Understanding fundamental surface
science issues from atomic images
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Instruments
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Research Topics
Atomic processes
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http://www.cc.nctu.edu.tw/~surflab/reserach/2006.4.htm
http://www.cc.nctu.edu.tw/~surflab/reserach/2007.1.1.htm

major goal In surface science

to make movies of molecules on surfaces, ona time
scale, with resolution.
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Example” As, Adsorption on GaAs

g _, projected Density of States
As, @ GaAs
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As, approach on two

pre—adsorbed 5a atoms




textbook surface reaction

Langmuir-Hinshelwood
Mechanism (LH)

2A(a) AB(g)
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Larger E, & V

_Ea

Rate = v e*e’



LH example

CO + 0, CO,




Catalytic reaction of the 2nd kind :
A t B = AB

A(a) . AB(9)
v E_smaller bEut rare, Why?

Rate = vy eXe'




Cl extraction by H on Au(111)

Hg) + Clgy— HCl,

Cl Cl CI ClI ClClClI Cl

N

How to tell If this reaction Is
or ?



Rettner’'s approach:
Probing the gas product

. Energy (eW)
H+CliAu(111)+HCI 21 .5 .1 .05 o1
Te=

H+CUAL(111)=HCH
T.= 300 K
g= + O°

h___

[
o=
| —
- |
=
o
Ce—— i
—
&3
-
=

200 <0 500
Timea of Flight {(us)




Our approach: examine the surface

ClCl ClI ClI ClClClI Cl

N

Are reaction sites or



Raindrops on the windshield
ER ol not ER ?




Atomic structure of Si(100)-2x1
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Atomic Hydregen adsorption on Si(100)




Cl on Si(100)
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Cl extraction by H on Si(100)-2x1
Hg * Cl— HClg

Cl 2p Core; hv= 240 eV

Cl/Si(100)-2x1
H, exposure

at 300K HCl
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Hbombardment on Cl/Si(100)-2x1
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Analysis Is not trivial

54 L H-atom

s & .04
y B "




Classify Reaction Sites
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Comparison

Cluster0O Cluster1 Cluster2 Cluster3 Clusterd4 Cluster5 Cluster6
Types of Reaction Sites




Cosmology vS. Surface Scl.

Time scale: 1018 : 1012
Size scale; 1026 : 10°



ER or not ER?

® Hot atom mechanism plays an important role.

® STM might not be perfect for this kind of study,
still very useful.



How 2D structure Phase Transition occurs

3x1 2X1



2x1—3x1 transition = H reduction process
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Hydrogen desorption from Si (100)
via Ab Initio Molecular Dynamics Emily A. Carter




H, thermal desorption from Si,H,




H, desorption from SiH,,




H, desorption from SiH;







H, thermal desorption from dihydrides

30 min at 570 K






The answer
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Adsorption or diatomic MOIECUIES

.

projected Density of States

Asz @ GaAs

As, approach on two

pre—adsorbed Ga atoms




Adsorption Energy Diagrams:

Activated Vvs. nonactivated

Precursor State

A_J
' ~ AB
20

can we predict if adsorption of AB is activated or
nonactivated?

Activation energy same for adsorption and desorption?



Random Sequential Adsorption




Immobile diatemic Dissociative
Adsorption on a sguare surface

1.0x10"

0.8

4 6 1010
Exposure, & (cm-2)

Vette et al, JCP 1974




|, adsorption on Si(100)
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Cl saturated Si(100)-2x1 surface
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o be adsorbed or not to be

on a single dangling bond

\

1 :
| /
- /

| Oz |0-0:1207 | 5.12 | g
| He |H-H:0741 | 448 \ g
| _Cb |CLC:1986 | 248 | N/

| HF_ |H-F-0917 | 587 /

H-Br: 1.414 3.76

3.91-4.18 eV for SI-ClI
2.48 eV for CI-ClI

3.26 eV for SI-H
4.48 eV for H-H



|, adsorption on isolated single dangling
bonds and dangling bond chains




Unsaturated H/SI1(100) surface
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Adsorption on a paired DB wire

DB wire by STM tip desorption After Cl, exposure
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Adsorption on a single DB wire
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Adsorption on Isolated paired DBs




Order structure as a result of random
adsorption?
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HCI + Si(100)-2x1

? Random adsorption?

........

