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Abstract

This thesis details the physical and electronic structure of several technologically
important transition metal chalcogenides (TMCs) using a combination of transmission
electron microscopy (TEM) and surface science experimental techniques. The materials
studied include Cu,Te and CdTe, which find application in high efficiency, low weight
photovoltaic devices. Cu,Te alloys are frequently used as an electrical back contact in
high efficiency CdTe photovoltaics. Here, we examine the alloying of Te on the Cu(111),
polycrystalline Cu and Cu(643) surfaces. Chapter 3 of this thesis shows that the alloying
of Te and Cu(111) is facile at room temperature, contrary to previous reports. Two distinct
surface phases exist, depending on Te surface concentration. Below a coverage of 0.33
monolayers (MLs) of Te a surface substitutional alloy (SSA) is found to exist, where a Te
adatom substituted for a surface Cu atom. For Te coverages greater than 0.66 ML, an
unusual CuzTe, alloy continually grows on the surface, stabilised by a good lattice match
to the Cu(111) substrate. The surface alloying of the Cu-Te system displays an intriguing
dependence on the surface termination of the Cu substrate. Of the three Cu substrates
studied here, Cu(111), Cu(643)" and polycrystalline Cu, a 1 ML film of Te gave ordered
alloy structures with stoichiometries of CusTe,, CuTe and Cu,Te, respectively. In chapter 4,
the study of thin film photovoltaics is extended to the deposition of CdTe onto Cu and
Cu,Te substrates. CdTe is observed to grow three dimensionally on Cu(111), CusTe, and
Cu,Te. Cu® diffusion, crucial for photovoltaic performance, is detected for CdTe
thicknesses greater than 2 ML and is assigned, predominately, to Cu,Te crystallites
forming within the CdTe layer, with a minor amount of Cu residing in interstitial sites in the
host CdTe structure. Chapter 5 describes the alloying of Te with a intrinsically chiral
surface, Cu(643)%, the first study of its kind. The results of this study reveal that step
mediated alloying occurs between Cu and Te with significant faceting of the surface. Two
ordered CuTe alloy phases were observed for sub-monolayer Te coverages. The low
coverage alloy exists for Te coverages between 0.18 ML and 0.45 ML and has a chiral unit
cell. The high coverage alloy exists for Te coverages between 0.45 ML and 1.5 ML and
has an achiral unit cell. The atomic positions of these surface alloys are tentatively
interpreted from the scanning tunnelling microscopy (STM) images. In contrast to the thin
film experiments in chapters 3-5, chapter 6 describes a study of TaS; nanoribbons. These
studies reveal that the nanoribbons have a distinct core-shell type structure.
Characterisation with surface science techniques shows that the shell is non-
stoichiometric and amorphous while TEM shows a crystalline core to the material.
Interestingly, the TaS; are observed to be unstable when interfaced on a Au substrate,
with the shell persistently losing S to the substrate, which have potential implications in

device integration.
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Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

Figure 5.5. Schematic of (a) the ideal (643) surface and (b) the (643) surface
that has undergone thermal roughening. Black lines highlight the step edges.

The figure has been extracted from reference [11].

5.1.2 Atomic Growth on Vicinal Surfaces

As this chapter describes a study of the growth of adsorbate atoms on a vicinal metal
surface, it is relevant to summarise the previous work on this aspect of thin film growth.
There are several vicinal systems that have been extensively characterised including Ag
on vicinal Cu [8,15-18], NaCl on Cu [19,20] and Ni on Cu [20]. Bachmann et al. [8,15-17]
deposited sub-monolayer coverages of Ag on Cu(223) and observed that Ag induced a
periodic faceting of the Cu surface into a "hill and valley" type structure, similar to what will
be described in this section for Te/Cu(643). The surface consisted of Ag covered facets,
which grew with increasing Ag exposure at the expense of clean Cu areas, with a
preference of the Ag adatoms to grow on (112) orientated facets. The authors proposed
that the driving force behind this observation was the good lattice match (of 0.12 %)
between fitting 5 closed packed Ag rows and 2 terraces of Cu(112). A further study [18] of
Ag deposition on vicinal Cu surfaces was performed on Cu(211) and Cu(433) with grazing
incidence X-ray diffraction. The data showed that Ag forms a c¢(2x10) surface
reconstruction on Cu(211) for 0.3 ML of Ag, with no faceting of the Cu(211) surface
observed. On the Cu(433) surface, 0.6 ML of Ag was observed to cause reconstruction of
the surface to the (533) facet. The deposition of Ni on Cu(211) has been studied with
LEED [20]. The data showed that Ni grew commensurately with the underlying Cu(211)
surface analogous to Ag on Cu(211) up to ~3 ML. NaCl was deposited on Cu(532) and
also studied with LEED [20]. This induced the reconstruction of the facets on the surface
to (111), (311) and (531) orientations. The microscopic orientation of NaCl was in the close
packed (100) direction. These studies clearly show that the deposition of metallic adatoms

onto high miller index surfaces have the tendency to cause the surface to facet towards
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Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

more close packed orientations (i.e. in FCC lattices towards the (111) and (100) planes),

while maintaining the macroscopic surface normal.

The study of metallic deposition onto vicinal surfaces that are also chiral is a much less
studied topic. Indeed, to our knowledge there are only two chiral substrates, SrTiO3(621)
and Pt(321) that have been used to template metal overlayer growth. On the SrTiO3(621)
surface, a series of studies were performed [21-23] concerning the growth of overlayers of
Pt and Cu, via pulsed laser deposition. It was deduced from LEED patterns that Pt and Cu
grew pseudomorphically with thicknesses up to several atomic layers. Hazzazi et al. [24]
studied the deposition of Au, Ag and Bi on Pt(321) by monitoring voltammetric profiles.
They found that Bi and Au selectively populate the chiral kink sites of the surface with no
occupancy of the (111) terraces before the saturation of the kink sites is complete. In
contrast, Ag shows a preference to occupy the kink sites, however, some (111) sites are
occupied before all the kink sites are filled. This implies that the kink sites may act as

nucleation sites for metal growth.

There have been other theoretical and experimental studies into the role of the kink site in
overlayer growth on Cu(643). Nucleation has been demonstrated to favour kink sites in
several different studies both with calculations and experiment. Using DFT calculations,
Kamakoti et al. [25] showed that the adsorption energy of iodine on thermally roughened
Cu(643) was maximised at kinks sites because it maximised its co-ordination to Cu. The
role of the kink sites were confirmed in a further experimental study by Kamakoti et al. [25]
using TPD. This study showed that pre-adsorbed iodine inhibited the population of the
kink site by adsorbed R-3-methylcyclohexanone, indicating that iodine preferentially
occupied the kink site. The rate of Br diffusion across different Cu surfaces was analysed
by Rampulla et al. [26] with DFT calculations. They showed that the rate of diffusion of Br
was many orders of magnitude less on a kinked or stepped surface than on a flat Cu
surface. Indeed, of all the surfaces studied, the Cu(643) surface was found to inhibit the
diffusion of Br most effectively. This implies that the kink site may be an effective
nucleation site. These studies indicate that adatoms have a tendency to preferentially

occupy kink sites on the Cu(643) surface.
5.2 Results
The experimental data for the deposition of Te on Cu(643)" will now be presented. The

LEED and XPS data show that there are two ordered Cu-Te phases and a disordered

phase for thicker Te films. The STM data are tentatively interpreted in terms of an atomic
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Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

model, faceting of the surface and step bunching.

5.2.1 Low Coverage Alloy (0.18 < 6,,.< 0.45 ML)

The Cu single crystal obtained for this study was cut to reveal the (643) facet. The
handedness of the surface was determined by LEED, figure 5.4, by assessing the
direction of the split spots as in Ag(643) [6], which determined it to be Cu(643). Hence the
substrate was relabelled Cu(643)® in the same convention outlined by McFadden et al. [6].
Te was deposited from the homemade thermal evaporator that was described in section
2.2. The evaporator as held at 610 K during deposition which led to an approximate
growth rate for Te of 0.5 MLmin™. The structure of Te/Cu(643)" alloy was initially studied
with LEED, XPS and UPS at the University of Glasgow. The STM data presented in this
chapter were collected at the University of Liverpool. The coverage of each deposition
was calculated from the intensity of the Cu 2p*? and Te 3d°? peaks in the appropriate XPS
spectra, using equations 2.11, 2.13 and 2.14. In all cases, Te coverage is quoted with an
error of £ 0.05 ML. As in chapter 3, 1 ML refers to the number of atoms in the ideal
Cu(111) plane. The stoichiometry of the film was measured using integrated intensities of
Cu 2p*? and Te 3d>? XPS peaks, equation 2.15 and sensitivity factors derived in section
2.4.2.1.

Figure 5.6 shows the LEED patterns obtained for 0, 0.28, 0.53, 0.85, 1.5 and 5 ML of
Te/Cu(643)". These surfaces have been prepared by depositing the appropriate coverage
of Te on Cu(643)" at 300 K. Each surface was then annealed to 773 K for 10 minutes and
allowed to cool slowly back to 300 K where the LEED patterns were recorded. It was
necessary to anneal to 773 K because the LEED patterns after depositing at 300 K were
diffuse, implying a significant amount of disorder. Significantly sharper LEED patterns,
shown in figure 5.7, were observed after annealing then cooling with liquid nitrogen to 110
K. Figures 5.8 and 5.9 show LEED patterns of 0.28 ML and 0.85 ML Te coverages,
respectively, at several different beam energies to illustrate how the LEED patterns were
interpreted. This aspect will be discussed in detail when the description of each LEED
pattern is presented. Cu 2p*? and Te 3d>? XPS spectra were collected immediately after
deposition at 300 K, after annealing each surface to 773 K and cooling to 300 K and 110
K. There was no change in peak shape or intensity of each XPS spectrum after annealing,
implying that annealing was inducing surface ordering, rather than chemical changes.
Therefore, only one set of Te 3d°? and Cu 2p*? XPS spectra are presented in figures 5.10
and 5.11, respectively. UPS spectra were also acquired and are shown in figure 5.12.
STM data were collected, from 64, = 0.28 ML and 6, = 0.85 ML coverages that had been
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Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

annealed to 773 K. STM data were acquired at room temperature and is displayed in
figures 5.13-5.16.

The first ordered LEED pattern, shown in the upper right panel of figure 5.6, at 300 K and
in figure 5.7 (a) at 110 K, was observed for Te coverage in the range of 0.18 to 0.45 ML
and will be referred to as structure 1. The sharpest pattern was observed for 0.28 ML. A
progressive degradation in quality was observed above 0.28 ML until 0.45 ML, where
extra spots started to emerge in the LEED pattern. The unit cell of the 0.28 ML surface
was determined using dynamical LEED (i.e. monitoring the LEED pattern as the incident
beam energy was varied). Figure 5.8 shows the 0.28 ML pattern at a series of different
beam energies. The red circle highlights two spots that pass through each other, implying
that these spots are from separate domains on the surface. To identify the surface unit
cell(s), a series of lines passing through LEED spots were applied to the LEED pattern.
Figure 5.7 (a) shows the LEED pattern collected at a beam energy of 140 eV. In figure 5.7
(b) a red grid is added to the native LEED pattern and shows that there is a repeating unit
on the surface. However, the red grid does not account for all of the observed spots and
thus another grid, shown as blue lines in figure 5.7 (c) is required. Figure 5.7 (d) shows
the unit mesh for both the red and blue meshes and when rotated, these unit cells form
mirror images of each other and hence the surface can be described as comprising of
both enantiomers of a chiral surface unit cell. Indeed, the surface unit is an oblique lattice
with parameters of a; = 0.51 + 0.01 nm, b;=0 71 £ 0.01 nm and an acute internal angle,
a,= 57 £ 3% as shown on figure 5.7 (d). It is intere sting to note that the red and blue grids
are rotated by 60 + 2°which is likely to be a resu It of the hexagonal symmetry of the (111)

terrace.
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Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

Figure 5.6. LEED patterns obtained after depositing Te on Cu(643)F at 300 K
then annealing to 773 K for 10 minutes and then allowing to cool back to 300
K for LEED acquisition. The dashed white line shows the partial Cu(643)® unit
cell. The beam energy is 138 eV.
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(@) 0.28ML140V |(e) 081ML138YV

- - - -

(d) . h) b
b, ! .
a]M a i|:|
Mirror Plane Mirror Plane

Figure 5.7. (a-c) LEED pattern from 0.28 ML of Te/Cu(643)". (b) and (c) have
overlaid red and blue lines to indicate the surface unit cell. (d) is a comparison
of the unit cell of the red and blue lines. (e-g) LEED pattern from 0.85 ML of
Te/Cu(643)R. () and (g) have overlaid red and blue lines to indicate the

surface unit cell. (h) is a comparison of the unit cell of the red and blue lines.
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Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

Figure 5.8. LEED patterns from 0.28 ML Te/Cu(643)" at 110 K for different
beam energies. The red circle highlights how some LEED spots pass through
each other as the incident beam energy is varied. At 58 V, the highlighted

LEED spots are on top of each other.
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Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

Figure 5.9. LEED patterns from 0.85 ML Te/Cu(643)" at 110 K for different
beam energies. The red circle highlights how some LEED spots pass through
each other as the incident beam energy is varied. At 161 V, the highlighted
LEED spots are on top of each other.

