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Abstract

This thesis is a study of the geometric, electronic and transport properties of
surfaces. In particular, a semiconductor (silicon) and a semi-metal (bismuth)
are investigated.

In a previous study of the geometric structure of the Bi(111) surface based
on electronic structure measurements, an unusually large surface relaxation
has been reported. In this thesis, this is extracted from LEED-IV measure-
ments, and in contradiction to the earlier work, the surface relaxation is found
to be very small.

Previous studies of the electronic structure report the existence of a charge
density wave on this surface, and the electron-phonon coupling strength is
reported to be unusually high. In this thesis, it is shown that the possibility
of a charge density wave can be excluded, and that the electron-phonon mass
enhancement parameter takes the more realistic value of 0.4.

Although much is already known about the electronic and geometric prop-
erties of silicon surfaces, little is known about the surface conductivity, and
previous reports are far from consistent. Therefore, in this thesis, new exper-
imental and theoretical approaches are developed and applied to clean and
adsorbate covered Si(111) surfaces.

The conductivity of the clean Si(111)(7 x 7) surface is found to be very
low (around 102 Q1) which is consistent with the surface being a poor
metal. Also, increasing the step density of the surface is found to increase the
conductivity by more than an order of magnitude. At high temperatures, the
increased conductivity of the space-charge region results in the conductivity
measurements no longer being surface sensitive.

Silver thin films on Si(111) have also been investigated. When a network of
percolating islands is prepared, the conductivity is enhanced by about 5 orders
of magnitude (relative to the (7x7) surface), and exhibits typical metallic
behaviour. The Si(111)(v/3 xv/3)Ag surface also shows enhanced conductivity
relative to the (7 x7) surface, and the conductivity is seen to change by 2 orders
of magnitude as a result of a geometry altering phase transition.



Dansk Resumé

Denne afhandling er en undersggelse af de geometriske og elektroniske egen-
skaber samt transportegenskaberne af overflader. | seerdeleshed er en halvleder
(silicium) og et semimetal (bismut) studeret.

Tidligere undersggelser af Bi(111) overfladens geometriske struktur, som
har vaeret baseret pa malinger af den elektroniske struktur, viser en usaedvanlig
stor relaksation af de gvre lag. | denne afhandling er det samme undersggt ved
LEED-IV malinger som viser den modsatte konklusion; at denne relaksation
er lille.

Ligeledes har tidligere malinger af den elektroniske struktur understgttet
eksistensen af en elektron-tethedsbglge pa overfladen samt en usadvanlig
steerk elektron-fonon kobling. | denne afhandling bliver det vist, at det er
muligt at udelukke eksistensen af elektron-teethedsbglgen og at elektron-fonon
masseforggelsesparameteren har en mere realistisk veerdi pa 0.4.

Selvom meget allerede er kendt om de elektroniske og geometriske egen-
skaber af silicium-overflader, er det begraenset hvad der vides om overfladens
ledningsevne, og de tilgeengelige kilder er langt fra konsistente. Derfor er
der i denne afhandling udviklet nye eksperimentelle og teoretiske metoder og
anvendt pa rene- og adsorbatdaekkede Si(111) overflader.

Den rene overflades ledningsevne af Si(111)(7x7) er meget lille (omkring
107° Q1), hvilket stemmer overens med at overfladen er et darligt metal.
Ved at gge tetheden af trin pa overfladen vil ledningsevnen gges med mere
end en starrelsesorden. Ved hgje temperaturer vil den gget ledningsevne af
rumladningslaget resultere i at malinger ikke leengere er overfladefalsomme.

Derudover er der foretaget et studie af tynde sglvfilm p3 Si(111). En
prave forberedt med et netveerk af perkolerende sglvger gger ledningsevnen
med fem starrelsesordner (i forhold til (7x7) overfladen) og viser typisk met-
allisk opfarsel. Si(111)(v/3 x v/3)Ag viser 0gsa en gget ledningsevne sammen-
lignet med (7x7) overfladen, og det viser sig at ledningsevnen sndres med to
starrelsesordener pa grund af den geometriske alternerende faseovergang.
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series of photographs to be taken whilst the electron energy was increased.
The back-illuminated, Peltier cooled CCD chip guaranteed an extraordinarily
high quantum e ciency.

Although the measurements were in principle very simple, it was found
that the quality of the results was strongly dependent on the accuracy of the
alignment. Positioning the sample precisely in front of the LEED screen in-
volved careful control of the many degrees of freedom provided by the sample
manipulator (including 3 linear drives, two rotational controls and tilt adjust-
ment). Aligning the camera precisely with the LEED screen was similarly
complex. Approximate alignment could be achieved by careful measurements
of the geometry. For fine-tuning it was necessary to measure the energy de-
pendent intensity and position of the LEED spots which are known to be
symmetry-equivalent, and then make adjustments so that they were indeed
measured to be symmetry-equivalent.

Photographs were taken at 1 eV intervals in the energy range 30 eV to
350 eV, and the integrated intensity of every di racted beam was extracted.
The measurements were repeated over the temperature range 140 K to 313 K.

2.3 LEED calculations

The dynamic LEED calculations were performed using the computer code of
Adams [16, 17] which was developed from the programs of Pendry [18], Van
Hove and Tong [19]. For further details, see reference [1][1].

Self consistent ab initio calculations of the surface crystal structure of
Bi(111) were also performed. The evaluation of the surface relaxation was
carried out for a symmetric 14-layer film, both with and without the inclusion
of a spin orbit coupling term. Further details of these calculation can also be
found in reference [1][l].

2.4 Results: Structural Determination

After some initial tests, models involving a split bilayer termination could
be discounted on the grounds of the poor agreement with the experimental
data. This is not surprising since such a termination involves breaking the
three covalent bonds per unit cell which hold the bilayer together, instead of
separating the weakly bonded bilayers. This is also consistent with the bulk
mechanical observation that bismuth cleaves easily along the (111) plane.
The models involving an intact bilayer termination showed good agreement
with experimental data. The structural and non-structural parameters were
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Figure 2.2: Truncated bulk structure of Bi(111). The black solid lines
indicate covalent bonds. a) A top view showing the first three atomic
layers and b) a side view of the first four atomic layers along a mirror
plane. The bilayer structure is evident.

initially taken to be that of the truncated bulk (illustrated in figure 2.2). These
parameters could be refined using the procedure outlined in reference [1][l].
In this way, the relaxations of the surface layers (at 140 K) can be estimated
as d;,=1.602 + 0.002 A, dy3=2.393 + 0.002 A and ds,=1.594 + 0.002 A.
By comparison with the truncated bulk structure shown in figure 2.2, this
represents relaxations of (+0.5 + 1.1) %, (+1.9 + 0.8) % and (0.0 + 1.1) %,
respectively.

Both the measured and calculated LEED IV curves are plotted in figure
2.3. The figure shows the plots of 10 symmetry in-equivalent beams (the
average of the symmetry equivalent beams are plotted in each case). Thus a
total energy range of over 2000 eV is used. The calculations show very good
agreement with the measured data.

Additionally, the LEED IV measurements contain information on the
atomic vibrational amplitudes, and thus also the Debye temperature. This is
because the atomic vibrations lead to a damping of the di racted intensities
via a Debye-Waller factor. From the ”"Root Mean Square” (RMS) vibrational
amplitudes, the Debye temperature can be calculated; see references [1, 18][l]
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Figure 2.3: Comparison of experimental (solid lines) and calculated
(dotted lines) LEED Intensity-versus-voltage plots for the symmetry in-
equivalent beam of Bi(111) at normal incidence and at 140 K. The in-
tensities of symmetry-equivalent beams have been averaged. The total
energy range is 2079 eV, and the Pendry R-factor is 0.075.
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Figure 3.3: Figure to illustrate the principle of ARUPS. A photon
with energy hv is incident with the sample, and the emitted electron is
detected with an angle- and energy-sensitive detector.

3.3 Investigating the Electronic Structure

A variety of techniques are available which allow the electronic structure to
be probed. Such techniques include; Inverse Photo-Emission Spectroscopy
(IPES) which principally provides information on the unoccupied states, scan-
ning probe methods such as scanning tunneling spectroscopy (STS), which can
provide localised information on both the occupied and unoccupied states, and
a wide range of optical techniques.

In this study, ARUPS is the technique of choice. ARUPS can provide a
wealth of information about the occupied states of the system, but correctly
extracting the required information can be rather complex. This is discussed
in more detail in the following sections.

3.3.1 Measuring the Electron-Phonon Mass Enhance-
ment

Many thorough reviews exist on the principles of photoemssion in general
[38] and of ARUPS in particular [39-43]. A useful overview is provided in the
Ph.D thesis of Ch. Segndergaard [44]. The extraction of the mass enhancement
parameter using ARUPS can also be found in more detail elsewhere [2, 45][I1].

The principle of ARUPS is depicted in figure 3.3. It is basically a refine-
ment of the photoelectric e ect. A photon with su cient energy hv is incident
with the sample, and this excites an electron such that it is emitted from the
sample. The electron is detected by an angle- and energy-resolving detector.

By counting the electrons emitted from the sample as a function of en-
ergy and angle (both azimuthal and polar), detailed information about the
occupied and unoccupied parts of the electronic structure can be obtained.

16



However, the measured function will be broadened by the finite resolutions of
the photon source and detector.

In the past, the instrumental resolutions have been such that this technique
could only be used to map the initial-state, and to some extent the final-state,
band structure of crystalline solids. However, recent improvements in the
instrumental resolutions have allowed the intrinsic lineshapes of photoemission
spectra to be studied, an approach pioneered by Kevan et al. [40]. This has
proven to be of great interest since the intrinsic linewidth contains information
on the many-body e ects of the solid.

Several thorough treatments of ARUPS [38, 41, 46] and the relationship
with the spectral function exist [2, 43, 45, 47-50][I1]. The spectral function
basically describes the probability of finding an electron at a given energy
and angle. From these reports, it can be shown that ARUPS of a quasi two-
dimensional system vyields the initial state spectral function convoluted with
the detector and source resolution functions. The spectral function (A) is
given by:

nZ"(w,T)|
o — (k) — (0, T2+ ="(w, T)?

where hw is the energy, k is the two-dimensional crystal momentum vector,
T is the temperature and (k) is the single-particle dispersion. >’ and %" are
the real and imaginary parts of the self-energy, respectively. The self-energy is
assumed to be independent of k [45]. The spectral function is fully described
by the single-particle dispersion and the self-energy. Since the self-energy
contains information on the many-body interactions, it it this quantity which
we wish to extract from the measurement.

In order to separate the spectral function from the instrumental resolu-
tion functions, two possible approaches can be used: Either the instrumental
functions can be deconvolved from the measured spectra [4][I1V], or more com-
monly, the instrumental resolutions can be minimised such that they can be
considered to be negligible.

In order to measure the spectral function, two common measurement
modes are used. A Momentum Distribution Curve (MDC) is a measurement
performed at constant kinetic energy whilst the emission angle, and therefore
k is scanned. Alternatively, an Energy Distribution Curve (EDC) is a mea-
surement performed at constant emission angle, whilst the kinetic energy is
scanned. Whilst it is tempting to say that an EDC is measured at constant k,
this is not strictly correct since k also depends on the energy, although under
certain conditions this distinction can be neglected [45, 51-53].

EDC measurements of the spectral function present several problems. If
one ignores the problem of k not being constant throughout the measurement,

A(0,k, T) =

(3.1)
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and if one assumes that the real part of the self energy is zero and that the
imaginary part does not depend on w, then the spectral function takes the
following simplified form:

U]

A(0,k, T) =
[ho — (K] +Z7(T)?

(3.2)

This is simply a Lorentzian with a Full Width Half Maximum (FWHM)
of 2|Z"(T)|, centred at (k). However, when (k) is small (relative to the
FWHM), then the lineshape is also a ected by the Fermi-level cut-o - which
is, of course, temperature dependent.

MDC measurements, on the other hand, are somewhat simpler to interpret.
Considering only one direction in k space, the spectral function is simply a
Lorentzian of FWHM= 2|Z"(w)/v| with the maximum at k., = (1/v)(hw —
2'(w)). v is the local velocity, and the origin of the coordinate system is the
Fermi-level crossing.

A simulation of the spectral function (from reference [2][I1]) is shown in
figure 3.4. The simulation shows that it is di cult to extract the self-energy
from the complex EDC curve shape, whereas for the MDC it is comparatively
simple.

It is now possible to extract information on the self energy from EDC
and MDC measurements. Since the self energy contains information on the
processes which limit the hole lifetime, it should also be possible to extract
information on such processes, including the electron-phonon coupling.

In a crystalline solid, the three main processes which limit the hole lifetime
are electron-electron, electron-impurity and electron-phonon interactions. For
the time being, the former two processes will be ignored, and it will be assumed
that the only significant interaction is the electron-phonon interaction (the
validity of this assumption will be reassessed at the end of this section). Thus,
considering only the electron-phonon contribution, the imaginary part of the
self energy can be expressed as:

I="(w,T)| = nh / " W' o2F ()1 — F(0 — 0) + 2n(@") + F(0 + )] (3.3)
0
where aF (w) is the so-called Eliashberg coupling function, ,, is the highest

phonon frequency, n and T are the Bose and Fermi distributions, respectively
[45].

18
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Figure 3.4: (a) An EDC taken at k = —20 mA-! from (b); the simu-
lated spectral function near the Fermi level crossing for a state with a
linear dispersion with A = 2.4. The blue dashed line is the bare disper-
sion and the blue solid line the renormalised dispersion. (¢) An MDC
taken from (b) at the Fermi energy. The position of the MDC and EDC
are mark in panel (b) by green dotted lines.
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In general, the electron-phonon mass enhancement parameter (A) can be
evaluated from the Eliashberg coupling function by means of the following
relationship:

A=2 / " dw'o?F (0')/. (3.4)
0

Thus, in order to extract A, the imaginary part of the self energy has to
be determined and fitted to equation 3.3. In order to do this, a model for the
Eliashberg coupling function is required. One such model is the Debye model,
although other models have also been applied [47].

Since this fitting procedure requires several free parameters, it is di cult
to accurately extract A. This is especially true when the uncertainty in the
measurement of the imaginary part of the self energy is significant, and this
can easily be the case when it is estimated from EDC linewidths close to the
Fermi level.

Fortunately, a simpler approach also exists; in the high temperature limit
(i.e. KT > hw,,..), equation 3.3 takes an especially simple form:

5" = AKgT. (3.5)

This limit is particularly useful since it no longer depends on the nature
of the phonon model.

So far, this discussion has been limited to the electron-phonon interac-
tions. However, in a real system, the electron-electron and electron-impurity
interactions may also be significant. Fortunately, in most cases, the temper-
ature dependance of these interactions is insignificant in comparison to the
electron-phonon interaction, and thus can be treated as being temperature
independent. Therefore, the MDC linewidth in the high temperature limit

becomes:
2(MAKgT + W)

Vv
where W, is a constant o set. Thus A can now be extracted from the temper-
ature dependence of the MDC linewidth.

For bismuth surfaces, the electron-phonon mass enhancement parameter
has been studied little. For the Bi(100) surface, Gayone et al. have estimated
A from the temperature dependent linewidth of the surface state at a range
of binding energies [54]. A is shown to lie within the range 0.2 to 0.7 and to
be dependent on the binding energy.

For the (111) surface, Ast and Hochst have estimated A from the real part
of the self energy [24]. In this work, A is estimated as 2.3 + 0.2 assuming a

FWHM =

(3.6)
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surface Debye energy of 5 meV. This value of A is exceptionally high, especially
when compared to the (100) surface.

3.3.2 Spin Orbit Coupling and its Consequences

From a theoretical standpoint, the dispersion of the surface states of Bi(111)
can be calculated with and without the inclusion of spin orbit interaction.
This has been carried out by Koroteev et al. using first principle calculations
[55] and the results are shown in figure 3.5. The figure shows two possible
band structures: When the spin-orbit interaction is ignored, the calculations
produce one band (depicted in black) which is spin degenerate and thus in-
cludes two electrons per k-point. When the spin-orbit interaction is included,
the calculations produce two separate bands containing one electron per band
(depicted in red). These spin-split bands are only degenerate at high symme-
try points, such as at I,

From an experimental standpoint, the dispersion of the surface states can
be measured using ARUPS (using the facility described in section 3.3.3). The
results of the measurement are shown in figure 3.6, and the first principles
calculations of Koroteev et al. which include the spin orbit coupling are
superimposed on the experimental data.

By considering the excellent agreement between these calculations and
the experimental data, there can be little doubt that the surface states are
spin-split.

This means that each band contains only one spin direction, and thus a
spin direction can be assigned to the features of the Fermi surface. Figure 3.7
shows an illustration of the spin directions for the hexagonal electron pocket.

The same is not true for bulk bismuth. In both the bulk and the surface,
time-reversal symmetry dictates that there must be degeneracy between states
with energy E(k, 1) and E(—k, ]). However, in the bulk, inversion symme-
try dictates that there must also be degeneracy between states with energy
E(k, T) and E(—k, T). The combination of these two conditions results in the
bulk bands being spin-degenerate. However, the breaking of the symmetry at
the surface results in the inversion symmetry condition being lost, thus it is
expected that a k| dependent splitting of the surface bands can occur.

