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Abstract

INVESTIGATION OF Si;_,Ge, ALLOY FORMATION by
USING STM

Ahmet Oral
Ph. D. in Physics
Supervisor: Assoc. Prof. Recai Ellialtioglu
February 1994

In this thesis, initial stages of SiGe alloy growth on the Si(001)(2x1) surface
is analysed by Scanning Tunneling Microscopy (STM). Design and construction
of an Ultra High Vacuum (UHV) surface analysis/preparation chamber and
an UHV-Scanning Tunneling Microscope are also described. The Sip36Gepeq
alloy was epitaxially grown on the silicon substrate at various coverages (0.1-
3.6 ML) and at different temperatures (~300-500°C). The growth was almost
one dimensional preferring the direction perpendicular to the underlying silicon
dimer rows at the low coverages. Anti-phase boundaries were observed to
lead multi-layer growth. Strong interaction between the overlayer and the
substrate was found to buckle the substrate dimers. Different growth mechanisms,
island formation and step flow, were identified at-low and high temperatures.
(2xn) ordering of the strained overlayer was only observed at an intermediate
temperature (~400°C).

Keywords : Scanning Tunneling Microscope, Ultra High Vacuum, SiGe,

Epitaxial growth.
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Si;_,Ge, ALASIMININ BUYUMESININ TTM ILE
INCELENMESI

Ahmet Oral
Fizik Doktora
Tez Yoneticisi: Dog. Dr. Recai Ellialtioglu
Subat 1994

Bu tezde, SiGe alagiminin Si(100)(2x1) yizeyinde biytimesinin ilk safhalar
Taramali Tlnelleme Mikroskobu (TTM) kullanilarak incelenmistir. Ayrica,
Ultra Yiksek Vakum (UYV) altinda calisan bir ylizey inceleme/hazirlama
sisteminin ve bir UYV-Taramali Tinelleme Mikroskobunun tasarimi ve imalat:
aciklanmaktadir. Sip3sGeo.es alagimi silikon ytzeyinde egorgiisel olarak degisik
miktarlarda, 0.1-3.6 tektabaka (TT), ve cesitli sicakhklarda (~300-500°C)
blyltilmistir. Digiik dozlarda alagim biiytimesi hemen hemen tek boyutlu
olup silikon ¢iftil siralarina dik olarak yonelmektedir. Kargi-Faz sinirlarinin ¢ok-
kath bliyimeye neden oldugu goézlenmistir. Biuyttilen alagim tabakas: ile silikon
yuzeyi arasindaki kuvvetli etkilesimin silikon ¢iftillerini biktigi bulunmugtur.
Algak ve yiiksek buytime sicakliklarinda degisik biiytime mekanizmalarinin etkili
oldugu, sirasiyla ada olugsumu ve basamak akigi, tespit edilmistir. (2xn)

siralanmasinin yalniz orta bir sicaklik degerinde olustugu goézlenmisgtir (~400°C).
Anahtar Sozciikler : TaramahTinelleme Mikroskobu, Ultra Yiksek

Vakum, SiGe, Esgorglisel Blytme.
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Chapter 1

Introduction

The transmission of particles across a classically forbidden region in which the
particle can not exist classically, is called tunneling. The phenomena is purely
quantum mechanical and is a direct consequence of the wave—particle .dua,lity
principle.

Tunneling phenomena has been first proposed by Oppenheimer! in 1928 to
‘explain auto-ionization of hydrogen atoms in very high electric fields. Fowler and
Nordheim? have explained electron emission from metals under intense electric
fields with tunneling to the vacuum, which was observed in 1922.

The first deliberate experimental observation of tunneling in solids has
been achieved by Esaki® in 1958. His tunnel diode is one of the most
important applications of tunneling, which pioneered todays novel tunneling
devices. In 19-60, Giaver? has observed superconducting energy gap by using a
superconductor-insulator-normal metal junctions (SIN) and developed tunneling
spectroscopy technique. In 1962, Josephson® has investigated novel features in
SIS structures, later called Josephson junctions. This has opened the era of
superconductive electronics. In 1973, Esaki, Giaver and Josephson were awarded
with Nobel Prize in Physics for their fundamental contributions on different
aspects of tunneling phenomenon.