157



Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

In contrast to Te/Cu(111) described in chapter 3, the Te 3d®? XPS spectra, collected
immediately after LEED, and shown in figure 5.10, did not indicate surface substitutional

3/2

alloying. Each Te 3d*? and Cu 2p*? spectrum was fitted to the sum of a Gaussian and DS
function and the fitted binding energies were in agreement with previous studies of copper
and tellurium systems [27-30]. The width and asymmetry of each peak was fixed to that
obtained from an elemental Cu or Te film. The 0.28 ML Te/Cu(643)" film was well fitted
with a single Gaussian-DS function, with binding energy matching that of bulk Te* (572.7
eV). The fitting parameters are displayed in table 5.1. For comparison, the SSA described
in chapter 3 for Te/Cu(111) has a binding energy of 572.3 eV. The data suggest that the Te
atoms are being incorporated into a bulk-like alloy immediately upon deposition rather
than occupying surface sites, as was observed for Te/Cu(111). Vicinal surfaces have been
previously shown to facilitate adatom diffusion into the bulk as the under coordinated step
atoms provide a low energy pathway for adatoms to enter the bulk. For example, Fe has
been shown to diffuse into the vicinal Pt(997) surface (and form a bulk like FePt alloy) at a
temperature 100-150 K lower than for the close packed Pt(111) surface [31]. Therefore, it
is reasonable that Te/Cu(643)° shows step mediated alloying immediately upon

deposition.

The Cu 2p*? XPS spectra, shown in figure 5.11, were fitted to a series of functions
representing elemental Cu®, Cu* and Cu?" with fitting parameters given in table 5.1. The
0.28 ML Cu 2p*? XPS spectrum was best fitted to three functions: Cu®, Cu* and Cu?".
The Cu® component was not fitted as the Te 3d*? XPS spectra indicated that the SSA
was not present. The widths and asymmetries of Cu* and Cu®* were fixed to that of Cu©.

¥2 XPs fitting in chapter 3, the binding energies of Cu* and Cu?*

As was the case for Cu 2p
were fixed to that of similar Te and Cu compounds [27-30]. The values for the width,
asymmetry and binding energy of Cu®, Cu* and Cu®" components in Cu 2p*? XPS

spectra are listed in table 5.1.

The fit of the 0.28 ML Cu 2p*? XPS showed that the ratio of Cu* : Cu?®* = 1: 2.2 + 0.1.
Table 5.2 shows the range of known Cu-Te alloys and their expected Cu* : Cu?* ratio. The
ratio of Cu* : Cu®" = 1 : 2.2 does not match a known alloy, and so indicates a mixture of
different phases. As shown in table 5.2, fixing the area of the Cu* component to zero, to
represent the CuTe alloy (which consists only of Cu?"), is only a marginally worse fit to that
when all area parameters are free. The ratio of Cu* : Cu** suggests that there is a mixture
of CuTe and another compound, which is most likely to be Cu,Te as this is observed at
high coverages (8. > 1 ML). The measured stoichiometry gives a Cu : Te ratio of 1.3

0.1: 1, which is also consistent with there being a mixture of CuTe and Cu,Te.
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Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

UPS data collected from this surface are displayed in figure 5.12. The UPS spectrum from
the clean Cu(643)® surface shows the Cu 3d states between 2-4 eV. The energy
distribution in the DOS of Cu 3d from the Cu(643)® surface differs from the Cu(111)
surface due to the geometric effects of the miscut surface. There are no surface states
visible from the UPS of the Cu(643)" surface. The addition of 0.28 ML Te only perturbs the

UPS spectra slightly, with a small decrease in Cu 3d intensity.

—0.28 ML
——0.53 ML
—0.85 ML
7 —15ML
— 10 ML

Intensity [a.u.]

T T T T T T T T 1
580 578 576 574 572 570 568

Binding Energy [eV]

Figure 5.10. XPS spectra for the Te 3d*? core level. These spectra have been
collected at room temperature after annealing to 773 K. The binding energy of

this peak is 572.7 eV, corresponding to Te”.
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Intensity [a.u.]

10 ML

T T I T I T I T I 1
934 932 930 928

Binding Energy [eV]

| |
938 936

Figure 5.11. XPS spectra for the Cu 2p*? core level. Each panel is a spectrum
obtained after deposition at room temperature which then was annealed to
773 K. Spectra are collected after slowly cooling back to 300 K. The green line

is elemental Cu, the solid blue line is ionic Cu® and dashed blue line is Cu?".
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Intensity [a.u.]

Figure 5.12. Series of UPS spectra for increasingly thick Te films on Cu(643)".

Binding Energy [eV]

5 ML

Cu 2p*? Te 3d*?
Cu Cu’ cu* Te Te”
Binding Energy
932.4 932.7 933.0 573.1 572.7
[eV]
FWHM [eV] 1.8 1.8 1.8 1.6 1.6
Asymmetry 0.02 0.02 0.02 0.12 0.12

Table 5.1. Parameters used to fit Cu 2p*? and Te 3d°? XPS spectra.
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Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

Alloy Cu*: Cu® Goodness of Fit (x*/DoF) (x 10°)
Cu,Te 1:0 0.83
CuTe 0:1 0.28
CuTe, 0 n/a
CuygTe, 4:3 0.48
CusTe, 2:1 1.93
CusgTe, 3:1 2.01
Cu;Tey 6:1 4.31
(BestFit) | 1:2.2+0.1 0.24

Table 5.2. The goodness of fit for fixed various Cu,Te alloys for the deposition
of 0.28 ML Te/Cu(643)%. In each case, the ratio of Cu* : Cu** has been fixed to
the value shown. With the ratio of Cu* to Cu?* a free parameter, the best fit is
for Cu" :Cu” = 1:2.2.

LEED provides good information on the symmetry and lattice parameters of the unit cell.
Without analysing LEED IV curves derived from the LEED patterns, atomic positions are
impossible to deduce and hence a basis (i.e. the atomic positions) cannot be determined
explicitly. In addition, LEED IV analysis of this surface would prove very difficult because
the analysis of LEED IV curves require a reasonably accurate starting model. An intuitive
model from the symmetry of the LEED pattern is not forthcoming for this system. This is
where microscopy techniques are invaluable tools in determining the atomic structure of
the surface. In the case of atomically ordered substrates, STM is the most appropriate
technique. The STM available had only the capability of operating at room temperature,
hence no STM data could be acquired at 110 K, where the LEED pattern was noticeably
sharper. Despite this, atomic resolution was readily obtainable for the 0.28 ML and 0.85
ML Te/Cu(643)® films at 300K, unlike the native Cu(643)" surface which was only imaged
at 77 K and after a considerable period of time [9]. This implies that the addition of Te

significantly reduces surface atom mobility.

Low magnification STM images, shown in figure 5.13 (a) and (c) reveal that 0.28 ML of Te

162



Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

deposited onto the Cu(643)" surface has induced the faceting of the Cu(643)7 surface.
There is a distinct "hill-valley" type structure which has been observed in a wide range of
different vicinal systems including, Ag/Cu [8,15-18] and Ni/Cu [20] and is symptomatic of
faceting. The surface is clearly heterogeneous, with facets being of a variety of widths and
lengths. The facets shown in figures 5.13 (a) and (c) are typical of the surface. A series of
line traces revealed that the facets were up to 150 nm wide. Measurement of the
orientation of the facets suggested that the large facets in figure 5.13 were (111)
orientated. Although we do not observe (111) patterns with LEED, the observed pattern
may be a chiral CuTe alloy sitting on top of the (111) facet.

High magnification STM images of the surface were obtained to identify the atomic
structure of the surface. During the time spent imaging, only a single patch (~100 x 100
nm?) of the surface was able to be imaged successfully. Therefore, it is stressed that the
following description may not be representative of the surface as a whole. Indeed, it is
unlikely that the STM image in figure 5.14 is representative of surface as a whole as
structure 2 (64, = 0.85 ML) does not follow naturally on from the structure implied here for
structure 1 (8, = 0.25 ML), as structure 1 is atomically flat while structure 2 is stepped. It
is still worthwhile analysing the STM in figure 5.14 as it shows that the surface is
inhomogeneous and can give an indication of the local coverage. Figure 5.14 (a) shows
an STM image recorded after depositing 0.28 ML Te/Cu(643)" at 300 K and then
annealing to 773 K. Images were recorded after slowly cooling to 300 K. Figure 5.14 (a) is
a higher magnification image of figure 5.13 (c). The STM data collected from this part of
the surface shows that the surface is atomically flat, in contrast to the stepped Cu(643)F

surface.

As stated in section 2.4.1, care has to be taken when assigning chemical identity of
protrusions in bimetallic thin films. In previous STM studies of Te, (e.g. Te/Pt(111) [32,33]),
Te adatoms were imaged as bright protrusions and hence this gives confidence to the
assignment of the bright protrusions as Te atoms here. Sample drift is clearly evident in
this image as the separation of Te atoms is not constant. The bright protrusions on figure
5.9 give a measured unit cell of a; = 0.6 £ 0.1 nm and b; = 0.7 £ 0.1 nm, with the acute
internal angle measured as, a; = 57 + 4° Note that the drift in the image has be en
accounted for by the rather large errors on these values. The values of a,, b; and «a, are
in reasonable agreement with the unit cell parameters measured with LEED which were
a; = 0.51 + 0.01 nm, b;= 0.71 + 0.01 nm and, a;= 57 + 2° At 300 K, the opposite
enantiomer is also present on the surface, inferred from its LEED pattern, shown in figure

5.5. However, we were not able to image any areas of the surface with STM for the
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weakly diffracting domain. The apparent Te coverage of the 0.28 ML Te/Cu(643)" surface
can be estimated from the density of Te on the high magnification STM image shown in
figure 5.14 (a). 1 ML is defined as a complete layer of Cu(111) surface. Hence, by dividing
the area of the surface unit cell of the 0.28 ML Te/Cu(643)F, figure 5.14 (a), with that of the
area of the surface unit cell of Cu(111), a local Te coverage can be obtained. The area of
the 0.28 ML Te/Cu(643)F and Cu(111) surface unit cells are 0.31 + 0.08 nm? and 0.0563 +
0.0005 nm? respectively. Hence, the local coverage is 0.18 + 0.05 ML, which is ~35 %
lower than what was measured with XPS for the surface as a whole. A lower surface
density of Te suggests that some Te may be sub-surface which is consistent with the Te
3d®? XPS, which shows that it does not exist as an alloy confined exclusively to the
surface. It is likely that there is an even greater concentration of Te sub-surface because
many parts of the surface could not be imaged at atomic resolution, suggesting that these
areas were bare Cu. Atomic resolution STM is difficult to achieve with elemental Cu
because the d-electrons are delocalised and especially on stepped Cu as the surface
atoms also have substantial mobility. This implies that there is an even greater density of
Te sub-surface. Also present on the STM images are a row of protrusions sticking out from
the flat surface, figure 5.14 (a). The protrusions may be a contaminant, however, no
carbon or oxygen species were detected as measured by the XPS signals from the C 1s
and O 1s, respectively. Therefore, it is more likely that the row of protrusions are the next

layer of Te (or Cu-Te) which has been patrtially formed.
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Figure 5.13. STM of 0.28 ML Te/Cu(643)R, deposited at 300 K, annealed to
773 K for 10 minutes and then allowed to cool to 300 K for STM acquisition. In
images (a) and (c) the tip parameters are I; = 900 pA, Vg, = 1.1 V. (a) shows a
low magnification image of the facetted surface. (b) shows the line trace
indicated on (a). (c) is a higher magnification image of the facetted surface
taken from a different region from (a). (d) is a line profile from the black line on

figure (c).
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Figure 5.14. (a) STM of 0.28 ML Te/Cu(643)~, deposited at 300 K, annealed to
773 K for 10 minutes and then allowed to cool slowly to 300 K for STM
acquisition. The image size is 10 x 10 nm? and the acquisition parameters are
l; = 900 pA and Vg, = 1.8 V. The black parallelogram shows the surface unit
cell, with dimensions a; = 0.6 £ 0.1 nm, b; = 0.7 £ 0.1 nm and an acute
internal angle of a; = 57 + 4° measured from (b), the FFT. (c) shows a three

dimensional visualisation of the surface displayed in (a).

166



Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

5.2.2 High Coverage Alloy (0.45< 04, <1.5 ML)

A second ordered structure, labelled structure 2, becomes visible with LEED above
0.45 ML and reaches its maximum in sharpness at 0.85 ML. Figure 5.7 (e) shows the
LEED pattern for 0.85 ML of Te/Cu(643)F, that has been annealed to 773 K, then cooled to
110 K. Distinct streaking of spots can be observed in the direction of closely spaced spots,
indicating anisotropic disorder in this direction. On first assessment, the 110 K LEED
pattern, shown in figure 5.7 (e) is apparently formed of rhombohedra. However, varying
the incident beam energy causes spots to pass through each other, indicating that the
LEED pattern consists of more than one domain. Figure 5.9 shows the LEED patterns of
0.85 ML Te/Cu(643)® taken between 133 V and 188 V. The spots highlighted by the red
circle clearly show that spots pass through each other, indicating that the LEED pattern

consists of multiple domains.

Two domains were identified on the LEED pattern. Figure 5.7 (f) shows blue lines that
indicate several unit cells. There is a curvature in the rows of spots that run close to the
horizontal which is attributed to the curvature in the LEED screen and therefore the blue
line does not pass through all spots. Also, the spots are not always equally spaced which
means that the unit cell is not unique. However, a unit cell is still able to be obtained albeit
with a large error in the value for b, and the internal angle, a,. Figure 5.7 (g) shows the
surface unit cell defined by the red grids. Together the red and blue grids account for all of
the spots on the LEED image. These boxes define either a rectangular unit cell (if a, =
909 or a oblique surface unit cell (if a, # 909, with dimensions of a, = 0.46 + 0.01 nm, b,
=2.2+0.2nm and a, = 85 + 7° However, the STM images from this surfa ce shown in
figure 5.16, indicate that the surface unit cell is rectangular. It is clear from the LEED
patterns that the spots are streaked and unevenly distributed in the b, direction. The STM
images, discussed below, show that this is a result of terraces having a range of lengths. If
we assume that a, = 90° then, when rotated, the two unit cells from figure 5.7 (h) are
super-imposable mirror images of each other and are hence achiral. The unit cells are
rotated by an angle of 60 + 2°% which probably refl ects the hexagonal symmetry of the

(111) terraces on the surface.