Reduced dimension systems, for example this quasi 2-dimensional surface,
are good candidates for instabilities such as CDWs [56]. Several such cases
have been reported in recent years [57, 58]. In fact, the existence of a CDW
has even been proposed for the Bi(111) surface [23]. One important consid-
eration is the condition of ”nesting”, which the Bi(111) surface appears to
support. Nesting occurs when the Fermi surface consists of parallel compo-
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Figure 3.5: The calculated electronic structure of Bi(111). The sur-
face states are shown both including (red lines) and excluding (black
lines) the Spin Orbit Coupling (SOC) term. The shaded areas show the
projected bulk bands both with (yellow) and without (violet) SOC.
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Figure 3.6: The measured photoemission intensity in the vicinity of
the T high symmetry point for Bi(111). The projected bulk bands are
depicted by small black dots (calculated using the tight binding parame-
ters of Liu and Allen [25]). The red markers and lines depict the surface
state band calculations (including the SOC term) from figure 3.5 and
reference [55].
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Figure 3.7: Depiction of the Fermi surface of Bi(111) around I", show-
ing the hexagonal electron pocket (black solid lines) and the spin di-
rections (dark blue arrows). The nesting vector” qcpw is shown in
blue-green.

nents on opposite sides of a high symmetry point; this allows a redistribution
of the charge at a minimal energy cost and thus a charge density wave can be
supported.

In this case, the Fermi surface of the electron pocket is hexagonal (see
figures 3.7 and 3.8), and thus the above criterion appears to be fulfilled; two
parallel sides of the hexagonal ring are separated by the so-called ”nesting
vector” qcpw = 2kp = 0.106 A1 (according to Ast and Hochst [23]). The
’nesting” condition is also apparent from considerations of the Lindhard sus-
ceptibility (x): For a hexagonal Fermi surface, X has a singularity at q = 2k,
which is indicative of an instability.

Since the surface states are spin-split, the spin directions associated with a
transition must also be considered. In this case, by considering time reversal
symmetry, the opposite sides of the hexagon must have have opposite spin.
This means that a transition from one side of the hexagon to the other re-
quires the spin direction to be reversed, and can thus be ruled out as a viable
transition. This is illustrated in figure 3.7.

With this in mind, there is an apparent contradiction: Whilst Ast and
Hochst report spectroscopic evidence of a CDW, it would appear that such a
phase transition cannot occur for this surface because of the spin-split nature
of the surface states, therefore a closer look at this discrepancy is called for.

In the work of Ast and Hochst [23], the principle evidence for the CDW
is the temperature induced gap opening seen between 50 K and 75 K (see
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Figure 3.8: The photoemission intensity at the Fermi level (Fermi
surface map) of the Bi(111) surface. (a) The distinctive hexagonal elec-
tron pocket around the I high symmetry point and the "lobes” of the
hole pockets in the T — M directions are observable [hv = 15 eV and
T= 30 K]. (b) a large scale Fermi surface map to determine the sample
orientation and workfunction [hv = 25 eV and T= 30 K].

figure 3 within reference [23]). The gap opening is relatively small (around
10 meV) and thus good energy resolution is required. More subtly, good
angular resolution is also required since the state at the Fermi level crossing
is relatively narrow (see figure 3.6). This also highlights the need for accurate
angular positioning since a small change in the angle would shift the EDC
away from the crossing and could thus be interpreted as an opening of the

gap.

3.3.3 Experimental Setup

From the preceding section, one can see the need for high energy and mo-
mentum resolution measurements. This not only requires a high resolution
electron analyser, but also a high resolution photon source. Since much inten-
sity is lost achieving high resolution, the photon source must also have high
intensity. There are also some further considerations; the light source must
be well focused and stable, the system must be free of electrical noise and
external fields, and the sample surface must be free from contamination for
the duration of the measurements.

The photon source of choice is a synchrotron undulator, since this provides
high brilliance light over a wide energy range. In this case, the SGM3 beamline
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of ASTRID is used. The light is monochromated and focused by means of
a spherical grating monochromator. In fact, three gratings are available so
that the energy range of the monochromator can be extended. Details of the
original beamline can be found in reference [59], although several modifications
have been made since, such as upgrading the gratings. The position and focus
of the beam was evaluated by using a luminescent sample, in this case SiC.

The electron spectrometer is an ARUPS-10 manufactured by VG Ltd. The
energy resolution is variable, and at best it was found to be around 25 meV,
and the angular resolution is also variable, and at best was found to be 0.2 °.
The energy resolution is practically limited by electrical noise, therefore the
chamber is connected to a designated earth, and extra steps are taken to
reduce the sources of noise.

The sample manipulator allows movements in the 3 linear directions as
well as rotation around the vertical axis. The sample position is chosen using
the intersection of two lasers, thus giving a positional accuracy better than
1 mm. The angular position is tested by reflecting a laser from the sample, and
measuring the position of the reflection. This allows repeatable positioning
within about 0.05 °.

The sample can be heated or cooled during the measurement by means of
a helium cryostat and a filament heater, with feedback provided by a K-type
thermocouple, thus allowing temperatures in the range 28 K to over 600 K
to be achieved. In order to minimise electrical noise, the thermocouple is
optically decoupled from the temperature controller. Also, the heater is pulsed
and the measurement is synchronised such that the measurement cannot be
made whilst the heater is on. Typically, the heater is used for 0.15 seconds
every 1.00 seconds, thus allowing measurements to be made during 85 % of
the cycle.

The bismuth sample is prepared by cycles of annealing and argon ion
bombardment by means of a simple sputter gun. The surface cleanliness and
order can be checked by a range of techniques including AES and LEED.

The measurements are carried out in two conjoined vacuum chambers with
a base pressure of around 7 x 10~'* mbar, thus giving a sample lifetime in the
order of several hours (assuming a sticking coe cient close to unity).

Further details of the experimental setup can be found in reference [44].

3.4 Results

In the following section, the measurements made on the Bi(111) surface are
reported. Temperature dependent MDC'’s are presented and from this, the
electron-phonon mass enhancement parameter is extracted. Evidence against
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the proposed CDW is then presented.

3.4.1 Estimating the Mass Enhancement Parameter

As discussed in section 3.3.1, ARUPS can be used to provide information
on the electron-phonon coupling. In particular, the temperature dependent
linewidth of MDCs taken close to the Fermi level can allow the imaginary part
of the self energy to be estimated. From this, it is possible to estimate the
mass enhancement parameter A.

The measurements are shown in figure 3.9, along with an example of the
fitting procedure used. The hole state indicated by a solid fit-line can be seen
to broaden across the temperature range 48 to 298 K. From this broadening,
the imaginary part of the self energy is extracted and this is plotted in part
(b) of the same figure. A linear fit to this temperature dependence reveals
the mass enhancement parameter to be A = 0.40 + 0.05. The quality of the
fit is seen to be very good. Since these measurements are made in the high
temperature limit of equation 3.3, this result is independent of the parameters
of the phonon model.

It is interesting to compare this result with that of Ast and Hochst [24] who
have also studied the mass enhancement for the same hole state. Assuming a
Debye energy of 5 meV (which is realistic for such a state [22], and is consistent
with the value of 6.9 meV which can be extracted from Table 2.1), they find
A = 2.3+ 0.2, which clearly disagrees with our result.

There are several possible causes for this discrepancy. Firstly, in the work
of Ast and Hochst, an incorrect expression is used for the renormalised dis-
persion. However, this is thought to have a small e ect on the analysis. The
more important di erence is that Ast and Hochst estimate A from the real
part of the self energy as extracted from the renormalised dispersion close to
the Fermi level. Since the change in linewidth when approaching the Fermi
level is very small, the finite spectrometer resolution is significant, and thus
makes this a rather problematic approach. This is discussed in more detail in
reference [45].

3.4.2 Evidence Against a Charge Density Wave

The results of our measurements on Bi(111) are shown in figure 3.10. Figure
3.10(a) shows temperature dependent EDC measurements made at the Fermi
level crossing, which are comparable with those of Ast and Hochst. From
these measurements it is apparent that the 10 meV gap opening reported by
Ast and Hdchst [23] does not occur within the temperature range 44 to 103 K.

26



A
)

Intensity (arb. units)

I I I I I
e (b)
v 7O FT T T T T 1
248 K
65
B 199 K|
— 60+
>
(]
£ 551
W 5oL
45+ °
[}
e Sl 40 1 I | | I +
0.0 0.1 0.2 0.3 0.4 50 100 150 200 250 300
ki ( A1) Temperature (K)

Figure 3.9: (a) Temperature dependent MDCs at a binding energy of
25 meV in the T — M direction. For the lowest temperature, the fitted
curve is also shown; it comprises 4 Lorentzian peaks, the component
depicted by the solid line is the hole state of interest. From this the
imaginary part of the self energy was extracted, and this is shown versus
temperature in panel (b). A linear fit to this temperature dependence
was made, and thus the mass enhancement parameter (A) was estimated.
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Figure 3.10: (a) EDCs taken at the Fermi level crossing in the I — K
direction as a function of temperature and (b) MDC at the same crossing
(with Lorentzian fit) [hv = 15 eV and T= 30 K].

Since the expected gap opening is quite small and since the state is very
steep, good energy and momentum resolutions are required. From the mea-
surements shown in figure 3.10(a), the energy resolution can be estimated as
26 meV, and from figure 3.10(b) the momentum resolution is estimated at
24 mA-1. This is comparable to that of Ast and Hochst, and thus the gap
opening reported by them in reference [23] should also be apparent in these
measurements.

Perhaps the explanation for this discrepancy lies in the accuracy of the
sample position. In our measurements, the angular position was constant
within 0.02 °, whilst in the work of Ast and Hochst, the angular accuracy is
not specified. At the Fermi level crossing, the dispersion of the hole pocket
is unusually steep, so the angular position is important. The measurements
are made on relatively small crystals which are heated and cooled over a large
temperature range during the experiment, thus small variations in the angular
position are likely unless great care is taken to avoid them.

Further evidence against a CDW is provided by the ARUPS measurements
made in Dresden by Kim et al. and from low temperature STM and Transition
Electron Microscopy (TEM) studies in the same work [3][I11].

3.5 Conclusion

ARUPS is a very powerful tool in surface science. Not only does it allow
the bulk and surface electronic structure to be measured, it also allows inter-
esting properties such as the electron-phonon coupling (which has important
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implications for the surface conductivity) to be probed.

In this chapter, measurements of the Bi(111) surface were presented. From
these measurements we can conclude:

By considering the spin-split nature of the surface, and by making careful
measurements of the Fermi level crossing, it is possible to exclude the existence
of the charge density wave which has been proposed [23] for this surface.

The electron-phonon mass enhancement parameter has been calculated. In
the work of Ast and Hochst [24], this has not been straightforward to extract
since they rely on being able measure very small changes in the real part of the
self energy close to the Fermi level. However, by considering the temperature
dependent MDC linewidth, we estimate the mass enhancement parameter to
be A = 0.40 £+ 0.05. This is much smaller than the value of A = 2.3+ 0.2
reported in reference [24].
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Chapter 4

Transport Measurements

4.1 Multi-Point Probe Measurements

4.1.1 Introduction

As described previously, the transport properties, especially the conductivity,
of surfaces and nano-structures are of increasing significance as device sizes
are reduced. Also, the quasi two dimensional situation at the surface opens
the possibility to study interesting fundamental physical concepts. Therefore,
a need for surface sensitive conductivity measurements arises.

Although there is great interest in surface conductivity, there is a surprising
lack of progress in this field. This is attributed to the practical di culties
associated with such measurements.

In this chapter, details of the 4 point probe instrument are discussed.
This includes a discussion of the theory and practical details, as well the
presentation of the measurements made on silicon surfaces and the models
required for interpreting them.

4.1.2 Theory
4.1.2.1 Why Use Multi-Point Probes?

The conductivity of a material can be measured by passing a current through
the surface and measuring the potential drop across the surface. Perhaps the
simplest way to do this is with two probes connected to a multi-meter.
Although such a measurement is very simple, there is an inherent problem
with contact resistances. For example, consider a metal probe in contact with
a semiconductor surface; such a system may give rise to a Schottky barrier with
a large, non-ohmic contact resistance. This contact resistance is commonly
su ciently large to dominate the measurement, and thus it is not possible to
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accurately estimate the resistance of the sample. Furthermore, when probes
with a small contact area are used, this problem is exacerbated. This problem
also becomes apparent in measurements of superconducting materials.

In principle, it is still possible to use such an instrument, since the contact
resistances can be estimated (for example by measuring between each probe
and a large contact on the back of the substrate), but this is rarely successful
in practice since the resulting uncertainty in the surface resistance can be very
large.

A more satisfactory solution to this problem is to use more than 2 probes.
For example, by using 4 probes, the potential can be measured through probes
which do not carry any current, thus the measurement becomes independent
of the contact resistances. This technique is explained briefly below, and in
more detail by Smits and Valdes: [60, 61].

Although 4 point probes have not yet been used extensively in surface
science, they have important uses elsewhere. Principally, they are used for
measuring the properties of bulk semiconductors, but they are also used on a
larger scale in earth science, for example for finding groundwater.

Consider 4 co-linear probes with a constant current passed through two
of the probes (usually the outer two). This constant current is independent
of the contact resistance. It causes a potential drop across the sample, and
thus the middle two probes have a potential di erence across them. If one can
measure this potential di erence without drawing any current, then there will
be no potential drop across the contacts, and thus the measured potential is
also independent of the contact resistances. This is illustrated in figure 4.1

It is possible to measure the potentials of the inner two probes without
drawing any current by employing a ”null” method - i.e. instead of connecting
the inner probes to a voltmeter (as in the figure), they are instead connected
to a variable potential source through an ammeter. The potential is then
adjusted such that no current flows, and thus the supplied potential is equal
to the potential drop across the surface. However, it is more usual to measure
the potential drop across the inner two probes using a voltmeter with an
impedance that is significantly higher than the sample and contact resistances,
thus the potential drop over the contacts is insignificant.

In the above discussion, the term ”sample resistance” is used. This is a
rather general term since it depends on both the surface and bulk resistiv-
ities. This is quite a complex issue and it will be dealt with more fully in
a later section. However, a simplified approach is shown below for two ex-
treme cases; that is a) when only an isotropic, homogenous bulk resistivity is
considered, and b) when only an isotropic, homogenous surface resistivity is
considered. These two situations are are important to consider because com-
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Figure 4.1: Figure to illustrate the need for four point probes. Us-
ing a two point probe (left-hand side), it is impossible to separate the
sample resistance from the contact resistances R; and R,. However, us-
ing a four point probe (right-hand side), the potential can be measured
across probes which do not carry any current, thus the measurement
is independent of the contact resistances R; to R,. This is especially
important on semiconductor surfaces since the contact resistances are
large and non-ohmic.

monly the measured resistance is dominated by one term only, and thus these
approximations can be used, furthermore, they represent situations for which
analytical solutions exist. In most “’real” situations, a numerical solution is
required.

4.1.2.2 The Surface Solution

First, consider the case of an infinite 2 dimensional sheet. The electrostatic
potential is given by Laplace’s equation:

v <%.v¢> =0, (4.1)

where @ is the potential and p is the resistivity. Since the resistivity is the
same across the entire sheet, or, in other words, since Vp = 0, the resistance
can be removed from equation 4.1. Thus it can be expressed, in circular
coordinates, as:

10 (09 1 0%
- - 4+ — = .
ror <r6r> rz 062 0 (4.2)

For a single point source there is no angular dependence, and thus the two
dimensional solution is:
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o (r) = —-Aln(|r — ro|) (4.3)

The constant A can be found from the boundary condition:

Vo
° dl =1, )
j[n <ps> | (4.4)

where p; is the surface resistivity and n is the unit vector normal to the path.
By evaluating this integral along a circular path centred on the source, the
constant is found to be:

_Ips
A= (4.5)
and thus the potential can be written as:
d(r)=—In(r—ry)). (4.6)

210,

where o, is the sheet conductivity.

In a real measurement, both of the current carrying probes give rise to a
similar potential. Using the principle of superposition, the measured potential
at the inner probe positions is found to be simply the sum of the two individual
solutions.

Therefore, in a normal 4 point probe measurement (in which a current is
passed through the outer two probes and the potential drop across the inner
two probes is measured) the four point probe resistance due to the surface is

given as:
V. _In2 _In2
I - T Ms

m " mo,
for an infinite sheet with sheet resistivity p,, or sheet conductivity o,.

R = (4.7)

4.1.2.3 The Bulk Solution

For a semi-infinite bulk of homogenous resistivity p,, equation 4.1 can be
written as:

- — ——+— = 4,
ror rar rz 002 0z2 ' (4.8)

10 ( 6<D> 10%0 9%
Which can be solved for a point source to yield the following expression
for the potential:

_lp 1
S 2m|r — g

®(r)

(4.9)
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Thus for the standard 4 point probe measurement, the component of the
resistance due to the bulk becomes:
1 1 1

R4m’ = _n - =
21 pbs 2T1S0y

(4.10)

where s is the spacing between adjacent probes and g, is the bulk conductivity.

