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. | INTRODUCTIQN
In recent years £here has béen‘q>remarkable progress in

our understanding of the structural pfoperﬁies of solid sur-
faces. Most of the important advancés were due to studies
carried out.on well characterized single crystal surfaces.
There aré se&erél factqrs which héve contributed tq recent
developments in surface science. (1) }A Variefy of monatomic?

and diatomic solids (insulators, semiconductors, and metals)
| Impuridies

have become available in ultrahigh purity (<l ppm) and in

- single crystal form. (2) Vacuum technology has developed to Zée

point whére clean solid surfaces can be easily maintained in

-

8 Torr). (3) Several new experimental

ultra high vacuum (<10~
techniques have become Widely used which have‘produced infor-
mation about surfaces on an atomic scale. Among these new
research tools low.enefgy electron Qiffraction plays a promin-
ent role. Just like x-ray diffraction may be used to study
the bulk structure and thereb& pave the road for the develop-

ment of solid state science so is low energy electron diffrac-

tion probes the structure of solid surfaces and catalyzes the
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development of éuffaée science. In addition, other experi-
mental tools such as electron spectrospopy using low energy
beams, slow neu?ron [Boutin &.Praék (1)] ahd"mglecular beam
'scattering studies and electron spin resonancé [Chung &
Haneman (2) and Taloni and Haneman (3)] studies of surfaces
have provided further assistance to carry out mofevdefinitive
investigations.

This feview will be concentrating on investigatiohs'
which were carried out on cleaﬁ single crystal surfaces under
well defined experimentai conditibns.A It will be divided into
two parts. 1In the first ﬁart studiés concerning the prop-
erties of "clean" solid surfaces will be discussed. These
will include studiés of surface strgcture, suffaée phase trans-
ermatiéns and the dynamics of su?fage atoms. (mean displécer
‘ment, surface diffusion, and vaporization). In the secohd
part we shall discuss gas-solid interactions. These include
molecular beam scattering studies from well defined surfaces,

the investigations of the elementary steps of adsorption and

surface reactions. Here, we shall discuss recent advances in
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‘relétivély simpler surface reactions such as photodecomposi-
i : ,
tion, space chafge limited reactions, and oXidation. Since
 the contributioﬁ of field emission and field ion microscopy
to surface chemistry have been reviewed in this series only
recently [Mﬁiler (4)] these fields are not treated here.
. STUDIES OF CLEAN SURFACES
Properties of Clean Surfaces
The.definition of a fclean" surface dgpends to a large
extent on the experimental tool which is applied to invespi-
gate its properties; Using low energy electron diffraction
techniques which have been reviewed by Lénder (5) jointly
- with a mass gpectrometer bne could detgct ordéred impurities.
on the surface ;n éoncentratiéns of‘about'S%'of a monolayer
[Lyon &. Somorja; (¢)). Using Auger electroh spectroscopy
(to be diécussed later), éne may detect low atomic weighF
impurities wﬁich comprise 1% of a monolayer. Electron spin

12

resonance techniques could be used to monitor ~10 spiné/cmza

i.e., less than 1% of a monolayer [Haneman (7) and Sancier (8)].



e ~ UCRL-18018

Other techniques Which have been uséful,to detect surface
‘impurities are spark source mass spéctrometry, and Hes acti-

vation analysis [Markowitz & Mahony (9)].

Since the surface can be contaminated by either the

‘ adsorbtidn of gases from the ambient or by the out-diffﬂsion .;‘,

of bulk impurities several techniques should be applied td
ascertain its cleanliness.

As a result of the‘application of different experimentgl

éQ v . - | |
tools studies of clean single crystal sprfacgs several new
surface phenopena have been discovered. Low energy electron
diffraction studies révealgd that the arrangement of surface .
atoms could be different from the arrgpgement of atoms in
the bulk unit cell [Schlier % Farnsworth (10) , Lander (5),
Hagstrom, Lyon &'Somorjai (11)]. The surface can undergo
structurél'rearrangements as a function of temperatﬁre while
no such'transformation occurs in the bulk bf the solid. The

surface structures which form are either ordered or disordered

[Lyon & Somorjai (6)] they have well defined temperature
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ranges of.stabiliﬁy. Measurements éf the Debyé—Waller factor
for surfaqe atoms using low energy electrons fMacRae & Germer
(15) and Lyon & Sdmorjai (13)] showed that the mean'displace-~
ment of surface'atoms is different frqm that of atoms in the
bulk.‘ This confirms the results of several theoretical
calculations [Clark, Herman & Wallis (14) and Maradudin &
Melngailis (15)]. There are also experimental evidence that

there is an appreciable net displacément between the first

&

and second atomic layer at the surféce [MacRae & Jermer (16)

and Feinstein & Shoemaker (17)]. Thﬁs, it seems that the
lattice vibratién spectrum of atoms in theGShrfgce layer is
different from that of atoms in the bulk.

Measurements of the'cﬁaracteristic energy losses of
electrons sdaﬁtered by the solid surface indiéate [Raether
(18)3 thét the plasﬁa frequency of electrons about surfacev.
atoms (surface plasmon) is much smaller than the plasma

frequency in the bulk (w = wbulk/J?). Thus, the

surface

electron density distribution about atoms in the surface is

different from that for atoms in the bulk.
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These experimental results indigéte that the surface
often behaves as a separate solid phase with distiﬁctly
'different properties from that of the bulk phase. The
surface phase is well isolated by large potential energy
- barriers from exchange wiéh the bulk or from evaporation ‘
into vacuum. Atomic rearrangements in the surface plane,
however, can take place wiﬁh relative ease since the
activation energy for surface diffﬁsion_of‘ad—atoms or
vacancies is.appfeciably smaller than the activation energies
~of bulk diffuéion and vapofizatién for'many»solids. Most
metals and semiconduct&fs a?e expected to have a well-
isolated'surface phase. For idhic solids, however, aﬁomic -
exchanges between the surface and the bulk is ielatively
unhindered due to the small éctivdtion energies for bulkh
vacancy (in alkali halides, II-VI compounds) or interstitial
ion diffusion (silver-halides, etc.). Therefo?e, for these

compounds the surface may not have structural propefties

different from that of the bulk crystals.
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High'energy‘electrons (>1O4'eV) may also be used to study
the struéture of surfaées‘[Simmons; Mitchell & Lawiess (19);
Siegel & Menadue (20)]. A high énergy e;ectron diffractioh
(HEED) téchnique which usesgzlectron beam at a grazing angle
of incidence haQe been developed and promises to.provide
surface structurél dats in addition to that obtained by LEED.
The ﬁotable advantages of HEED include a good coﬁtrol of the
_penetration depthwof the incident beam and its.possible
’applicatiop to studies of the structure of polycrystalline

. samples which cannot easily be studied by LEED.