The Te 3d>? XPS spectrum from the 0.85 ML Te/Cu(643) surface is shown in figure 5.11.
This spectrum could also be fitted to a single function with a binding energy of 572.7 eV,
corresponding to bulk Te”, indicating the bonding of Cu-Te was similar to that of the 0.25

3/2

ML coverage. The Cu 2p”© spectrum was fitted to three separate peaks, representing

elemental Cu, Cu* and Cu?*. The fit has been done with the parameters given in table 5.1.
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The best fit yields a ratio of Cu*: Cu®* of 1 : 3.1 + 0.1, which indicates that the surface is
rich in Cu® but does not correspond to a known Cu-Te alloy, implying an inhomogeneous
surface. As with the 0.28 ML Te coverage, fixing the Cu* component to zero, to represent
CuTe (Cu*Te?), is only a slightly worse fit to when all three integrated intensities are
allowed to vary, suggesting that CuTe was present on the surface. As with the Te coverage
of 0.28 ML, the best estimate of the composition of the 0.85 ML surface is that of a mixture
of CuTe and Cu,Te. The assignment of CuTe is consistent with the STM data, which will
be presented subsequently. The relative amount of Cu®** to Cu® is larger on the 0.85 ML
Te/Cu(643)® surface (3.1 : 1 for 0.85 ML compared to 2.2 : 1 for 0.28 ML). The increase in
Cu®" may indicate that the growth of the CuTe alloy is the favoured growth mechanism for
Te coverages between 0.28 ML and 0.85 ML. The ratio of Cu : Te = 1.1 + 0.1, calculated
using equation 2.10 and appropriate sensitivity factors given in section 2.4.2, is in

agreement with a mixture of CuTe and a small amount of Cu,Te.

Alloy Cu': Ccu* Goodness of Fit (x*/DoF) (x 10°)
Cu,Te 1:0 0.57
CuTe 0:1 0.34
CuTe, 0 n/a
Cu,gTe, 4:3 0.84
CuzTe, 2:1 3.10
CusgTe, 3:1 3.12
Cu,Te, 6:1 4.12
Best Fit 1:31+01 0.27

Table 5.3. The goodness of fit for fixed various Cu,Te alloys for the deposition
of 0.85 ML Te/Cu(643)". In each case, the ratio of Cu* : Cu** has been fixed to
the value shown. With the ratio of Cu* to Cu?* a free parameter, the best fit is
for Cu:Cu** =1:2.2.
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Figure 5.15. STM of 0.85 ML Te/Cu(643)%, deposited at 300 K, annealed to
773 K for 10 minutes and then allowed to cool to 300 K for STM acquisition. In
all images, the tip parameters are I, = 800 pA, Vg, = 1.1 V. (a) shows a low
magnification image. (c) shows a higher magnification of step bunches. (b)
and (d) are line profiles of the black lines on (a) and (c) respectively. (e) is a
high magnification image of a step bunch. (f) is a three dimensional
representation of image (e), showing how the levelling has been performed.
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As in elucidating the nature of structure 1, STM becomes an invaluable tool in examining
both the mesoscopic faceting and the atomic structure of structure 2. Figures 5.15 (a), (c)
and (e) show STM images taken from a surface prepared from 0.85 ML of Te/Cu(643)%
that has been annealed to 773 K for 10 minutes. Imaging was performed after the sample
had slowly cooled to 300 K. Figure 5.15 (a) shows a 100 x 100 nm? STM image that
reveals that the surface has also facetted at this coverage. The line profile, taken from the
black line on figure 5.15 (a), is displayed in figure 5.15 (b) and shows a distinct “hill-valley”
structure, common in facetted systems. Figure 5.15 (d) shows the line profile taken from
figure 5.15 (¢) and shows that on each large facet (~30 nm wide on the line profile) there
are multiple small steps that are 2-3 nm wide. This indicates step bunching and is again
common on vicinal surfaces [9,34-36]. The orientation of these facets suggests that is
misaligned with respect to the (111) plane by ~5° which may explain why steps are

observed.

Figure 5.15 (e) shows a higher magnification image of the closely spaced steps, with
atomic information clearly visible. As is noted in the discussion of structure 1 and in
section 2.4.1, STM probes the local variation in electronic structure and therefore the
interpretation of the protrusions and dips on bimetallic surfaces and alloys is non-trivial. As
for the interpretation of the STM images in structure 1, the assignment of the bright areas
in figure 5.15 (e) are as Te atoms. Figure 5.15 (e) has been plane levelled, which
visualises the surface as a sawtooth shape, as shown in the three dimensional image of
figure 5.15 (e). It is necessary to level the data in this way because there are large
differences in height, generated from the steps which mask the variations in height from
the atomic corrugations, as evident in the line trace shown in figure 5.10 (d). In contrast to
the flat nature of the surface observed with STM for structure 1, structure 2 is stepped.
The height of the step was measured to be 0.10 + 0.02 nm which is less than the
anticipated step for ideal Cu(643)" surface, 0.22 nm. As will be described below, structure
2 is tentatively assigned to be a distorted version of CuTe. CuTe has an ideal atomic step
height of 0.15 nm, which is also slightly too large to account for the measured height. As
this a surface phase the step height may be slightly relaxed with respect to the bulk

phase.

Figure 5.15 (c) shows that there is variability in how many atoms make up a terrace - in
STM images observed here, the terraces are either comprised of 4 or 5 atoms. This
means that two different surface unit cells are possible. The dimensions of this unit cell
are a; =0.54 £0.05 nm, b, = 2.20 £ 0.05 nm (4 atom wide terrace) or b, =2.71 £ 0.05 nm

(5 atom wide terrace) and a, = 88 + 3° The 4 atom wide terrace is in excellent agreement
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with the dimensions extracted from the LEED pattern in figure 5.7 (e), which are a, = 0.46
+0.01 nm, b, =2.21 £0.10 nm, and a, = 87 + 3° The angle, «a,, is within error of 90°and
thus the surface unit cell is interpreted as being rectangular and therefore achiral. The
variability in the step separation, b,, figure 5.15 (b), shows why there is anisotropic
disorder (streaking) in the b, direction observed with LEED. The steps are either 4 or 5
atoms wide and hence the LEED pattern originating from these structures will be a

summation of the diffraction from both lengths of step.

High magnification images were obtained from the 0.85 ML Te/Cu(643)% surface,
presented in figure 5.16, are now tentatively interpreted. Figure 5.16 (a) shows the high
magnification image that has had the same planar subtraction performed on it as in figure
5.15 (c). In an effort to make the atomic detail clearer, a FFT filtered image was produced
and is shown in figure 5.16 (b). The FFT was used to filter out the high frequency noise
from the image and allows for extra features of the STM image to be identified. Figure
5.16 (b) shows the surface unit cell defined from figure 5.15 (c) as a white box in figure
5.16 (b). The dimensions of the unit cell are in good agreement with each other. Within the
unit cell defined by the white box, there are regular protrusions visible. A unit cell for these
protrusions can be drawn, which is named the terrace unit cell, as the structure is
repeating only on the terraces. The terrace unit cell has dimensions of ar = 0.41 + 0.05
nm, by = 0.63 = 0.05 nm and a; = 99 + 2° This is an oblique unit cell and thus t he
structure of the terraces can be thought of as being chiral. This unit cell implies a local Te
coverage of just 0.26 ML, in comparison to the 0.85 ML measured with XPS. As in
structure 1, this suggests that large proportion of Te has migrated sub-surface, which is in

agreement to the Te 3d>? XPS which indicates that bulk Cu-Te alloying is occurring.
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Figure 5.16. (a) High magnification images of the 0.85 ML Te/Cu(643)"
surface. (b) FFT filtered image of (a). The white unit cell on (b) defines the unit
cell of structure 2, as defined in figure 5.15 (c). The black unit cell in (b)
denotes the unit cell found exclusively on the terraces of stucture 2. The
terrace unit cell has dimensions: ar = 0.63 + 0.05 nm, by = 0.41 + 0.05 nm
and ar = 99 + 3° The dashed red line and black lines cor respond to the lines
where the line profiles in (d) was taken from. (c) shows the FFT filterd image
from (b) with CuTe (Vulcanite) chains superimposed on top of the image (see
figure 5.17 for Vulcanite structure). The scale bar in (a) also applies to images
(b) and (c).

172



Chapter 5: Alloying on an Intrinsically Chiral Copper Surface

b =0.408 nm

a=0.693 nm

(010) Termination of CuTe “Vulcanite”

a=0.63+0.05nm
© =99°

Distorted CuTe, “Chiral Vulcanite”

Figure 5.17. The upper panel shows the (010) termination of the CuTe
structure known as Vulcanite on which the surface unit cell is annotated. The

lower panel shows the hypothesised terrace structure.
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We now compare the data obtained from the 0.85 ML Te/Cu(643)® film to known bulk
alloys. The XPS data obtained from this surface indicates that the ratio of Cu: Teis 1: 1.1
and the ratio of Cu*: Cu* is 1 : 3.1 (i.e. rich in Cu®"). These two ratios are in agreement
with a surface alloy phase predominantly formed of a Cu®**Te* alloy (i.e. CuTe). The STM
images in figure 5.16 are tentatively interpreted as being in agreement with the
assignment of CuTe as identified with XPS. The (010) termination of the mineral
"Vulcanite", CuTe [37,38], is shown in the upper panel of figure 5.17. CuTe has zigzag
chains of chemically bonded Te and Cu atoms, with each chain interacting via Van der
Waals' forces and laterally displaced from each other by 0.693 nm. The intra chain Cu-Cu
and Te-Te separations are 0.408 nm. The chain structure is further suggested by the line
profiles displayed in figure 5.16 (d) which where integrated over a 0.5 nm window. Both
the line profiles obtained show that the separation of the protrusions are 0.41 + 0.05 nm,
in agreement with the terrace unit cell. The line profiles also show that the sets of
protrusions are at 0.19 + 0.05 nm out of phase with each other. This is also in agreement
with the terrace unit cell as the projection of the Cu-Te distance along the b axis is half
that of the terrace unit cell (0.41 £ 0.05 nm).

The measured intra-chain atomic separations are in excellent agreement with Vulcanite
probably because of the strength of the covalent character of these bonds. However, the
conjectured CuTe surface alloy phase is slightly distorted along a;, (i.e. the chains are
misaligned) which results in the chiral, oblique, terrace lattice observed in the STM
images. Unlike in the reported CuTe structure, the proposed CuTe structure here has
chains that are misaligned by ~9° so although the unit cell is achiral, the atomic positions
within the terrace are chiral. The origin of this chirality we suggest is a result of the
Cu(643)® substrate acting as a template for growth, which will be further explored in
section 5.3. The distortion of the chains seems reasonable as these chains are far enough

apart only to interact through weak Van der Waals' interactions.

To show the good alignment of the CuTe structure with the observed STM image, CuTe
chains are overlaid on the FFT image, shown in figure 5.16 (c). The proposed structure of
the chiral Vulcanite-like CuTe alloy has a flat surface but clearly the brighter protrusions
are higher than the fainter ones. It is well known that STM can give false measurements of
height in heterogeneous systems because STM is an intrinsic measure of the local
electronic structure [39]. Therefore, it is argued that the apparent change in height could
be a change in element, which then would be consistent with the alternating Cu-Te chain
structure of CuTe. Identifying the chemical identity of the protrusions is difficult and an

unambiguous answer is impossible without using a technique such as scanning tunnelling
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spectroscopy (STS). The STM data suggest that even though the overall surface unit cell
of structure 2 is achiral, the atomic structure contained within the unit cell is in fact chiral.
We conclude by noting that the hypothesised distorted Vulcanite structure only accounts
for the structure of the terrace, it does not relate to the nature of the steps and hence, on

figure 5.16 (c), the steps are intentionally left blank.

5.2.3 Disordered Alloy Phase ( 64,> 1.5 ML)

The LEED pattern described as structure 2 reaches its maximum in intensity and
sharpness at 0.85 ML of Te/Cu(643)%, figure 5.10 (e) and gradually becomes more diffuse
with increasing Te coverage. LEED patterns obtained above 1.5 ML showed no sharp
spots. Te 3d>? XPS data collected for Te coverages greater than 0.85 ML were again fitted
to a single function at 572.7 eV representing a bulk alloy of Te?. The Cu 2p*? spectra
collected above a Te coverage of 0.85 ML were again fitted to three components:
representing elemental Cu®, Cu* and Cu®. Identical to lower coverages, the fit was
performed by fixing the binding energies, widths and asymmetry parameters to those
displayed in table 5.1, with the area of each function allowed to vary. The Cu 2p*? XPS
spectra revealed that, as the Te coverage increased, the Cu® component grew, at the
expense of the Cu® and Cu®" components. At 10 ML, the stoichiometric ratio of ionic Cu :

Te was measured to be 2.1 + 0.1, within error of Cu,Te. The Cu 2p*?

XPS spectrum is well
fitted to a single function, corresponding to Cu* and hence also implies Cu,Te. Fixing the
ratios to other Cu-Te alloys significantly worsens the fit. The results of the fitting process

(goodness of fit) are listed in table 5.4.

Together with the diffuse LEED patterns, the XPS data indicate that a rough or
polycrystalline Cu,Te alloy dominates the surface above a Te coverage of ~1 ML. The data
also indicate that Cu diffuses through the Te film, as in Te/Cu(111) and Te/Cuyy, for even
the thickest Te coverages studied in this chapter, 50 ML. The Cu* component of the Cu
2p3/2
likely at the Te/Cu(643)R interface, with the rough Cu,Te film growing on top. Indeed, the

XPS only slowly decreases which suggests that the CuTe chains are retained, most

measured Cu : Te ratio gradually shifts from ~1.3 at sub-monolayer coverages to ~2.0 at
0r. > 5 ML. A plot of the Cu : Te ratio is shown in figure 5.18. It shows a gradual shift
between a surface comprising CuTe and a minor amount of Cu,Te at low coverage, to a
surface that comprises only of Cu,Te at high coverage. The UPS spectra obtained for
increasingly thicker films of Te show a gradual attenuation of the Cu 3d states and the
gradual development of features associated with Cu,Te alloys, as shown in chapter 3. The

UPS spectrum from the 5 ML Te coverage is in good agreement with the UPS spectrum
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from the Cu,Te film, as shown in chapters 3 and 4.

