surface of the NC, along with some surface
defects due to oxygen adsorption at Cd surface sites

CV was also shown to be a potential method for investigating the absolute energy
levels of CB and VB states of both core and shell in CdTe@@u8eCdSe@CdTe
core@shell NCs, shown in Figure #Figure 15a shows the voltammograms for CdTe
and CdTe@CdSe NCs, where peaks that roughly correspondstand Eg of each
semiconductor are marked by the downward and upward facing triangles, the square, and
the circle Voltammograms for CdSe and CdSe@CdTe NCs are shown in Figure 15b. In
both cases, new peaks evolve with increasing number of shell monolayers that appear to
match the typél band alignment predicted for CdTe@CdSe and CdSe@CdTe NCs. The
authors, howeveexpressed uncertainty regarding the assignment of the peaks, since they
were not clearly predicted by effective mass approximation calculations, and suggested

alternative techniques such as STS to clarify the assignment.
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Spectroelectrochemistris also often used to probe thesEof NCs, since the
injection of electrons into the CB via an applied potential bleaches the absorbance of the
NCs2426:30203204 Argci and coworkers usedpotentiatcontrolled attenuated total
reflectance (ATR) spectroscopyvhich is uniquely capable of characterizing both
spectroscopic and redox processes of weakly absorbing species or submonolayer
coverages, to characterize the reversible electron iofeictio isolated CdSe NCs tethered
to indium tin oxide (ITOF** Figure 16A shows the schematic view of the
spectroelectrochemical cell with the tethered NCs, to which light can be coupled into the
ITO waveguide, and a potential can be applied to inject electriosthe NCs. By
measuring the onset potential for electron injection, which was monitored by the bleaching
of the 1Se transition (Figure 16B), an estimate ¢f &as found to bea. 3.5 eV w.r.t.
vacuum, and using the optical band gag \Eas estimatetb beca. 5.5 eV, which is close
to literature values and those presented in this dissertatigkpplying a potential
modulation to the spectroelectrochemical cell and measuring the real and imaginary
components of the electroreflectance responsg,wWRh respect to frequency yields the

apparent electron injection rate, which was found toab&00 s! (Figure 17C).
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Even from this small selection of work, it is clear that electrochemistry is a capable
tool for determining the electronic structure of simple NCs. However, betteBKCs are
solvated in an electrolyte, polarization effects and differences in the dielectric constants
between solvents mean thaisEand Es values determinedia electrochemical methods
may not coincide with those observed by other methods, particitewse made in
vacuum?*204205The work function,«, of the NCs cannot be measured, so changes in
energetics due to charge transfer at heterojunctions, and the resultifgenainty, cannot
be determined. Furthermore, even for simple NCs, the chemical source of the changes to
the NC energetics can beftitilt to determine using electrochemical techniques. Prior to
publication of the work shown iAppendix Cof this manuscript, no electrochemical
measurements of complex heterostructured NCs have been reported in the literature.
1.3.2 Scanning tunneling miooscopy and spectroscopy of NCs

We briefly discussed the work of Steiretral using STM and STS to investigate
the electronic structure of Au metal tipped CdSe NRs in Section 1.2.4. The appeal of STS
is the ability to directly and separately probe theddd VB of a single NC, which is not
possible in optical spectroscopy, since only the allowed transitions of an ensemble of NCs
between the VB and CB are detected. Resonant tunneling through the discrete energy levels
of the NCs appears as peaks in thedoatancall/dV spectra which are proportional to the
local density of states3? 36

An early report of STS on semiconductors was presented bg&keh in 1994, in
which they examined granular Au embedded inQAlfilms co-sputtered onto an Au

substrate&®®2°7In thiswork, they found that the Au granules exhibited equidistant steps of
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equal intensity characteristic of a Coulomb blockade observed in the STS of metals, but
additional small steps were observed. They attributed these extra steps to tunneling through
multiple Au granules, however, it could be the MSI states that arise from charge transfer
between the Au and the &) when they contact, as we described previously.

Since that work, STS has been used in increasingly complex and interesting NC
systems. Sorestilarari used STS to measure the differences to the electronic structure of
spherical InAs NCs deposited on Au substrates when capped with trioctylphosphine (TOP),
aniline, and 4methylthiophenol (MTP$% They found that both aniline and MTP shifted
Evs and Ecg towards lower energy bga. 0.2 eV compared to the T@rpped InAs NC
which compares well with photoelectron spectroscopy in air (PESA) results on ligand
exchanged CdSe NG& Furthermore, they were able to measure changes to the band
structure when the the NCs were aggregated. In 2002, Katz and cowdrkeds|ater
Rothenberg and coworketssuccessfully investigated the evolution of the band structure
of CdSe NRs as a function of rod length and diameter. As predicted, the band gaps of the
NRs were affected by the NR diameter butthetlength of the NR; however, the deeper
band structure does change with NR length.

Core@shell heterostructured NCs can also be investigated using STS, as
demonstrated by Steiner and cowork€r€dSe@CdS and ZnSe@CdS NRs were
deposited on Au(111) substratea drop casting and single NRs were probed by the STM
tip. In that work, they found that when the STM tip was positioned over the CdS shell, the
band gap wasa. 2.9 eV,but wasca 2.3 eV when positioned over the CdSe core. Both

values matched well with the measured optical gaps of the material, which suggested that
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the CdSeCdS interface formed a type | heterojunction, as expected. A similar result was
found for the Zn8@CdS NRs, where a type Il heterojunction was observed. Finally, as
we explored earlier in Section 1.2.4, Steiner et al. showed that STS could explore the effect
of Au metal tipping on CdSe NRs ornd=and kg as a function of proximity to the metal
semicomuctor interface, and thus discovered theaed MSI states within the first few
nm of the interfac8.However, the chemical identity of the MSI states could not be
determined using this technique.

These results highlight the ability of STS to measure and identify changes to the
electronic structure of NCs when naoale changes are made to the NC. However, the
need for very low temperaturesa( 4 K) in order to obtain high resolution spectra, and
voltage division effects lead to enlargement of the measwedHgrthermore, STS, like
electrochemistry and spectrogl@chemistry, does not give information about the local
vacuum or work function of the NCs, nor does it reveal the chemical nature of the energetic
changes. A combination of PES techniques which probe both the core and valence level
electrons, such as XP&hd UPS, respectively, would be able to yield information about
both the surface chemistry and the electronic properties of both simple and complex NCs.
1.3.3 Photoemission spectroscopy of NCs

PES is an analytical technique based on the photoelectrit @feovered in 1887
by Hertz when he observed ultraviolet radiation emitted by an arc triggered by a second
arc, and explained by Einstein in 1905 with the quantum nature offfihstein showed

that when both the photon enerdw, and the kinetic energy (KE) of the onset of
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photoemission is known, the work functiom, of a metal can be determined by the
equation:

0O Q %o
(Equation 6)

Since then, despite being performed essentially the same way, PES has evolved into a
powerfd tool for surface sensitive chemical and energetic analysis.

In 1991, Colvin, Alivisatos, and Tobin presented the first observations of the
electronic structure of CdS NCs using synchrotron radiation with photon emerg20-
70 eV’8In this work, the CdS NCs of increasing diameter were tethered to Au substrates
using hexanedithiol (HDT) artd Al with mercaptopropionic (MPA) acid. They found that
in both cases, the photoemission cutoff, which corresponds to photoelectrons originating
from the top of the VB, shifted to higher binding energy (BE) as the diameter of the NC
decreased, as expetdtdue to quantum confinement. Bowen Kagdral utilized the same
tethering technique to study the chemical composition of CdSe NCs as a function of size
using xray irradiation, which probes the core level electrons rather than the valence level
electrms/® Using the core level information, they were able to show that the decreased
curvature of larger particles introduced steric hindrance for the TOPO ligands, since the
P/Cd atomic ratio decreased for larger NC diameters. Furthertheyewere able to detect
oxidation of the NCs due to air exposure.

The effect of the net dipole moment of the capping ligand onykefECdSe NCs
tethered to Au by HDT was investigated by Muat@l in 20102 The native TOPO/HDA

ligands were exchanged forhExanethiol, Ibenznethiol, and 4luorothiophenol. The
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shift of the ligand dipole moment from 2.0 D forh&xanethiol t0-0.6 D for 4
fluorothiophenol caused a local vacuum shift to increalsg 0.5 eV in 6.0 nm NCs and
0.2 eV in 3.6 nm NCs. Since photoelectrons ejeatah the solid must pass through the
dipole layer produced by the ligand, the dipole moment of the ligand can increase or
decrease the KE of the photoexcited electron; this has the effect of changingf ttie
material. They found that thevi of the Cd® NCs ranged fronca. 6.1 eV with 1
hexanethiol ligands toa. 6.5 eV with 4fluorothiophenol ligands, which are larger than
values of similarly sized CdSe NCs obtained electrochemicktlyenhance the primary
photoemission from the CdSe NCs, Muet@l subtracted a weighted UP spectrum of the
HDT-Au substrate from the collected spectra of CdSe tethered to the substrate. However,
since the resulting baseline is not flat, it is not immediately clear if the photoemission is
due to photoelectrons from sosmall density of states or background photoemission that
was not accounted for.

Jasienialet al used PESA to measure thestf spherical CdSe, CdTe, PbS, and
PbSe NCs as a function of size, as well as the effect of ligands with different functional
groups!* Their results corresponded lvaith previously acquired CV measurements as
well as theoretical calculations, withyd&efor CdSe NCs ranging froma. 5.3 5.7 eV for
NC diameters from-B.5 nm, showing that PES can be complementary tool to determine
Eve alongside electrochemical or speelectrochemical measurements ekElasieniak
et al also showed that for a single size of NGg Ean be shifted by as much as 0.35 eV
just by changing the functional group of the capping ligand; however, they found no

dependence of\e on the lengttof the alkyl chain of the ligandn order to interpret the
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spectra, Jasieniak al used the cubic root of the photoelectron yield, which has been used
in bulk semiconductors to account for low energy tailing due to surface <fat¥s.
However, this approach was developed for measuring low yields of surface states in simple
semiconductors and not their bulk processes, which follow different pow®dipending
on their scattering mechanisms. As shown in later chagtersppendiceshanges to the
NC such as the addition of a metal NCs complicate the photoemission spectra significantly,
and thus, a simple power law relationship may no longer be appropriate.

While PES of spherical, homogeneous NCs and electrochemical and scanning
tunneling techniques have made initial efforts to explore the effect of compositional surface
modifications like the addition of shells and metal tips, measurement of photocatalytically
relevant heterostructured NCs has never been performed using PES, to our knowledge,
before the work that appears in this dissertation. The various background sources in PES
make measurements of the minute changes to the chemistry and energetics of the NCs
difficult to discern; however, that the work we present herein to reduce these backgrounds
makes PES a much more useful measurement tool for complex, photocatalytically relevant
NCs.

1.4 BASICS OF PHOTOBMVISSION SPECTROSCOPY

In order to describe backgrountigioemission and our methodology to remove it
to improve spectral contrast, which can be found in Chapter 2 of this manuscript, we must
first provide a brief explanation of the photoemission experiment. In this section, we will
focus on the basic theoryegeral instrumental setup, and explore briefly the types of PES

that are commonly used. For a moredepth investigation into the theory of
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photoemission, refer to the references, which cover the many body theory oft used to
describe the experimefi?14222
1.4.1 Theory of photoemission

PES experiments have not significantly changed since the first experiments. In
general,a photon source of enerdpg impinges a surface to photoexcite core or valence
electrons which can relax via radiative emission or Auger decay; or escape the solid. If the
photoelectron is ejected from the sample, the measured KE of the electron dsteethee
BE according to the following modified Einstein equatfdfl#344.222.223

DO Q 060 %

(Equation 7)
where «specis the work function of the spectrometer. The result of Equation 7 is that
chemical and energetic information about the sample can be obtained, since the BE of the
electron is unique to each element ansensitive to different chemical environmet#ts:2
The type of informatin obtained is determined by the energy of the excitation sét#é&g.
When high energy ionizing sourcels(> 100 eV) in the xay regime are used to
interrogate the are levels of the sample, the process is known-gesyphotoelectron
spectroscopy (XPS). Alternatively, when lower energy souriees- (5100 eV) in the
ultraviolet (UV) regime are used to probe the valence levels of the sample, it is known as
ultraviolet photoelectron spectroscopy (UPS). Electron beams have also been used to
interrogate samples in a process known as inverse photoelectron spectroscopy (IPES); in
IPES, an electron impinges the sample and emits Bremsstrahlung which is detected to yield

information about the unfilled states of the sanipiéVe note that with both-ray and
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electron beam sources, there is thestality of Auger decay. The various types of PES
are depicted in Figure 17. While AES and IPES are both still popular types of PES, they
are not used in this work; as such, we refer the reader to the references for more information
regarding these tectmies®’38:42.22e231

PES is commonly described using a thstep malel, where each step represents a
distinct and independent process, although in reality, the photoemission process should be
treated as a single sté{}:??1223 This threestep model is broken down into: a)
photoexcitation of the electrons, b) transport of photoexciextrehs to the surface, and
c) escape of photoexcited electrons to the surface.

In the first step, the excitation source impinges the sample and electrons at an
energy kb are excited. The photoexcitation probability of areldctron system is

proportionat o Fer mi 6s gol den rul e,

=2=Q]1 OO0 OO0 O

(Equation 9)
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where |ilis the initial state, {f i s t h e (N)and &N) a tha iital andHinal
energy of the Nelectron systenA is the quantized vector potential betexcitation light,
andp;j is the momentum operator for théhjelectron to be excited? There is no term for
the interaction between the photoexcitddceon and the remaining electrons in the
system, since the timescale of the photoexcitation process to create the photoelectron is
much shorter than those of electron interaction, which is the &d | e d Asudd
appr oxi%hRue fo theformation of intrinsic plasmons which can interact with the
excited electrons, some electrons lose some energy proportional to the number of plasmons
they interact withthese electrons are centered around energiek B, Eo - 2k 7, etc.,
where k ¥ represents the plasmon energy. These plasmonic losses contribute to the
background in the PES experiment, as we discuss in greater detail in Chapter 2.

The second step involves the transport of the photoexcited electitos $arface.
In this step, there exists a probability that the electron is scattered by collisions with other
electrons or with phonons during transport to the surface and thus lose some energy. This
probability is considered uniform through the solid, #nd, electrons that arise from deep
in the interrogated material have a high probability of scattering. This scattering process
gives rise to the inelastic mean free path (IMFP) of the elecfavhich can be modeled

by Equation 1(23232234

(Equation 10)
whereE is the KE of the electrork, = 28.8 NW/M)*2is the free electron plasma energy,

wheret is the density of the materidly is the number of valence electrohkis the atong
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or molecular weighth = -0.0216+0.944K,*+E?)Y2+7.39x10°, o #%59C=197
0.91U, D = 53.420.8J, U = N\t/M = Ez%829.4, andy is the band gap. From Equation 10,
it is clear that the IMFP is a function of material properties like densayever, it was
shown experimentally that an universal curve was useful for predicting the IMFP, which
is shown in Figure 28% The effect of the IMFP is that electrons from the bulk of the
interrogated sample cannot escape the solid due to scattering, making PES a surface
sensitive technique. From Figure 20, we $e# the sampling depth, which is commonly
taken to be three times the IMFP, for UPS (region bracketed by dashed lzged)3nm
and for XPS (region bracketed by dotted lines) @as?-10 nm, depending on the electron
KE after photoexcitation.