Technique and Nature of Low
Energy Electron Diffraction
A monochromatic beam of electrons of energies 1-10° t .1
eV is used and focused onto the sﬁrface of a single crystal
sample. The'electron wavelength caﬁ easily be varied in the
range roughly 0.4 R—-12 & [A(R) = (1so/eﬁ)1/2] by changing the

accelerating potential. The incident electrons have a large

scattering amplitude {angstroms) due to their low energy and
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charge and are baék—reflected from thg sgrface.' After
traveling a short field free path (~ 7tcm) the inelastically
scattered electrons Aré retarded while the-elastically
scatteredvfraction which.containé the diffraétion informa-

tion is.poét—accélerated (21) onto a spherical fluorescent

- screen whére the diffraction pattern is displayed. Other
detectién techniques (Faraday cup) are algo being used
[Schlier & Farnsworth (22)]. For_qccelerating potentials
smaller than ~75 volts, most‘of the electrons a?e back
scattered from the surface plane. Thus, the diffraction
pattefn reflects the arrangements of atoms in the surface as
the two dimensional character of the diffractioﬁ essentially
dominates. At higher electron energies.the fraction of
electrons whicp penetrate a few atomic planes below’the sUrfade
igcreéses and the iﬁtensity.of the diffraction features which ,
are due to the periodicity of the atoms in the surface
diminishes. Thus, at high beam vdltage§ (> 150 ¢V) the

diffraction pattern is more characteristic of the bulk
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;étructUre, i.é., the three-dimensional chafacter of the
diffraction becomes more pronounced (5). The fractibh.of
-elastically scattered eléctrons decreaseg rapidly with
vincreasing ¢1ectron energies from roughly 80% at 5 eV to

about 5% over 75 eV and will depend on the material studied
(5,6). The diffraction pattern can be viewed and photographed
through a window. In the diffraction chamberlwhich is a

‘part of an ultrahigh vacuum system pressure: of the order of

10 4 -9

107"=10"Y torr can easily be maintained. Ultra high vacuum

is necessary to avoid possibie contamination of the sample
surfac¢ during the experiments by the adsorption of gases
from the ambient. Unlike Xx-rays which are scatﬁered by the
atomic electrons; the incident electrons are scattered by

the crystal po#entiai [Vainshtein (23)]. fThus, hydrogen atoms
can be just as effective scatterers as héavier elements.

Due to their iarge scatteriﬁg amplitude which is several

orders of magnitude higher than for x-rays, low energy

electrons can be used to obtain high intensity diffraction
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patterns from ordered surface structures composed of no more.
than 5-10% of the tbtél ﬁumber of sﬁrfacé‘atoms (5).“

The low energy'electronvdiffraction pattern‘is repre-
sentative of the periodic arrangeménts of atoms on the
surface. Analysis of the intensity of the diffraction
.features is hecessary;'however, to distinguish between several
-structures which could yield similar diffraction patterns,
i.e., to detgrmihe the unique position of the atoms on the
surface. Although accurate stfucturé analysis cannot yet
be carried.out recent contributions.by Boudreaux & Heine
(24), McRae (25,268), and seveial groups in different'
laboratories [Gerlccgch §c Rhodin (27); Gé.fnér (28); Hi‘rabayashi
& Takeishi‘(29)]ito the theory of low energy electron
diffraction indicate that the formulation of a working model
for structure calculations is imminent. We shall pfesent
éome of the considerations which havé?layed an important

role in the development of a theory of LEED.
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in the kinematic theory'of scattering»the‘intensity ol
‘the. scattered wéves is assumed small compared fd thé'incidentA"
beam intenéity and.therefore multiple'beém interactions are
neglccted; In view of the large scattering amplitudes of low
energy‘eiectrons [McRae (30)] the applicability of the
kinematic‘approximation in LEED s?udies has to be carefuliy.
‘examined: It is likely to be more applicable in the inter-
’mediate and high electron ehergy ranges (> 100 eV) where the
~strong inelastic écattering gives risé to:pronoﬁpced absorp-
tion [Khan, Hobson & Armstrong (31)]. At low electron
enérgies the intensity o% the elastically SCattéred electron.
“beam is comparable to the incident beam intensity énd
multiple beam interaction have to be taken into account.
Experimental detection of in-plane resonance.of the incideﬁt

‘electrons in this energy'range seems: to confirm this [McRae &

. Caldwell (32)].

Studies of. the wavelength dependence of the back-

reflected specular (00) beam intensity revealed the presence
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qf;"secondary"‘Braéé'peaks (5). The differences iﬁ the
electron scattering propertiés of fhe surface and‘the bulk
are believed to be partly due to the asymmetry of. the

" environment qf the sqrface atomsv(27)‘(i.e., méan displace-
ment, electron density distribution) as compared to atoms
in the bulk of tpe crystal.

The'preparation of the single crystal surfaces is an
important part of the experiment. Careless‘cutting and
polishing ¢an produce an amorphous surface layer_gs much as
several microns thick [Lyon (33)]. In order to obtain the
diffraction features charactefistic of thé single crystal
surface the‘damaged surface layer is removed by ion‘bombardf
meﬁt [Farnsworth & Hayek (34)], chemical ;tching [Lander &

' 35 ' ' 358
Morrison (35)] or cleaving in situ [MacRae & Gobeii (36)].

Annealing the samples at elevated temperatures is also used

to remove the surface damage.
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Structure of Surfacgs

The crystallography of two dimensional structures,
symmetry operations andAspecial coanntiOns héve been out-
1ined’by Wood (36). The arrangement of surface atoms which
is identical to that in the bulk unit cell is called the
" "substrate" sfructure and is designated by (1 X i). For
example, the "substrate" structure of platinum on the (111)
surface is designated Pt(lll);(l X 1). Any other arrangemen£ '
of.surface atoms is called the "surface net" or "gurface
structure." When the unitvcéll of the surface structure is
twice as long as #he substraté unit cell along one crystai-
- lographic direction and'the same 1enéth along the other
di;ection itsis designated (2 X 1). If the unit cell of ﬁhe
“"surface structure" is twice as large as the underlying bulk
unit cell, it is designated, (2 x 2). A (2 X 1) surface
structure which is formed by an adsorbed gas such as oxygen
on the (110) face of nickel, is designated, Ni (116) -

(2 x 1) - 0. If the unit cell of the surface net is rotated
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with respect to the bulk unit cell, the angle of rotation 1s
also specified. For exampie, for 45° rotation the same
surface structure is desigﬁated by Ni (llO?.; (2 x 1) - 45°
- 0. |

Oné of the important discoveries of low energy electron

/.// : , ‘ .