Alloy Cu*: Ccu® Goodness of Fit (x/DoF) (x 10°
Cu,Te 1:0 0.25
CuTe 0:1 4.10
CuTe, 0 n/a
CuygTe, 4:3 2.10
CusTe, 2:1 1.85
CuszigTes 3:1 1.21
Cu;Te, 6:1 0.82
(Best Fit) 1:0 0.25

Table 5.4. The goodness of fit for fixed various Cu,Te alloys for the deposition
of 10 ML Te/Cu(643)". In each case, the ratio of Cu* : Cu** has been fixed to
the value shown. With the ratio of Cu* to Cu?* a free parameter, the best fit is
forCu*:Cu®**=1:0.

5.2.4 Summary and Surface Phase Diagram

This section recaps the main observations for the Te/Cu(643)% system. Te deposition
causes the Cu(643)" surface to facet and form novel Cu-Te alloy structures. There are two
different ordered structures observed with LEED, labelled structure 1 and structure 2.
Structure 1 exists for 0.18 ML < 84, < 0.45 ML and structure 2 exists for 0.45 ML < 6, <
1.5 ML. The maximum ordering of the LEED pattern of structure 1 is at 0.28 ML while the
maximum ordering of the LEED pattern of structure 2 is 0.85 ML. At low coverage the Cu-
Te surface comprises CuTe and Cu,Te, with CuTe being far more abundant than Cu,Te.
However as Te coverage increases, the rough or polycrystalline Cu,Te islands continually
grow, up to the maximum Te coverage studied here, 50 ML. The growth of Te/Cu(643)R is

summarised in figure 5.18.
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Figure 5.18. Schematic surface phase diagram for Te/Cu(643)% after
depositing at 300 K and annealing to 773 K. The black line shows the change
in the stoichiometry of the Cu-Te film as a function of Te coverage. The red line
shows the change in intensity of the elemental Cu peak as a function of Te
coverage. The dashed black lines indicate the Cu:Te ratio for CuTe and Cu,Te
and do not apply to the Cu® intensity plot. The LEED patterns are added to
show the Te coverages at which these patterns exist. There are no visible
spots in the LEED patterns above 1.5 ML.

The elemental Cu signal (Cu°) is also added to assess if the phase change from structure
1 to structure 2 is linked to a greater inclusion of Cu into the CuTe alloy. The intensity
change of Cu’ as a function of Te coverages reveals a smooth decrease in intensity
consistent with a growing overlayer. There is no evidence of any anomalous changes in
Cu® signal around the phase change (~ 0.45 ML) which would indicate a rapid uptake of
Cu by the alloy phase transition. We conclude that the phase change from structure 1 to
structure 2 is a rearrangement to accommodate the growing Te film. We conclude that the

lower the coverage, the more influence the chiral Cu substrate has on templating the
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growth modes of Te/Cu(643)R. With increasing coverage, registry between the substrate
and the growing film is progressively lost, leading to the diffuse LEED patterns observed
for coverages above 1.5 ML. The role of Cu(643)F in directing growth will be further

discussed in section 5.3.

5.2.5 Thermal Processing

As with Te/Cu(111), the alloying phase transition temperature in the Te/Cu(643)" system
can be measured. To do this, a thick 30 ML film of Te was deposited onto Cu(643)F at
110 K. This temperature was too low to permit alloying of Te with the Cu(643)" surface

and the Te film was thick enough so that the Cu 2p*?

XPS signal was completely
attenuated. The substrate was then annealed for 10 minutes at a particular temperature
and Cu 2p*? and Te 3d®? XPS data collected. Figure 5.19 shows the change in Te 3d*?

3/2

binding energy and Cu 2p”* signal with increasing annealing temperature.

The Te 3d°? and Cu 2p*? XPS data show a single sharp transition at 225 K. At this point

the binding energy of Te 3d°?

shifts from 573.1 eV, which is characteristic of elemental Te
to 572.7 eV, which is characteristic of the bulk alloy of Cu-Te, clearly indicating alloying.
Thermodynamically, alloying of Cu and Te is favourable even at 110 K but, as in
Te/Cu(11l), it was found that alloying was Kkinetically inhibited below the transition
temperature. In Te/Cu(111) it was found that the alloying transition temperature is ~275 K.
However, in Te/Cu(643)" it was discovered that the alloying phase transition temperature
is significantly lower, ~225 K. The reduction of the alloying phase transition temperature is
consistent with step mediated growth mechanism whereby the step facilities Te
intermixing with the Cu substrate. Step mediated growth has been observed in a wide
range of systems, including Pt/Cu(111) [31], Ag/Pt(111) [40] and Fe/Pt(111) [41]. Cu(643)}
is a stepped structure and therefore surface atom mobility is increased, with respect to
Cu(111), due to the reduced atomic co-ordination at steps and kinks, which would permit
the interdiffusion of Te and Cu at a lower temperature. The increased substrate surface
atom mobility is likely to be the driving force behind the reduced alloying phase transition
temperature for 30 ML Te/Cu(643)R, permitting facile mixing of Te and Cu. The concept of

step mediated alloying is further explored in the discussion, section 5.3.
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Figure 5.19. The variation of Te 3d>? binding energy (black line) and Cu 2p
XPS intensity (red line) with temperature for a Te coverage of 30 ML initially
deposited at 120 K. A single sharp transition was observed at 225 K. The
dashed black line is the alloying transition temperature observed for 30 ML
Te/Cu(111), which is 275 K.

5.3 Discussion

There are several interesting questions that arise from the observations described in this
chapter. The STM images from structure 1 (figure 5.14) implies that there is no step
bunching (i.e. it is flat) while the STM of structure 2 (figure 5.15) implies that there is step
bunching on the facetted surface. It is implausible that the steps on the native Cu(643)°
surface have been lost (structure 1) and regained (structure 2). As with all microscopies, it
is necessary to ask whether the image is representative of the specimen as a whole. We
therefore conclude that as the surface is inhomogeneous, what we have imaged in
structure 1 is not representative of the surface as a whole (i.e. there is step bunches in
structure 1 that have not been imaged so that the macroscopic surface normal remains
unchanged). Indeed, (spatially integrating) XPS shows that the stoichiometry does not

match any known Cu,Te alloy and thus implies that the surface is indeed inhomogeneous.
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A further question arises: why from a homochiral substrate, Cu(643)F, do we observe
domains of CuTe that have opposite handedness (i.e. are different enantiomers), after
deposition of Te? To have a chiral overlayer from an achiral adsorbate (i.e. the Te
adatoms) there needs to be a chiral influence in the growth process. Adatoms arriving on
the (111) terrace would not receive a chiral influence as the (111) terrace is achiral
because each of the 6-fold positions are equally as likely. On the (643) surface there are
additional considerations: chiral kink sites and hence, there must be some chiral
perturbation to the arriving adatoms. Secondly, it is likely that the mesoscopic facets are
bound by chiral kinks and steps because the macroscopic miscut of the surface must be
maintained. These kinks would be expected to provide a weak chiral influence on the
overlayer and thus the handedness of the surface would be dependent on the diffusion
length of the Te atoms. If the Te diffusion length was greater than the facet size, then may
be possible for Te adatoms to migrate across the surface and interact with the chiral kink
site and form aggregates and islands. If the diffusion length of Te was less than the size of

the facet then it would be more likely to favour racemic or achiral growth.

Following from the question of both enantiomers existing on a previously homochiral
surface, is the question: can we quantify the relative amounts of each enantiomer on the
surface? From inspection, the intensities of the spots that comprise the opposite
enantiomers (blue and red boxes in figure 5.7 (d)) of structure 1 are different, as shown in
figure 5.7. Chen et al. [42] commented in their study on the adsorption of R- and S-
phenylglycine on Cu(110) that the ratio of R/S mixture is directly related to the relative
intensity of the LEED spots, for the R- and S- patterns. For example, a coverage of R- and
S-phenylglycine with the ratio of R/S = 1 gave LEED spot intensities that were similar and
for a ratio of R/S = 3, the LEED spots from the R enantiomer were much more intense.
Therefore, as a first approximation, the LEED spot intensities were assessed to estimate
the enantiomeric excess of one enantiomer over the other. The quantitative analysis of
LEED patterns in this manner is fraught with difficulties. Other factors, than simply the
fraction of a surface covered by the LEED structure, contribute to the intensity of the
observed LEED pattern. For example, LEED is sensitive to subtle variations in height and
orientation, so the facets of the Te/Cu(643)" surface not aligned well with the LEED optic
will be weaker than facets that are well orientated, although both may contain similar
gquantities of alloy. Also, small changes the nature of the unit cell may cause constructive
or destructive interference of the scattered electron waves and drastically change the
intensity of an observed LEED spot. Therefore, it is stressed that the following analysis of

the spot intensity of the LEED pattern is a rough estimate.
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The enantioselectivity and enantiomeric excess can be estimated by using line profiles,
integrated over the width of the spot. To improve the reliability of the measurement
equivalent spots for each enantiomer were used, as shown in figure 5.20. Previous
studies of enantiomeric excess have studied the yield of a particular handedness of

molecule from a chiral surface. The enantioselectivity (ES,) of reaction x is defined as [41]:

yR/R

X
b 5-3
yR7S (5.3)

X

ES, =

where Y*/® is the yield of the (R) enantiomer on the R surface for reaction x and v,X/* is

the yield of the S enantiomer on the (R) surface for reaction x. This definition implies that
a racemic mixture has ES, = 1. One can also calculate the enantiomeric excess (EE,) of

reaction x, using the following definition [43, 44]:

EE, =

ESx—1|

5.4
ESy,+1 (5-4)

where ES, is defined as in equation 5.3. Typically, ES, has been calculated from TPD
data. Here, the idea of measuring enantioselectivity is extended to the intensity profiles of
LEED patterns. For the Te/Cu(643)F system the enantioselectivity can be written, as a first

approximation as:

[RIR
ES&::'ﬁﬁE, (5.5)

1

where ES; is the enantioselectivity of the Cu(643)® surface for structure 1. If/ R is the

intensity of the LEED spots for the (R) overlayer enantiomer and Ils/R is the intensity of the

LEED spots for the (S) overlayer enantiomer on the Cu(643)® surface. As the substrate is
the (R) enantiomer the most intense spots of structure 1 (as defined by the red box in
figure 5.7 (d)) are also labelled as (R). It is noted that care must be taken in measuring the
intensity of LEED spots, that equivalent LEED spots are compared. Figure 5.20 (a) shows
the LEED pattern obtained for structure 1 at 110 K, annotated with a red line and blue line,
indicating where line profiles were taken. The line profiles obtained from figure 5.20 (a)
are displayed in figure 5.20 (c) and are typical of the LEED patterns from a 0.28 ML Te
coverage. The surface unit cell is highlighted by the blue box, in figure 5.7 (d), as the (R)
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enantiomer because the surface is Cu(643)" and it is hypothesised that the handedness of
the surface favours the growth of one enantiomer over the other. It is first noted that the
width of the LEED spots are the same for both the (R) and (S) enantiomers, implying that
the ordering in (R) and (S) enantiomers are similar. After averaging over 50 different line
profiles from 10 different beam energy LEED patterns, it was found that, the (R)

enantiomer is favoured for structure 1, with ES; = 4.4 £ 0.5:1 and EE; = 63 = 15 %.

In the same way as for structure 1, the intensity of equivalent spots can be measured on
the LEED patterns of structure 2 to estimate the enantiomeric excess of one enantiomer
over the other. Even though the unit cell of structure 2 has been found to be within error
rectangular and therefore achiral, it is still valid to assess the difference in intensity of
each domain to gain a rough insight into relative concentration of each structure on the
surface. This is done in exactly the same way as was done with structure 1 - by
comparing the relative intensities of equivalent pairs of spots, over a large series of
patterns from different beam energies. A typical line profile is displayed in figure 5.20 (d).
This line profile highlights the variation in spot width and position from the LEED patterns
of structure 2: not all spots overlap, due to the variation in terrace size. Averaged over a
total of 50 line profiles, of the same length as in figure 5.20 (d), it was found that the (R)
enantiomer has, ES, =1.3+£0.5 and EE, = 13 + 15 %. The enantiomeric excess lies within
error of 0 %, implying that the alloyed surface contains equal concentrations, which is not
surprising since the unit cell is achiral. It is hypothesised that the thicker the Te film, the
less influence the Cu(643)" substrate has on dictating the handedness of the overlayer.
Structure 1, which has a maximum ordering at 0.28 ML, shows a large enantioselectivity
(EE; = 62 = 15 %) in the (R) handed overlayer. Whereas structure 2, which shows a
maximum ordering at 0.85 ML, shows little preference to which domains grows (EE, = 13
+ 15 %). As the coverage increases, the energy barrier in forming the unfavoured
structure may be reduced. The Cu(643)" substrate also dictates that the alloy is the rather
unusual CuTe structure. Beyond a single monolayer, the Cu(643)® substrate is no longer
directing the growth mode of the alloy and is free to form a rough or polycrystalline Cu,Te

alloy.
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Figure 5.20. (a) 0.28 ML Te/Cu(643)F and (b) 0.85 ML Te/Cu(643)% LEED
patterns obtained at 110 K. The beam energy is 138 eV. Graphs (c) and (d)
show the background subtracted, integrated line profiles obtained from the red
and blue lines, annotated on LEED patterns (a) and (c), respectively. The

integrated intensity ratio of red to blue line profiles from (a) is 4.4 + 0.5:1 and
(b)is 1.3+£0.5:1.
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Another question, one might ask is: what features of the Cu(643)® surface drives the
observed CuTe surface structure? Since the growth modes of the Te/Cu(643)" system are
completely different to that of Te/Cu(111) (section 3.2.1) and Te/Cuyy (section 3.2.2), it is
clear that the surface termination has a strong impact on the composition and structure of
the Cu-Te alloys formed (i.e. Cu(643) acts as a template for Cu-Te growth). If one
considers the Cu(643)" surface, the kink sites are the intuitive points for Te nucleation.
Indeed, DFT calculations show that | [18] and Br [19] preferentially adsorbs at kink sites of
Cu(643)". In addition, Hazzazi et al. [20] demonstrated that at low surface coverage, Bi,
Au and Ag selectively adsorbed on the chiral Pt(321) surface in kink and step sites. Only
when the kink and step sites were full, that Bi, Au and Ag began to fill the terrace sites.
Furthermore, the observed reduction in temperature of the alloying phase transition
temperature, shown in figure 5.19, is consistent with a step mediated alloying mechanism
between Te and Cu. Figure 5.21 shows the mechanism for step mediated alloying, in
agreement with the proposed mechanism for the alloying of Pt on the vicinal Cu(12 12 11)
surface [40]. The model proposed involves, firstly, the nucleation of a Te adatom at a kink
site or step edge and then the rapid diffusion of Te into subsurface layer, forming a bulk
like CuTe alloy. The diffusion of an adatom at a step or kink is much more facile than on a
flat surface (e.g. Cu(11l)). Figure 5.21 shows that relatively few, under co-ordinated,
substrate atoms require to move for the inclusion of a foreign adatom below the surface.
This is in agreement with the XPS data which implies that the Te adatoms are rapidly
incorporated within a bulk alloy (i.e. some Te atoms are below the surface). The fact that
Te readily diffuses into Cu(111) at room temperature, a close packed surface (chapter 3)

implies that the diffusion Te/Cu(643)" will be even more facile.

