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Photoemission studies of the electronic structures of
Ag/Ge(111) and Pb/Ge(111)

student : Yu-Mei Chiu Advisors : Dr. Di-Jing Huang

Department ( Institute ) of Electrophysics
National Chiao Tung University

ABSTRACT

The electronic structures -ofithe ultrathinmetal films on the semiconductor
have  Dbeen investigated by high-resolution.angle-resolved photoemission. In
this thesis, the electronic structures of Ag/Ge(111) and of Pb/Ge(111) are
studied. Ag/Ge(111) thin films are prepared at the thickness ranging 5-18
monolayers and the subband dispersions of quantum well states have been
measured by angle-resolved photoemission. The enhanced effective masses of
the subbands for decreasing film thickness have been observed in Ag/Ge(111)
as well as in some other systems from previous studies. We find the in-plane
effective mass at the zone center follows closely a trend as 1/N dependence
where N is the number of the monolayer for thickness. This can be attributed to

a kinetic constraint for standing wave formation governed by a



momentum-dependence phase shift function.

Pb/Ge(111) systems have been the center of interest . The electronic structures

of the Pb/Ge(111) (/" 3 x / 3)R30 “reconstruction were reported. We made a
Pb/Ge(111) (/3 x / 3)R30 “reconstruction surface froma highly-doped

n-type Ge(111), andthe resulting band structures turned out to be quite
different from those in the previous reports. Near the zone center, the surface
state band dispersions reflect the valence band edges of Ge, including the
heavy-hole, light-hole, and split-off hole bands. Both spin-orbit splitting bands
and non-spin-orbital splitting bands:are:ebserved. In addition, a new surface
state band centered at k-bar emerges at: T-=.120 K while no phase transition is

observed from LEED pattern.
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Chapter 1

Introduction

As electronic device miniaturization descends further toward the atomic realm,
quantum mechanical effects become important. Effects resulting from the confine-
ment of electronic structure are called quantum size effects. The films are interesting
in this regard as they are the basic of deviees and have simple geometry to analysis.
The films can exhibit an electronie structure markedly different from the bulk coun-
terpart. When the thickness of-the films decreases, the system can be considered as
a quantum well and a quantization of the‘electronic'structures perpendicular to the
surface is observed. In a film k% is discrete while k) is continuous. Quantum well
states have a continuous dispersion tramsverse to the film; this band is called the
subband. The in-plane subband dispersion is related to charge transport and other

effects relevant to scientific and device applications.

The fundamental understanding of metal/semiconductor interfaces has been an
important subject in surface science and film growth. Angel-resolved photoemission
is a direct method to probe the band structure of solids. The knowledge of the elec-
tronic band structure of a solid is fundamental to the understanding of its physical

properties.

In the following chapters, the background knowledge of the photoemission spec-
troscopy is introduced in chapter 2. Chapter 3 describes the basic concepts of the
electronic states in thin films. Two systems, Ag/Ge(111) and Pb/Ge(111), are inves-

tigated in this thesis and are described in chapters 4 and 5, respectively. In chapter



4, the increased effective masses of the subbands at the zone center for decreasing
films thickness are discussed. Chapter 5 describes the electronic structures of the
submonolayer Pb film on highly-doped n-type Ge(111) surface. Finally, the results

are summarized in chapter 6.




Chapter 2

Photoemission

2.1 Introduction

Photoemission spectroscopy (PES) is one of the important experimental tech-
niques to measure the electronic structure of solid materials. The technique is based
on the photoelectronic effect which was first observed in 1887 by Heinrich Hertz. In
1905, Albert Einstein explained: thel effect was caused by the absorption of ”quanta
of light”, or ”photon” in modern sense. An electronvabsorbs the energy of a photon;
if its energy is sufficiently enough; it ese¢apes from the material with finite kinetic

energy.

The mean free path of an excited electron is generally short, typically a few
angstroms, therefore photoemission did not become a common method until 60’s
with the advent of ultra high vacuum system. Figure 2.1 gives the mean free path
)\ as a function of their kinetic energy for various materials. X is only the order of A
in the energy range between 10 to 2000 eV. Electrons with kinetic energy 20 - 100
eV having a short mean free path and generally penetrating only a few angstroms

into the material are ideal probes for the surface.

Figure 2.2 exhibits the ingredients of the photoemission experiment. The light
impinges on the sample and excites electrons. The light source can be either a gas
discharge lamp or a synchrotron radiation source. When photons in the ultraviolet

spectral range ( 0-100 eV ) are used, the technique is called UPS ( UV Photoemis-
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Figure 2.1: Electron mean free path as a function of their kinetic energy for various materials [1].
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Figure 2.2: Sketch of a PES experiment. [1]

sion Spectroscopy ) ; with X-ray radiation it is called XPS (X-ray Photoemission
Spectroscopy ) with photon energy > 1000 eV or SXPS (Soft X-ray Photoemission
Spectroscopy ) with photon energy 100 — 1000 eV. The kinetic energies Fy;, and

the wave vector k of the photoelectrons are detected by an energy analyzer.
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Figure 2.3: Tllustration of the three-step model in PES. The three-step model consists of (1)

EVac

EF

photoexcitation of an electron, (2) its travel to the surface and (3) its transmission through the

surface into the vacuum.

2.2 The Photoemission Process

2.2.1 Three-step Model

The most commonly used model for the interpretation of photoemission spectra
in solid is the so-called three-step model, as shown in Fig. 2.3. It is a purely
phenomenological approach, which breaks up the complicated photoemission process

into three steps [2] :

1. Optical excitation of an electron from an initial to a final state within the

crystal.
2. Propagation of the excited electron.

3. Emission of the electron from the solid into vacuum.
Step 1 : Optical excitation of the electron in the solid.

Neglecting the momentum of the photon, the optical excitation is a direct tran-
sition in the reduced zone scheme. The internal energy distribution of photoexcited

electrons Ny, (E, hw) , E being the final kinetic energy and fiw the photon energy,



is given by
N (E, hw) 00 | Myi(ks, kg)| 6 (Ef(g) = Ei(ki) — hw) 8 (E — (Ey(ky))) (2.1)
fi
where E¢(ky) and E;(k;) denote the energy of the final and the initial states respec-
tively. The first delta function imposes energy conservation during the first step
while the second delta function ensures that the energy measured outside the sam-

ple equals the final state energy inside.

|Myi(ki, ky)|? is the the square of transition matrix element of the interaction
operator

. 1 . .

where A represents the vector potential of the incident electromagnetic field and p
is the momentum operator of the electron. The matrix element is evaluated by the
Bloch waves of the initial and final statesinside the crystal. In a first approximation
direct transitions with nearly unchanged Kk are taken into account between the initial

and final Bloch states, that is k;j &k = k.

Step 2 : Transport of the electron.te the surface.

During propagation, some photoexcited electrons may be scattered by plasmons,
phonons or electrons and lose part of their kinetic energy. Such electrons contribute
to the background in the photoemission spectra which is called the secondary back-
ground. They lose the information about their initial electronic level. The dominant
scattering mechanism that reduces the number of photoexcited electron reaching the
surface with £ is the electron-electron interaction. The transport fraction of the

total number of photoexcited electrons can be describe by a coefficient d(FE, k)

d(E, k) ~

~ 2.3
1+ al (2.3)

where « is the optical absorption of light and A the mean free path of electron.
The mean free path is the average distance between collisions of two photoexcited
electrons. Knowing that A is much smaller than a~!, one obtains d(FE,k) — a\

which indicates the transportation without inelastic collision is proportional to the



mean free path.

Step 3 : Escape of the electron into vacuum.