- diffraction studies of recent yearsvis that surface atoms
may reside in surface structurés of different kind. The
presence of these structures is indicated by‘the appearance
of extra diffraction features in the LEED patterq which are
superimposed on the diffractibn battern éf ﬁhe substrate unit
mesh predicted by the bulk unit cell. These surface
structufes are ordered or disorderedi The.ordered structures |
can be characterized by lattice parameters which are intégfal
multiples of the unit cell dimensions which characterize tﬁe
substrate. . After several yegrs of studies in different
laboratories and considerable debate the presence of these.

surface phase transformations on semiconductor surfaces have

been accepted to be attributed to ordered arrangement of the



-15- UCRL;l8018

. 3’70.,354 ‘f
surface atoms of the clean solid (5,10,35}36). Studies oa

'cleaﬁ germanium, siiiéone [Lander & Morrison (37)], gallium
o 354
arsenide, and other compound semiconductor surfaces (36) have
fevealed the présence of several ordered surface structures
with uﬁit cells in the range of twice (2 x 2)_to as large as
eight times (8-X 8) the unit cellldimensions of the.substraté.'
. Although the first reports by Farnsworth_et ai (lO) on the
‘presence.of these surface structures have met considerable
scepticism fﬁfther work in the field by severalvinvestigétors
have removed the possibiliiy that tﬁey may be étrucfures_of
possible surface contaminants. It should be pointed out{
however, that since these surface structures. are the pro?erty
of the interface their formation or removal may well be
. catalyzed or'inhibited by zases adsorbedAon the surface.
Recently surface structures have been feported to exist

on insulator surfaces as well. Charig (38) has reported on

the appearance of surface structures on the c-face of AlZOS'
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Surface strpctUres have been discovered to éxist on the
éurfaces of sevéral face-centered cubic metals [Lyon, Mattera
& Somorjai (39)]. The (100) and'(llO) faces of pi;tinum
(6,11), gold, pallva_diu-m, and sil‘ver [Mattera, Goodman &
Soﬁorjai (40)] exhibit'surfaqe rearrangements as a function
of témperature when heated in ultra high vacuum. Surface
structures have aiso been detected on the (1120) crystal
‘faces of antimony and bismuth [Jona (41)]. Palmberg, Rhodin,
~and Todd (42) have beeﬂ'able to produce the (5 X.1l) surface
‘structure of gold while epitaxically depositing the metal
from the vapor onto différent idnic,single crystal substrétes
 (MgO and KC1). Dué to the more réceht discovery of the
surface structureg on metal surfaces there is still soﬁe
debate as to whether the surface structures ére the éroperty
of the clean metal surface or are caused by sprface impurities
[Fedak &IGjostein (43); Somorjai (44)]. The properties of
'these surface structures and their complete reproducibility

seem to rule out the possibility that they are impurity
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struchrcs. For cxample,’the (S.X 1) surface structure of
géld has been reproducéd in six different 1aboratbrie§ by
all the investigators.who have béen_stu@ying it.

The crystal faces with lower atbmic densities are more
likely to form surface structures at low temperatures. The
formation‘of'the surface Structures seem'to be Surfa;e
diffusion limited, it is accelerated by prior ion-bombardment
" ‘which produceé weakly held mobile ad-atoms in large conéen—
trations or by the'présenée of a temperature gradient (33)
along the crystal surfaéé. The surface structures have well
defined tempgrature ranges of stability, their formation isv
reversible (33) or irreversible. Ordered surface structures
 appear at lower teﬁperatures below roughly one-half the
melting point of the solid (39). Disordered structures
which givé risg to ring-like diffraction patterns appear and
are more stéble at high temperatures on several metal‘surfaées
(6,39,40). There are several semiconductor, insulator, and
-metal surfaces which do not exhiﬁit the formation of surface

structures. No surface structures have yet been found on
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vody-centered cubic metal surfaces {Geogge et al (45); Haas
et al (46); Pignocco ‘& Pellissier (47)]. More work using
_ciean metal surfaces shdﬁld be carried out in order to under-
stand the condiéions nece;sary for ordered surface phase
transformations or order—disorder transitions in the surface.
It is apparent that thé.éétivation energy for surface
diffusion, AEdifé’ plays an important role'in detérmining

the rate and the nature of surface rearrangements (39). If

AE is small for surface atoms at kinks the surface

diff
structures may form as a function of temperature without ion

is large,ion bombardment, which

bombardment.‘ If AEdiff

increases the ad-atom énd{or surface vacancy concentrations
may be necessary to induce phase transformations in the
surface.

Dynamics of Surface Atoms

Mean displacement of surface atoms.- Atoms at the

surface are in an asymmetric environment which markedly
affects their lattice vibration spectra. Calculations showed

that the mean displacement of surface atoms in metals (14,15),
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ionic [Benéon et-ai*(48)], or molecular crystal léttices
[Alder et al (49)]v§hould be diffefent from that in the bulk.
‘The technique of low energy électron diffraction has proved
bto be applicable to measure fhis effect.' This is carried
out by measurement of the.Debye—Walier factor, i.e., the
temperature dependence of the back-scattered diffracted
-electron beam ihtensity (13). The scattered intenéity may
be expressed as

I 2 expli(k-k

2 . .
nke = P U2 o) (¥ymup)] 1.

where~|Fhk£ F gives the scattered intedsity from.a riéid

| lattice in a parficular direction (h,k, %) and thenekponenﬁial'
term arises from scattering due to lattice vibratioﬁs (13).'
Here k and 50 are the scatte?ing vectoré in the direétion of
the scattered and incident electron beams, respectively, and
B.;S the diéplacement vector. The sﬁmmation is over all
pairs of scattering centers £,4'. If we disregard thermal-
diffuse scattering [McKinney. et al. (50)] apd multiple scat-

tering events (26) the scattered intensity can be rewritten

as
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) = | ﬁhkz Fuexpg—lﬁ 7? cosZQ/kz}(uik)J 2.
_ where<(ﬁik>_is the compdnent of the.mean-squgre—dispiacement
in the direction Ak = (k - 50), N is the electron wavelength
and 20 is the angle between the scattering vectors k and K .
The exponential term is the Debye-Waller factor. Using the
Debye model of latticevvibrations in the high temperature
limit the mean square dispiécement is given by the equation,
(ul> = (3N A Mk)(T/6®) 3.
. where 0% is ﬁhe Debye temperature gt the high temperature |
limit, M and T are the atémic weight'and temperature of the'
solid, respectivély, N,.k{ and.ﬁ are the Avogadro number, the
Boltzmann and Planck constants, fespecti?ély. Combining
Egs. (2) and (3) we ha&e '
Lo = ! Frig G exp(-(lZlth/Mk)(éo_s¢/%)2[T/(9°°)2]] 4.
The temperd;ure dependencé,of the scattered inteﬁsity can
thus be used to measure tbe mean displacement of surface atoms
or the surface Debye temperatﬁre. Mogg of the measurements

reported so far were carried out with the specularly reflected
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electron beam (db—reflectioﬁ), ~For the spegular reflection
the scattering vector, 45, is perpendicular to ﬁﬁe surface
“_ﬁlane. Therefbre, the data yields only the vertical component

| of the root-mean-square displacemént,<(gl>. In order to
megsure the true surface.displaqement the IOO(T) measuréments
should be carried out at the 1owest‘electrqn energies (13).
At higher incident energiés a large fraction of the eiectrons
penetrate below the surface plane and the buik Debye temper-
ature is approached.