The fnal step is the escape of the electron from the surface of the solid. This is
modeled by the probability of scattering of electrons by surface plasmons as it escapes the
solid. The surface plasmon scattering probability is small, and therefore doestnbute
greatly to the photoemission probability.

The product of the probability of each of the three steps is proportional to the total
photoemission intensity at any particular energy. While there are slight differences in
photoexcitation of coréevel electrons and valence electrons, these general principles are

sufficient to understanding the photoemission experiment.
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1.4.2 Instrumental setup for PES

A typical photoelectron spectrometer is shown in Figure 19. In this example, the
instrument catains two photon sources, arry source (Mg or Al Kix-ray sources) with
a monochromator, and a UV source {H#ischarge lamp), which impinge the sample to
generate photoelectrons. The photoelectrons then encounter a retarding lens which uses a
field to decelerate (or accelerate) the photoelectrons ¢aaaconstant energy determined
by the pass energy of the experiment. This is done to increase the resolving power of the
instrument. A concentric hemispherical analyzer, which consists of two hemispheres which
are poised at different potentials to focuscélons of a particular KE onto the detector.
The detector can be a single channel electron multiplier or a multichannel electron
multiplier to collect photoelectrons in a small KE range, typically10% of the pass
energy. We direct the reader to thderences for a more idepth review of the

instrumentatiorfl2.222224
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1.4.3 Xray photoelectron spectroscopy (XPS)

XPS, also known as electron spectroscopy for chemical applications (ESCA), was
first applied by Siegbahn and coworkers in 18863°Since those initial findings, XPS
has becme a powerful surface characterization tool, due to advancements in vacuum
technologies, monochromatization ofays, improvements to electron energy analyzers,
and advancements in computittg.

XPS is commonly performed using Al or MgUk&-ray guns(1486.295 eV and
1253.437 eV, respectively) and a monochromator may be used to suppress satellite
photoemission and reduce the linewiéthThe high energy of these sources allows them
to generate photoelectrons from many core energy levels fonmadstials. However, due
to the IMFP described earlier, XPS is still a highly surface sensitive technique.

Figure 17A shows the energy level diagram for a sample undergoing XPS analysis.
In this typical experiment, the-pay photon of energys impinges he sample and
photoexcites a core level electron which is bound to the atom with an energy BE. This
photoelectron is ejected to vacuum with a KE that is measured at the detector, according
to Equation 7 and the total probability described previously. Becte excitation energy
is known, the KE of the photoelectron is measured, and the spectrometer work function is
constant, the BE of the photoelectron can be determined.

The BE of the electron provides chemical information about the sample because it
depends on the atom from which the electron originated and chemical environment of the
originating atom. XP spectra of most elements have been compiled which can be used a

reference to identify the chemical species of an unknown sample. However, arguably the
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predominant use of XPS is the measurement of shifts in BE due to changes to the proximate
environment of the photoelectron. These shifts arise from changes in the charge density
due to chemical bonding or the near chemical environment. Thus, the pea&nposit
relative intensity, and peak shape are dependent on the nature of the chemical environment
of the photoelectron.

While absolute quantification is generally not possible, relative atomic ratios can
be estimated®* In a simple example of a binary sample AB, the number density of an

element A can be given by Equation 13:

OYO, 0 _wéi —

(Equation 13)
wherela is the photoelectron intensityy is the incident xay photon flux,Ta is the
transmission efficiency of the electron analyzer at somelkEs the detector effieincy
at some KE(Ia is the photoionization crossection of the elemernita is a geometric term
that accounts for the effects of the incident photon and collection aagieshe IMFP of
the photoelectron with some KE, atics the takeoff angle of thgphotoelectron. Equation
13 is also true for the hypothetical element B. Typicdlyandd are identical for both A
and B, since both elements are measured in the same experiment. Then, as an
approximation, when the elements A and B under investigateretatively close in BE,
thenT, D, L, andaare approximately equal. Thus, the ratio of the number density of A and

B can be expressed as:
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(Equation 14)
1.4.4 Ultraviolet photoelectron spectroscopy (UPS)

The UPS experiment is shown in Figure 17D. A lower energy photor2(-40
eV) impinges the sample to photoexcite a valence level electron to yield real information
about the VB structure of the material. While XRfsl AES can be used to probe the VB
states’¥.231.236238 they are not ideal techniques fdoing so, due to low photoionization
cross section at the low BE regime with high energy excitdtiSalaneclet al noted that
for XPS with photon energies. 1 keV, the ionization cross section for the C 2p electrons
wasca. 1/10 that of C 28’ On the other hand, UPS with photon energi@s20 eV has
photoianization cross section for C 2p electrons is almost 10 times that of the C 2s
electrons.

However, UPS does not simply provide information regarding the VB DOS; it can
also yield important information regarding the sample work function and local vacuum
level *! These pieces of information are critical to understanding the changes in energetics
that arise when materials are interfaced together. This manuscript relies heavily on these
work function and vacuum level changes to understand the effectrwdrnibecale changes
to the energetics of NCs. Much of the information we summarize below is covered in
greater detail by Cahen and Kahn.

1. Vacuum level The vacuum level is used to describe the energy of an
electron at rest either just outside the acef of the solid, in the case of the local vacuum
level, or at an infinite distance from the solid, which defines the infinite vacuum level.

While the latter is not experimentally measurable, the local vacuum level can be
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determined as shown in Figure 20Fhe arrow labeled (1) in Figure 20A represents the
photoelectrons which have just enough energy to be ejected from the solid into the rest
state above the solid the local vacuum, &{s). When these photoelectrons reach the
detector, they have an energy™" relative to the local vacuum of the detectogJ@).

One thing to note here is that photoelectrons which have experienced scattering may also
fall to an energy of E""; we will explore this topic in greater detail in Chapter 2. The
photoelectronsvith the greatest energyxE> will be those electrons arising from the
Fermi energy, E

The vacuum level can be shifted for a sample by chemically altering the sample;
for example, the addition of a dipole layer as in Figure 20B, produces a baelectron
escape. Photoelectrons must therefore have more energy to escape the sample surface and
the dipole layer, meaning that they must come from an energy closethtangf no dipole
was present. This effectively raisesds) and E™", assumingdhat the detector properties
do not change.

2. Work function The work function of the sample is the energy difference
between an electron at rest just above the solid and an electron at the highest occupied state,
i.e., the Fermi level. From Figure 20, weeghat this can be represented by the measurable
guantities according to Equation 15:

% »®» O (0]
(Equation 15)
In the case of a metal,kB** and E are equivalent energetically; however, for

semiconductors, &' refers to the energetic onset of photoemission, which is betow E
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In this case, Emust be sepately measured using a material with a known work function

to calibrate the measurements.

In this work, we will utilize both the information gathered from VB edge
photoemission as well as the local vacuum level and sample work function to understand

the erergetic changes that result from nanoscale changes to NCs.
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Figure 20. Energy diagram of a bare metal surface undergoing a UPS experiment a
electron detector, in equilibrium. Due to electronic contact, the &ligned in tis system. The
vacuum level at infinity is not measurable, and is thus arbitrarily positioned below the s
vacuum level, &{s), and the detector vacuum level;4fl). The work function of the metal
«m, and the detectongy, are shown over theirspective [ In (a), photoelectrons are ejectt
from various energies in the solid, noted as 1 and 2. Photoelectrons from 2 are those f
highest occupied states, and thus have the lowest BE and are thus measured at the det
energy R™ wheeas those photoelectrons from 1 are the last electrons which have suf
energy to reachJ&(s), and are detected with energy"E In (b), a dipole layer is added, whic
raises the local vacuum of the samplgdE), which alters the range of pbetectron energies
that can escape the solid. Reproduced with permission from Ref. 27. Copyright 2003 W
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15DISSERTATION OVERVIE W

This dissertation is focused on the characterization of simple to complex NCs using
PES, with particular focus on measuring the chemical and energetic changeséfabm
nanoscopic modifications of the NCs which are necessary to improve efficiency-of NC
based devices. Advancements in the synthetic methods have led to various new NC shapes
and structures of increasing complexity, such as rtigia¢éd core@shelNRs. The
efficiency of these complex NRs to drive photocatalytic hydrogen production has been
proven by several researchéfd!422122130 byt the chemistry that underpins the
differences in quantum efficiency has not been systematically studied. Attempts to measure
the energetics of such heterostructured NRs haverbade using techniques such agCVv
and ST but definitive assignment of the chemical origin of observed changes could
not be made due to limitations of the methods. Thus, the chemical and energetic changes
in NRs as a result of metal NP tipping that may help drive rational design of NCs have
remainedargely unexplored. However, PES techniques, specifically XPS and UPS, are
uniquely capable of providing insight into changes in both the surface chemistry and
energetics of both simple and complex NCs. Additionally, UPS has been used previously
to measwe B of various NCs with good agreement to measurements obtained with other
technique$2141-231However, the low density of states at the top of the VB of NCs makes
the interrogation oNCs with PES difficult without methods to enhance the primary
photoemission from the NCs. This becomes especially important when attempting to
guantify nanoscale changes to the surface of NCs. We thus need to understand and

systematically remove the backgnd photoemission inherent in the PES experiment to
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isolate and enhance the primary photoemission. With this novel UPS background removal
methodology, we were able to study the effect of NC capping ligand removal on the surface
chemistry and energeticé ©dSe NCs. From this work, we were able to demonstrate that
UPS was capable of measuring the chemical and energetic changes that arise from
nanoscale chemical modifications of NCs. We then turned our attention to
photocatalytically relevant NC systems intreasing complexity, starting with the Au
tipped CdSe NR and then completing our study withifped CdSe@CdS core@shell
NRs, which have shown great potential in photocatalytic wsitting applications.

In Chapter 2 of this dissertation, we explotfe current understanding of the
physical processes leading to background photoemission in photoelectron spectroscopies,
the history of background removal techniques, and present the new methodology which
utilizes a combination of the common technique®inove the background photoemission
which allows us to study energetic changes that arise from nanoscopic chemical
modifications.This background removal methodology is critical to enabling the study of
the small changes to the top of the VB of NCs as saltreof nanoscale chemical
modifications.Each of the subsequent appendia@bkzes this methodology in order to
reveal the changes to the VB for the NCs.

In Appendix Awe investigated the effect of removal of surface capping ligands
from two sizes of CdSe G5, synthesized bylario Malfavon, Ph.D, using XPS and UPS.
Ligands are typically insulating aliphatic organic molecules, so to improve charge transport
in NC-based thin films, researchers often use additional purification steps to reduce excess

capping igands, exchange the native ligands for shorter ligands to promote tunneling, or
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exchange the native ligands for more conductive ligands. Many researchers have explored
the energetic effects of using different kinds of ligands with a variety of technioutes,
none have systematically explored the changes to the surface chemistry and energetics of
NCs as a function of percent surface coverage of capping ligands. We used XPS and UPS
to explore these changes and found that the removal of ligand and increase i
undercoordinated surface atoms shifted the local vacuum level by up to 0.3 eV and
increased the \& by up to 0.4 eV. We also found that the deeper band structure was
affected, possibly due to reorganization of atoms in theAx&@n these studies, we sheav
that the surface coverage of capping ligands on NCs does indeed affect the VB structure,
which has implications for N®ased devices, and that PES, when coupled with careful
treatment of the data, was capable of measuring small changes to the safaistrgiof
NCs.

Appendix Bncreases the complexity of the NC system by extending-DeNC
to a D NR and selectively adding a mel(C to both termini of the NR. The addition of
metal tips to nanomaterials has been shown to improve photocatalyticspiiiarg
efficiency, but understanding the chemical and energetic impact of the formation of the
metatsemiconductor interface is not welhderstoodBanin and coworkers showed, using
STS on single NRs, that the addition of Au metal tips to CdSe NRsggsdhew density
of states in the band gap near the@dSe interfac&.However, they did not provide a
chemical description of these MSI states in their wdrk.this Appendix we, in
collaboration withProf. Scott Saavedr#&rof. Jeffrey PyurRamanan Ehamparari®h.D.,

and Nicholas G. Pavlopoulgsuse PES and spectrogi®chemistry to investigate the
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chemical and energetic effect of these MSI states imsutolayers of Attipped CdSe
NRs deposited onto HOPG and ITthe UPS work described in thdgppendixalso relied
on the background removal methodology described mp€n 2 to reveal the MSI states
at the top of the VB. Our experiments show that the addition of the Au NCs causes the E
of the CdSe NRs to decreaseday0.30.4 eV, as a result of electron transfer from the NR
to the Au NC. This work was the firstattempt to systematically characterize the energetic
effect of the addition of Au NCs to CdSe NRs and to examine the chemical nature of the
MSI states.

Finally, in Appendix Cwe explore the most complex, but most promising NR for
photocatalysi$ the Pttipped CdSe@CdS core@shell NR. Researchers have achieved near
unity internal quantum efficiencyalpsorbedohotonto-hydrogen conversion efficiency)
with this class of heterostructured NR, but due to its complexity, its surface chemistry is
not well understod!? Using the knowledge we obt@id from the less complex
nanomaterials explored in previous chapters, we, in collaboratiorPnoth Jeffrey Pyun
and Lawrence J. Hill, Ph.Q were able to measure the extent of the MSI states in the
CdSe@CdS NR as well as the shift wsEBvhen the Pt tips added using PES. We were
able to determine that the MSI statesich may be PtS or Pt8ke chemical species,
extendseveralnm away from the PNCstowards the center of the NR, and that due to
electron transfer from the Pt NP to the NR, the &hifts ca. 0.2 eV to lower energie$he
measurements presented in thAgpendix are the first ever attempted on these
photocatalytically relevant NRs and uniquely provide insight into the chemical origin of

the MSI states.
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Chapter 3summarizes the work dedoed in this dissertation and explores the

future directions for this line of research. It is our hope that the work in this dissertation

can aid in the understanding of surface chemistry of NCs and that the methodologies

described be applicable to otheintfilm semiconductors.
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CHAPTER 2. TSHEOGNDARY PHOTOBNMI SS

PROCESSES AND HOEDWIMESHERS THEI R REMOVAL

In this chapter, we explore the historical understanding of background secondary
photoelectron emission in PES, the various techniques devised to remove these background
photoelectrons, and finally describe the methodology we emplamove the complete
ensemble of background photoelectrons from our UP spectra. As was described previously,
in the threestep photoemission process model, during the second step wherein a
photoexcited electron is transported to the surface, there is e fir@bability that the
electron undergoes collision with other electrons or phonons before reaching the surface
vacuum interface these are the stalled secondary photoelectrons. Some of these
scattered secondary electrons will be able to reach thecsusfdh sufficient energy to
escape the solid and be detected. It is important to reliably remove background
photoemission since important information about the sample can be obscured by large
backgrounds.Many techniques have been developed to removee ttlsesondary
photoelectrons in high excitation energy PES, but some physical processes are ignored by
approximations that are relevant with lower energy photoelectrons such as those produced
in the UPS experiment which use low energy excitation sourcesHe.d and He Il
sources}. To our knowledge, a general methodology for identifying and eliminating
background and secondary photoemission from low eney (00 eV) PES has not
been developed as those for high energyXHL000 eV) PES. Removing background
secondary photoemission in UPS of semiconducting nanocrystals is especially critical,

since the density of states near the band edge is low and cafotédye buried under
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secondary or background photoemission. Herein, we review the existing knowledge of the
theory of secondary photoemission, describe the techniques that have been derived to
remove them, and then introduce the combination of techniqaewe employ to remove
the background in UP spectroscopy. We utilize spectra espéittered Au foil and a
ruthenium phthalocyanine derivative to demonstrate the utility of our background
correction methodology. Without the methodology described inctiapter, identifying
the defect states on NCs and MSI states in the metal tipped NRs, as we explore in later
Appendice of this dissertation, would not be possible. Furthermore, the methodology
described in this chapter is generally applicable to othefitimrsemiconductors.

