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MEAN SQUARE DISPLACEMENT OF SURFACE ATOMS
‘ON THE SILICON (111) CRYSTAL FACE

James Graee'Crump

‘Inorganic Materials Research Division, Lawrence Berkeley Laboratory and
Department of Chemistry; University of California,
Berkeley, California 94720

ABSTRACT

In this study’wevdiscuss.atomic motion at fﬁe surface of a silicqn
singlebc:ystal. Theftheory whieh'explaine the'reauctidn of intensitybdf '
LEED beams in terms of surface atomic motion is reviewed. We discuss |
silicon (111) surface reconstrﬁction, and review.surface models which
.have‘been offered to explain reeonstruction. |

We éresent the iﬁtensity—vsevoltage curve for'thev(dd) beam of
silicon (111) for both the (1x1) end (7X7) surfaces. We'preeent data
of the temperature dependence of the (OO)feeam intenSity at various
energies. Valuee of ;El'the meen squafe displacement of surface atoms
normal te the surface plane,are given at these energies, and diseussede
with refefeﬁce to the intensity—vs-foltage data."Finally, we examine the

" effect of reconstruction upon - the effective uf, measured at a Bragg

reflection.
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I. - INTRODUCTION -

Al Meanesquare'Displacement of Surface_Atoms
' The'subject of this studyris the mean—squareiamplitude;-uf; of the'>
Vihration:offsurface atoms insthe silicon (lll)vcrystal'face'in the-direction
vnormal to the‘surface.l On afsimple;‘intuitive'level, surface,atoms,'
which are bound'to neighboring_atoms'in the bulk on one side but are
not hound in the normal direction on the vacuum:side,'would be'exbeutéd :
to-vibrate Withlargeramplitudes than would atoms of thezbulk - Viewing
':the bulk atoms of crystal lattice as bonded, in each of the three |
'VImutually perpendicular directions, by an effective force constant, ‘the
_surface atomic 1ayer would be expected to be more - 1oose1y bound w1th
a reduced force constant._'Furthermore, binding-in the normal'direction
lwould'belaffected.more than hinding in the parallel direction.
Theoretical calculations of'mean-square’displacement of atoms have
supported this‘intuitive idea, and have indicated an anisotropy between'
displacement .in thevdirections normal and parallel to the surface. Clark,
Herman and W’allisl have calculated u;.and u?.of atoms in nickel crystals
(fcc lattice) with free surfaces parallel to the (100), (110) and (111)
planes,vus1ng a nearest—neighbor, force constant model. In all cases,
'both u;-and‘;? converge rapidly to the bulk values within five atomic.‘
_1ayers._ All cases show cons1derable anisotropy, with u /Wl = l 54 at
Athe surface of the (111) face, for 1nstance. This,result is cons1stentl
with a qualitatlve‘notion that the ‘creation of aifreersurface reduces

forceSaffecting perpendicular motion more than forces affecting parallel

motion.
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Allen and DeWettez"3 have_performed theoreticalfcalculations of
uf‘ and u" for an fcc noble gas crystal, in which the atoms interact

through a LennardeJoneS'potential. Use of a potential"rather’than a force

constant'model isladvantageousvfor several reasdns, To begin with,
calculation.of changes in spacing between'atomic layers parallel.tovthe
: surface.is°poSSible. Allen and DeWette calculate interlayer spacings

" for static (non—vibrating) lattices and find rapid convergence to the

Abulk layer spacing. Calculated values of thegincreased‘spacing near.'
. the surface'are'then used to determine the changes'in force constants
near'the surface.' Thus, force constants corrected for the presence of
avfree.surface are used in calculations of ;E:' As well, the asymmetry
of the'vibration,of surface atoms in the normal direction-can be taken
into'accountt' Thisrasymmetry ariseS'sinCe the amplitude of motion‘is'
limited, in'the‘bulk-direction, hy repulsion'Of neighbors, and in the'v
outwardvdirection, hy attraction'of'the atoms;of the crystal.l‘Asymmetry
»vof repulsive and attractive forces results in an outward shift of the
mean atomic position. The degree of asymmetry, and hence the magnitude
of the shift increases with amplitude of vibration and is, therefore,"
'strongly dependent upon:temperature.- For the (111) face, Allen and
vDewette, give a value ofi Qfsurface/ubulk whichlis smaller,than that.

V-

of Clark Herman and Wallis.

~B. ' LEED Measurements
- A Structural properties of an ordered‘crystal surface may be 1nvest1—
‘gated by : low energy electron diffraction (LEED) ' A-collimated,
monoenergeticsbeam of electronslls back—scattered by the crystalgsurface.

Unlike X-rays, which penetrate the bulk, electrons in the range 0-500 eV
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penefrate”oﬁly several atbmieVlayefs;_ EleCErons;vwith1tﬁéif relativeiy
: vlarge:scatterihg croSs-section, are'stronglytbaqk—séattered._HDiffracti&n
iﬁfofmationzcan'be'obtained’frqm the electrons ﬁha§~afe scattered -
éiasticaliy)' Beqauée”of ﬁhe,wave nature of electromns, construéti&év
interfefence,of the‘elasticaily back—séattered eleCtrons.;esults in
#eaﬁs wﬁiéh;»whén iﬁéident.ﬁpoﬁ é fluéreséenflscreen, prbduée albétteth.
Ffoﬁ';his'pétterﬁ;iihfdfmatioﬁ concéfning tﬁé»qrdéfed surféée whi¢h.
| - beduced'it mé§ be inférféd;-- B

| ff g‘is'the wéve-?eétor éf.fbe pfimafy'electfoﬁ béam.and 5;’isvthe
wave-vector of thé écattefed_beam,,then the cbhditionslfor.constructive
_interfe:énée.may be'ﬁfitteﬁﬁ ‘. | | .