Thése‘studies have been carried out using Pt (13),

Ni (12), Pd and Pb [Goodman, Farrell & Somorjai (51) ], and
.Ag [Jones, McKinﬂey & Webb (52)] surfaces. It was found that
the mean displacgment of surface atoms is 40-100 pér cent
larger than for bulk atoms. There is little difference
betwgep the surfage mean displacements of different crystal
orientations, <u1)>appears to be relatively insensitive ﬁo
changes of surface st;ucture or surface density (50). It

¢

~is hoped that these studies will be éxpehded to include ionic

and semiconductor crystals as well.



~22- .  UCRL-18018

v

Theoretical analysis of the mean sq#are displacement of
simple cubic and face-centered cubic crystals han been
carried out (14,15).' These-calpulations predict increased
mean disblgcements of surface atoms essentially the same
order of magnitude as found By the Debye-Waller measurements
using low energy electrons. Maradudin dnd Flinn (53) have
investigated the anharmonicity of surface atom vibrations
and how it effects the Debye-Waller facfor. Calculations of
the surface‘heat capacity of simple cubic solids have been
carried out. The surface specific heat is proportional to
T2 at low temperatures and to the surface area of the solid
 [Wallis (54)].

Surface diffusion.- The diffusion of atoms along the

solid surface has been studied by several experimental tech-

5
niques. These include studieg& by field electron emission

[
microscope, grain boundary grooving, sinusoidal profige and

single scratch decay techniques. Results obtained by these

‘ [G]osfaih(“"l
different techniques disagree widelyY{6%&). Surface diffusion
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studies by field emissiqn ﬁiéroscopy arevéarried out at a
lower temperature than the studies by the other:techniques
and, in general, jield lower activation energies and pre-
exponential factors. This disagreeﬁent éay partly be due to
: the difference in the ambient conditions in which these
experiments qre carried out which can markedly effect surface
aiffusion retes. It is also likely that the different exper-
imental techniques measufe the diffusion flu; of surface
étoms of different kind. The surface is heterogeneous, atoms
can occupyfpositions of a wide range of binding energies.
.There are atoms adsorbed on the surface, at kinks, in ledges,
‘and there are surface vacancies. Depending on fhe experi-
| mentgl technique the diffusion flux may inclgde atqms in one .
or several of the. different positions [Blakely (56) ]. Stud.ie‘s
Lof surface diffusion on several face-centered cubic metal
surfaces (Cu, Au, Ni, Ag, Fe) showed that ﬁpe acfiyation

energies increase markedly with increasing temperature.

Gjostein and Winterbottom (57) have suggested that this is
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due to a change ig the mechanism of atomic transport at -the

| surfaée‘ It was proposed that at 1ow temperatures the ldw
value'of AE (diffusion) reflects the energy necessary po

move vacahcies along the surface. For this case the activa-
tion energies are roughly AE(diffusiqn)'= 0.24 AH(sub)’ where
'AH(sub) is the heat of subliﬁation for“the metal. At high
temperatures the dominant carriers of the surface diffusion

flux are assumed to be ad-atoms with AE(diffusion) = 0.54

AH(sub)'

New experimental techniques for Su}face diffusion
. studies inciude the use of rgdioactive tracers [Turﬁbull (58)]
laser beam reflection experiments from sinusoidal.surfaceé
[Bonzel and Gjostein (59)], and intensity measurements of
diffraction spots after ion bombardment as a function of

annealing temperature in low energy electron diffraction

studies (86).
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Vaporization kinetics.- The vaporization of surfaces,

far from equilibrium is most'likely controlled by a sﬁrface
>reactioﬁ which takes piace prior ﬁo the'desorptioﬁ of the
vaporizing species into vaéuum. This‘ig certainly.the case
| for solids which assoclate or dissociate upon vaporization-
.[Somdrjai (60)],: The raﬁe limiting surface reaction step
. may be charge traﬁsfer [Somorjai and Lester (61)] or the
‘bredking away of surface atomslfrom kihk positions af ledges
[Hirth and Pound (62)) of chemical rearrangeménts of surface
atoms at kinks (60). A review of the vapofization nechanisms
of solids have been published recently (60). The vapérization
mechanism of sodium chloride single crystals have‘béen
studied [J. E. Lester (63); G. A. Somorjai (64)]. It was
ﬁfound that the steady state evapofatipn rate increases by

three-fold with increasing density of dislocations (10%-107

.

"2). It was shown that there is no equilibrium on the

cm
» [ 3 ) .
surface between the dominant vaporizaxing species, the monomer,

and dimer molecules. The vaporization rates of boron [Burns
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et al (85)1, aluminum and gallium oxides [Burns (66)] have
been}monitqred through ﬁhe melting point. There is a dis-
continuous increase'in the évapdratidn rates of the oxides
és the cry§tal stfucture collapseé.to that of the.maximuﬁ.
raﬁe of vaporiZatian which is calcu;ated from the equilibrium-
vapor préssure'measurements. Boron on the othef hand shows
no discontinuity of the yaporization rate upon melting.
_Résenblatt et al (67) héve stud£ed the temperature
| dependence of the evaporation iate of ;rsenic agd antimony
single crystal surfacés} The vapor;zatidn of both solids
seem to be 1imited’by a che?ical association reactidn which‘.
takes place at the ledges iﬁ tﬁe sur%ace. Ward et al (68)
ﬁave observed marked dgviation of the distribution 6f.effusing
particles from a Knudsen cell from the cosine law.at high
temperaturgs. .They show thaﬁ complete thermodynamic
ééuilibrium is seldom achievéd in high temperature Knudsen
expe}iments. The interaétion £etween'the vapor and the cellﬁ

plays an important role in the establishment of solid-vapor .

equilibriunm.
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RECENT éTUDIEé_OF'SURFACE CQNTAMINATION )
The.detection‘and analysis of minute impuritieg is
particularly importanﬁ in surface stgdies ﬁhere the structure
of the surface and the nature of gas-;olid interactions can v
bevstfongly affected by surface contaminants. The availa-
bility of ultra high purity>materials and ultra high vacuum
not only allowed to carry out more definitive experimgnts in
| suffaée science‘but has‘increésed the dem@nd for anélytical

tools for the detection of surface impurities in concentrations

15 cmez)_

of less than a monolayer (< IQ
One of the most promising tools fof detecting ;mall
-concentrations of atoms on tﬁe surface is the analysié of
electrpn beam excited Augernelectrons from surface‘atoms
[Tharp & Scheibner (69); Harris (69a)]. This measurement
invol&es thg energy analysis of a low energy electron b;am
(1~10¢ eV)‘which is back-scattered from the surface. The

inelastic losses include electronic excitations within the

impurity atoms at the surface. Such electronic transitions
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are'charécteristic for a given element and can be identified.
Oxygen on metal surfacés, gold, and éil&er on ionic single
crystal surfaces have been an@lyzed‘[Weber“aﬁngeria (70) 1.
This technique is éimple to apply it can detect amorphous
layers which may be invisible by LEED in surface concentra-
tions of lesé fhan a tenth of a monolayer.