2.1 BACKGROUND PHOTOELECTRON EMISSION IN PHOTOELECTRON
SPECTROSCOPY

In this section, we will initially explore the work of the pioneering scientists who
developed the foundational work on which a great deal of this dissertation Vé&ds st
present the various sources of background photoelectrons, chronicle some of the prevalent
theories for secondary electron generation that have been proposed since the 1940s, and
we will then turn to a discussion of the various techniques antufations to remove the
secondary emission from the collected spectra. Then, in Section 2.2, we will present our
methodology for analyzing UP spectra.

In the typical photoemission experiment of thin films, the total photoelectron
ensemble is a composite dfie primary photoelectrons of the sample, secondary
photoelectrons generated by the scattering of primary photoelectrons, primary and

secondary photoelectrons from the substrate (if the sample thickness is less than three times
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the IMFP or if the samplehin film is not a complete moroor multilayer), and
photoelectrons generated by higher energy photons due to satellites of the photon source,
as showrin Figure 1713 In this figure, we show an illustration of a UP spectrum of Ar
sputtered Au foil and the various types of photoelectrons that arrive at the detector. Trace
1 represents the lbected spectrum; trace 2, the photoelectrons produced by the He(l)
photon source satellites; trace 3, the photoelectrons from the Au that have been scattered
one or more times; and trace 4 depicts the photoelectrons that escape the Au solid without
scatteing. If the Au foil sample in Figure 1 were a thin film of Au on a substrate, there
would also be a contribution from the substrate as well. Ideally, only those photoelectrons
from trace 4 would be collected at the detector; however, since this is vasthenethods
to remove or reduce the other contributions must be used.

We want to note that historically, the
both the photoelectrons that are ejected from the solid as well as electrons that are ejected
by phobelectrons as they diffuse through the material. In this chapter, and for the rest of
this dissertation, we consider photoelectrons that exit the solid without any energy loss to
be Aprimaryo photoel ect rieithey phatoekkctres that loset h e r
energy due to inelastic scattering or photoelectrons generated upon collisions with
Apri maryo plotoeloacti demed fisecondary. o

Of the photoelectron sources besides the primary photoemission of the sample, the
substrate and satiédl photoelectron sources are readily understood and subttaéted.
Perkins and Hasoon used an approach to removing satellite photoemission in UPS

experiments with He(l) photon sourcesiereby the satellite emission is assumed to be the
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primary photoemission envelope which is scaled and shifted to the appropriate satellite
energies;? an approach which has been used by otfdiikewise, research performed by
Munro et al.in our research group performed linesaibstrate background correction by
collecting spectra of a hexanedithmbdified Au foil to emulate the substrate for the CdSe
NCs tethered to hexanedithiolodified Aul’ We provide greater detail on the process for
generating and subtracting these backgrounds in Section 2.hdaeg@hotoelectrons,
however, have historically been more difficult to characterize and remove from collected

spectra.
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Figure 1. lllustration of the agollected UP spectra of Asputtered Au foil, along with the
various photoemission sources that constitute tied fipectrum (1). The photoemission frc
the photon source satellite emission is the orange trace (2). Secondary photoelectrons
by primary photoelectrons as well as other secondary photoelectrons produceahedstotal
background, which is slwn in the blue trace (3). Finally, the photoemission from the sat
of interest (grey trace 4) is superimposed on top of both backgrounds. The goal of this
is to describe the phenomenon leading to, and methods for removing, the back

photoenission to yield only the photoemission from the sample (grey trace 4).
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The generation of secondary electrons has been studied for several decades in an
effort to understand the processes leading tor f®duction and to remove them to
improve spectral contradfl®131844 The secondary electron background has been
described as the sum of three primary features, as shown in FiglireZirst (region A
in Figure 2) is a series of peaks centered ardtsnéo - < ¥, Eo- 2< 7, etc,where< §is
the plasmon energ¥po is the energy of the photoelectron that escapes the solid with zero
interactions with plasmons before escaping the sBlidxA §represents the energy of a
photoelectron withx number of plasmomexcitations before leaving the salihe second
region (region B in Figure 2) decreases exponentially from the beginning of the emission
onset, centered &b, to approximatelyo/2, which arises from primary electrons that are
scattered by other electrs in the material, thus losing some KE. The final region (region
C in Figure 2) is commonly known as the secondary electron cascade, which is produced
by the cascade process of secondaries that diffuse through the sample, generating other
secondary eleatns, losing energy, but arriving at the surface with sufficient KE to escape

the solid.
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energy loss that electrons undergo in a typical PES experiment. Primary electrons fr
sample of interest are superimposed on top of this background; it is therefakdoidthe
primary signals to appear i n-150h¥. Saeverdl e the
secondary electron background correction methods described later in the chapter. R
represents electrons that are elastically reflected abtlreesenergy. Region b is composed
secondary electrons which have suffered energy losses due to plasmons, and region
secondary electron cascade, which is produced by secondary electrons that scatter «
electrons in the solid to produceditional secondary electrorReprinted fronref 7, Copyright

1958 with permission from Elsevier
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Some of the earliest theories dealing with secondary photoemission were focused
on the generation of primary photoelectrons and their energy loss to produce the
photoemission features in region (a) of Figure 2, since these secondary photoelectrons
produce the large backgrounds at or near the same energy as primary photoelectron peaks.
Several authors have argued that due to chemically induced changes to tisbgpegk
using the intensity of peaks does not give accurate quantitative data; rather, the area of the
peaks are preferred, meaning that scattered electrons at or near the peak must be identified.
Frohlich, Wooldridge, and Dekker and van der Ziel used qtmanmhechanics to describe
the probability of incident electron or photon absorption to generate the primary
photoelectron and the subsequent diffusion thereof to the saff@ther researchers used
classical mechanics to model the energy loss functions described in region (a) of Figure
2 4813Baroody found that the number of primary photoelectrons produced by an incident
excitation source could be modeled by the equdtion:
N(,x) = BE"/Eo(X)(e?>1)
(Equation 1)
whereN(g,x) is the number of photoelectrons produced per unit path length at axgBpth
= 2.95x108(eV)icn?, Eqo(X) is the energy of the excitation source at deptBr is the
Fermi energy, and is the momentum of the excitation source. Then, to address the
diffusion of the primary photoelectron to the surface, the mean free path of the electron is
introduced in two terms: one to consider the scattering of the photoelectron by the lattice,

and one to represent energy losses due to inelastic collisions with lettiesres.
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While these results are important to understanding the total background, when the
excitation source energy is small, the relative intensity of the background in region (a) of
Figure 2 is small compared to that of region (c), which is due tggbendary electron
cascade. The experimental work of Berglund and Spicer inff#864£u and Ag, and the
work of Ding and coworkers comparing the experimental AES of Au, Ag, and Cu with
varying source energies (0.% keV) to Monte Carlo simulations of the safAbpth show
that as the energy of the excitation source decreases, the relative contribution of the
secondary electron cascade to the observed spectrum increases. Indeed, in onenéxperime
by Dinget al on Au, shown in Figure 8it is readily apparent that the secondary electron
cascade begins to dominate the low energy side of the spectrum as the energy of the
exdtation source decreases. Therefore, we will turn our attention now towards descriptions
and models of the secondary electron cascade. For a more complete understanding of the
models describing secondary photoelectrons, we refer the reader to the afgpropria

references, along with several revigihfs:2:13.19:46.47
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Figure 3. Calculated energy distribution of scattered electrons from Au with 5 keV (top
0.5 keV (bottom) excitation energy. The shaded regions rayréise contribution of the
secondary electron cascade. In the lower energy spectrum (bottom), the secondary
cascade clearly plays a much greater role than in the higher energy case. This indicate
the excitation source decreases in enetfyy,contribution of the secondary electron casc
increases, meaning that it cannot be ignored in treatments to remove secondary elec

UPS.Reprinted fronref 45 with the permission of AIP Publishing.
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Perhaps the first rigorous treatment of the secondary electron cascade comes from
a work by Wolff in 195412 In this work, he considered the production of secondary
electrons in a metal which multiplies and lose enemglyere only electromlectron
collisions are considered. Wolff used a screened Coulomb potdntitd, describe the
electronelectron interactions, but becadbke cutoff distance for these potentials is small,
the ultimate form of the potential is unimpant. From integrations of the Schrodinger
equation, Wolff determined that scattered electrons lose approximately half their energy
when their initial energy is below 50 eV, a property that becomes especially important in
low energy PES experiments such @PS. In contrast, electrons with greater energy
experience Rutherford scattering and thus only lose a small portion of their total energy.
Wolff develops an equation to describe the electron cascade process beginning with an

equation for the slowing dowaf neutrons given by Marshak:

O v ot e e 0 07lh RO S
TT—O"Ih fiod  TItCOMAR fiod  ——5—— "Y'Ih fiod
o0 h Foh .
S o fion fo Q

(Equation 2)
whereN(r,q ,E,?) is the number of electrons betweeandr+dr, q andq +dq ,andE and
E+dE at timet, wherer represents space coordinaigds a unit vetor in the direction of
the electron velocity, anl is the energy. The mean free path of the electron is given by
ak), andF(q ,E; q GEQ is the probabilityof finding an electron at position ,E, after
scattering if another electron residesg|&Ea Finally, S¢,q ,E,f) represents the density of

internal photoelectrons in the solid produced by the excitation source. In this equation, the
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secondary electron cascade is found in the double integrals, where each scattering event
produces two electrons. Howeyehis equation is extremely complex and thus, Wolff
proceeds to make generalizations about the sample and the transport process of the
photoelectron to the surface to simply the evaluation of the equation so that the secondary
electron cascade can beigasiodeled. Indeed, a great deal of future research has focused
on developing methods which are easy to solve or implement that model and correct for
the secondary photoelectron background in PES. Each of the methods to remove
background photoemission the next section implicitly solve Equation 2 but include

assumptions about and simplifications to the photoemission process.

2.2 METHODS FOR CORRECTING FOR SECONDARY PHOTOELECTRONS

In this section, we will discuss the various techniques that have beelopksy to
simply model and subtract secondary and background photoelectrons. Some of the methods
described here have been refined since their inception and are still commonly used today.
As we will discuss in greater detail in Section 2.2.2, some of themgstions used to
simplify the models used for XPS are not valid for UPS. Thus, many of the background
subtraction methods described in Section 2.2.1 cannot be directly applied to UP spectra,
but the guiding principles may still be instructive in develgmmmethodology.
2.2.1 Correcting for secondary photoelectrons with high energy excitation §» 100
evV)

In 1972, Shirley derived a simple integral background removal method that is still

commonly used todal;182226:28.3®3,36,3840,44,4849 ghirley and coworkers previously
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employed a response matrix function to correct for inelastic scattérng,discovered
that by simply subtracting an integrated quantity proportional to thasiyeof the
photoemission at higher KE (or lower BE), a similar result could be obtained. The first step
to constructing the Shirley background is to remove a linear background of interaity
a BE E P lower than the BE of the measured peak, whichaigproduct of the
Bremsstrahlung and secondary photoelectrons from higher KE photoemission. The
intensity of the spectrumg(E), after this initial background subtraction is denoted as
| E), e.q.,| LE) =I5(E) - Iz (Equation 3). The background subtetspectrum could be
then calculated by Equation 4:

‘OCee
B OCe

‘0 00 00
(Equation 4)

wherel&(Eo) is the intensity at a higher BE where all the intensity is due to secondary
photoelectrons, and, when multiplied by th&o of the sum of the intensity froinh do E
to the sum over the entire spectral region, produces the estimated inelastic background
spectrum. Figure 4 is an example of the Shirley background (dashed trace) applied to the
C 1s peak of freshly cleaved HGRsolid trace), with energies used to deternhirgEo)
and Iz marked. Later investigations into the Shirley background introduced slight
modifications to better model scattered electrons, such as the iterative process proposed
by Proctor and Sherwoétb r an fAactivedo background appro
is generated in tandem with pefitting.** These investigators also discovered that the

Shirley background could be derived out of more rigorous background removal

approache® Despite a lak of careful consideration of the physical phenomena,
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specifically whether the background is a result of intrinsic or extrinsic losses and the
dependence of electron energy loss on initial energy, researchers continue to find the