The escaping electrons are those for which the component of the kinetic energy
is sufficient to overcome the surface potential barrier; the other electrons are totally
reflected back into the bulk. The transmission of the photoexcited electron penetrat-
ing the surface into the vacuum requires conservation of its wave vector component
parallel to the surface:

kﬁm = kH + G”; (2.4)

where kﬁx and k|| are the wave vector of the excited electron outside and inside the

crystal respectively, and G is the surface reciprocal lattice vector. Its normal com-

ponent is not conserved since the translation symmetry is broken along the direction

normal to the surface. k" is determined by the energy conservation requirement
72

Buin = 5 Ak RER] € Br - Eve. (2.5)

where Er is the Fermi level and Ey . 1s'the vacuum level. With the work function

¢ = Ev.. — Er and Ep as the binding energy referred to the Fermi level one has
hw=FE; —E; = FEgin+ ¢+ Ep. (2.6)
Transmission through the surface can be described by the transmission rate
T(E,k)é(k| + Gy — k). (2.7)

Therefore, the formula for the external emission current in the three-step model

writes

Lint(E, hw, k[*) o¢ Nis(E, hw)d(E, k)T (E, k)0 (k) + G| — k|*) (2.8)

2.3 Angle-Resolved Photoemission

In angle-resolved photoemission spectroscopy (ARPES) the solid angle of the de-
tector is small which allows exploitation of k-conservation by detection in a narrow
k-interval. The parallel momentum is derived from the measured electron kinetic

energy and its emission angle 6 from the surface normal. For the photon excited



process both energy and momentum are conserved. With equation (2.4), kj® deter-

mined from the known experimental data,

P’lx:sinﬁ\/i—?(hw—EB—gb) = \/%Esine (2.9)

yields the internal wave vector component kj. k7" is determined according to

(2.4) and (2.5) as

h2 h2

However, no information of the k, inside the crystal can be obtained without

2 2
kY = \/ Mg (k) +Gy)? = B cos . (2.10)

a detailed knowledge of electronic band structure for energies above vacuum level
Ev .. and the inner potential. ARPES with high degree of angular resolution makes

possible the experimental determination a dispersion relation E(ky).

In our system, the energy analyzer and the'photon beam are at fixed position. In
order to detect the photoelectrons in different:angles for some symmetric direction,
the sample will be rotated tozchange the azimuthal angle. The definition of the
parameters in an ARPES experiment are-shown in Fig. 2.2, where # is emission
angle and ¢ is incident angle. As:/@.is changed, the angle between the surface and
the light polarization is also changed. The intensity of peaks is proportion to the
matrix element of the interaction operation, shown in (2.1). The intensity of the
detected states is affected since the polarization of the light affects the photoemission

cross section.

2.4 Photoemission Spectra

An energy distribution curve (EDC), consisting of a plot of the photoelectron
count versus electron kinetic energy collected at a specific photon energy and emis-
sion angle, is dominated by a background, a sharp cutoff, and peaks, as shown as
Fig. 2.4. All three primary features must be accounted simultaneously to accurately

fit during analysis.
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Figure 2.4: The schematic of the photoemission spectrum exhibits the typical features including

background, Fermi level, and electron state peak.

The background arises from the inelastically scattered electrons. For valence
spectroscopy the main contribution is a tail of secondary electrons. The background

can be modeled as a polynomial funetion in electron energy.

The cutoff indicates where the Fermi'level of the sample lies. It is not ideally
sharp since the finite temperature effectcause a small number of counts populating
the region above the Fermi level. With the standard Fermi function to fit the cutoff,
the Fermi level Er is determined in kinetic energy. Resetting the origin at the Fermi
level, the photoemission spectrum can be scaled in terms of binding energy. When

Fermi level falls in a semiconductor gap, no cutoff will be observed.

Occupied states, such as core level and valence states, appear as peaks. Core
level states arise from electrons that are tightly bounded and appear at small ki-
netic energy. Valence states arise from electrons that are with weak bonding and

close to the Fermi level.

ARPES is attractive in applications to quasi-2D materials since in this case direct
and complete experimental determination of the band structure becomes possible.

For 2D states like quantum well states or surface states, the final state effect can be



neglected, and the photoemission intensity measured in the detector change to be
Ly(Brin, X)) 0 > < f, Xy | Myili, k; > -Ap(k, E) (2.11)
i7f
where Ap(F) is the spectral function of the hole state which is in the form of a

Lorentzian function

1 [Im (5(k, B)) |
™ [E — By — Re(S(k, E)]” + [Im (X(k, E))]*
|[Im (X(k, E)) | represents the linewidth of the initial hole state and is approxi-

Ap(k, E) = (2.12)

mately given by
|[Im (S(k, E)) | = T(Eg,T) = Tyes + Tep(Ep,T) + 28E% (2.13)

where E'p is the binding energy. The First term I'g.; which represents the contri-
bution from defect scattering is independent of 7" and Ez. The second term which

caused by phonon scattering is

T p(Ep,T) = 2w\ / v (£> [1—f(Ep — B+ 20(E") + f(Ep + E')] dE'

Ep
(2.14)
where the electron-phonon mass enhancement parameter A\ enters as a proportion-
ality constant, Fp is the Debye energy, and f and b are the Fermi-Dirac and Bose-
Einstein distribution function, respectively. The third term is proportion to F%

which is contributed from the electron-electron scattering.

ARPES is particularly suitable for studying many body interaction in 2D systems
since it directly measures the spectral function of hole states given by (2.12). In
practice, the peaks measured in experiment is broadened by thermal effects, sample
disorder, and instrumental resolutions. The spectra are analyzed by fitting to a set
of Voigt peaks superimposed on a smooth background function. The Voigt function
is a convolution of a Lorentzian with a Gaussian function. The Lorentzian function

accounts for lifetime broadening, which is given by

r 1

LED) = g e

(2.15)

10



The instrumental effects can be approximated by a Gaussian function,

1 _E2
G(E,o) = e 202 (2.16)
2o
Thus the formula for Voigt equation is
V(E,o,') = / L(E'\T)G(E — E',0)dE’ (2.17)

2.5 Ultra High Vacuum

From the experimental viewpoint, the preparation of a well-defined and clean
surface, on which surface studies are usually performed, became possible only after
the development of ultra high vacuum (UHV) techniques. UHV conditions are those
with pressures below 107 torr. With a sticking coefficient S = 1, which means that
every molecule or atom impinging on a surface sticks there, one needs an exposure
of approximately 10~¢ torr for one second 4o, obtain a coverage of 1 monolayer on a
surface. At a pressure of 10710 totr it takes.about. 10000 seconds until a coverage of
one monolayer is achieved. Forfunately, for many materials the sticking coefficients
are much smaller than one. The preparation of wellzdefined surfaces with negligible
contamination requires ambient ‘preSsures lower.than 107! torr so that samples re-

main uncontaminated for several hours.

The process of lowering the pressure of a chamber from atmospheric pressure, 760
torr, down to the UHV regime requires different pumping mechanisms. A turbo-
molecular pump starting in the 1072 torr range which are established by a roughing
pump is used to lower the pressure in the chamber down to 10~7 torr. Then a ion
pump is turn on to pump down the the pressure to 107 torr. The pressure could
not be lower since some molecules, mainly water molecules, adsorbed in the inner
wall of the chamber would desorb slowly. To remove the molecules the process of

bake is necessary.

The chamber is warned by several heating tapes and then covered with aluminum
foils to achieve uniform temperature. When the current is applied to the heating

tapes, the chamber will be heated. Note that the baking temperature should be

11



achieved within half a day and each component has different limited baking tem-
perature: 200° for ion pump, 180° for energy analyzer, and 150° for evaporator.
The baking temperature of the main chamber is keep at 150° and other component
are keep at different temperatures to avoid possible damage to the accessories and
instruments. Usually it takes two days to bake in our chamber to achieve a UHV
condition. The degassing procedure should be carried out after bakeout. The cham-
ber will be cooled after half a day and the pressure will be down to 5 x 10719 torr

or better.

2.6 Sources of Photons

Photoemission requires a high-intensity and monochromatic photon source. He-
lium lamps, laser system, X-ray tubes or synchrotron are usually used today, while
helium lamps and laser systems are both lab-based source. The energy emitted by
Helium lamp are at 21.2 and 40.8 ¢V A number. of groups are developing laser sys-
tems for low photon energy either tunable or not [4]. Yet X-ray tubes produce high
energy photons , on the order of 1500 eV, which are-used for core level spectroscopy
for determining the composition of a‘material: They are not well suited to valence
band studies. Synchrotron source'is bright and photon energy is tunable, but the
disadvantage is the limited beamtime. In our experiment, the sources are basically
provided by Helium lamps and synchrotron radiations which are introduced by the

following sections.

2.6.1 Helium Lamp

The operation of the high intensity VUV Source HIS 13 lamp is based on the
principle of a cold cathode capillary discharge. When the potential applied between
the ends of an insulating tube filled with gas is large enough, spontaneous breaking
through occurs leading to a continuous discharge. The ignition potential is larger

than the operating potential to maintain a continuous discharge.