Another type of analytical technique which also uses an
electrén beam is electron beam desofption. The adsorbed
‘atoms may be ionized by the incident elecérons'and sub-
sequently desorbed. This way they can be detected by a mass
spectrometer [Lichtman % McQuistan~(7l)]. Noticeable advances
have been reported in detection sensitivity when ﬁsing
polycrystalline surfaces [Lichtman & McQuistan (72)].

Menzel and Gomer (73) have reported very low ionization
efficiencies for reactions between low energy electrons and
several adsorbed atoms, however. 1In view of this and several
other investigations of adsorbate-electron interactions it

is less likely that this technique is applicable for analysis
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~ of surface impufitics on single crystals qf low surface
area. The fragmehtation of adsorbed molecules by the incident
' electroﬂs makes diréct identification of the surface speciles
by mass spectrometric gnalysis difficult.
High energy electrons at a grazing incident may also -
 be_used to obtain information about the impurities at the
surfgce [Sewell and Cohen (74)]. Inbthis case the emitted
“soft X-rays which are characteristic of the emitter atoms are
~analyzed. ﬁhile the technique of electron beé@‘excitation
of'impurity aﬁoms and subsequent analysis of the inelastic
: }oss spectra detects light impurity atoms on the sﬁrface with
great sensitivity, analysis of the x-ray emission spectra
after electron bombardment of surfaées should be'sensiﬁive to
the presence of heavy impurity atoms [Hagstrom et al (75)].
GAS-SOLID INTERACTIONS

The Structure of Adsorbed Gas Layers

on Surfaces
One of the important discoveries of low energy electron

diffraction studies is that atoms adsorbed on a solid surface
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can form ordered periodic structures (§). mhe nature of the
surface structure depends on the crystél orientatioﬁ} tem-

- perature, and the concentration of adsorbed gas étoms. The
adsorption of oxygen, hydrogen, and carbon monoxide.have
been studied on a vafiety'of metal and semiconductor
surfaces. Ih almost every case chemisorptioh was accgmpanied
by the formation of ordered surface.str;ctures. It is
apparent‘that orderiﬁg ;s preferred on most surfaces over
ﬁhe formation of adsorbed amorphous éas layers. It has been
reported [Germer (76); (12) ] tﬁat é strongly exo@hérmic\
surface reaction (for example, chemisorppion of oxygen on
nickel surfaces [Germer and MaqRae (77)] can dislodge ﬁhe
substrate atoms from'their equilibrium'posibions in the
surface and cause a surface‘structﬁral rearrangement whicﬁ
is commonly called ﬁreconstruction." The reconstructed
surface structure is composed of bdth metal and chemisorbed

atoms in periodic arrays. Although changes in the diffraction

pattern during chemisorption can be analyzed in several
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differept ways [Baﬁer (79)] complementary experimental
evidences seem ﬁo indicate'that reconstruction is the most
likely interpretation of the structural changes observed during
the-oxiddtion of nickel surfaces. Reéohstruction at the
surface may be looked at as the precursor of'oxidation

- reactions which proceed into the bulk via a diffusion con-
trolled mechanism.

There is considerable experimental evidence ihdicating
that hydrogen surface structures can easily be detected on
tungsten single crystal surfaces'by 1ow.ene£gy electron
diffraction [Estrup and Anderson (79)]. Thus, electron
scattering from ordergd arrays of hydrogen-atéms is strong
and unlike x-ray scattering it can be applied to verify the
positions of hydrogen atbms in hydrogen containing solid
surfaces.

Low energy electron diffraction studies of physical
adsorption of xenon, and bromine on graphite single crystal

surfaces showed that well defined surface structures formed

2
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at low temperétur;s [Lander (80),(81) 1. These studies seem
to provide the'first'evidence tﬁat physical adsorption also
takes place via the formation of crystalline phases even for
nobg?‘gas'adsorbates for which the lgteral bonding is weak.
The tWo dimensional condensation of adsorbed bromine to the
1iquid state could also be monitored by LEED (81).
It is apbérént from the avéilable experimental data
thét ordering ofvadsorbed étoms into sufface structures of
different king is an essential part of the adsoybtion processQ
‘The correlation of adsorppion data obtained from adsorption
isotherms, field ion microscopy or work'function measurements,
e?c., with the surface structures‘of adsorbed gases detected_
by low energy electron difffactionshould greatly aid our
understanding of thevnature of the adSorption phenomena..
LEED.studies further showed that surface structures are
formed during the simultaneous adéorption.(co-adsorption) of

two gases which would not form in the presence of only one

or the other gas component. The formation of these mixed
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surface:stfuctures seeﬁ tp be avgéneral property of adsorbed
gas layers on metal surfaces. Estrup and‘Anderéon (825
showed phat the simultaneous adsorbtion'of N2 agd CO on the
W (100) surface give a series of surface structures none of
which can be formed by the individual gases. Similar results
were obtained by the‘EO—adsorption of 0o and CO on the

W (110) surface [May et al (83)].

The adsorptionvof oxygen and carbon_mdnoxide on the
(110).and (112) faces of tungsten has been studied by Ggrmer
et él. (84),(85)]. éeveral surface structures have been
found. The édso?ption of nitrogeq, hydrogen and thorium on
tungsten'sﬁrfaces ﬁave been studied by Estrﬁé et al (86),(87).
The initial adsorption of dxygen on the (110) face of copper
indicate the formation of a disordered layef which becomés
. ordered With increased exposure to gas (19). Ertl (88) has
studied'the adsorption of O2 and NZO on all three low index

.faces of copper..
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The adsorption of pxygen on clean germanium surfacés'
[Botkin énd Madix (89)], the ads‘orption of H,S and sté on
_ the Ge (111) surface [VantBommel‘&‘Meyer (90) ] have been
studied. The adsorption of CO and Cdzkon the Mo (110)
surface [Haas eF al. (91)] ;ﬁd the adsorptioh_gf 0, and
other gases on the fé (011) face have been investigated-
[Pignocég et al.'(9é)]. In'evéry'casé ordered surface
structures have formed. Some of the structural properties
of the chemisorbed structures have been reviewed by

Estrup et al. (93). The thermal ordering of oxygen on

’

nickel has been studied$%ermer et al. (94).

