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Abstract

Tungsten Carbide (WC) is a promising catalyst material for applications where cost is
paramount, such as microbial fuel cells. Unfortunately, oxidation depresses performance which
is a critical problem with respect to long term performance. In this work, non-stoichiometric
carbon-rich WC is investigated to infer whether an excess of carbon near the surface can reduce
or be utilized to repair oxidation of the active catalytic surface. The carbides are synthesized via
a physical vapor deposition of metallic tungsten and Cgo, Which allows fine control over the
composition of the resulting film. The films are studied predominantly via Scanning Tunneling
Microscopy/Spectroscopy (STM/STS).

Prior to synthesizing the carbide, a number of RT depositions are performed onto
graphite substrates to understand the interactions between the Cgo and W prior to thermally-
induced destruction of the Cg cage and formation of the carbides. These experiments showed a
surprising lack of interaction between small W clusters and adjacent Cgo molecules. This result
contrasts with literature of analogous experiments showing significant charge transfer from W to
Ceso and strong interaction as a result. For W deposited on top of Cg layers, it is found that
isolated W atoms diffuse easily into the interstices of the Cgo matrix and that for high coverages,
interactions between the W and Cgo induce a significant reduction in the Cgo bandgap. These
interactions can also stabilize very small islands of Cg on graphite that otherwise require
hundreds of molecules before a stationary Cg island can form.

Intermediate annealing at 400-500°C of Cgo on epitaxial W/MgO(100) produces novel
nanostructures with a very similar size and shape to Cg but with metallic conductivity, a unique

atomic-scale stripe pattern on their surface, occasional mobility under the influence of the STM



tip, and show signs of evolving towards WO3 under oxidation. These structures increase in
diameter and slowly dissolve into the W surface under increasing annealing temperatures.

Carbide thin films are synthesized by codeposition onto MgO substrates held above
600°C. These thin films are determined to be predominantly metastable, cubic WCy.« phase. At
a C/W ratio of 60/40 and above, carbon is observed to surface segregate and form graphite on the
surface of the film. At a ratio of 60/40 the surface is heavily populated with graphene, rather
than graphite.

Oxidation of the films at elevated temperatures in UHV shows that morphological
changes, even at atomic resolution, were absent. STS shows that signs of oxidation overspread
the surface immediately but that WO3 nucleates well-defined islands which grow in size with
harsher oxidation conditions. For the graphite covered surfaces, graphite appears to protect the
underlying carbide from oxidation, and between 300 and 400°C, O, begins to etch the graphite.
The underlying carbide appears to oxidize similarly to films without a graphitized surface.
Overall, the WC films oxidize much less rapidly than W clusters on graphite. Attempts to
regenerate the oxidized carbide surface via annealing met with mixed results. Carbon diffuses
easily through the oxide film and graphitizes the surface. There are signs that the WO3 layer

might decrease in thickness.
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Normal distribution of the subclusters observed within agglomeration clusters for 6 ML W
on HOPG. Trendline is a Log-Normal fit of the distribution ............cccoviiiiinniis 20
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Figure 12: a) 4 ML Cg followed by 1 ML W. The ability to image molecular orbitals indicates
that the Cgo has ceased rotating. There was no correlation of such molecules to the presence
of nearby surface clusters, indicating the molecules are interacting with subsurface W .
Molecules circled in green have an apex bond separating two hexagon rings (6:6 bond),
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characterized by a division into three sectors of similar area. b) Linescan of white profile line
in Figure 3a. Reduced apparent height is observed in many Cg with frozen rotation. c)
Rotational orientations of apex 6:6 bond molecules. There are preferred orientations but no
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Figure 13: STS spectra from two regions, one with reduced apparent height and visible MOs and
one where the fullerenes are still spinning freely. The traces are an average of many spectra
in each region. There is very little difference in the density of states between the two
regions. The error bars represent a 95% confidence interval and each resides within the
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Figure 15: Measured bandgaps for different surfaces. The bandgaps on the single ML of Cg are
compressed dramatically. There is a slight but apparent increase in the bandgap for W
deposited on a multilayer relative to bare Cgo that is likely due to noise in the STS spectra
since such an increase is inconsistent with our understanding of this (and similar) systems
and STS data at room temperature exhibit a significant degree of N0ISe.........cccccoeeveririnnnne 29
Figure 16: a) 250 mV, 1 nA b) 6 mV, 0.66 nA. Note the significant differences in morphology

at different points 0N SAME SAMPIE..........oiiiiiie e 33
Figure 17: 50 nm W film on MgO(100) deposited at 600°C. See Figure 18 for profile of red
T2 USSR 34

Figure 19: a) 6 mV, 0.66 nA. Region with visible atomic-scale stripes. b) Linescan of blue line
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Figure 18: a) 50 nm W film on MgO(100) deposited at 800°C. b) Profiles of blue and red
linescans in (a) and Figure 17, respectively. Surface roughness clearly higher for 600°C
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Figure 20: 2.0 V, 0.07 nA Two images of 4 ML Cg on W/MgO(100). Large fractions of the
surface are obscured by tip-induced motion of the Cg molecules. Note the two different
types of surface ordering in (b), the top left shows FCC(111) ordering whereas at bottom
right Ceo adopts an amorphous surface arrangement. ..........cccooveveeieereeseeieeseese e 37

Figure 21: (a) 0.1V, 0.66 nA (b) 1.0 V, 1.5 nA. Cg on W/MgO(100) after (a) 400 or (b) 500°C
anneal. Surfaces are covered by nanospheres with a few bare areas like left side of (b). (a)
shows some distortion due to thermal drift...........ccocooiiiiiiii s 38

Figure 22: (a) 1 V, 1.2 nA. Image of region fully covered with nanospheres. Image captured
simultaneously with spectral map. (b) Spectral map of dl/dV values at Er. Colorscale
chosen to maximize contrast but spectra are very similar throughout image. (c) and (d)
Spectra captured within areas 1 and 2, respectively. Spectra show metallicity everywhere
with no spectral features similar to the preanneal Cgg SPECLIa. .....ccvvecvveveiieiice e 39

Figure 24: Histogram of nanosphere major axis lengths. Increasing annealing temperatures
correspond to greater deformation of the original Cg cage structure. The apparent diameter
of Cgo in a close packed lattice is uniformly 1.0 NM.....ccoooviiiiiciicc e 40

Figure 23: 1V, 0.1 nA. Nanospheres with evidence of at least one mobile nanosphere............ 40

Figure 26: Angle of ridges on tops of nanospheres, countercloskwise from +X-axis of image.
The vast majority of ridges Within £40° OF +Y-8XIS. .....ccoooeiiriiiniiiiieeeee e 41

Figure 25: (@) 1 V, 0.1 nA. Image of nanospheres with parallel ridges. (b) Linescan of blue
profile line in (a) and linescan of prototypical set of ridges for W/MgO(100)....................... 41

Figure 27: Ridge orientation showing how similar orientation tend to be in close proximity to
7216 1010 SRS SSS 42

Figure 28: Early stages of oxidation: (a) 1 V, 0.1 nA. Image of region partially covered with
nanospheres. Top left, including Region 1 is free of nanospheres. (b) Spectral map of di/dV
values at Er. (c) and (d) Spectra captured within areas 1 and 2, respectively. Spectra show
metallicity in nanosphere-free Region 1 but strong spectral changes over the nanospheres,
BT | To] o SRRSO 43

Figure 29: 1V, 1.5 nA. Image of nanosphere covered region after oxidation at 300°C (3.3x10%
0,/cm?). The ridges on top of the nanospheres are UNaltered. ............oocovveereveeeeseeeeeereennnes 44

Figure 30: (a) 1 V, 1.5 nA. Image of region fully partially covered with nanospheres after

controlled oxidation. (b) Spectral map of dI/dV values at Er. (c) through (f) Spectra
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Xi

captured within areas 1 through 4, respectively. Spectra show the progression of oxidation
within the nanosphere region (1,2) and within an area of exposed W (3,4). The nanospheres
are more susceptible to oxidation than the nearby W. ..o 45
Figure 31: 1 V, 1.5 nA. Image containing several different varieties of surface structure. The
blue and red linescans show how the region with the red linescan has a surface texture similar
to the nanosphere covered region but with much shorter Structures. ..........ccoccoeevieerivnieieeee. 46
Figure 32: TEM images of nanocubes on holey carbon grid shortly after synthesis. a) Nanocubes
tended to cluster together on the grid. b) More surface roughness relative to the prepared
MgO single crystals was observed. c) Atomic resolution shows that lattice is free of visible
0[] £ o £ UPS SRS 47
Figure 33: a) MgO nanocubes and numerous small W clusters visible on the holey carbon.
Bottom-center MgO cube shows an area free of W, likely due to shadowing by adjacent
cude. b) MgO structure with small round features that are possible candidates for
nanosphere structure. c) Inset of (b) showing small, dark, round structures. These structures
differ from fullerenes in that they do not have a high, contrast shell with low contrast interior.
The red box outlines a prototypical round feature like the ones that are measured for the next
E U, bbbt bbbttt bbbt eneas 49
Figure 34 80 nm thick films. a) V, = 0.1V, I = 1.04 nA, 50/50 C/W ratio. Numerous cubic
islands are present with preferential side axis orientations. b) V, = 0.1V, ;= 1.04 nA, 60/40
C/W ratio. Cubic features have disappeared with sloping transitions between features. c) Vy
= 0.1V, I;=2.00 nA, 75/25 C/W ratio. Resolution is limited due to mobile species on the
10 7 0 PSSR 54
Figure 35: a) V, = 0.1V, Iy =150 nA, 50/50 C/W ratio. This 30 nm thick film shows cubic
character but also long, meandering islands very similar to the underlying MgO substrate. b)
Vp=0.1V, I;=0.60 nA, 60/40 C/W ratio. Presence of distinct islands with some showing
cubic character, in contrast to thicker 60/40 film, where no island structure is observed. ..... 55
Figure 36: a) V, = 0.1V, I = 1.04 nA, 50/50 C/W ratio. Several distinct structure types are
present on the surface. b) Vp =0.1V, I;=1.04 nA, 60/40 C/W ratio. Structure dominated by
graphite terraces with small round clusters present periodically. ¢) Vp =50 mV, I;= 2.04 nA,
75/25 C/W ratio. Graphite dominant with mobile lobed clusters on top, reminiscent of the W
CIUSEEIS ON HOPG. ...ttt sttt et nbe e 57
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Figure 37: V, =0.1V, I;=1.04 nA, 50/50 C/W ratio, 80 nm thick. Elliptical islands organize
into stripes pointing in preferred direCtioNS. ...........cooiiiiiiieiice e 58
Figure 38: V, =0.1V, I;=0.60 nA, 60/40 C/W ratio, 30 nm thick. These well-defined islands
are very similar to one type of feature on the 50/50 80 nm surface..........cccccevevveveiiiesieennns 58
Figure 39: V, = 0.1V, |;=1.04 nA, 50/50 C/W ratio, 80 nm thick. Higher magnification of
central cloud-like region of Figure 36a reveals numerous parallel striped structures. ........... 59
Figure 40: a) Vp, = 10 mV, It =1 nA, 50/50 C/W ratio 30 nm film. Atomic resolution in an
ellipsoidal island region. b) FFT of image. Lattice periodicity of 3.52 A with four diffuse
Peaks Near the X AIFECLIONS. ........ciiiiiieei e 60
Figure 41: V, =30 mV, I;= 3 nA, 60/40 C/W ratio 80 nm film. a) Image of region containing
graphene, graphite, and several striped structures similar to those observed on W. b) Image
(a) with 12-degree polynomial background selection to enhance contrast. c¢) Graph of red
linescan in (b) confirming the presence of graphene. ... 61
Figure 42: (a) 1V, 1.5 nA. Image of 50/50 30 nm region containing primarily ellipsoidal islands
which are more visible in lower magnification images of the same region. (b) Spectral map
of dl/dV values at Er. (c) and (d) Spectra captured within areas 1 and 2, respectively.
Spectra show two distinct, but similar spectral shapes. The features are very different from
graphite, but cannot be classified directly since there is no STS of the various tungsten
CarbIdes IN the TIEEIALUIE. .........oiiii ittt e nneas 63
Figure 43: (a) 30 mV, 3 nA. Image with atomic resolution on several features of interest for the
60/40 80 nm film. (b) Spectral map of dlI/dV values at Er for much of the region (a). (c)
through (e) Spectra captured within areas 1 through 3. Region 1 is composed of graphite.
Region 2 is a striped feature with a spectral shape much more characteristic of graphite than
tNE CAMDIAE. ..ot 64
Figure 44: XPS data showing the (a) C1s and (b) W4f region for both the 50/50 and 60/40 80
nm surfaces along with guides to literature peak positions. The carbide species is most likely
WC,.x. The 60/40 sample was stored in air for approximately 30 days prior to XPS analysis,
explaining the copious amount 0f WO 3. .......coiuiiiiiiiiciic e 65
Figure 45: 2V, 0.1 nA. Comparison of STS from W and HOPG in same image, along with
WOQO; taken the following day with the same tip. The differences are subtle and difficult to

differentiate for W and HOPG if spectra are taken from different images where tip changes
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can swamp any differences in the actual LDOS. The WOj3; bandgap is easy to identify
regardless of changes in the tip or tunneling reSiStancCe. ............ccovviiiiieieiciere e 68
Figure 46: a) 2V, 0.1 nA. Image of W clusters on HOPG taken simultaneously with STS map.
(b) Spectral map of dI/dV values at -1.02 VV where contrast was maximized (vertical black
bars in (c) through (e)). (c) through (e) Spectra captured within the specified regions on (a)
and (b). Spectra show that oxidation is highly non-uniform with WO3 forming small islands
0N the PEriMELErs OF CIUSTELS. ....cviiiee e re e 71
Figure 47: a) 1 V, 0.1 nA. Image of 50/50 80nm surface taken simultaneously with STS map
after controlled oxidation at 300°C. (b) Spectral map of dI/dV values at Er. (c) through (e)
Spectra captured within the specified regions on (a) and (b). Spectra show that uniform
oxidation to some intermediate level between W and WOs3. There is definite correlation of
surface features to the degree of oxidation with the well-defined ellipsoidal islands showing
the most oxidation, characterized by the opening of a narrow bandgap..........ccccceeervrinnnnnns 73
Figure 48: a) Vp, = 0.5V, I;= 20 nA, image of post-oxidation 60/40 80 nm surface with atomic
resolution on graphene as well as the striped structures discussed for the pre-oxidation
surface. b) Same image as (a) with 12-degree polynomial background subtraction to enhance
the contrast on the atomic scale features. (c)-(d) Spectra obtained from regions 1 and 2.
Region 1 is graphene and displays a Dirac point at E;. Region 2 displays a more graphite-
like shape near Er but the spectra are qUIte NOISY. ........ccocvveiieiicie i 74
Figure 49: V,=0.05V, =2 nA. a) Image of 75/25 80 nm post-oxidation surface showing how
heavily graphitized the entire surface remains. b) Central region of (a). Demonstrates the
formation of the striped domains from graphite. ... 75
Figure 50: (a) 1V, 1.5 nA. Image of region composed of ellipsoidal islands on the 50/50 30 nm
thick film after 300°C oxidation. (b) Spectral map of dl/dV values at Eg captured
simultaneously with (a). (c) and (d) Spectra captured within areas 1 and 2, respectively.
Region 1 is composed of lightly oxidized carbide whereas Region 2 has oxidized almost
(ot0] 0] o] [=] (= Y (o T AT L@ PP 76
Figure 51: (a) 2V, 0.1 nA. Image of region composed of ellipsoidal islands on the 50/50 30 nm
thick film after 600°C oxidation. (b) Spectral map of di/dV values at -0.5 V in region (a). (c)
and (d) Spectra captured within areas 1 and 2, respectively. Both regions have oxidized
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significantly. Region 1 shows similar dI/dV to previous spectra attributed to WO3. Region 2
is also quite oxidized but with a much smaller bandgap. ........cccccooeiiiiiiniiie 77
Figure 52: (a) 2.5 V, 0.1 nA. Image of 60/40 30 nm thick film after 400°C oxidation. (b)
Spectral map of dl/dV values at -0.5 V measured simultaneously with (a). (c) through (e)
Spectra captured within areas 1 to 3, respectively. Region 1 is composed WOs3 in the now
familiar island configuration. Region 2 is likely newly exposed or very lightly oxidized
carbide after O, etching of the graphite. Region 3 is intermediately oxidized carbide. ........ 78
Figure 53: (a) 2.5 V, 0.1 nA. Image of 60/40 30 nm thick film after 600°C oxidation. (b)
Spectral map of dI/dV values at -2.2 VV measured simultaneously with (a). (c) and (d) Spectra
captured within areas 1 and 2, respectively. Both areas have a bandgap characteristic of
WOQO3, but dI/dV rises much more at negative polarity outside the bandgap for Region 2...... 80
Figure 54: Model of phenomenon in Figure 53 for negative bias (a) and positive bias (b). a)
When tunneling from carbide to surface oxide is slower than tunneling from surface oxide to
tip, depression of dI/dV occurs. b) Larger bias or thicker oxide required for tunneling from
surface oxide to carbide to be rate limiting since the large bandgap ensures AV between
surface oxide and carbide Will be [arge..........c.ooviiiiieii i 81
Figure 55: (a) 2.5 V, 0.1 nA. Image of 60/40 30 nm 600°C oxidized sample after 2 hr 600°C
anneal. (b) Spectral map of dI/dV values at -0.61 V measured simultaneously with (a). (c)
through (e) Spectra captured within areas 1 through 3, respectively. Region 1 is likely
graphite formed by surface segregation of C through the oxide layer. Region 2 shows either
graphite or intermediately oxidized carbide based on the shape and lack of a bandgap.
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Chapter I. Introduction

Tungsten Carbide (WC) has occupied a place of promise in the catalysis community ever
since it was found that its valence band shows remarkable similarity to that of Pt,* implying that
they might show similar catalytic properties. This proved not to be the case. WC does not show
similar reactivities or selectivities for the reactions for which Pt is the dominant catalyst.
Nevertheless, WC and other transition metal carbides possess unique and oftentimes useful
catalytic properties that have been studied in depth for the last several decades.>™* Their lower
cost, relative to the noble catalysts, along with their biocompatibility and high resistance to CO
and CO; poisoning has made them a strong candidate as an electrocatalyst in microbial-fuel

cells,>1°

where these properties are required. They have also shown promise in direct steam
reforming of methane’” and as a replacement support material for traditional noble metal
catalysts.'®

One issue with their adoption is their susceptibility to oxidation which depresses their
catalytic performance.’®# Addressing this shortcoming is the main purpose of this project. The
approach taken was to synthesize non-stoichiometric carbides which are carbon-rich. The
hypothesis is that surface carbon would disrupt oxidation of the transition metal and/or provide a
route to recarburize the surface once oxidation has occurred. We used WC specifically as the
model to study due to its technical relevance and, not unrelatedly, the effort that has been
expended in understanding the surface properties of its stoichiometric forms to date.