The nature and intensity are strongly dependent on gas pressure and discharge

current [3]. The optimum operational pressure of the lamps for the desired reso-

12
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Figure 2.5: Comparing to the photon erergy of He I @; the photoemission intensity induced by
photon energy He II is weak. Choosing thé region thatino'electron state induced by He I, as shown

in the bottom picture, the electron excited by He IT is observed at 18.83 eV..

nance line has to be determined experimentally. ‘Studies by G. Schonhense and U.
Heinzmann showed that the photon flux-ef the windowless lamp, which is differen-
tially pumped, is dependent on the discharge current and operation pressure. For
the resonance lines of the neutral atoms, such as He I, Ne I, Ar I, Kr I, Xe I, the
optimum operation pressure shows a flat maximum. The photon flux vs. discharge
current shows a saturation characteristic. For the resonance lines of the ionized
gases, such as He II, Ne II, Ar II, Kr II, Xe II, the photon flux is proportional to

the discharge current. Photons yield strongly increases with decreasing pressure.
In this experiment, the He gas is used to provide two different photon energies,

He I and He II. The photon energy provide by He gases is shown in table 2.1. The

main photon energy provided by He is 21.22 eV, He I a. Other photon energies exist

but have weak intensity.

The photon energy of He II is also adopted in many experiments. As shown in

13



Table 2.1: Positions and intensities of He cold cathode discharge lines.

Source  Energy [eV] rel. Intensity

Hel 21.22 100
Help 23.09 1.2
He I~ 23.74 0.5
He IT « 40.81 100
He Il g8 48.37 < 10
He II v 51.02 n.a.

Fig. 2.5, the intensity of the kinetic energy below 17.3eV caused by the He I «
is stronger. Crossing the Fermi edge, some signals emerge. At the kinetic energy
18.83 eV, a small peak appears which is corresponding to one of the Pb 5ds/, core
level. The work function of Pb(111) were measured to be 3.8 eV [5]. By (2.6), the
kinetic energy of electron emission from'dds /s core level, with binding energies 17.9
and 20.6 eV [5], is equal to 40.8 = 3.8 =17.9 = 19-11 and 40.81 — 3.8 —20.6 = 16.41
eV , respectively. Which is consistent with our experiment data, a peak position at
18.83 eV. Yet another core level with-binding energy 20.6 eV is not observed since
its intensity is covered by the signal caused by He I. If the observed kinetic energy
is lager than the Fermi energy corresponding to He I, the photon energy of He II is

also another choice to use.

2.6.2 Synchrotron Radiation

Some of our data were taken at BL21B1 in National Synchrotron Radiation Re-
search Center (NSRRC). This beamline is an undulator beamline with high flux and
high resolution. Synchrotron radiation is light emitted by the electrons undergoing
centripetal acceleration according to EM mechanics. Synchrotron facilities feature a
storage ring where the electrons is bent into a quasi-circular trajectory by magnetic
fields. When electrons are accelerated to travel a nonlinear course, they emit elec-
tromagnetic radiation. Under non-relativistic conditions, the radiation will adhere
to a dipole distribution around the electron, as shown in Fig. 2.6. Whenever elec-
trons moving close to the speed of light, 3 ~ 1, are deflected by a magnetic field,

the radiation converges into a thin beam of radiation tangentially from their path

14
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Figure 2.6: The angular distribution of the produced by electrons undergoing synchrotron radiation
emission for non-relativistic and relativistic case. The radiation will adhere to a dipole distribution
around the electron in the non-relativistic case; the photon is peaked sharply in the direction

tangent to the circular path of the electrons in the relativistic case [1].

due to Lorentz transformation (efféct).

In NSRRC, the electrons are first aceelerated in-the linear accelerator (LINAC)
that boosts the electrons up to-an energy of’50 MeV, and the booster ring then ac-
celerates the electrons to an energy/of:l.5 GeV. The electrons traveling at 99.999995
percent of the speed of light are then guided through a 70-meter-long transport line
and into the storage ring, where electrons with an energy of 1.5 GeV circulate in an
ultra-high-vacuum chamber for several hours. A series of magnets situated around
the ring steer the electrons along circular arcs, and synchrotron radiation is contin-
uously emitted tangentially from the arcs. The emitted light is channeled by the
insertion devices through beamlines to the experimental stations where experiments

are conducted [6].

Insertion devices (wigglers and undulators) comprising rows of magnets with al-
ternating polarity produce brighter synchrotron radiation by causing the beam to
oscillate rapidly. Wigglers cause multiple direction changes in the electron beam
that generate extremely bright white light with short wavelengths; undulators cause

periodic changes in the electron beam’s direction that produce ultra-brilliant, single-

15



wavelength radiation from the resulting interference patterns.

2.7 Energy Analyzer

2.7.1 Electron Detector

SCIENTA 200 is equipped at BL21B1 and SCIENTA R3000 is equipped in our
chamber. The main difference is the energy resolution due to the radius of the hemi-
spherical analyzer and the function of them is the same. Only SCIENTA R3000 is
introduced since it is similar to SCIENTA 200 and the energy resolution is test in

our chamber.

SCIENTA R3000 is a high-resolution energy analyzer for photoemission spec-
troscopy [7]. The schematic overview, of, the system parts are shown in Fig. 2.7.
The electrical potentials applied to the SCIENTA,R3000 may reach up to 1.5 kV by
the high voltage unit. The personal \computer provides instrument control, read-out
and data management. The electron spectrometer consists of three major parts:
electron lens, hemispherical analyzersand detector assembly with a CCD camera.
The multi-element electron lens act as a focusing lens, which were used to collect
and transfer electrons from sample to the slit of the hemispherical analyzer; that
matches the initial kinetic energy (Ejinectic) of the emission electrons to the fixed
pass energy (Epq.ss) as the electrons start to enter the hemispherical analyzer. That
is,

Epass = Fhinetic — ev;’etarding (2-18)
where V,ctarding 1 the retarding potential provided by the electric lens to slow down
the electron. Electron trajectories are bent in a 180° radial electrostatic field in the
analyzer with positive charged inner sphere and negative charged outer sphere, as

shown as Fig. 2.8.

The pass energy is the kinetic energy of the electron at the center of the detected
energy band when it passes through the hemispherical analyzer which also relies on

the voltage difference between the inner and outer spheres. The relationship can
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describe as

(2.19)

R R_
Epass =e (V-i- - V—) ( * >

R R

where Ry (R_) and V, (V_) are the radius and voltage for inner (outer) sphere.

While the analyzer electric field ends at a field termination mesh, the Mulit-
Channel Plates (MCP) pair multiplies each incoming electron about a million times.
This electron pulse is accelerated to the phosphorous screen producing a light flash
detectable by the FireWire CCD camera. The detector area registered by the CCD
camera is a square of over 600 simultaneous energy channels and over 400 channels
in the spatial or angular direction; that is, the MCP/CCD camera detection system
is a 2-D detection system with energy in one direction and spatial or angular infor-
mation in the other direction. It can determine their energy as well as the sample
image or the electron emission angle simultaneously when the lens system were op-

erated in transmission or angular multiplexing imaging modes.

In the transmission mode, the detector records the energy of all the electrons in
a large angular range emitted from each-location atra continuous range of positions
on sample. Angular multiplexing mode is used for ARPES measurements, which
efficiently probe the band structure of solids. In the angular mode, electrons emit-
ted at identical angles are bind together, regardless of the position on the sample of

emission, and the angular resolution will vary with the angular mode chosen.

The energy resolution of the electron spectrometer varies by the entrance slit size,
shape, and the pass energy. Curved slits normally improve the energy resolution
and straight slits achieve a higher count rate. The theoretical energy resolution is

approximated with
SEpass

2R

where s is the slit width and R is the analyzer radius. To achieve the best resolution

AE ~ (2.20)

a narrow curved slit, small pass energy and large analyzer radius should be used,
whereas they give a lower intensity. With the MCP/CCD camera detection system
the intensity scales approximately as \/Ep.ss. As a rule of thumb high pass energy

and small slit gives the best count rate.
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Figure 2.9: The sample and analyzer are grounded to ensure the kinetic energy E};, measured in

analyzer is the same as measured in sample.

The actual photoemission measurement is performed in an energy analyzer in-
stead of vacuum. The kinetic energy F measured in vacuum and FEj;, measured in
an analyzer are not equal for the werk function of sample and analyzer are different.
In experiments, sample and analyzer are grounded. to align their Fermi level to en-
sure that the binding energy hw - (Egim + ¢) in analyzer is the same as hw — (E + ¢)

in sample, shown in Fig. 2.9.

2.7.2 Resolution

The total energy resolution derives from the energy resolutions of the energy

analyzer and of the incident photon beam, given by

AE = \/AE2

photons

+ AFE?

analyzer®

(2.21)

The energy resolution of analyzer is related to the pass energy and slit setting. As
shown in (2.20), lower pass energy and narrow slit increase the energy resolution.
SCIENTA R3000 is equipped with six slits, three curves and three straight slits.
The table 2.2 shows the six different sets of slit-aperture pairs.