Shirley background an aqat@ble approximation of the secondary backgrdtind.
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Figure 4. High-resolution XPS spectrum oféhC 1s peak of freshly cleaved HOPG (trace
solid black) to illustrate the difference between the Shirley (trace 2, dotted red) and To
(trace 3, dashed blue) backgrounds. In the Shirley treatnfentinear background due t
bremsstrahlung and gtered photoelectrons from lower BE photoemission is shown aks/ir
which is determined at energydl §0) is evaluated d. These two values set the boundar
for the summation. The product lofg0) and the ratio of sums is showniagrace 2 which is

then subtracted froingE) to yield the corrected spectrdmgE) (not shown)In the Tougaard
treatment (trace 3}max is the starting energy for the background @ids an adjustable
parameter such that the intensity of the background codreptectrum is approximately zet

at the chosen energy.
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Burrell et al. previously reported a more rigorous approach to remove inelastically

scattered eleatns from AES! In that work, they modified a taément developed by
Sickafust® which considered three general processes that comprise the Auger spectra: 1)
the secondary electron cascade generated by the primary excitatior,2) secondary
electrons generated by the Auger process, and 3) the Auger electrons that escape the solid
without being scattered. Burredt al examined an indium foil wherein the secondary
electron cascade was eliminated by extrapolating a lirreggibound in the high KE region
above the Auger peaks in a g plot of the collected spectrum, as shown in Figure 5A,
since the cascade is often modeled by an exponential of theAtefhwhereA andm are
constantg? In Figure 5B, the result is then corrected for the secondary electrons produced

by the Auger process by an equation developed by Sickafus:
‘00 00 0 0Q0

(Equation 5)

where G(E) is the approximate background which converges to the secondary cascade
produced by the excitation source at high KE and to a second cascade at lower KE which
is the sum of both the cascapl®duced by the excitation source and the Auger process.
The integral represents the photoelectrons the escape the solid with minimal energy loss.
B is a scaling parameter which is chosen such that the intensity of the signal at an energy
Eg which is at dower KE bound of the Auger peak is equal to the intensity at eri&gy
which is at a higher KE bound of the Auger peak (and represents only the secondary
electron cascade produced by the source). We reproduce an illustration of these various

processesiki gur e 6. It i s noteworthy that Equat
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result (Equation 4), despite the inclusion of two cascade functions. The result of these

corrections is shown in Figure 5C and is now ready for peak area fitting for qtiantit
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Figure 5. The secondary electron background correction methodology of Buetredl,

modified from Sickafus. A) the spectrum of indium foil after correction for instrun

transmission function. Blemoving the secondary electron cascade by representing the ¢
log scale, where the cascade is thus modeled by a simple exponential function, which

linear in the log scale. C) the result of removing the secondary electron cascade in linec

D) the final spectrum after removing the secondary electrons using the IRF. Adathte

permission fromref 21 Copyright1982American Chemical Society.
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Burrell et al further refined this process because it requires selecting arbitrary
boundaries and is unable to describe the background over a large KE range, which is
important when many transitions are clustered togéthefhey employed an
approximation of an instrumespecimen response function (IRF), which is obtained by
collecting the backscatter spectrum of the sample when interrogated by an electron beam
of conparable energy to the KE region of interest, and then using it to deconvolve the
Auger peak information from the energy loss processes and instrumental bro&géening.
After removing the antribution of the elastically scattered electrons, the IRF is applied to
the Auger spectrum using the relationship:
00 0 0OX®»O

(Equation 6)
wherel(E) is the measured spectruNy(E)is the desired spectral feature function, B(id)
is the IRF.To each data point of the AES data, the IRF was applied with a scaling factor,
C, to represent the inelastically scattered electrons from lower KE, such that:

6 0 00O

(Equation 7)
The new loss function array at poins then subtraed from the Auger data for each data
point of lower KE than poirit When used in combination with fast Fourier transformation,
other sources of background such as analyzer broadening and white noise can be
removed* However, the IRF cannot be used to deconvolve Auger spectra with an energy
window > 100 eV, since the scattering cross section may change, and is ddfemiploy

in nonhomogeneous surfaces, limiting its wide scale applicability.
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Another commonly utilized background correction was developed by Tougaard
which employs a similar formula to those proposed by Shirley and Sickafus, with an
additional expressionio estimate the inelastic scattering cross section of the solid
sample?®27:2934For an infinitely thick, homogeneous solid, Tougaard estimatedtibat

primary Auger or photoemission of the samplE), could be expressed by:
0 -
‘00 QO ——U LO 0Q0 Qe

(Equation 8)
whereEmaxis a KE several eV greater than the sample pg@&kss the collected spectrum
after instrument response correctioajs the mean free path of the photoelections
approximately two to five times the IMFP, akd Eis the probability that an electron
loses an energy oE(€E) while traveling in the solidwhile a precise sation toK ( EEp
can be producedia electron energy loss spectrum (EELS) for a specific material,
Tougaardfound that many of the transition metals had very similar loss functions and
positedthata i mp | e @A uni v e cosldbe osedirrlieufdhe EE $andwoutd n
be capable of generating a peak shape very close to that of a pure sample, over an energy
window of up to 1000 eV’ This universal cross section he developed is defined as

0. . 0"y
0 0 Y

(Equation 9)
whereTis ( EE), ard C is ca. 1643 eV, andB: is parameter that can be expressed as

00
0 _AT-©

(Equation 10)
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whereB is ca. 2866 eV, ais the inelastic mean free path, ahis the emission angle of
the photoelectrorB; is adjusted such th&(E) approabes zero at a lower KE than the
sample peaks. Trace 3 (dashed blue trac&jgure 4shows the result of the Tougaard
treatment on the C 1s peak of a freshly cleaved HOPG slab, along with notation of the
boundary limits. Tougaard notes that the univecsass section is a poor approximation
for simple metals and polymers, since the cross sections are quite different from those of
transition metals. Nevertheless, several researchers have shown that the Tougaard method
yields a background that produces aenonsistent and more accurate XPS peak intensity
or area for quantitatioff’ 33:36:41.50
2.2.2 Correcting for secondary photoelectrons with low engy excitation (hs < 100
evV)

Many of the aforementioned techniques, however, were designed for XPS and
AES, which generate photoelectrons with large KE {1000 eV), which is much larger
than the energy regime for UPS. This is significant, since, as shown in Figuren2thehe
excitation energy is large, the background near the peak (regions (a) and (b)) is relatively
flat and the influence of the secondary electron cascade is minimal. Thus, the secondary
electron cascade can be ignored in background subtraction rouéwised for those
situations. However, when KE < 100 eV, the secondary electron cascade cannot be ignored,
since both primary electrons and secondary electrons have similar KE.

In 1993, Li and coworketgroduced what we believe is the only general technique
specifically designedfor low photon energy PES where the generated primary

photoelectrons have low KE (KE &a. 100 eV) such as UPS, which they call the total
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background. In this treatment, two modifications to the integral background of Shirley are
made: 1) the crossectionfor the creation of secondary electrons by primary electrons is
energydependent and 2) secondary electrons can create other secondary electrons, i.e., the
secondary electron cascade must be considered. These modifications are manifest by
assuming that #nbackground at any KE is proportional to the total intensity, not just the
intensity above the background.

The background is generated in a similar fashion to those described previously. The
upper energy boundEmax is defined as the energy where nangaigs measured, usually
several eV above the Fermi enerBy, The lower energy boundatgmin, is defined as the
energy where the intensity of the spectrum is comprised totally of secondary electrons. In
practice, determiningmin can be more difficultitan determining the equivalent variable
in the previously described methods, as the background in UPS is not flat at KE lower (BE
higher) than the sample peaks. Typically, the local minimum adjacent to the secondary
electron cascade is whegin is chosenThese two energies are shown in Figure 7, which
shows a sample UPS spectrumof@r( sol i d | ine) coll ected wit
Li first defined a baseline corrected intensi§y, O :

‘© ©° ‘O 0 OO
(Equation 11)
where
© 0O 00 "©O0o0

(Equation 12)
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Is(E) is the intensity of primary photoelectrons from the sample of interesty(&)ds the
intensity of the total background at enefgyThe background then is described by the

equation:

00 O 0©° 0 ‘O Qe

(Equation 13)
The constant A is a scaling factehichis determined from the lower KE boundaByin,
since at that energys(Emin) = ltot(Emin), by definition. Thus, rearranging Equation 13 to
solve forA at energyEmin:
(O] O °O
0O Q@

(Equation 14)
This yields the final total background,
O Qe
O GO e

0“0 0O 0©° 0 ©° 0 ©°

(Equation 15)
Figure 7 compares the result of a Shitgge integral background (short dashed line) and
a total background (long dashed line) generated by Equation 15. A signdfiifarence is
seen when BE > 13 eV, where the integral background flattens out due to the exclusion of
the secondary electron cascade, but the total background tracks the collected data better.
Additionally, the total background intensity is smaller thae integral background

intensity in the energy window where the>Qs valence band DOS exists. Li and
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coworkers note that the total background begins to fail when applied to intermediate photon
sources, but generally produces a suitable background for $pe&tra. Since the
experiments we perform in this dissertation employaHe¢()( hs = 21. 2 eV) ph
the total background function described here can be employed with reasonable confidence.

The background correction methods described here, incgart the total
background developed by Li and coworkers, the satellite photoemission correction, and the
substrate photoemission correction, are employed sequentially in our novel methodology
to increase the spectral contrast of the primary photoemigsim the sample of interest.

We demonstrate the utility of such a methodology ospguttered Au foil, which has well
defined Fermi edge and to ensure that the background removal methodology does indeed
improve spectral contrast in regions of interese ¥dditionally show that the resulting
spectrum is more amenable to fitting, which has seen increasing utility in UP spectra

recently>1>2
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Figure 7. UPS spectrum o€r-Oswi t h h3 = 40 eV (solid t

integral background (short dashes) developed by Shirley(REF) does not accurately re
the secondary electron cascade, which can be seen BE > 13 eV, where the integral bac
deviates geatly from the spectrum. The total background (long dashes) developed by |
coworkers better models the secondary electron cafRagented fronref 1, Copyright1993

with permission from Elsevier
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2.3 EXPERIMENTAL

Au foils were purchased from Alfa Aesar (1.0 mm, 25x25 mm, 99.95% metals
basis). The Au foils were mechanically polished to mirror finish and treated with piranha
(3:1 conc. HSQw and 30% HO,) for 30 min. The foil was then air plasma&ahed at 400
mtorr for 15 min and then immediately introduced into high vacuunspittering (0.25
mA, 4 keV) was used to clean the Au foil until the C 1s peak signal, as revealed by XPS,
as no longer distinguishable from baseline, indicating that tifacgurs mostly free of
contamination of adventitious carbon.

Photoemission spectroscopy was performed by Kratos-Bitia Model 165
spectrometer using a Specs UGHe(lU h3( = 21. 2 eV) source for
instrument analyzer was set to agpasergy of 5 eV with 0.01 eV step size and 500 ms
dwell time per step. A 10.00 V bias was applied between the sample stage and the detector
to ensure that the lowest KE electrons have enough energy to arrive at the detector. High
vacuum was maintainech. 1x107 torr. The E of the spectrometer (KE = 31.8 eV) was
determined by analyzing the Aputtered Au foil, which should have«a= 5.1 eV. This
was used in conjunction with the aforementioned XPS to ensure that the Au folil is clean.
2.4 NEW METHODOLOGY FOR BACKGROUND REMOV AL OF UPS
SPECTRA

Having explored the underlying principles of secondary photoelectron generation
and the popular techniques used to remove them in a bid to improve spectral contrast of
the primary signal, we turn now to our approaatrémnoving the secondary photoelectron

background from UP spectra. Although peak area quantitation is uncommon in UPS, since
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linear regression of the photoemission onset is typically used to measute thertEs,
one may question the need for rigorous background removal. However, the presence of
secondary electrons, satellite photoemission, and substrate photoemission can sometimes
mask important and illuminating information regarding trap states chtimple of interest
or, in cases where the DOS at the top of the VB of the sample is small, or when there is
submonolayer coverage of the sample of interest, the background photoemission may
dominate the collected spectra. This becomes increasingly imp@sawe examine
complex NC materials like those we explore in the chapters that follow. Additionally, some
researchers are beginning to find utility in performing Gaussian peak fitting of UP spectra,
so some of the arguments for background removal in XRE&S in order to produce more
accurate peak fitting can be applied to UPS as &l

Our approach to background correction of UP spectravasca combination of
some of the methods described previously. Generally, we employ a series of subtractions:
1) satellite subtraction, 2) secondary electron subtraction, and 3) substrate photoemission
subtraction, if applicable. Here, we will briefly deke the procedure for each step and
demonstrate the effect of each step on the HKE region of the Au foil, as shown in Figures
8-10. The source code for the subtraction routines we developed for Igor Pro (Wavemetrics
Inc., Lake Oswego, OR) can be foundhe Appendix A.
2.4.1 Satellite photoemission subtraction

Satellite photoemission in UPS with a He{lphoton source h= 21.22 eV) is a
result of the nearby emission lines, Hefljhz = 23.09 eV), He(Ho (hs = 23.75 eV), and

He(l)-U (h3 = 24.05 eV).According to the instrument manufacturer, the intensities of the
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satellite lines relative to the primary He(@ ( 1 ar® 22p.0%, 0.30.5%, and < 0.05%
for each satellite emission line, respectively. Under the assumption that because the
satellites a close to the same energy as the primary emission, and thus, the photoelectron
cross section does not change for the higher energy photons, we can subtract the
contribution of satellite photoelectrons by scaling and shifting the measured spectrum to
the gpropriate relative intensity and energy, and then subtracting it from the measured
spectrum. The satellite background subtraction in this dissertation was performed using
custom code programmed in Igor Pyavhich can bedund in Appendix A. The general
form of the satellite subtracted spectrdgiE), is as follows:
0 WO Y00 O

(Equation 16)
wherelr(E) is the ascollected raw spectrungis intensity of the satellite emission relative
to the primary emission from the photon source,E&gid the energetic shift of the satellite.
Equadion 16 is applied for each major photon source satetlitg,the He(l) photon source

used in our UPS experiments would typically use two subtradtions to represent tte

satellite and one for the o ausiytmentionedibat. He ( |

the relative intensity of this satellite is very small and is often inconsequential,
nevertheless, it can be subtracted using Equation 16 if necessary.

This process is shown in Figure 8, where trace 1 (solid red) is the UP spectrum of
the Au foil as collected from the instrument and the dotted orange line is the satellite
photoemission spectrum that is produced by following the procedure described above.

Figure 8A shows the data in linear scale, where the contribution of the satellite
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photoemission appears minimal. However, in the demirepresentation of the raw
spectrum (trace 1, solid red) shown in Figure 8B, it is more apparent that there is
photoemission from a KE region above th€kE > 31.8 eV), which is not expected. Trace
2 (dashed orange) represents the satellite photoemission, produced by Equation 16, which
matches the extraneous photoemission in intensity. Figure 8B also includes guide lines that
indicate the energy position oftheHe{l) pr i mar y p hgntthe mwspectsumo n  at
(trace 1, solid red), as well as the combined He(l) am ds at el | i te photoenmn
in the satellite spectrum (trace 2, dashed ora@gel removed, as shown as trace 3 (solid
orange) in Figure 9B, we see that there is no signaleatie®/SNR threshold in the KE >

31.8 eV region.