Many real systems cannot be simply approximated by an isotropic infinite
sheet or a semi-infinite bulk, and therefore a more complex model is required.
However, the above simplifications are still of much use, for example in deter-
mining suitable probe spacings (see following section).

4.1.2.4 Selecting an appropriate probe spacing

From the previous sections, it can be seen that in the simple 2D case, the
measured 4 point probe resistance is independent of the probe spacing (s),
and in the 3D case, the measured resistance is inversely proportional to the
probe spacing. These results may seem a little surprising at first, but they can
easily be understood intuitively by considering the path that the current takes
between the outer two probes. One could suppose that the current primarily
takes the shortest path, and that there is some ”spreading” relative to this
path. One could also suppose that this spreading is proportional to the path
length, thus both the path length and “width” are proportional to the probe
spacing s. Therefore in the 2D case,

R(4pp)  length/width o s/s « constant, (4.11)
whereas in the 3D case
R(4pp)  length/area o s/s*  1/s. (4.12)

This supposition can be taken a step further; consider now that the sample
consists of a 2D infinite surface on top of a 3D semi-infinite bulk. The current
will predominantly take the path of least resistance, thus with larger spacings,
the 1/s dependance of the bulk resistance will cause the current to prefer the
path through the bulk whereas with small probe spacings the bulk resistance
becomes too high and the current is confined to the surface. The ”critical
spacing” (i.e. the spacing at which the surface and bulk appear equally re-
sistant) can then be found from considering the equality of equations 4.7 and

4.10:
I

Scritical = W
where p, and p, are the bulk and surface resistivities respectively. Since the
surface resistivity may not be known, it is advantageous to be able to change
the probe spacing.

(4.13)
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Perhaps the ultimate solution is to have probes which can be independently
positioned on the surface, such as the commercial system made by Omicron
GmbH, which is based of 4 independent STM systems. Using a 4-STM system,
Shiraki et al. [62] measured the resistance of a Si(111)(7x7) sample, and found
that for probe spacings greater then 10 pum, the measurement agrees with the
predicted bulk resistivity, whereas at smaller spacings a higher resistance is
measured (see figure 4.2).

Although the 4-STM has the clear advantage of variable probe spacing,
it has some limitations. Reliability is certainly an issue since it is necessary
to have 4 fully functional STM in the same chamber in order to make a
measurement. Also, there are some limitations on the probe spacing; in figure
4.2, the smallest achievable spacing is 1 um and this makes it impossible to
judge whether the conduction is purely through the surface or not.

It should be noted that the previous discussion was based on the assump-
tion that the sample can be modeled as the combination of an infinite 2D sheet
and a semi-infinite 3D bulk. For semiconductor surfaces, this assumption no
longer holds since one also has to consider the a ect of the space charge layer
(this is discussed in more detail in section 4.3.2.2).

To summarise, the required probe spacing for a surface sensitive four point
probe measurement depends on the ratio of the surface and bulk conductiv-
ities. For a simple 2D/3D system, the required probe spacing can be esti-
mated from equation 4.13, however in many cases, the surface resistivity is
not known, and the simple 2D/3D model may not apply, therefore it is ad-
vantageous to be able to change the probe spacing.

4.1.3 Experimental Setup

The initial experimental setup was constructed at the Technical University
of Denmark by T.M. Hansen. A detailed description of the setup can be
found in ref [63]. The system basically consists of a platform inside a UHV
chamber. A sample stage is mounted on the platform which can be cooled
using a Helium or Nitrogen cryostat. The probe is mounted on a cantilever
arm above the sample which can be maneuvered using 3 piezo motors. The
setup is illustrated in figure 4.3

Many major changes have been made to the setup during this project. The
most significant changes are described in the following sections.

4.1.3.1 Minimising the ”Downtime”

Since the 4 point probe system is constantly under development it is necessary
to vent and open the chamber quite frequently, therefore it was considered
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Figure 4.2: Room temperature 4 point probe measurements of the
Si(111)(7x7) surface. The measurements (depicted by markers and a
solid line) are made using a 4 point probe with variable spacing. For
intermediate spacings, the measured resistance agrees well with the ex-
pected bulk component (shaded area) but for smaller spacings, this is
not the case (from ref. [62]). The insets show the path of the current
for (a) large, (b) intermediate and (c) small probe spacings.
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Figure 4.3: Schematic figure depicting the current experimental setup.
An optical microscope mounted in a recessed viewport allows the probe
and sample surface to be seen. The probe is supported by a cantilever
arm which can be moved in 3 axes with nanometer precision by means
of piezo motors.
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important to minimise the downtime of the system:

Firstly, the pumping e ciency was improved; the turbo-molecular pump
was mounted directly onto the chamber through a maximum diameter CF40
gate-valve, instead of via a long bellows and a standard 90° valve. Whilst this
a ords a greater pumping e ciency, the disadvantage is that vibrations from
the turbo pump are transmitted to the chamber, thus it is necessary to switch
0 the turbo pump whilst measuring. A larger capacity rotary pump was used
to improve the backing vacuum for the turbo pump. A valve and a Pirani
vacuum gauge were added between the rotary and turbo pumps. The gauge
allows the backing pressure to be monitored, and the valve allows the rotary
pump to be isolated from the turbo so that it can be switched o without
venting (this also required a manual override of the automatic vent valve).

An additional valve that could be connected to a liquid nitrogen suck-up
tube was also added which allows the chamber to be vented with a minimal
intake of water vapour.

A set of new filaments was added to the titanium sublimation pump (TSP).
In addition to this, a problem was discovered with the TSP controller; poor
connections to the high current terminals had resulted in severe oxidation to
the terminals and the controller was unable to supply su cient current to the
titanium filaments. The controller was repaired by replacing the terminals
with brass bolts, and in combination with the new filaments, a noticeably
increased pumping e ciency was achieved.

The ion-pump controller was found to su er with an intermittent fault,
whilst this was being investigated, a temporary system was set-up to allow a
standard Varian ion-pump controller to be used instead.

The bake-out system was also improved; a permanent frame was built over
the chamber. The frame supports two 1800 W infra-red heaters as well as the
bakeout tent. The roof of the tent is permanently kept in position, whilst the
sides are lowered only when required. The power of the heater was selected
such that they heat the chamber to ~ 120 °C, thus eliminating the need
for a control feedback. However, several thermocouples are connected to the
chamber (both inside and outside) to allow the temperature to be checked.
The temperatures recorded by the thermocouples can be monitored and the
bakeout heater can be controlled remotely.

Finally, all of the connections to the probe, motors, sample and prepara-
tions stages were made using a single CF150 flange, and a mechanical mount-
ing guide was constructed. This allows the entire system to be easily removed
and replaced for repairs and maintenance.
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4.1.3.2 Sample Cooling

Another major development has been the sample cooling. In the original
setup, the sample temperature was never directly measured, but was instead
estimated from considerations of cryostat power, thermal losses and so forth.

In order to confirm this estimate, a thermocouple was attached directly
to the sample stage, and it was discovered that the sample temperature es-
timate was rather inaccurate. According to ref. [63], the lowest achievable
temperature was around 90 K. In fact it was measured to be 175 K.

After much investigation, this discrepancy was found to be due to a number
of reasons; the elaborate thermal shield was not working e ectively, the sample
stage was not su ciently well insulated from the surroundings, and the sample
stage itself was not conducting as well as expected. In order to solve these
problems, the sample stage was redesigned, and manufactured from oxygen
free copper. Similarly, the copper braid was replaced with more substantial
braids, also of oxygen free copper. The sample insulation was improved and
the thermal shield was removed. After making these modifications, sample
temperatures of 95 K could be reach using liquid nitrogen.

4.1.3.3 Sample Stability

Whilst improving the sample cooling, it became apparent that thermal ex-
pansions within the sample and sample stage could be significant. The sam-
ple stage is made of copper which has a thermal expansion coe cient of
16.5x10-¢ K~! [64], therefore, a sample stage that is 10 mm thick will con-
tract by 50 um when cooled by 200 K. Since the probes used have a typical
length of 10 um, this presents quite a problem. A more subtle problem also
exists; if the sample stage is heated or cooled unevenly, then uneven thermal
expansion can result in a horizontal movement of the sample.

Several steps were taken to reduce these problems; the sample stage is
supported at the same height as the sample surface, thus if the sample stage
cools evenly there will be no change in sample height due to expansions within
the sample stage. Also, the sample stage is supported by 4 legs which are
insulated in 3 stages in an attempt to make them insulate equally. However,
when using smaller probes, it was found that the sample position was not
su ciently stable thus the probe had to be moved to a safe height above the
surface until thermal equilibrium was reached.

Whilst measuring, vibrational stability is also important. The sample
measuring stage is mounted to the feedthrough as rigidly as possible, and
the chamber is mounted on pneumatic supports to reduce the transmission of
vibrations from the surroundings. However, this does not eliminate vibrations
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from equipment that is in physical contact with the chamber, for example the
mechanical pumps. Therefore, during measurements, the rotary and turbo
pumps are switched o , as well as the cooling fans for the pumps. The cryostat
pump is also a source of vibrations, but this cannot be switched o during low-
temperature measurements - therefore the pump is connected to the nitrogen
reservoir through a long flexible pipe.

4.1.3.4 The Sample Stages and Transfer

It is necessary to be able to transfer samples between several stages in the
chamber. The stages include the measuring stage, the cleaning stage, the
LEED measuring stage and an additional storage stage.

In order to transfer samples, some sort of sample holder and transfer mech-
anism is required. In the initial setup, only semiconductor samples were used.
Such samples were cleaned simply by passing a current through the sample.
In the case of silicon, a temperature of around 1250 °C is required, and this
typically requires ~ 10 A. Therefore, the sample is held in the sample holder
such that one end of the sample is grounded whilst the other end it attached
by means of a sliding contact to a high current electrical feedthrough. The
sample cleaning stage is mounted in front of a clean CF40 viewport so that the
sample temperature can be estimated using a pyrometer. In order to measure
on other samples - such as bismuth - not only does the sample holder have
to be physically di erent in order to accommodate the crystal, but also the
sample cannot be heated with a direct current, so instead a filament heater is
used. Therefore an entirely di erent sample holder and sample cleaning stage
is used; the sample cleaning stage is attached with just two bolts so that it
is a relatively simple operation to swap between the direct current heating
and filament heating stages. Additionally, the filament heater stage has a K-
type thermocouple connector so that a thermocouple mounted on the sample
is connected to a feedthrough when the sample is in place. A sputter gun
is mounted such that samples can be sputtered when in the sample heating
stage.

The LEED sample stage is significantly simpler. It is permanently grounded
and at the same height as the LEED electron gun. However, the horizontal
distance and angle need to be adjustable since the required LEED position is
out of reach of the sample manipulator. In order to achieve this, the LEED
sample stage is loosely attached to its support through an elongated hole. The
manipulator can then be used to change the position and angle of the sample
stage. Since two di erent sample holder designs are used, two di erent LEED
sample stages are required. As with the cleaning stages, it is a relatively
simple operation to swap between them.
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The storage stage is simply a copy of the LEED stage mounted horizontally.
Its only purpose is to hold a sample whilst it is not in use. Again, there are
two versions of the sample holder stage to accommodate the two di erent
sample holder types, but it is possible to use either sample holder in each
stage (although a mismatching sample holder is held less securely).

The measuring stage consists of a copper block which is attached with
a copper braid to the cryostat. It also houses a thermocouple so that the
sample temperature can be measured. Since vibrations of the sample would
cause damage to the probe, it is necessary that the sample holders are securely
held in the measuring stage. This is achieved by milling two slots in the copper
block to receive the sample holders; the slots are milled to be slightly over-
sized and then fitted with molybdenum springs which act to firmly push the
sample holder against the upper edge of the slots. These slots are milled with
su cient tolerance for either sample holder type to be accommodated.

The original sample manipulator has been replaced since it was damaged
and di cult to operate. A new manipulator was custom made and incorpo-
rated some improvements in the design: It has a magnetic coupling which
allows improved force feedback, and has jaws which are designed to grab the
sample such that it can move by + 5° in both planes. It has a longer reach
and smaller angular range; thus it is mounted further from the sample stages
and makes the sample transfer easier. After some initial di culties with the
jaw mechanism, the new manipulator was found to be a great improvement.

4.1.3.5 Probe Handling

The system has been set-up to allow a range of probe spacings to be handled.
The initial setup was limited to probe spacings larger than =~ 10 um, but this
has now been improved so that probes as small as 1 pm can be used. The
system has also been upgraded to allow 12 point probes to be accommodated.

The major limitation in the original setup was the optical microscope, so
a higher performance microscope was acquired. The new microscope has a
resolution of around 500 nm at a distance of 35 mm from the objective lens.
This objective distance is significantly shorter than the original microscope,
and thus the recessed microscope viewport had to be modified to accommodate
the new microscope. One of the consequences of this modification was that
the height between the sample and the microscope window inside the chamber
was reduced, thus the cantilever arm which holds the probe had to be rebuilt
so that it required less vertical space. The result was that the new microscope
could be accommodated, but with very little spare space; the objective lens is
approximately 0.3 mm from the viewport glass, and the probe cantilever arm
has about 1.0 mm adjustment between touching the window and touching the
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sample.

The new microscope required the window recess to be machined out to a
larger diameter and the microscope was custom made to require the minimum
dimensions. Thus, the microscope has ~ 3 mm of lateral adjustment.

The lateral and vertical positioning of the microscope was modified to be
more repeatable since the original setup was time consuming to align. This
was achieved by constructing a microscope support that could be attached to
the chamber in a repeatable manner and would support an x- and y- trans-
lation table. Zoom and focus positioning was achieved by encoded stepper
motors and a limit switch was also set to stop the objective lens colliding
with the window. The microscope camera and motors were controlled using
custom made software.

In order to accommodate 12 point probes, a new probe holder and addi-
tional electrical connections had to be constructed. Since no suitable flanges
were available, multiple connections were made through one CF16 flange, by
means of a custom made adaptor.

The original 4 point probe holder was machined from “Macor” and alu-
minium which are both vacuum compatible. However, the electrical connec-
tions often failed so it was deemed impractical to extend the design to ac-
commodate 12 connections. Instead, the commercial 12 point probe holders
developed by Capres A/S for use in air were used. Since they are made of un-
known materials, their vacuum compatibility was tested by placing one in the
vacuum chamber with a Residual Gas Analyser (RGA). The total pressure at
room temperature was normal, but increased drastically during baking. How-
ever, after gentle baking at ~ 100 °C vacuum of ~ 5x1071° torr was achieved
with no abnormal gas residuals. The electrical connections to the probe holder
were made by flux free soldering (performed by GPV A/S). A new cantilever
arm had to be fabricated to accommodate the new probe holder.

Another concern with 12 point probes, and the smaller 4 point probes is
that since the probe length is disproportionately reduced compared with the
probe spacing, the probes are only able to tolerate a small angular misalign-
ment. Since it is di cult to mount small samples accurately, some sort of
angular adjustment is needed. In the present setup, this adjustment is made
when the probe chamber is opened to air, but it would be advantageous to be
able to make adjustments under vacuum.

4.1.3.6 Data Acquisition and Analysis

In the initial setup, a LabView program was used to control the cryostat
and 4 point probe measurement. The Digital to Analogue Converter (DAC)
provides a linearly ramped potential to the electronics, this is then converted
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into a linear current ramp by a programmable-gain amplifier. Currents from
<1 nA to 100 pA can be produced. This current can then be supplied to
any probe, or the sample substrate, by means of programmable multiplexers.
Similarly, any two probes (or the substrate) can be connected by multiplexers
through programmable-gain amplifiers to the Analogue to Digital Converter
(ADC). This allows potentials from 0.1 mV to 10 V to be measured. All of the
signals are passed through optical decouplers and the electronics use noiseless
battery power.

The LabView software sends digital signals to program the multiplexers
and amplifiers, as well as producing a ramped voltage to the current amplifier.
It reads the potential from the ADC so that a current-versus-potential (a so
called 1-V) plot can be displayed. Also, the sampling number, a delay time
and the number of repeat scans can be set such that the required signal to
noise ratio can be achieved. After every positive current ramp, a negative
ramp is produced and the measurement is repeated in the opposite sense,
so that any charging of capacitative problems become apparent. The same
LabView program can also control the cryostat.

Several modifications were made to the above system: For example, the
software was modified so that the data analysis could be carried out more e -
ciently. The multiplexers were found to be unreliable, so a manually switched
override and simple test systems were made. The switches were also extended
for 12 point probes.

A more e cient cryostat control was also developed.

4.1.3.7 Repairs and Maintenance

During the course of this project, many repairs were required. Perhaps the
most significant was the independent failure of the three piezo motors which
control the position of the probe. The entire sample platform is built around
the motor dimensions, and since these motors are no longer manufactured,
replacing them would require much of the sample platform to be rebuilt.
Fortunately, the motors could be reconditioned.
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4.2 Measurements of Si(111)

4.2.1 Introduction

In this section, the initial measurements made with the micro 4 point probe
are reported. Since this is a relatively new instrument, it seems logical to make
initial measurements on a well studied surface. However, surface conductivity
measurements are relatively rare, and thus those which have been made appear
to create as many questions as they answer.