The resolution function can be measured at low temperatures. Fig. 2.10 gives a
photoemission spectrum for the energy region around the Fermi energy. This figure

depicts the spectrum measured for Mo and gives an analysis of the data by a Fermi
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Table 2.2: Six modes of slit.

Mode Width (mm) Length (mm)  Shape

1 0.2 20 Straight
2 0.2 20 Curved
3 0.4 20 Curved
4 0.8 20 Curved
5 1.3 20 Straight
6 3.0 20 Straight

Table 2.3: The energy resolution with different modes of slit and pass energy.

Mode Pass energy (eV) AFE (meV)

1 2 95.6
2 2 88.1
3 2 103.4
4 2 119.7
5) 2 126.2
1 5 95.6
2 5 94.6
3 5 104.8
4 ) 113.2
5 ) 133.0

function convoluted with a Gaussian function. The solid line is the Fermi function
at 120 K. The dashed line convoluted the Fermi function with a Gaussian of width
95.6 meV (FWHM), with pass energy 5 and slit mode 1. The full width at half max-
imum (FWHM) of the Gaussian function gives the energy resolution. For different
pass energies and slits, AFE are shown in table 2.3. It is not obvious that the lower
pass energy and narrow slit increase the energy resolution. This may be caused by

the large beam size.
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Figure 2.10: Energy distribution around Fermi level in photoemission spectrum from Mo at 120
K with photon energy 21.2 eV. The energy resolutioiris obtained by convoluting Fermi function

(dashed line) with a Gaussian functionrof widthl95:6' meV.

2.8 Low Energy Electron Diffraction

Low energy electron diffractiofy (LEED) is a standard technique to check the crys-
tallography quality of a surface, prepared either as a clean surface, or in connection
with the ordered adsorbate overlayers. The LEED pattern exhibits sharp spots with
high contrast on low background intensity. Defects or crystallographic imperfections
will broaden the spots and increase the background. Electrons with energy between
10 and 200 eV incident on the surface and the elastically backscattered electrons
give rise to diffraction spots that are imaged on a phosphorous screen. According to
the de Broglie relation, the wavelength of electrons with kinetic energy F is given

by

A=—= , (2.22)

typically in the range of angstroms, where h is Planck’s constant. For electrons
with kinetic energy 20 eV the wavelength is about 2.7 A. The low electron energy

is suited for surface studies since the mean free path in the solid is short enough to

give good surface sensitivity.
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Figure 2.11: Schematic of a LEED optics for electron diffraction experiments [2].

The set up for LEED consists of .amelectron gun to produce an electron beam
and the display system. A typical LEEDmsystem is exhibited in Fig. 2.11. Electrons
emitted from a heated filament-of-the electron gun-unit are accelerated by an elec-
trostatic lens with apertures and incident normally-on the sample. The low energy

electrons are strongly backscattered by the electrons of the surface atoms.

Consider a one-dimensional chain of atoms with an electron beam incident nor-

mally into it. The interference maxima are in the direction given by
asinf = n (2.23)

where a is the distance between the periodically arranged atoms, 6 is the angle
between normal and scattered electrons, and n is an integer number denoting the
order of diffraction. This is a simple model for scattering of electrons by the atoms

in the topmost layer of solid.

In the two-dimensional case, the condition for the occurrence of an elastic Bragg
spot is given by
Ky =k =k =G (2.24)

where K is the scattering vector, k& and k' are the wave vector before and after
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scattering, and G| = hg; + kgs is the 2D surface reciprocal lattice. The wave vec-
tor before scattering is zero since the the electron beam hits the surface at normal
incidence. This simplifies the analysis because the diffraction maxima can be di-
rectly associated with the reciprocal lattice and the diffraction pattern represents
the symmetry of the surface. The diffraction pattern will be an image of the surface

reciprocal lattice. The position of the intensity maxima on the fluorescent screen is

| R, [ 12
thc = Rsm@m = Wk’” =R Zm—E(hgl + /{:92), (2.25)

where R is the distance from the screen to the surface. The distance between recip-

described as

rocal lattice points decreases with the increasing electron beam energy.
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Chapter 3

Surface Systems and Thin Films

3.1 Crystal Lattices and Surface Lattices

Pb and Ag have a face-centered cubic (fcc) lattice. The spacing between crys-
tal plane depends on both the plane orientation and the particular crystal basis.
For the simple fcc crystal with the lattice constant a, the cube diagonal spans four
evenly-spaced planes and so adjacent (L11) planes are separated by a/ V3. The lat-
tice constant of Pb and Ag are 4.95 A and 4.09 A; respectively. As it pertains to
(111) film thickness, the spacing-atomic planes between two adjacent is a/v/3. As for
Ag(111) film, one monolayer is equal t6'2:36 A for Pb(111) film, it is equal to 2.86 A.

A basis is the configuration of the individual constituents within a unit cell.
The diamond structure is regarded as a face-centered cubic lattice with a two-point
basis with one atom at the origin and the other located at the vector position
R = (x +y + 2)/4. The semiconductor Ge has a diamond structure crystal with
lattice constant a = 5.658 A. Successive planes are unevenly spaced along the cube

diagonal with alternate separations of \/§a/ 12 and \/ga/ 3 as shown as Fig. 3.1.

3.1.1 Reciprocal Space

The real fec lattices transform into body-centered cubic (bee) lattices in k-space.
The primitive unit cell about a reciprocal lattice point composed of a region of k-

space that is closer to that point than to any other lattice point is termed the first
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Figure 3.1: (a) The structure of diamond structure [8]. (b) Successive planes which are unevenly
spaced along the cube diagonal produces a series of bilayer in the (111) orientation with alternate

separations of \/ga/12 and \/§a/4.

Brillouin zone. The First Brillouin zone for a bulk fec crystal is shown in Fig. 3.2,

with high symmetry points and directions labeled by letters.

The electronic structure of a periodic solid ¢an be described with band structure.
The band calculation for Pb, Ag, and! Ge-are.performed using the STATIC tight-
binding code which is publicity available from the“Naval Research laboratory and
are presented in Fig. 3.3, where the electron-energies as a function of wave vectors
as are traversed along the high symmetry directions of the crystal Brillouin zone

with the zero energy setting to the Fermi level.

3.1.2 Crystal Surfaces

In a real system, a crystal does not extend to infinity but rather possess a surface.
The surface of a crystal depends on the particular plane that terminates the bulk
lattice. For the (111) surface, the surface exhibits six-fold symmetry, as the set of

< 211 > directions repeats at 60° intervals with the < 111 > directions offset by 30°.

The bulk termination of a crystal surfaces often produces an arrangement of
atoms and bonds. To minimize the energy, the surface atoms configure into a stabi-
lized reconstruction. The reconstruction is expressed in coordinates related to the

periodicity of the underlying bulk terminated plane, specifically in reference to the
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Figure 3.2: First Brillouin zone for a bulk fece crystal [9].

1 x 1 unit surface cell. According to Wood theresis a simple notation for reconstruc-
tions in terms of the ratio of the length=of the primitive translation vectors of the
reconstruction and the unit cell. The notation N (n:x m)R6O° denotes a reconstruc-
tion which has a periodicity of“m bulk units-by m bulk units rotated by 6 degrees
relative to the surface unit cell, where-N..= p or ¢ for primitive or centrad cells,

respectively. One example of reconstruction is the Ge(111)-¢(2 x 8) surface.

The interruption of a crystal lattice by finite boundary condition also alters its
reciprocal lattice and the related electronic structure. The termination produces a
2D surface Brillouin zone (SBZ). The relation between the surface Brillouin zone
and the bulk Brillouin zone for the fec lattices is illustrated in Fig. 3.4, where the
(111) surface Brillouin zone is the projection of the bulk Brillouin zone in the direc-
tion from I' to L. The SBZ is a hexagon with the zone center denoted by T, the zone
boundary corner by K, and the zone boundary edge by M and M’. TK is parallel
to < 110 > and T'M is parallel to < 211 >.

Reconstruction can also be formed by depositing a small amount of atoms to

surface, e.g. Pb on Ge. The Pb atoms on Ge substrates can form different (v/3 x
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Figure 3.3: Band structures for Ag, Pb, and Ge.
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Figure 3.4: Bulk and surface Brillouin zone for a fcc crystal [1].