Studies of Crystal Growth and Epitaxy

on an Atomic Scale
Several investigations of the deposition of-conﬁensibie
vapor on:single crystdl subsﬁrates have been carried out
using LEED. These studies gave valuable information abou£
the initial steps of condensation, growth, and alloy forma-

tion and the experimental conditions which influence these
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processes.' Again, thesé processes take.place viavthe forma-.
tion of orderéd surface structures. The symmetry and_the
unit cell dimensions of ﬁhese‘structures depend on the sub-
strate orientation, the deposition‘ﬁemperatﬁre and the c@n—
densing vépor flux. Mbreover, the structure of the epitaxial
deposit ﬁas.very sensitive to the presence of chemisorbed
oxygen [Taylor (95)]. Thus, condepsation experiments must
be performed under ultra high Vacuﬁm.conditions to maintain
reproducibility.

The surfacelstruCtures prodhcea by the epitaxial
' ~deposits .may be divided into two groups. Thqse which have
unit cells.which'are the same as.thaf of the subétrate unit
cell or have lattice parameters which are integral multiplés

of that which characterizes the substrate, belong to the

first grpup. These structures are superposed on the substrate:

4

unit cell [Bauer (96)]. The surface structures with unit
cells which are slightly larger or smaller than the substrate

unit cell belong to the second group. These may be called
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coihcidence surface structures. -Dépending on'the 1a£tice
mismatch every nth atom may coincide with one of the sﬁb—
strate atoms thereby producing a chgracteristic diffraction
pattern [Tucker (97)]._

The growth of the (111) face of silicone has been
studied. The growth rate was sensi#ivg to the presence of
surface‘strﬁctures. The periodicity corresponding to the
(7 x 7) surface structure could be maintained throughoutvthe
condensation pfocess [Jona (98)]. The epitaxy of Cr, Sn, ‘,
Pb, Al, In, P, Ca, and Ba on the {111) face of éilicone has
been studied [Gobeli ef al. (99){(1)]. Three—ordered phases
with successive addiﬁioh_of cesium were obéerved to form. In
the presence'of the (7 X 7) surface structure no ordering of
the condensed cesium could.be detected. The other metalé;
however, - formed well ordered structures on both the Si (111)
and the Si (111) — (7 x 7) surfaces and showed order-disorder
tranéitions in well defined temperature ranges ‘[Lander %

Morrison (100)].
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The C_u-'ri [Schlier &Farnsworth (1”01)], Cu-W (9'5),_ 

.  Ni-Cu tHang & Farnswbrtht(lOZ)], ih—w [Estrup'etalf"(idé)]
systems have béen'sfudied by LEED. Thére was a pronounced -
'effect on the orientation of copperlon titaﬁium and tungéten
surfaces due to the presence of Chemisorbed.oxygen. Taylor
(95) reﬁorted the appearance of a long-period superlattice
"alioy" diffraction pattern when the tungstgn'substrate was
heated after the deposition of copper. The epitaXy.of metalé'
(Au,Ag) on ionic suﬁstrates (Mg0, KC1l) has also been invest-
iga@ed (42). .HaQue and Farnsworth (102) reported that for

the Ni-Cu (lll).system‘at 250 volts only the atoms iﬁ the
first three layers'at the surface wefe contributing to the
scattered intensity. Thu§, studies of epitaxy could be useful
to determine the penetration depth of.éhe incident electron
beam. The propertieé of sodium-covered germanium.[Palmberg %
Peria (104)] have been investigated. The deposition of silver
on the (111) silicon surface [Spiegel (105)] and the‘ depb-
sition of several metals on mica [Alpress & Sanders (108)]

"have been studied.
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Interaction of MolecularABeams
with.Solid Surfaces

‘Studies of the interaction of a beam of atoms of well-
defined.kinetic energy with a clean single crystal surface
~allows Gg to investigate some of the elementary steps.of
'surface'reaétions. In moSt of these studies a velocity-
selected atomié or molecular beam is used tFite & Datz (107) 7.
By analyzing the time of flight of the' back-scattered atoms
one can determine the residence time of the atom on the.
surface [Moran et al. (108)]. Measurements of the vélocity
and angular distribution of the scattered beam reveals the
vextent of the energy exchange and &he nature of the inte;-
action betweeﬁ the.gaé ang surface.atoms’[Smith and Saltsburg

. . | ‘

(109)]. The extent of the energy exchange between the atomic

beam and the surface may be expressed [Raff et al. (110)] in

terms of an energy accommodation coefficient, aE(e),

o (6) .. E (incident) - E (flnal)
E - E (1nc3dent)

Here E (incident) and E (final) are the energies of the
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incident and reflected atomic beems.- The enefgy accomnmodation
coefficient can also be expressed in terms of either the
tempereture or the velocity of the’reactive atomic beams
[Thomas (111)]. Although the regulte one o-btain%’d from

, Can
molecular beam experiments weulé-be exceedingly important
in understanding the.dynamics.of surface reactions, experl-
mental and/or theoretical work in this field is carried out
only in a few laboratories. The ekperlmental difficulties
in obtaining a velocity selected molecular beam and a clean
crystal surface simultaneously, ere formidable. Most of the
experiments have been carried out using polycrystalline ;
surfaces [Hinchen % Malloy (112)].} Some of these surfacee-
" have been kept "clean“ by constantly depositing a fresh
surface during the scattering studies TSmitn and.Saltsbnrg
(113) 1. -

Exnerimental studies of molecular beam scattering,—

Much of the recent experimental results and recent develop-

ments of the theory of molecular beam scattering have been
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Published in the’Prbc. Sympdsia‘oﬁfRafefi?diQaS Dynamics
| (Acédemic Préss) and in the recent Prog. Fundamentals of
GaS—Sﬁrféce Interactions (Academic Press, 1967). ‘' The exper-
iments indicates that part of the mp;ecular beam which sﬁrikes
the solid surface at the épecifiedlangle of incidence is ;
re-emitted in a lobular pattern which'also-shoWs a sharp
maximum (110). The aﬁgla of rgflection of this maximum is
related in a reproducibie way to the angle of incidence, and
to the temperatures of the surface and of the incident
>molecular beam. The:appearance of the lobe disﬁribution lbﬁkadtﬁzm
Single maximum IS also redated to surface | |
\foughness [Healy (114)}. The two limiting cases of beam
scattéring mechanisms are (1)‘dif£r§ction and (2) diffuse
 scattering (109). Diffraction of He and H, ha.s. been detected
from alkali-halide surfaces by severai-inyestigators [Crews
(115); (2109)]. Due to the mass and energy dependence of the
de Broglie wavelength [\ = (hZ/ZmE)l/z] diffraction is
expected to be more iﬁpoftant in the scattering of lighter.

atoms with thermal velocities. The dominance of elastic
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scattering indicates, of course, the absence of energy
exchange between the surface atoms and the beam. Diffraction

effects wefe'conspicously absent in studies of H2 and He -

scattering from silver [Saltsburg et al. (116)]. Although

this result may be due to surface contamination it is likely |

that the difference ih the phonon spectra of metal and ionic
»crysﬁals is partly responéible for the presence 6r.absence ¢
‘Qf diffraction.