In particular, the Si(111)(7x7) surface is considered. This surface has
been extensively studied in recent decades, but the question of whether or not
it is “metallic” has still not been satisfactorily answered. What is meant by
”metallic” is also the subject of some debate; whilst some authors define a
metal as being a good conductor, other definite it as having do/dT > 0, an-
other definition is from an optical standpoint; metals are reflective since they
contain free electrons which can screen out incident electromagnetic radiation.
A more formal definition is that a metal has a nonzero density of states at
the Fermi level. This matter will be discussed in more detail in the following
section, and is also discussed in terms of conducting polymers in reference
[65].

Several previous attempts to measure the conductivity of this surface have
also been made, therefore this surface is chosen for the initial measurements
with our instrument. Not only are there existing conductivity measurements
(both with micro 4 point probes and with other techniques) with which to
make a comparison, it is also an interesting ”unsolved” case.

As well as measurements of Si(111)(7x7) surfaces, measurements of
Si(111)+Ag are reported as a comparison. Both measurements of the or-
dered Si(111)+(+v/3 x v/3)Ag and disordered Si(111)+Ag films are reported,
as well as a brief study of stepped silicon surfaces.

4.2.1.1 Units and Definitions

The terms used in the following sections are sometimes the source of some
confusion. Therefore a brief clarification is needed:

The Conductance (C) of the sample does not need much clarification. It
is the quantity that is found from the gradient of the 1-V measurements since
C =dI/dV. In this work, it is quoted using the S.I. units of reciprocal ohms
(Q~1). In other work it is sometimes quoted as amperes per volt (A/V) or
siemens (S).

The relationship between the conductance and the conductivity (o) de-
pends on the dimensionality of the system. For a 3D system (such as the bulk
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case), the relationship is:
A
C = ng (4.14)
where g, is the bulk conductivity, A is the cross sectional area and | is the
length. Using the S.I. system, area has units of m? and length has the units
of m, thus the conductivity has units of Q='m~!,

For a 2D system (such as the surface case), the relationship is:

C= OsT (4.15)
where 0, is the surface conductivity, w is the sample width and | is the length.
Since w and | both have units of m, g, simply has units of Q~! and thus the
conductance and the surface conductivity have the same units. Since this can
be a little confusing, it is common to see the surface conductivity written in
units of Q='m/m or ”Q~! per square”. In this work, the S.l. units of Q! are
adhered to.

Resistance is simply the reciprocal of conductance, and resistivity is simply
the reciprocal of conductivity. Thus the 2D resistivity has the same units as
resistance (Q), whilst the 3D resistivity has S.I. units of Qm. However, it is
common to see the 3D resistivity quoted using the c.g.s units of Qcm.

4.2.1.2 Si(111)(7x7)

Si(111)(7x7) is perhaps one of the most studied surfaces. Its unusual geo-
metric structure has been studied by many techniques [66-73]. In short, the
geometric structure is generally accepted to be that proposed by Takayanagi
et al. [74]; a structure which leaves only 19 of the original 49 dangling bonds
per (7x7) unit cell. The geometric structure is shown in figure 4.4.

The electronic structure has also been extensively studied: From a the-
oretical viewpoint, it is possible to calculate the electronic structure since
the atomic arrangement is known. However, since this surface has a rather
complex geometric structure, such a calculation is not a simple task. Thus cal-
culations suggest a wide range of possibilities; from a localised orbital picture
to a delocalised band picture [75-83].

Since the unit cell is accepted as having an uneven number of electrons,
electron counting arguments all lead to the picture of at least one half filled
band, and thus one would expect the surface to be "metallic”, unless it is too
highly correlated.

Indeed, from Takayanagi et al. [74] we see that most of the bonding
electrons are placed in filled bands, and thus only 5 electrons per unit cell
(located at the ad-atom sites) account for the electronic structure close to the
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Figure 4.4: Model of the Si(111)(7x7) surface reconstruction from Ref.
[74]. (a) Top view: Atoms at decreasing heights are indicated by circles
of decreasing size. Filled circles represent atoms in the non-reconstructed
layers, and empty circles represent the reconstructed atom positions. (b)
Side view: Again, the filled circles show the non-reconstructed atom po-
sitions, and the empty circles show the reconstructed positions. Larger
circle represent atoms on the (101) plane and smaller circle represent
atoms in the next (101) plane.
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Fermi level and this gives rise to a ”metallic” surface. However, it is plausible
that the surface electronic structure is that of a correlated metal [84, 85] and if
the correlations are su ciently strong this would give rise to a Mott-Hubbard
insulator transition [85].

From an experimental viewpoint, the situation is not so complex. Photo-
emission measurements show two weakly dispersing surface states at around
0.2 eV and 0.9 eV below the Fermi level and a back-bonded state at 1.8 eV
below the Fermi level [86-97]. By scanning tunneling spectroscopy, the surface
state at 0.2 eV is assigned to the adatoms, and the surface state at 0.9 eV is
assigned to the rest atoms [98, 99]. The unoccupied states have been studied
with IPES [100-102] and the transitions between the occupied and unoccupied
states have been studied by Electron Energy Loss Spectroscopy (EELS) [103-
105].

To summarise, experimental techniques such as Photoemission, IPES and
EELS give indications that the Si(111)(7x7) surface is "metallic”’. Photoe-
mission studies show intensity all the way up to the Fermi level and EELS
measurements show an asymmetric loss line which is characteristic of the
infinitesimal transitions that occur across a metallic Fermi level. At lower
temperatures, the situation is not quite so clear; below 100 K, EELS mea-
surements show a sharpening of the loss features which can be interpreted
as a gap opening. Similarly, surface-sensitive Nuclear Magnetic Resonance
(NMR) measurements [106, 107] are indicative of a Mott-Hubbard metal-
insulator transition at low temperatures.

The conductivity of the Si(111)(7x7) surface has also been studied by a
variety of techniques, and the results di er by many orders of magnitude:
First, the AC conductivity can be estimated from EELS measurements; this
gives the surface conductivity as being of the order of 10~°> Q~! [108]. The
conductivity can also be estimated by using a STM tip as a ”Spreading Resis-
tance Probe”; a simple picture of this techniques it that the probe is contacted
with the surface, and the resistance between the probe and the back of the
sample can be measured. The probe is then dragged around on the surface
to form a trench that encloses a small square. The probe is then contacted
with the centre of the square, and the resistance measurement is repeated. It
is assumed that the di erence between in the measured resistances is due to
the restriction of the surface currents in the latter measurement. Using this
technique, the surface conductance of the Si(111)(7x7) surface is estimated as
8.7x107% Q1 [109]. Using a similar method, Y. Hasegawa et al. find values
for the surface conductance in the range 10-° to 10-!° Q! [110]. Perhaps the
most elegant method - that of using 4 independent STMs to make a variable
spacing 4 point probe measurement - suggests that the surface conductivity
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is less than 10~° Q! [62]. Macroscopic 4 point probes are used to measure
the conductivity of a thin film of Si(111)(7x7) on an insulating substrate,
and from this, the surface conductivity is estimated at 10~* Q! [111]. Fi-
nally, micro 4 point probe measurements by S. Hasegawa et al. yield a surface
conductivity of 107 to 10~7 Q! at room temperature, and surprisingly, it is
found to depend on the bulk doping [112, 113]. The temperature dependance
of the surface conductivity is described as ”nonmetallic” [113].

Therefore, despite much e ort and many significant contributions, the na-
ture of the Si(111)(7x7) surface is still debated. Conductivity measurements
are far from being consistent and yield values of the surface conductivity in
the range 1071 Q~! to 10~* Q~'. An attempt to finally solve this issue is
needed.

Before presenting the results from our 4 point probe measurements, some
possible reasons for the above discrepancies should be considered:

First, it is important to understand what is really meant by the term
”metallic” in terms of the properties of a surface. In very general terms, a
metal can be defined as a lattice of positive ions surrounded by a cloud of
delocalised electrons”. More specifically, metals are often defined as having
a continuous density of states at the Fermi level”, or as having overlapping
conductance and valence bands” [114]. Because of these properties, metals
tend to have a high conductivity, and thus the term “metal” has become
synonymous with having good conductive properties - although this need not
always be the case. Now let us consider the properties of a surface; generally
the above definitions of a metal can still be applied, but this does not implicitly
mean that the surface will be a good conductor. This point is frequently
overlooked, and thus when a poor surface conductivity is measured, it may
be reported that the surface is ”non-metallic”. In fact, it is di cult to relate
the electronic properties of the surface states with their expected transport
properties since many other factors may play a more significant role than one
finds in the bulk. In particular, the carrier mobility and density may be very
di erent on the surface compared with the bulk. Another source of confusion
is the temperature dependence of the conductivity; it is sometimes reported
that a surface is "non-metallic” simply on the grounds that the conductivity
increases with temperature [113], but, as it will be shown in section 4.3.3.1,
the character of the surface cannot be so simply inferred.

Secondly, it is necessary to consider what is meant by “’surface conduc-
tivity” and “surface state conductivity”. In the case of semiconductors, it is
possible for the pinning of the Fermi level at the surface to be significantly
di erent from that of the bulk, and thus the possibility of a space charge layer
close to the surface arises. The conductivity of the space charge layer may
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di er significantly from the bulk and surface conductivities. It is therefore im-
portant to clarify whether the ”surface” conductivity includes the conductivity
of the space charge layer. If one refers only to the surface state conductivity,
then one has to consider how this can be separated from conductivity of the
space charge layer and the bulk.

The role of the space charge layer is not trivial since it depends on the bulk
properties (such as the doping type and strength) as well as on environmental
factors such as temperature and surface preparation. Therefore, in order to
understand the role of the space charge layer, a model is required. This is
described in detail in section 4.3.2.2. At this stage, it is su cient to say that
in the above reports, the surface conductivity” is measured on a variety of
substrates and with varying surface sensitivity, and the influence of the space
charge layer is not always considered properly.

4.2.1.3 Si(111)(v3 x V3)Ag

The Si(111)(v/3 x v/3)Ag surface has also been extensively studied, and by all
accounts is not nearly so controversial as that of Si(111)(7x7). Some attempts
at measuring the surface conductivity have also been made and therefore this
surface is also an interesting test case for our instrument.

The geometric structure of the Si(111)(v/3 x v/3)Ag surface has been stud-
ied by a large range of techniques over the last 30 years and is now quite well
understood, although some controversy still remains. In early work, the ”Hon-
eycomb Chained Triangle” or HCT model was generally accepted; for example,
see [115-117]. However, more recent studies suggest that the In-Equivalent
Triangle or IET structure has a lower total energy [118, 119]. The IET and
HCT structures are illustrated in figure 4.5. The existence of the IET structure
has been confirmed experimentally by photoemission specroscopy [120], X-ray
di raction [121] and Reflection High Energy Electron Di raction (RHEED)
[122]. However, some controversy remains since room temperature empty
state STM images still resemble the HCT structure [123] whilst low temper-
ature (6 K and 62 K) images are consistent with the IET structure [124].
There is more than one possible explanation for this apparent contradiction;
whilst it has been suggested that displacive phase transition may occur [121],
it is more generally believed that an order-disorder phase transition occurs.
Thus, at higher temperatures a rapid switching between the two possible IET
domains would result in slow techniques such as STM recording an averaged
image that would closely resemble the HCT structure whereas at lower temper-
atures the IET fluctuations are frozen out. Although this dispute has not yet
been settled, further evidence for the latter order-disorder transition is found
by measuring with faster techniques such as photoemission, which shows the
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Figure 4.5: A comparison of the HCT structure (filled circles and
dashed lines) and IET structure (empty circles and thin, solid lines).
The thick, solid lines represent the unit cell boundaries. From ref. [119]

characteristic IET structure existing also at room temperature [125].

The electronic structure has also been well studied. Until recently, there
has been some controversy over the nature of the (v/3 x v/3)Ag surface. De-
spite many photoemission and inverse-photoemission studies [126-133], STM
[134-138] and optical [139] studies, the question of whether the surface is
semiconducting or metallic was not conclusively answered. Furthermore, first
principle calculations were also unable to provide an answer [140-142]. More
recent photoelectron spectroscopy studies of the Fermi surface and silicon core
levels indicate that exact monolayer coverages of (v/3 x v/3)Ag are semicon-
ducting, but by increasing the Ag coverage by small fractions of a monolayer
(), the surface becomes metallic [143-145]. Thus, the pinning of the Fermi
level at the surface also shows a strong dependance on the coverage [145].

Attempts have also been made to measure the conductivity of the (v/3 x
V/3)Ag surface: Firstly, there is the macroscopic 4 point approach using the
van der Pauw [146] method made by Schad et al. [147]. In their Rapid Com-
munication, insu cient details are given to allow an actual value of the surface
conductivity to be estimated, but this work does show that the conductivity
is strongly dependent on the coverage, especially for coverages of 1 + A.
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Nakajima et al. also attempted to measure the surface conductivity at similar
coverages using a macroscopic 4 probe technique [131]. From this experi-
ment, the conductivity is estimated as 1.5 to 2.3 x 10~* Q! for coverages of
1.00 to 1.09 monolayers. Finally, S. Hasegawa et al. measure the conductivity
of a 1 monolayer coverage at room temperature using a micro 4 point probe,
from this measurement, they estimate the conductivity to be 5 x 10~* Q!
[148]

To summarise, the (v/3 x v/3)Ag surface is much less controversial than
the clean (7x7) surface, and, the measured conductivity of the surface is less
debated. However, this may simply be because fewer studies of the surface
conductivity exist. Another consideration is that the conductivity is many
orders of magnitude higher than the typical estimates for (7x7), and thus
it is easier to measure since it is less a ected by other factors - such as the
dynamics of the underlying space charge region. However, there are some
additional sources for inconsistency that should be considered; for example
it is accepted that the pinning of the Fermi level at the surface is strongly
dependent on the Ag coverage, thus the conductivity of the space charge
layer is also dependent on the coverage. This factor must also be considered
when the coverage dependence of the conductivity is discussed, however it is
neglected in reference [131]. Additionally, in a review of metal-semiconductor
interfaces, Le Lay [149] reports that the (v/3 x v/3)Ag surface is very sensitive
to the initial cleanliness of the Si(111) substrate, and to the Ag deposition.
Finally, both a theoretical and an experimental study of the (v/3 x v/3)Ag
surface proposes that the role of steps may also have a significant influence
on the surface conductivity [150, 151].

4.2.1.4 Si(111) with Silver Islands

In the previous sections, the nature of the surfaces was the subject of some de-
bate. Therefore, for the next test surface, an uncontroversial metallic surface
is chosen; a disordered silver film.

The geometric arrangement of the surface is dependent on a number of
factors: Principally, the temperature of the substrate during the growth and
the film thickness, although the substrate preparation and step density could
also be significant [152].

The growth of silver on silicon has been thoroughly studied. From such
studies, a phase diagram has been constructed [153]. Photoelectron di raction
[154], RHEED [155, 156], STM studies [157-160] and optical studies [161] show
that the room temperature growth mode is rather unique, but not dissimilar
to Stranski-Krastanov growth: After the formation of a whetting layer, the
silver nucleates into islands with a preferential height of around 5 monolayers.

51



N
(b)

2

c

3

& Islands height

= distribution

&

>

= C

T A -

2

1= i i i :
0 2 4 6

(o]

Relative height (A)

Figure 4.6: (a) A 100 nmx100 nm STM image of the Si(111) surface
after the evaporation of a percolating network of Ag islands, and (b) the
height distribution of the islands in the image showing the preferential
heights (marked by A,B and C). From reference [158]

Further evaporation results in the islands spreading beyond the percolation
threshold until a relatively uniform film is formed. Figure 4.6 shows an STM
image and island height distribution of such a percolating network.

For very thin films and islands, the electronic properties are influenced by
guantum size e ects [147, 162-165]. Thicker films are expected to exhibit the
properties of bulk silver [166].

The conductivity of such films has not been well studied. However, once
the film has become thick enough to exhibit the bulk properties, it is straight-
forward to estimate the sheet conductivity of the film. For films of 1 monolayer
and 2.2 monolayers, Gavioli et al. measure a significantly enhanced conduc-
tivity, relative to that of bulk silicon. However in their letter, insu cient
detail is given to allow the sheet conductance to be estimated [158].
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4.2.1.5 Vicinal Surfaces

From a practical viewpoint, it can be di cult to prepare large step-free do-
mains on silicon surfaces. Therefore, it is probable that the measurements of
surface conductance quoted in the previous subsections have been performed
across steps. It is conceivable that surface steps could have a dramatic e ect
on the measured conductivity, and perhaps this could explain the enormous
range of the reported surface conductivity of Si(111)(7x7). Therefore, it is of
interest to measure the influence of steps on the conductivity of a surface.

The structure and growth of regular stepped silicon surfaces has recently
become a subject of much interest. There are many reasons for this interest,
but perhaps the most relevant to this work is that the regular terraces can
be used as a template for growing 1 dimensional structures such a metallic
nanowires, and thus allow some fundamental 1D concepts to be studied [167-
170].