V/3)R30° reconstructions in the stbmonoelayer regime. Early studies by Métois and
Le Lay using low energy electron diffraction, Auger electron spectroscopy, and scan-
ning electron microscopy found that thé system exhibited the Stranski-Krastanov
growth mode at room temperature [10, T1]." This is confirmed by Ichikawa using
reflection high-energy diffraction [12]713].7 Métois and Le Lay found two different
reconstructions with completion coverage of 1/3 and 1 monolayer (ML) in substrate
units which were labeled by oo and  phase, respectively. The coverage units used are
referred to the Ge(111) unreconstructed substrate: 1 ML = 7.21 x 10* atom/cm? =
one-half of a Ge(111) double layer. Ichikawa found completion coverage of 2/3 and
4/3 ML for these phase. Later, more x-ray diffraction work and dynamical LEED
[-V analysis found a completion coverage of 4/3 ML for 3 phase [14, 15]. In addition
to the o and (3 phases, a completion coverage of 1/6 ML, labeled the ~ phase, were
found by T.-C. Chiang’s group [16].

The general consensus is that the o phase is composed of 1/3 ML Pb atoms
occupying the Ty sites, as shown in Fig. 3.5 (a). T sites are threefold-symmetric
sites located directly above an atom in the second layer. In the 4/3 ML /3 phase,
1/3 Pb atoms are in Hj sites and the remaining 1 ML Pb atoms are in bridge
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Figure 3.5: Structure models for the Pb/Ge(111) system. (a) o phase. (b) 3 phase [17].

sites, between T and T} sites, as shown in Fig. 3.5 (b). This phase consists of a 1
percent compressed, close-packed Pb(111) layer rotated 30° with respect to the Ge
substrate, namely, Pb< 112 > || Ge< 110 >. The occupied bridge sites between T
and T} sites with a small displacement to the VTrlrsirtes are called off-centered (OC) T}
sites [18]. Based on the previoué phetoemission aﬁd STM studies [19], the v phase
consists of an equal number of Pb and Geadatoms 6n the surface, forming a mosaic
phase. The structure model is similar —t'(;oe'ipha'se but half Pb atoms are replaced by

Ge atoms.

3.2 Surface Preparation

3.2.1 Clean Substrate

Sputtering of noble gas ion with subsequent annealing is the most general cleaning
technique for metal surfaces and elemental semiconductors like Si and Ge. Contam-
inants are removed by bombardment with noble gas ions, and subsequent annealing
can remove embedded and adsorbed noble gas so as to recover the surface crystal-
lography. The ion current is produced by electron impact on noble gas atoms and
accelerated by a voltage of few kilovolts towards the sample. The ion current, beam
voltage, times of cycles, sputtering and annealing temperature all depend on the

material and the thickness of the layer to remove. Sample heating can be done by
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Figure 3.6: Photoemission spectroscopy of the clean Ge(111)-¢(2 x 8) surface at normal emission.

resistance heating or electron bombardment heating (EBH).

A clean Ge(111)-¢(2 x 8) surface was prepared by sputtering at a substrate tem-
perature of 500°C followed by amnealing-at, 6005 This procedure generally yields
very sharp ¢(2x8) LEED pattérn. Anothérway to check the cleanness of the surface
is by the photoemission spectrum. ‘As shown in Fig. 3.6, two sharp surface states

labeled by SS and SS’ are the indieator-that the sample is clean [20, 21].

3.2.2 Film Growth

The deposited material can be developed into a film through layering or island
coalescence. There are three growth modes: layer-by-layer, island, and layer-plus-
island. The layer-by-layer (Frank-van der Merwe) growth mode occurs when the
atoms of the evaporant are attracted strongly to the substrate than themselves.
When the atoms are bound to each other strongly, islands will be formed. The
layer- plus-island ( Stranski-Krastanov ) mode arises when the formation of a wet-

ting layer is subsequently followed by island growth.

Recently a two-step growth method for thin film was widely used : a film is in

growth at very low temperature and then anneal to suitable temperature [22]. At
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low temperature the atoms are randomly distributed on the substrate to form dis-
order clusters. On annealing to a suitable temperature, the film will transform into

an ordered, and atomically flat film.

Molecular beam epitaxy (MBE) is a standard technique for depositing a material
onto a substrate. UHV EFM3 evaporator and K-cell evaporator are used in our
chamber and beamline, respectively. In the EFM3, the evaporant is either evapo-
rated from a rod or a crucible. This is achieved by electron bombardment heating.
The bombarding electron beam induces a temperature rise of the evaporant and
causes evaporation. The evaporation cell is enclosed in a water-cooled copper cylin-
der so that just a restricted region of the evaporant is heated. K-cell evaporator is

equipped with a big crucible surrounded by a resistance heater.

The comparisons from two kinds of evaporators are described as following.
e The size of crucible for K-céll is lafger than EFM3.

e The beam size of EFM3 is smaller.

e The depositing flux is moré.stable for EFM3:

e The preheating time for EFM3 is short.

3.2.3 Thickness of Thin Film

For higher coverage, one monolayer is defined as the spacing between crystal
planes which depends on the plane orientation. For the simple fcc the adjacent (111)
planes are separated by a/ V/3, where a is the lattice constant. When considering
surface coverage under one monolayer, the conversion factor depends on both the

substrate and the adsorbed materials and is given by

N,
o=L"4

- t=Ct 1
Woss ! =€ (3.1)

where © is the thickness in monolayer, ¢ is the thickness in angstrom, N4 is Avo-
gadro’s number, p and W), are the density and molecular weight of the evaporant,

0g is the site density of the substrate surface, and C' is the surface factor.
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The deposition rate can be determined by using a quartz-crystal thickness moni-
tor. Usually, there is 10 ~ 20 percents error of calibrating the thickness by thickness
monitor. The quantum well electronic structure is sensitive to the thickness to the
degree of one atomic layer. Thus the quantum well states can be used to monitor

the roughness of the film and determine the thickness [23].

3.3 Surface States

Surface is the termination of a bulk crystal. Surface atoms have fewer neighbors
than bulk atoms and some of the bonds are broken at surface. Therefore, the elec-
tric structure near the surface differs from bulk. Solving the Schrodinger equation
for electrons roaming in the potential field which is periodic inside the crystal and
constant in the vacuum region, the wave vector is then determined. When a crystal
is limited by a surface, the restriction that ks real to ensure the wave function
remains finite for an infinite crystal is no -longer necessary. Bulk states are Bloch
waves which oscillate in the solid and have a small tail into the vacuum. Addi-
tional surface solutions become:possiblerif the wave vectors are complex. The wave
function is localized near the surface and the energy falls into the forbidden gap
of the projection of the bulk band and this is known as surface state, as shown in
Fig. 3.7. The energy and parallel momentum of the surface state lie in a gap in
the projection of the bulk band structure onto the SBZ. However surface states can
penetrate into a part of the surface Brillouin zone, where propagating bulk states
exist. Those states degenerated with bulk states and mixed with them are known

as surface resonances and will propagate deep into the bulk.

The existence of the surface states can be easily explained by the picture of tightly
bound electrons. For the top most atoms, they have fewer neighbors and their wave
functions have less overlap with wave functions of neighboring atoms. The splitting
and shifting of their energy levels are smaller than those in the bulk, as shown in

Fig. 3.8.
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Figure 3.8: Surface states have acceptor-type or donor-type charging character [2].
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The higher lying surface state has conduction band character whereas the lower
level which is split off from the valence band of the semiconductor is more valence
band like. The charging character of the surface states also reflects the correspond-
ing bulk states. A semiconductor is neutral if all conduction band states are empty
and all valence states are occupied. So the conduction band states carry a neg-
ative charge if they are occupied by an electron; the valence band states carry a
positive charge when they are unoccupied. Surface states derived from the conduc-
tion band have the same characteristics , called acceptor-type states; surface states

derived from the valence band have the same characteristic, called donor-type states.

Surface states can also be produced by adsorbed atoms which cause changes in
the chemical bonds near the surface and affect the distribution of the intrinsic sur-
face states. In addition, a new surface state can be formed by the bonding and
antibonding orbitals between the adsorbed atoms and the surface. They form 2D
lattices with translational symmetry along the surface and thus form the 2D band

structures.

3.4 Quantum Well States

When electron states within the film overlap with the state in the substrate, no
confinement will occur. However, if the electrons in film fall into the a band gap of
the substrate, the electrons will be confined like particles-in-a-box, called quantum
well states.. The width of the box is the thickness of the film. The electrons are
confined between the film-vacuum and the film-substrate potential barriers. Con-

finement can be found in both metal-on-metal or metal-on-semiconductor system.