In agreement with the literature on atomic and molecular adsorption on kinked metal
surfaces and the observation of step mediated alloying, it is proposed that the kink sites
influences the resulting Cu-Te alloy structures for the Te/Cu(643)® system. The use of the
kink sites as effective nucleation sites for Te adatoms will now be discussed. Figure 5.22
shows the ideal Cu(643)® surface looking directly down upon it with Te atoms adsorbed at
some of the kink sites. The proposed nucleation site of structure 1 has Te atoms
occupying all the kink sites on the Cu(643)" surface. This gives unit cell parameters of a,
=0.675 nm, b; =0.742 nm and a; = 69°
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Step 1: Nucleation Step 2: Rapid Diffusion

Figure 5.21. Proposed model for the step mediated alloying of Te on
Cu(643)". This figure shows the nucleation and subsequent diffusion of a Te
adatom into sub-surface region of the vicinal Cu surface. Only a few under co-

ordinated substrate atoms require to move.

Table 5.4 shows that these parameters are reasonably close to the dimensions observed
with LEED and STM. Structure 1 was determined with LEED and STM to be flat, as
illustrated by the STM pattern in figure 5.9, with lattice parameters of a; = 0.51 + 0.01 nm,
b; =0.71 £ 0.01 nm and a; = 57 £ 2° The difference between the value of a, predicted by
our nucleation model and observed lattice parameter is reasonably large ~0.1 nm. This
discrepancy may be accounted for by the fact that a proportion of exists Te subsurface
and may cause changes in the lattice parameter. In addition, the substrate is subject to a
high temperature anneal to 773 K after deposition and may give the surface atoms
sufficient energy to restructure into the structure observed with LEED. The b, direction of
the proposed model of nucleation is in good agreement with the observed unit cell. In
addition, the surface atoms on steps have high mobility and a high temperature anneal

allow the atoms to reorder into the structure observed with LEED and STM.
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Figure 5.22. Ideal Cu(643)® substrate with Te atoms adsorbed at some of the

kink sites. The orange and white spheres represent C atoms. The alternating

colour scheme, of white and orange spheres, is used to aid visualisation of the

steps and kinks. Green spheres indicate Te atoms. The two black boxes

indicate the proposed nucleation sites for structures 1 and 2 of the CuTe alloy.

Some Te atoms have been omitted for clarity (see text for details).

Dimension | Lattice parameter of kink site | Measured dimension with LEED/STM
nucleation on Cu(643)" (after annealing to 773 K)

a, 0.675 nm 0.51+£0.01 nm

by 0.742 nm 0.71 £0.01 nm

a 69° 57 +4°

a, 0.675 nm 0.63 +£0.01 nm

b, 2.39 nm 2.21 £ 0.05 nm (4 atom terrace)
2.74 £ 0.05 nm (5 atom terrace)

a, 84° 87 +4°

Table 5.4. Comparison of unit cell dimensions of idealised kink site nucleation

with the lattice parameters obtained with LEED and STM.
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The CuTe alloy labelled structure 2 can only be partially explained using the Cu(643)%
substrate as a template for growth. The larger box in figure 5.22 shows the proposed
nucleation sites for the formation of structure 2. As structure 2 is formed from a higher
coverage than structure 1, there will be naturally more Te atoms on the surface. Hence,
the model shown in figure 5.22 will have Te atoms adsorbed at other kink sites, along step
edges and on the (111) terraces, which are omitted on the diagram for clarity. Structure 1
has all kink sites filled, which implies that Te atoms in structure 2 have also nucleated
along steps and on terraces. The dimensions shown on figure 5.22, for the nucleation
sites are in reasonable agreement with the observed LEED and STM data, if Te atoms
form unit cells that are 3 steps in length. Dimensions of the proposed nucleation sites for
the formation of the unit cell were determined as being a, = 0.675 nm, b, = 2.39 nm a, =
83° The length of the step is variable, as shown in the STM (figure 5.15) and the streaked
nature of the LEED pattern in the direction of the steps, b, (figure 5.7). The variation
arises from the number of atoms that make up a step: a 4 atom wide step has b, = 2.21
nm and a 5 atom wide step has b, = 2.74 nm. The kink site separation in structure 2
(figure 5.22) is 2.39 nm, which is a non integer chain length of CuTe. It is proposed that
the high mobility of the atoms (also assisted by the high temperature anneal) on the
surface mean that the surface reconstructs to form energetically more stable 4 or 5 atom
wide terraces on the surface. It is interesting yet unclear why the kink sites 3 steps apart
appear to be acting as a unit cell for structure 2. There is nothing unique about a CuTe
step length being 3 times that of the step of Cu(643)F other that the fact that it is a
reasonably good match to a 4 or 5 atom wide step. It is suggested that the driving force
must be the most energetically favourable state for incorporating all Te atoms into a Cu-Te

alloy.

5.4 Conclusions

Chapter 5 has examined the alloying of Te with the Cu(643) substrate. To our knowledge,
this is the first example of using a chiral substrate to fabricate an overlayer alloy that
retains the chirality of the substrate. In summary, the addition of Te onto the Cu(643)°
surface and subsequent annealing to 773 K induces extensive surface reconstruction and
faceting. The alloying of Te on Cu(643)® is step mediated which results in the alloying
phase transition temperature being ~50 K less than on the nominally flat Cu(111)
substrate. Below 225 K, alloying of Cu-Te is kinetically limited, with a rough, disordered Te
film growing on the Cu(643)" surface, analogous to Cu(111). Above 225 K, the deposition
of Te leads to two distinct alloy phases. The first of which, structure 1, exists in range of
0. = 0.18-0.45 ML with lattice parameters of a; = 0.51 £ 0.01 nm, b; = 0.71 £ 0.01 nm
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and a; = 57 £ 3° The second structure, structure 2, exis ts in the range of 67, = 0.45-1.5
ML and forms a stepped structure also with a rectangular cell. The unit cell has
parameters of a, = 0.48 £ 0.01 nm, b, = 2.25 + 0.05 nm and «a, = 87 + 4° Patches of
disordered Cu,Te begin also to form immediately upon deposition and dominate the film

composition above 1 ML.

It is tentatively proposed that the kink sites of Cu(643)® act as nucleation centres for the
growth of these unusual Cu-Te alloys. Both chiral surface alloys have a stoichiometry
close to that of CuTe: structure 1 is a unique surface phase, while structure 2 is cautiously
described as a distorted form of the mineral Vulcanite, with both structures using the
Cu(643)" kink sites as a template for growth. To a first approximation, it is estimated that
structure 1 demonstrates enantiomeric excess of greater than 50 % of the (R) CuTe
enantiomer, due to good registry with the Cu(643)F surface. The thicker Cu-Te film has
equal concentrations of domains, to a first approximation, due to the decreasing influence
of the substrate in dictating growth. High miller index surfaces are intrinsically unstable
because of the under coordinated surface atoms, as shown by thermally roughened STM
images that can only be collected at 77 K [9]. The ease of collection STM data from the
Te/Cu(643)® surface at 300 K, shows that Te must have a stabilising effect on the atomic
mobility of the Cu(643)® surface. It is suggested that the Te structures, formed by
deposition at 300 K are rough or disordered, but crucially Te nucleates in kink sites that
promote the growth of ordered CuTe structures after annealing. Rapid, step mediated
alloying of Te into a bulk like alloy occurs, with annealing to 773 K allowing the Te covered
Cu(643)® surface to reconstruct to a more energetically favourable structure. The
reconstructions observed imply significant Te diffusion and Cu faceting, which is

reasonable, as stepped surfaces have high atomic mobility due to lower co-ordination.

The data presented here is interesting and provides good insight into the alloying of Te
and Cu(643)® but it does not provide an complete description of the growth modes.
Further work with, for example, STM, STS and LEED 1V, is required to fully elucidate the
atomic structure of the surface. For example, current STM data suggest a counter intuitive
growth mode, with the surface going from stepped (0 ML) — flat (0.28 ML) — stepped
(0.85 ML). Additional STM images are also required to fully understand the mesoscopic

faceting observed in this system.
The Te/Cu(643)® system is a useful prototype to assess the feasibility and structure of

novel chiral surface alloys, chosen because of the strong interaction between Cu and Te,

as demonstrated in chapter 3. Our study gives precedent into studying other systems,
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such as the topological insulator, Bi,Tes [45], where it has been shown that electron spin
chirality is of crucial importance in the electronic structure of the topological insulator. It
has been recently shown in the Pb,,Sn,Se system [46] that crystalline (physical)
symmetry can also topologically protect surface electronic states. It would be therefore
interesting to produce a chiral Bi single crystal and look at the deposition of Te onto it, to
firstly assess if any chiral alloy structures formed. If they did form, then it would be of
significant interest to the wider scientific community to test their topological insulating
properties (this is generally done with ARPES, whereby the full band structure can be
determined). In addition, modifying the surface composition of a naturally chiral surface
offers the prospect of tuning the enantioselectivity of a particular catalytic surface reaction
[4,47,48]. However, relatively little work has been devoted to this due to fact that naturally
chiral substrates, at the moment, cannot be produced in large enough quantities to be of

practical use [48].
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6. A Study of the Core-Shell Architecture in Nanori bbons of TaS ;

6.1 Introduction

Chapters 3, 4 and 5 have dealt with thin film growth on single crystal surfaces, which
naturally favours the use of surface science techniques (XPS, UPS, LEED and STM) over
electron microscopy. We now turn to a system that would normally lend its self well to
materials characterisation techniques based on electron microscopy - nanoribbons of
TaS;. Like in the previous experimental chapters (chapters 3, 4 and 5), one of the aims of
this chapter was to compare and contrast the information gathered from both sets of
techniques, with particular emphasis on the difference between the core and shell of the
nanoribbon. The study presented in this chapter has been published in Nanoscale (M.O.
King et al., Nanoscale 4 (2012) 607).

TaS; belongs to a large set of inorganic solids known as transition metal chalcogenides
(TMCs) [1,2]. As stated in chapter 1, TMCs display a variety of interesting phenomena: in
the case of TaS;, it is known to undergo a Peierls transition with the formation of a charge
density wave (CDW) state [3]. In recent years, a number of methodologies have been
developed to synthesise TMCs nanomaterials [4-8] and in the case of TaS; have yielded
wires, ribbons and belts that are typically up to millimetres long, microns wide but only a
few tens to hundreds of nanometres thick [7,8]. The resultant surface to volume ratios,
which are orders of magnitude larger than those of bulk materials, are often the reason for
the unusual properties of TMCs at the nanoscale, since these ratios imply that surface
electronic states can dominate the material's characteristics. However, as it is shown
here, it is essential to establish the existence and role of phases at the interfaces of such
materials and the contribution that such species could make towards observed chemical
and physical phenomena. For example, a core-shell architecture may not be detectable
through bulk analytical techniques but the shell would nevertheless present an additional
interface that mediates direct contact to the TMC and thereby affects the TMC’s apparent

properties.

It has been reported that bulk TaS; can crystallise in two different unit cells: monoclinic
[9,10] or orthorhombic [11,12]. The monoclinic structure is shown in figure 6.1 and is
denoted m-TaS:s. It belongs to the P2, /m space group and has unit cell parameters of a =
0.9515 nm, b = 0.33412 nm, ¢ = 1.4912 nm, a« = 90°% B = 109.99°and y = 90° The
orthorhombic cell is labelled o-TaS; and has unit cell dimensions of a = 3.6804 nm, b =

1.5173 nm, ¢ = 0.3340 nm and a = § =y = 90° 0-TaS; belongs to the €222, space group.
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To our knowledge, the positions of the atoms within the o-TaS; cell have never been
published, which is surprising given the volume of work undertaken on this material, and
hence a diagram cannot be given. However, Roucau et al. [11] states that 0-TaS; contains
24 TaS; chains per unit cell and hence we still regard o0-TaS; as a one dimensional
material. Recently, nanobelts of TaS; [8] have been reported and form with o0-TaSs;
structure. Both m- and o- unit cells of TaS; have chains of Ta** running through the crystal,
with individual chains interacting with each other through weaker Van der Waals' forces.
Electrons can only easily propagate along the long chains of Ta*" ions which gives rise to
TaS; being regarded as a quasi one dimensional conductor. The structure of TaS,, on the
other hand, is shown in figure 6.1 (b). It is a layered structure with two dimensional sheets
of S* and Ta* and hence is described as a two dimensional conductor. It is important to
describe TaS, because TaS; decomposes into TaS, and S above 1073 K, as we will show
with TEM in figure 6.13.