The geometric structure is dependent on the miscut angle. For larger
angles (i.e. = 1 ° or more), the average step separation is relatively small; a
miscut of 1 ° corresponds to an atomic step after every 60th surface atom. The
length of the 7x7 unit cell (along its longest axis) is approximately 12 times the
atomic spacing, so a 1 ° miscut corresponds to terraces with a width of around
5 unit cells. Thus one can see that the terraces may be forced to form with a
periodicity that is commensurate with the surface reconstruction An example
of this is shown in figure 4.7; in this figure the miscut is approximately 3 ° and
the terraces are seen to be commensurate with the 7x7 unit cell. When the
angle of the miscut corresponds to an incommensurate periodicity, the terraces
may become unequally spaced, or ”bunched”. In fact several other factors also
a ect the terrace size and step bunching; perhaps the most significant being
the surface preparation [171, 172]. Structural techniques such as LEED allow
the direction and size-distribution of steps to be estimated [173].

Some measurements of the conductivity of the vicinal Si(111)(7 x7) surface
are available; S. Hasegawa et al. report an increase of around a factor of 3
in the measured resistance of a vicinal Si(111)(7x7) surface when a micro 4
point probe is placed across large step bunches. A similar e ect is seen on
vicinal Si(111)(v/3 x v/3)Ag in the same report [174].

A more comprehensive study of the conductivity of vicinal Si(111)(v/3 x
v/3)Ag has been made by Matsuda et al. using three di erent approaches
[151]. In this work a micro 4 point probe in the van der Pauw geometry
is contacted to the surface and the resistance as a function of the sample
rotation is measured. From these measurements the 1D conductance of a step
is estimated as ~ 3 x 10® Q~! m. This is shown to be comparable to the
expected conductance if one considers the step edges as barriers which the
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Figure 4.7: STM image of the monatomically stepped terraces of
Si(111)(7x7) surface with a miscut of 3 °. The step edges are paral-
lel to the [110] surface vector (the measurement was made by Yu Suzuki
[172)]).

carriers can only cross by tunneling.

It should be noted that the analysis in reference [151] is not correct. In
this work, the di erence between the parallel and perpendicular resistances is
assumed to be equal to the resistance of the steps between the probes. This is
not the case since the existence has an e ect on the measurements made in all
orientations. This becomes apparent from the numerical solution of Poisson’s
equation which is discussed in section 4.3. However, an intuitive approach to
understanding this result is to consider the case of highly resistive steps and
low resistance plateaus; it is clear that when the current is passed across the
steps there will be an increased resistance, however it is increased by less than
one may expect since the lateral spread of the current is greater than in the
step-free case. More significantly, when the current flows parallel to the step
edges, the resistance is also increased relative to a step-free surface since the
lateral spread of the current is now restricted by the steps. By ignoring this,
the step conductivity estimated by Matsuda et al. [151] is a significant over-
estimate (a model to illustrate the e ect of steps on the measured conductance
is presented in section 4.3).

A theoretical study of the resistance across an atomic step on Si(111)(v/3 x
Vv3)Ag has been made [150]. The resistance of the step was found to be
dependent on the geometry of the step edge; for example the adsorption of
additional Ag atoms at the step edge could have a dramatic influence.
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In conclusion, since silicon wafers often have a orientation tolerance of
~ 1 °, the issue of steps cannot be ignored. Although vicinally cut Si(111)
is currently receiving a lot of interest, the e ect of steps on the surface con-
ductivity has not been conclusively studied. However, for both vicinal the
Si(111)(7x7) and Si(111)(v/3 x v/3)Ag surfaces, it appears that the conduc-
tivity may be significantly influenced by steps.

4.2.2 Experimental Details

The sample preparation and measurements are made using the experimental
setup described in chapter 4.1.3. In this section, the details of the surface
preparation are reported.

4.2.2.1 Preparing Si(111)

6 mm by 4 mm samples were cut from 4” and 6” wafers (with the longer
side perpendicular to the primary flat), and mounted on the sample holder
such that each end was held by a clean tantalum foil. When placed in the
cleaning stage, one clip touched against an electrical connection whilst the
other was at ground potential. Thus a direct current could be passed through
the sample, and the temperature increase could be read using a pyrometer. In
order to calibrate the pyrometer, several samples were slowly heated to their
evaporation temperature. This also ensured that the sample holders were fully
degassed.

Preparation advice is widely available in the published literature, however
the most reliable recipe was found to be that provided by T. Kampen [175].
This involved heating the sample to ~ 650 °C until it was fully degassed (this
usually required 12 to 24 hours), then to flash the sample to ~ 1250 °C for
10 to 20 seconds. The sample was then cooled quickly to below ~ 800 °C,
and then slowly back to room temperature. This recipe was found to reliably
produce very sharp (7x7) LEED patterns. Figure 4.8 shows such a (7x7)
reconstruction at an electron energy of 60 eV.

Occasionally, the surface preparation failed. The LEED pattern still showed
7X7 structure, but when the surface was examined optically, islands with a typ-
ical size of ~ 5um were visible across the surface. The source of this problem
was not conclusively isolated, but perhaps the most probable source is that
some carbon rich contaminant (such as pump oil) had been in contact with
the surface, and that the high temperature anneal had caused the formation
of islands of SiC which are commensurate with the surface. The formation
of SiC structures by similar methods has been reported, for example by Wu
et al. [176], and the SiC film grown by them shows a striking similarity with
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Figure 4.8: Photograph of the room temperature LEED pattern pro-
duced by the Si(111)(7x7) surface using a kinetic energy of 60 eV.

the photograph of our contaminated surface shown in figure 4.9. On these
grounds, it was assumed that the observed surface contamination was due
to carbon rich contaminants on the Si surface prior to annealing. Therefore,
extra care was taken to keep the samples clean. This included rinsing the
surface with iso-propanol and blowing the solvent o using clean N, gas.

4.2.2.2 Silver Deposition

The clean Si(111)(7x7) surface was prepared using the procedure described
above. Silver was deposited onto the surface by means of a simple evaporator
which was mounted such that LEED measurements could be made during
deposition. Thus, the film thickness could be estimated from the LEED spot
intensities. Evaporation could only be carried out at room temperature.

According to STM [157, 158, 160], optical [161] and photoelectron di rac-
tion studies [154], room temperature deposition of Ag on the Si(111)(7x7) sur-
face results in the formation of islands with a preferential height of ~ 5 mono-
layers. During the deposition, the LEED spot intensity was measured, and the
results compared with a simple model of the Ag growth. In short, the LEED
spot analysis is consistent with the above reports, and from this analysis, a
coverage of ~ 3.0 + 0.5 monolayers was repeatably produced. This is believed
to correspond to a ~ 60 % coverage of islands with a preferential height of
5 atomic layers. A description of the LEED analysis and model are given in
section 4.3.2.1.

Since the (v/3 x v/3)Ag surface has been extensively studied, there is plenty
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Figure 4.9: Optical image of the contaminated Si(111)(7x7) surface.
The scale of the islands can be estimated from the 4 point probe which
has a spacing of 10 um. After comparison with figure 2 of ref [176], the
contamination is thought to be SiC.
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of advice on its preparation available [121, 122, 131, 132, 143-145, 154, 161].
This preparation advice can be categorised into a) deposition at elevated sam-
ple temperatures and b) deposition at room temperature, followed by an an-
neal. Since it is not possible to elevate the sample temperature without making
complicated modifications to the experimental setup, the latter approach was
employed. In the above references, the annealing temperature varies from
320 °C [154] to 600 °C [144, 145]. Therefore, a series of sample preparations
was made in a similar temperature range. After each preparation, the sur-
face order was checked by LEED, and the (v/3 x v/3) was observed, however
the sharpest LEED patterns were observed in the temperature range 500 to
600 °C. According to Crain et al. [145] this is consistent with producing a
1 monolayer film instead of the 1+A monolayer films that are observed after
lower temperature anneals. Therefore, the measurements of the (v/3 x v/3)Ag
reconstruction presented in subsection 4.2.3.3 are made on samples prepared
at 550 + 30 °C.

Note that for temperatures above =~ 600 °C, the temperature was measured
with a pyrometer. However, temperatures lower than this cannot be directly
measured, so the temperature (T) was instead estimated from the power (P),
assuming that:

PoT? (4.16)

This assumption was checked, and the constant of proportionality is found
by recording P and T throughout the temperature range of the pyrometer.
This assumption was found to be a good approximation.

4.2.2.3 Preparing Vicinal Surfaces

It has been demonstrated that the surface structure of vicinal Si(111)(7x7)
is sensitive to the preparation. Detailed STM studies [171, 172] shows that
wafers with a slight miscut tend to produce monatomic steps, whilst for larger
miscuts step bunching and multi-atomic steps occur, although this also de-
pends on the surface preparation. In this experiment, monatomic steps are of
greatest interest, therefore a small miscut is used.

The wafer used was supplied to Chemnitz Technical University by Silchem
GmbH. The e ect of the preparation on the surface structure was extensively
studied by STM, and preparation recipes were found which reliably produced
regular terraces with long range order. Samples of the same wafer were then
prepared to the same recipes in our 4 point probe chamber. The wafer has a
nominal miscut of 0.35 °, but was measured to have a miscut of 0.20 ° by STM.
The wafer is phosphor doped and has a nominal resistivity of 7.5 Q cm. The
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samples used were 6 mm by 4 mm with the long side parallel to the primary
flat. The sample was heated in vacuum by passing a current through the
sample in the [110] direction (i.e. parallel to the step edges and parallel to
the long axis of the sample).

From the STM study by Suzuki [172], it was shown that regular monatomic
steps could be produced using preparation 1 below. An STM image of a sur-
face produced using the same recipe is shown in figure 4.10.

Preparation 1:
Anneal to 650 °C for 3 days
6 cycles of;
flashing to 1250 °C for 30 seconds then back to 650 °C for 5 minutes
Cool to room temperature.

Additionally, it was shown that the steps could be dispersed using the fol-
lowing preparation:

Preparation 2:
Anneal to 650 °C for 1 day
Then increase the temperature to 900 °C for 1 hour
Cool to room temperature.

Several samples were prepared using both of the above preparation recipes.
Some di culties were encountered in making reliable contacts to the samples,
and thus several samples were discarded because they could not be evenly
heated. After some practice, samples could be reliably prepared. Similar
preparation advice can be found in references [171, 177].

A LEED spot profile analysis was made after each surface preparation. Af-
ter ”preparation 17, the LEED spots were slightly streaked, and after ”prepa-
ration 27, the LEED spots were noticeably sharpened. Figure 4.11 shows the
profile of the 1st order LEED spots at 60 eV. The broadening of the spots is
quite weak, but this is consistent with the expected terrace size; By fitting two
gaussian components to each intensity profile, the terrace size for ”prepara-
tion 1” could be estimated. The same fit was also applied to the ”preparation
2” intensity profile. From this, it could be inferred that both preparations
produced a distribution of terrace sizes from ~ 10 nm to ~ 60 nm, but that
number of terraces after ”preparation 1” was increased by (83 + 6 %) relative
to “preparation 2”.
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Figure 4.10: An STM image of the 0.2 ° miscut surface. Using the
recipe for ”preparation 1, regular monatomic steps could be produced.
Similar STM images made several millimeters apart showed that such
terraces extend across the entire surface.

4.2.3 Results

In the following subsections, the results of the measurements of Si surfaces
are presented. In each case, the probes are made of Au coated SiO, and have
a spacing of 10 um. Each data series is made using more than one probe and
more than one sample preparation. This is because the probes have a very
short life - especially on cold surfaces. The probes are easily worn or broken
by vibrations and thermal expansions (although every e ort was made to
minimise this). Also, at low temperatures, the Au coating is easily damaged.
In order to replace the probe, it is necessary to vent and open the chamber,
and thus a new surface has to be prepared.

When a new probe and/or sample is used, the highest and lowest tempera-
tures are measured first, thus the repeatability of the measurements is always
ensured.

Each measurement is made by measuring the potential drop (V) across the
inner two probes whilst the current through the outer two probes is linearly
ramped from —I, to +1, and then back to —I,. A range of values of I is used,
from 50 nA to 50 pA. Each measurement consists of many scans containing
approximately 100 points, with 50 samples of V at each point. Since the
signal to noise ratio depends on a number of factors (such as vibrational
stability), the number of scans is chosen such to compensate this. The data
are commonly linear for small currents, with some non-linearities above a
threshold current, especially for the low temperature measurements of the
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Figure 4.11: LEED spot intensity (x markers) versus reciprocal dis-
tance (in the direction of the streaking) of the two surface preparations.
The intensity plots were fitted by two Gaussian components (solid lines).
From this fit, it was inferred that the surface consisted of a distribution
of terrace sizes between 10 nm and 60 nm, and that the number of
terraces was increased after ”preparation 1” by (83 + 6 %) relative to
’preparation 2”.
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Figure 4.12: Typical Current versus Voltage (I-V) curves from ”Sample
A” with the Si(111)(7x7) surface reconstruction. Measurements at two
temperatures are shown; 290 K (left panel) and 130 K (right). The
linear fits to the measurements around I = 0 are also shown.

(7 x 7) surfaces. Therefore, the linear part of the measurement is used and
the data in this region are fitted using a linear fit and the uncertainty is
estimated from the statistical spread of the measured data.

The measurements are too numerous to show in full, so a representative
selection from the measurements of ”Sample A” (described in the following
section) are shown in figure 4.12. It can be seen from the figure that at
high temperatures (for example 290 K), the behaviour is ohmic across the
entire current range, whereas at low temperatures (for example at 130 K), the
behaviour is only ohmic for currents of less than ~ 20 nA. It is interesting to
consider what may cause the sudden change in d1/dV in the low temperature
measurements. This is discussed in the following section.

4.2.3.1 Si(111)(7x7)

The results of the measurements on Si(111)(7x7) are shown in figure 4.13.
Three di erent samples (named A to C) are compared; the samples are p—type
with nominal resistivities of A; 190 Q cm, B; 30 Q cm and C; 1.3 Q cm.
Samples A and C were measured using the modified 4 point probe chamber
at the University of Aarhus, whilst sample B was measured together with
T. Hansen using the original setup at the Technical University of Denmark,
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Figure 4.13: Results of the measurements on 3 di erent Si(111) sam-
ples, each with the (7x7) reconstructed surface. At low temperatures,
the measurements show a common conductance which is attributed as
being surface conductance whereas at higher temperatures, the measure-
ments reflect the bulk conductivity.
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Kgs. Lyngby. One of the major di erences is that in the original setup, the
sample temperature could only be estimated from the cryostat temperatures,
whereas in the modified setup it could be measured directly using a K-type
thermocouple mounted close to the sample. After mounting the thermocouple,
the sample temperature was recorded as a function of the cryostat temperature
was recorded. The original sample temperature estimation (as described in
[63]) was found to be very inaccurate, but using this new information, a simple
correction could be applied. Thus it should be noted that whilst samples A
and C are plotted against measured temperature, sample B is plotted against
estimated temperature.

The first feature which is apparent is the enormous change in the measured
conductance at around 200 K. In the case of sample C, it is around 5 orders
of magnitude in the temperature range ~ 180 to 230 K. Another interesting
feature is that the 3 samples reach a common low temperature saturation,
whereas at higher temperatures the three measurement series saturate at dif-
ferent conductances. Finally, a closer inspection reveals that both the high
and low temperature saturations have small negative gradients.

A qualitative understanding of these measurements is that the high tem-
perature saturations occur because the measurement is dominated by the bulk
conductivity; at higher temperatures, the conductivity of the space charge
layer is higher, and thus the current can penetrate into the bulk. Conversely,
at lower temperatures, the space charge layer becomes highly resistive, and
thus the current is restricted to the surface. From this explanation, one would
expect the measured room temperature conductance to be related to the bulk
resistivity by equation 4.10, and indeed this is found to be the case. Simi-
larly, one would expect the low temperature conductance to be related to the
surface resistivity by equation 4.7. If this is indeed the case, then this mea-
surement yields the surface resistivity to be ~ 1.1 x 10® Q (which corresponds
to a surface conductivity of ~ 9 x 1072 Q1). This is consistent with the least
conductive estimates reported elsewhere (see subsection 4.2.1.2).

This interpretation is also consistent with the I-V lineshapes shown in
figure 4.12, in which the low temperature measurements are seen to only
exhibit ohmic behaviour over a small current range. Although the reason for
this cannot be given definitively, one could suppose that the maximum current
that can be passed through the surface is much less than for the bulk, and
thus only the surface dominated measurements display non-ohmic behaviour.
Another interpretation could be that the mode of conductivity changes in the
presence of a su ciently strong field: The observed threshold current in figure
4.12 corresponds a potential of ~ 15 V. Since this is applied over 10 pum of
the surface, it produces a very strong field in this region of the surface and
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thus it could be responsible for the observed change in conductance.