Devices, using tunneling phenomena, such as Metal-Insulator-Metal (MIM)

diodes, hot electron transistors. SQUIDS were also developed in 70’s. However,
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tunneling experiments were performed with insulating barriers until 80’s. The
vacuum, instead of an oxide as a barrier, is very attractive for number of reasons.
First of all, the barrier width can be changed easily and continuously. Bare
surface properties are not modified like it has been by the oxide layers. However,
vacuum tunneling was not achieved mainly due to technological problems until
early 80’s.

Young et al.” developed a microscope, called ‘Topogrofiner’ by using field
emission rather than tunneling in 1972. This interesting instrument is very similar
to the Scanning Tunneling Microscope. It has a sharp field emission tip scanned
over the sample by means of piezoelectric translators. The field emission current is
kept constant by adjusting the position of the tip during the scan. The resolution
was approximately 1000 A in the lateral direction. The Topogrofiner can be
thought as the ancestor of Scanning Tunneling Microscope.

Binnig, Rohrer and coworkers® have observed vacuum tunneling on platinum
samples with tungsten tip and constructed the Scanning Tunneling Microscope®
in 1982. In 1986, Binnig and Rohrer received the Nobel Prize in Physics for their
construction of Scanning Tunneling Microscope.

Teague!® and Poppe!! have actually observed vacuum tunneling before Binnig
and Rohrer, but their interest was not to use it as a microscope.

The underlying physical principle of the Scanning Tunneling Microscope
(STM) is very simple: electron tunneling through vacuum barrier.

A very sharp metallic tip is placed very close to a metal surface to form a
vacuum tunnel junction. The tunneling current is a very sensitive function of
barrier width. It approximately changes one order of magnitude for 1 A change
in the barrier width. Thérefore, most of the current is concentrated at the apex
of the tip. This very fine current filament is scanned over the surface. The z-
position of the tip is adjusted with a control circuit to keep the tunnel current
constant as schematically described in Figure 1.1.

Therefore, z-position of the tip corresponds to constant current contour plots
on the surface. If the surface has uniform electronic properties (for example,

semiconductors), then these contours correspond to the topography of the surface.
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z Piezo

Figure 1.1: Schematic diagram of STM.

Since tunneling current also depends on surface densities of states, STM line scans
have also information about local electronic properties of the surface. Therefore,
1t is possible to perform spectroscopy in atomic scale to extract the electronic
structure of the surface with STM. This method is called Spatially Resolved
Spectroscopy or Scanning Tunneling Spectroscopy (STS) and successfully applied
to semiconductors and superconductors.

Scanning Tunneling Microscope is a local probe that can map the surface
structures with atomic resolution.  Surface structures have been studied
by conventional electron microscopy (SEM, TEM, HREM, FIM), diffraction
measurements ( LEED, X-ray, He diffraction ) and scattering (ion scattering)
experiments. Although 'some of them give atomic resolution in very extreme
conditions, direct imaging of surfaces with atomic resolution seemed to be
impossible before the invention of STM. Figure 1.2 .shows comparison between
the conventional microscopes and the Scanning Tunneling Microscope.

Scanning Tunneling Microscope can image only metals or doped semiconduc-
tors, because it uses tunneling electrons between two electrodes for the distance
measurement. This can be thought as a limitation on the applications. However,

invention of the STM led to the development of Atomic Force Microscope!® in
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Figure 1.2: Comparison between microscopy techniques.
Lateral and depth resolution of several microscopes: scanning electron microscope
(SEM), (scanning) transmission electron microscope ((S)TEM), high-resolution optical
microscope (HM), field ion microscope (FIM), reflection electron microscope (REM),
phase-contrast microscope (PCM) and scanning tunneling microscope (STM) (After
Ref. 9).

which the interaction force between the tip and sample is used for microscopy.
The resolution is close to STM’s results and samples don’t have to be conductors
in AFM. Moreover, wide variety of Scanning Probe Microscopes then followed
AFM, in which various interactions are used for microscopy to analyze different
physical properties. These techniques can be applied to almost any materials
(insulators, optical materials, magnetic materials etc.) and has opened very
fascinating opportunities in science and technology. Moreover, applications of the
Scanning Tunneling Microscope has already reached to a very broad spectrum,
extending from material science to biology.