Diffuse scattering is charagterized- by a scattered
beam distriﬁution which‘véries as the cosine of the angle
‘between the écattering direction and the surface normél. “Any
scattering processvin which the.inéident molecular beam
resides on the surface for a long time with respect to the
time of a single elastic collision may lead to partial dr
total equilibration and diffuse scattering. ébntaminated or
amorphoﬁs suffaces frequently give rise to diffuse scattering
of the‘éolecular beam (108). In fact, the irreproducibility

<
of experiments which were carried out prior to the advant of
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high vﬁcuum technology can be traced to underfined'scattCJing
- o _ ,
surface properties (109).
In mosp molecular,beam scattering experiments the scat-
tered beam has a spatial ;istribution which is é result of
a dynamical interaction with the surféce.. This, in'general,
cannot be desc?ibed By the superposition of diffraction and.
diffuse scattering but it is.determined by the interaétion
potential and lattice dynamics of ﬁhe sufface atoms. In the
following statements we shall summarize the main features

of the scattering processes which wefe'derived from many
experiments; |

(a) The spétiai distribution,of scattered barticleg
tend: to be more specular (angleé of incidence and scattering '
are equal) for clean surfaces and more diffuse in the
presencé of adsorbed gases or for roughened surfaces. The.
accommod;tion ;oefficient is small for ponreactive beams
(~ 0.0l.— 0.3) for clean surfaces but approaches unity for

contaminated surfaces (110).

(b) The spatial distribution of the scattered beam is
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'strohgly dépendent on the angie of incidence and varies
from one gas to anothér for scattering.from a given solid
surface.

(c) The maximum of the_scatiered'beam shifts toward'l
. the surface normal as the surface temperature.increases or -
as the energy of theAincident beam decreases (with some
notable excéptions [Saltsburg & Smith (117)]}. Thus,las the ,
attrdctive interaction beﬁween'the beam and the sﬁrface
increases the scatteriﬁg becomes‘more diffuse.. Recent
experiments include scaftering of HZ’ He, A{ Xe frqm Au,:Ag,
Ni, Pt, LiF, and NaCl surfaces [Hurlbut (118); Datz g:c__a_._l_
(119); Smith 8_“ Fite (120)]. Saltsburg and Srr;ith (117) have
studied the scattering of’CH4 and NH; from Au and Ag surfaces.
The spatial distributions of scattered He,?Hz, andbD2 beams"
from (111) face of Ag have been determined (116).

The thermal accommodaﬁion coefficients of gases on
different suffaqes have been studied 5& a ya?iety of techniques

(111). The accommodation coefficient of noble gases on
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ﬁungsten have been determined by Menzell& Kouptsides (121).
The accommodation coefficients of these gases on_tantalum and
serie

germanium surfaces have also been studied [Kostoff et al.
(122)].

- There is an ébseﬁce of réported data on reactive scat-
tering studies which should certainly aid in understanding
the nature of the energy ﬁransfer in chemical surface_reactioné.
There is no experimental information available oﬁ the scat-

When S 'ucA
.tering of molecular beams from liquid surfaces. Y Buch study

WLZﬁ compared with the scéttering process from the solid
surface could give information about the role of the iattice
vibration spectrum in the interaétion. It should be noted
that many of the éxperimental uncertainties in scattering
studies could be removed by using one face of a single cfystal

inétead of polycrystalline surfaces.

Théory of Molecular Beam Scattering.- The model which

Has been most successful in predicting many of the properties

of the scattered molecular beam is the hard sphere (110)
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and independent'oscillator lattice modél.. The hard sphére
model deQelopediby‘Goodman (123) ana'Goodman and Wachman (1.24)
considers the inferaction of a gas atom (hard sphére) with
one or several 1attice.at¢ms always.assumed initially aﬁ restf
The éollisién cross section for a given beam velocity is
déterminéd using a Lénnard—Jpnes pptential° The model pré—
~dicts realistic spatial.distribptions (fe-emission‘lobes) and..
energy accqmmodation coefficienfs. It is applicable}only
when‘the surface temperature is low compared tp the béam |
temperature; Following Goodman,-Logan, and Stickney (155),
presented a simplified hard-cube model which predicts correctly
the variation'of the spatial distribution with surface
temperature. 'Thué, the'restrictionof a stationary laptice
(a surface temperature of 0°K) which was a condition in all
'previous'Calcuations has been successfully removed.

The independent oscillator lattiée model has been
developed by Oman, Bogan, and Li (126) considers the inter-

action of a gas atom with symmetrically placed mass points
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which are connected by harmonic springs to each other and

to a fixed site. Again a Lennard-Jones interaction potential

is used. Assﬁﬁing a classical motion for all particles the
energy accommodation coefficients heve been calculated ae a
functien of engle of incidence, particle mass and lattice
force constants. An'extension of these caleulations was
published by Raff, Lereﬁzen, and McCoy (110) who have removed
the 0°K surface teﬁperature restriction and have computed
spatial distributions as well. Their calculations are in
fair egreement with many of the experimental observations.
-In addiﬁion to these classical models se&eral quantum -
interactien models have been developed. These have been
_.re#iewed by Trilling (127). Although none of these models
give satisfactory explenafion of a11.of the experimentai
observations, it'seems certain that a judicious eyntheeis of
these models will provide a better physical picture for the

interaction of molecular beams with surfaces.
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SURFACE REACTIONS =
Photodecomposition of Solids

Photodecomposition is a chemiéal surface feaction‘which
requires the presehce of both free chgige carriers and
trapping atomic centers in the surface. The complex over-all
reéction may be di&ided into separate‘reaction steps, (1)
thefcreation;of free carriers (electfons or holes) in excess
of their eqﬁilibrium concent}ation‘by illumination. (2)
,'trapping of charge carriers at surface sites, (3) surface ,
and/or bulk diffusion of'atoms of vacancies away from‘the .
iattice sites where.tﬁe charge t?apping occurred. This step
is respohsible for thebgrowth of the preciéitated metal
particles, and (4) the removal of some of the reaction products
from the solid‘surfape.