One way to classify the surface conductivity as metallic or non-metallic
is to compare the absolute value of the conductivity to the minimum metal-
lic conduction in two dimensions following the lo e-Regel criterion (3.8 x
105 Q1) [111, 178]. According to this comparison, Si(111)(7x7) would be
classified as a ”bad metal”. This would also be consistent with the NMR study
conducted by Schillinger et al., which suggested that the surface is close to a
Mott-Hubbard metal-insulator transition [107].

In order to interpret our measurements further, it is necessary to have
a better understanding of the temperature dependance of the space charge
layer conductivity, and how this a ects the measured conductance. Such an
understanding requires a numerical model, and this is discussed in section 4.3.

The slight negative gradients in the high- and low-temperature saturations
are attributed to the thermal decrease in carrier mobility due to increased
phonon scattering. This is commonly seen in metals, but usually in a semi-
conductor, the thermal increase in the carrier density outweighs this e ect.
However, when the measurements are made in a temperature region in which
there is no strong change in the bulk carrier density, the temperature de-
pendance of the mobility dominates the gradient at saturation. This is also
demonstrated using the model presented in section 4.3.

4.2.3.2 Si(111) with Silver Islands

The results of the measurements on an Ag film on Si(111) are shown in figure
4.14. The substrate used is p—type doped with a resistivity of 190 Q cm (i.e.
it is sample A from the previous section). As a comparison, the measurements
of sample A with the clean (7x7) surface are also plotted.

The most apparent di erence between these measurements is that the
Ag island film does not show the strong temperature dependence that was
apparent for the (7x7) surfaces. Also, a similar small negative gradient is
observed.

Again, these measurements are not simple to understand without applying
the model discussed in chapter 4.3. However, a qualitative understanding is
that the small amount of Ag deposited onto the surface has increased the sur-
face conductivity by around 5 orders of magnitude, and thus the measurement
is always dominated by the surface conductivity.

4.2.3.3 Si(111)(vV3 x V3)Ag

The results of the measurements on the Si(111)(v/3 x v/3)Ag surface are shown
in figure 4.15. The measurements are carried out on sample A (i.e. p—type
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Figure 4.14: Results of the measurements on “sample A” after the
deposition of silver. As a comparison, the measurements on the clean
Si(111)(7x7) surface of ”sample A” are also plotted. Whilst the clean
surface shows an interesting transition at around 200 K, the measure-
ments on the silver coverage show a gentle decrease in conductance with
temperature.
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Figure 4.15: Measurements of the Si(111)(v/3 x v/3)Ag surface. Unlike
the measurements on the other surfaces, the transition temperature and
surface conductivity are not exactly reproducible, but the general trend
of a sharp transition is always seen.

doped with a resistivity of 190 Q cm).

In figure 4.15 strong transitions, reminiscent of those seen in figure 4.13,
are observable. However, a closer inspection reveals that neither saturation
corresponds to the bulk resistivity, the transition is over a much smaller tem-
perature range and the low temperature saturation does not have the charac-
teristic small negative gradient that is seen in all of the other measurements.
Therefore the observed transition on this surface cannot be understood in the
same way as the (7x7) surface.

In this case, as with the Ag island deposition, the measured conductivity
is thought to always be surface dominated. Therefore, it appears that the
observed transition is due to a change in the surface conductivity caused
by the surface phase transition discussed previously. The room temperature
conductance corresponds to a surface conductivity of (6.1 £ 0.3) x 10~* Q!
which is comparable to that found by Hasegawa et al. in reference [148]

Additionally, it is seen that these measurements, unlike the measurements
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Conductivity (Q~') | Conductivity (Q~1)
Preparation Lower limit Upper limit
”Preparation 1” 2x1077 6x10~7
”Preparation 2” 1.5x10°8 3x1078
”Step free” 6x10~° 1.1x10°8

Table 4.1: Results of the measurements on stepped Si(111)(7x7) sur-
faces. The upper and lower limits of the surface conductivity in the
temperature range 100 K to 160 K for each of the preparations

of other surfaces, are di cult to reproduce exactly. The actual value of the
surface conductivity for each phase, and the temperature of the transition
appears to be very sensitive to the surface preparation. Perhaps this can be
attributed to the role of additional Ag adatoms, since it has been shown that
the pinning of the Fermi level at the surface (and hence the band bending)
depends on the number of extra adatoms, and, more directly, it has been
proposed that the extra adatoms act to electron dope the surface.

4.2.3.4 Vicinal Surfaces

Low temperature (and therefore surface sensitive) measurements were made
on vicinal Si(111)(7x7). The results are shown in table 4.1, and it can be seen
that the surface conductivity after ”preparation 1” (i.e with an enhanced step
density) is increased by about an order of magnitude relative to ”preparation
2”. Similarly, the surface conductivity after ”preparation 2” is increased by
about x2 relative to that of the nominally flat surface.

This indicates that the step edges have a higher conductivity than the
terraces, although the e ect is not especially strong since the observed increase
in conductance of ~ x10 after ”preparation 1” corresponds to a step density
of =~ 30 steps per um. Thus, for a four point probe with a probe spacing of
10 pm, this corresponds to ~ 300 steps between adjacent probes.

In order to estimate the conductivity of a single step, a numerical model
is required. This is described in section 4.3

No previous reports of the conductivity of monatomic Si(111)(7 x 7) steps
could be found. However, a study of the conductivity of Si(111)(v/3 x v/3)Ag
steps [151] concludes that the step edges decrease the conductivity of the
surface, and a study a large step bunch on Si(111)(7 x 7) by S. Hasegawa et
al. [174] also concludes that the conductivity is reduced by steps, but neither
of these studies can be fairly compared with our result.

For our surface, the conductivity in the absence of steps has been shown to

68



be very low. It is plausible that the additional dangling bonds expected at the
step edges are a source of additional carriers and thus act to dope the surface.
Therefore it is not especially surprising that the conductivity is improved.

4.2.4 Conclusions

In conclusion, the conductance measurements on the Si(111) surfaces show
some interesting e ects. Firstly, the (7x7) surface shows a transition from
surface dominated to bulk dominated conductance as the temperature is in-
creased. The (v/3 x v/3)Ag measurements are interpreted in terms of surface
phase transition, and the percolated Ag island surface shows simple metallic
surface conductance. Finally, measurements of vicinal surfaces show that the
conductivity is enhanced by additional steps.

In order to understand the results quantitatively, a numerical simulation
of the contribution from the space-charge layer and bulk is required. This is
discussed in the following section.
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4.3 Understanding the Measurements of Si(111)
Surfaces

4.3.1 Introduction

In order to understand the experimental results, some modeling is required.
Initially, the model of the growth of Ag on Si(111) is presented, along with
a comparison to the experimental LEED pattern. Following this, models for
the band-bending in Si(111) surfaces, and the resulting simulations of the
measured conductivity are discussed.

4.3.2 The Models
4.3.2.1 Silver Islands on Si(111)(7x7)

The growth mode of Ag on Si(111) at room temperature is a little complex.
Theoretical and experimental studies were discussed in section 4.2.1.4. In
summary, it was found that Ag forms islands with a preferential height of
~ 5 atomic layers which gradually increase in surface coverage beyond the
percolation threshold until the entire surface is covered with 5 or more atomic
layers. Although this growth mode has some apparent similarities to Stranski-
Krastanov, it is significantly di erent.

The growth is modeled using an atom by atom” approach. An initial
contact site is selected using a Monte-Carlo approach, the atom can either a)
stick at this site, b) desorb or ¢) di use to a neighbouring site and the selection
is made on the grounds of a probability which is assigned according to the
potential number of new bonds and the bond enthalpies. In case c), the atom
moves to a neighbouring site and then the 3 possible options are re-assessed
and the loop is repeated until the atom eventually sticks or desorbs. The
direction of the di usive motion is chosen randomly. A schematic diagram of
this model is shown in figure 4.16.

The model requires several parameters to be known; the Ag-Ag bond en-
thalpy, the Ag-Si bond enthalpy and the di usion coe cient. However, it was
found that the growth mode was only sensitive to the ratio of the Ag-Ag to
Ag-Si bond enthalpy, and this was estimated by comparing the outcome of
the model with the available experimental measurements.

Figure 4.17 shows some results from the model. The left hand panels
show simulated STM images for four coverages, and the lower right hand
panel shows the distribution of island heights for each coverage. The nomi-
nal 3 monolayer coverage is slightly beyond the percolation threshold and is
comparable to the measured surface of ref [158] which is shown in figure 4.6.

70



Start

) 4

Y » Take a new atom and select the contact site

Y
Calculate bonding probability <€ A

) 4

Select:

a) stick here b) desorb c¢) diffuse to a neighbouring site

| | |
l \ v )
Add 1 to Add 0 to
coverage coverage

—

Repeat until correct coverage is
<«

reached.

End

Figure 4.16: Schematic diagram of the Ag growth model. The number
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repeated until the desired coverage is reached.

71



0 2 4
Height (a.u.)
o 11 ML
Q\_
o
R
<
o
- 112 ML
C\_
g
3 ]
8 -
C
s el I T
c o
é 3 ML
. B
g
Q
o\o_l 1
o
o 1/4 ML
<
g
0]
S {1 |
o T T T Tt T 7
0 2 4
Height (a.u.)

Figure 4.17: Model of the Ag growth during deposition at room tem-
perature. The images in the left hand column show simulated STM
images throughout the deposition. The figures on the right hand side
show the distribution of heights taken from the simulated images. The
3 monolayer coverage is comparable to the measured STM image and
height distribution shown in figure 4.6.
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The next step is to compare the results of the model with the available
measurements from the actual deposition process: The deposition was car-
ried out in front of the LEED screen, thus it was possible to make real-time
measurements of the LEED pattern. Using a constant screen voltage, lens
voltages, emission and so forth, the changes in the observed LEED pattern
are only dependent on the deposition, thus a constant electron energy of 60 eV
was selected (since this allows the first order Si(111) and Ag(111) spots to be
seen), and the LEED pattern was photographed throughout the deposition.
Unfortunately, the light emitted from the evapourator increased the back-
ground intensity of the LEED screen, therefore it was necessary to heat the
evaporator using pulsed heating, and to synchronise the photography such
that photographs were made between pulses. This was relatively simple to
achieve once a digital camera was found that could be easily controlled from
a remote computer. The LEED spot intensities were then estimated by inte-
grating the intensity recorded by each pixel on the camera over a circular area
around each spot. By repeating this process for a similar circle that was close
to (but not enclosing) a spot, the background was estimated. The results are
shown in the upper panel of figure 4.18.

From the model of the Ag/Si surface, a simulated LEED pattern can be
made. The intensity of the Si(7x7) spots was simply estimated as being pro-
portional to the area of the surface with no absorbed Ag. To estimate the
intensity of the Ag(1x1) and Si(1x1) spots, some further assumptions are re-
quired: The electrons which contribute to the Si(1x1) spots are assumed to
be attenuated by passing through an overlayer following Beer’s law. It was
also assumed that the Ag overlayer forms following the Ag(111)(1x1) crys-
tal structure, thus the Ag(1x1) spot intensity is estimated by considering the
proportion of the surface which is covered, and the thickness of the coverage -
using a geometric sum term to model the attenuation of the deeper Ag layers.
The results of his model are shown in the lower panel of figure 4.18.

By comparing the two panels of figure 4.18, two inferences can be drawn;
a) the model fits the measured data surprising well, and thus we can assume
that the model provides a reasonable description of the surface and b) the
model can be used to provide an approximate calibration of the evaporator.
Thus it was estimated that the evaporator produces a 1 monolayer coverage
in approximately 40 to 50 seconds.

For the measurements presented in figure 4.14, a surface comprising of a
percolating network of islands was required. In the above models, the percola-
tion threshold was found to be at ~ 2.5 monolayers, thus a nominal coverage
of ~ 3.0 + 0.5 monolayers was made by depositing for 135 seconds.

The final step in this model is to estimate the conductivity of the Ag film.
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Figure 4.18: Graphs of the LEED intensity as a function of coverage.
In the upper panel, the measured LEED spot intensities are plotted
against the deposition time and in the lower panel, the simulated LEED
intensity versus coverage is plotted. By comparison of the two, the
accuracy of the model can be judged, and the evaporation rate can be
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Figure 4.19: Graph to show the modeled and measured conductivity
of the Si(111) surface after the deposition of a nominal 3 monolayer
coverage of Ag. Although the model and measurements di er by about
an order of magnitude, the temperature dependence is small in both
cases, and is not dissimilar.

In order to produce a realistic model, a number of complex factors have to be
considered, namely the quantum size e ects which are known to occur in such
thin films and the parameters of the percolating network. However, a much
simpler but less accurate model can be made by assuming the film already
displays the bulk properties, and that it is a uniform 3 monolayer thick layer.
Both of these assumptions are inaccurate and will result in the conductivity
of the film being overestimated, however this should provide a rough estimate.

The temperature dependent bulk properties of silver have been well studied
[166]. Using the temperature dependent conductivity from this reference, it
is straightforward to simulate the 4 point probe measurement. The results of
this estimation, as well as the actual measured data are shown in figure 4.19.

From figure 4.19 it is clear that the model overestimates the conductance
by about an order of magnitude. This is to be expected because of the as-
sumptions made in modeling the film. However, it is interesting to note that
the temperature dependence of the conductivity is reasonably well described
by the model. This indicates that the film has ”metallic” behaviour in the
sense that the temperature dependent conductivity is governed by changes in
the mean free path.

Finally, both the model and the measurement show that the conductivity
is several orders of magnitude higher than the bulk conductivity of “sample
A”, thus the measurement is surface dominated at all temperatures in the
studied range.
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4.3.2.2 Understanding the Space Charge Region

In the previous section, modeling the conductance was relatively simple since
the surface always dominated the measurement and thus the bulk and space
charge layer contributions could be ignored. For the other surfaces studied,
this is not necessarily the case. Therefore, in order to understand the mea-
surements, a model of the temperature dependent conductance of the space
charge layer and bulk is required.

The magnitude of the band bending at the surface (V,) can be found
experimentally; using a technique such as ARUPS, the pinning of the Fermi
level at the surface (E,y) can be estimated from measurements of the binding
energy of the Valence Band Maximum (VBM). The position of the Fermi level
in the bulk, relative to the VBM can be calculated when the bulk properties
of the semiconductor are known. It is more usual to refer to the bulk Fermi
position relative to the position of the intrinsic level (E;), and this potential is
known as @,. Since @, is temperature dependent, so too is the magnitude of the
band bending. This is shown schematically in figure 4.20 for the Si(111)(7x7)
surface and the weakly doped p-type bulk of “Sample A”.
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a) Si(111)(7x7) p-type at 100 K. b) Si(111)(7x7) p-type at 300 K.

Figure 4.20: Schematic illustration of the band bending at the
Si(111)(7x7) surface. The band bending at low temperature (left hand
panel) is more pronounced than at higher temperatures (right hand
panel) since the Fermi level in the bulk is pinned closer to the valence
band maximum. In both cases the space charge region consists of a weak
inversion layer.

From reference [179], the Fermi level at the surface is found to be pinned
by a surface state at 0.65 eV above the VBM. From reference [180], @, is
found to be 0.49 eV at 100 K and 0.23 eV at 300 K. E; is found to be very
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close to mid-gap for this weakly doped sample, thus E; = 0.57 eV. From these
estimates, it is straightforward to show that the band bending at the surface
(V) is 0.57 eV at 100 K and 0.31 eV at 300 K. This means that the space
charge layer consists primarily of a region of strong hole depletion, and close
to the surface it is weakly inverted (that is, that the intrinsic level of forced
below the Fermi level), and thus the space charge layer close to the surface is
a region of weak electron accumulation.

From such arguments, one can qualitatively say that the space charge layer
will be poorly conducting for this system. The small region of electron accu-
mulation will locally have an enhanced conductivity, however, in combination
with the hole depletion region, it is e ectively a PN junction to currents pass-
ing from the bulk to the surface. Furthermore, it is clear that the strength of
the band bending is temperature dependent, and so too is the mobility of the
carriers. Thus, one can see that the temperature dependent conductivity of
the space charge layer needs to be considered quantitatively. In order to do
this, the carrier densities (n and p) and mobilities (i, and p,) as a function
of depth (z) and temperature (T) are required, since the conductivity is given

by:

0(z,T) =e(U(z, TN, T) + (2, T)p(z, T)) (4.17)

The number of carriers is given by:

Nz, T) = ny(T)exp <%> (4.18)
0.7y = piMerp (1) @19

where n, and p, are the bulk values of n and p, and V is the strength of the
band bending.

At this point, one can see that the values of n and p will change by many
orders of magnitude because of the exponential dependence on V and T. By
comparison, the mobilities p,, and p, will only change (relative to the bulk)
by a numerical factor - in this case ~ x2 (see reference [111] and figure 14
therein). Thus, although such a change is not normally considered negligible,
in comparison with the change in n and p it is. Therefore, the model can be
simplified by assuming p,, = Y, (bulk) = constant and p, = pW,(bulk) = con-
stant.