To achieve the compositional control required by our approach, Cg was used as the
carbon precursor rather than the gas-phase carburization that is frequently used to synthesize
carbides.>#** This method gives very fine control over the C/W ratio.

To start the investigation, it seemed worthwhile to understand the interactions that occur
when W and Cg are in intimate contact. The understanding of interfaces between metals and
organic molecules has been a frequent topic of study over the last several decades due to the
attendant technologies that require an understanding of these systems.?* In particular, Cgo and its
derivatives are organic materials of interest since Cg has a direct bandgap and electron acceptor
properties that suit it to photovoltaic applications.?® %’ It has also been used as novel field effect
transistor element.23° The interaction of Ceo With metal and semiconductor surfaces has been
studied extensively, and contributes to an understanding of contact formation and interfacial

structures of relevance in many electronic systems.®** In contrast, the deposition of metals on



the Cgo layers, where the metal is the highly mobile reactant, has been studied only in a few
systems and is a way to obtain different surface structures than can be made by depositing the
metal first.>*>*" The deposition of size-selected Ag clusters showed the dissolution of Ag into the

Ceo layer,”’

which is driven by the strong interaction between isolated Ag-atoms and the
molecular matrix.

Several studies of sub-monolayer (ML) films of Cg deposited on single crystal metallic
surfaces have found strongly reduced bandgaps compared to those present in the bulk phase.*®
In all cases, the effect has been attributed to electron donation from the metal to the Lowest
Unoccupied Molecular Orbital (LUMO) of the Cg molecule along with image charge screening
effects. This explanation has been corroborated to some degree by ab initio calculations.*®*
The physical structure of such systems is relatively uniform, with the Cgo forming round islands
with some hexagonal edges corresponding to the (111) plane of the Cgo FCC lattice.

Less well studied is the deposition of metals onto Cgo surfaces. A variety of behaviors
have been observed. Au atoms have very high mobility on top of the Cg layer and will travel to
the edge of the layer before nucleating clusters.*® Cr nucleates into clusters on the Cgo surface
while Ti and La form a conformal layer due to a chemisorption interaction, then clusters at
higher coverages.”® Ag clusters deposited atop a ML of Cgo 0n a Au substrate penetrate the ML
to maximize contact with the Au.*’

To start our study, we observed the interaction of W deposited on Cgg and Cgo deposited
on W clusters, which are formed on a graphite substrate. In the first system, the metal atoms are
highly mobile, in the second system the Cg, molecules retain a high mobility on the graphite
surface, which is exposed in between nanometer-scale W clusters. The resulting surface
morphology and electronic structure of the surface is studied using Scanning Tunneling
Microscopy (STM) and Scanning Tunneling Spectroscopy (STS). In these experiments, the
order of deposition has profound effects on the resulting structure due to the interplay of
different mobilities of reactants on the different surfaces. For the W deposited atop the Cegp
interesting chemical interactions occur, which illustrates the impact of metal incorporation on the
electronic structure of the molecular matrix.

The next step in the investigation was to study how these surfaces evolve under different

annealing temperatures approaching the conditions required to form a carbide film. In the



process, it was found that Cgy atop a W film transform into a novel nanostructure termed
henceforth a nanosphere that is investigated and discussed at length in Chapter 1V.

Finally, codeposition experiments with the substrate held at a high enough temperature to
ensure destruction of the fullerenes and formation of carbide were performed and are discussed
in Chapter V. These films were then exposed to O, at elevated temperatures to understand their
susceptibility to oxidation. This is the focus of Chapter VI.



Chapter II. Materials and Experimental Techniques

Section 2.1: Highly Oriented Pyrolytic Graphite

Graphite is of course familiar to most people who have used a traditional pencil, and this
use outlines some of the interesting properties of the material. Graphite is composed of flat
sheets of graphene layered atop one another
with a separation of 3.5A between sheets.
The interaction between sheets is of the weak
van der Waals variety. This weak attraction
between sheets is the reason graphite is useful
for pencil lead and various lubrication
applications; the sheets can be separated with
very little effort. The sheets themselves
exhibit the same crystallographic structure

and many of the same properties of graphene,

though interaction between the sheets
eliminates the relativistic carrier mobility that Figure 1 Typical STM Image of HOPG. 0.05 V, 0.2 nA.

is graphene’s most exciting property. There

is SP? hybridization of the Carbon orbitals which allows for the 120° planar bonding between
carbon atoms and the resulting 2-D hexagonal lattice of the sheet itself.

The graphite used in the experiments is called Highly Oriented Pyrolytic Graphite
(HOPG). The lengthy name, though catchy in acronym form, only refers to the synthesis method
and indicates that the normal vectors of the graphene sheets of all the grains in the sample are
oriented in the same direction to within some tolerance. This tolerance is specified as the grade
of the graphite. In the experiments described here, HOPG with a grade of ZYB (Ted Pella Inc.)
was used, indicating all grains are oriented within 1.4° of each other. Additionally, the grain size
was observed to be in excess of 500 nm based on the separation between visible steps in STM
images.

HOPG is often used as a standard in STM measurements since it is simple to prepare and
relatively straightforward to obtain an atomic resolution image. Figure 1 is a typical STM image



of HOPG. HOPG was used as a substrate for deposition in some of the experiments described

since it is chemically inert to W and Cgp in the temperature window of the experiments.

Section 2.2: Magnesium Oxide (Mg0O)

MgO is a ceramic that is stable against reduction at high temperatures and low O, partial
pressures and also is commonly used, in single crystal form, as a substrate in UHV deposition
experiments due to its tendency to accommodate heteroepitaxial growth.***® MgO has the

standard cubic rock salt crystal structure. MgO(001) substrates were selected for use in the high
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Figure 2: a) AFM imaging of MgO(001) after 4 hr 1100°C
8 anneal showing well-defined square terraces and undesirable
Ca spires. b) Linescans from (a) showing morphology of
square terrace and Ca spire.

temperature codeposition experiments described here due to its previously demonstrated ability

to grow W and WC epitaxially in magnetron sputtered films.*’



To prepare the substrates, a scheme specified in the literature was followed initially that
consisted of a 30 s etch in 14.6 M H3POy, a rinse with deionized water, and a 2 hr oxygen anneal
at 1000°C in air in a box furnace.®® It was found immediately that the rinse with deionized water
was insufficient to remove all the acid, as white, rough deposits were left on the substrate after
the anneal. Ultrasonicating the substrates for several minutes after the etch corrected this issue.
Several annealing temperatures and times were tried and 4 hr at 1100°C provided the best

morphology, Figure 2. Characterization of these substrates by Atomic Force Microscopy after

aamm
500 nm

Figure 3: a) AFM image of MgO(001) after etch and 10 hr 1200°C anneal showing the consolidation and growth of the Ca
protrusions. b) Image of MgO(001) after re-etch and 5 hr 1100°C anneal showing reduction in density and height of Ca
spires relative to single-annealed substrate.

the anneal revealed atomically flat cubic terraces up to 300 nm across separated by steps up to 10
nm in height, which was in accordance with expectations from the literature. Additionally, there
were numerous spires up to 40 nm in height and 100 nm in diameter. These structures were
described as ubiquitous after anneal for all current MgO suppliers by several graduate students in
the department who utilize MgO regularly. They are likely surface segregated CaO.***°

To combat this issue, | decided to use the surface segregation of Ca to my advantage by
extended annealing at very high temperatures followed by an additional acid etch to remove the
Ca spires. This was followed by an additional, milder anneal in hopes that near-surface Ca was

depleted sufficiently to limit additional surface segregation and the formation of spires. The best



results were found for: 30 sec etch, 10 hr 1200°C anneal, 30 sec etch, 5 hr 1100°C anneal. The
evolution of the surface is displayed in Figure 3. After the initial 1200°C anneal, the Ca spires
had agglomerated into a low density of hemispherical islands up to 40 nm in height and 300 nm
across. The large steps between terraces were replaced by many atomic height steps between
terraces and the cubic terrace structure was replaced by uniformly curved terrace edges. This
surface could prove adequate for many experiments as large atomically flat terrace areas were
available with a low density of Ca protrusions, although the gradual transition between terraces
could interfere with epitaxy. After the re-etch and re-anneal, the density and height of the
protrusions was much reduced relative to the substrates with a single anneal at 1100°C, with no
protrusion rising more than 5 nm above the surrounding surface structure. Terraces remained
atomically flat with similar steps of several nm between them although the area of any individual
terrace was significantly smaller than on the 1100°C annealed substrates. The terraces had
curved edges in common with the 1200°C annealed surface which proved useful in ruling out
substrate influence on the formation of cubic structure on W/C codeposited films. This substrate
pretreatment was followed for all depositions onto MgO substrates in this thesis.

MgO was also synthesized on top of holey carbon TEM grids so depositions could be
performed and imaged in the TEM. The synthesis method and characterization of these MgO
substrates will be described in Section 4.6.

Section 2.3: Fullerenes (Ceo)

Ceo Was discovered in 1985°1°2

to great fanfare due to its fascinating properties as an
organic direct bandgap semiconductor, a non-polar carbon molecule, and its unique geodesic
sphere structure that captured the public imagination. Fullerenes are composed of SP?
hybridized C atoms bonded to three neighbors as in graphite with the atoms forming the corners
of pentagons and hexagons on the surface of the molecule, 20 hexagons and 12 pentagons in the
case of Cgo. Other geometries with more or less carbon atoms exist constrained by the need to
construct a sphere out of hexagons and pentagons, but Cg is the most common and is the
molecule studied here.

STM studies of Cgp on various surfaces have found that the molecule forms large islands

on weakly interacting substrates such as graphite and stacks up in an FCC structure with the



(111) vector normal to the substrate.”® On these substrates at room temperature, the molecules
have enough energy to excite rotational modes with periods short enough that the molecule
appears as a featureless sphere in STM images. More strongly interacting substrates tend to
suppress this phenomenon. The interstices between the molecules in the solid form are large,
and have been shown to readily accommodate the intercalation of various alkali and alkali earth

metals.>**> Complexes of Cg and transition metals have also been synthesized.***’

Section 2.4: Metals: Tungsten and Tungsten Carbide
One goal of the later experiments is synthesis of WC to study the resulting surface

structure under various synthesis and subsequent oxidation conditions. The W component of
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w | 2 3456 810 15203050 C
room temperature the group VI s ENT S S T N I B S S
T T I
transition metal W has a stable BCC o gl L
S @)
structure. It is very reactive to O,, 4000 =3 3
readily transforming to a stable M.P. ll 1 : LA T G
; : o “23550 (VATM.)
WOs;. This necessitates UHV e 2135, Lia
. . . 32004 M@ *F “Za7° Q. + C
conditions to study deposited W via o wy N e 32% 0L
+ N
STM. °. L. 22 aAZ ..
. . W 2710%\2 " 2530 \2772'376*"0
Figure 4 is the W-C phase & 59 %38
2 2400+ ¥-WaiCl 7380
diagram.® At the temperatures of - B-W,C|[v33-4
. . . w Wal 1! o
interest in this study, the only stable 02_ & zC::n Y. R
phases are W, o-W-C, graphite, and E 16001 Wy + W,C ;' W,C E
WC as line compounds and in ¥ ch
I "
multiphase regions. Metastable " "
: : 800 t :
species are possible and have been o .
observed on, for instance, MgO.*’ b :
. i
O T T ; 1 :. T 1 1 T
W 1O 20 30 40 50 60 70 80 90 C

ATOM % C
Figure 4: W-C Phase Diagram



Section 2.5: UHYV System

The UHV system used by our group for both deposition and STM imaging was
manufactured by Omicron. It consists of a deposition chamber where various sources can be
attached which are all aimed at a central manipulator arm that allows for axial rotation and
translation to allow for sample transfer and to place either the sample or an attached quartz
crystal monitor in the deposition region in front of the sources. The ion pump and titanium
sublimation pump are both below this chamber. The deposition chamber adjoins the STM
chamber which contains a manipulator to transfer the sample into the microscope without
breaking UHV conditions. The deposition chamber also adjoins the turbomolecular pump
isolated by a large gate valve, and the load lock which is isolated from the deposition chamber by
a much smaller gate valve. These two valves allow the deposition and STM chambers to be
isolated from the turbomolecular pump, which can be shut down to help minimize vibrations
during STM imaging. UHYV conditions are maintained by the ion pump and periodic operation
of the Titanium Sublimation Pump (TSP). The load lock is also directly connected to the turbo
so the load lock can be pumped down to allow sample insertion via an attached manipulator
while the main chamber is continuously held at UHV conditions.

As is true of most UHV chambers, all unwelded connections between metal components
contain compressed Cu gaskets to minimize gas leakage into the chamber, or, in the case of the
load lock, a viton gasket that replaces the Cu gasket after the bakeout. Bakeout is the process by
which high vacuum is converted to UHV. Pumping alone cannot achieve UHV in anything like
a reasonable amount of time due mostly to the partial pressure of H,O in the chamber that is a
result of water that is adsorbed to essentially all internal surfaces of the chamber and desorbs in
an Arrhenius fashion where the activation energy is much, much larger than the thermal energy
of the molecules at room temperature, KT. This leads to a high partial pressure of H,O at the
start of pumping due to the large inventory and a very slow decay due to the unfavorable
energetics of desorption. The solution is to heat the entire chamber to the point where KT is
significantly greater than the activation energy for desorption which increases the rate
exponentially and leads to a very rapid reduction in the inventory of adsorbed H,O in the
chamber i.e. bakeout. When the chamber is cooled back down, the partial pressure of H,O is
several orders of magnitude lower and UHV can be maintained with the ion pump and

occasional TSP activation. Bakeout is achieved in our chamber by using insulated panels to
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create a tent that is heated by a resistive element and blower mounted below the table supporting
the system. In other labs, bakeout is often achieved by wrapping the chamber in electrical

heating tapes and tinfoil insulation.

Section 2.6: Scanning Tunneling Microscopy

The primary characterization technique used in this thesis is STM. The mechanics of the
measurements are relatively straightforward. A W wire that has been etched in NaOH to achieve
a tip so sharp that it is terminated by a single atom is brought within ~2 nm of the sample to be
studied. Within this range and with a voltage applied between the tip and sample, if there is a
reduction in energy by transferring an electron from tip to sample or vice versa (which there will
be due to the applied voltage if the sample is a conductor) the probability of quantum mechanical
tunneling between tip and sample becomes appreciable.

The wavefunctions of the tip and sample decay exponentially in the vacuum and the
resulting tunneling current between the two can be modeled in 1-D using the WKB

approximation for a trapezoidal potential as follows:

J2m(U - E)l
h

I; < N(Ep)exp [—22

where N(Ep) is the sample’s density of states (DOS) at the Fermi Energy, z is the separation
between the tip and sample, U-E is the energy

difference between the vacuum level and the

|

bound electron energy, and h is Planck’s
¥(2)

. constant divided by 27.>° The important thing

::Et

Tip Sample

Empty to note is that there is an exponential change
States

in the tunneling current with a linear change

b _ ) .
0 Astates in separation, z. This allows the system to be
_H_

exquisitely sensitive to small changes in tip-

sample separation.  Figure 5 shows this

process visually, with an Eg electron from the

Figure 5: Visualization of tunneling between metallic tip tip tunne“ng into the empty states of the

and sample. sample. The tip is mounted on a piezoelectric
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actuator that can move the tip in all three directions relative to the sample surface.
Measurements are normally carried out in “constant current mode,” where the tunneling current
is fed into feedback circuitry that moves the tip in z to maintain a fixed tunneling current. The
piezo is then rastered back and forth across the sample with the (x,y,z) position measured at
specified intervals until the entire area of interest has been covered. The collection of
coordinates forms an image of the surface of constant Local Density of States (LDOS). This is
different from the more general DOS in that there are features in the DOS at the surface of a
sample that are absent in the bulk and vice versa, and also because different electron orbitals
decay into the vacuum at different rates and the STM is more sensitive to those states that extend
farther into the vacuum. These deviations from what would be the simplest interpretation of the
images: that the image is just a topograph of the surface atom heights, becomes important when
atomic resolution is available. As but one example, Figure 1 is an STM image of HOPG.
Recourse to a ball and stick model of a graphene sheet reveals that each C atom has three nearest
neighbors commensurate with carbon SP? bonding, but interpretation of the image as simple
atomic topograph indicates that each atom has six nearest neighbors. This is because chemical
interaction with the second layer of carbon atoms perturbs the LDOS around every other C atom
and causes it to be invisible to the STM, leading to an imaged lattice that is very different from
the physical lattice of C atoms at the graphite surface. Examples like this abound in the
literature.

In analyzing the images certain changes to the image are made that enhance contrast or
highlight certain features. Essentially all images are linearly planarized. This does not introduce
significant distortion since the changes tend to amount to a very small azimuthal rotation of the
image that enhances contrast because the color scale covers a smaller height range. If very large
angles of the surface ralitive relative to the X-Y plane of the tip are corrected for, significant
distortion could result since the correction algorithm only pushes each pixel up or down in Z,
rather than rotates the entire image in azimuth. This situation was not encountered for any of
the figures presented here. Another correction that is occasionally performed is a quadratic
leveling, where the image is fitted to a quadratic function in X and Y, which is subsequently
subtracted from the image. This correction is justified based on the physical geometry of the
piezo scanner. The scanner is referred to as a tube scanner since it is literally a tube that deforms

to map the surface. As a result, the tube traces out a parabolic curve over the surface that is not
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taken into account in the raw images, with the amount of distortion increasing with increasing
image area. A quadratic leveling corrects for this faithfully, although a natural quadratic
component to the surface curvature can be removed as well, so images presented in this thesis

are generally limited to linear planarization.