For the (111) thin films, the relevant direction in real space is the [111] direction,
which is the surface normal for both the substrate and the film, corresponding to the
I'L direction in the k -space. Pb is a metal that displays a Fermi level band crossing.
Ge is a semiconductor with a band gap in which the Fermi level falls. A comparison

of the two band structures in Fig. 3.9 shows that the electrons with energy near
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Figure 3.9: Comparison of the T'L.band structures in the [111] direction.

the Fermi level in Pb have no corresponding states in Ge above the valence band
maximum (VBM) to which they can transit and thus they are confined in the film.
Electrons in Pb with energy larger than VBM have corresponding states in Ge and
they are not totally confined in the thin film. This is called quantum well resonance
(QWR). For Ag/Ge(111) system, the metal electrons are not totally confined. All

the states we observed at the zone center are quantum well resonance.

The electron state are only quantized in the direction perpendicular to the film,
while the lateral expanse of the film is not restricted. As a confined electron traverses
in the film, its wave function accumulates phase not only in the transit but also when
it is reflected from the vacuum and substrate interface. The total phase accumulates
to an integer multiple of 27 after the quantum well electrons make a round trip

between two interfaces to form a standing wave like wave function. The quantum
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well state energy level can be thus determined by the Bohr-Sommerfeld quantization

rule, or phase accumulation model:
2k (E)Nt + ¢;(E) + ¢5(E) = 2n7 (3.2)

where k| is the electron wave vector perpendicular to the interface, E is the energy
of the state, N is the number of the monolayer, ¢ is the monolayer thickness, ¢; and
¢s are the energy dependent phase shift at the surface and interface, respectively;

and n is a quantum number.

3.4.1 Quantum Number

In (3.2), one can choose to measure k; from the zone center (I' point) or the
zone boundary at the L point. The quantum numbers depend on where the origin
is chosen. Conventionally the zone boundary is chosen as the origin. At the normal
emission the wave vector is limited in the direction perpendicular to the surface
while the parallel component of the waveé vector, is zero. The total phase in a round
trip perpendicular to the surface is equal to an integer times 27. The value of k;
which satisfies (3.2) can be rewtitten as

N o)
2y il .
LT Nt 2Nt (3.3)

where ¢ = ¢4 + ¢; is the total phase shift.

A film is invariant under a translation of ¢ in the direction perpendicular to the
surface, where t is the monolayer thickness. In the reciprocal lattice, the distance

between the zone center and the zone boundary is equal to half of the reciprocal

2
t

at L is w/t. When the phase shift is zero, the wave vectors satisfied (3.3) divide the

vector G = = Akrrr. The distance from the zone center to the zone boundary
region between the I' and L point into N parts. For this simple case the allowed k
values are the integer times 7/Nt. Thus the quantum number is labeled from 0 to
N for N monolayers thin film. The wave vector corresponding to state n = 0 is at
the zone center and the state n = N is at the zone boundary. This should be the
simplest case but is generally not real. The phase shift is due to the finite potential

barrier at the film-vacuum surface and film-substrate interface and its value varies
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zone center.

from 0 to 2. When the phase shift.is put<into consideration, the allowed wave
vectors corresponding to the quantum well states will shift. For the positive phase
shift, the allowed £, is shift toward the I'" point so that the corresponding quantum
number n starts from 1 to N since the state n = 0 is out of the I'L region. For the
negative phase shift vice versa. Sometimes, for the sake of explicit expression, the
quantum number v = N — n is used if the quantum well states observed are near

the zone boundary.

Figure 3.10(a) shows the allowed £, labeled both by n and v, for 5-ML Ag film
when the phase shift is zero. The solid curve represents the Ag band structure in
the [111] direction. As the phase shift becomes positive, the quantum number n
starts from 1 to IV and the allowed k values are shifted to the zone center, as shown

in Fig. 3.10 (b).
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Chapter 4

Ag Films on Ge(111)

4.1 Introduction

The increased effective masses of the subbands at the zone center for decreas-
ing film thickness has been observed in other systems, such as Ag/V(100) [24],
Cu/Co/Cu(001) [25, 26], and Ph/Si(111) [27].

Johnson at al. proposed that the large increases in effective mass of quantum
well state electrons are due to the hybridization effect at the interface [26]. As the
film thickness decreases, the dispersionsrare strongly influenced by the effect, as

presented in Fig. 4.1 (a).

Dil et al. observed that the magnitude of in-plane effective mass in the Pb on
Si(111) system is larger than those from bulk state or predicted by slab calculation,
as shown in Fig. 4.1 (b) [28]. Having excluded an influence of the interface and
substrate bands that might lead to the unusual band dispersion, a higher degree
in-plane localization of the electron states in the Pb quantum wells are considered.
This agrees with the recent suggestions from scanning tunneling microscopy studies
that the Si(111) 7 x 7 reconstruction can be imaged through Pb layers of more than
100A [29].

The Ag films on Ge(111) were well studied. The reasons why Ag is chosen
as thin film and Ge(111) as the substrate are as follows: (1) Ag and Ge do not
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Figure 4.1: The in-plane effective mass versus the film thickness for (a) Cu/Co/Cu(001) [26]
and (b)Pb/Si(111). [25]

intermix; (2) Ag only is a simple metali-a:s-p metal, and the valence electrons are

easy to analyze; (3) Ge is a well-known semiconductor. To deposit the amount of

Ag accurately, Ag films ranging in thickness 5-18 monolayers are performed. The
effective mass increasing with film" thickness is also observed in this system. This
phenomenon is merely a result of a extended Bohr-Sommerfeld quantization rule

with a momentum-dependent phase shift.

4.2 Experiment

Ag was deposited onto the substrate using K-cell at a substrate temperature of
50 K. The sample was subsequently annealed at 300 K and cooled down to 50 K
for measurement. The resulting Ag film was oriented along [111] with the crystallo-
graphic direction parallel to the same in the substrate. Photoemission spectra were
taken as two dimensional images with the kinetic energy and the emission angle.
Rotating the sample to change the detected emission angle, the surface electronic
structure can be probed from the zone center I' to the SBZ boundary. The disper-

sion relation direction is recorded along ['M direction with photons of energy 50 eV
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(solid).

and the direction was calibrated by LEED pattern. The Ge(111) LEED pattern and

its corresponding SBZ are shown in Fig. 4.2.

The growth rate, about 0.4 ML per minute, was monitored by a quartz thickness
monitor. The actual amount of Ag was determined by the evolution of quantum

well states as a function of film thickness.

4.3 Results

The EDC’s at normal emission for Ag thin films at the thickness from 5-ML to
18-ML are shown in Fig. 4.3. Peak SS is a surface state of Ag(111). This state has a
long tail, and its interaction with the substrate at small thin thickness accounts for
the complicated lineshape. Each QWS peak, labeled by quantum number v = 1 -5,

moves toward the Fermi level as the film thickness increases.

The quantum well states in Ag/Ge(111) system do not disperse like free elec-
trons since the quantum well peaks split into two with an appearance resembling
a two level anti-crossing as crossing the Ge bulk band edge. The ARPES data for
N = 6 ML is shown in Fig. 4.4. This effect is more evident near the upper band edge.

The solid curve in Fig. 4.4 is a fit to the v = 1 subband dispersion relation using

the model function:
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number v.
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h2k2 (1= ak? + bk}
E, (k) = B, (kjp="0) =1 ( ” > (4.1)

2m* A1 + ckif + dk;
where a Pade function (radio of polynomials) is employed to account for the band

distortion; a, b, ¢, d, and the zone-center effective mass mx are treated as fitting
parameters.

4.4 Discussion

The dispersion relations are governed by Bohr-Sommerfeld quantization rule:
2k, Nt + ¢ = 2nm (4.2)

where k| is the wave vector component perpendicular to the film surface, N is the
film thickness in monolayers, t is the monolayer thickness, ¢ = ¢(k., k) is the total

phase shift at the boundary, and n = N — v is a quantum number.

The allowed k; determines the binding energy of a quantum well peak through

the bulk band dispersion relation. Analyzing the EDC curve at normal emission,
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the peak positions were fit to a set of Lorenzian functions on a smooth background
and the corresponding values of k; were obtained by the Ag bulk band calculation

from I' to L. Apply the quantization rule,.the total phase shift at normal emission

are calculated, shown in Fig. 4.5.

For increasing in-plane momentum, each quantum well state exhibits a dispersion
relation £, (kj). The k, is dependent'on kj due to.the quantization rule. This yields
the subband dispersion through the bulk band dispersion E(ky, k) :

E, (k) = E(k,(ky), ky) (4.3)

The zone-center effective mass of each subband is given by :

1 1dE,(ky)
my*  h2 dkﬁ

(4.4)

When the phase shift derived from both &, and kj dependence is taken into
consideration in the quantization rule, a straightforward calculation of the zone-

center effective mass are obtained

OE 9%¢
1L _10E(ky) 1 koK (4.5)
myx 2 8kﬁ R? 2Nt + % .

where the first term on the right hand side of (4.5) is the inverse of the effective
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mass in the bulk limit of N — oo; that is

1 1 0?°E,(k
_ LTEME) (4.6)
Mpylk hQ 8l<;”
To simplify the problem, we assume the phase shift as
o(ky, k) = ¢o(1 + AkL)(1 + BEj) (4.7)

where the only squared term of k|| is used for symmetry. At normal emission, where

k) is zero, the phase shift reduces to a linear function.