143

A

. M
2 g
L =
=% @
e Q£
Q £
t= )
. 2
2 <
< &

—1

2
T T ' | ' | ' | ' |
24 24 28 32 36
Kinetic Energy (eV) Kinetic Energy (eV)

Figure 8. UPS spectrum of Asputtered Au foil (tace 1solid red and estimated photoemissic
spectrum from He(}p aimd satellite emission (trac
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due to excitation fromthe He ;b , T@an@mi ssi on | ines are |
of the He(l) source, there is a Fer mi
=318eV(shown in the solid red trace), wh

photoemission above the Bnd are clearly seen in the satellite spectrum (dotted orange).
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2.4.2 Secondary photoelectron subtraction

In Figure 9, we employ the treatment derived by Li and coworkkerscribed in
Section 2.2.2 to model the background produced by secondary photoelectrons. A slight
modification of Ejuation 15 was used as a foundation for a custom code programmed in
Igor Pro>® which is also found in Appendix A. The modification is fark where an
average of the intensity over KE =-3% eV €a. 100 data points whestep size is 0.01
eV) is used rather than a single data point to account for noise in the experimeist. E
selected by locating the local minimum adjacent to the secondary electron cascade (KE <
24 eV), and the background integrals of Equation 15 doelleéed from the highest KE
data point available (to representag to Ewin. Thus, the satellite and secondary electron
photoemission corrected spectrug¥E), is obtained by Equation 17:

‘OO0 "0 ©O0o°
(Equation 17)

wherelg(E) is the total background generated by Equation 15,IgE is the satellite
corrected spectrum from Equation 16.

Figure 9 shows the satellite corrected spectrum (trace 3, solid orange) and the
calculated total background (trace 4, dashed green) spediritigure 9A, the intensity
of the total background (trace 4) is proportional to the intensity of the satellite corrected
spectrum, as evidenced by the KE =-3 eV region, which exhibits Shirldike
background behavior, but the background is also supesed on an exponential,
representing the secondary electron cascade, which can be seen in the increasing

background for KE < 24 eV. Figure 9B presents the same data iflGggstale, so show
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the effect of the total background in the low photoemissitemsity region near the top of
the VB. For this Arsputtered Au foil, the total background has a small contribution to the
observed photoemission intensity near\&hile the small contribution is inconsequential
for the Au foil, as the Fermi step is clbavisible, it may bear some significance in a system
such as the complex muttomponent NRs we will explore in later chapters of this
dissertation.

The satellite and total background subtracted spectrum for tspuitered Au foll
is shown in Figure 1an both panels A and B of Figure 10, we can see that the spectrum
approaches zero on the low KE side of tHeadds and it should be possible now, if one
should so choose, to use peak fitting on the spectrum as in XPS. Additionally, in Figure
10B, the inénsity at KE > 31.8 eV remains nearly flat, so the satellite photoemission
correction applied previously is not modified significantly. The final spectrum compares
well with the calculated data used by Shitfap evaluate his own integral background, as
shown in Figure 11. We compare our Ypectra (Figure 11A) and the Korring@hn-
Rostoker (KKR) band structure calculation
relative peak energies are different from the calculated band structure, the peak energy
positions align well, as do theldnd peak widths, indicating that the various background
photoemission subtractions used in our methodology do not cause any distortions in
measured band structure. However, the peak centead &7 eV of Figure 11B does
not line up well with our expenental data, which has a peak centeredaat6.2 eV.

Shirley noticed the same discrepancy in his work and hypothesized that this was due to an
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admixture ofs-like character electrons, which have lower photoemission intensitydthan

orbital electrong?®
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Figure 9. UP spectrum of satellite background subtractegputtered Au foilsolid orange)

and the total background spectrum devised by Li and coworkers (dotted green). After rei

the satellite photoemission as shown in Figure 8, the photoemission akove

indistinguishable from baseline noise. The total background speidrused to remove botl

the secondary photoelectrons that only lose some energy due to inelastic collisions as

the secondary electron cascade. A) is the linear scale presentation of the data and the ba

and B) is the same data in selog presentation. Both are marked withiEand Enax, Which are

used as boundary conditions in the total background function. See text for more infor

regarding these two parameters and their usage.
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Figure 10. UP spectra of satellite and secondary electvackground corrected Aputtered
Au foil. After both corrections, the Au spectrum appears between KE-322dn a flat
background and is ready for quantitative peak fitting. No photoemission features abc
background noise is readily visible above. B is also at this point that a substre
photoemission (which has also been both satellite and secondary electron background cc

correction may be applied.
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Figure 11. Comparison of VB photoemission of Au using our methodology to produ
backgound subtracted spectrum (A) and the KKR calculated Au band structure (B). D
lines in (A) represent peak positions of the calculated Au band structure from (B). While r¢
intensities of peaks do not match well with the calculations, the pasitibthe peaks are
reasonably close. Thelmhnd widths for the bands. -2i (-4) eV are in good agreement, b
deviate at more negative energeprintedigure with permission frommef 18.Copyright1972

by the American Physical Society.
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2.4.3 Substrate phavemission subtraction

The final subtraction used in our methodology is a linear substrate photoemission
subtraction. This background is used when the sample of interest is a thin film less than
three times the IMFP or when the sample does not comprisk mdoolayer, so the
substrate is exposed in some areas of the interrogated spot. In these cases, the probability
of photoelectrons generated from the substrate escaping the solid and reaching the detector
is nonzero, and typically appears as photoemissihat terminates at fE For
semiconducting materials, the substrate photoemission background may be confused for
trap states, charge transfer states, or doped states of the material, since the photoemission
appears in the band gap of the material.

Additionally, the substrate background correction may be used to reveal otherwise
obscured information about the sample of interest, such as the HOpEAk of the
phosphonic acid modified ruthenium phthalocyanine (RuPcPA) tethered to indium tin
oxide (ITO) show in Figure 12* The RuPcPA was synthesized loyis Oquendan the
McGrath Research Group at the University of Arizona. The sample was prepared by
Ramanan Ehamparaof the Saavedra Group at the University of Arizona. Further details
of the synthesis @hmaterial characterization can be found in their respective dissertations.
The dotted red trace in Figure 12 shows the result of satellite and secondary background
subtraction and the solid black trace shows the result of the satellite, secondary, and
substrate background corrections. From this data, the HOMO peak of the RuPcPA is clearly
visible atca. 30.5 eV, despite monolayer coverage. However, the HaM®@ak is not

visible in the dotted red spectrum, and thus, neither the satellite nor the seaecdaon
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photoemission corrections resolve the feature. Once the ITO substrate (dashed blue) is
removed from the spectrum by a scaled linear subtraction, the feature is resataed at
28.5 eV. Because the RuPcPA is only deposited as a monolayer or sildyagno
photoelectrons from the ITO can escape the sample and reach the detector.

To generate the substrate photoemission background spectrum, the UP spectrum of
the control substrate, which should be subjected to the same processing conditions as the
sampé substrate, must be collected. This spectiggE), is then satellite and secondary
electron photoemission corrected according to Sections 2.4.1 and 2.4.2. Finally, it is
subtracted from the sample specigE) produced by Equation 17, to yield thaly
corrected spectruniz(E):

MO MO "Y*0O O°O
(Equation 18)
whereT is a scaling factor, chosen such that the photoemission intensity of the sample in
the band gap energy region, when subtracted by the substrate background sheff)im,

is zero.
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Figure 12. Chemtal structure of RuPcPA (A) and (B) UP spectra of a monolayer of RuF
tethered to ITO in sentbg scale to demonstrate the effect of substrate photoemi
correction. The satellite and secondary background corrected spectrum (dotted red) ¢
charateristic HOMO peak ca. 30.5 eV, but the HOMGs obscured by the ITO substra
(dashed blue). Once the photoemission from the ITO substrate is removed, the HOMK

is visible ca. 28.5 eV. Adapted from Ref. 54 with permission.
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2.5 SUMMARY AND CONCL USIONS

In this chapter, we introduced the novel methodology for improving the spectral
contrast of UP spectra in the HKE region. A systematic treatment that properly considers
the physical processes that produce secondary and backgobotmklectrons in UP
spectra and removes them has never been presented in the lit¥vatfirst explored the
historical research in the field to understand the physical phenomena that lead to secondary
photoelectron generation. In general, three regiai secondary electrons exist:
photoelectrons that experience losses due to interactions with plasmons, primary
photoelectrons which are scattered by other electrons and lose a small amount of energy,
and finally the secondary electron cascade, whiclradyzed by photoelectrons which
scatter and produce new secondary electrons, which can further generate their own
secondary electrons.

Since instrumental factors and changes in chemical states can lead to peak
broadening, the absolute peak height is s@aurate as total peak area for quantification
with PES. In order to produce reasonable peaks for quantification, an appropriate
background must be generated to separate the photoelectrons that arise from the band
feature in study from the photoelectrogenerated by other processes. We explored the
development of the Shirley, Sickafus, and Tougaard backgrounds, which are commonly
used in higher energy PES like XPS and AES. However, since the generation of secondary
electrons by other secondary electramggnored in these treatments, Li and coworkers
developed a background for low energy PES like UPS which includes the secondary

el ectron cascade in what they named the
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background along with several others to imgrélve spectral contrast of the HKE region
of UP spectra.

We described our methodology, which sequentially removes the photoemission
from photon source satellites, the secondary photoelectrons, and then, when applicable, the
photoemission from the substrad/hen applied to Asputtered Au foil, the satellite
photoemission correction removes the photoemission which is seen abovedhd the
total background function removes the secondary photoelectron contribution, to yield a
final spectrum that closelgesembles the computed valence band structure ofTAe.
substrate background removal step was used to reveal a photoemission feature in a
submonolayer of RuPcPA molecules tethered to ITO which was not visible even with
satellite and secondary photoeleatsubtractions.

The methodology described in this chapter is essential for measuring the energetic
effect of the nanoscopic chemical changes that are explored in the subsgpesiics,
as well as other semiconductor thin films. Without this methodolibgyfindings in the
this manuscript would likely be impossible to obtain. In NC systems, it is imperative that
we are able to identify and differentiate primary photoemission due to trap states er metal
semiconductor interface states from secondary phassem, since the density of states is
small. Ultimately, the methodology presented in this chapter, which is the first for low
energy PES application, is readily applicable to not only NCs, but any thin film

semiconductors.
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APPENDIIANVAESTI GATI NALCAERNM ENERGETI C

CHANGES I N CORESNANS RSENCTI ON OF LI

SURFACE COVERKGH HOIIOEL ECTERDROSPEPY

ThisappendiXocuses on measuring the subtle chemical and energetic changes that
occur on the surface of CdSe nanocrystals (NCs) as a function of ligand surface coverage,
as explored ¥ photoemission spectroscopies. While NCs are an intriguing material in
optoelectronic devices such as photovoltaics and -&gtitting diodes, they require
passivation with insulating, loaghain aliphatic organic ligands such as oleic acid (OLA),
octadeglamine (ODA), or trioctylphosphine oxide (TOPO), which may inhibit electron
transport through the NCs by acting as a tunneling baffidio improve NC coupling
while still passivating the surface states and maintaining the stability of the NCs in solution,
efforts have been made to exchange the naitjamdis with shorter ligands such as-1,2
ethanedithiol, inorganic ligands such as,$h and SnS?, or ligands that enable
delocalization of charge carriers into the ligahd$/®*® These modifications, however,
are often accompanied by changes to the chemical and electronic structure ©$ titaN
must be understoott®162° |t is therefore crucial that methods to investigate the role
ligands play in determining the NC surface chemistry and energetics are developed.
However, while much effort has been spent in evaluating the effettfefent types of
ligands on NC properties, very little investigation into the role of surface ligand coverage
has been undertaken. Given that one of the primary reasons for the inclusion of capping

ligands is the passivation of undercoordinated surfam®s it is important to develop

GA
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methods to measure and understand the effect of capping ligand density on the NC surface.
In this appendix we demonstrate that photoelectron spectroscopic techniques, when
employed with conscientious use of background seghtn discussed in the previous
chapter, can be used to measure such changes to surface chemistry and electronic structure

despite relatively small changes in surface ligand coverage of CdSe NCs.

A1l INTRODUCTION TO NANO CRYSTAL SURFACE PASSVATION

As aluded to in Chapter 1, the surface capping ligand can affect the chemical and
energetic properties of NCs. Herein, we explore role of the capping ligands in NCs and
present our work examining the effect of surface coverage of capping ligands on the
chemicé composition and valence band energies of two sizes of CdSe NCs using high
resolution XPS and UPS along with the background correction methodologies developed
in Apperdix A. Semiconductor nanocrystals (BCs) are seeing increasing use in a
variety of applations such as biosensing, lighting, photovoltaics, and photocatalysis, due
to their uniquely tunable parametérsi? SC-NCs aresingle crystals of SCs which have
diameters smaller than the Bohr exciton radius of the material, and thus, the exciton is
guantumconfined in at least one dimension. In such a system, which can be modeled as a
particlein-a-box, a decreasing number of mi®, and by extension, NC diameter, increases
the energy difference between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), or VB edgevglE and CB edge (&), in the
parlance of semiconductot$® This dependence of the/&=Ecg energy difference on NC

diameter is the Hianark property of NCs the size dependent band gap. However, since
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NCs are often comprised of less than several hundred or thousand atoms, many of the atoms
are on the surface, and are thus not fully coordinated. These uncoordinated atoms can
produce stiés in the band gap that can trap holes or electrons.

Organic molecules which are weakly bound to the surface can help to reduce this
effect. These organic molecules, which serve as capping ligands, also contribute to many
of the properties of the individhl NCs as well as solids comprised of NCs. Capping ligands
are typically aliphatic organic molecules, such as alkylamines, alkyl carboxylates, and
alkyl phosphonates, that are electronically or vibrationally bound to the surface of the NC
to passivate thancoordinated orbitals on the surface atoms and improve the stability and
solubility of the NCs in solutioh?***However, an abundance of research has shown that
these capping ligands play a much greater role in the NC. Ligands which are used in the
reaction mixture can direct the crystal structure, size, and shape of the Nithgetiab
synthesis of NRs, nanoplatelets, and tetrapbtfsz!:2644854 Fyrthermore, both the nature
of the binding functional group and the molecular dipole of the ligands contribute to the
electronic structure and measured energetics of thelhN&§.:232527.281,353739,73,7578
Here, we biefly discuss some of the various functions of ligands in NCs and thin films of
NCs.