(b)

Figure 6.1. Structure of (a) m-TaS; [9] and (b) 1T-TaS, [13]. The yellow
spheres represent S*, blue spheres represent S™ or (S,)* and the green

spheres represent Ta*".

One dimensional solids are inherently unstable and undergo a Peierls distortion below a
certain transition temperature [14]. In the cases of 0-TaS; and m-TaS; the Peierls
transition temperature, T,, has been measured to be 210 K and 240 K, respectively [11].

The Peierls distortion is a periodic distortion of the crystalline lattice that gives rise to a
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modulation of local electron density, commonly known as CDWs [14]. Figure 6.2 shows a
graphical depiction of the Peierls distortion and its resultant CDW. As CDWs are a
modulation of local electronic structure, they have been shown to be observable in XPS
as changes in core-level electronic structure (for example 1T-TaS, and 1T-TaSe, [15-17]).
Peierls distortions are changes in the lattice and are therefore observable with TEM, in
particular with SAED (for example bulk TaS; [11], NbS; [18] and MgTi,O,4 [19]). The SAED
pattern is particularly sensitive to the Peierls distortion as the additional Peierls

superlattice gives rise to extra diffraction spots.

lons Uniformly Spaced

W
EEETE

Periodic Distortion

Figure 6.2. Schematic diagram illustrating the Peierls distortion and the

resultant CDW. T, is the Peierls transition temperature.

This chapter describes the characterisation of TaS; nanoribbons with electron microscopy
and surface science experiments (XPS and UPS). The data show a striking dissimilarity
between the structure and the thermal properties of the shell (2-20 nm) and the core (100-
500 nm). Surprisingly, given the amorphous and heterogeneous nature of the nanoshell,
our UPS data suggest that it has one dimensional electronic properties. Significantly, the

chemical stability of the nanoshell is dependent on the nature of the supporting substrate.
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6.2 Results

6.2.1 Synthesis

The synthesis of the TaS; nanoribbons was performed by Mr. Saleem Denholme in Prof.
D. Gregory's inorganic materials group at the University of Glasgow [8,20,21]. The
synthesis process will be described briefly here. Ta (99.9 % purity) and S (99.5 % purity)
were ground together using a mortar and pestle, in a stoichiometric ratioof Ta: S=1: 3.
The resultant mixture was loaded into a silica tube and sealed under a rough vacuum
(~10"® mbar). Once sealed, the ampoules were inserted horizontally into a furnace at 923
K for 60 hours. The products contained both powders and nanofibrous materials which
were separated using tweezers. It should be noted that prior to introduction into UHV, it
was observed that the nanoribbons were encased in a coating of globules of sulfur. A
representative TEM image of the pre-UHV annealed nanoribbons is shown in figure 6.3
(a), with a TEM image of a nanoribbon that has been annealed to 400 K in UHV shown in
figure 6.3 (b). The morphology of the pre-UHV nanoribbon is clearly different: it is rough
and mottled compared to the smooth post-UHV ribbons. The EDS spectrum, labelled 1 in
figure 6.3 (c) shows that the small globules are composed entirely from sulfur, a result of
some sulfur not reacting. EDS also shows that the pre-UHV ribbons are sulfur rich, having
a Ta : S ratio ~1 : 5, a result of the ribbon being encased in excess, unreacted sulfur.
Therefore, to sublime any excess S, the ribbons were heated in a high vacuum (~10’
mbar) at 400 K for 48 hours (i.e. a UHV bakeout).

6.2.2 Room Temperature Characterisation

6.2.2.1 Characterisation of TaS; Core

The physical structure of the core of the TaS; nanoribbons was determined with PXRD,
SEM and TEM. Figure 6.4 shows the PXRD pattern obtained for the TaS; nanoribbons,
overlaid with the accepted XRD pattern from o-TaS; [12], which is in reasonable
agreement. The lines not accounted for by the TaS; reference pattern are elemental S, as
the PXRD pattern was obtained before vacuum annealing of the TaS; nanoribbons, which
was found to sublime excess S from the synthesis process. The PXRD pattern is also
consistent with using SAED data shown in figure 6.5 (b), using refined lattice parameters
of a =3.694 £ 0.002 nm, b = 1.4182 + 0.005 nm, ¢ = 0.3349 + 0.002 nm.
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Figure 6.3. (a) TEM image of a TaS; nanoribbon immediately after synthesis
and before vacuum processing. (b) TEM image of a TaS; nanoribbon after
vacuum processing. (¢) EDS spectra taken from areas indicated on the TEM

images (see text for details on EDS quantification).
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Intensity [a.u.]

20 30

Angle (26)

Figure 6.4. PXRD profile of TaS; nanoribbons immediately after synthesis and
before vacuum treatment in UHV. The black line is the experimental spectrum.
Red lines show the positions and relative intensities of the peaks from the
standard PXRD pattern of 0-TaS; [12]. The height of the red lines show the
approximate relative intensity. The unaccounted lines (26 ~15°5 229 are

attributed to unreacted sulfur.

A typical low magnification SEM image of the nanoribbons is shown in figure 6.5 (a). It
reveals that the ribbons typically had rectangular cross sections with thicknesses of 20-
100 nm, widths of 50-500 nm and lengths of several millimetres. These nanoribbons
closely resemble those synthesized previously by Wu et al. [7] using a similar
methodology. HRTEM images of a typical ribbon are shown in figures 6.5 (d) and 6.5 (e)
and show good crystallinity within the bulk of ribbons: the lattice fringe spacing indicated in
figure 6.5 (e) was measured to be 0.305 + 0.008 nm and is indexed to the (12 0 0)
reflection of 0-TaS;. This gives a lattice parameter of a = 3.65 + 0.09 nm, which agrees
within error with the PXRD data above. EDS data were quantitatively analysed using the
Cliff-Lorimer technique, as described in section 2.4.5. The EDS spectra obtained from the
ribbon displayed in figure 6.5 (c) is shown in figure 6.5 (f). It was collected from the centre
of the ribbon and thereby dominated by its core material. The calculation was performed
using equation 2.29. The Cliff-Lorimer k-factor was derived from an in house database
[22]. The elemental ratio of Ta : S was calculated to be 1 : 2.98 + 0.03, within error of TaS;

composition.
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Figure 6.5. Electron microscopy analysis of nanoribbons showing: (a) an SEM
image of nanoribbons; (b) electron diffraction and (c) bright-field image of
separate ribbons; and HRTEM images of (d) the interfacial region between
crystalline core and amorphous edge and (e) the nanoribbon core, showing a
lattice fringe separation of 0.305 + 0.008 nm, which corresponds to the
(12,0,0) plane of o-TaSs. (f) EDS spectrum from a typical TaS; nanoribbon,
with a Ta : Sratio of 1 : 2.98 + 0.03.
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Cu is present in the EDS spectrum because the support grid consists of Cu; O is
accounted for by a small amount of surface oxidation, ethanol and water adsorbed to the
surface of the nanoribbon. The presence of O is in agreement with the XPS data, shown
in figures 6.6 and 6.8. Figure 6.5 (d) clearly reveals a thin, amorphous shell encasing the
ribbons, which had a thickness ranging from 2 to 20 nm from ribbon to ribbon and will
therefore dominate the surface sensitive photoelectron spectroscopy data presented

below.

6.2.2.2 Characterisation of TaS; Shell

The surface sensitivity of the XPS and UPS means that the data collected derive
exclusively from the amorphous nanoshell of the material revealed by TEM, in figure 6.5
(d). Both XPS and UPS are spatially integrated measurements that probe a significant
area of the surface (many mm?). Figure 6.6 (a) is an XPS spectrum collected over the
binding energy region for Ta 4d and S 2s photoelectrons and collected from nanoribbons
that had been dispersed onto a Au surface. Identical spectra are obtained from
nanoribbons that had been dispersed on the native oxide of Si. The spectrum has been

decomposed into Ta 4d°? and 4d*?

components and four separate S 2s components, with
fitted peak parameters given in table 6.1. Each component was fitted to the sum of a
Gaussian function and a Lorentzian function. The asymmetries (a) of the peaks in figure
6.6 were determined to be less than 0.01 and hence the DS function used in chapters 3-5
was replaced with a Lorentzian. The Ta 4d*? and 4d*? binding energies were set to
accepted values for Ta*" [23,24] while the four S 2s components could be assigned to S©
(elemental), S* S (i.e. (S,)*) and SO,™ [25-27]. The SO,™ component, accounting for
15% of the S signal, is attributable to a small degree of surface oxidation, which is typical

of TMCs after atmospheric exposure.

Other core level electronic states of Ta and S were probed with XPS. Figure 6.7 shows the

XPS spectra obtained from Ta 4p and 4f core levels. The binding energy of the Ta 4p*?

1/2

and 4p~“ core levels was measured to be 426.7 eV and 404.5 eV respectively, which is in
good agreement with Ta** [28]. The binding energy of the Ta 4f"? and 4f* core levels
were also in good agreement with Ta** [28] and measured 35.2 eV and 25.6 eV,
respectively. The XPS spectra from the S 2p core levels had a low signal to noise ratio
and contained spin orbit split peaks, therefore the acquisition of meaningful spectra was
not possible for sensible acquisition times. In addition to Ta and S XPS data, O 1s spectra
were obtained. Figure 6.8 shows the O 1s XPS data, which confirmed the presence of
oxygen on the surface. The O 1s spectrum could be fitted to two peaks, at 533.9 eV and

531.5eV.
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Figure 6.6. XPS spectra spanning the Ta 3d and S 2s core levels and their
associated GL fits. (a) TaS; nanoribbons deposited on a Au sputtered silicon
wafer, immediately after deposition on to the substrate. An identical spectrum
is obtained when using Si substrates. (b) TaS; nanoribbons deposited upon a
silicon substrate which had been flash annealed to 1173 K. (c) TaS; had been
left for 3 days on Au. The component labels in spectrum (a) also relate to

spectra (b) and (c).
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Figure 6.7. XPS spectra spanning the Ta 4p and Ta 4f core levels of TaS;

nanoribbons on SiO,.
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Figure 6.8. XPS spectra from the O 1s core level. The blue and green lines
are fitted Gaussians. The green line represents molecular oxygen and is
centred at 533.9 eV. The blue line represents ionic oxygen and is centred at
531.5 eV. The red line is the overall fit. The ratio of molecular to ionic oxygen

is ~40:1.
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Ta4d®® | S2s(SO,™) | S(0) 2s | (S,)* (S)2s | S* 2s | Ta4d™”
Binding 241.7 2345 230.9 228.4 227.2 | 230.1
Energy (eV)
FWHM (eV) 5.4 3.8 2.7 1.7 1.5 5.5
Rel. Intensity 1 2.2 6.8 4.1 2.4 1.5

Table 6.1. The parameters used to fit the Gaussians to the experimental XPS
spectra shown in figure 6.2. The binding energies are initially set to values
obtained from the literature, then allowed to vary by + 0.2 eV. The FWHM is

purely based on the measured peak shape.

The component at 533.9 eV is consistent with a molecular O species (such as in [29]) and
most likely originates from the ethanol that the ribbons were dispersed in or contamination
during the synthesis process. The component at 531.5 eV is ~40 times less intense than

the molecular species and likely derives from slight surface oxidation of the ribbons.

In previous experimental chapters (chapters 4, 5 and 6), it was necessary to use equation
2.15 and sensitivity factors to quantify surface stoichiometry using XPS. The situation in
this chapter is much simpler because the chemically shifted S 2s XPS peaks will have
virtually identical photoionisation cross sections and hence virtually identical sensitivity
factors. Consequently, the ratio of fitted peak intensities of S/S? is an accurate measure of
TaS; stoichiometry. The fitting of the Ta 4d and S 2s region revealed several interesting
aspects of the amorphous shell of the nanoribbon. The largest S 2s component is that of
elemental S, contributing 43 % of the total S signal. Even though the ribbons were heated
to sublime surface S deposits, large amounts of elemental S remains, indicating that it is
strongly bound to the material. The ratio of the S/S* ((S,)*/S*) components, at 1.7 + 0.1
(0.85), is clearly smaller than the value of 2 (1) expected from the stoichiometry of TaS,,
implying a non-stoichiometric shell composition. The nature of the shell will be further

examined in the discussion, section 6.3.

The blue line in figure 6.9 (a) shows the complementary UPS spectrum: it displays a
single broad peak centred at ~7.0 eV upon a sloping secondary electron background. The
spectrum is consistent with the valence region of an XPS spectrum collected by Endo et
al. [30] from bulk TaS;. The UPS spectrum obtained in the vicinity of Er is shown in figure
6.9 (b) and is interesting because it shows a suppression of the Fermi edge, which is
indicative of one dimensional behaviour. It is well established that the electronic properties

of one dimensional conductors tend to follow the Luttinger Liquid model [14].

202



Chapter 6: A Study of the Core Shell Architecture in Nanoribbons of TaS;

(&) (b)
=)
3
> i
.
c
o}
g | |
10I EIB | (IS | éll | é | (|)1.5 | 110 | 015 | 010
Binding Energy [eV] Binding Energy [eV]

Figure 6.9. (a) UPS spectra collected under the same conditions as figure.
6.5. (b) is the magnification of the region around Er. Blue is TaS; nanoribbons
deposited on a Au-coated silicon substrate, immediately after deposition. An
identical spectrum is obtained when using Si substrates. Black is TaS;
nanoribbons deposited upon a silicon substrate which had been flash
annealed to 1173 K. Red is TaS; nanoribbons that had been left on a gold

substrate for 3 days.