4.43 eV for H-CI
3.91-4.18 eV for Si-
3.26 eV for SiI-H




Adsorption of HCI on Si(100)-2x1
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HCI + Si(100)-2x1
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HCI + Si(100)-2x1 at 450K (HT)




Site correlation analysis
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Result of Correlation analysis
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Issues: How neighbors effect

“random” adsorption?



Direct adatom-adatom swap: diffusion
off H on the CI/SI(100)-2x1 Surface



Basic 2D diffusion mechanism In textbook

Phys. Rev. Lett. 57, 2287 - 2290 (1986)

From the very beginning of diffusion studies it has
been assumed, and today is universally accepted,' that
atomic diffusion in semidonductors is mediated by de-
fects (vacancies or interstitials, depending on the materi-
al). In Si, all recent theoretical studies®? of diffusion

have been limited to the defect mechanisms and, in spite
of years of effort, no clear agreement on the nature of
diffusion has emerged and many experimental observa-
tions remain unexplained.

(d) Never
O bse rve d befo re 7 FIGURE 3.1 Sketch of atomic diffusion mechanisms in a two-dimensional squari

lattice. (a) An atom diffuses by jumping into a neighboring vacant lattice site. (b) A
interstitial goes to a neighboring interstitial site. (c} An interstitial pushes an atom

from its lattice site to an interstitial site. (d) Two neighboring atoms swap position
directly. (&) Ring rotation of four atoms.



Hopping via atom-vacancy exchange
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Arrhenius _Ea
. _ KT
relation : RA — P X e
—B

R = hopping rate

P = frequency prefactor

E = activation energy (or “diffusion barrier’”) for the event that causes the
system to move from A to B.
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Observed 2D diffusion

3: Small clusters exchange positio
vacant sites: The diffusion of Ge dim
the Ge(001) surface

VOLUME 84, PHYSICAL REVIEW LET

C
!

D FIG. 2. Successive empty-state scans of the same area
B (100 A % 100 A) of a Ge(001) surface after the deposition
of ~1% of a monolayer Ge. The time elapsed 1s depicted in

FIG. 1. Schematic diagram of the configurations of the images. (a).(b) Diffusion of an on-top dimer (B) along a
= substrate dimer row. (b).(c) The on-top dimer (B) jumps to a

adsorbed Ge dimers on Ge(001). Gray dumbbells reprs trough position (C). (¢).(d) The trough dimer (C) jumps to an
sqbstratc dimers and black dumbbells represent the ¢ gn_top position of an adjacent substrate row (B) (sample bias
dimers. +1.6 V and tunneling current 0.7 nA)



Self Diffusion at metal surfaces: surprises...

B.D. Yu and M. Scheffler, Phys. Rev. B 56, R15569 (1997)
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Hopping mechanism

Ag(100) AE =0.45 eV
Au(100) AE =0.83 eV

Exchange mechanism

Ag(100) AE =0.73 eV
Au(100) AE = 0.65 eV

PHYSICAL REVIEW LETTERS

Surface Self-Diffusion on Pt(001) by an Atomic Exchange Mechanism Ea:O : 47 eV

(. L. Kellogg and Peter J, Feibelman

Sandia National Laboratories, Albuguergue, New Mexico 87185 I I
{Received 29 March 1990) SO SI I Ia. ! !




Atomic Model




Three Pathways for H/Cl Exchange
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STM Movies for H-site diffusion on the CIl/SI
(100)-2x1 surface at 560K




4 consecutive STM Images

(20 s/frame)
: o

N

at 560K (Vo= -2.2 V, Setpoint= 0.23 nA, 5A x 8A) H-coverage 0.02ML

ample™



Arrhenius plet of H/Cl exchange

Temperature (K)
625 600 575 550

Inter-dimer

Intra-dimer

Y N A N NN Y N TN A N N N A
18.5 19.0 195 20.0 205 21.0 21.5 220

1lkT (1/eV)

E (inter - dimer ) -1 29 eV . P(inter - dimer ) = 1.31 x 10° s
E.(intra - dimer ); 1.17 eV/, P( intra - dimer ) = 6.64 x 10" s




Modeling H/Cl exchange
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ISSuUes: :

1. Molecular intermediate state really exist ? s 7

2. Role of vibration modes, phonons in 44—\
diffusion? (47 ) )

.
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the major goal in surface science:
to make movies of molecules on surfaces, on a
time scale, with resolution.

Conclusions:

1. Diatomic molecules like I,, Cl,, H,, HCI are great
actors and SI(100) are a good stage for illustration of
fundamental issues.

2. Current experimental approach: with
resolution YES, ona time scale, NO.
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