Parallel to the advances in the microscopy techniques over the past decade,
the semiconductor technology has started to use submicron line widths for

mass production. Integrated circuits based on silicon technology are currently
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manufactured with very high yield. However, need for faster and smaller
devices is still increasing. Introduction of semiconductor superlattices as well as
quantum effect devices has already made a great impact on electronics. Especially
Si1_sGe, based heterostructures are quite interesting because they offer potential
integration with the conventional silicon ICs. Heterostructure and superlattice
active regions in these devices give very high performance.

At present Si-MBE is capable of growing epitaxial layers on large wafers with
high crystal quality.?4?® Moreover, quality of Si;_,Ge, alloy and Si;_.Ge./Si
heterostructures has been improved by use of RHEED amplitude oscillation
monitoring of the MBE growth . Since lattice constant of Ge is 4% higher than
Si, Ge and Si;_;Ge, grow on Si pseudomorphically with strain. This strain in
the epitaxial layer can be tuned by Ge concentration, because lattice parameter
of the alloy depends on the mole fraction. Since bandgap of the alloy could also
be varied with the concentration, it is possible to tailor heterostructures with
desired electronic structure.

These structures has in fact attracted a lot of attention because of their
promising optical properties. Although there has been a lot of work done on the
growth of these structures with MBE and MOCVD, investigation of Si;_,Ge;
alloy formation on the atomic level is missing.

In this thesis, STM analysis of Sil_,,Gezvalloy formation on Si(001) surface
at various stages is presented. Design and construction of an Ultra High
Vacuum (UHV) surface analysis/preparation system and an UHV-Scanning
Tunneling Microscope are also described.

The organization of this thesis is as follows: Theory of Scanning Tunneling
Microscopy and Spectroscopy is reviewed in Chapter 2. Various aspects of
Si;_,Ge, alloy system are discussed in the Chapter 3. Chapter 4 is devoted to
the instrumentation side of the thesis. The results on Si;_;Ge, alloy formation,

as well as clean silicon surfaces are presented in Chapter 5. Finally, conclusions

are derived in Chapter 6.



Chapter 2

Theory of Scanning Tunneling
Microscopy and Spectroscopy

The simplest model to describe tunneling between two systems separated in space
is the one dimensional rectangular potential barrier. This model is treated in
almost every quantum mechanics textbook and is illustrated in Figure 2.1.
Although, it is impossible for a particle to pass through the barrier classically,
the particle can tunnel through the barrier with a finite probability. For xd > 1,

the tunneling probability for a particle from left to right is given by

. Energy

_-_______hw__.

-d2 +d/2

Figure 2.1: One dimensional potential barrier.
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d1 | N\ecemccmmmcmcc——m————— c---

Metal 1 Metal 2

Figure 2.2: Energy band diagram of a metal-vacuum-metal tunnel junction.

T o e~ (2.1)

where d is the barrier width, and & = {/2m($ — E)/A is the inverse decay length
of wavefunction in the barrier, with ¢ and E being the barrier height and incident
particle’s energy, respectively.

The model is obviously far too simple to represent all the features of a tunnel
junction, for example the case of STM. However, it almost gives the correct form
of the tunneling probability as a function of barrier width as well as barrier height.

In metals, electrons at the Fermi level behave like free electrons with an
associated effective mass. The work function, ¢, is defined as the energy required
to move an electron from Fermi level to the vacuum. One Dimensional Barrier
model works quite well for the metal-insulator-metal tunnel junctions. A typical
tunnel junction between two metals M; and M, separated with a vacuum barrier
1s schematically shown in Fig. 2.2.