The most prominent spectral feature of a one dimensional conductor is the lack of a
discernible step at Er, as observed here and in a number of other one dimensional
systems (e.g. BaVS; [31], LipoM0sO;7 [32], NaV,0, [33] and a review [34]). Instead of a
step, the spectral intensity, I, tails off across the Fermi edge and is well described by a

power law relation [35]:

I=|E|% (6.1)
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Figure 6.10. Log-Log plot of Intensity against binding energy. The red dots are
the data points obtained and the black line is the fitted straight line. It has a

gradient of « =0.2 £ 0.1.

where E is the binding energy and « is a parameter characteristic of the one dimensional

system. Taking logarithms of both sides of equation 6.1 gives:
logl = alog|E]|. (6.2)

Hence the gradient of a log-log plot will be «. High resolution UPS spectra (an energy
increment of 10 meV) were obtained from the nanoribbons in the region up to 500 meV
below Ef. Figure 6.10 shows a log-log plot of I against |E|. The data were fitted in the
region 300-30 meV to a power law with « = 0.2 + 0.1. Figure 6.10 shows that there is
significant deviation from the power law behaviour at ~30 meV from Eg. This is a well
established aspect of the model and has been accounted for in previous studies [33, 36-
38] as being a result of external effects such as inter-chain hopping or thermal
broadening. The region ~30 meV below Er has therefore been intentionally discounted in
measuring a. Theoretical models of one dimensional systems predict that a« should not

exceed 9/32 = 0.281 [39], although values above this limit have been observed in quasi
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one dimensional systems and are attributed to interactions between conducting “chains”.
In our work, a value of & = 0.2 implies a lack of long range interactions compared to bulk
one dimensional conductors, which is again consistent with the observed amorphous
nature. Coupled with the XPS data, the UPS data therefore suggest that the composite
layer contains sufficient Ta** ion chains to maintain one dimensional electronic states but
that these chains must be short and randomly oriented if they are to be consistent with the
TEM images of figure 6.5. The surrounding insulating sulfur matrix, along with an absence
of long-range periodicity, would inhibit coupling between chains in the shell. This would be
consistent with the observed value of « (0.2) that is lower than previous studies of quasi
one dimensional bulk conductors and could also account for the absence of an observable
Peierls transition, which will be described in section 6.2.3. Such a reduction in chain-chain
coupling has also been observed to inhibit Peierls distortions in previous studies of bulk
TMC crystals [40,41].

6.2.3 Thermal Processing

Cooling the nanoribbons to 150 K, a temperature below the Peierls transition (T, = 210 K)
for bulk o-TaS;, had no discernible effect on the XPS and UPS obtained from the
amorphous shell of TaS;. The Peierls transition causes the formation of a CDW which
modulates local electron density, as shown in figure 6.2. In terms of XPS spectra, a CDW
is typically observed by the splitting or modulation of a particular core level peak, for
example in TaS, and TaSe, [15-17]. Figure 6.11 shows XPS and UPS data obtained at
room temperature (300 K) and at 150 K. Within error of the fit, no change was observed in
the XPS when cooled. The UPS spectra showed a small change in the shape of the
feature ~7.0 eV and no change in the vicinity of Er. Hence the Peierls transition was not
observable in the nanoshell, which is surprising as the suppression of a Fermi edge
indicates that the material is one dimensional. However, the TEM and XPS data show that
the nanoshell is amorphous so we conclude that there is insufficient ordering in the shell
to observe the Peierls transition. The composition of nanoshell is further discussed in

section 6.3.
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Figure 6.11. The effect of cooling on the photoemission spectra of TaS;
nanoribbons. (a) XPS spectra spanning the Ta 4d and S 2s core levels and (b)
UPS spectra. The spectra shown as a black line were obtained at 300 K and
the red lines at 110 K.
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Figure 6.12. (a) SAED pattern from a typical TaS; nanoribbon that has been
cooled to 110 K. (Peierls transition is at 250K). (b) integrated line profile from
the box indicated on (a). Quarter order spots are indicated on the integrated

line profile.
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However, using TEM to explore the core of the material, data were collected that
suggested the presence of a Peierls transition. Figure 6.12 (a) shows a SAED pattern of a
typical nanoribbon that has been cooled to 130 K (i.e. below the Peierls transition
temperature of 210 K). Compared to SAED obtained at room temperature, figure 6.5 (b),
the pattern shows superlattice spots at (n + 0.25) c¢* (i.e. quarter order along the ¢ axis).
Figure 6.12 is taken at a shorter camera length than figure 6.4 (b) because the intense
(000) diffraction spot masks the lower intensity superlattice spots. These superlattice
spots first appear ~220 K as streaks and condense into spots with decreasing
temperature. To make this clearer, an integrated line profile is obtained from box on the
130 K, SAED pattern of figure 6.12 (a). The line profile is displayed in figure 6.12 (b) and
clearly shows additional quarter order spots. This superlattice has been observed in
previous study [11], and was interpreted to be a lattice distortion from the Peierls

transition.

The thermal stability of TaS; ribbons dispersed on the silicon substrate was monitored by
flash-annealing the samples to sequentially higher temperatures and collecting XPS
spectra after cooling back to room temperature. The annealing process initially desorbed
water and hydrocarbon species as shown by a reduction in intensity of the O 1s and C 1s
XPS peaks in figure 6.13. The initial anneal to 573 K was the most effective in desorbing
carbon species. Plots of the S*/Ta, S/Ta, S®/Ta and S/S* ratios versus annealing
temperature are shown in figure 6.14. Both the S/Ta and S©/Ta ratios fall progressively
upon annealing to 773 K and then show no measurable change. The S*/Ta ratio shows
less pronounced changes, appearing to decrease slightly on annealing to 773 K and then
increasing with further annealing up to 1173 K. The S/S* ratio illustrates the change in
stoichiometry and decreases continually with annealing, but never reaches zero, indicative
of incomplete conversion to TaS, within the amorphous shell. A representative XPS
spectrum collected after annealing to 1173 K is shown in figure 6.6 (b). UPS spectra
collected after annealing to 1173 K are shown in figure 6.9 (a) and display significant
differences to the spectra obtained prior to annealing, with a broad peak upon the
secondary electron background at ~6 eV and a significant increase in emission in the
vicinity of Er. This broad peak covers the same region in which calculations indicate
significant density of occupied states for 2H-TaS, [42], albeit without the fine structure
displayed by the calculations. The high resolution UPS spectrum of the annealed ribbons
is shown in figure 6.9 (b). The spectrum shows that there is now a weak step at Ep,
indicative of non one dimensional behaviour (i.e. Fermi Liquid behaviour) consistent with

the shell becoming more Tas, like.
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Figure 6.13. (a) O 1s and (b) C 1s XPS spectra, obtained after sequentially
annealing the nanoribbons to higher temperatures. The black line indicates the
spectra obtained after annealing 423 K. The red line indicates the spectra
obtained after annealing to 573 K. The blue line indicates the spectra obtained
annealing to 773 K. The green line indicates the spectra obtained after
annealing to 1173 K.

After annealing, the nanoribbons were removed from the UHV chamber and studied using
TEM, as illustrated in figure 6.15. The TEM experiments were conducted on nanoribbons
that were subject to flash anneals to the maximum temperature of 1173 K. The nanoribbon
is displayed in figure 6.15 (a) and shows that the morphology is unchanged (i.e. it is still a
nanoribbon). However, the SAED pattern, shown in figure 6.15 (b), can only be indexed
with lattice parameters from TaS,, indicating that the core has been converted to TaS.,.
SAED indicates that the transformation from TaS; to TaS, occurs more completely in the
nanoribbon core than is suggested by XPS for the near surface region of the nanoshell.
From the diffraction pattern a lattice parameter of a = 0.331 + 0.04 nm was obtained. It is
not possible to distinguish between the 1T, 2H and 3R polytypes of TaS, without further
diffraction data, as the value of a is similar in all 3 polytypes. However, weaker half order
spots [e.g. (1 ¥2 0)] were also observed: these spots could be consistent with the

superlattice arising from the formation of a CDW state.
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Figure 6.14. Ratios of integrated XPS peak intensities for spectra collected
from TaS; /Si after flash annealing to sequentially higher temperatures. Plotted
are S /Ta (open circles), (S,)* /Ta (filled circles), S* /Ta (open squares) and

(S,)* IS* (open triangles) ratios.

The periodicity previously observed at room temperature in the 1T polytype, is (V13 x ¥13)
[43], which is inconsistent with half order spots, but may be consistent with a CDW state
of 2H-TaS,. Alternatively, the superlattice may originate from the intercalation of S,
produced by decomposition, into the bulk of the TaS, nanoribbon. Superlattice spots
similar to those observed here are found when Li and other species are intercalated in
MoS, another layered TMC [44].
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Figure 6.15. Electron microscopy of TaS; nanoribbons after annealing to 1173
K. (a) BF image of a typical ribbon. (b) SAED pattern from (a) with indexed

spots corresponding to the TaS, structure.

6.2.4 Effects of the Substrate on Stability of TaS 5

In contrast to the above results, TaS; nanoribbons dispersed on a Au substrate were
chemically unstable. The Au substrate was prepared by sputter coating a ~200 nm film of
Au onto a SiOy substrate. XPS and UPS spectra collected immediately after the
introduction of TaS; nanoribbons to UHV were identical to those obtained for the silicon
substrate, shown in figures 6.6 (a) and 6.9 (a), respectively. However, spectra recorded
after 3 days (but subjected to no other processing) display significant changes, as
illustrated in the XPS spectrum of figure 6.6 (c) and the UPS spectrum of 6.9 (c). XPS
indicates significant reductions in the relative intensities of the S© and (S,)> components
and the S7S* ((S,)*/S?) ratio is reduced from 1.7 (0.85) to 1.2 (0.6). The UPS spectrum
displays a broad band, centred at ~6.0 eV, like that observed for TaS, nanoribbons formed
by annealing the TaS; nanoribbons to 1173 K. However, and in contrast to the spectra
from TaS,, some fine structure is discernible, with features at 4.5, 6.1 and 8.5 eV. The
spectrum also shows a small feature at ~2.8 eV, which was not seen previously. These
features are in reasonable agreement with sharp structure observed in the calculated
DOS of 2H-TaS;, and are associated with the S 3p and Ta d, orbitals [42]. Another
significant difference is that a step is now observed at the Fermi Energy, which is
indicative of non one dimensional (i.e. Fermi Liquid) behaviour [14]. The data show the

(S,)?/S? ratio to decrease to a value closer to that for TaS, when nanoribbons are left to
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stand on Au. The UPS data are also consistent with the nanoshell becoming more like
TaS,. In particular, a step is now observable at Eg, signifying a transformation from the one
dimensional behaviour expected for TaS; to that expected for a two dimensional conductor
like TaS,. We also note that the materials depleted in (S,)* and S© by prolonged
exposure to the Au surface could be regenerated to their initial state, as evidenced by
UPS and XPS, by annealing at 423 K for 10 min. These depletion and regeneration cycles
were performed multiple times. No higher temperature thermal processing was performed

because the Au film was observed to delaminate above 623 K.

6.3 Discussion

Our surface spectroscopic data provide new insight into the core-shell architecture of
trisulfide nanoribbons and the chemical and electronic properties of the amorphous
nanoshell. The XPS data show that the amorphous outer shell is not simply a surface
oxide: although SO,™ species are present, XPS indicates them to be a minor component,
even in the amorphous region. The observed S/S* ((S,)*/S?) ratio of 1.7 (0.85) suggests
the nanoshell is either a mixture of TaS; and TaS, or is a material with a non-integer
stoichiometry such as "TaS,s". The UPS data are consistent with the latter model
because, based on the spectra collected after annealing to 1173 K, one would expect
materials containing appreciable amounts of TaS, to have a significant higher DOS in the

vicinity of Er than is observed in our experimental spectra.

We now turn to a discussion of the observation by XPS of significant elemental sulfur. This
cannot be due solely to a thin surface film of remnant unreacted sulfur, since such a film
would attenuate photoemission and prevent the detection of the underlying material.
Similarly, TEM provides no evidence for the presence of isolated, unreacted islands or
globules of elemental sulfur that would only partially cover the ribbons. It is also apparent
from the XPS data that elemental sulfur is present even after prolonged (weeks) exposure
to UHV (~10"° mbar) and that annealing to temperatures between 773 K and 1173 K does
not reduce the quantity. Neither of these observations is consistent with the elemental
sulfur arising from surface deposits. The TEM and EDS data further illustrate that the
elemental S observed with XPS is not a result of excess sulfur in the form of sulfur
deposits, as these deposits have clearly sublimed upon heating in UHV. Furthermore,
heating between 773 K and 1173 K should enhance sublimation, reducing the amount of

elemental sulfur, rather than having no measurable effect.

One way to rationalise all of the above data is as follows. It is hypothesized that the

amorphous layer is a composite of tantalum sulfide islands surrounded by a melted glassy
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S matrix. During vacuum processing crystalline nanoribbons are surrounded by a coating
of liquid sulfur, most of which subsequently desorbs but some of which reacts or
intercalates with the nanoribbons. Delamination of the nanoribbons at this liquid-solid
interface could then account for the apparent amorphisation observed by TEM whilst a
glassy structure in the residual material would explain why residual sulfur does not
sublime. TMCs readily intercalate elemental and molecular species and significant

intercalation is known to cause delamination in related systems [45,46].