Section 2.7 Scanning Tunneling Spectroscopy
Another type of measurement that can be made with the same apparatus used to acquire

STM images is Scanning Tunneling Spectroscopy (STS). To perform this measurement, the tip

is brought to a specific X-Y position over the L L L A B R

(a) abcdefghijk im

sample and the feedback loop is disconnected so
that the tip will maintain a constant height Z above

the sample. The voltage is then swept through a

CLRRENT in&|

specified range of voltages while simultaneously

measuring the resulting tunneling current. This

SEPARATION (Al

results in an I-V curve that contains a wealth of data

about the electronic structure of the underlying

sample. To understand why, a glance back at

Figure 5 helps explain. In the figure, the voltage (b} .
6 . i =
applied between tip and sample determines which, & 5% o

and how many of the empty states of the sample are

(dl/dVl 7 07V

available to be tunneled into. The tunneling ' “sa

electrons can fall into any of a large number of

empty states between Eg of the sample and the
applied voltage so that I; depends on the integrated
LDOS up to that voltage. To determine the LDOS

DOS (ARB. UNITS)

at the voltage of interest, the 1-V curve must be

differentiated so that only the empty states in a ENERGY )
Figure 6: a) I-V curves on Si(111)2x1 taken at

small dV near the applied voltage is represented by Vvarious tip-sample separations b) (dI/dV)(IV)™" of
curves in (a). ¢) Theoretical DOS from valence and

the dl/dV at a given voltage. However. from the conduction bands along with n-bonded chains (solid)

equation in Section 3.6 it is clear that in addition to the integrated LDOS, I; depends
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exponentially on voltage and separation, and so dI/dV does not show just LDOS but LDOS
multiplied by an exponential factor that varies throughout the voltage sweep because of the
changing voltage and is different for different tip-sample separations. In practice, this can be
done by calculating (dI/dV)(1/V)™* which suppresses the exponential contributions to di/dV and
gives a better approximation to the true LDOS.®® This can clearly be seen in Figure 6, where the
spectra taken at various voltages collapse onto a single curve when (dI/dV)(1/V)™ is calculated.®®
This method is not without issues, however. Noisy spectra, which are normal due to the
extremely small currents measured, tend to have the noise exacerbated when these normalized
differential conductance spectra are calculated. Also, the edges of bandgaps are problematic in
this calculation since I; goes to zero faster than di/dV leading to erroneous singularities in the
LDOS.® In this investigation, dI/dV was calculated; this proved to be adequate to analyze the
positions of bandgap edges and general features of the LDOS of the structures studied.
Oftentimes, averaging a number of spectra in a homogenous area of the sample led to an easily
identified LDOS and minimized problems caused by noise in the spectra. Also, by mapping the
dl/dV at a voltage of interest to the X-Y position the spectra was taken, spatial maps could be
created that showed how regions with certain spectral features were distributed across a surface.

This method of visualization is used extensively in this thesis.

Section 2.8 Photoemission Spectroscopy

X-Ray Photoemission Spectroscopy utilizes a high energy photon of known energy to
knock an electron from an atom at or near the surface of a sample free. The energy of these free
electrons leaving the sample is then measured to deduce the binding energy. For this thesis, the
high energy photons were created by accelerating electrons to high speed in a vacuum tube
which then collide with an Al target. Many electrons are knocked loose from their Al atoms and
collide with other atoms until only enough Kinetic energy is left to excite elctrons into excited but
bound states. The electrons then relax to lower states via the emission of photons. The photons
have many energies corresponding to the various shell-to-shell transitions. A single energy is
then isolated as well as possible using X-ray mirrors; in our case, the K, energy of 1486 eV from

the 2p to 1s transition is used. These monoenergetic photons then strike the sample and knock
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electrons free from their atoms through absorption with enough energy to escape the sample and
reach a detector.

Evaluating the binding energy of a measured free electron is a straightforward
conservation of energy calculation. The binding energy is just the photon energy minus the
measured free electron energy minus the work function the electron must overcome at the
surface of the sample:

Ep =hv—Egin — ¢
This simple equation neglects a number of loss mechanisms by which the emitted electron can
lose energy after it’s absorption of the photon such as inelastic scattering, plasmon losses, and
relaxation shifts.®® These loss mechanisms can be considered in very precise composition
determination and other analyses but were not evaluated as part of this thesis.

XPS is extremely surface sensitive since the deeper in the bulk an electron is liberated the
more opportunity there is for interactions such as inelastic scattering that reduce kinetic energy
and remove the measured electron from the characteristic binding energy peaks of the spectra. In
practice, this means the spectra are only sensitive to the first few nm beneath the surface of a
sample. Within this range, XPS provides chemical composition accuracy within 5 to 10% from
the relative peak area of certain electron binding energies:

Ny, Ao,
N, Aoy

where A is the area of the binding energy peak and o is the photoelectron excitation cross

section.”®  This equation can
50 take other forms that provide
= i additional corrections for the
«S loss mechanisms and detector
% B0 efficiencies, but is adequate to

% 20 4 the task here.
= XPS also  provides
e valuable information about
T T I i bonding in the sample.

40 38 36 34 32 30

Bonding alters the electronic
Binding Energy (eV)

Figure 7: XPS spectrum of an oxidized WC thin film 4f level. Vertical black Conflguratlon of the atom and
lines are the expected peak positions for metallic tungsten.
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causes detectable changes in the binding energy of electrons. These changes manifest
themselves, as one might expect, in peak shifts of the characteristic binding energies. Figure 7
provides a representative example. Metallic tungsten exhibits a double peak at 31.0 and 33.2 eV
for the 4f electrons due to spin-orbit interactions.®* In Figure 7, the two peaks have become four
with two of the peaks shifted only slightly due to bonding that forms WC and two additional
peaks shifted much more substantially due to the presence of WO;. This is the type of chemical
information that bridges a gap in information that cannot be provided with STM/STS analysis in

isolation.

Section 2.9: Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) can provide an atomic resolution picture of
samples that are thin enough for a beam of 100-300 keV electrons to penetrate in large numbers.
In this technique, highly accelerated electrons are focused in much the same way photons are
focused, except with magnetic lenses. These electrons can then penetrate a very thin sample
(10’s of nm or less) and are focused onto a large phosphor screen where the image is formed.
Atoms in the sample scatter electrons out of the focused beam and so the atoms appear as dark
spots in the image. This is called the bright field mode of imaging.

Contrast can also be formed by selecting a Bragg peak of electrons diffracting in the
sample, which is then projected on the back focal plane as the image. This is referred to as dark
field imaging, and is characterized by bright areas (in the real space image) where electrons have
diffracted into the chosen Bragg peak, and dark regions where that diffraction peak is not
present.

Energy Dispersive Spectroscopy (EDS) can also be performed by measuring the energy
of photons emitted from an atom after a core electron is ejected through scattering with an
electron in the microscope beam.

For this thesis, only bright field imaging was utilized with EDS to confirm the presence

of the expected constituent atoms.
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Section 2.10: Electron Beam Evaporation

To deposit tungsten in this investigation, simple thermal evaporation from a crucible (as
was done for the Cg in these experiments) is not very practical since W is highly refractory and
has a melting temperature of 3422°C. Instead, electron beam evaporation from a Mantis M-EV

source was chosen since only the source material is heated to

the required temperature. The principle of operation is very 2mmI T3 mm

| 1 1 |
I 9mm "45mh 15.5mm 1

simple. A large voltage (2000 V here) is applied between a

filament and the source material. The filament is heated by a Figure 8: W source rod

direct current until thermionic emission begins. The emitted

electrons accelerate and collide with the source material where their energy is thermally
dispersed, heating the material. In the case of tungsten, the source rod conducted away too much
heat to the water-cooled source housing to attain an appreciable deposition rate so the source rod
was notched, as in Figure 8, to limit thermal conduction enough to allow the tip of the rod to
melt with a reasonable emission current. A non-standard circular filament was also used to allow
more uniform heating of the W. Deposition rates of several monolayers (ML) per minute were
attained with emission powers of approximately 180 W.

Section 2.11: Sample Heaters

Two types of sample heaters were used on the manipulator arm to heat the samples in
UHV, either during deposition or for anneals and during oxidation experiments. The first type
was a boron nitride radiative heater that allowed temperatures up to 800°C to be reached at the
sample surface. This heater was calibrated via a thermocouple spot welded to a molybdenum
sample plate, allowing heater power to be correlated to temperature in vacuum up to
approximately 350°C; above this temperature, the calibration curves provided by Omicron were
used to correlate heater power to surface temperature. This heater had an approximately twenty
minute delay from setting the appropriate power to the plate reaching the expected temperatures.
All annealing/heating times quoted in this manuscript omit this heatup time.

An electron beam heater was also used for some of the codeposition experiments
discussed. The mechanism of operation is identical to the electron beam source discussed in the

previous section except that the accelerated emission electrons collide with the bottom of the
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sample plate. This heater has a temperature limit of approximately 1100°C. There is a
permanently mounted thermocouple adjacent to the sample plate whose temperature can be
correlated to the temperature on the plate itself via a manufacturer-supplied calibration curve.
Additionally, a calibration was performed correlating thermocouple readings to emission power
and pyrometer temperature readings on the sample plate itself above 600°C. Since the
thermocouple was about a cm away from the sample, there was a time lag of a minute or more
before the temperature differential between the plate and thermocouple was reached. Care had to
be taken using this heater’s auto-approach function for reaching a temperature as the sample
plate temperature could overshoot its target significantly before the appropriate temperature was

reached at the thermocouple and prompted the heater to reduce power.

Section 2.12: 0: Leak Rig
A significant fraction of this

investigation is concerned with oxidation of

Leak Valve sample surfaces. To perform this oxidation,

old
Up
Volume

Load
Lock

Sample  gn O, leak rig was assembled. As

schematically illustrated in Figure 9, the rig

/

Isolation

Valves \ O, lecture bottle, and a line to the loadlock

consists of a Varian leak valve, a line to the

side of the chamber, allowing the line to be

pumped down with the turbo isolated from
Regulator

the sample chamber. Prior to the
Oxygen introduction of O, a bakeout was performed
Lecture . .
Bottle where all components shown in the figure,
with the exception of the regulator and
Figure 9: O, leak rig. lecture bottle, were heated to ~150°C for

several hours with both isolation valves and the regulator open while pumping with the turbo in
order to desorb as much H,O and other adsorbed gases as possible from the inner walls of the
system. At the end of that time, the pumpdown line was isolated and the system was filled with

several psi of O, from the lecture bottle. The line was then pumped down once more with the
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turbo and then isolated and refilled with O, and both isolations were shut. The O, remaining in
the hold-up line was then adequate to perform several experiments. The bakeout procedure and
line flushing ensured that the level of contaminant gases during the experiments was limited by
the specification of the gas in the lecture bottle, which was Matheson Trigas ultra-high purity
99.98% O, with H,0 <5 ppm, N2 < 15 ppm, and CO, < 1 ppm.

The leak valve itself operates by varying the compression of a Cu gasket against an
optically flat sapphire crystal and was easily able to maintain a leak rate to hold chamber

pressure within 1% of a desired setpoint for many minutes without much adjustment.
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Chapter I1l.  Low-Temperature W-Cq, Surface Interactions

Two different reaction sequences are distinguished in the study of Cg-W composite
material: the first type of experiment began by depositing the W on HOPG followed by the
deposition of Cg. In the second type of experiment the sequence was inverted and Cg Was
deposited first, and was followed by W deposition. The inversion of the deposition sequence
leads to significant differences in the final morphology of the thin films, which is driven by
modulation of the surface environment the reactants encounter - for example, W adatoms
experience a flat graphite surface, where diffusion is nearly unhindered, in one scenario, and a
highly corrugated Cgg island surface in the inverted scenario. The study of the impact of reaction

sequence on morphology allows us to draw conclusions on metal-graphite-fullerene interactions.

Section 3.1: Results

Figure 10a(b) show representative images obtained after a two-step deposition of 0.7 ML
(6 ML) W on HOPG at room temperature, followed by the deposition of 0.23 ML (1 ML) Ceo.
We will begin with a discussion of the morphology of the W-clusters, followed by an analysis of
their size distribution. W, which is deposited on the flat graphite surface, coalesces into
agglomerates composed of smaller sub-clusters on top of the HOPG substrate. W does not
interact strongly with graphite and has a very high cohesive energy which favors the Vollmer-
Weber growth mode, which is indeed commonly observed for transition metals on graphite®"°.
Imaging was generally challenging, and a stable image could only be obtained with tunneling
currents of 50 pA or less, although even with a current this low the tip scan frequently triggered
motion of clusters and agglomerates. This effect has been reported also for Mo on graphite "* and
can be attributed to the small adhesion forces between clusters and surface. The tip-induced
motion of the agglomerates prevents the measurement of the sub-cluster distributions for low W

coverages.
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The agglomeration clusters on the 6 ML W (0.7 ML W) surface were >4 nm (4-8 nm) in
diameter with an average value of 5.6 nm for the 0.7 ML deposition, and 1.5-3 nm (1.0-2.8 nm)
in height with an average value of 2.2 nm (1.9 nm). The average agglomeration cluster diameter
could not be determined for the 6 ML deposition due to the presence of very large, irregularly
shaped agglomeration clusters up to 100 nm in diameter. Many of these clusters were large
enough that they could not be imaged in their entirety. The sub-clusters that make up the
agglomeration clusters were approximately spherical in shape and 1-4 nm in diameter when

measured at their widest point with a most probable size of 2.5 nm.
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Figure 10: a) Large Cg island formed by deposition of 0.7 ML W followed by 0.23 ML Cg,. (V, =-1.95V, | =0.006 nA)
b) 6 ML W followed by 1 ML Cg,. Image contrast was chosen to emphasize features of the Cg island rather than the
surrounding clusters. Corralling of Cg, by W clusters evident here. (V, = 2.00 V, | = 0.07 nA.) c) Cluster and linescan
demonstrates how cluster diameters were determined. Subcluster sizes were only analyzed for the 6 ML W case as
individual subclusters could not be fully resolved in 0.7 ML W images. d) Log-Normal distribution of the subclusters
observed within agglomeration clusters for 6 ML W on HOPG. Trendline is a Log-Normal fit of the distribution
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A size distribution of the sub-clusters incorporated in the agglomerates was measured to

gain more detailed information on the mechanisms, which contribute to their nucleation and
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growth prior to agglomeration. The formation of the agglomerates is therefore interpreted
currently as a two-step process, firstly the nucleation of clusters from W-adatoms, and secondly,
nucleation of the agglomerates from mobile clusters.

Figure 10d shows the distribution of the sub-cluster diameters for the 6 ML deposition.
The diameter was measured along the longest visible axis, as shown in Figure 10c, for
uniformity of measurement. The experimental data are compared to the liquid droplet model,
which describes the size distribution of metal clusters obtained by coalescence in the gas phase.
This model's assumptions are that growth is achieved by irreversible coalescence, and that any
two clusters in the system have equal probability of coalescing. This model predicts that the
logarithm of the cluster size distribution will obey a Gaussian distribution (a so called log-normal
distribution)’® and has been successful in explaining distributions of small clusters in a wide

range of material systems.”®™

Figure 10d includes the fit of log-normal distribution to the
experimental data which are very well described by a distribution with an average diameter of
D = 2.07 + 0.05 nm and a standard deviation of ¢ = 1.29 + 0.03 nm. The high quality of the
fit indicates that the liquid droplet model can be applied to the nucleation and growth of small
surface clusters of W. An Ostwald-type ripening process is, on the other hand, represented by a
Lifshitz-Slyozov-Wagner (LSW) distribution, which has a shallower slope on the small-cluster
side of the distribution's maximum, and is thus clearly distinct from the distributions observed
here. The W deposit prior to agglomeration can consequently be described as a 2D gas of ad-
atoms and even ad-clusters on the graphite surface. Agglomeration then immobilizes the clusters
and removes them effectively from the surface "gas phase".

The maximum observed subcluster diameter seems to be the size where the subclusters
agglomerate to form the aggregates. The transition can be explained by the limited mobility of
subcluster surface atoms. Although continuing to form spherical drops is nearly always favored
thermodynamically barring substrate interaction, the diffusion length of W atoms at the cluster
surface is short enough that coalescence becomes kinetically limited at a very small size, relative
to most metals, which form spherical clusters on graphite up to much larger diameters before
transitioning to more irregular shapes. This is bolstered by the fact that Mo, another metal with a
very high cohesive energy, formed similar agglomerations when 100-atom size selected clusters

were deposited on graphite.”
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The next step is the deposition of Cg and the corresponding images are shown in Figure
10a,b. The molecules are well-resolved and the formation of large islands is consistent with
previous studies.”"® For deposition onto graphite alone, Cso islands will nucleate preferentially
at step edges, or grain boundaries and very rarely on the free terrace due to a large mean free
path of several hundred nm.*®

In the presence of W, the Cg islands are frequently bordered by several W agglomerates,
and Figure 10b provides a representative example. The W agglomerates surround but are only
rarely embedded in Cgg islands and no Cgo molecules can be detected on top of W clusters and
agglomerates. This indicates a weak interaction between the Cgo and W clusters, and the W
agglomerates do not function as nucleation centers for Cgp island growth. The 2-D hexagonal
Cseo lattice remains unperturbed at the periphery of W-agglomerates, and the fullerenes maintain
their perfect spherical shape indicating free rotation. For some metal surfaces such as Cu(111)"’
the interaction between molecule and metal can freeze molecular rotation and allow for the
imaging of individual molecular orbitals (MO). Overall, the W- agglomerates and Cg molecules
behave more like a non-wetting material combination. The nucleation pattern of the Cg islands
inside incomplete rings of W agglomerates, is likely due to a geometric constraint: Cgo molecules
have a higher likelihood to be reflected from the boundary of W-agglomerates and thus will
remain inside the (incomplete) boundary defined by the W-agglomerates for extended periods of
time increasing the pressure of ad-molecules and thus likelihood of Cg island nucleation.

The inversion of the deposition sequence, Cgo deposition followed by W, leads to
dramatically different structures from those discussed in the previous paragraph. This sequence
where highly mobile metal ad-atoms interact with a Cgo matrix, mimics also most closely the
deposition of contacts on molecular layers in solar cell or molecular electronics assemblies. The
analysis of the film structure showed significant differences between W- interaction with a single
Ceo layer on graphite, and the W-interaction with a thicker Cgg layer. In this results section we
will therefore first discuss the multilayer structure, and then address the single-layer material.
The remainder of this section discusses two different regions of a single sample where 4ML of
Ceso Were deposited onto HOPG held at 150° C to preclude the formation of fractal islands above
the first ML" followed by a deposition of 1 ML of W. Different regions of the sample had
different thicknesses of Cg. The regions where more than a single layer of Cgo was present will

be discussed first.
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Figure 11a depicts a multilayer of Cg, Whose thickness was verified by imaging of an
adjacent lower terrace of Cgo (N0t shown). The surface is characterized by a small W coverage,
with cluster diameters of only 1.5-4 nm and heights of 0.3-0.8 nm. The distance between clusters
is 1-5 nm, and no agglomerates with sub-cluster structures exits. The small cluster size and
consequently higher areal density can be attributed to the reduced mobility of W atoms and
clusters on the highly corrugated Cg surface, which facilitates cluster nucleation but depresses

cluster mobility thus leading to smaller clusters and the absence of cluster agglomerates as
compared to HOPG.
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Figure 11: a) 4 ML Cg, followed by 1 ML W. Surface composed of small clusters with no sign of W on the surface in
between. (V, =2.00 V, | =0.07 nA.) b) Cluster volume distribution of 1 ML W deposited on 4 ML Cg, surface, inset is a
log-log presentation. The behavior is consistent with a model of cluster aggregation incorporating size-dependent
diffusivity where there is an initial power law decrease followed by increasing magnitude of the slope on the log-log graph.

The liquid drop model, which has been used to describe the growth of W clusters on
HOPG clearly breaks down for W on Cgo surfaces. Figure 11b illustrates the distribution of
cluster volumes obtained via an image mask from part of the image shown in Figure 11la. A
distribution of volumes inferred from measured particle diameters showed identical behavior
meaning that the distribution obtained from the mask is valid and does not overrepresent very
small clusters by erroneously counting the tops of Cg, molecules as clusters. The monotonic size

decrease is rather unusual. Analogous metallic cluster systems were not found in the literature
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and this distribution does not adhere to the liquid drop model. Common mechanisms of cluster
growth such as Ostwald ripening and the associated LSW distribution, as well as the liquid
droplet model produce a peak in the size distribution and not the monotonic decrease seen in
Figure 11b.