Simmons' has calculated the tunneling current density for two metal

electrodes as
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j= g [($ — eV/[2)e~AVE-V/Dd | (g4 ev/2)e~A\/($+eV/2)d} (2:2)

where @ is the average of the two metal work functions and ¢ is a constant. He
used WKB approximation to solve the tunneling rate by assuming a rectangular
barrier between the electrodes and taking the image potential into account. This
expression is valid even for V > @, Field Emission regime, and reduces to the

following expression for small bias conditions, V < ¢;

2
€ KOV —2r0d

- 1 dn2d

260 = 1.025//3.

where, ¢ and ko are in volts and Angstrom(A) respectively. This simple

(2.3)

formalism has been successfully used to calculate the current in tunnel junctions
over the years. However, it is not sufficient to get better understanding
of tunneling phenomena, especially an account for the operation of Scanning

Tunneling Microscope.

2.1 Transfer Hamiltonian Method

Bardeen!® has developed a general formalism for the theory of tunneling from
many particle point of view. Although his theory is one dimensional, it can be
generalized to three dimensions. He assumed two many—-body systems separated
by a barrier extending from z, to z,. Metal a is to the left of z, and metal b
is to the right of z. Then, he considered two many particle states of the whole
system, 1o and ¥mn. ¥mn differs from 1y in that, only one electron is transferred
from the state | > at a to the state |n> at b.

Furthermore, ¥y and %,,, are assumed to be the “good” solutions of the

Schrédinger Equation in different regions with the corresponding energies,
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Hibo = Eotbo for T < T
(2.4)

Hepmn = Emntmn for T >z, .

Therefore both wavefunctions are good solutions of the system in the
barrier region. The time dependent wavefunction describing the system can be
constructed with linear combination of 1y and %, as in the time-dependent

perturbation theory

\I’(t) — a(t)e—iEot/ﬁ¢0 + men(t)e_iEm"t/h'ﬁbmn ' (2.5)
If we substitute the above equation to the time-dependent Schrodinger
equation
L 0
HY(t) = zhalll(t) (2.6)

and carry out the algebra, we can find the time dependent probability amplitudes
a(t) and by, ().
Since particles tunnel from state ¥ to ¥mn,, one can assume that a(t) ~ 1,

bmn(t) ~ 0 and 4(t) ~ 0. These approximations give the following differential

equation for the probability amplitude,

B (2.7)

1hbmn(t) =< Yma|H — Eolthe > ™ »
The above equation can be integrated easily and then the transition amplitude

per unit time from state |n >— |m > is given by,

2
Win = -§|an|25(5mn — Ey) (2.8)

where M,un =< Ymn|H — Eoltho > is the transition matrix element. The delta
function sifts only the energy conserving transitions. Since all the states having

right energy contribute to the tunneling, the total tunneling current can be

calculated as
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2
L=%?ZM@#&&W—&y (2.9)

Therefore we can evaluate the tunneling current, if we calculate the transition
matrix M,,,. Since g is the eigenstate of the system for z < z3, the integrand

vanishes. Then, we can write for M,,,

Mm:AﬁMH—%MMr (2.10)

We can add ¥§(H — Emn)¥mn to the integrand, because it is zero for the
region b. Since we are only allowing energy conserving transitions, the relation

simplifies further to

A%n:AMMH%—¢ﬁmeT. (2.11)
The potential energy does not contribute to the integral and we obtain
52
“om b

Integration by parts yields the following result,

Moy = (Wr, Vg — 3V 24 )dr . (2.12)

M = —thdmnz1) (2.13)
where z, < 7, < =3 and
7; * "o
Jmn(x) = _2mh (1/)mnvz¢0 - %V:ﬂ/)mn) . (214)

This is the familiar current density operator in Quantum Mechanics. The

transition matrix is related to the current density operator evaluated at z,
somewhere inside the barrier. This is valid only for one dimension.

Bardeen’s formalism is very similar to time dependent perturbation theory,
but it uses an overcomplete basis set for the expansion, because 1y and ¥, are
good solutions of Schrédinger’s Equation in the barrier region. Eq. 2.9 is a Fermi

Golden Rule type expression for the total tunneling current.
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Bardeen’s formalism is quite powerful and can be used to calculate the
tunneling current for many systems, for example superconductor-normal metal
junctions, tunnel diode, STM etc. On the other hand, calculation of current
density operator, Jp,, is very difficult for most of the systems and requires
further approximations. His theory is the starting point of various tunneling

current calculations.