In contrast to the heterogeneity of the amorphous shell enclosing the nanoribbons, the
core of the ribbons are crystalline as indicated by HRTEM, EDS and SAED in figure 6.5.
The SAED pattern (figure 6.5 (b)) displays a phase transition that is consistent with the
Peierls distortion (figure 6.12). When annealed to 973 K and above, the data suggest that
the core of the TaS; nanoribbons undergo a pseudomorphic decomposition to TaS, via the

following reaction:

TaS3 (s) — TaSZ (s) + S (63)

The observation of substrate-dependent stability is intriguing and consistent with a
migration of sulfur from the TMC to the support, analogous to the “spillover” process
observed in supported metal catalysts [47]. A requirement for spillover is that there is
significant mass transport, in our case mobility of S© and (S,)* within the nanoshell. The
S@ is likely to have a level of mobility in the glassy matrix required for the spillover
process. The apparent mobility of the (S,)* species is more surprising but could also be
mediated by the amorphous sulfur matrix. Ultimately, the driving force for any spillover
process must be the strength of the interaction between sulfur species and the substrate.
Sulfur species have a very high affinity for Au surfaces; indeed this is exploited to produce
well-ordered, self-assembled, monolayer structures of thiols [48]. In contrast, the SiO,
surface of the silicon substrate has significantly less affinity for sulfur. The regeneration of
the Au-supported amorphous nanoshell is not attributed to the result of a chemical
reaction that forms new (S,)* to replace that which was lost. Rather, it is suggested that
the regeneration is due to thermally activated diffusion of sulfur species into this depleted
region, from outside the region probed by XPS, as this would be consistent with the

proposed mass transport in the nanoshell.

6.4 Conclusions

The combination of surface sensitive spectroscopic techniques and electron microscopy

has provided new insight into the chemical composition and properties of the core-shell
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architecture of a TMC nanomaterial. The reduced dimensionality of a nanomaterial means
that the surface plays an increasing role in determining the electronic and thermal
properties. Hence, developing a good understanding of the structure of the surface is
important. Typically, nanomaterials would be characterised only with electron microscopy
and PXRD, which would have perhaps overlooked the core-shell asymmetry. The surface
sensitivity of XPS and UPS mean that detailed information on the composition of the
surface can be obtained. This chapter further highlighted the flexibility of XPS and UPS -
that the surface composition of an amorphous material could be readily obtained. In
contrast, surface sensitive electron diffraction (LEED) gave no information due to the
random orientations of the nanoribbons on the surface. TEM experiments were essential
in characterising the core of the material and confirming the disordered shell. The
combination of PXRD, TEM, XPS and UPS gave a much more complete description of the
structure and processes occurring in the shell and the core, rather than using the

techniques individually.

The core of the ribbon is well matched to the structure of o-TaS; which is adequately
ordered to undergo a Peierls transition below 250 K. The nanoshell of ribbon is
amorphous and we have suggested that the nanoshell is a composite material, with
islands of a Ta sulfide ("TaS,s) surrounded by a matrix of amorphous sulfur. The Ta
sulfide islands display one dimensional electronic properties, as evidenced by UPS.
However, the shell is sufficiently disordered not to show the Peierls transition. It is
suggested that the nanoshell is formed by the interaction of a liquid sulfur layer, present
during synthesis and processing, with the surface region of the TaS; nanoribbon. It was
observed that the shell was unstable on a Au substrate with the shell persistently losing S
to the substrate. This illustrates that if TaS; (or other transition metal sulfide)
nanomaterials were integrated into a device; care would have to be taken over the correct
choice of contact material to provide stable and efficient electrical contacts. It was also
observed that the thermal decomposition of TaS; to TaS, was incomplete in the shell as
the quantity of (S,)* never fully reached zero. In contrast, decomposition of TaS; to TaS,
in the core was complete after annealing to 1173 K. We suggest that the disordered

islands of Ta sulfide and amorphous sulfur inhibit this decomposition reaction.
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7. Conclusions and Future Work

This thesis has presented a series of experiments focussing on the characterisation of
several technologically important transition metal chalcogenide (TMC) systems. The
systems studied ranged from model, single crystals to more realistic polycrystalline and
nanoribbon systems. The structures formed were extensively characterised using a
combination of surface sensitive probes (XPS, UPS, LEED, STM) and electron
microscopy techniques (SEM, TEM, SAED, CBED, EDS, EELS, EFTEM). The data
presented in this thesis has shown that the combination of both sets of techniques
enhances the explanation of the physical model of the systems in question. For example,
TEM data displayed in chapter 4 concerning the diffusion of Cu into CdTe showed that
Cu,Te crystallites form in the CdTe film. However, the TEM data cannot rival the surface
sensitivity of photoemission which gave quantitative information about Cu content at the
surface of the CdTe film. Hence, the use of both techniques gave a comprehensive picture
of a particular material. This chapter will give a brief review into the results presented in

this thesis and a discussion of possible future experiments.

Chapter 3 described the growth of Te thin films on Cu(111) and Cug,y, a system of
importance because of the use of Cu-Te back contacts in thin film CdTe photovoltaic
devices. We showed that Cu and Te alloy above 275 K, readily forming ordered structures,
the nature of which was dependent on Te coverage. Below 275 K, alloying was kinetically
limited and rough Te films grew on the Cu(111) surface. For 8;, < 0.33 ML, a Cu-Te SSA
forms with either (2V3 x 2V3) R30°% (243 x V3) R30° or (V3 x V3) R30° symmetry,
depending on coverage. For 64, > 0.66 ML, a CusTe,-like alloy is formed, terminated in
the (111) direction. For 0.33 ML < 6;, < 0.66 ML, a mixture of the two aforementioned
alloys (SSA and CugTe;) co-exists. If more than 0.66 ML Te was deposited on Cu(111)
while the substrate was held at 673 K, then the resultant alloy displayed a phase change
below 250 K. The precise nature of the phase change was undermined but it was
speculated that it may be due to a surface corrugation. The nature of thick Te films (6, >
10 ML) deposited on Cu,y at 300 K were shown to form polycrystalline Cu,Te, in contrast
to Te/Cu(111). Further experiments on this system would be to identify the cause of the
disagreement between the observed LEED IV curves and DFT calculations. For example,
medium energy ion scattering (MEIS) could to used to identify if there were stacking faults
in the Te/Cu(111) alloyed surface. Also, the reversible, low temperature phase change
observed by LEED warrants further study to elucidate the precise nature of this observed

change in surface structure.
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The study CdTe of photovoltaics was extended in chapter 4 to the deposition of CdTe onto
a variety of Cu and Cu,Te surfaces. Chapter 4 can be broadly divided into two sections.
The first of which was a surface science study of the growth of CdTe films on Cu(111) and
Te/Cu(111) (i.e. CusTe,). The second part of the chapter studied thick CdTe films (8¢47.
~50 ML) on polycrystalline Cu surfaces using a combination of surface science techniques
and TEM. The experimental results for the CdTe/Cu(111) and CdTe/Cu;Te, systems were
interpreted as follows. CdTe grew in a three dimensional or polycrystalline fashion on both
Cu(111) and CusTe,. The low coverage growth of CdTe on Cu(111) indicated that the Te
atoms interfaced with the Cu(111) surface, forming a Cu-Te SSA, as described in chapter
3. The data also show that bulk alloy formation of Cu,Te does not occur, implying that
CdTe does not dissociate on the Cu(111) surface. The second part of chapter 4 shows that
the deposition of thick CdTe films results in the formation of Cu,Te crystallites in the CdTe
film, through Cu diffusion from the Cu substrate. These crystallites have a tendency to

segregate at the surface. Cu diffusion results in the following redox reaction:

2 Cu + CdTe — Cu,Te + Cd (4.2)

There is also evidence of a slight expansion of the CdTe lattice parameter, which suggests
that Cu may also occupy interstitial sites, however, this appears to be a minor process.
The extent Cu diffusion into the CdTe film was found to be substrate dependent, with

CusTe, being the most effective.

Photovoltaic materials can be considered some of the most widely studied materials due
to their ability to generate clean and renewable energy, with an extensive body of work
already existing. Nevertheless, this thesis has provided some new insight into the CdTe
system with particular emphasis on the back contact interface. Potential further
experiments will now be discussed. Part of this thesis has investigated the structural and
thermal properties of the growth of some components of a CdTe photovoltaic cell. An
interesting extension to the fundamental studies described here, would be to more applied
studies. For example, chapter 4 described the growth of CdTe on Cu containing
substrates and showed that the magnitude of Cu diffusion was dependent on the
substrate that the CdTe film was deposited on. It would be interesting to fabricate a series
complete working photovoltaic devices using these different Cu substrates and examine
how the different substrates affect the operational parameters of the photovoltaic cell,
such as efficiency and stability. A further experimental avenue to explore could be the
study of other components of the CdTe photovoltaic cell, using a combination of surface
science and electron microscopy. For example, the CdTe-CdS and the CdTe-ITO

interfaces. A natural extension to the back contact work, described in chapter 3, is to new,
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somewhat more exotic materials currently being proposed to enhance the properties of
the back contact interface of CdTe photovoltaics. For example, ZnTe, Sh,Tes/Mo, As,Tes,
Ni/P which have all be recently proposed as a potential back contact. The deposition of
these materials onto CdTe or Cu, for example, would simulate the integration of these
materials into the photovoltaic module. Therefore, there is a lot of scope and importance
for studying the fundamental growth process of these materials to aid the selection of the

optimum material for the back contact interface.

Chapter 5 described the first study of Te onto Cu(643)%, a stepped substrate in contrast to
the flat Cu(111) surface. The experimental data showed that there are two chiral sub-
monolayer CuTe structures formed on this surface, dependent on Te coverage. The first of
which exists in range of 8, = 0.18-0.45 ML and forms an oblique (chiral) unit cell. The unit
cell has parameters of a; = 0.51 £ 0.01 nm, b;= 0.71 £ 0.01 nm and a, = 57 = 2° The
second structure exists in the range of 8;, = 0.45-1.1 ML and forms a rectangular unit cell.
The unit cell has parameters of a, = 0.48 £ 0.01 nm, b,= 2.25 + 0.05 nm and a,= 87 + 4°.
However, the observed atomic arrangement on the terraces suggested that chirality is
retained in structure 2. Interestingly, from a homochiral Cu(643)" substrate, both
handedness of enantiomers of the CuTe alloy exist on the surface for the 0.28 ML
coverage. We proposed that the formation of a unique chiral CuTe surface alloys relies on
the kink sites of the Cu(643)R sites. These sites act as points of nucleation for the growth
of the CuTe alloy. Cu,Te is also formed at all coverages, forming a minor component of the
surface at low coverage but dominating the overlayer at thicker coverages. The Cu,Te
alloy grows in a rough or polycrystalline fashion. Further experiments here are required to
gain full insight into the atomic structure of these complicated alloy phases. For example,
a combined LEED IV and DFT study could give good insight into the atomic structure of
these surface alloys. An interesting development of the work described in chapter 5, the
deposition of Te on Cu(643)%, would be to systems, such as topological insulators, where
the physical phenomena explicitly depend on the chirality of the surface. The work
presented in chapter 5 showed that intrinsically chiral surfaces can template the growth of
chiral surface alloy phases. For example, an interesting experiment would be to deposit Te
onto a chiral miscut of the Bi and see if any chiral alloy phases formed and then assess

how this affects its topological insulation.

The nature of the Cu-Te alloying was found to be strongly dependent on (a) coverage, (b)
substrate temperature and (c) substrate termination. For example, (a) is demonstrated by
the deposition of Te onto Cu(111). At low Te coverages on Cu(111) (8+. < 0.33 ML), a SSA

was formed, while at higher coverages (8., > 0.66 ML), CusTe, was formed. (b) is
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demonstrated by the kinetic inhibition of Cu-Te alloying. In that, depositing Te with the
substrate temperature fixed below 275 K on Cu(111) and 225 K on Cu(643)%, resulted in
no alloy forming, instead, a disordered Te overlayer was observed. Most interestingly, the
surface termination strongly dictated the structure of alloy growth, (c). The good lattice
match between the (111) termination of CusTe, and the Cu(111) surface was ascribed to
be the reason why this unusual alloy phase was stable. The formation of a distorted form
of the CuTe alloy (Vulcanite) was attributed to the kink sites on the Cu(643)F surface
acting as nucleation points for the growth of the alloy. The open, rough and polycrystalline
nature of the Cu,y, Substrate were the reasons attributed to why the Cu-Te alloy formed
was polycrystalline Cu,Te. These observations illustrate how sensitive the alloying of Cu-

Te is to the experimental conditions.

The experiments described in chapters 3-5 are well suited to study with surface science
techniques (XPS, UPS, LEED, STM). Chapter 6 described a study of the physical and
electronic structure of nanoribbons of TaS;, which would naturally lend its self well to
being studied with techniques based on electron microscopy rather than surface science.
The nanoribbons were identified as having a rectangular cross section with thickness of
20-100 nm, widths of 50-500 nm and lengths of up to several millimetres. A core-shell type
structure was identified in TaS;. The core of the TaS; nanoribbon was observed to be
crystalline, with the shell being amorphous. The surface sensitive techniques showed that
the shell was deficient in (S,)*. TaS; is a one dimensional conductor and thus has been
shown to exhibit a Peierls transition. However, we found no evidence of the Peierls
transition in the shell but SAED data suggested that a Peierls transition occurred in the
crystalline core of the material. When dispersed on a Au substrate, the TaS; ribbons
showed dynamic effects, with the shell consistently losing S, due to the strong interaction
between S and the Au substrate. The S content of the shell was found to be replenished
through annealing, which was ascribed to increased S diffusion from the inner of the
material. The applicability of the TaS; nanoribbons, described in chapter 6, to device
integration could be further tested through conductivity measurements, with particular
interest into the effect that the amorphous shell has on the electronic transport properties
of the material. Nanomaterials are a large and increasing field, so it would be therefore
interesting to apply the techniques described in this thesis to newly synthesised

nanomaterials to compare the structure of the bulk and the surface.

This thesis has shown the power and limitations of surface science as a method of
identifying the physical and electronic structure of solids. Supplemented by bulk
techniques such as PXRD and TEM, this thesis has shown that surface science is

applicable to wide range of different of systems of current scientific interest.
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