Al.1 Synthetic function of NC capping ligands

In the most common solution synthesis of NCs, solutions of the metal and anion
precursors are rapidly mixed at high tempemed in the presence of coordinating ligands,
which play a significant role in NC formatigh!921.26.44884 The synthesis is typically

considered to be a twatep process: first, nucleation centers are formed, the number of
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which are determined by parameters such as injection temperature and precursor
concentration, followed by the second step, Ostwald rigenguring which the
coordinating ligands can retard and direct the growth of the NC, since different binding
affinities for different crystal faces can encourage crystal growth along particular
axesi*60.68.69.79.84ngeed, the capping ligand has been shown to play a critical role in the
synthesis of advanced NC structures such as NRs and tetPafdti$! Herman and
coworkers found that by simply changing the length of the alkyl group of the
alkylphosphonic acid cappinggand, CdSe NRs could be produced with aspect ratios
between 2.5 and 18, with the shortest alkyl groups producing the highest aspect ratios with
a large degree of branchifFurthermore, they discovered that introducing different
molar ratiosof two alkylphosphonic acids could also produce similar results.
Al.2 Tuning energetics and electronics with ligands

The chemical nature of the ligands can also affect the energetic and electronic
properties of the NCs. Experiments show that the dipaleemt of the capping ligand is
capable of inducing energetic shiftscaf 0.16:0.75 eV in the valence and conduction band
maxima and minima (VBM/CBM32828¢ The total dipole moment of the molecule can be
crudely approximated as the sum of two surface dipoles: the dipoteent of the
NC/ligand binding group interface and the molecular dipole moment of the k§&hd.
Several researchers have used PESA and voltammetry to examine ¢hefdfie ligand
binding groups. Jasieniak and coworkers used PESA to study the effect of ligand exchange
on 4.7 nm CdSe NCs and found that while the length of the alkyl chain length did not

produce an appreciable change in the, & change in & of up © 0.35 eV was measured
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when different ligand binding groups were u&4.similar study was performed on PbS
NCs by Brownet al. wherein the Es could be tuned by up tca. 0.9 eV They studied
the effect of various halide salts, thiols, and aminesvgraid Ecg using UPS. They found
that electron donating ligands such as thatylammonium halides stabilized the NCs and
thus shifted the & to lowerenergies, whereas the electron withdrawing ligands such as
the shorichain alkyl thiols shifted the B to higher energies. In this work, they also
explored the effect of the molecular dipole using DFT and showed that in general, when
the total dipole momw of the capping ligand points away from the NC, the iBcreases
to higher energies. Munret al. previously examined this effect by exchanging pyridine
ligands on CdSe with thiols of varying total dipole momentd-hexanethiol, 1
benzenethiol, and-#uorothiophenol and measuring thevg using UPS3 Eyg shifted by
ca.0.4 eV fromca.6.1 eV toca. 6.5 eV when the dipole moment was flipped from 2.0 D
to-0.6 D. This effect was greater on the larger 6.0 nm CdSe NCs investigated than the 3.6
nm NCs, since the lower curvature oétlarger NC meant that a greater fraction of the
bound ligands had their dipole moments normal to the surface. This effect was also
observed in PbS NCs by Bent and cowork&hey used PESA to measurgsEs they
exchanged the pasabstituted thiophenol capping ligand with increasingly electron
withdrawing groups. They showed that exchanging tmeethylthiophenol for ligands
with highly electron withdrawingroups in the pargosition such as-ditrothiophenol,
caused the & to increase byga. 0.7 eV. A decrease ingg was also observed, which is
attributed to the delocalization of the exciton by the thiol ligand due to strong ligand

coupling and frontieorbital overlap of the NC and the ligafftl.
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Al1.3 Relaxing quantum confinement in NCs with ligands

The delocalization of the exciton has been proposed byswe#d.in CdS, CdSe,
and PbS NCs using a class of molecules called piubitybcarbamates (PTEY.! They
proposed that the decrease in the confinement energy of the exciton was due to the
delocalization of the hole into mixed QD/PTC states which are cepprf the PTC
HOMO, the surface Ctistates, and the VB states, which are predominantly chalcogenide
p-orbitals. Using density functional theory (DFT), Weiss and coworkers proposed that the
energetic overlap of the HOMO of the PTC and the & the CdSeNCs, along with the
symmetry overlap of the PTC orbitals with those of the chalcogeratbitals, allows a
partial hole transfer from the NC to ligaPfln a later work, they discovered that the
functional groups in the paraosition of the PTC changed thegitee of delocalization;
more electrorwithdrawing groups induced greater delocalization, as evidenced by the red
shift of the absorbance spectfalhe delocalization effect was also greater when surface
coverage of PTC ligands increased. Additionally, it appears that the delocalization is
greater for smaller NCs, as was demonstrated by Sardar and coworkers20d iné
diameter CdSe NC¥.Thiolates and thiophenolates have also been shown to delocalize the
exciton, although to a much lesser degr&€&*1%2 However, Kamat and coworkers found
that the use of-Bnercaptopropionic acid quenches the badde emission of CdSe NCs
and produces a broad, lower energy emission corresponding to eleappimgrin the

ligand orbitals’’
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Al.4 Tuning NC thin film conductivity and mobility with ligands
Finally, ligands have a significant effect on the conductivity of thin films of NCs.
Typically, the long, aliphatic ligands used in NC synthesis form insulating barriers with
conductiviy 0 = 1012-10° S/cm#’ By comparison, Kerngt al. were able to produce
crystalline Si films by lowtemperature thermal annealing with conductivity= 160
Sicm 19 Therefore, researchers have attempted to exchange the surface capping ligands
with many types oligands, some of which have been described previously, to improve the
transport of charges in NC thin films. A common technique is to perform ligand exchange
on the NC thin film with a short chain ligands to increase tunneling probability between
NCs. Lawand coworkers studied the mobility of PbSe NCs as a function of alkane thiol
ligand length and found that carrier mobility decayed exponentially with increasing
length1%4 106 Wyelfing et al. studied the effect of increasing alkyl chain lengthAonNPs
and showed that the conductivity decreased by nearly half an order of magnitude for each
additional carbon, from butane thial € 8.0 x 1¢* S/cm) to hexadecane thial € 1.3 x
10° S/cm)07
Exchanging native ligands for ligands withatfunctional groups to attempt to bind

the NC to another NC is also a common technique to improve conductivity. Bxthell
found that on 8 nm diameter Au NCs capped with dithiol linking ligands, the conductivity
of the 3D assembly decreased by appratety one order of magnitude with increasing
ligand lengti?. Using hexanedithiol, they reported a conductivity of 1.5 * $&m; when
exchanged for a dodecanedithiol, the conductivity dropped to 6.6' $/bth. The use of

bifunctional ligands along with aromatic groups provides great improvements to the
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condutivity as well. Using 1,40henylenediamine ligands on CdSe NCs, Gi8jionhnest
and coworkers reported a 10@fd increase in the conductivityi € 0.6 x 1¢? S/cm).

Lastly, inorganic capping ligands have also been used to increase NC stability and
conductivity. Talapiret al.used SpSs*as a capping fdligando on
found that for the Au NCs, conductivity increasedfalt], from ca. 10° S/cm toca. 200
S/cm and CdSe NC conductivity increased ficaril0'2 S/cm toca. 10! S/cm? However,
the SnSs* ligands relaxed the quantum confinement of the NCs, producing an apparent
enlargement of the optical bagap and a reghift in the absorbance spectrum.

ALl.5 Investigating the effect of ligand surfae coverage on NC energetics

While a great body of research studying the synthetic, energetic, and electrical
effect of different kinds of ligands, there is little to no work regarding the effect of ligand
coverage on NC chemistry and energetics. Tretiadd. used density functional theory
(DFT) to examine the effect of loss of a single ligand on a small CdSe NC passivated with
21 or 9 ligands and found that irfbandgap states were formed even with the loss of a
single ligand®>?® They also observed that the removal of a ligand from the NC surface
resulted in surface reorganization to saturate the dangling orbitals that became exposed,
although the effect was diminished evhin the presence of solvefitn fact, the surface
atoms in the CdSe NC in their study had bond lengiB& Zhorter than bulk G8e bond
lengths, due to surface reorganization of the at3mikis resulted in a less spherical shape
for the NC with only 9 ligands, as the surface atoms reorganized to yield dinrfeir-
coordinated Cd atoms, whereas the 21 ligand passiVvdC was able to coordinate all

surface Cd atoms. In thagppendix we investigate the chemical and energetic effect of a
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systematic reduction in surface ligand coverage CdSe NCs using PES, as seen in Figure 1.
The fully passivated NC (Figure 1, upper)édfas distinct &z and Ecs edges, as shown by
the accompanying band diagram. The darker region around the edge of the NC, which
represents unpassivated surface or undercoordinated atoms, is small. Upon removal of the
surface capping ligands, the densityunipassivated surface or undercoordinated atoms
increases, as depicted by the increasing dark region around the edge of the NC, which
therefore increases the density of surface trap states in the band diagrams. Furthermore, the
reorganization of the surfa@atoms to minimize the surface free energy leads to a change
in the shape of the NC; in Figure 1, as more surface ligands are removed, the CdSe NC
becomes more oblong, as Tretitkal suggested with their DFT calculatiofis.

In this work, we employed varying numbers of purification cycles to systematically
control the surface ligand coverage on CdSe NCs of two different diameters (2.50 nm and
4.32 nm), which was monitade by UV-Vis absorption spectroscopy and
thermogravimetric analysis (TGA). We show that XPS can be used to measure and track
chemical changes to the surface Cd and Se atoms as a function of surface ligand removal.
We also demonstrate using UPS that thdsnges depress the local vacuum level and
work function and alter the valence band structure of the CdSe NCs, which we can monitor
when the background subtraction methodology described in Chapter 2 is carefully applied.
The removal of surface ligand prodisca twefold increase of surface Se in larger CdSe
NC andca.four-fold increase in surface Se in the smaller CdSe NC, as well as an increase

in observed work function and changes to the valence band structure.
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Figure 1. The change isurface chemistry and band structure of the CdSe NC as a funct
decreasing surface capping ligand, achieviedncreasing numbers of purification steps. ,
the surface capping ligand is removed from the upper left to upper right, then lower ri
lower left, the number of undercoordinated or unpassivated surface atoms increases, pr
an increasing density of surface trap states. Additionally, reorganization of the surface
causes the NC to become more ellipsoidal in shape, as descrieditext. The extent o

elongation is exaggerated in this figure.
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A2 CONTROLLING AND CHAR ACTERIZING NANOCRYSTAL LIGAND
SURFACE COVERAGE
A2.1 Synthesis and purification of CdSe NCs

CdSe NCs of two sizes (2.50 nm and 4.32 nm diameter) were synthesized by Mario
Malfavon via established techniqué%Briefly, the CdSe NCs were synthesized by hot
injection of the Se precursor into the Cd precursor. CdO (0.1285 g, 1 mmol), oleic acid
(OLA) (1.1299 g, 4 mmol), and degassed octadecene (ODE) (10 g) were added te a flame
dried 56mL three neck round bottom flask equipped with a Vigreux column under argon.
This mixture was heated to 2@0 with a heating mantle controlled by a variac equipped
with a temperature controller until the solution became clear and colorless, which typically
took ca.60 min. For the small CdSe NCs, this Cd precursor was used immediately; for the
large CdSe NCs, the solution was held at 8DGvernight to allow for more complete
conversion of CdO to the more reactive-@date precursor, which we found promoteel t
synthesis of large, monodisperse NCs. Trioctylphosphine oxide (TOPO) (2.536 g, 6.5
mmol) and octadecylamine (ODA) (7.513 g, 28 mmol) were added to the Cd precursor
solution after allowing it to return to room temperature. The solution was then heated to
200€C to synthesize the small CdSe NCs or &(@or the large CdSe NCs.

Concurrently, the Se precursor was made by combining elemental Se (0.790 g, 10
mmol) and terbutyl phosphine (TBP) (2.327 g, 11.5 mmol) in argD scintillation vial
inside an inert atwsphere nitrogen glove box. The solution was stirred until the elemental

Se dissolved and then stored in the glove box until ready for injection.
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Once the Cd precursor solution reached the appropriate injection temperature, the
Se precursor solution waspidly injected using a large bore (8 gauge) needle. For the
smaller NCs, the reaction was allowed to continue at €D@or two minutes before
removing the flask from the heating mantle to halt the reaction. The larger NCs required
rapid injection of the Se precursor at 2ZBDfollowed by two minutes of growth at 240
after which heat was removed.

After terminating gowth, the NCs were purified by adding acetone until the
solution became turbid, indicating precipitation of NCs, which were isolated by
centrifugation (4000 rpm, 7 min). The supernatant was discarded and the NC pellet was
dissolved in 5 mL of CHG] this munts as the first purification. Additional purifications
were performed in the same manner. For this experiment, aliquots of the NC solution were
collected after various purifications to capture NCs with various surface ligand coverages.
Aliquots of the maller NCs were collected after the NCs were purified three, five, and
seven times; for the larger NCs, two, three, five, and seven times. Additional purifications
of both NC sizes resulted in significant agglomeration of the NCs that could not be re
dispesed into solution.

A2.2 Ultraviolet-visible absorption spectroscopy

The normalizedUV-visible absorption spectra of ttsnall and large NCs as a
function of purification stepare shown in Figure 2A and 2B, respectivdliie diameter
(D) of the NCs wereletermined using the wavelength of the excitonic pep&f(the U\-

vis spectra for each NC and applying the formula derived by &eaigfior CdSe NCS®
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D = (1.6122 x 16)a*i (2.6575 x 16)a® + (1.6242 x 1§)a? | (0.4277p-+ 41.57

(Equation 4.1)

The spectra of the smaller CdSe NCs as a function of purification steps are shown
in Figure 2A, with increasing number of purifications stacked vertically for clarity. Using
Eq. 1, and theamax = 515 nm, we find that the smaller CdSe NCs haie=a2.50 nm.
While there is a 2 nm reshift of the position of the excitonic peak from the 3x to 5x
purifications, we do not believe that the size of the NC changes as a result ofé¢headcr
number of purification steps. Rather, according to Trediakl, in a DFT study of the
effect of ligand binding on the optical spectra of a$Se&s NC, the removal of a single
ligand in a 9 or 21 ligandapped NC can cause a slight -gddft in the absorbance
spectrum, due to reorganization of surface atoms, in particular the doubly and triply
coordinated surface Cd atoftsVe suspect that such a reorganizatioreonsible for
the observed redhift in these samples. Further purification of the NC does not produce
additional reeshifting of the excitonic peak, but a small broadening of the excitonic peak
may suggest further reorganization of the surface atormsppress the formation of trap
states.