A possible explanation for this unusual distribution is provided by the analysis of the
growth kinetics of particles within colloidal suspensions. A monotonically decreasing
distribution is possible with a model of particle aggregation’® where the particle mobility scales
with the volume of the particle raised to some exponent. This allows the mobility to increase or
decrease depending on the choice of exponent. Monte-Carlo simulations of such a system in 2-D
produces a similar monotonic decreasing distribution to that observed in Figure 11b provided
that the exponent is greater than 0, i.e. mobility increases as the particle size increases.

The increasing mobility at small cluster sizes can be rationalized by how very small
clusters can sit in the interstice between fullerenes on the surface which is an electronically well-
coordinated position. As the clusters grow they sit less deeply in the interstices, are less well-
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Figure 12: a) 4 ML Cg, followed by 1 ML W. The ability to image molecular orbitals indicates that the Cg, has ceased
rotating. There was no correlation of such molecules to the presence of nearby surface clusters, indicating the molecules
are interacting with subsurface W . Molecules circled in green have an apex bond separating two hexagon rings (6:6
bond), characterized by a linear bisector; the blue circled molecule has an apex hexagon ring characterized by a division
into three sectors of similar area. b) Linescan of white profile line in Figure 3a. Reduced apparent height is observed in
many Cgo With frozen rotation. ¢) Rotational orientations of apex 6:6 bond molecules. There are preferred orientations
but no clear symmetry.
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coordinated, and therefore interact less with the fullerenes. This results in higher mobility. Once
the clusters grow large enough, an increase in volume no longer decreases coordination
appreciably and so a more conventional regime of decreasing mobility with increasing size will
be in place.

The Cg layer in between the W clusters now shows structure that was absent before the
W deposition. Figure 12a shows a representative image section from within Figure 11a,
including a linescan across 10 Cgo molecules (Figure 12b). This linescan illustrates even more
clearly than the image itself, that many of the molecules exhibit a characteristic sub-structure,
which is directly related to the molecular orbitals (MO) of the molecule. The sub-structure of the
stationary or frozen molecules can be correlated uniquely to their orientation, and lobes of the
MOs correspond to the five-membered rings*’. Bulk Cgo molecules at room temperature have an
estimated rotational period of 9-12 ps™® and therefore rotate too fast to allow for imaging of
individual MOs - the molecules appear as featureless "balls", which can be seen in e.g. Figure
10b. The MOs have been observed at low temperatures when rotation is hindered, or if Cgp is
deposited on a strongly interacting metal surface.

Once W has been deposited, the stationary molecules with visible MO sub-structure
amounts to more than 50% of surface molecules and they exhibit different lobe-structures, albeit
the structure with a bisector along the molecule centerline and two lobes on either side
dominates. This configuration corresponds to the topmost feature being a bond between two
carbon atoms which belong to adjacent hexagonal rings®°, henceforth 6:6 bond, which will be
reflected in the STM images as two identical lobes, and many of the molecules in Figure 12a
show one brighter lobe and a slightly tilted bisector, and therefore correspond to a slightly tilted
geometry with an apex atom. A few atoms have a hexagon ring at the apex based on three radial
depressions emanating from their apex. However, it is readily apparent that many of the
molecules show the MOs, but about half of the molecule sub-structures could not be resolved
well enough for categorization of their orientation. Many of the stationary Cg, molecules also
have a reduced apparent height compared to the freely rotating molecules, which is seen in the
linescan in Figure 12b.

The spatial distribution of the stationary molecules appears random, and is not correlated
to the position of the W-clusters on the surface. Figure 12c shows the distribution of rotational

orientations of the fullerenes identified as having a 6:6 bond; calculated by measuring the angle
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of the bisecting depression with respect to the x-axis. The distribution shows that there are three
distinct preferred orientations for the molecules, one at 90° and two less favored orientations
around 40° and 120° with a broader range of angles around 40°. This orientational preference is
different from molecule orientations observed in low temperature phases, or for molecules on
strongly interacting surfaces.

The appearance of the large percentage of stationary molecules is unequivocally tied to
the deposition of W, but not connected to the formation of the W-clusters at the surface.
Cessation of rotation can be explained by assuming that W-adatoms diffuse into the Cgo matrix,
adopt interstitial positions, and bond with the molecules thus freezing the rotational motion. W
has indeed been shown to form molecular complexes with Cgo, although the ligands investigated

in detail are often more complex than isolated Ceo2t

The presence of several orientations
indicates that interstitial W atoms have some freedom in which part of the fullerene it interacts
with and the different bonding configurations are energetically close. Our observation strongly
indicates the formation of stable intercalation compound with a transition metal, although this
configuration has previously been assumed not to be stable. However, these calculations as
presented by Wertheim et
al® did not take into

account the formation of

—— Rotating Cg, organometallic W-Cgo

= Non-Rotating Cgp complexes, but  only
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considered the cohesive
energy of the metal
clusters. Our observation
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between surface cluster
formation, and

intercalation of W in the

Ceo Matrix.
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Figure 13: STS spectra from two regions, one with reduced apparent height and

visible MOs and one where the fullerenes are still spinning freely. The traces are an these reduced apparent
average of many spectra in each region. There is very little difference in the density

of states between the two regions. The error bars represent a 95% confidence height molecules does not
interval and each resides within the other’s error envelope.
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correlate with the location of visible surface W; some are several nm’s from any cluster while
some molecules immediately adjacent to a cluster do not have reduced apparent height.
Moreover, all Cg with reduced apparent height have visible MOs. This points strongly to
interaction with intercalated W with reduced apparent height attributable to a charge transfer to
the molecule which is associated with a change in LDOS. The broad extent of this intercalated
W suggests that W intercalates into the Cgo matrix easily at room temperature.

To identify whether these interactions with W have any significant effect on the
electronic structure of the Cgo layer STS was performed over the area of Figure 12a. Figure 13
shows the STS curves for two different areas. One area had obvious apparent height reduction
and visible MOs. The other had a topographically unperturbed layer of Cgy with spinning
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there are no visible changes. Below Er however, there is a subtle reduction of the bandgap by up
to 0.2 eV. This is further evidence of the interaction between the W and the Cgg, at least in the

case where the W is intercalated into the layer.
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The deposition of W onto an area of single ML Cg on the same sample caused more
significant changes to the morphology of the surface and electronic structure, relative to the areas
with more than a single ML of Cg. Figure 14a depicts one such area. The STM image in
Figure 14a is an area of single ML Cgo adjacent to an area of bare HOPG. On top of the HOPG
are what appear to be small W clusters. These clusters are small and linked into chains which
are not typical for clusters of this size which normally tend to agglomerate into larger round
clusters on bare HOPG. The Cg island itself has a very high surface coverage of W that limits
the local resolution and prevents the imaging of individual Cgo molecules at the surface as well as
obscured details of the W clusters on top of the island. Within these resolution limitations,
clusters of 4-7 nm diameter and up to 1 nm in height above the island surface were observed.
Clusters did not decorate the edges of the single ML islands as was observed for the deposition
of Au onto Cgo.>° This, along with the smaller size and denser distribution of surface clusters, is
an indication that the W was less mobile atop the Cg surface compared to Au.

The STS map in Figure 14a was created by taking a full grid of STS di/dV data then
creating an image where each pixel corresponds to a dI/dV value at a given voltage chosen to
maximize contrast between different spectral shapes. In the case of this data, that value was V=-
0.694 V. The edge of the Cgo ML island, which runs from the top left to bottom right corners of
the image, is clearly visible in the STS map since the HOPG, a semimetal, has an appreciable
LDOS at V= -0.694 V, while the island, which is mainly dominated by Cg LDOS, does not.
Within the island there is a large degree of inhomogeneity in the LDOS. The source of the
inhomogeneity is not obvious from inspection of the STM data for the same region.

The first region of interest is in the lower left-hand corner of the STS map. The spectra
from that region are extracted at the lower left-hand corner of the figure. This region has a
clearly compressed bandgap, as is evident from comparison to an average of a number of spectra
taken on a bare Cgo ML prior to the W deposition. The reduction of the bandgap comes almost
entirely from the occupied states below the Eg with the empty states remaining mostly
unperturbed. The total bandgap reduction is ~0.5 eV.

The second region of interest tracks the progression of the change in electronic structure
from the highly compressed bandgap region to a region with approximately bulk Cgo electronic
structure. Each displayed curve is an average of the seven individual spectra in the specified

row. There is evidently a continuous change between the two states over a distance of 2-3nm.



In the STS map, some of the clusters on the bare
HOPG have a similar LDOS to the Cg island
based on their purple color, e.g. the cluster
centered at the coordinates (40 nm,25 nm). This
gives a clue as to why these clusters have such an
atypical structure compared to W clusters seen on
HOPG without Cg on the surface. These clusters
are actually composed of Cgo with W interactions
holding them together. Cg IS never imaged on
HOPG at room temperature unless the molecule is
part of an island at least tens of nm. The ability to
image such small islands of Cg here is a
consequence of interactions with W stabilizing the
island enough to be imaged.

Figure 15 is a comparison of the bandgaps
on the two surfaces discussed above relative to
what is observed on a multilayer of Cgo in
isolation. The measurement of the bandgaps was
made by selecting a dl/dV level just above the
noise level in the bandgap region and finding the

difference between the two voltages where this

29

3.5
3.0 — 2
2.5F:= : >
> 20F" 2
c.
& 15F —_—
1.0+ —
= Ceo
05 Cgo Multilayer + W -
= Csy Monolayer + W
0.0

Figure 15: Measured bandgaps for different surfaces.
The bandgaps on the single ML of Cg, are compressed
dramatically. There is a slight but apparent increase in
the bandgap for W deposited on a multilayer relative to
bare Cg, that is likely due to noise in the STS spectra
since such an increase is inconsistent with our
understanding of this (and similar) systems and STS
data at room temperature exhibit a significant degree
of noise.

threshold was crossed. It is clear that there is a reduction of the bandgap of approximately 1 V

when W was deposited on the Cgo monolayer, as discussed above. Within the accuracy of the

measurement, the bandgap in Cgy within the multilayer region is indistinguishable from the

bandgap for Cg alone on an HOPG surface.

Section 3.3: Discussion

The compilation of data presented thus far suggests a cohesive model for the behavior of
the W/Cgo system. For W initially deposited on HOPG the extremely high mobility of the W

atoms on the surface allows for the coalescence of round clusters only 1-4 nm in diameter which
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adhere closely to the size distributions predicted by a liquid drop model. These clusters remain
mobile and come together to form larger agglomeration clusters.  The strong cohesion of the
sub-clusters and resulting short diffusion length of surface atoms on the subclusters (W has the
highest cohesive energy of all elements) limits the degree to which they can be sintered into the
larger agglomeration clusters and so their structure remains visible as lobes on the larger
agglomeration clusters. Free W atoms are effectively nonexistent on the HOPG surface after this
has taken place, as revealed by the lack of streaks in the STM images over the substrate, which
are seen when an STM tip interacts with mobile atoms. This lends strong support to the model
presented where the agglomeration clusters are formed in a two-step process requiring the
subclusters to be formed prior to the agglomerations.

Subsequent deposition of Cgy leads to mobile Cgy on the HOPG substrate. These Cgo
molecules interact very weakly with the W clusters as their only effect on the final formation of
the Cgo islands is a corralling effect whereby W clusters confine Cg long enough for the
nucleation of islands to occur. The clusters themselves do not function as nucleation centers for
the Cgo islands. This result is strange in light of a previous study of Cg on a W(100) single
crystal studied by XPS which showed significant charge transfer from the W into the adjacent
Ceo-® One could reasonably expect that such an interaction would manifest itself in a detailed
STM study of such a similar system.

This set of results stands in contrast to the reverse sequence of deposition. When Cgp is
deposited first on HOPG it follows the well-understood behavior of nucleating into large round
islands of a hexagonal 2-D lattice followed by similar islands on top to form an FCC(111) lattice
normal to the surface. The subsequent deposition of W leads to strong interactions with the Cg
layer. This is clear from the observation of large areas of the surface with frozen Cgo rotation,
reduced apparent height, and perturbation of the DOS near E¢. It is clear from imaging of W on
multiple ML Cgo that W intercalates into the Cgo matrix rather easily since areas with these
effects occur far from surface clusters so these visible clusters cannot be causing the effect. This
intercalation stands in apparent contrast to an XPS study of Cgo deposited onto W(100) and
heated where intercalation was not observed and a phenomenological model was introduced to
predict whether intercalation into Cgo would occur for any metal based on the metal’s cohesive
energy.® This model successfully predicted the intercalation behavior of nearly all metals for

which data was available, and strongly indicated W would not intercalate. This prediction is
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certainly true when the W atoms must first escape the surface of a finite amount of W before
intercalating, but in the current investigation, it is extremely likely that the W atoms intercalate
before interacting with other W atoms on the surface.

For W deposited onto a single ML of Cg, the modifications to electronic structure are
much more profound than on a multilayer. Bandgaps are reduced almost to the point of making
the surface metallic, and indeed the surface coverage of W in these areas is visibly high enough
that STS could be starting to image the LDOS of the surface W in isolated areas. The high
surface coverage of W on the single ML Cg provides additional support for the ease with which
W intercalates into Cg Since there is limited vertical extent here for the Cgg to intercalate and so
more of it must necessarily remain on the surface.

The strong interaction between the W and the Cgo for this sequence of deposition can
likely be explained through a charge donation from the W to the Cgy and possible image charge

effects just as it was for Cgo on Au and Ag single crystals,***

semiconducting carbon nanotubes
on Au,®? and indeed for Cgo on W as well.**3% Why the larger W clusters do not interact with
adjacent Cgo in any obvious way is more of an enigma as their situation is analogous to the Cg
on top of single crystal surfaces which have in the past shown very strong interaction in X-ray

Photoemission and Auger Electron Spectroscopy studies.®*®

It is not at all clear why the
interaction should be significantly less for clusters when compared to a single crystal. The fact
that single atoms or very small clusters of only a few atoms of W would interact more strongly
with Cgo makes intuitive sense as isolated W atoms will be looking for bonding situations to fill
their valence orbitals. W atoms at the surface of a large W cluster are able to satisfy more of this

requirement and so would be less prone to react.
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Chapter IV.  Annealing of Cs on W and the Formation of

Nanospheres

In this section, a novel nanostructure will be introduced which was synthesized by
annealing Cgo on layers of W with an MgO(100) substrate. At this point, it’s instructive to
review the kinds of interactions that have been observed when Cg is deposited on and annealed
on transition metal surfaces.

Charge transfer from the metal to the Cso LUMO has been reported for Au(110),
polycrystalline Ag, Ni(110),** Ag(111),* Cu(100), Cu(110), Cu(111),*® and of course W.*
Pt(111) has been reported to form covalent bonds due to its large work function and the lack of
evidence for charge transfer in vibrational spectra; this despite a strong interaction characterized
by perturbations to the electronic structure of both substrate and Cgo.* The charge transfer has
been explained in most cases as the result of work function mismatch between the metal surface
and Cgo Which allows electrons to reduce their energy by moving from the metal’s Ef into the Cg
LUMO. This explanation can be too simple, however, since the degree of charge transfer is not
inversely proportional to the metal work function, as this explanation would suggest.

In all cases, when an anneal above 200°C is applied, all but the 1% ML of Cg, are removed
through sublimation. For the 1% ML, desorption has never been observed on any metal except
for Ag, where desorption was inferred at 375°C.%#* If very high temperatures are applied to an

adsorbed ML, dissolution of the ML into graphite or carbide is observed.3*%*%3

Section 4.1 Experimental Details

The depositions of W (and subsequently Cg) were conducted onto MgO(100) substrates
that were prepared in accordance with Section 2.2 and affixed to Mo sample plates with spot
welded Ta strips. Silver epoxy was applied from the substrate, up a vertical side of the substrate
and extended to a corner of the top of the sample to ensure that a conductive path was available
from the deposited metallic thin film to the sample plate. This was necessary to allow STM
characterization of the sample. The MgO substrates were preannealed in UHV overnight at
200°C to desorb any surface contaminants. MgO is stable against reduction for all temperatures
probed in this thesis at laboratory UHV oxygen partial pressures. The substrates were then
heated to 600°C and ~50 nm of W were deposited at a deposition rate of 2.7-2.9 nm/min. This
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temperature was chosen because it had previously been shown the W grows epitaxially on
MgO(100) above 400°C.*" After the deposition was completed, the substrates were annealed 10
min to promote surface diffusion to create a flatter surface for imaging.

These W films were then cooled and characterized with STM before a room temperature
deposition of ~4 ML of Cg was performed. Several ML of Cg, were deposited to ensure
complete coverage of the surface and because it was known that a low temperature anneal would
be sufficient to desorb all but the 1% ML. This multi-layer deposition was then characterized
with STM. The samples were then annealed at either 400 or 500°C for 20 min. After cooldown
the samples were characterized in detail by STM/STS. The sample annealed at 500°C was then
oxidized for 20 min at 300°C and 1x107 mbar O, partial pressure and recharacterized by
STM/STS.

Section 4.2 The Tungsten Thin Film

The best imaging conditions for the W surfaces was found to be <0.1 V and >0.5 nA.
The W films were characterized by some non-uniformity of morphology at large scales (50-500
nm); there were regions containing cubic structures with straight terrace edges interspersed with
regions lacking long range structure within 1 mm of each other on the same sample as shown in

Figure 16. The most likely explanation for this non-uniformity is temperature gradients across
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Figure 16: a) 250 mV, 1 nA b) 6 mV, 0.66 nA. Note the significant differences in morphology at different points on same
sample.
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the sample. Thermal contact was only established by the pressure from the spot-welded Ta strips
so there were likely only a few contact points between substrate and sample plate, thereby
leading to thermal non-uniformity at the substrate surface. For later samples, the entire bottom
surface was coated with Ag glue to improve thermal contact between the MgO and sample plate.
Homogeneity of surface features was generally good for these later samples.

The presence of the cubic terraces is an indication of epitaxy with the cubic MgO
substrate. All cubic features have edges that point in one of two directions, regardless of where
on the sample surface they were imaged. This is really only plausible if the W crystallites adopt
a set orientation defined by the substrate crystallography. The W thin film does not follow the
step structure or island shape of the MgO substrate (Figure 3), and the cubic structure and
straight terrace edges are therefore not an imprint of the MgO substrate topography but can
indeed be attributed to epitaxy.

This epitaxy is not entirely
unexpected, as magnetron sputtered W
has been shown to grow epitaxially on
MgO.*’ Additionally, MgO(100)
accommodates epitaxy for numerous
metals, both BCC and FCC, including
but not limited to Fe®, Ni, Cu, Pd, Pt,
and Pb.%’

On a smaller length scale, the
morphology is composed of small

irregularly shaped protrusions from the

film of 3-10 nm in diameter and less

than 1 nm in helght' Flgure 171s a Figure 17: 50 nm W film on MgO(100) deposited at 600°C. See

representative region. Steps across a Figure 19 for profile of red linescan.

terrace edge were 0.5-2 nm in height but also several nm in width (more slope than step) so the
terrace edges were not well defined.