From equations 4.17, 4.18 and 4.19, one can see that the conductivity can
be estimated using only the fundamental properties of the semiconductor,
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provided that V (z, T) is known. V (z, T) can be estimated from the following
expression:

1
5 (4.20)
v 2\/ (chut) —ytanhu, — 1)
where u, and v are the so-called reduced potentials:
€0y
4.21
U, = kT ( )
eV
= 4.22
kT (4.22)
and L is the Debye length:
kT
L=,/—2 4.23
e?(n +p) (4.23)

from references [181] and [111].

Unfortunately, there is no general analytical solution to equation 4.20,
therefore it must be solved numerically. This is carried out using a MathCad
script from which V (z) is found for a given system. From this, it is straightfor-
ward to estimate the conductivity throughout the space-charge layer. Figure
4.21 shows the solution for ”Sample A” with the (7x7) reconstructed surface
for temperatures in the range 100 K to 300 K.

From figure 4.21, it can be seen that the carrier density changes by sev-
eral orders of magnitude across the space charge region. By comparison, the
change in the carrier mobility is insignificant.

A similar calculation can also be carried out for the (v/3 x v/3) surface;
figure 4.22 shows a schematic band diagram for this surface on the substrate
of ”sample A”. There are two important di erences from the (7x7) surface;
firstly the band bending is much weaker since the surface state pins the Fermi
level closer to the VBM, and secondly, there is a much greater uncertainty since
a significant spread of values for E,; has been reported [127, 131, 143, 145].
Perhaps the reason for this uncertainty is that the position of the surface
state is strongly dependent on the coverage; from ref [145], it can be seen
that as the Ag coverage is increased from 1.00 atomic layers to 1.09 atomic
layers, E,; shifts form 0.19 eV to 0.30 eV. However, in reference [131] E,; is
reported as shifting from 0.08 eV to maximum of 0.26 eV (at a coverage of
1.022 monolayers) and then reducing again for further increases in coverage.
In figure 4.22, the Fermi level is assumed to be pinned at 0.08 eV above
the VBM and thus the space charge region at 100 K is depicted as weakly
depleted, however, by considering the uncertainty in E,;, the band bending
could in fact be weakly accumulating.
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Figure 4.21: A numerical solution of equation 4.20 for ”sample A”
with the (7x7) reconstructed surface at a range of temperatures. The
left hand panel shows the band bending as a function of depth whilst
the right hand panel shows the hole densities.
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Figure 4.22: Schematic illustration of the band bending for (v/3 x
v/3)Ag (1 monolayer coverage) at 100 K. Although there is some uncer-
tainty regarding the pinning of the Fermi level at the surface, the band
bending is weak compared to that of the (7 x 7) surface.

79



Once, the parameters of the band diagram are known, equation 4.20 can be
solved for this surface and the temperature dependent conductivity estimated.
Since there is a large uncertainty in V,, a large uncertainty in the conductivity
is also expected.

To summarise; the temperature dependent conductivity throughout the
space charge layer has been calculated. For the (7 x 7) surface, the space
charge layer consists primarily of a hole-depletion region, but close to the
surface weak inversion is seen. For the (v/3 x v/3) surface, thus situation is
not so certain; the relatively large uncertainty in the pinning of the Fermi
level at the surface means that the space charge layer may be exhibit weak
hole-depletion or weak electron-accumulation. In any case, it is clear that the
band bending is much less severe than for the (7 x 7) surface.

4.3.2.3 The Bulk and Space Charge Contributions to the Measured
Conductance

Now that the conductivity throughout the space charge layer has been es-
timated, the question of the significance of the bulk and space charge layer
contributions to the measured conductivity can be addressed.

In section 4.1.2.3, Poisson’s equation could be solved analytically for isotropic
surface and bulk cases. For a varying conductivity (such as in the space
charge layer), an analytical solution does not exist, thus a numerical model is
required:

First, the sample is modeled as a semi-infinite 3D array of elemental boxes.
Each elemental unit represents a su ciently small piece of the sample that
the potential drop within the unit is negligible, and thus can be treated as
constant. Each element is assigned a conductivity based on its depth from the
surface, using the conductivities estimated in the previous section. The con-
servation equation used previously (equation 4.1) can be written in cartesian

coordinates as:
d [ 09 a [ 99 0 ( 00 _
0x <Gax> MY <Gay> "oz <Gaz> =0 (4.24)

this can then be approximated as:
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Using an iterative procedure, the elements in contact with the current carrying
probes are assigned constant potentials (in this case +1 V and -1 V) and
potentials of the other elements can be estimated. The iterations are repeated
until the potentials converge to a solution.

Since all variables use S.l. units, the current in amperes can now be cal-
culated at each elemental boundary by considering the di erence in potential
between the two neighbouring elements, their conductivity and the area of
touching face of the elemental unit. For example, the current (I, .) flow-
ing between two elements which are neighbours in the x direction, located at
(X,¥,2) and (X +dx,y, 2) is given by:

I:Jc,y,z = (Vm,y,z - Vm+5m,y,z)0x,y,z% (426)
where dydz is the area of the elemental unit in the plane perpendicular to the
x direction, and dx is the spacing of the elemental units in the x direction.

By integrating the current over a surface (S) which encloses one of the
current sources, the total current can be estimated. Since the potential of the
current source was set at a fixed potential, the simulated 4 point resistance is
given simply as:

_Va—Vy
dpp — Yol
where V; and Vs are the potentials at the positions of the 2nd and 3rd probes,
respectively.

Now, the bulk and space-charge layer contributions to the measured con-
ductance can be estimated as a function of temperature and surface Fermi-
level position. This is presented in the following section

(4.27)

4.3.3 Results: Modeling the Conductance

Using the models presented above, the measured 4 point probe conductance
can be simulated. The bulk and space charge layer contributions can be
estimated using only the fundamental parameters of the sample. However,
a in order to include the surface contribution, a semi-empirical approach is
required.

4.3.3.1 Si(111)(7x7)

The results of the simulations for ”Sample A” with the (7x7) reconstructed
surface, along with the corresponding experimental data, are shown in figure
4.23. Additionally, a simple model which only includes the bulk contribution
is included. This is discussed later in this section.
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As discussed in section 4.2.3.1, the low temperature saturation of the mea-
sured data is assumed to be due to the surface contribution dominating the
conductance. Thus a value for the surface conductivity has been extracted
from the measured data and included in the semi-empirical model.

From figure 4.23, it can be seen that there is quite good agreement between
the model and the measured data. The high and low temperature saturations
are reproduced, and so too is the sharp transition at around 200 K. In the
model, a dramatic decrease in the conductance of the space charge layer is
seen, and this confirms the validity of the assumption that the lower saturation
is cause by the surface conductance dominating the measurement. However,
there are also some notable di erences between the model and the experiment.
First, the transition is much steeper than the model shows, and secondly, the
slight negative gradients in the high and low temperature saturations are not
reproduced.

The sharpness of the transition is probably underestimated in the model
since a number of oversimplifications are made - for example, the tempera-
ture dependence of the mobility is ignored. In section 4.2.3.1, it was suggested
that the slight negative gradient arises from the increase in phonon interac-
tions at elevated temperatures. It is therefore not surprising that the model
fails to replicate this since the carrier mobility was taken to be constant in
order to simplify the calculations. However, it is worth investigating this in a
little more detail because this negative gradient in the conductivity is some-
what counter-intuitive since it is commonly accepted that, although a negative
gradient may occur in metals, in semiconductors the thermal increase in the
number of carriers will always result in a positive gradient in the conductivity.

In this case, this is simply not true. In the temperature range 100 K to
300 K, the number of carriers in the bulk is almost constant - in fact the
number varies by less than 1 % across this range. Qualitatively, this can
be understood as being the temperature range in which all of the extrinsic
carriers have been excited, but in which none of the intrinsic carriers have been
excited. Using ref [180], it is straightforward to calculate the carrier density
for this sample. This has been carried out, and the results are plotted in figure
4.24. In addition to this, the change in the bulk carrier mobility is also plotted.
Although this was taken to be constant relative to the change in the number of
carriers in the space charge region, in the high temperature saturation it is the
only significant factor and therefore it dominates the temperature dependance
of the conductivity in this temperature range.

Using these estimations for the carrier density and mobility, it is straight-
forward to simulate the bulk conductance - that is, the conductance that one
would expect to measure if the measurement was bulk dominated. This is
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Figure 4.23: Graph to show the modeled and measured conductances
of the Si(111)(7x7) surface, space charge (SC) layer and bulk. At higher
temperatures, the measured conductance (red data points and red dot-
ted line) is close to that of the modeled bulk contribution (solid black
line), but as the temperature decreases, the space charge layer becomes
increasing insulating until the measured conductance becomes domi-
nated by the surface component. The model which includes the bulk
and space charge layer is depicted by a solid green line and the semi-
empirical model which also includes the surface contribution is depicted
by a solid blue line.
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Figure 4.24: Model of the temperature dependance of the carrier den-
sity (left hand panel) and the mobility (right hand panel) in the bulk of
sample A. The models on which this calculations are based are described
in ref [180].

shown in figure 4.23, and is seen to accurate describe the high temperature
measurements.

Finally, it can be noted that the low temperature saturation has a similar
negative gradient to that of the high temperature measurements. Although it
is not straightforward to calculate the carrier density and mobility at the sur-
face, it could be assumed that the dominating mechanism here is the thermal
increase in phonons, rather than any thermal change in the carrier density -
exactly analogous to the bulk case.

The final step is to incorporate the surface state conductance into the
model. This has been left out thus far because the bulk and space charge
layers can be modeled using only the fundamental properties of the sample
whereas the present understanding of surface transport phenomena does not
allow a similar approach to be made for the surface conductance. Therefore
the surface conductance requires an empirical approach:

From section 4.2.3.1 and in particular figure 4.13, it was inferred from the
low temperature measurements that the surface conductivity of Si(111)(7x7)
was 9 x 1072 Q~1. This can now be incorporated into the surface layer of the
3D numerical model.

Images of current density which were calculated using the above model
are presented in figure 4.25. The left hand panels depict Sample A with the
Si(111)(7x7) surface reconstruction at 100 K. The right hand panels depict
the same sample and surface but at 300 K
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In this case, the model comprises cubic elemental units of side length
1 um, and su cient elements are included such that the current density at
the boundaries is insignificant. 100 iterations were required for convergence,
and this took approximately 10 hours to process.

Qualitatively, it can been seen from the images presented in figure 4.25
that the current density is confined to the surface layers at low temperature,
but penetrates further into the bulk at higher temperatures. As discussed
previously, this is not surprising since the space charge layer is much more
conductive at higher temperatures, and thus the current can pass into the
more conductive bulk.

4.3.3.2 Si(111)(V3 x V3)Ag

The modeling procedure was repeated for the Si(111)(v/3 x v/3)Ag samples. In
this case, there is more uncertainty in the model since the pinning of the Fermi
level at the surface is unclear. Although this results in larger uncertainties
in the modeled conductances, the general trend is the same regardless of the
estimation of E,; used. Therefore, it is still interesting to apply the model.

Using a mid-range estimate of E;; = 0.26 eV from ref [145], the space
charge layer is found to be a relatively weak hole-depletion layer at low tem-
peratures and a weak hole-accumulation layer at room temperature. A quan-
titative estimate of the 4 point conductance from the numerical 3D model
presented previously is plotted in figure 4.26.

From the figure, it is clear that there is no agreement between the model
and the measured data. The space charge layer and bulk conductance is
almost always significantly less than the measured conductance - especially at
high and low temperatures. The model was repeated for the available range
of estimates of E,;, and a reasonable fit to the measured conductance could
not be made.

Since the model does not include the surface component of the conduc-
tance, the only simple explanation is that the measured conductance is always
surface dominated, and thus the bulk and space charge layer contributions are
irrelevant. This is not entirely surprising since the same conclusion was drawn
from the surface covered with silver islands in sections 4.2.3.2 and 4.3.2.1, and
the measured conductivities are of similar magnitudes (relative to the bulk
and space charge conductances).

The interesting point now is to ascertain the reason for the observed tran-
sition in the measured conductance. At first glance, this transition appears
to be similar to that seen in the measurements of Si(111)(7x7) shown in fig-
ure 4.13. However, closer inspection reveals that the transition occurs over a
much smaller temperature range, and that there is some interesting structure
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Figure 4.25: Images of current density from the numerical 3D solution
of Poisson’s equation. The upper panels show a cross-section along the
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in the low temperature range. In the measurements of the (7x7) surfaces, the
low temperature measurements follow a simple power dependency within the
bounds of experimental error, but that is not the case here.

These observations are indicative of a surface phase transition. i.e. the
measurements are always surface dominated, but the value of the surface con-
ductance displays a strong temperature dependence. Such a phase transition
has been reported for this surface from a variety of techniques (see section
4.2.1.3), and although the transition temperature and indeed the nature of
the transition is still debated, it is not surprising that it has a dramatic influ-
ence on the surface conductivity.

A further point to consider is that these measurements were found (in
section 4.2.3.3) to be not exactly repeatable. It has been reported that the
properties of the surface are significantly a ected by the addition of Ag atoms
slightly beyond an exact monolayer coverage. Since this is di cult to control
precisely, it is possible that this accounts for the di erences in the measure-
ments. This provides further evidence for the measurements being surface
dominated, and may in fact explain the di erences in surface properties re-
ported elsewhere - namely the room temperature surface conductivity and the
transition temperature from other techniques [121, 122, 131, 148].

There are also many other possible explanations for the di erences in the
reported transition temperature, for example the measured transition temper-
ature is dependent on the technique used: Consider a temperature at which
the surface is partly exhibiting regions of the low and high temperature phases
simultaneously. With a 4 point probe, the measurement depends on which
phase forms a percolating network, whilst electron di raction techniques are
most sensitive to the phase which covers the largest area with a coherent
phase. For example, if the surface is covered equally by HCT and IET do-
mains, then the HCT phase will be seen most predominantly since the IET
domains are divided into two possible geometries (usually named IET+ and
IET-).

4.4 Conclusion

Measurements have been made on several di erent surface preparations of
Si(111). In order to understand these measurements it is necessary to quan-
titatively model the temperature dependent behaviour of the bulk and space
charge regions. Without accurately modeling the behaviour of the space
charge layer, it is di cult - if not impossible - to determine the contribu-
tion of the bulk and space charge layers to the measured conductance. This
may explain some of the disagreement in previous reports of the surface con-
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ductivity of Si(111)(7x7).

The study of the clean (7x7) surface has shown a strong temperature
dependance between 170 K and 230 K. Above this temperature range, the
measured conductance is shown to be dominated by the bulk, whereas in
the low temperature regime, the measured conductance is surface dominated.
Both of the limits have a slight negative gradient which is consistent with the
bulk and surface conductivities being influenced by thermal decreases in the
carrier mobility. The surface conductivity is estimated at 9 x 10~° Q~!, which
indicates that the surface is a poor metal - perhaps close to a metal-insulator
transition.

It has been suggested that steps on the surface could have a dramatic in-
fluence on the surface conductivity. In order to address this, the Si(111)(7 x 7)
surface has been studied with a range on step densities. It was found that the
steps increase the conductivity, with the highest step density (30 monatomic
steps per pm) corresponding to an increase in the surface conductivity of
~ x 50 relative to the nominally step free surface.

The Si(111)(v/3 x v/3) surface has also been studied. Although the temper-
ature dependent conductance is qualitatively similar to that of the (7 x 7) sur-
face, it has been shown that the observed behaviour cannot be due to changes
in the bulk and space charge conductivities. Instead, the observed tempera-
ture dependence is believed to be due to a surface phase transition. The room
temperature surface conductivity is estimated as (6.1+0.3) x 10~* Q~*, which
is in agreement with the previous reports for this surface.

Measurements on a percolating network of silver islands on the Si(111)(7x7)
surface have also been performed. The growth mode and film thickness were
estimated using a simple simulation. The measured conductance of this sur-
face was found to be always surface dominated. Although the conductivity
was found to be around an order of magnitude less than one would expect for
bulk silver, the temperature dependance was found to be similar to that of
bulk silver.
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Chapter 5

Summary and outlook:

5.1 Overview of Present work

The main focus of this project has been on increasing the understanding of
the transport properties of surfaces since this is lacking in the current under-
standing of surface physics. However, attention has also been paid to some of
the factors which influence the surface conductivity such as the geometric and
electronic properties of the surface. The conclusions from the present work
are summarized in the following sections.

5.1.1 The Surface Geometric Structure

In chapter 2, LEED-1V measurements of the Bi(111) surface were presented.
By comparison with calculations, it was shown that the surface structure is
close to that of the truncated bulk, with small temperature dependent relax-
ations in the spacings of the first and second inter-layer distances. Although
these findings are consistent with an intuitive understanding of the surface,
they are in sharp contrast to the enormous relaxations reported previously.

From these measurements, it was also possible to deduce the R.M.S. vibra-
tional amplitudes and their temperature dependance. The agreement between
theory and calculations was excellent.

5.1.2 The Surface Electronic Structure

In chapter 3, ARUPS measurements of the Bi(111) surface were presented. By
considering the spin-split nature of the surface, and by careful temperature
dependent measurements of the Fermi level crossing of the electron pocket,
it has been possible to exclude the existence of the suggested charge density
wave on this surface.
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Careful analysis of the temperature dependent MDC linewidth has allowed
an improved estimation of the electron-phonon mass enhancement parameter
to be made. This was calculated as A = 0.40 4+ 0.05 which is significantly
smaller than the value of A = 2.3 + 0.2 reported by Ast and Hochst [24].