Figure 2B shows the spectra for the larger CdSe NCs as a function of purification
steps. As wish the smaller NCs, we applied Eq. 1 anekthie= 594 nm to determine that
theD = 4.32 nm. In these NC samples, no tsinifthe excitonic peak can be seen, which
may be due to the smaller range of surface ligand coverage for these samples, as we will
discuss in the next section. However, there is a change in the ratio ogth&Si &nd the

2S2-1S transitions, labeld (a) and (b) in the 2x trace of Figure #B81%° The two
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transitions will be referred to as 1S and 2S, respectively, for brevity. In the 2x spectrum,
the ratio é the 1S:2S isca. 1.25, and decreases to 1.23 in the 3x spectrum. A further
decrease of the ratio to 1.20 is observed with five purification steps (5x) and ultimately
reaches 1.02 in the 7x spectrum. Typically, the ratio of the 1S to the 2S transidogses<h
with size of the NG but Bertho and coworketsave shown with tighbinding analysis
that the intensity of the transitions also changes with NC shapspherical NCs, the 1S
transition has much greater intensity than the 2S, whereas in ellipsoidal NCs the 1S and 2S
transition intensities are muchone similart® This seeming transformation from a more
spherical shape to ellipsoidal shape might be explained by the work of Teethk>®
which suggests that the removal of surface capping ligands may be inducing a
reorganization of the newly exposed surface atoms to minimize the surface free energy to
produce a more ellipsoidal NC with more equal 1S &dransition probability. This is

represented by the change in shape of the NC in Figure 1 as surface ligands are removed.
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Figure 2. UV-vis spectra of two sets of CdSe NCs as a function of number of purificai
Subfigure (A) shows the spectra for 2.50 nm diameter CdSe NCs and (B) shows thost
4.32 nmdiameter CdSe NCs. Each trace is labeled with the number of purification st
CHCly/acetone solvent/nesolvent precipitations were performed. In (A), there a2 nm
red shift in the position of the excitonic peak
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A2.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) (Mettler Toledo TGA851e) was used to
determine the surfadigand coverage for each sample. Approximate6/fg of the dried
NCs were added to flarrdried AkLOs crucibles, which were held at ®C for 10 min to
evaporate any trapped solvent, then heated tg®&@®10eC/min under N. Figure 3 shows
the normalied thermograms for the two series of NCs as a function of purification steps.
In both Figures 3A and 3B, it is clear that there are primarily three mass loss regions and
that additional purification steps reduce the ligand content on the NCs. The fissiosgas
region extends from approximately 2380€C corresponding to the boiling points of TBP,
OLA, and TOPO ligands. The second range fear250-350€C is likely the TOP ligand
and the third mass loss betwesn 350-450€C can be attributed to the ODA ligand. The
smaller NC also has greater ligandntent initially but subsequent purification steps
produce more dramatic reductions in ligand content. This has previously been ascribed to
the increased curvature of the smaller NC, which reduces the steric repulsion between
ligand molecules, and allowsrfgreater packing densit.

The normalized thermograms for the Cg&en series are shown in Figure 3A.
Trace 1(red curve represents the thrice purified NC solution, which shaa&s64%
organic content. Upon additional two purificationst{ace 2 green), the organic content
decreases tca. 38%; after seven purificationsdce 3blue), onlyca. 9% of the total mass
is organic ligand. The purification of the CdSgm NC series, shown in Figure 3B,
produceca much smaller range of surface ligand content. The twice purifiedth(Cs (,

red) were approximately 30% organic content. Three purificatitreee( 2, green
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decreased the ligand content# 26%; five purificationsttace 3plue) further decreased
the ligand content toa. 23%. Seven purification stegisace 4, purpleyielded NCs with
only ca.19% ligand content.

The percent surface ligand coverage is shown with each trace in Figure 3. This was
estimated by first approximating the NC as a spteedetermine the mass of a single NC
as well as the number of surface atoms to establish the total number of available binding
sites for the ligands. Then, using the TGA data, the percent mass loss was used to determine
the number of ligand molecules lasiative to the mass of a single NC. This value was
then divided by the number of available binding sites to produce an estimated surface
ligand coverage. We use these estimated ligand coverages rather than the number of
purification steps to refer to tharious samples in the remainder of thppendix since

we wish to investigate the effect of the exposed surface atoms.
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Figure 3. Thermogravimetric argsis of the two NC sizes, as a function of precipitations.
Thermogram of the.50nm CdSe NC with three precipitationteage 1yed), five precipitations
(trace 2,green), and seven precipitationsa¢e 3,blue). B) Corresponding thermograms
4.58nm CdSe NCs with two precipitationsgce 1red), three precipitationsréce 2,green),
five precipitationstface 3plue), and seven precipitatiortsace 4 purple). Percentages show
represent surface coverage of ligamgsived fromthe percent mes loss corresponding t

ligands for each trace.
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A3 PHOTOELECTRON SPECTROSCOPY OF CDSE NANOMRYSTALS

PES was performed using a Kratos Akikra Spectrometer. XP spectra were
col l ected by interrogating the sample with
eV, 300 W) at normal takeoff angle. Spectra were collected at 0.1 eV step size, 500 ms
dwell time, and 20 eV pass energy. The samples were electrically coupled to the
spectrometer and no voltage bias was applied to the sample. Samples were referenced to
the primary C 1s peak ab. 284.5 eV, which is assigned to the higlokglere pyrolytic
graphite (HOPG) substrate.

UPS was also performed using the Kratos Ajisa Speatometer; the photon
source was a Specs U\2D He(l) (21.2 eV).The instrument analyzer was set to a pass
energy of 5 eV with 0.01 eV step size and 500 ms dwell time per step. Three different spots
were analyzed per sample, with signal averaged four timespgot. A 10.00 V bias was
applied between the sample stage and the detector to ensure that the lowest kinetic energy
electrons could be detecteby moving them to a higher absolute kinetic eneffye
chamber pressure during operation was 1.1 x 10’ torr. The Fermi energy of the
spectrometer was determined by analyzing a freshly cleaved HBRker AFM Probes,
ZYB-grade)surface (work function of 4.4 eV) heated to 270 °C for one hour under vacuum
to desorb contaminants. The Fermi energy was verliyedinalyzing freshly cleaved
HOPG periodically.

HOPG was prepared by rinsing with toluene, drying with asthéam, and a fresh
surface was exposed by exfoliation at least five times. After revealing a fresh surface, the

HOPG slab was affixed to the salmstub via carbon NEM tape, and then subsequently
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removed, leaving a very thin, clean surface which we found has fewer issues with charging.
Samples were prepared for PES by spin coating each CdSe NC solution (ditee@l 6o
mg/mL in chlorobenzene) tmthe HOPG at 1000 rpm for 1 min to produce submonolayer
coverage of CdSe NCs on the surface. After introduction into high vacuum, the samples
were heated to 15T for one hour to evaporate any residual solvent and unbound ligands.
Representative scanning electron micrographs are shown in Figures 4 and 5.

In Figure 4, the series of Cdfsam NCs are shown. Figure 4A is a representative
SEM image of the 170% suda coverage NCs, which is marked by low contrast and poor
resolution, due to the excess ligand on the sample which causes charging of the sample.
Figure 4B shows a mor e dai6@igahd syrface poveragef i e d
The NCs appear uniforymwith some regions of close packing, and no evidence of
multilayers are found. Figure 4C, the 10% surface coverage sample, shows greater
variation in contrast, suggesting that some regions (brighter spots in the figure) are
multilayers. This result is noinexpected, as the NCs are stripped of ligands that discourage
aggregation of the NCs at this point.

Figure 5 show representative SEM images of the CgSeNCs. Figure 5A shows
the 66% ligand surface coverage sample, which is relatively uniform asdndd show
evidence of multilayers. Figure 5B shows the 55% ligand surface coverage sample, which
appears to have single points of multilayers (bright spots), but is submonolayer to
monolayer coverage otherwise. Figure 5C, the 46% surface coverage Bi@gdaisto the
55% surface coverage sample, but appears to have larger regions of multilayers. Finally,

the 38% ligand surface coverage NC sample is shown in Figure 5D, where multilayers of
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NCs are readily visible, and charging of the sample has incredsedto the poor

passivation of the NC surfaces.
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Figure 4. Representative SEM images of ti
CdSesmm NC series, after spincoating ont
HOPG. A) CdSgsam NCs with 170% ligand
surface coverage, B) 60% ligand surfa
coverage, and C) 10% ligand surfa

coverage.
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Figure 5. Representative SEM images of the Cgas NC series, after spincoating oni
HOPG. A) 66% ligand surface coverage, B) 55% ligand surface coverage, C) 46%
surface coverage and D) 38% ligand surface coverage.
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A3.1 High-resolution X-ray photoelectron spectroscopy

XPS was performed on each of the CdSe NC samples in order to obtain information
on the chemical changes, specifically those on the sudfatiee NCs, as a function of
ligand surface coverage. We primarily focus on the Cd 3d and Se 3d regions

Representative XP spectra of the CdSe NCs as a function of surface ligand coverage
are shown in Figures-®. Figures 5 and 7 show the Cd 3d regiontfer CdSesx»m and
CdSe.smm NCs, respectively. Figures 6 and 8 show the Se 3d region for the £3¢h3ad
CdSe.smm NCs, respectively. The subfigures in each figure represent the various surface
ligand coverages, and each spectrum is accompanieckbiglaal to illustrate the goodness
of the fit. The peaks are fitted with two pairs of Gaussiarentzian (60% Lorentzian)
doubl ets: one pair which represents the fAbl
has been attributed to surface atomscwiiave been marked with asteridks.

It is important to note that the Gaussiasrentzian curves represent some
distribution of chemical states for a particular element averaged over the entire instrument
spot size. Furthermore, although XPS is generally considered a surface sensitive technique,
because the diameter of the NCs in this study are less than the typical gadeptim¢a.

2-10 nm), which is roughly three times the IMFP, we are sampling the entire NC, not just
the surface. Nevertheless, the experiment is still surface sensitive, since the NCs are
approximately spherical, and are thus akin to a rough surfaber tatn a flat one. This
implies that a larger portion of the NC surface is exposed to the incoming irradiation.

The Cd 3d and Se 3d regions for the Cgse NCs are shown in Figures 6 and 7,

respectively. In Figure 6, it is clear that the removalofexe ligand does not produce any
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significant change to the Cd atoms in the NCs, since no significant change is observed in
the curves used in the fitting. In each case, the bulk GdBzhk is centered at.405.7
eV and the surface Cd gglpeak cerdred atca. 406.4 eV. While there is a small change
in the relative Célirraceto Cthuik ratio as a function of ligand surface coverage (surface Cd
contribution drops fronea. 8% to 6%), as shown in Cd trace (red circles) of Figure 10A,
the change is well ithin the margin of error for the XPS experiment. The low surface/bulk
ratio suggests that either the ligands bind preferentially to the Cd and are not readily
removed during purification or that reorganization of the undercoordinated surface Cd
atoms actally leads to more Cd atoms having greater coordination and thus appearing
mo r e -liib KPéLitetature has suggested that the ligands commonly used in NC
synthesis dorideed bind more strongly to Cd than t02%&:112113The Se 3d region
however, shown in Figure 7, undergoes a more marked change, with the surface Se
contribution increasing froroa. 16% to 32% relative to the bulk Se, as depicted in the Se
trace (blue triangles) of Figure 10A, which tracks the ratio ef&€Seuk as a function
of ligand surface coverage. In each subfigure of Figure 7, the bulk Se doublet is first fitted
into the envelope with the appropriate 3:2 area ratio for the &ud 3d. doublet, as a
result of spin orbit coupling, with a peak separationan®.86 eV!!! The second doublet
at higher BE representing the surface Se atoms was then added with similar constraints.
The intensity and position of the pairs of Gausdiarentzian curves were allowed to
change to produce the best fit. For the bulk Sg,3tle peak centered e&.54.6 &/, and

the surface Se 3d peak is centered ata. 55.0 eV. These results suggest that each
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purification step performed on the CdSe NCs more greatly affects surface Se binding sites,
which has been shown in literature to interact more with weakly bindiyge ligands®

Similar trends for the Cd 3d and Se 3d regions (Figures 8 and 9, respectively) of
the smaller CdSeanm NCs were found. However, since the smaller NCs have a greater
surfaceto-volume ratio, there is an increasedio of CdurtacdCtbuk and SeurfacdSau at
each ligand surface coverags summarized in Figure 10B. In Figure 8, it is clear that the
width of the peaks are greater than those in Figure 6. Thus, to properly fit the wider peaks
without broadeningte bulk Cd component, the Gausslamwentzian peaks corresponding
to the surface Cd must be significantly larger than those used to fit the Cd region in the
larger CdSe NCs shown in Figure 6. The bulk Cel3uirve fit is centered ata. 406.0
eV, which B a slightly greater BE than in the larger CdSe NC. This result is congruent with
the surface reorganization argument, since the both the increased surfacevaheme
ratio and increased curvature of the smaller CdSe NC necessarily means that a greater
number of Cd atoms are on the surface and are either vertex or edge atoms rather than face
atoms. Face atoms typically lack one neighbor atom, whereas vertex and edge atoms
typically lack two to three neighbors, thus requiring more reorganization to réntire
surface free energy.The surface Cd 3g component is shifted by the same amourizto
406.6 eV. In these smaller NCs, the surface/bulk ratio of Cd decreasesd. 44% to
32% with decreasing ligand surface coverage, as shown in Figure 10B. In Figure 9, the
shape of the Se 3d region becomes increasingly rounded as the ligand surface coverage
decreases. To accommodate this change in shape, we concluded thatfdbe Se

component must increase during fitting. Like in the Cd region, both the surfaée5®EB
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eV) and the bulk (BE& 54.9 eV) Se 3sb curve fits are shifted by 0.3 eV towards higher
BE. Initially, there is a very small fraction of surface $a. (16%), due to the extreme
excess of ligand which suggest that a near maximum number of binésgre occupied.
However, as the NCs are purified, the weakly bound ligands are quickly removed, exposing
many of the surface Se atoms. Approximately 64% of the Se become undercoordinated
after seven purification steps (Figure 10B). Since the valenakdzige for HIV NCs are
generally considered to be composed of the chalcogemidstals, the exposure of surface
Se, which are not fully coordinated, should produce a visible change in the UPS data.

The various Cd and Se species described are shawgure 11, which pictorially
represents the near surface region of a CdSe NC. In this figure, Cd is represented by the
solid red circles, Se is represented by the open blue circles, and generic organic ligands are
represented by the black triangle and filk Cd and Se atoms are represented by A and
B, respectively. Surface atoms C and D al s
coordinated by the surrounding atoms and the passivating ligand. However, atoms E and F
are undercoordinated, and thasuld have a higher BE when interrogated by XPS. As
more ligand is removed by increasing number of purifications, a greater number of
undercoordinated atoms are exposed, leading to the observed changes in théosurface
bulk ratios. Not shown are the swéareconstructions that are possible to minimize the free
energy. As we will see in the next section, these exposed surface atoms also constitute

surface traps in the middle of the band gap.
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Figure 6. Represetative high resolution XP spectra of the Cd 3d region for the serie

CdSeassnmNCs. Each peak is fitted with a Gausslarentzian (60% Lorentzian) lineshape
Asterisks denote theurface Cd contribution. A) CdS&.mNC with 66% ligand coverage, B
CdSe ssnmNC with 55% ligand coverage, C) Cd&g.mNC with 46% ligand coverage, and D

CdSe ssnmNC with 38% ligand coverage.
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Figure 7. Representative high resolution XP spectra of the Se 3d region for the sel

CdSessnmNCs. Each peak is fittedith a Gaussiath.orentzian (60% Lorentzian) lineshape
Asterisks denote thesurface Se contribution. A) Cd&e.mNC with 66% ligand coverage, B
CdSe ssnmNC with 55% ligand coverage, C) Cd&g.mNC with 46% ligand coverage, and D
CdSe ssnmNC with 38% ligand coverage.
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Figure 8. Representative high resolution XP spectra of the Cd 3d region for the ser
CdSesam NCs. Each peak is fitted with a Gausslarentzian (60% Lorentzian) lineshape
Asterisks denote theurface Cd contribution. AJdSe sem NC with 173% ligand coverage, B;
CdSe.smm NC with 60% ligand coverage, ard) CdSe soxm NC with 10% ligand coverage.
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Figure 9. Representative high resolution XP spectra of the Se 3d region for the sel

CdSesmm NCs. Each peak is fittedith a Gaussiath.orentzian (60% Lorentzian) lineshape

Asterisks denote theurface Se contribution. AjdSe.smm NC with 173%ligand coverage, B)
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Figure 10. Tracking the ratio of surface Cd and Se to bulk Cd and Se as determined by >
the A) 4.32 nm NCs and B) 2.50 nm NCs. We find that with increasing purifications
(decreasing ligand surface coverage), the ratio of surface to bulk Cd generally dec
whereas the opposite is true for the Se. The increased stofackime ratio of the smaller NC
(B) yields larger surface/bulk ratios in both elements, although the trends are the same -

sizes.
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Figure 11. Cartoon depiction of the CdSe near surfiaeggon. Cd atoms (red filled circles) ar
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Cd and Se at oms, C and D, respectivel vy,
in the XPS experimenBurface Cd and Se atoms, E and F, are not passivated and thus
at higher BE in the XP spectra. As more ligand is removed, more undercoordinated at
and F) are produced, leading to the observed changes in surawié ratios.
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A3.2 Ultraviolet photoemissionspectroscopy

From the XPS, it is clear that the removal of surface passivating ligands produces
a large increase in exposed surface Se, #bbditals of which compose the top of the
valence band in the CdSe NC. However, surface reorganization aftat tiggaoval can
minimize the appearance of trap states due to the undercoordinated surface atoms. To
investigate the possible electronic change corresponding to the chemical change, we
employ highresolution UPS, with particular focus to the near Fermi regidnere surface
traps due to the uncoordinated surface atoms are likely to arise.