The mobility of surface atoms is small enough at these temperatures that surface atoms
do not diffuse far enough to create a flat surface structure. This conclusion is bolstered by

images from a separate deposition performed with the substrate surface held at 800°C. As can
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be seen in Figure 19, the surface in this case organizes into a series of flat terraces with a surface
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Figure 19: a) 50 nm W film on MgO(100) deposited at 800°C.
' b) Profiles of blue and red linescans in (a) and Figure 17,
respectively. Surface roughness clearly higher for 600°C
. deposition.

roughness much lower than any region observed in the 600°C depositions. Also, edges of the
terraces are curved and do not retain any of the 90° corners that were visible in the 600°C
depositions. The change in roughness and island shape can be attributed to an increase in surface
adatom mobility, and is kinetically driven. However, we currently lack sufficient data to draw
more extensive conclusions on activation barriers and growth kinetics.

At higher magnification, a new type of structure emerges on the film deposited at 600°C.
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Figure 18: a) 6 mV, 0.66 nA. Region with visible atomic-
scale stripes. b) Linescan of blue line in (a).
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As can be seen in Figure 18, parallel stripes emerge if appropriate low voltage, high current
imaging conditions are chosen. The stripes are ~3 A apart with a corrugation of about 0.4 A,
peak to valley. This structure on W has not been reported in the past. The stripe periodicity is
close to BCC W’s lattice constant of 3.16 A, but does not show the preferred orientations implied
by epitaxy with the cubic substrate. W(100) is known to reconstruct into a similar p(2x1)
structure due to oxygen adsorption®, but its periodicity is closer to 6 A in that reconstruction.
The stripes are also clearly perpendicular to each other in the p(2x1) reconstruction as there are
two equivalent orientations {p(2x1) and p(1x2)}, whereas that effect is not seen here. Other
adsorbate-induced reconstructions on W have been found for C and H as well,®%° but do not
closely resemble the striped domains of Figure 18.

The origin of the stripes has not been conclusively resolved. If epitaxy to the MgO is
assumed, any true reconstruction would need to adopt some set orientation or set of orientations
with a fixed relationship to the underlying substrate lattice. Instead, the stripes occupy a large
number of orientations in the X-Y plane. It was argued recently that stripes in the STM images
of round nanoparticles can be attributed to an imaging artifact,”®®* but in that case the spherical
nanoparticles were greater than 5 nm in height and the stripes were all oriented perpendicular to
the tip scanning direction, which was a characteristic of that artifact. Both of those criteria are
not met, so that type of artifact is unlikely to be what is imaged here.

Alternatively, the striped regions might be caused by the differentiation of

nanocrystalline domains.

Section 4.3 Ceo on W/Mg0(100)

The Cgo covered surface proved challenging to image since the STM tip often moves or
picks up Cg molecules under the best of circumstances since the molecules do not interact
strongly with each other or, oftentimes, the substrate. Relatively high bias voltages (>1.5 V)
must also be used since Cg is a wide bandgap semiconductor and thus lacks states to tunnel into

at low bias voltages.
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Figure 20: 2.0 V, 0.07 nA Two images of 4 ML Cg, on W/MgO(100). Large fractions of the surface are obscured by tip-
induced motion of the Cgqy molecules. Note the two different types of surface ordering in (b), the top left shows FCC(111)
ordering whereas at bottom right Cg, adopts an amorphous surface arrangement.

Figure 20 shows two images from a deposition of 4 ML Cg, on W/MgO(100) and two
different surface arrangements of Cgo can be distinguished in Figure 20b. The first orientation
was a densely packed layer corresponding to an FCC(111) plane, similar to what was observed
earlier for Cgo on HOPG (e.g. Figure 10b). This configuration is evident in Figure 20a,b.

The second configuration was an amorphous surface arrangement with many molecules
displaying an increased apparent size, as in the lower right-hand corner of Figure 20b. Curvature
effects cannot explain the presence of the disordered phase since the curvature in the two regions
is similar. Instead, it’s possible that surface roughness and the presence of a high density of
defects which pin the individual molecules creates the necessary conditions. A similar
disordered arrangement has been observed for Cgo deposited on heavily ion-damaged graphite

surfaces.®?
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Section 4.4 Anneal of Ceo on W/MgO(100) - Generation of Nanospheres
As described in the previous section, the 4 ML Cg on W/MgO(100) were annealed to
400 or 500°C for 20 minutes to desorb all but the first layer of Cg and to induce a reaction with
the underlying W.
The resulting surface morphologies were similar for both annealing temperatures and the

Figure 21: (a) 0.1 V, 0.66 nA (b) 1.0 V, 1.5 nA. Cg on W/MgO(100) after (a) 400 or (b) 500°C anneal. Surfaces are
covered by nanospheres with a few bare areas like left side of (b). (a) shows some distortion due to thermal drift.

surface  morphology is dominated by small spherical particles, subsequently termed
“nanospheres.” The coverage of the surface is quite high (>90%) but regions are observed where

no nanospheres were observed (e.g. Figure 21b).
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The nanospheres are fully metallic. This was evident initially when the spheres could be
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Figure 22: (a) 1 V, 1.2 nA. Image of region fully covered with nanospheres. Image captured simultaneously with spectral
map. (b) Spectral map of dI/dV values at Er. Colorscale chosen to maximize contrast but spectra are very similar
throughout image. (c) and (d) Spectra captured within areas 1 and 2, respectively. Spectra show metallicity everywhere
with no spectral features similar to the preanneal Cg, spectra.

easily imaged with gap voltages as low as 0.1 V. STS also provides clear proof that the Cqg
bandgap has fully disappeared, as can be seen in Figure 22c,d, which are the regions (marked 1
and 2) of the STS map in Figure 22b that have the lowest and highest LDOS at zero bias,
respectively. From Figure 22c,d, it is seen that the spectra are nearly featureless parabolas,
similar to spectra taken from bare W. From these spectra alone, it is not possible to differentiate
whether the surface is composed of W or WC.

The most significant, but small, difference in the dI/dV curves between the representative
regions 1 and 2 is the magnitude of di/dV at Eg, which can be related to the LDOS. The

topography in these two regions in identical. The origin of the relatively subtle differences in



Figure 24: 1V, 0.1 nA. Nanospheres with evidence of at least one
mobile nanosphere.
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di/dV curves is currently unclear, but
likely  attributable  to  subtle
differences in the reaction between W
and Csgo.

Some nanospheres are actually
mobile under the influence of the tip.
This can be seen in Figure 24 where
several nanospheres appear to be cut
in half. This occurs when the tip
images part of a stationary
nanosphere that then moves before it
can be imaged fully. This is
intriguing since, presumably, the very
high W cohesive energy would

prevent a nanosphere from moving

under the tip’s influence if it remains strongly bonded to the W film. Serendipitously, the mobile

nanospheres provided an excellent opportunity to measure the heights of the nanospheres by

taking line scans across the plane where the sphere appears to be cut in half. For the 500°C

annealed sample, nanspheres were measured to be 5-8 A in height from 13 examples in three

images. For the 400°C annealed sample, no mobile nanospheres were observed, which may

indicate that bonding to the film decreases with increasing annealing temperature. The 13
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Figure 23: Histogram of nanosphere major axis lengths. Increasing
annealing temperatures correspond to greater deformation of the
original Cg, cage structure. The apparent diameter of Cg, in a close
packed lattice is uniformly 1.0 nm.

examples cited could involve
multiple counting of the same
nanospheres. Once a nanospheres is
released from the surface, it’s quite
possible that it follows the tip and is
redeposited somewhere else in the
image, only to be imaged again.
This occurred multiple times while
imaging small W clusters on

graphite.
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The measured heights indicate that the original Ceo shell is significantly compressed in

height by the anneal. This distortion is consistent with the measurements of the nanospheres’

major axis lengths.
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Figure 23 shows that as annealing temperature is increased from 400 to
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Figure 26: (@) 1 V, 0.1 nA. Image of nanospheres with
parallel ridges. (b) Linescan of blue profile line in (a) and
linescan of prototypical set of ridges for W/MgO(100).

500°C, the length of the longest in-plan axis increases in tandem. With the observation that the

height of the spheres after the 500°C anneal decreases significantly relative to the pre-anneal

fullerene cage, it is most likely that the dimensional change is due to deformation of the

nanosphere structure rather than the addition of significant material from the W film. The major

axis length measurements could be affected by sample drift, which would tend to add length to

each measurement, but these measurements were a taken after running the microscope for a
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sufficient period of time to reach the
instrument steady state drift, which
we have measured to be
approximately 1 nm/min.  This
could add up to 5 A to the
measurement assuming it takes 30
180 sec to image a single nanosphere in

a 20x20 nm? image (a conservative

Figure 25: Angle of ridges on tops of nanospheres, countercloskwise from

+X-axis of image. The vast majority of ridges within +40° of +Y-axis.

estimate).
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The nanospheres themselves do not have a perfectly smooth surface but show ridges.
Figure 26 shows an area where these ridges are clearly visible, and they are reminiscent of ones
that were observed on the W/MgO(100) surface (Figure 18a). The ridges on the nanospheres are
about 4 A apart with a peak-to-valley corrugation of about 0.25 A. The ridges on the W surface
are deeper and narrower, indicative of a different surface structure/termination.

About 50% of the spheres exhibit ridges. Of those, Figure 25 shows that a majority are
oriented within 40° of the y-axis. The origin of the orientational preference of ridges remains
unresolved, but is likely connected to an imaging feature. It is, in general, easier to resolve
ridges perpendicular to the piezo fast scan direction (£X in all images presented) than ridges
which are parallel. We will resolve this question in a future simulation of imaging traces as a
function of surface corrugation.

It was observed that the
different orientations are not
uniformly distributed
throughout an image, rather if a
particular  orientation  was
observed in a nanosphere, all
nearby nanospheres would have
a similar, if not identical,
orientation, as shown in Figure
27. Only a few images had
enough nanospheres with the
ridges resolved to determine the
angular distribution of their

orientations, and in these

images orientations

counterclockwise of the y-axis Figure 27: Ridge orientation showing how similar orientation tend to be in
. close proximity to each other.

covered large areas, with

smaller groups of nanospheres showing other orientations. While imaging direction is likely to

introduce a bias into the orientational distribution, it is probably not the only factor driving the

ridge orientations.
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Section 4.5 Oxidation of Annealed Cso on W/Mg0(100)

The next step in this investigation is concerned with the oxidation characteristics of the
nanospheres as examples of a unique nanostructure that are likely terminated by W atoms in a
carbide bonding configuration. The 500°C annealed surface was exposed to 1x10” mbar of O,
for 20 min at 300°C for a total dose of 3.3x10"® O,/cm?.

Prior to the oxidation step, the sample was left under UHV of ~4x10™° mbar overnight
(18 hours elapsed since annealing to form the nanospheres). This exposure alone led to

(a) 50 (b) 30 7=

100

z
z
=<
s,

40 40

£

30 30

nm
nm

20 - 20

10 10

(

)
-

0.30 | 3 @
0.25 |-
0.20 - {8
0.15

di/dV (nA/V)
dI/dV (nA/V)

0.10

005

0.00

-1.0 -0.5 0.0 05 1.0

Figure 28: Early stages of oxidation: (a) 1 V, 0.1 nA. Image of region partially covered with nanospheres. Top left,
including Region 1 is free of nanospheres. (b) Spectral map of dl/dV values at Er. (c) and (d) Spectra captured within
areas 1 and 2, respectively. Spectra show metallicity in nanosphere-free Region 1 but strong spectral changes over the
nanospheres, Region 2.

noticeable changes to the electronic structure in some of the nanosphere covered region, and can
be seen in a comparison of Figure 22c,d and Figure 28d. These changes indicate that oxidation
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has probably already started in areas of the nanosphere region where a small bandgap is seen and

an intermediate spectral shape between that of the metal and WOg is observed (for comparison,

spectra for W and WOj3 are seen in Figure 45).

Figure 29: 1V, 1.5 nA. Image of nanosphere covered region after oxidation
at 300°C (3.3x10% O,/cm?). The ridges on top of the nanospheres are
unaltered.

After the
controlled oxidation of the
surface at 300°C  (3.3x10'
0,/cm?), no obvious topographic
changes to the surface were
observed and even the surface
ridges were preserved.  The
preservation of the surface ridges
is indeed unexpected, especially
since the oxidation already
started at very low O, exposure.
These ridges are presumably
related to a surface reconstruction
since the features are atomic-

scale, Dboth in height and

extension. It is highly unusual
for a true surface reconstruction

to be preserved during oxidation.
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Spectroscopic investigation of the surface shows that the conversion of the
surface to WOj3 remains incomplete (compare to Figure 45) even after the controlled oxidation.
In Figure 30, regions 1 and 2 are both in a region entirely covered with nanospheres. Regions 3
and 4 are not covered with nanospheres and most likely represent the original W prior to the
oxidation step. The growth of an oxidized region does not appear to be strongly impeded by the

boundary of a nanosphere as the area around region 1 is a single oxide island that has overgrown
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Figure 30: (a) 1 V, 1.5 nA. Image of region fully partially covered with nanospheres after controlled oxidation. (b)
Spectral map of dl/dV values at E¢. (c) through (f) Spectra captured within areas 1 through 4, respectively. Spectra show
the progression of oxidation within the nanosphere region (1,2) and within an area of exposed W (3,4). The nanospheres
are more susceptible to oxidation than the nearby W.
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The spectra in region 1 have transitioned to a state with an LDOS much closer to

that observed for WOg3. This transition seems to evolve gradually with the negative polarity

(filled states) side of the dI/dV curve approaching the x-axis while the empty states remain

relatively static. Region 2 shows that the areas without widespread oxidation show considerable

variability in the spectral shapes, both in a wider envelope that the spectra occupy and in the

wider 95% confidence interval error bars around the average of the displayed spectra. Likewise,
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Figure 31: 1 V, 1.5 nA. Image containing several different varieties of
surface structure. The blue and red linescans show how the region with
the red linescan has a surface texture similar to the nanosphere covered
region but with much shorter structures.

regions 3 and 4 show differing
degrees of W oxidation. The less
oxidized spectra are relatively
featureless and oxidation results in a
reduction of the Er dl/dV. More
extensive oxidation of W on
graphite done in prior experiments
with the same methodology results
in a reduction of LDOS, similar to
what is observed here for the
nanospheres. After very extensive
oxidation, the LDOS comes to
resemble the bulk WOz band
structure, with a bandgap from -2 V
to +0.5 V and Ef positioned near the
conduction band minimum. It
seems clear that the nanospheres are
significantly more susceptible to
oxidation than W at these oxidation
conditions, consistent with changes
observed in Figure 28.

Assigning the designations
of “W-covered” and “nanosphere-

covered” was also more difficult on
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this surface as there are regions where the incorporation of the nanospheres into the film surface
is nearly complete. This is likely the case for the region with the red linescan in Figure 31. The
surface texture is quite dissimilar from the bare W (blue linescan). The surface features are
much larger, both in width and height. The general appearance and measured linescans are
consistent with nanospheres that have a similar width to the distribution in Figure 23 but with
heights compressed to 1-3 A (measured from the red linescan), as compared to the 5-8 A
measured prior to oxidation. Whether this near total incorporation of the nanospheres into the W
surface occurred prior to, or as a result of oxidation at elevated temperature (300°C) is unclear.
This type of surface feature was not observed prior to oxidation, but the sample of well-resolved
images of the surface prior to oxidation is small enough that the possibility cannot be discounted.

The area of the blue linescan corresponds to Region 3 of Figure 30. This region does not
have features like the area of the blue linescan, but rather more similar to the 600°C W
deposition in Figure 19b, and so it can be said with some confidence that this was a region of
pristine W prior to oxidation.

Section 4.6 Analysis of Nanosphere Structure - TEM Studies
One tantalizing question about the nanospheres is whether they are hollow inside. This

information would provide more basis for understanding their synthesis and would certainly have

Figure 32: TEM images of nanocubes on holey carbon grid shortly after synthesis. a) Nanocubes tended to cluster
together on the grid. b) More surface roughness relative to the prepared MgO single crystals was observed. c) Atomic
resolution shows that lattice is free of visible defects
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implications for the sort of properties they exhibit. Unfortunately, STM analysis cannot provide
this information directly. TEM seems to be the most straightforward path for accessing this
information. The samples described above are not ideal for TEM analysis since cross sectioning
is required and it is not clear the nanospheres adhere to the surface well enough to remain
stationary during the cross sectioning process. Instead, we decided to make use of a process
where MgO nanocubes of high quality can be grown in air directly on the surface of a holey
carbon TEM grid.**® These nanocubes can then be used as substrates in the same manner as the
single crystals but are thin enough to be imaged in the TEM without further processing. To grow
the nanocubes, pure Mg ribbon (>99%, Acros Organics) was ignited under a fume hood with a
butane torch. A holey carbon TEM grid was then wafted briefly through the smoke which
allows the MgO smoke to condense and organize into cubic structures. Several distances and
residence times in the smoke were tried with 1 s in the smoke about 5” away from the flame
producing the best results.

Figure 32 shows the MgO nanocubes, as imaged by fellow graduate student Matt
Schneider with an FEI Titan TEM. The total observed coverage of nanocubes was ~1%. The
nanocubes tended to form extended clusters of many cubes and were stacked as little towers.
Nanocubes with a side length over 100 nm showed some propensity to facet in a manner so that
the overall shape approximated a spherical structure. Nearly all other nanocubes formed a
visually perfect cube morphology. From Figure 32b, there was significant surface roughness on
the cubes, likely due to the low surface mobility of atoms for this low temperature synthesis.
This is in contrast to the extremely flat terraces with well-defined steps for the prepared single
crystal MgO. This observations instilled confidence that nanosphere synthesis would be
successful, as the nanocubes were of high quality and there was plenty of MgO(100) facets
available for line-of-sight deposition.

The TEM grids with the MgO nanocubes were then fixed to a Mo sample plate with spot
welded Ta strips and inserted into our deposition chamber. Approximately 5 nm of W was
deposited, per QCM calibration, on the grid with the sample plate held at 500°C. The film was
not deposited at 600°C due to concerns about the stability of the holey carbon film at high
temperatures, and 400°C has been shown to be adequate for epitaxy on MgO for sputtered
samples.*” Ten ML’s of Cg were deposited at RT and the sample was heated to 400°C for 20

minutes, exactly as the single crystal sample was. There are some possible sources of error that
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should be noted here. The temperature drop across the single crystal MgO and across the TEM
grid were unknown and could not be taken into account.