Using this model and our assumption, the effective mass can be fit by the fitting

function : .
1 1 12B¢o(l+Aky)g (48)
My Mgk o B30R2NE + ¢ A .
where aak—El and My, can be obtained from.the caleulated bulk band dispersion from

I to L point taken from an empirical analysis of Smith et al [30].

We performed simultaneous “fitting of the phase shift with k-dependence, the
thickness, and energy dependence of effective mass at kj = 0. The numerical values
of the fitting parameters are ¢y = 7.42, A = —0.56 and B = 3.92. The solid curve in
Fig. 4.5 is the result from a simultaneous fitting. Combining the Bohr-Sommerfeld
quantization rule and the fitting of phase shift, we obtained the theoretically ex-
pected energies of each quantum well state for all thickness at normal emission, as
shown in Fig. 4.6. The fitting results are accordant to the experiment data. The
outcome for effective mass are also fit well, as shown in Fig. 4.7. The small discrep-
ancies can be attributed to inaccuracies in the band structure and the assumption of
phase shift in the model. The effective mass is expected to diminish as 1/N for in-
creasing film thickness. This phenomena can be explained by the Bohr-Sommerfeld
quantization rule with a simple assumption that the phase shift is a function of k|

and k}”.

45



OF I I I py

-=- Theoretical value
e Experiment data

Energy (eV)

| | | |
0 8 10 12 14 16

Thickness (ML)

+

—_
(o]

Figure 4.6: Energies of quantum well resonance as a function of thickness at normal emission.

46



*

0.8
5ML—-- ¥
6 ML- X
K e 7ML- - ©
o T 9 ML-+=- ¥
- 0.7 Fa e 12 ML
E yd 18 ML A
£ N, buk—
o | 7 E N\
S 06/ oo e LY
o / 5 ~
= %
T S S e - " "
é , z ¥ S ; O o g i \
L /. -5 i ~ & S ‘\‘
5 0.5 o x5 \
E = ~ N \\\
5 e M e S \
g e ~ v ™ . \\‘ \“\\
- ~ N
g ’./ ..................... X ~ L
N g4 o™ e P e
................. A "'--..,___“h... '\.
0.3
| T T T T
-3.0 -2.5 -2.0 -1.5 -1.0
Energy (eV)

Figure 4.7: Thickness and energy dependence of the zone center subband effective mass.

47



Chapter 5

Submonolayer Pb on Ge(111)

Lead deposits on Ge surfaces have received a large amount attention. Pb on
Ge is considered ”prototypical” system for study metal/semiconductor interface.
(v/3 x v/3)R30° is a common reconstruction in metal/semiconductor interface. It
is stabilized by the minimization of theGe dangling bonds. The study of the sub-
monolayer Pb on Ge(111) was réported-hy. mang groups. When the highly-doped
n-type Ge(111) are used, the electronic structures are different from those previously

reported.

When Pb atoms are absorbed onshighly-doped (dopant concentration of 1 x
107 ~ 1 x 10'® em™®) n-type Ge(111), the valence band of Ge including the heavy-
hole, light-hole, and split-off hole bands are reflected and probed by angle-resolved
photoemission spectroscopy. The effective masses of carriers in the conduction band
and valence bands near the band edges have been measured by cyclotron resonance

in many semiconductors.

5.1 Experiment

The Ge(111)-¢(2 x 8) was prepared by cycles of sputtering at 500°C with Ne
gas, followed by annealing at 600°C. The cleanness of sample was checked by LEED

pattern and photoemission spectrum.

2 ML of Pb (in substrate unit) was deposited by EFM3 with a rate of 0.2 ML/min
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Figure 5.1: The LEED pattern of (v/3 x v/3)R30° reconstruction with electron energy 40eV.

onto the substrate at room temperature . The sample was then annealed to 200°C
and a (v/3 x v/3) R30° reconstruction was formed. The LEED pattern of the (/3 x
V/3)R30° reconstruction was shown in Fig. 5.1. This reconstruction can be also
obtained by deposing several monolayer Pb film at 120 K followed by annealing to
300°C. A sharp (v/3xv/3)R30° LEED pattern_can be obtained by different condition

and we can conclude that the reconstruetion.is:stable.

The dispersion relation alohg two symmetry ditections, TMT and KM, are
recorded at 120 K. The measuted. direction can+be calibrated by LEED pattern,
which reflects corresponding surface Brillouin zone (SBZ) as shown in Fig. 5.2. The
dashed line represents the SBZ of Ge(111) and the solid line represents the SBZ of
the (v/3 x v/3)R30° reconstruction. A photon energy of 21.2 eV (He I «) is used.
The electronic structures are measured both at room temperature and low temper-

ature ( 120 K ).

To distinguish between bulk or surface emission bands, different photon energies
are applied. In contrast to bulk state, the peak position of a surface state in photoe-
mission spectra is independent of the photon energies used. Synchrotron radiation
source provides tunable photon energies. The experiments using synchrotron radi-
ation light source were performed on the BL21B1 beamline at NSRRC in Taiwan.
This is an ultra-high resolution and high flux beamline, covering the photon energies
from 5 to 100 eV. The reconstruction was obtained by the same procedure. The

band dispersion were also measured along two symmetry directions with different
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Figure 5.2: The corresponding SBZ of the (/3 x v/3) R30° reconstruction.

photon energies.

5.2 Result

Figure 5.3 (a) and (b) show the series of energy:distribution curves with increas-
ing emission angles. Normal entission corresponds ta # = 0 and the surface electronic

structure can be probed from [*toward-te-thesurface zone boundary by varying k.

Figure 5.3 (a) shows three electronic state features along I MT direction. These
states are clearly observed and labeled as A, B, I, H1, H2 and H4. State A is ob-
servable for emission angles 19° - 26° at binding energy at 0 to 0.6 eV; state B2 is
observable for emission angles 16°-30° at binding energy at ~ 0.8 eV. A and B are

combine to state I | observed at large emission angles > 30°.

Figure 5.3 (b) shows the electronic state features along [ KM direction. These
states are clearly observed and labeled as C-G and h1-h2. State C is observable
for emission angles 15° - 22° at binding energy ~ 0.35 eV; state D is observable for
emission angles 17°-22° at binding energy at ~ 0.8 eV. Both E and G are symmetry
to M, observed at large emission angles 22°-33° and 18°-33°. State F is observable
for emission angles 17° - 22° at binding energy ~ 0.7 eV.

Dispersion relations were mapped along the TMT and I' KM directions , as shown
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in Fig. 5.4 and 5.5. The vertical axis is the energy, and the horizontal axis is the
in-plane momentum of the photoelectron, &, calculated from the polar emission
angle. The 2D dispersion of the electron band along two symmetry directions, are
measured both at room temperature and low temperature. The red vertical lines
denote high symmetry points of the (v/3 x v/3)R30° unit cell. The high symme-
try points in the fcc(111) surface are M and K, where TM = /27/(acos 30°) and
'K = /27 /(acos® 30°) with lattice constant a. For the (v/3x v/3)R30° unit cell, the
distances between each symmetry point are 'K = 0.61, TKM = 0.92, TM = 0.53,
and TMT = 1.06.

The electronic states labeled in energy distribution curve (EDC) are also labeled
in 2D images. Near the zone center I', some electronic states with weak intensity
are not noticeable in EDC’s, but they are easier to see in the 2D image. The states

are labeled H1-H4 and h1-h4 for the two measured directions, respectively.

The electron structure of the:Pb /Ge(E11)-(v/3 x+/3) R30° were reported in previ-
ous research. With angle-resolved photoemission spectroscopy (ARPES), Carlisle at
al. observed that the o and v reconstructions of Pb/Ge(111) system have the same
electronic structure in the two symmetry-directions although their atomic structures
are different. Their spectrum show that surface states cross the Fermi level and both

two phase are metallic, as shown in Fig. 5.6.