In Figure 12 and 13, we present the UP spectra of the CdSe NC series as a function
of ligand surface coverage, produced by increasing number of purification steps. Figure 12
shows the UP spectra for the Cd&en NCs; each subfigure feature representative spectra
of the various samples plotted with kinetic energy (KE) on tagig and arbitrary intensity
(counts per second) on theayis. Figure 12B shows the full raw speeh for each ligand
surface coverage on the Cdsgm NCs, stacked vertically for clarity. Figure 12A provides
a closer look at the low kinetic energy (LKE) edge, whereas Figure 12C shows the high
kinetic energy (HKE) edge of the NC samples. Figure 12pctlethe same HKE region
as Figure 12C, but is represented in a degpiscale. In Figure 12C and 11D, the Fermi
level is marked by the dotted lima. 31.8 eV, to which each all the samples investigated
are electronically equilibrated. Since the Fernargres are aligned in the UPS experiment,
any changes in the surface dipole due to the removal of surface ligands will be manifested

as changes in the local vacuum level, relative to the vacuum level of the clean HOPG. We
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note that a voltage of 10.0 V ip@ied to the substrate to accelerate the last photoelectrons
that escape the solid so that they can be measured.

While PES of NCs has traditionally been performed by tethering the NCs to Au,
we employ HOPG substrates due to its high chemical inertre¢a8ye smoothness, and
comparatively reduced background photoemission in the near Fermi energy region, which
is especially critical for identifying the small changes at the top of the valence band that
we anticipate. As we will explore in subsequappendics, the use of HOPG substrates
rather than Au substrates is critical in exploring the electronic changes that arise from
nanoscale chemical changes. HOPG has been previously used to study trap states that arise
from molecular orientation of various pergae and phthalocyanine molecut&$!’
Additionally, since HOPG is composed solely of graphitic carbon, the chemical
compositionof the NCs can be obtainedth XPS, which is obfuscated on Au substrates by
spectral overlap in key regions.

In Figure 13A, we can see that the removal of surface ligands produces a shift in
the LKE edge, which corresponds to an upward shift in the l@caium level. The initial
Cdse.3xnm NC deposition with 66% surface ligand coverage (red trace 1) induces a vacuum
level shift ofca.1.1 eV relative to that of the HOPG. The large vacuum level shift likely
arises from the electronic equilibration of thghiy dipolar NCs to the HOPG surface. The
CdSe 32nmNC with 55% ligand coverage (green trace 2) and 46% ligand coverage (blue
trace 3) both have vacuum level shifts of 0.91 eV, relative to that of HOPG. The removal
of ligand via purification causes the B<o shift to higher KE, indicating a smaller local

vacuum level shift relative to that of HOPG. The ligand layer acts as a dipole that can
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increase or decrease the KE of the escaping photoelectron, depending on the direction of
the ligand dipole, which &ds to the observed change in the local vacuum level. Finally,
the lowest ligand coverage NC sample (purple trace 4) has the smallest vacuum level shift
of 0.68 eV, which follows with the surface dipole argument.

Figure 12C and 12D provide information regdjag the surface states exposed by
the removal of surface ligands. These subfigures are the result of the background removal
methodology discussed in the previous chapter, and without the background removal, it
would not be possible to investigate thelsarges to the top of the VB. The high KE edge
of the photoemission featuca. 28-29.5 eV in Figure 12C is edge that would typically be
used to determine the/gof the NCs. While the shift is small, the feature moves to slightly
lower KE with decreasingdand coverage. This shift of the photoemission feature towards
lower KE, however, is accompanied by an increase in photoemission at highea.KE,
29.531 eV, that we believe to be the exposed surface Se, which can be more readily seen
in the semilog scéde in Figure 12D. This corresponds with the XPS results discussed
earlier, that showed an increase inugeéSauk ratio with decreasing surface ligand
coverage.

Figure 13 shows the UP spectra for the Gd&ga NC series, in the same fashion
as for he CdSesxm NC series in Figure 13. Figure 13A shows the LKE region of the NC
series, and a similar trend is found in the smaller NC series as in the larger NC series. The
highest ligand coverage sample (red trace 1) expressed a local vacuum lea#l khift
eV, and the 60% ligand surface coverage NCs (green trace 2) had a shift of 0.97 eV relative

to HOPG. The lowest surface coverage NCs (blue trace 3) shifted 0.77 eV relative to



198
HOPG. These results are similar to those of the larger NC series, des@iteng a much
larger range of ligand content. The increased curvature of the smaller NCs may account for
some of this discrepancy, since the detector was normal to the surface in these experiments,

and thus, only the normal component of the ligand dipobduces a measurable shift.
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Figure 12 He(l) photoemission of Cd2esnmNCs at various ligand surface coverage, as determined by TGA. In each subfigure, (1) rej
NCs ofca. 66.4% surface coverage; (2), 54.7% surface coveage; (3), 45.7% surface coverage; and (4), 37.6% surface coeetages (A
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log scale to accentuate photoemission abaxelhich represents the surface states exposed by the systematic removal of the capping
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Figure 13. He(l) photoemission of Cdgenm NCs at various ligand siace coverage, as determined by TGA. In each subfigure, (1) repre
NCs ofca.172.9% surface coverage; (B59.70 surface coveagand(3),9.7% surface coverag@) features the LKE region of the full spectr
shown in (B), of the NC series, offsetrtically for clarity. (C) shows the HKE region of the series, which has been corrected for s

photoemission, secondary electron scattering, and substrate photoemission. (D) shows the same HKE regilug iscaiio accentuat

photoemission atwve Es, which represents the surface states exposed by the systematic removal of the capping ligands.
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The HKE region of the Cd%eonmNC series has a much more marked change as a
function of ligand surface coverage (Figure 13C and 13D). As in the larger NC series, the
main photoemission feature which would be usedetermine & appears between 28
29.5 eV. As can be seen in Figure 13C, the photoemission cutoff of this feature in the 173%
coverage (red trace 1) sample appears to occur at a higher KE than the 60% (green trace 2)
and 10% coverage (blue trace 3) saspHowever, the intensity of the photoemission tail
between 29.81 eV which corresponds to exposed surface traps is greater in the 60%
coverage NC, and greater still in the 10% coverage NCs. Figure 13D, which shows the
HKE region in semiog, accentuatethis change in surface trap state intensity, which we
attribute to exposed surface Se atoms.
The work function, is calculated from the UPS data by using the equation
«=hsi [EFi LKE]

(Equation 1)
where the photon source energy/21.2 eV, and # Fermi energy, £= 31.8 eV, which
is determined by measuring the photoemission cutoff of a pristine HOPG surface, and LKE
represents the low KE photoemission cutoff, corresponding to the last photoelectrons that
are able to escape the solid. The EVBhaf NCs is determined by the equation

Evs = hai [HKE i LKE]

(Equation 2)
where HKE represents the high KE photoemission cutoff. Equation 2 is also used to
determine the energy of the surface trap states as well as the energy of the deeper valence

band features. We note here that Equation 2 accturitee changes in local vacuum level,
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which is critical in determining the correcid= As seen in Figures 12C and 13C, the cutoff
of the main photoemission feature occurs at roughly the same KE in nearly all the samples.
Without appropriately accountingor the shifts in local vacuum level, we would

erroneously conclude that/is roughly the same for all the samples.
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Figure 14. Proposed band diagram for the CdSe NC series and reference H@RGILES are
obtained from UPS data and are corrected for local vacuuwehdhiits, relative to the vacuur
level of HOPG. Each CdSe NC sample shows four energies which were derived from pro
photoemission features in the UP spectra and represent different valence band features
represents surface states; the baigdte kg that would be reported in literature; bands 3 ¢
4 represent higher energy band structure, possibly from the-li2ohak. Generally, as th
surface capping ligand coverage decreases,jimé&reases to higher energy and the exten
tailing of surface states into the band gap increases. The deeper band states appear

energetically relative to the-Fhowever, the energy of these states does increase relatiye t
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The compiled results of these calculations on both NC sizes are shown in the
proposed band diagram in Figure 14, which is corceftde shifts in local vacuum level,
which is shown as the dashed line at the top of the figure. The vacuum level shift as ligand
surface coverage is decreased closely mirrors the BE shift between the surface and bulk Se
peak fits for the CdSe2nmNC samite, while the smaller CdSeonmNC exhibits a smaller
vacuum level shift relative to the BE shift in the XPS. The increased curvature of the
smaller NC may account for this discrepancy. The &e presented as the shaded region
and are estimated from tgtical gap provided by the UVis spectra.

Several energy values are presented in Figurd 1Me band 1 l{me-greer)
represents the surface trap states, the banigl plue) represents the traditionally
reported ks, band 3 (dark blue) and band 4 jple) represent higher energy band
structure, possibly from the Cdldinds or the hybrid states between the NC and ligand.
We see that generally, the smaller NC have deeper \izhich is consistent with the
principles of quantum confinement. There is Véthe change in relative energy difference
between the various band states and th&é&wever, this result is similar to the DFT work
of Tretiak et al, which showed that very little change to the VB edge is expected upon
removal of surface ligands untethey are removed from highly undercoordinated surface
atoms, which we expect to occur with increasing number of purification®teps.

From the band 2 in Figure 14, wes t hat t he fi d@aNCl yo pu
(55% coverage) has/k= 5.44 eV and the Cd%enm NC (60% coverage) has/&E= 5.84
eV, which are both close to literature values, which suggests that our methodology is

reasonabl&>18119n both NC series, the removal of surfdigand pushes & (band 2)
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deeper and generally increases the energy difference between the surface trap
photoemission cutoff (band 1) and thgBoand 2). Of greater importance is the increased
photoelectron flux in the energy region associated withstiréace traps, as shown in
Figures 12D and 13D, since this means that the increase in undercoordinated Se atoms on
the surface of the NCs that we discovered using XPS indeed corresponds to an increase in
surface trap states on the NC that are measurainlg U®S. The changes in the deeper
VB states may be the result of the changes to the binding energies of the Cd atom to
neighboring atoms as a result of surface reorganization or the removal of the hybrid states
between the NC and ligands.

Figure 15 presnts the valence band energies on an absolute energy scale, as a
function of ligand surface coverage. The bands are represented with the same notation as
in Figure 14. In this figure, it is more readily apparent that with decreasing ligand surface
coverageor increasing number of purification steps, the work function increases and the

energy of each corresponding state generally increases.
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Figure 15. Proposed band diagram for the CdSe NC series and redarfdP G, with fixed &

to better illustrate trends in the frontier orbitals as a function of surface capping ligand co\
The surface states are represented by band 1, band 2 represents the traditionally repo
and bands 3 and 4 represent dgdyand states, possibly due to Golashds. The work functior
of the two NC series increases as a function of decreasing surface capping ligand cover

states also generally increase as a function of decreasing surface coverage.
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A4 SUMMARY AND CONCLUSI ONS

In this appendix we explored the chemical and energetic effect of gap state
formation as a function of capping ligand removal in CdSe NCs with PES, which has not
been attempted previously by PES or other techniques. Our work complements that of
Tretiaket al, who used DFT to investigate the effect of single ligand removal from a small
CdssSes NC with simplified ligand$® We prepared two sizes of CdSe NCs with various
degrees of surface ligand coverage, which we investigated byit)$pectroscopy, TS,
XPS and UPS. We found that the removal of surface capping ligand via additional
purification steps induced reorganization of the surface atoms that produced changes in the
ratio of 13-1Sto 2S>-1& transitions, which indicates a more ellipsoidé&l Bhape. This
reorganization was also seen in high resolution XPS, where we found an increase in higher
BE Cd 3d and Se 3d chemical states. These higher BE species are likely the
undercoordinated or surface bound atoms that are exposed by ligand rensval an
comprised up to 64% of the measured Se. Finally, we showed for the very first time that
surface trap states at the top of the VB emerge due to ligand removal can be seen using
UPS. This observation was made possible by the careful removal of backgrind a
secondary photoemission described in Chapter 2. We found that the local vacuum level
shifts over 0.3 eV and\e increases to higher energy as a function of decreasing surface
ligand coverage. Furthermore, the deeper band structure is also affectecrdnsiteg
surface ligand coverage, possibly a result of reorganization of atoms and resulting changes

to bond lengths to accommodate such surface reorganization.
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Other researchers have found that the capping ligand on the surface of NCs affect
many of the geful properties of NCs. While much work has gone into exploring new
ligands that are able to direct the synthesis of exotic NC morphologies, altering the surface
dipole, relaxing the quantum confinement, and improving conductivity and charge carrier
mobility in NCs, there has been little experimental effort in understanding the effect of
ligand concentration on the surface of the NUse work we presented in thégppendix
showed that the chemical and energetic properties of the NCs can be affected tia only
type of ligand used, but also the surface coverage of the ligands. Only by using the
background removal methodology we described in a previous chapter, along with the
various other experimental techniques used in this work, we were able to evaedtedh
of nanoscale surface modifications to the NC surface. This capability is critical to
understanding even more complex NC structures such as-tipped core@shell
nanorods that are of great interest in the photocatalysis community. We belietreethat
techniques used in this work can be applied to all the various ligands and NCs explored by
other researchers to enable the development of NCs with optimized chemical, energetic,

and electronic properties for photocatalysis, photovoltaics, and lighting
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