This sample was then imaged with TEM after approximately two hours in air to allow

Figure 33: a) MgO nanocubes and numerous small W
clusters visible on the holey carbon. Bottom-center MgO
cube shows an area free of W, likely due to shadowing by
adjacent cude. b) MgO structure with small round features
that are possible candidates for nanosphere structure. c)
Inset of (b) showing small, dark, round structures. These
structures differ from fullerenes in that they do not have a
high, contrast shell with low contrast interior. The red box
outlines a prototypical round feature like the ones that are
measured for the next figure.

transfer to the TEM. The images are shown in Figure 33. The nanocubes remain well resolved.
A deposition in the form of small clusters is visible on the holey carbon grid as well as on the
MgO cubes. The clusters on the MgO cubes are close in size to the nanospheres but we have not

yet achieved atomic resolution on these structures. The biggest challenge in this TEM analysis is



50

that the TEM cube stacks “sway” continuously while imaging, which diminishes the TEM
resolution.

These results show that this approach to investigating the nanospheres is worth pursuing
further. In the future, there certainly needs to be a thicker layer of W deposited to better simulate

the conditions that previously led to the growth of nanospheres.

Section 4.7 Discussion

These nanospheres are quite remarkable from a nanostructure perspective because of
their small and very narrow size distribution along with their temperature stability against
sintering compared to similarly sized metallic clusters.®® Controlling the size distribution of very
small metallic nanostructures allows in turn for the control of quantum size effects which are
relevant for a number of applications since they modulate properties from energy level spacing to
heat capacity and optical absorption.”” Production of nanoclusters in this size range is also of
interest because it maximizes the proportion of metal atoms that are at the surface and can
participate in any catalytic reactions. Since WC is a catalytic surface of interest, the novel
nanostructure presented is relevant in and of itself, but the reactivity will likely be perturbed
from that of a bulk terminated WC surface. Whether these changes are detrimental or enhance
catalytic activity is unknown. Further investigation into the properties and synthesis of this
structure is certainly warranted.

For the 400°C synthesis, which is adequate to fully form the nanospheres, the distribution
is narrowly peaked between 1 and 1.5 nm in diameter but broadens for the higher 500°C
annealing temperature. With a more accurate determination of the minimum temperature to form
the nanospheres, even narrower size distributions might be achieved since excess heating seems
to cause the nanospheres to slowly dissolve into the W film and it is unknown whether the
nanospheres might form below 400°C, although XPS of Cg, annealed on W rules out formation
at temperatures below 225°C.*

To unravel why the nanospheres form in the presence of W, a model is presented for their
evolution. In some ways, the evolution of the nanospheres can be compared to previously

observed reconstruction of metal surfaces in the presence of Cgp. Specifically, Ni(110)
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reconstructs into parallel grooves that maximize contact with a layer of adsorbed Cg, while
Cu(110) does not. To explain this, the authors show that hybridization of the metal d-states and
the Ceo LUMO states can be modeled as a perturbation where the energy gain through
hybridization should be much more significant for Ni(110) than Cu(110) based on the location of
the d-band center.*®* An analogous argument for the W-Cg, interaction can be made with the only
difference being that in the case of W, the d-band narrows rather than shifts®® upon a reduction in
coordination. This agrees with the observation that W bonds readily to Cgo, at least in the
presence of additional ligands, through back-donation of d-electrons into the LUMO levels of the
C60-57

The W atoms at the surface a nanosphere are less well coordinated electronically than
corresponding W atoms at the surface of the W film, based on the convex curvature of the
nanosphere surface. For W atoms to relocate from the substrate to the nanosphere surface, W-C
bonds that form in the nanosphere structure must lower the atoms’ energy enough to offset the
energy increase induced by the lowering of electronic coordination at the nanosphere surface. If
the entire nanosphere is converted to a WC phase, the loss of W coordination may not be
energetically unfavorable since the cohesive energy of WC and W,C are significantly higher
than W,

This explanation is satisfying from a thermodynamic perspective, but it leaves the
kinetics of the process unclear. If W reacts with the fullerene in a manner that destroys the cage
structure, this reaction must not occur until the cage is fully coated in W if the spherical structure
is to be maintained. There are large energetic barriers to W atoms reducing their coordination
which would be required to form a coating around the Cg. Could the W atoms bond with the
fullerene as the shell grows, with the fullerene cage being preserved until the fullerene has been
fully coated? Since the bonding of multiple W atoms to a single Cgo has not been experimentally
observed, DFT must be consulted for support. Fortunately, some work has been done
considering a W, molecule bonded to a fullerene via a single bond from one of the W atoms.*
In this simulation, the bond strength was found to be 1.73 eV for an initially neutral W,,.

The change in cohesive energy of a tungsten atom due to a change in coordination can be

calculated using a simple equation developed to explain trends within a tight-binding model:

2
EC = AC3
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where Ec is the energy of all interactions with surrounding atoms, A is a fitting constant, and C is
the number of nearest neighbors.'® From this equation, the extra 1.73 eV available from
bonding to a fullerene is enough to offset the increase in energy due to a reduction in
coordination by a single atom. This is helpful, but not enough to explain the structure since
many W atoms must reduce their coordination as the shell grows around the fullerene.
Additionally, the same DFT study found that two W atoms, bonded separately to a fullerene was
very unfavorable energetically.

Another mechanism that could explain the structure is one in which W atoms are
incorporated into the fullerene cage structure. It has already been predicted that a nanotube with
a WI/C lattice instead of a C lattice will be stable, via DFT simulations.’®*'% This structure is
made up of a square 2-D lattice that is rolled into a tube structure with W-C bonding maintained
everywhere. Also, simulations using semi-empirical methods have predicted the stability of
fullerenes with C atoms substituted by Si, Ge, Al,'® zn, Cd, or Hg.!® These fullerenes are
predicted to be less stable and more reactive than Ce.

An explanation of the nanospheres involving a substitution of C atoms for W in the
fullerene cage is attractive because it is consistent with several observations about the
nanospheres. For one, many nanospheres were observed with diameters that are nearly identical
to bare fullerenes. This implies that the physical size of the molecule has not increased
significantly. Any explanation that involves an overgrowth of W around the fullerene is more
likely to lead to a significant increase of the size distribution of the resulting structure.
Substitution without direct bonding to the substrate could also explain why some nanospheres
are mobile on the surface under the influence of the tip, while strong chemical bonding of the

substrate to the nanosphere makes this phenomenon unlikely.
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Chapter V. Codeposition at High T and Formation of W,C,_,

A central aspect of this project was to investigate how variations in the WC stoichiometry
affect the ultrathin films’ properties and their subsequent susceptibility to oxidation. To this end,
significant work was done preparing codeposited thin films from Cg and W at elevated
temperatures where the fullerene would be destroyed and incorporated into the carbide structure.
Films were prepared with compositions of nominally 50, 60, and 75 atom% carbon per QCM
calibrations (50/50, 60/40, 75/25) with thicknesses of 30 and 80 nm. The morphology of the
films will be discussed initially, with spectroscopic and XPS data following in turn. An XPS
analysis for a more precise determination of film compositions is in progress.

Table 1 is provided below as a guide to all of the figures presented in this chapter.

Table 1

Figure # Thickness (nm) Composition (C/W)  Image Size (nm) Analyses
34 80 50/50, 60/40, 75/25 500-2000 STM
35 30 50/50, 60/40 1000-2000 STM
36 80 50/50, 60/40, 75/25 100-200 STM
37 80 50/50 500 STM
38 30 60/40 110 STM
39 80 50/50 50 STM

40 30 50/50 20 STM, FFT

41 30 50/50 50 STM, STS
42 80 60/40 15 STM

43 80 60/40 15 STM, STS

44 - 50/50, 60/40 - XPS
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Section 5.1 Morphology and Composition of Codeposited Films

The initial set of films discussed are all ~80 nm thick as determined by the relative
deposition rates, with a deposition rate of ~1.3 nm/min onto MgO(100) substrates held at 800°C
with a 10 min post-deposition anneal, also at 800°C.

Figure 34 is a series of large area images of the three surface compositions. The 50/50
surface is filled with square islands 50-300 nm across. Steps between terraces are 1-2 nm in

height. These islands have a preferential orientation across a very wide area indicating the

500 nm

Figure 34 80 nm thick films. a) V, = 0.1V, I, = 1.04 nA,
50/50 C/W ratio. Numerous cubic islands are present with
preferential side axis orientations. b) V, = 0.1V, I, = 1.04
nA, 60/40 C/W ratio. Cubic features have disappeared with
sloping transitions between features. c) V, = 0.1V, I;=2.00
nA, 75/25 C/W ratio. Resolution is limited due to mobile
species on the surface.
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substrate is likely influencing the island orientation through epitaxy. These films are much more
homogenous than the W films discussed in the last chapter, which had significant variation in
morphology at different macroscopic locations on the sample. The improved homogeneity may
owe to application of Ag glue across the entire interface of the MgO and sample plate that began

with these samples.

The 60/40 surface is distinct from the 50/50 in that the cubic morphology is completely

i

Figure 35: a) V, = 0.1V, I;=1.50 nA, 50/50 C/W ratio. This 30 nm thick film shows cubic character but also long,
meandering islands very similar to the underlying MgO substrate. b) V, =0.1V, I,=0.60 nA, 60/40 C/W ratio. Presence
of distinct islands with some showing cubic character, in contrast to thicker 60/40 film, where no island structure is
observed.

absent. The surface is characterized by gradual transitions between areas of differing height. It
is likely that thermodynamically favored phase separation of the graphite from the
carbide/tungsten already modifies the morphology to a large degree, as expected from the phase
diagram (Figure 4).

The 75/25 surface is characterized by a high mobility of surface species that obscure
imaging at large length scales. In this case there are likely sizable, continuous regions of
graphite which can be deformed under the influence of the tunneling tip. The particles, which
can also be seen in Figure 34c appear to be rather mobile during imaging.

A second set of films was prepared in an identical way but with a thickness of ~30 nm.

Wide area images of these films are presented in Figure 35. The morphologies share general
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characteristics with the thicker films. The 50/50 surface again has many cubic features, but
many of the islands are long and narrow and trace curving paths on top of the substrate. This is

likely due to the underlying MgO, whose morphology (Figure 3) is still mirrored in the
morphology of the islands.



Figure 36: a) V, = 0.1 V, I = 1.04 nA, 50/50 C/W ratio.
Several distinct structure types are present on the surface.
b) Vp, = 0.1V, I, = 1.04 nA, 60/40 C/W ratio. Structure
dominated by graphite terraces with small round clusters
present periodically. c) V, =50 mV, I;=2.04 nA, 75/25 C/W
ratio. Graphite dominant with mobile lobed clusters on top,
reminiscent of the W clusters on HOPG.

‘ & 40 nm

" The 60/40 30 nm surface (Figure 35b) displays distinct islands, in contrast with the
thicker film of the same composition. Some islands show a cubic character with preferred
orientation that is again absent in the thicker film. This is an indication that a cubic phase
initially grows epitaxially on the substrate, likely metastable cubic WC,.x which is stable in the
phase diagram between 2530 and 2750°C and in the vicinity of 38% C (the stable WC and W,C
are both hexagonal). The cubic phase is therefore stabilized by the MgO substrate. If the
absence of cubic islands in the 80 nm film occurs because either graphite segregation interrupts
epitaxy, or the surface segregated graphite obscures the underlying carbide.
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Figure 37: V, = 0.1V, I, = 1.04 nA, 50/50 C/W ratio, 80 nm thick.
Elliptical islands organize into stripes pointing in preferred directions.
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At higher magnifications
additional differences between the
films emerge. Figure 36 shows the
same three compositions for the 80
nm films. The 50/50 film in Figure
36a shows a hierarchy of
morphologies: well-defined 10-30
nm diameter ellipsoidal islands
which are the constituents of the
larger cubic islands visible in Figure
34a, 50-100 nm irregularly shaped
islands as in the center right of the
image, and smaller 1-5 nm clusters
dispersed across the surface of the
irregularly shaped islands. Some of

the ellipsoidal islands are arranged

into parallel stripes as in Figure 37. The 30 nm thick 50/50 film showed the same collection of

surface features at this size scale.
The 60/40 80 nm surface in

Figure 36b is characterized by a

highly layered structure with small

clusters 2-5 nm in diameter and 5-10 |

A tall. The steps between layers are
3-4 A and are likely composed of
graphite, which has a 3.35 A
interlayer distance.

By way of contrast, the 30
nm 60/40 film (Figure 38), is
heavily covered by well-defined 10-
20 nm islands that are very similar

to the islands observed on the 80 nm

Figure 38: V,=0.1V, I;=0.60 nA, 60/40 C/W ratio, 30 nm thick. These
well-defined islands are very similar to one type of feature on the 50/50
80 nm surface.
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50/50 surface, even having the preferred orientations and positioning that formed the stripes on
top of some of the cubic islands (e.g. Figure 37), as can be seen in the top left corner of Figure
38. Only a small minority of areas were found with graphite or graphene. This could be due to a
miscalibration of the deposition rates measured on QCM or that the surface evolves as a function
of thickness, perhaps because epitaxy has not been interrupted at this early stage. In progress
XPS analysis of these films should settle this question.
The 75/25 80 nm surface (Figure 36c¢) has large graphitized regions, confirmed by the
characteristic 3.3 A steps between terraces. The contribution from these extensive graphitized
regions
dramatically
affects the film
growth allowing
for the growth of
free lobed
clusters
reminiscent  of
the W clusters on
graphite (e.0.
Figure 10b).
These results
indicate a
substantial
modification of
the film growth
as a function of

10 nm composition.

The surface

Figure 39: V, = 0.1V, I;=1.04 nA, 50/50 C/W ratio, 80 nm thick. Higher magnification of termination 1S
central cloud-like region of Figure 36a reveals numerous parallel striped structures. .
g g P P dominated by

graphite, which is also seen in atomic resolution images in the next section.
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Short, atomic scale stripes (Figure 39) were observed on the irregularly shaped island
(distinct from the ellipsoidal islands) of the 50/50 80 nm surface in Figure 36a, which appeared
smooth and featureless at the lower magnification. The lateral stripe separation was 3.05-4.65 A
with an average value of 4.07 A. The orientation of the stripes spanned a range of angles, but as
with the stripes on the nanospheres, these angles spanned a narrow range around the y-axis. It is
again likely that this effect can be attributed to limitations of the STM and that the orientation

Figure 40: a) V, = 10 mV, I, = 1 nA, 50/50
C/W ratio 30 nm film. Atomic resolution in
an ellipsoidal island region. b) FFT of
image. Lattice periodicity of 3.52 A with
four diffuse peaks near the +x directions.

5 nm

preference is potentially an artifact. A more detailed study of the impact slope and surface
roughness has on imaging is in progress.

Atomic resolution was never obtained on the 50/50 80 nm ellipsoidal island surface but
was obtained on these features for the 30 nm film, Figure 40. Fast Fourier Transform (FFT)
analysis reveals a diffuse ring with 4 peaks that correspond to a lattice periodicity of 3.46 A, not
very similar to the HOPG measured periodicity of 2.81 A, again from FFT. The width of the
FFT ring also indicates that there are a number of different periodicities occurring in the image,
from approximately 2.89 to 4.33 A. This range effectively excludes graphite as the surface layer
here since an FFT of a hypothetical, similarly curved graphite surface would also have a diffuse
ring due to distortion of the lattice periodicity on the inclined areas. The FFT of such a graphite

surface would have periodicities ranging from about 2.47 A for the most inclined areas to the



61

2.81 A measured on flat HOPG, based on orientations from horizontal to the maximum
azimuthal angle measured in Figure 40a.
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Figure 41: V, =30 mV, ;= 3 nA, 60/40 C/W ratio 80 nm
film. a) Image of region containing graphene, graphite, and
several striped structures similar to those observed on W. b)
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The 80 nm thick 60/40 film is characterized at the atomic scale by a near universal
coverage with graphite and graphene (Figure 41). The presence of graphene was confirmed by
measuring the periodicity of the centers of the carbon rings-the dark spots in the images- to be
3.41 A. This is in agreement with the 3.40 A measured on an exfoliated graphene sample on
Cu(111) with our STM. The observed coverage of graphene on this surface was approximately
20 %.

In addition to the graphene and graphite, the 60/40 surface exhibits highly localized
striped domains with a periodicity of ~3.5 A and a peak-to-valley corrugation of ~0.8 A. It is
quite likely that these features are formed by misalignment of two sheets of graphene on top of
one another, similar to a small region of a Moire pattern. Moire patterns form because the

misalignment creates periodically repeating geometries of the top sheet with respect to the
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bottom.'® The formation of similar parallel stripes due to Moire pattern formation between two
nanotubes of a multi-walled carbon nanotube have been observed. %

To recap the morphology observations, on the 50/50 80nm and the 50/50 and 60/40 30
nm surfaces, a cubic morphology was observed with approximately ellipsoidal islands whose
atomic periodicity was greater than what is observed on graphite. The 60/40 30 nm surface also
had a small fraction of its surface covered by graphite. The 60/40 80 nm surface is fully coated
with a mixture of graphene and graphite and lacks evidence of the cubic island structure. The
75/25 80 nm surface is heavily coated with graphite which changes the growth mechanism to one
favoring the growth of clusters on top of graphite.

The next few paragraphs will cover STS measurement of some of the films just

discussed.
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Figure 42: (a) 1V, 1.5 nA. Image of 50/50 30 nm region containing primarily ellipsoidal islands which are more visible in
lower magnification images of the same region. (b) Spectral map of dl/dV values at Er. (c) and (d) Spectra captured
within areas 1 and 2, respectively. Spectra show two distinct, but similar spectral shapes. The features are very different
from graphite, but cannot be classified directly since there is no STS of the various tungsten carbides in the literature.

Figure 42b is an STS map of a region with ellipsoidal islands that make up a much larger
cubic structure on the 50/50 30 nm film, as discussed previously (Figure 36a). Figure 40
corresponds to a region near the center of Figure 42. There are two distinct spectral shapes
present here, with rather different LDOS at Er. Neither shape is remotely similar to graphite,

which presents as a nearly featureless parabola for this range of voltages.
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STS of the 60/40 80 nm surface confirms the presence of significant amounts of graphite.
From Figure 43, large regions of the surface show spectra that are relatively featureless parabolas
like those in region 1, similar to previous spectra taken on HOPG. Spectra on top of a striped
region are also most likely graphite or graphene, as the spectra bear little resemblance to the
50/50 surface where graphite is generally absent and are comparable to spectra taken on pure
graphite. These STS measurements confirm the general conclusions of the STM morphology
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Figure 43: (a) 30 mV, 3 nA. Image with atomic resolution on several features of interest for the 60/40 80 nm film. (b)
Spectral map of dI/dV values at Er for much of the region (a). (c) through (e) Spectra captured within areas 1 through 3.
Region 1 is composed of graphite. Region 2 is a striped feature with a spectral shape much more characteristic of graphite
than the carbide.

analysis.