The bands dispersions are very different from the previous reports. This may be
caused by the substrate doping concentration (dopant concentration of 1 x 107 -
1x10™ cm™3 ). The band dispersions observed from our experiment have the feature
of the (v/3 x v/3) R30° reconstruction. Along the TMT direction, state I is centered
at the second I point around 0.9 eV. The band folding effected are observed. State
B centered at the second I' point and a weak feature, label as B’, centered at the
zone center are observed. Along the [ KM direction, state C and D are centered at
K; state E and G are centered at M point. The faint feature C’ observed at low

temperature are centered at K.
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Figure 5.6: The energy dispersion of surface states detected along two symmetry directions with

photon energy 20 eV at room temperature. [17]

5.2.1 Difference at RT and LT

Usually, measurements of photoemission spectra are done at low temperature to
reduce the background and thermal b:roaderrlirig,r The electronic states detected at
room temperature and low temperature arer resséhtially equivalent. Spectra show
rather broad peaks at room teﬁlperature. As shov;}n in Fig. 5.7 (c¢), the peaks of

EDC at kj = 0.65 A1 are sharper and the peaks can be resolved at low temperature.

The main difference is the presence of the C’ state along the T KM direction.
Along the TK M, a faint feature at ~ 0.6 eV close to K is observed at low temper-
ature. This state is not easy to observe in the EDC or 2D image. Figure 5.7 shows
the gradient of the 2D image from the Fig. 5.5. The EDC at k| = 0.78A, shown in
Fig. 5.7 (c), shows clearly that a new peak emerges at binding energy 0.6 eV.

5.2.2 2D Dispersion

To know that the electronic states are 2D or 3D states, different photon energies
were applied. The band dispersion along TMT and 'K M directions are measured
with photon energies 17, 21, and 25 eV, as shown in Fig. 5.8 and 5.9. The features

look the same as different photon energies are used.
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Figure 5.10: The EDCs along T MT and I MT direction with different photon energies.

Analyzing the photoemission spectra amply, the EDC curves of various photon
energies are shown at varying k. Along the I MT and T KM directions, most peak
positions do not move as changing photon energies, shown as Fig. 5.10 (a) and (b).

The electronic states H1-H4, h1-h4, A-I and C’ are all surface states.

5.2.3 Observation of Substrate Band Edges

The interesting feature are the states near the zone center, H1-H4 and h1-h4.
Their peak position did not vary with photon energies, as shown as Fig. 5.11. The
central portion of the 2D image shows four concave bands, three of them correspond-

ing well to the bulk Ge valence band edges ( heavy hole, light hole, and split-off hole
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Figure 5.11: The 2D.image with*different photon energies.

bands). As shown in Fig. 5.12 (a), those bands detected along the TMT correspond
well to the Ge bands along the [110] direction [31]. They match well with the bands
H1, H2, and H4.

5.3 Discussion

In our experiment, a remarkable change of the electronic structure between RT
and LT is that a new surface state band emerges when the temperature is cooled
down. Pb/Ge(111) have been well studied. A phase transition of 1/3 monolayer Pb
on Ge(111) from a room temperature (v/3 x v/3)R30° phase to a 3 x 3 phase below
200 K. This have been observed from LEED pattern or a STM image [32]. The
angle-resolved photoemission study of the electronic structure on Pb/Ge(111) has
been probed and the remarkable change is that the upper surface state is much more

clearly split into two bands at LT [33]. Many explanations were proposed to explain
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the phase transition, such as nesting instability, defect-mediated density waves, and

dynamical fluctuations.

Mascaraque at al. reported the‘appearance of a different surface band with a
3 x 3 periodicity at low temperature using photons with 32 eV [33], as shown in Fig.
5.13. The band found in the vicinity of the Fermi level was detected as shoulder
in the low temperature peak. The phase transition was considered to be induced
by the thermal disorder and should be an order-disorder type. Maybe the structure
has two kinds of Pb atoms, whose vibrational movement is stabilized at low tem-
perature. The driving force of the phase transition in our system is not clear. The
possible explanation can not be proved only on the basis of the electronic structure
and the detailed information on the atomic structures of the (v/3 x v/3)R30° and

3 x 3 are required.
However, the LEED pattern was not observed to change in our experiment when
the temperature is cooled down to 50 K, while the new surface bands centered at

K 3 become resolved at low temperature. It is possible that the atomical change of

62



the Pb-v/3 surface was not sensitive to LEED pattern.

The more interesting bands are those faint bands centered at zone center. They
match well with the Ge bulk band edges ( heavy hole, light hole, and split-off hole

bands) from calculation.

Depending on the species and the structure of the adsorbed atoms, the surface
states act as donor-type or acceptor-type states. Depending on the position of the
Fermi level, donor-type surface state can carry a positive charge and acceptor-type
surface state a negative charge. The charge of surface states is compensated by an
opposite charge inside the semiconductor. The charge screens the surface charge
is called the space charge QQsc and the spatial regions of redistributed screening
charges are called space charge layers. The occupied surface states induce strong
band bending. Fig. 5.14 shows the band scheme for a n-type semiconductor space
charge layer. Partially occupied ageeptor type surface state carrying negative charge
is compensated by the space charge. Bulk'doner states are lifted above the Fermi
level and are empty of electrons. The exact position of Fermi energy at the surface
is determined by charge neutrality.”Fhe distribution of space charge is related to
the curvature of the electronic bands. Due to‘the band bending, free electrons are
pushed away from the surface and their density is lowered. This space charge layer
is called a depletion layer. Higher density of acceptor surface states at lower energies
in the band gap can induce stronger upward band bending. The space charge layer
extends deeper into the semiconductor and the band bending is stronger that the

intrinsic energy crosses the Fermi energy. This space layer is called a inversion layer.

Pb atoms adsorbed on Ge surface form an ordered structures and create surface
states in the band gap. The surface states of the (\/5 X \/§) R30° reconstruction on
normal doped Ge(111) consists of upward parabolic bands. If the surface states are
acceptor-type and carry negative charge, which is screened by an opposite charge
inside the semiconductor. Electron occupation in the surface states induce strong
upward band bending. The surface states can penetrate into the bulk and the

interaction of the surface states and the Ge bulk band in the inversion layer are
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semiconductor [2].

considered. Near the zone center, the surface states occupation in (F, k) diagram
is coincident with the Ge bulk band, leading to the strong interaction between the
surface state and Ge bulk bands. Due to the fact that Ge bulk continuum dominates
the density state, the surface statesband reﬂects,the Ge bulk band edge as a result

of strong interaction.

The surface bands H1, H2, and H4eanberwell explained by the surface bands
inducing space charge layer. We'ompare the non-spin-orbit coupling Ge bands
with it. They match well. The result suggests that Ge bands form spin-orbit and

non-spin-orbit coupling coexists.

The band gap of Ge is an inverted gap, where the gap is p-like at the bottom
and s- like at the top. Surface state derived from the conduction band are more
s-like. The valence band edge of Ge is derived from ps and p 1 states of free atoms.
There are no bands splitting off from the s-type band by the spin-orbit interaction.
A strong interaction between p-type Ge band edges and the s-like surface band may
broke the symmetry of p-type Ge band. Therefore, the spin-orbit splitting and non-

spin-orbit splitting bands coexist.
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Chapter 6

Conclusion

The electronic structures of the ultrathin metal films on the semiconductor have
been investigated by high resolution angle-resolved photoemission. The electronic

structures of Ag/Ge(111) and Pb/Ge(111) are studied.

Atomically uniform Ag film on Ge(LlL). were‘prepared at the thickness ranging
5-18 monolayers. A detailed investigation of .the subband dispersion relations in Ag
films of various thickness deposited oniGe(111) is'probed by angle-resolved pho-
toemission. The effective mass at the'zone center were extracted through a fitting

model of a Pade function.

That effective masses at the zone center of subbands for the Ag/Ge(111) were
found to increase with decreasing thickness. The effective mass at the zone center
of each subband is coupled to the kj dependence of k, for the quantum well state
band structures due to the Bohr-Sommerfeld quantization rule. This behavior is
simply caused by a boundary effect through both &k, and kj momentum dependent
phase shift.

Submonolayer Pb film deposited on Ge(111) results in (v/3 x v/3)R30° recon-
struction. The electronic structures are probed both at room temperature and low
temperature. A new surface state band centered at K 3 emerges at T' = 120 K

while no phase transition is observed by LEED pattern.
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The electronic structures are different from the previous report. The surface
state band dispersion reflects the Ge bulk band edges, including the heavy-hole,
light-hole, and split-off hole bands. We propose that a space charge layer is induced
on the highly-doped n-type Ge(111) surface by a Pb-induced acceptor type surface
state, resulting large band bending and strong hybridization interaction between
the surface state and the Ge substrate bands. It is the first time observation that
spin-orbital splitting and non-spin-orbital splitting bands coexist at the interface of

metal /semiconductor.
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