2.2 Tersoff-Hamann Theory

The most successful theory of STM was developed by Tersoff and Hamann!® in
1983. They applied Bardeen’s formalism to STM by modeling the tip with a

metal sphere.

If the statistical factors are included in the Bardeen’s result (Eqn. 2.9), one

can write

L= ZE S (B~ (B + V)] X IMuf8(B,~E)  (219)

where f(F), V, ¢, and 1, are Fermi-Dirac distribution function, bias voltage,

tip and surface states, respectively.
For low bias condition, V =~ 10 mV, which is a typical value in STM

experiments on metals , the expression reduces to

2reV
L= 205" |M *6(B, — Er)8(E, — Er) (2.16)
uy

I

where Er is the Fermi level for the metals.

Generalization of the Bardeen’s formalism to three dimensions gives

Bl e o
My, = == [ d5- (639, = 99,) (2.17)

The surface integral must be calculated somewhere inside the barrier. Tersoff

and Haman expanded the surface wavefunction into a Bloch states to calculate

the matrix elements M,, as
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Yy = Zagewp{ (k2 + Ik” + Gl }exp{ k” + G) } (2.18)

where Q,, k = @ and g|| are surface volume, inverse decay length of the
surface wavefunction and surface Bloch wavevector, respectively.
On the other hand, the tip wavefunction is constructed from s-type states
—k|F—

Y, = hl—tcthele—];rl—_T:)—l- (2.19)
where R, 7o, ; and c; are radius of curvature, position of the tip center, volume
of the tip and a normalization constant, respectively.

If these wavefunctions are inserted in Eq. 2.17, the transition matrix can be

found as

E? 1

_ "t ip kR, (= :
M, = S kRe 1, (7o) . (2.20)
The tunneling current is then
3
I= 32%62¢2vu(EF)e%R x S v, (7o) 28(E,, — Er) (2.21)

where Dy(Er) is density of states at the Fermi level at the tip.

The tunneling conductance, o; is

o¢ x p(To, Er) (2.22)

where

ZI% *§(E, - E) (2.23)

is the local density of states at position 7 and the energy E, for the surface.
Therefore, if the shape of the tip does not change during the experiment and
the gap distance is sufficiently large, the STM contourplots correspond to the

charge density corrugation at the Fermi level. Their theory valid is only for
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large tip-sample separations. Therefore, it doesn’t work for small tip-sample
separations.!%:30

Tersoff and Hamann applied their theory to Au(110) (1x2) and (1x3)
reconstructed surfaces. Their results were in very well aggrement with the

experiment.

2.3 Other Methods

As the tip approaches towards the sample, they start to interact with each other.
If the tip is brought very near to the sample, the interaction becomes very
strong and must be included in the calculations. However, tunneling probability
can not be calculated by the Tersoff-Hamann theory, because the electrodes
are now strongly interacting with each other. Therefore, new methods should
be developed. There have been considerable efforts to include the tip—sample
interactions into calculations.

Tekman and Ciraci'® introduced the concept of Tip Induced Localized States
(TILS), the states that appear between tip and sample for very small tip-sample
distances. They modified the Bardeen’s formalism to include the tunneling
through the Tip Induced Localized States and calculated the tunneling current
at various tip positions for graphite. They found some enhancement in the
corrugation amplitude.

Cirac1 et al*® have carried out ab initio total energy, force and electronic
structure calculations for tip—-sample interactions. They have used graphite
monolayer and 2 x 2 array Aluminum tip atom for their calculation. They have
found that a dramatic change in the electronic structure at small tip-sample
separations. At this regirr{e, local density of states changes drastically and new
tunneling matrix elements must be calculated to find the tunneling current.

In a recent study, Cho and Joannopoulos?! concluded that the tip-sample
interactions strongly affect the appearance of the dimers on Si(100)(2x 1) surface

during STM operation.
Tip-sample interactions have gained considerable attention for last few years.
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