XPS analysis performed at Virginia Commonwealth University with Dr. Dmitry Pestov
of the 50/50 and 60/40 80 nm surfaces provides additional context for understanding the film
growth. Figure 44a shows the XPS spectra in the energy range of the C1s core level. The C1s
peak is ideal for phase identification purposes since there is reasonable energy separation

between the peaks that are associated with the various phases in the W-C system. Graphite
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Figure 44: XPS data showing the (a) C1ls and (b) W4f region for both the 50/50 and 60/40
80 nm surfaces along with guides to literature peak positions. The carbide species is most
likely WC,,. The 60/40 sample was stored in air for approximately 30 days prior to XPS
analysis, explaining the copious amount of WO..
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bonding results in a peak
at 284.6 eV'% and that
peak is strongly
represented in both sets of
spectra. This  was
expected for the 60/40
surface where graphite
was readily observed
everywhere on the surface.
This peak position also
corresponds to
adventitious carbon due to
storing samples in air.
This could explain the
strength of the peak on the
50/50 80 nm film where
very little graphite was
directly  observed on
surface. It is also possible
that significant amounts of
graphite exist near, but not
on, the surface of the film
and were thus invisible in
the STM imaging. WC

and W,C have binding energies of the most prominent carbide peaks at about 282.8*° and 284.1

eV,'% respectively. Neither of these values were close to the measured peak. The cubic WCy.,

phase has an expected peak position of 283.4 eV,'%" very close to the 283.45 eV that was

measured here. This is first evidence that both surfaces are dominated by the cubic WC. phase

and, possibly, graphite.

The W4f XPS spectra were also measured with the WA4f;, peak used for phase

identification purposes. The expected W, W,C, WC;4, and WC peak positions were,
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respectively, 31.4,'% 31.8,'® 31.8,"" and 32.2 eV.'® The close spacing of these positions made
it difficult to identify the phase with confidence. The peak in the data at 31.5 eV is closest to the
literature value for W, but is also very close to WCy.x. The 60/40 sample showed a significant
amount of WO;3 on the surface. This was due to the sample being intentionally oxidized under
vacuum and also stored in air for 30 days prior to the XPS analysis being performed. The 50/50
sample was prepared specifically for the XPS analysis and was not intentionally oxidized and
only spent about 4 hours in air prior to the analysis. This explains the near absence of WO3 on
its surface.

We are currently awaiting XPS data from the majority of the samples discussed in this
thesis that should provide additional insight into the structure and response of the films to

oxidation.

Section 5.2 Discussion

The cubic morphology of the 50/50 surface was surprising initially, as the two stable
carbides, WC and W,C both have hexagonal lattices. The cubic morphology can be attributed to
the presence of metastable a-W and/or WC;., phases. Both are cubic and have been observed for
magnetron sputtered films at much lower C/W ratios.*’ The presence of an a-W phase seems
unlikely since the homogeneity range for interstitial C in the phase is extremely narrow. WCj.4
seems much more likely since it is often observed in low temperature thin film
depositions.’?"9112 The C1s spectra presented in Figure 44 agree with the assumption that
WC. is the dominant, if not the only carbide phase present near the surface of the film. For the
50/50 film, this fact, combined with the observed cubic morphology, means that the cubic
carbide is dominant throughout the film. WC,.4 is favored due to the epitaxial interaction with
the substrate and transformation to one of the hexagonal phases is not observed for film
thickness up to 80 nm at least.

If WCy. is the dominant carbide phase, there is a question of where all of the extra
carbon goes. Formation of WC,., with carbon content as high as 50% has been reported, but for
the 60/40 films discussed here there is a question of where the excess carbon resides. On the 80
nm 60/40 film, XPS implies that WC,.4 is the only carbide present. If surface graphitization was
the only route to segregate excess carbon, one would expect to find >10 nm of graphite on the

surface. >20% of the surface is covered with graphene, so clearly much of the carbon goes
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elsewhere. Since epitaxy is not broken, at least up to a thickness of 30 nm on the 60/40 film
based on observed cubic morphology, and the main surface features observed are well-defined
ellipsoidal islands, the ellipsoidal islands are likely columnar grains in contact with the MgO
substrate and the carbon precipitates at the grain boundaries. The XPS data is not conclusive
about what phase the carbon precipitates as, since the Cls peak positions are consistent with
graphite, amorphous carbon (a-C), and adventitious carbon due to storing the samples in air for a
time.

Since the cubic carbide has been identified as dominant, the spectra in Figure 42 are
likely the LDOS at the surface of this carbide. There is significant variation in the LDOS, with
both metallic spectra and spectra with a small bandgap being observed. This is not necessarily
inconsistent with a single phase, as the WCy.« has a significant homogeneity range, from x =0 -
0.4.1% Changes in stoichiometry perturb the bonding configuration and the band structure. So
these variations in the LDOS could certainly be consistent with WC,.x with different values of x.

The appearance of graphene, as observed on the 60/40 80 nm sample, from surface
segregation of carbon is novel to the literature for transition metals, although the surface
segregation of graphite was observed for SiC.**® The segregation of the graphite from the newly

deposited film is consistent with the phase diagram.
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Chapter VI.  Oxidation of Codeposited Samples

This chapter is concerned with the changes that occur on the same 50/50, 60/40, and
75/25 films on MgO(100) that were discussed in Chapter V. The discussion will focus mainly
on the spectral changes that occur in STS as there were few morphological changes of note after
the oxidation. The lack of morphology change is in accord with prior oxidation experiments at
RT of W clusters on graphite.

For these experiments the STM was positioned over a single 100x100 nm? region
throughout the oxidation so the changes in a particular group of clusters could be measured
directly. For oxidation of W clusters, there was an immediate increase in the apparent volume of
the clusters (approximately 29% increase in volume of an initially 80 nm?® cluster after 4.5x10"*
O%/cm? exposure). These changes were relatively subtle in the imaging, however, with the
appearance of the clusters remaining static despite significant, uniform changes in the diameter
and height of the clusters. The apparent change in volume was due to two effects: firstly, the
decreased density of the oxide layer (and addition of O atoms) relative to the bare W, and
secondly, the reduction in apparent height due to higher tunneling resistance to the oxide. These

effects compete in determining

10 T i) the measured volume, and in the
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Figure 45: 2V, 0.1 nA. Comparison of STS from W and HOPG in same true increase in volume due to
image, along with WO; taken the following day with the same tip. The
differences are subtle and difficult to differentiate for W and HOPG if spectra oXide evolution.
are taken from different images where tip changes can swamp any differences
in the actual LDOS. The WO, bandgap is easy to identify regardless of STS analysis  proved
changes in the tip or tunneling resistance.

much more useful in illuminating

the changes that were occurring locally on the W clusters. Prior to oxidation, the differences in
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STS between W clusters and the graphite surface was relatively subtle (Figure 45) with W
showing a higher LDOS at Er and a somewhat less parabolic shape. These spectra were taken in
the same image with the same V; and I..

One issue that arose in performing these experiments was proper selection of STS scan
parameters. In the end, a wider scan of >2 V on each side of zero bias seemed to provide more
structure in the spectra and therefore more context for making interpretations. The downside of
the wider scan is that, for the same current setting, the tunneling current while sweeping through
small biases is much smaller for a larger initial voltage, relative to a lower initial voltage, and so
structure near zero bias can be obscured by noise. Occasionally, multiple STS maps were
measured with different parameters (V and I) on a single surface in close succession and in those
cases, no inconsistency was found between the spectral shapes for bias ranges in common (not
shown). Future experiments could incorporate this in a more systematic way to instill more
confidence that spectral shapes can be generalized to a wide range of tunneling parameters.

Significant changes, especially in the magnitude of dl/dV can occur as a result of
changing the tunneling conditions or due to tip changes (atomic reorganization at the tip apex)
that were not infrequent. In this regard, the natural evolution towards WO3; under oxidation, for
both W and the carbides discussed in this chapter, proved to be a boon in the analysis of surface
evolution, since it presents a rather significant modification of the STS spectra and is thus not as
susceptible to modification of the tip. Nevertheless, to verify that tip changes were not causing a
change in spectral shape, occasionally STS was performed on bare graphite. Changes in spectral
shape on HOPG were never observed.

WOj is a wide bandgap material, with a 2.6 V bulk bandgap™**

that is straightforward to
identify in STS measurements of the carbide or W surface. The example shape in Figure 45
following oxidation of W clusters is typical. Much as the bandgap of Cg provided a strong
contrast with the W in the analysis of Cgo/W interactions, WO3’s bandgap provides the contrast
necessary to understand the oxidation experiments.

Table 2 contains a summary of the figures that will be presented to aid in following the

sequence of experiments discussed.
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Table 2

Figure # Thickness (nm) Composition Oxidation Temperature Exposure
(C/W) (°C) (O,/cm?)

46 80 W 23 8.4x10"°
47 80 50/50 300 3.3 x10'°
48 30 60/40 300 3.3 x10"°
50 30 50/50 300 3.3 x10'°
51 30 50/50 600 4.95 x10%
52 30 60/40 400 3.3x10%
53 30 60/40 600 4.95 x10%

55 30 60/40 - -

An overview of the oxidation of W clusters on graphite provides useful background in
understanding the results of the carbide oxidation. For the experiment visualized in Figure 46, 6
ML of W were deposited on HOPG and exposed to 1x10™° mbar of O, for 217 min at RT for a
total O, coverage of 8.4x10™ O,/cm? presuming a sticking coefficient of 1. This exposure is
equivalent to around 100 ML of O,. The resulting STS map, Figure 46a, was taken at -1.02 V
where contrast between the WO3; and W spectra is large. Red areas have a small dI/dV and
blue/violet areas have a large dI/dV. It is important to realize that the color scale is set to
maximize contrast and is changed for each image presented in the next few figures.

Figure 46 shows several aspects of the oxidation process on this surface. The
spectral shapes in Regions A-C demonstrate that many areas on the surface have almost fully
oxidized to WQOg3, with a bandgap of about 1.5 V and the LDOS severely reduced between -1.5
and 1.0 V, which is approximately the same as the bandgap for the bulk WO3;. The full bulk
bandgap is typically not observed due to a high density of surface states that are characteristic of

WO; surfaces.!™®
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The WO;3 regions occur in localized islands so this could be indicative of nucleation and
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Figure 46: a) 2V, 0.1 nA. Image of W clusters on HOPG
taken simultaneously with STS map. (b) Spectral map
of dI/dV values at -1.02 V where contrast was maximized
(vertical black bars in (c) through (e)). (c) through (e)
Spectra captured within the specified regions on (a) and
(b). Spectra show that oxidation is highly non-uniform
with WO; forming small islands on the perimeters of
clusters.
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\
growth of the fully oxidized regions, which is not unexpected since the transition to WOs3 is
accompanied by a structural change from the underlying W. There are also areas where
oxidation has led to an intermediate state between W and WO3, such as Regions E and F. The

spectra from these areas are characterized by a reduction in dl/dV at Eg such that these areas are
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either semimetallic like graphite or have a very narrow bandgap. WO, has been measured to
have a smaller, but still metallic DOS at E relative to metallic W via XPS,**® and so this is a
likely candidate for these regions. Mixed WO, materials do exist, but there is some debate
about whether these represent independent structures or just defective WO, and WOs;
structures.™"**® In this case, these non-stoichiometric oxides could be relevant since the surface
might evolve towards the stable oxides in a number of steps that might account for the
intermediate spectra shapes.

Figure 46e shows the evolution of the band structure across a boundary between a fully
oxidized area (Row 1-3) and a very metallic region (Rows 4-10) near the coordinates (5 nm, 30
nm) in the image. Each “Row” is composed of 10 spectra with the same x-coordinate and
consecutive y-coordinates that have been averaged together. This graph shows that there is a
very abrupt change in the LDOS between Rows 3 and 4 which are spatially separated by 5 A.
The LDOS shape approached that of W in Rows 5 and 6 before passing back into a region of
intermediate oxide in Rows 7-10. Morphologically, there are no changes in the cluster images

other than the uniform dimensional changes discussed earlier.

Section 6.1: Oxidation of Codeposited Carbide Samples

Controlled oxidation in UHV was performed on all of the codeposited carbide samples on
MgO(100) discussed in the last chapter, 50/50, 60/40, and 75/25, with subsequent
characterization performed by STM and STS.

The 50/50 80 nm surface was subjected to 1x10™" mbar of O, for 20 min for a total dose
of 3.3x10" O,/cm? with the substrate held at a constant temperature of 300°C. The morphology
of the surface at large scales was indistinguishable from the preoxidation surface discussed in
Section 5.1. Atomic resolution on the post-oxidation surface was never obtained.

Figure 47 shows a region of characteristic ellipsoidal islands as they are observed on the
50/50 80 nm surface. These islands are the smallest morphologically distinct features on the
surface. From the spectra in Figure 47c-e it can be seen that the degree of oxidation is quite
uniform throughout the surface with spectra characterized by a highly asymmetric shape, a small
or near-bandgap at Er and a small inflection to more negative slopes at a small negative bias.

The spectra are quite different from the carbide dI/dV found in Figure 42, which possess a
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shoulder at small negative bias. The spectra are also clearly distinct from the intermediate
oxidation seen in Figure 46d,e which show a much sharper v-shape near Er. This could be due
to the different reaction pathways that must be followed to remove C atoms from the lattice prior
to the formation of WO, or WOs. For example®™:

WC+0,- W0, +C
Mixed oxy-carbides may also form.

The carbon is eventually removed via further reactions that produce CO and CO,, but the
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Figure 47: a) 1V, 0.1 nA. Image of 50/50 80nm surface taken
simultaneously with STS map after controlled oxidation at
300°C. (b) Spectral map of dl/dV values at Eg. (c) through
(e) Spectra captured within the specified regions on (a) and
(b). Spectra show that uniform oxidation to some
} intermediate level between W and WQ;. There is definite
correlation of surface features to the degree of oxidation with
= the well-defined ellipsoidal islands showing the most
! oxidation, characterized by the opening of a narrow
bandgap.
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temporary presence of unbonded surface C or mixed oxy-carbides could produce the changes to
these spectra.

The degree of oxidation, characterized by the presence of and/or the width of a bandgap,
shows a strong dependence on the local morphology. The well-defined ellipsoidal islands on the
left hand side of the image showed the most advanced oxidation. Oxidation seemed to be
relatively uniform within a single island or cluster. Notably, unlike in the case of the W
oxidation, all areas are oxidized to some extent and the original surface is not retained. The
surface oxidation does not fully progress to WO3 anywhere and the variation in presence and/or
width of bandgaps within a small region of the surface is indicative of intermediate and mixed
surface termination.

The 60/40 80 nm surface was exposed to identical oxidation conditions as the 50/50 80
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Figure 48: a) V, = 0.5V, I;= 20 nA, image of post-oxidation 60/40 80 nm surface with atomic resolution on graphene as
well as the striped structures discussed for the pre-oxidation surface. b) Same image as (a) with 12-degree polynomial
background subtraction to enhance the contrast on the atomic scale features. (c)-(d) Spectra obtained from regions 1 and
2. Region 1 is graphene and displays a Dirac point at Er. Region 2 displays a more graphite-like shape near Eg but the
spectra are quite noisy.
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nm surface. The resulting surface morphology was again indistinguishable from the pre-
oxidation images. In this case, however, atomic resolution was attained in some regions of the
surface. Figure 48 shows a region where graphene is resolved, confirmed again by a 3.35 A ring
center-to-center distance, as well as the striped clusters that were discussed in the pre-oxidation
chapter (Figure 43) and identified as graphite. The atomic-scale features observed are fully
consistent with those observed for the pre-oxidation.

The STS spectra from Figure 48, which were collected with V,=1.0 V and Ii=1.5 nA, are
also similar to the pre-oxidation spectra (Figure 43). Region 1 contains graphene, confirmed by
measuring the ring center-to-center distance, and the STS shows a Dirac point at Er which is a
linear approach to the DOS minimum and a discontinuity in the slope at that minimum. This is
consistent with the theoretical DOS for graphene except that there should be dI/dvV=0 at the

Dirac point.  The striped feature in Region 2 has a similar LDOS to its pre-oxidation

Figure 49: V, =0.05V, I;=2 nA. a) Image of 75/25 80 hm post-oxidation surface showing how heavily graphitized the
entire surface remains. b) Central region of (a). Demonstrates the formation of the striped domains from graphite.

counterpart, albeit the spectra were rather noisy in this area. The modification of the surface in
response to O, exposure is minimal, both with respect to topography and dI/dV spectroscopy
data. The bandgap opening, which is characteristic of oxidation on the carbide as well as the W

surface, is not observed here, and the graphite surface largely remains stable.
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A number of STS maps were produced for the 60/40 80 nm post-oxidation surface. All
of these maps showed similar phenomenon to what is shown in Figure 48. Features associated
with carbide, topographic or spectroscopic, were never observed.

The 75/25 80 nm surface was exposed to identical oxidation conditions as the other two
surfaces.  All imaging and spectroscopy indicated the entire surface remained heavily
graphitized, in agreement with the 60/40 sample. Figure 49 shows one representative region.

The 30 nm thick films (50/50 and 60/40) discussed earlier were also oxidized to
investigate their response. These films, however, were exposed to more severe conditions than
the 80 nm films with respect to O, dose and temperature.

The 30 nm 50/50 film was initially oxidized under identical conditions to the 80 nm
50/50 (and 60/40) film for a dose of 3.3x10* O,/cm? at 300°C. This surface showed a slightly
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Figure 50: (a) 1 V, 1.5 nA. Image of region composed of ellipsoidal islands on the 50/50 30 nm thick film after 300°C
oxidation. (b) Spectral map of dl/dV values at E¢ captured simultaneously with (a). (c) and (d) Spectra captured within
areas 1 and 2, respectively. Region 1 is composed of lightly oxidized carbide whereas Region 2 has oxidized almost
completely to WO;.
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more extensive degree of oxidation owing most likely to a certain degree of inherent surface
inhomogeneity. The oxidation continues to be highly non-uniform, with areas of nearly pristine
carbide existing within 1 nm of surfaces showing uniform and extensive oxidation, as illustrated
in Figure 50. Region 1 has a very similar spectral shape to the carbides presented in Figure 42,
with the only difference that the shoulder between -0.5 and 0 V disappearing after oxidation.
This is consistent with the evolution towards WOj3; observed thus far for all surfaces, with the
LDOS for the occupied states (negative voltage) being generally lower than the empty state
LDOS, which corresponds to positive bias voltages. Region 2 has opened an ~1 V bandgap and
all polarities within the WO3 bulk bandgap show severely depressed LDOS.

The 30 nm 50/50 film was then exposed to a much more extensive oxidation, 30 min at
1x10” mbar with the film held at 600°C for a dose of 4.95x10'® O,/cm? or 8.25x10™ O,/cm?

including the prior oxidation at 300°C. A representative area of the resulting film is shown in
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Figure 51: (a) 2 V, 0.1 nA. Image of region composed of ellipsoidal islands on the 50/50 30 nm thick film after 600°C
oxidation. (b) Spectral map of dl/dV values at -0.5 V in region (a). (c) and (d) Spectra captured within areas 1 and 2,
respectively. Both regions have oxidized significantly. Region 1 shows similar dI/dV to previous spectra attributed to
WO;. Region 2 is also quite oxidized but with a much smaller bandgap.
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Figure 51. Region 1 is oxidized to a full 1.5 V bandgap with a strong depression in LDOS
between -1.5 and 1.0 V. Region 2 is at an intermediate stage of oxidation with a somewhat
smaller bandgap. This film differs from the more mildly oxidized one in that no areas were
found that had not oxidized to the point of opening a bandgap. This is also the reason the WO;
islands on the STS map stand out less prominently from a visual point of view as compared to
Figure 50.