5.1.3 Transport Measurements

In chapter 4, the development of the multi-point probe instrument was dis-
cussed and measurements and models of surface conductivity were presented.
In particular, Si(111) was studied; the characteristic (7x7) reconstructed sur-
face was measured, and the surface conductivity was found to be extremely
poor (around 10~? Q~!, with a weak temperature dependance that was at-
tributed as being due to phonon interactions). This is consistent with the
surface being a very poor metal, or perhaps close to a Mott-Hubbard metal-
insulator transition. At higher temperatures, the measured conductivity un-
dergoes a transition of several orders of magnitude, and by modeling the
behaviour of the space charge region, this was attributed as being due to the
thermally increased conductivity of the hole depletion layer. Thus at high
temperatures, the measured conductivity is consistent with the nominal bulk
conductivity of the sample.

Silver was deposited onto the Si(111) surface. At room temperature, the
silver was found to form a percolating network of islands with a preferred
height of 5 atomic layers. The temperature dependent conductivity of this
film was found to be similar to that of bulk silver, but around an order of
magnitude less.

By annealing the above film, the Si(111)(v/3 x v/3)Ag surface was formed.
The measurements of conductivity were found to be surface dominated across
the studied temperature range (100 to 300 K). The surface conductivity was
found to undergo an interesting transition at around 200 K and this was at-
tributed to the geometric phase transition which has been reported elsewhere.

Vicinally cut Si(111)(7x7) was also studied. The surface conductivity
was found to be enhanced by more than an order of magnitude relative to a
nominally step free surface.

5.2 The Outlook

Meaningful discussions of the future are di cult, therefore this section con-
centrates instead on some preliminary measurements that have been made on
more exotic materials. The materials are of great applied and fundamental
interest, and would be worth considering for future study.
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In addition, some possible practical improvements that could be made in
order to increase the usefulness of the instruments are discussed.

5.2.1 Novel Surfaces for Future Study

Since the technique for studying the surface transport properties is relatively
new, it has so far only been used to perform measurements on fundamental
materials; a semi-conductor and a semi-metal.

Measurements of the electronic structure of more complex materials have
been performed and reveal that it would also be interesting to study the
transport properties of such materials.

5.2.1.1 Bismuth

Although bismuth is considered to be a poor conductor, the bulk resistivity of
1.3 x 1078 Q cm [35] is many orders of magnitude lower than that of a typical
semi-conductor (cf. ”Sample A” which has a bulk resisitivity of 190 Q cm).
This gives rise to several practical challenges. | particular, consider the 1-V
curves from SI(111) shown in figure 4.12. Using a current range of + 500 nA,
the expected voltage change (assuming that the measurement is bulk sensitive)
is~ 4 1x 107V for a 10 pm probe (see quation 4.10).. In the current
set-up, this is significantly smaller than the noise.

In order to reduce this problem, a larger current range can be studied. For
example, using the present setup, the maximum current of + 100 pA would
give a potential change of ~ £ 2 x 1075 V. However, this is still small
relative to the noise and would make it very di cult to see any structure in
the measurements at small currents.

Another approach is to use smaller probes. Decreasing the probe size to
1 pm corresponds to an increase of x10 in the measured resistance. Also,
by using measuring the dependance of the measured resistance on the probe
spacing, it should be possible to see whether the sample is conducting through
the surface or bulk (see equations 4.7 and 4.10).

Preliminary conductivity measurements on the (110) and (111) surfaces
of bismuth have been performed using a 12 point probe. This probe o ers
spacing from 1.5 to 18 um. By statistically reducing the noise as much as
possible, it was possible to show that the measured room temperature con-
ductances showed good agreement with the expected bulk values. The spacing
dependance was also consistent with the measurements being bulk dominated.
Within experimental error, the I-V curves were linear across the entire current
range. The signal to noise ratio was insu cient to allow any further inferences
to be made.
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It would be of great interest to further these measurements using smaller
(and thus more surface sensitive) probes. Attempts to further reduce the
experimental noise are also required. Low temperature measurements would
also be of interest, but these will be even more di cult to perform since the
noise in the measurements has been observed to increase at low temperatures.

5.2.1.2 Organic Semiconductors

Measurements of Si(111) surfaces have already been performed successfully. In
fact, the 4 point probe with its current range of probe spacings appears to be
ideally suited to measurements on semiconducting substrates with interesting
surface modifications. One possibility for future study is into the realm of
organic semiconductor, or more specifically organic semiconducting films on
well studied semiconducting substrates.

It has recently been shown that the details of the substrate and surface
preparation can be used to control the geometric and electronic properties at
such semiconductor interfaces [10, 182, 183][X]. This can be used to select
whether or not a space charge layer exists which can insulate the bulk and
thus select the surface sensitivity of the 4 point probe.

The electronic properties of these semiconductors can commonly be sub-
tly changed by chemical modification. For example, the central metal ion in
the phthalocyanine molecule can be substituted [9][IX] and thus the conduc-
tivity can be changed by up to four orders of magnitude [184]. This makes
them potentially useful in opto-electronic devices such as light emitting diodes
[8][VI11].

The perylene derivates such as PTCDA (Perylene-3,4,9,10-TetraCarboxylic-
3,4,9,10-DiAnhydride) also display similar properties [11][XI], and like the
metal phthalocyanines, they are large planar molecules which can be grown
as ordered thin films. The molecular orientation relative to the substrate
has been shown to be strongly dependent on the surface preparation and
film thickness [185, 186], Thus by carefully controlling the surface prepara-
tion, interesting variations in the geometric structure of the overlayer can be
achieved.

Therefore, since much is already known about the geometric and electronic
properties of these films, it would be interesting to complete the study by
investigating the influence of such modifications on the transport properties.

5.2.1.3 High T. Superconductors

The mechanism of conductivity in superconductors with high critical temper-
atures (T.) remains one of the great unsolved questions in solid state physics.
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Perhaps we can improve our understanding by studying high T, superconduc-
tors in reduced dimensions, and by studying the changes in both the electronic
structure and transport properties at the transition temperature.

In fact several interesting possibilities exist; for example by evapouration,
one can change the dopant concentration at the surface whilst measuring
the transport properties and electronic structure. The question of dopants is
especially interesting; it is generally assumed that increasing the dopant con-
centration not only increases the carrier density, but also results in an increase
in electron-impurity scattering, and thus there is an optimal doping concen-
tration [187]. A similar e ect is seen in semiconductors, and one solution is
to use modulation doping: Although the conductivity close to the overdoped
areas is locally reduced because of the decreased mean free path, the over-
all conductivity is somewhat enhanced because of the additional delocalised
extrinsic carriers.

Another interesting question is that of coherence length; superconductivity
is usually described in terms of Cooper pair conduction, i.e. two carriers
which are coherent over a characteristic length. The smallest 4 point probes
currently available are on a scale comparable to the coherence length of a
Cooper pair, thus it will soon be possible to apply a potential di erence on a
superconducting surface on a lengthscale that is small enough to only a ect
individual carriers. This could help to answer fundamental questions on the
behaviour of individual carriers and on Cooper pair coherence.

One practical problem with conductivity measurements on superconduct-
ing materials is that the bulk conductance may dominate any surface a ects.
Thus, as well as thin superconducting films being of fundamental interest, it
may become necessary to measure on such films grown on poorly conducting
substrates. This requires being able to produce superconducting thin films.
One possibility is MgB,, which is known to be superconducting in the bulk
and has successfully been grown as thin films on the Mg(0001) surface [188].
K5Cg is also a possibility, it can be grown as an ordered thin film on the
Ag(111) surface, and in the bulk it undergoes a superconducting transition at
18 K [189, 190]. This is discussed in more detail in the following section.

5.2.1.4 Potassium Doped Cg4, Films

K,.Cgo Structures present a number of challenges, both theoretically and exper-
imentally: Orientational disorder, temperature dependent phase transitions,
weak molecular interaction, strong electron-phonon interactions and the very
small Brillouin zone have combined e ects which are di cult to distinguish.
Preliminary measurement of the electronic structure of K;Cgy and KgCg
have been carried out. A brief summary of these measurements is given below,
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but a more thorough treatment can be found in references [6][VI] and [7][V11].
Although these films have many similarities, there are also some striking dif-
ferences:

The thin films of K,Cg, were prepared on Ag(111). The films were pre-
pared using the method of ”vacuum distillation” described by Poirier [191].
Although this preparation was quite complex, the K;Cgy and KgCg films were
repeatedly prepared successfully.

Temperature dependent ARUPS measurements of Ks;Cqy have been per-
formed from which several interesting conclusions have been drawn. The
low temperature measurements indicate that the linewidths of the Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Or-
bital (LUMO) features are significantly broader than one would expect from
a one-electron band dispersion, but apart from this, the experimental data
show good agreement with the calculations of Erwin and Pederson [192].
From the temperature dependent linewidths, the electron-phonon mass en-
hancement parameter (A) has been estimated as Apuyno = 1.08 + 0.03 and
Auomo = 1.18 + 0.03 for the LUMO and HOMO features respectively. How-
ever, there is still some uncertainty in the present understanding regarding
the significance of the contribution of the K phonons.

Unlike the insulating KsCqq film, K3Cqq is thought to be a strongly corre-
lated metal [193] and undergoes a superconducting transition at around 18 K
[189, 190]. One of the factors that is believed to govern the transition tem-
perature is the strength of the electron-phonon coupling. In the case of K;Cg
structures, the spectrum of intra-molecular vibrations extends to high energies
(approximately 200 meV), and gives rise to strong electron phonon coupling.
Since the width of the valence and conduction bands is significantly lower
than the Hubbard energy [189, 194], electron correlations are also expected to
influence the transition temperature.

Also in contrast to KsCgg, the calculations and measurements show a large
discrepancy. For example, the dispersion in the F-M-T direction is significantly
less than the predicted value of 200 meV [192], in fact it appears to be about
half of this value. It has also been shown that the electronic structure is
very sensitive to the Cg, orientation, so perhaps a temperature dependent
re-ordering complicates the situation.

In conclusion, both the K3;Cgq, and KgCgq, surfaces are intriguing. Al-
though preliminary measurements of the electronic structure are interesting,
high quality measurements of the electronic structure are still lacking. A
complimenting study of the transport properties of these surfaces may help
to improve the present level of understanding.
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5.2.1.5 Structured Surfaces and Devices

Another interesting application of the 4 point probe, is to directly measure the
conductivity of small scale objects, such as molecular electronic components,
carbon nanotubes and so forth. Although this has already been attempted by
Lin et al. [195] amongst others, the technique is very much still in its infancy.
By improving the lateral repeatability of our 4 point probe position, and by
adding a more powerful microscope - ideally an electron microscope - similar
feats could be attempted with our instrument.

5.2.2 Instrumental Limitations
5.2.2.1 Limitations to the Measurements of Conductivity

One of the major fundamental limitations of the instrument is the probe size.
As probes become smaller, they become more susceptible to mechanical dam-
age, they also become more di cult to resolve optically. The current limit is
a probe spacing of around 1 um since probes significantly smaller than this
would be impossible to resolve with the current microscope. However, such
small probes are also proving di cult to fabricate. The latest developments
are concentrated on monocantilevers with multiple contacts. This alleviates
the problem somewhat since the monocantilevers can be fabricated to be large
enough to resolve, whilst the electrical contacts can become as small as neces-
sary. Such monocantilevers also have significantly more mechanical strength
than the equivalent 4 cantilever probe.

Another significant improvement would be to use instrumental feedback
to control the approach of the probe; the current optical feedback will always
have limitations, whereas instrumental feedback could allow a faster and safer
automatic approach to be made, and would no longer require a microscope.

There will always be a lower limit to the probe spacing that can be
achieved. As shown in equation 4.13, this corresponds to the limit of sur-
face resistance (relative to bulk resistance) that can be measured. Thus, for
superconducting bulk samples, it may become impossible to measure the sur-
face resistance. Perhaps the only solution to this is to increase the resistance
of the bulk - for example by producing the same surface structure on a poorly
conducting substrate.

It is interesting to measure the dependence of the probe orientation relative
to that of the sample. This currently requires similar samples being mounted
at di erent orientations on the sample holder since there is no possibility to
rotate the sample holder in the measuring stage. This always adds some uncer-
tainty since small di erences in the surface preparation could be significant.

96



It would be advantageous to have a rotatable sample stage - especially for
studying structured surfaces.

One of the problems encountered with recent measurements is the issue of
probe misalignment; the probes are easily damaged when there is a di erence
in the horizontal alignment of the probe and the sample. Currently, it is
required to open the chamber in order to correct this, and with smaller samples
it can be very di cult to make a correct alignment. The problem could be
alleviated by making the sample position adjustable in vacuum.

Recent work by Hasegawa et al. [196] has shown that it is interesting to
make real-time measurements whilst the surface is modified (in their case dur-
ing the evaporation of silver). In principle, the same setup could be employed
in our system. For example, this would allow the percolation threshold of
island coverages to be easily seen.

Finally, the ongoing issue of reliability needs to be addressed. The cur-
rent setup requires frequent repairs and modifications. The smaller probes
can be easily broken, and in order to replace them, the chamber must be
opened. After replacing the probe, the sample has been exposed to air and
thus needs to be prepared again. This makes it di cult to make a long series
of measurements using the same probe and surface preparation. This will be-
come increasingly important when measuring on samples which are di cult
to prepare - for example MgB, and K,,Cg.

There are several possible solutions to this problem: For example, making a
probe that can be replaced through a loadlock (such as one finds in commercial
STM systems) would reduce the need for opening the chamber. Alternatively,
having a second chamber in which to store clean samples during venting would
be advantageous. Perhaps the ideal solution is to use a vacuum transfer case
which allows in-vacuum transfer to other chambers since this also increases
the range of sample preparation and diagnostic techniques available.

5.2.2.2 Instrumental Limits in Other Measurements

There is always a need to improve the energy and momentum resolutions in
ARUPS. Whilst the measurements presented in chapter 3 are made with rela-
tively high resolution, there is a need to improve this when studying phenom-
ena which occur on a small energy scales such as electron-phonon coupling.

In these measurements, the experimental resolution is primarily limited by
the spectrometer. However, spectrometers are currently becoming available
with resolutions in the sub-meV range. After upgrading to such a spectrom-
eter, the spacial- and energy- resolutions of the synchrotron light source will
become more significant.

Therefore, an improved spectrometer, light source and perhaps improved
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data processing would allow phenomena on small energy scales, and with small
e ective masses to be probed in more depth.

5.3 Conclusion

In conclusion, measurements of geometric and electronic surface structure
have been made using well established techniques. By comparison with calcu-
lations, some interesting surface properties such as the surface relaxations, vi-
brational amplitudes, Debye temperatures, electron-phonon coupling strengths
and so forth, have been found. The absence of a charge density wave is also
apparent.

Measurements of surface conductivity have also been performed. However
since the technique is less well established, a significant amount of develop-
ment was required. Also, previously reported attempts at similar measure-
ments have su ered from inaccurate interpretation. By modifying the bulk
and surface properties independently, the surface and bulk sensitivity of the
measurements can be observed. A simple model of the surface and shallow
bulk properties was used to confirm these observations. Once the measure-
ments are interpreted, some interesting e ects can been seen; for example
the role of electron-phonon coupling, the doping e ect of step edges and the
influence of geometry altering surface phase transitions.

The combination of such measurements increases our understanding of the
factors which influence surface conductivity. Such measurements could now be
performed on superconducting thin films, or anisotrpic organic semiconductors
in an attempt to improve our understanding of the mechanism of conduction.
This is especially interesting in the case of high T, superconductors since much
is lacking in the current understanding.
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List of Abbreviations

Below is a glossary containing the abbreviations used in this thesis, along with
a definition and the page number where each term is first used.

ADC Analogue to Digital Convertor 43
AES Auger Electron Spectroscopy 6
ARUPS  Angular Resolved Ultra Violet Photoemission 13
Spectroscopy
CDW Charge Density Wave 13
DAC Digital to Analogue Convertor 42
EDC Energy Distribution Curve 17
EELS Electron Energy Loss Spectroscopy 47
FWHM Full Width Half Maximum 18
HCT Honeycomb Chained Triangle 49
HOMO Highest Occupied Molecular Orbital 95
IET In-Equivalent Triangle 49
IPES Inverse Photo-Emission Spectroscopy 16
LEED Low Energy Electron Di raction 5
LEED-IVV Low Energy Electron Di raction - Intensity 6
versus Voltage
LUMO Lowest Unoccupied Molecular Orbital 95
MDC Momentum Distribution Curve 17
NMR Nuclear Magnetic Resonance 47
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SOC
STM
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TSP

VBM

Residual Gas Analysis
Reflection High Energy Electron Di raction
Root Mean Square

Spin Orbit Coupling
Scanning Tunneling Microscopy

Scanning Tunneling Spectroscopy

Transition Electron Microscope
Titanium Sublimation Pump

Valence Band Maximum
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