The condition for the occurrence of‘photodecomposition
seen to be that the diffusion step (Step 3) shbuld be rapid

enough to induce particle growth during the trapping lifetime

of the free carriers. If diffusion is too slow charge
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recombination will taﬁe place before the photpdeéomposipion
could occur. Thus, it is apparent that due td the-exponential
temperature dependence of the surface diffusion rates photo-
decompoéitidn reactions which may not take place at room
,température at any appreciable rate may proéeed rapidly at
elevated temperatures.

Most of the photodecompositon étudiqs_have been carried
out with silver~halide§. - The mechanism of their photoreaction
is &iscussed in séveral recent paﬁers_[Mees & Sgnes (;28)].

The photodecomposition §f'1ead—ha1ide§ héve al;o been
studieg [Kaldor and Somorjai (129)1. The photoreaction.of
PbCl2 is coptrolléd by tbe rate of charge transfer at chloride
- ion vacancy sites. Unlike for pufe silver halides the thresh-
Ihold energy for photodecompositibn is less than the energy
at the absorption edge. Similar mechanism se;ms to be oper-
ative for PbJ,. The chief difference seems to be that the

2

diffusing species are Cl in PbCl2 and Pb in PbJZ.
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cas alse undergo photodecomposition ih the presence of
aﬁ oxidiéing atmoéphere at elevated temperatures (= 250°C)
-’[Somorjai (iSO)J. It ié apparent that the diffusion rate of
cadmium‘is4too slow at room température for the photéreactidn
to occur. The oxidizing atmosphere ovef the sélid surfacg
is necessary.to aid the removal of sulfur atoms in the form
of sulfur oxides.

Thelphotodecomposition of.a—léad—azide, PbN6 was also |
investigated [Verneker & Forsyth (131)]. The decomposition
rate was a linear function of the light intensity.v A two

was : '
step mechanism 45 proposed. Initially electron traps
(vacanciesa iﬁpurities) present in the crystal give rise to
a high rate of photodecompositionf During the photoreaction
these traps aggregate andvare eliminated. The reaction'rdte
decreases aﬁd the steady state decomp;sit;op rate is con-

trolled by the interaction of photoionized lead cations with

the azide anions.
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Low energy electron diffraction studies of photo-
| yet | -
decomposition have nogkgeen carried out,as yet although
difffactiqn patterns ffom silver bromide single cryétal
surfacés could readily be obtained. .
Space Charge Limited Surface.Reactibns

In many surface reactions charge transfer (electron or
hole) between the adsorbéd gas and the solid surface is one
of the important reaction steps.\ Charge transfer is rela-
tivély uninhibited on most‘meﬁal surfaces whe#e every
surface atom may donate a conduction électronlto'the
absorbate. Thus, when adsorption of a charged monolayer
of gas takes place ;n a metal surface the resultant space
charge layer éxtends to only a few atomic layers into the
solid. This thin space charge region does not, in genefal,
prevent'thé further migration of free carfierS'from the bulk
to the surface. Charge transfer during the adsorption of

gases on semiconductor or insulator surfaces, however, has a

prorfound influence on the charge distribution in the solid
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deep beloﬁ thé surface. For thesé solids less than one atom
out qf 106‘may donate on electron‘(hole)‘to the adsorbed

gas .atoms [Many et al (132)]). fTherefore, in order to absorb.
a monolayer of charged atoms (for example, 0, —207) electrons
(holes) have to be transférred to the.surface'from atoms deep
in the solid, i.e.,'the space charge layer may extend > 10™%
‘cﬁ into the bulk [Spenke (153)].,'The electrical properties

of thin (10—3 cm) insulating crystals are very sensitive'

ﬁo chaﬁée trénsfer processes ét ﬁhe surface [Hauffe and Engell
’(134)]. Eléctronic surface states‘df different types in semi-
qonductors strongly interact with adsbrbed gases. The prop-
erties of surface states have been recently reviewed by

Many et al (132). For semiconduqtor.surfaces é.poténtial
barrief builds up in the space charge region before the"
adsorption of a .charged mqnolayer is completed whiCh,prevents
further electron transfer fromlthe bulk to the surface. Onée

this barrier is established the rate of charge transfer con-

trolled surface reactions depends on the rate of electron
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transfer over this potential barrier [Somorjai & Hpering

(135)]. Since the height of the tarrier is proportional to
the concentration of transferred electrons or to the concen-
tration of ionized donor atoms, the rate of electron transfer
to the surface obeys the equation

- dn/dt = k exp(bn) ‘ L :
where n is the'electfon concentration and k and b are con-
stants at a giyen ﬁemperature. The integrated rate equation:
has the forﬁ, Bn = log t + ¢, where B and c'a?e constants{
This is the well known Elovich equation [Eiovich et al (136)].
.Kinetics of many adsorption [Melnick (137)] and oxidationv(134)
réactions'fqllow this rate expression. Several other mechanisms
.haVe also been proposed to account for the ekponential concen-
tration dependence of the rate [Landberg (135)]. The.rates
of several catalytic surface reactlons on semiconductor
surfaces were found to be altéred greatly by changing the o

free carrier concentration in the surface at a given temper-

ature [Yaschenko et al (139)]. This may be carried out by
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'doping or illuminétion. The,spgge chargé limitéd adsorption
'and'photodesorptipn of oxygen on CdS and CdSe surfaces have
been investiéated [Mark (140); Somorjai (141)]. The heats
of adsOrption of different'gases were found to increase linearly
;with.the electron concentration at the Zn0O surface [Lev& &
Steinberg (142)]. Adsorbed gases may be desorbed from ger-
manium surfaces by applying an electfié field at the solid
surface (139).\
Oxidation Studies én Single Crystal Surfaces |
The oxidation‘of'several 1§W iﬁdgx faces of‘nickel
'single crystals, the formation of nickel oxides have been
sfudied using low energy electron‘diffraction [Germer ét al
(143); MacRée (144)]. LEED study of ch?ohium surfaces shows
the forﬁation of a strongly bound gmorphousloxide layef.which-
is the prbbable feasdn for the corrosion resistance of the
_ . | | |
metal surface [Hague & Farnsworth (145)]. The oxidation.of

silicone [Landgr & Morrison (146)], germanium (89), platinum

[Tucker (147)], molybdenum (46), tungsten [Chang (148)],
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copper (88), and iron (47) sing1e crysta1s have been studied.
The oxidation~of CO on pdlladium surfaces have been investi-.

by

gated vé&'monitoriﬁg the isotope exchange-: [Park (148)].

’
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