Morphologically, in keeping with prior oxidation results, no changes to the surface were
found, aside from the need to image at higher voltages to stay out of the bandgap region and thus
have a sufficient tunneling current.

The 30 nm 60/40 film was exposed to 1x10® mbar of O, at 400°C for 20 min for a total
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Figure 52: (a) 2.5V, 0.1 nA. Image of 60/40 30 nm thick
film after 400°C oxidation. (b) Spectral map of dl/dV
values at -0.5 V measured simultaneously with (a). (c)
through (e) Spectra captured within areas 1 to 3,
respectively. Region 1 is composed WO; in the now
familiar island configuration. Region 2 is likely newly
exposed or very lightly oxidized carbide after O, etching
of the graphite. Region 3 is intermediately oxidized
carbide.
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dose of 3.3x10™ O,/cm®. The resulting film showed unstable imaging for conditions that yielded
atomic resolution on the pre-oxidation surface (<0.1 V, >1 nA). This limits conclusions that can
be drawn about morphology. The images that were taken, at higher voltages to stay out of the
bandgap of the WOj3; regions, showed identical morphology to the pre-oxidation images.

Figure 52 shows an STS map taken on the post-oxidation 60/40 surface. It is
characterized by regions with fairly pristine carbide, well-defined islands of WO3, and islands of
incompletely oxidized carbides. The dl/dV of the WO3 in Region 1 closely approximates the
measured bulk bandgap of 2.6 V. Region 2 has a parabolic shape like graphite, but the shoulder
near -1 V and the general asymmetry is characteristic of the lightly oxidized 50/50 film in
Region 2 of Figure 51.

Region 3 is also an oxide, but distinct from the one in Region 2. This differentiation
shows the utility of the wider range of voltages explored on this surface.

Recall that the 60/40 80 nm pre-oxidation surface was predominantly, if not exclusively,
graphitized, and that the 80 nm 60/40 film remained fully graphitized after the 300°C oxidation.
The pre-oxidation 60/40 30 nm surface had a low coverage of graphite (<10%), but after the
400°C oxidation with an order of magnitude less O, exposure than the 80 nm surface was
exposed to, this surface is denuded of graphite. This shows that the O, exposure at elevated
temperatures etches away the graphite. It also implies that there is a possible increase in the rate
of etching for 400 vs. 300°C. Since the 30 nm 60/40 surface had a lower coverage of graphite to
begin with, this conclusion is somewhat speculative, but a significant fraction of the 60/40 80 nm
surface was covered with graphene, and this remained the case after the oxidation with no
exposed carbide found, so there is reason to believe that graphite etching was minimal for the
300°C oxidation. Etching of the 30 nm surface at 400°C also explains why a larger fraction of
this surface showed insufficient oxidation to open a bandgap (the green areas in Figure 52b)
relative to the 50/50 surface oxidized at a lower temperature (green areas in Figure 50b). Some
fraction of the carbide was protected from oxidation by graphite until being exposed by graphite

removal through etching at some late stage of the O, exposure.



80

Another 60/40 30 nm sample was oxidized at 600°C at 1x10” mbar O, for 30 min for a
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Figure 53: (a) 2.5V, 0.1 nA. Image of 60/40 30 nm thick film after 600°C oxidation. (b) Spectral map of d1/dV values at -

2.2 V measured simultaneously with (a). (c) and (d) Spectra captured within areas 1 and 2, respectively. Both areas have
a bandgap characteristic of WO3, but dI/dV rises much more at negative polarity outside the bandgap for Region 2.

total dose of 4.95x10® O,/cm®. Despite the need to etch away some graphite before oxidation of
the carbide could begin, this surface was overwhelmingly dominated by WO3. Figure 53 shows
the STS map of a representative region. All areas have a WOgs-like bandgap. This surface also
seems to have a more uniformly WO3 surface than the 50/50 30 nm surface that was equivalently
oxidized, Figure 51. The reasons for this difference remain unclear.

There is a clear delineation, however, between two regions of the surface. Region 2 has a
consistently large rise in dI/dV at negative polarity outside the bandgap, relative to Region 1.
This could be due to some sort of instability in the measurement. Many measurements during
this experiment were quite noisy and had vertical stripes of differing dl/dV magnitude like those
visible in the colored regions of Figure 53b. These variations do not correlate to surface features

and must originate within the experimental apparatus. A vacuum issue required running the
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turbomolecular pump during these measurements, causing a larger than normal vibration of the
instrument which could certainly be the culprit.

Nevertheless, the differences between Regions 1 and 2 do correlate to surface features
and therefore the differences likely arise from the surface structure. It is possible that this
variation could be due to the thickness of the WO; layer. Taking a simple model where the
potential within the oxide is constant and similar to that of vacuum in the absence of an applied

(a) voltage, at negative polarity electrons tunnel from the
U\ surface to the tip leaving holes in the valence band of
u the insulator, Figure 54a. To refill these valence

s states, electrons in the conduction band of the carbide

must tunnel through the oxide to the (now-depleted)

WO, ﬁ‘— valence state of the surface oxide atoms. For certain
Carbide Vacuum very small oxide thicknesses the tunneling from the

Surface

Oxide Tip carbide happens much faster than the tunneling to the

(b) tip and so the dI/dV is relatively unaffected. For larger
/_/ oxide thicknesses, the tunneling from the carbide to
U /LA/‘ the depleted valence states will become the rate

limiting step. This could be what is occurring in

_1 L Figure 53 with Region 1 having a greater oxide

Tip thickness than Region 2.
W03 H This raises a question about the lack of a
Vacuum

similar effect at positive voltages. After all, there

Er

Carbide Surface
Oxide

Figure 54: Model of phenomenon in Figure 53 for  Would still be two tunnel junction when measuring the

negative bias (a) and positive bias (b). a) When . .
tunneling from carbide to surface oxide is slower €Mpty states of the oxide but Region 1 and 2 show

than tunneling from surface oxide to tip, . . . .
depression of dI/dV occurs. b) Larger bias or Similar dl/dV here. In this case, Figure 54b, the

thicker oxide required for tunneling from surface . A
oxide to carbide to be rate limiting since the large VOltage difference between the bottom of the oxide

E:P&%i%fﬁff:rg: petween surface oxide and conduction band and Er of the carbide-oxide interface,

the two relevant states at positive bias, remains much
larger than the potential difference between Er of the carbide-oxide interface and the top of the
valence band of the oxide at the surface, the two relevant states at negative bias. Perhaps this

explains why tunneling through the oxide has not become the rate limiting step for Region 1 at
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positive bias. Differences in the way electrons and holes are transported through the oxide as
well as defect or surface states that sit near the conduction band are two other possible
explanations for why dI/dV is not suppressed for the thicker oxide at positive bias.

To evaluate the stability of the now oxide-covered films, a central concern when
considering WC as a catalysis material, we performed a thermal treatment in UHV on the 60/40
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£ @ respectively. Region 1 is likely graphite formed by surface
210 i segregation of C through the oxide layer. Region 2 shows
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30 nm film. To start, recall that the 60/40 30 nm film oxidized at 600°C was uniformly covered
with WO3. This film was then annealed for 2 hr at 600°C in UHV. The resulting morphology
was similar to all prior images of this film. The STS on the surface changes considerably,
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however. Figure 55 shows a representative region of the surface with a mobile cluster on the left
and a group of islands. Region 1 is likely graphene because of the discontinuity in d?l/dV? at Er.
Region 2 is probably graphite based on the symmetry, parabolic shape, and lack of a bandgap.
The LDOS never actually reaches zero so there is no bandgap in this region. Region 3 is WOg3,
but notably, dI/dV rises outside of the bandgap region much more significantly on both sides of
Er than before the anneal, Figure 53. These results indicate that high temperature annealing of
the heavily oxidized film causes a graphitization of the surface and, possibly, some decrease in

the oxide thickness based on the way dI/dV is no longer suppressed outside the WO3 bandgap.

Section 6.2: Discussion

Overall, the oxidation of the carbide samples showed some commonality with the
oxidation of pristine W clusters on HOPG, Figure 46. STS spectra showing the signature of the
WO; tended to evolve in isolated and well-defined islands that grow in size with increasing O,
exposure and/or oxidation temperature, e.g. Figure 50 vs. Figure 53, before likely growing in
thickness to such an extent that it might be responsible for the depression of the tunneling current
to the sample, e.g. Region 1 vs. 2 of Figure 53. The nucleation and growth of WOj3 islands had
been observed previously in Thermogravimetric (TG) analysis of WC exposed to flowing air at
different heating rates and the determination of appropriate kinetic parameters.**®

The incomplete oxidation to WO3., 0<x<3, occurs in a more uniform manner across the
entire surface of the sample early in the oxidation process, exemplified by the comparison
between the pre-oxidation STS (Figure 42) and STS taken immediately after the mildest
oxidation performed (Figure 50). Intermediate oxidation steps (WQOj3.x, 0<x<3 or oxy-carbides)
were not found in Ref. 125. This is likely due to the relatively low O, partial pressures in our
experiments or because the study in Ref. 125 used the hexagonal WC, not the cubic WC;4 that is
most likely present here. Our analysis delivers a mesoscopic view of the oxidation process — the
initial steps of oxidation: adsorption, dissociation, and incorporation of O atoms into the surface
structure will require a study which focuses on atomic resolution STM on well-defined surfaces
of various carbides with O, coverages limited to well below one ML equivalent.

For oxidation of graphite covered surfaces such as the 60/40 and 75/25 samples,

oxidation at high temperatures etches the graphite layers away. The etching of graphite in O, at
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elevated temperatures has been studied, again by TG analysis, with onset of oxidation around
400°C.* This agrees well with our results as there was no evidence of etching for 60/40 80 nm
after the 300°C oxidation (Figure 48), whereas the low initial coverage of graphite on the 60/40
30 nm surface is removed completely after a similar oxidation at 400°C (Figure 52).

One clear observation from these experiments is that pristine W clusters oxidize much
more rapidly than the carbide films studied here. The W surface of Figure 46 has widespread but
small WQO; islands despite oxidation at RT. A carbide surface exposed to the same order of
magnitude of O, coverage but oxidized at 300°C has no WQOj islands nucleated on its surface and
is dominated by intermediate oxides and oxy-carbides. Apart from the surface chemistry, it is
also necessary to take the surface morphology into account. The two surface morphologies are
not equivalent. The surface of the WC films are much flatter than the cluster covered surface. If
the rate of oxidation depends on site-specific nucleation of WOs3, then the greater variety and
density of reaction sites on the outside of round metallic clusters relative to a nearly flat, likely
epitaxial film, makes a direct comparison of oxidation rates problematic.
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Chapter VII: Conclusions

In the course of this investigation, we set out to examine the interactions between W and
Ceo leading to an understanding of the processes at work when high temperatures are applied to
synthesize a carbide surface. These composition-controlled films were then examined to
determine their properties. Finally, the films were subjected to oxidation at elevated
temperatures to examine their response and see if insights could be gained that may allow the
engineering of such surfaces to minimize their susceptibility to oxidation.

To start, films of W and Cgo were deposited on graphite at RT in various sequences and
the resulting surfaces characterized by STM and STS. It was found that W on graphite grows
into clusters in accordance with a liquid drop mechanism before transitioning to agglomeration
of these small clusters. Interactions between these agglomerations of W and Cg, were found to
be strangely weak considering the literature which concludes that the attractive interaction
between W and Cg is quite strong.

When Cg, was deposited onto the graphite before W, the surface corrugation of Cg
inhibited the diffusion of W atoms on the surface and led to a unique monotonically decreasing
distribution of measured cluster sizes. This distribution was found to be appropriate for a
theoretical mechanism of cluster growth that requires an initially increasing mobility of the W
clusters with increasing size. To justify this highly non-intuitive and unique to the experimental
literature conclusion, an explanation involving decreasing electronic coordination of W clusters
with the adjacent Cgo as the cluster grows, before transitioning back to a decreasing mobility
regime above a certain size, was presented.

In parallel with the dynamics of cluster diffusion on the surface of the Cg Surface, there
was unambiguous evidence of W atoms intercalating into the bulk of the Cg layer and causing
the fullerenes to cease their rotation. Evidence of perturbation of the band structure near Er due
to this interaction was scant for a low density of intercalated Cgo.

Higher densities of intercalated W were found in areas where only one ML of Cg existed
on the surface. In these regions the density of intercalated Cgo was high and changes to the
fullerene electronic structure were found in the vicinity of Er via STS. Specifically, the band gap
in these regions was found to compress significantly.

A switch of substrates to MgO(100) allowed for the deposition of relatively flat, and

perhaps epitaxial based on a cubic morphology, layers of W. These surfaces contained striped
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domains at the atomic scale. When Cgy was deposited on this surface, the fullerenes organized
into FCC(111) layers on most of the surface with some areas showing an amorphous structure
that was attributed to variations in surface roughness on the W film.

Upon annealing, all fullerenes desorbed except for the first ML, in accordance with the
literature. The remaining fullerenes displayed a unique set of properties. They were metallic, as
verified by unambiguous STS measurements, with a significant LDOS at Er. They also had an
atomic scale surface corrugation that does not correspond to the molecular orbitals of the Cg
molecule. Some of these structures were mobile under the influence of the tip and had a size
distribution that was very narrow around the size of a fullerene but which broadened
considerably with increasing annealing temperature. Under oxidation, these structures showed
spectral features suggesting the presence of WO;, yet the atomic-scale ridges remained
unaffected.

For all these reasons, these new structures were dubbed nanospheres and it was judged
unlikely that these observations could be explained through changes in the chemisorption of the
fullerenes with the underlying W. Instead, it seems much more likely the nanospheres
incorporate W into their structure in a very significant way. This degree of transformation is
unique to the literature. Interactions with a transition metal substrate had been found to result in,
at most, a reconstruction of the substrate to maximize coordination with the fullerene layer.

It is not at all clear what the mechanism is that allows these nanospheres to form. In our
judgment, the cohesive energy of the W makes an overgrowth of W around the surface of the
fullerene unlikely. Instead we propose that a novel metallofullerene structure is formed with
incorporation of W atoms into the cage structure. A few papers in the quantum chemistry
literature find such structures stable, at least in the limit of only one or two tungsten atoms
incorporated into the cage. We propose that for the changes we see, especially the mode of
oxidation, significantly more W must be incorporated into the cage structure.

Attempts to image the nanospheres with TEM to determine if they remain hollow were
inconclusive. More investigation is certainly warranted to understand the structure and
mechanism of its formation, and also to see if other carbide-forming transition metals can also
form these structures. One route that could be considered and would allow for some alternative
spectroscopic techniques would be metal vapor synthesis, which has successfully been used to

form fullerene complexes with Sn, Ir, and Au.**
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The remainder of the investigation revolved around codeposited films on MgO held at
high enough temperatures to ensure the destruction of the fullerene cage and synthesis of carbide
thin films of various compositions. The films grown showed cubic morphology with XPS data
indicating that the films were dominated by the cubic, metastable WC,.x phase. Extra carbon
above what could be incorporated into the WCy.x phase was found to surface segregate, at least
in part, and formed surface graphite layers that grew thicker with increasing C/W ratio, with the
segregation so significant in the 75/25 sample that it interfered with the growth mechanism of the
film.

The WC,. regions were characterized by small elliptical islands that had a tendency to
adopt preferential positions and orientations such that they formed larger parallel stripes on the
surface. Atomic scale features were found on this surface that adopted a wide range of
periodicities and orientations. A flatter carbide surface would provide a better opportunity to
characterize this likely surface reconstruction and its relationship to the bulk lattice structure.

STS measurements of the elliptical islands showed a characteristic spectral shape that
showed some variation between well-defined regions. The shape was highly distinct from the
graphite that was measured on the surface of the 60/40 and 75/25 films. This proved helpful in
the analysis of oxidation of these surfaces.

The 60/40 80 nm surface contained copious graphene-covered areas, certainly a new
result for this material system. For the 60/40 surface numerous striped atomic-scale features
were found that likely originate from strained graphite and/or Moire patterns of mismatched
graphite layers based on the similarity of their STS spectra to graphite spectra.

Oxidation of these carbide surfaces at elevated temperatures showed some common
behaviors. For carbide exposed directly to O, (i.e. not covered by graphite) WO3; formed well-
defined islands that grew in size with prolonged or more severe oxidation. There was also
suggestive evidence that these islands expanded not just laterally across the surface but into the
bulk based on changes to the magnitude of dI/dV outside the bandgap once the surface had been
overspread by WOs3,

There were a variety of intermediate spectral shapes observed between that of the pristine
carbide and that of a uniform WOg; layer. For even the mildest oxidations, no region of the
surface displayed the spectra of pristine carbide, rather there was a relatively uniform change to

the initial carbide spectra that was interpreted to be an initial oxidation to some WO3. or oxy-
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carbide species separate from the nucleation and growth of the WO3 islands. One concern with
this interpretation is that physisorbed oxygen could interfere with the measured spectra, leading
to an inability to interpret oxidation in areas not fully oxidized to WOs.

On the graphite-covered surfaces, there was a possible transition between 300 and 400°C
to a regime where O, exposure led to appreciable etching away of the graphite, exposing the
underlying carbide. The degree of oxidation observed implied that the graphite surface layer
protected underlying carbide from oxidation until etching away of the graphite was complete.

To see if changes due to oxidation could be reversed, an anneal of one of the thoroughly
oxidized surface was performed at 600°C for 2 hr in UHV. After annealing, surface segregation
of carbide led to the re-graphitization of a large fraction of the surface but all un-graphitized
areas remained uniformly covered with WO3;. There was, however, a large increase in the
magnitude of dI/dV outside the bandgap, indicating that the WO3 thickness had decreased such
that it no longer interfered with tunneling to the surface as appreciably.

These results, taken together, indicate that annealing an oxidized surface with a
supersaturated carbide phase underneath does lead to the partial reversal of oxidation but that it
probably occurs at the oxide-carbide interface rather than the surface. Unfortunately, C atoms
appear to diffuse easily through the oxide layer and form a surface graphite layer that covers the
surface completely before the oxidized surface is converted back to carbide.

Further experiments could determine if less fully oxidized surfaces can be repaired via
this anneal method. Also, alternative substrates could be tried that might favor the growth of
stable WC phase, which may show different behavior from what was found in this investigation.
DFT simulations could also be performed that predict the STS signatures of various oxidized
WC,Oy species as well as the effect of adsorbed oxygen, which would allow for a much fuller
interpretation of the spectroscopic data presented thus far.

All together, the results of the last two chapters presented demonstrate that oxidation of
metallic surfaces can be investigated fruitfully using STM and STS.
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