R N e

where g'is,éhvectbr of tﬁé ;eciprocaldlattiéé of-thé surfgcg._‘in this
stgdy, fhe (OojnbeAm‘intensify.is measured féf a{rénge‘of Enefgies | |
and angies §f incidence.i For the (00)'Beam, whiéhvis at,thé:spécnlér
"apglé with féspect‘tq the pfim;ry ﬁeam, AEI = 0 and |A§L| ¥‘2|§’c§88,
wherevﬁ is thé angie qf incidence, measured betﬁeéﬁ-g And the surface
ﬁormai. In the ca#e‘of‘thé (00).be§m, AE is néfmalEto.the éufface; |
Variatioﬁ.of,the prima?&.beam énergy; measufed,in VOLfs, changes Igl;
'ftﬁrbﬁgh the relations: 5 o | |

/2

A= 150V M2 and [k = 2n/

“where A is measured in éngstfoms.‘V is the beam energy, and ), the
wavelength, is measured in angstroms.

N
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The thermal dependence of the intensity of the - (00) beam allows

. i 2 T
- measurement of u . The reductlon of inten51ty of LEED beams w1th
_ 1surface’ : v

1ncrease in temperature is given by:

. '.;ZM :
I —'Irigid e

where I igid is the intensity ‘which would be produced by a non—vibrating

lattice and M is a function of uz. For the (00) beam, AE = AKL,_whlch
means thet in thesabnve equation,kM depends on ;El- For other beams,‘A§
has.compenents both nerallel'to andlnormai”to the snrfaee, so'that the
‘decrease in intensity Witheinereased-temperature nouldibe relatedxto an
increeSe both in_;Eiand.;Elh In that eaSe,'measurement.of the'féetor.M ;

would show the_anistrdpy.of W2,

’ -«Derivatinn7ofithe term'efZM is given by James,4-‘A brief outline of

thehderivationtwill be given here. If the atomic positions T, éresaltered,

due to thermal motion, by random displacement vectors s the expression

fbr‘the scattered intensity at a pqint R far frdm:the crystal is:

- |¢>2| S -i2m(r_-r )*AK -i2m(u_-u_)*AK.
S 0 o ~N ~m -~ Can L amt .~

I= ILle . e o

‘R n m

N

”Qo repreSents the -amplitude of a. scattered wave of'a’nnit_distance’from
' the scattering point in the direction of AK. Assuming atomic dis-

~placements obeyAa harmonic oscillator model,

-iP - le
o n,m 2’ n;m
where P ='2‘rr(un - u')*AK. Then,
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- where u e is the component of the diébiacement of the jth'atom in the
direction.of'AK{'-Assuming,.for.the moment, that atoms of the lattice
'vibrate independently;'ali possessing the same mean thermal energy,

gnKPmK:% Oh o

‘'so that.

(g hiumK T %k T Yk T
- If those assumptions hold, then if

= ‘812u? (cos?8) /A%
the total scettered intensity becomes:

N(l - e ) + J e -2M .

. [on}
-
[\

The term . in parenthesisrincreases with ui and hence w1th temperature. It

' gives the contribution due to thermal diffuse scattering The_second
decreases with increased :E, with J vequal to the inten31ty‘scattered'v
‘ by the rigid non~vibrating lattice. If the diffnse background'is'

:.F}subtracted from the intensity of a beam, the natural logarithm of the
:‘difference gives M, and“hence ui. |

Jemes derives_the factbr M in andther‘form,‘by; sumning‘over.

b frequencies dfvthe normal modes cf the crystelfs For achbicdlattice
i.w1th lsttice psrameter a and atomlc mass m,. |

3 “”[ o e

T 3
am = BT g2

‘-JM
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where " the integraticn'is overgall frequencies of the normal vibrational

modes of the crystal, and wmj is a maximum frequencyl In the integrand,

a factor of'l/Z,'which.accounts‘fOr zero?point motion, is added to the .

average quantum number of a harmonic oscillator5-given_by the Planck

d1stribution.‘”The summaticn isvover the three independent'directions’-

~~of vibration and vJ is the veloclty of a wave of type J. Assumingfai

mean value_of,the 1ntegral for"different_'J,'the»abqve expression can
be written:
5] cos’®

41 2

CUM = [@(x) +
S A

s

"where x hw /kT. The'factor'GD”is the effective'Debye,temperature,

’equal to. hw /k

The expre531on in brackets 1s, for high temperatures " or smalllx;
approximately equal to l James gives values'for the bracketed expression

for]0.<hk’<_2.5, For 0 < x < 1.5, the value dev1ates from unity only

.by several percent. In this study, the approx1mate form of M will be

used. Therefore, the temperature range over which intensity ‘data may_

be takenvwithout.significant'error is restricted. - This consideration
is discussed in Section II.
Equating the two expressions. for M, and. specifying the (00) beam g1ves,_

in the high temperature limit

2=7_ 3th

4T kaO

.A measurement of M for a particular A will give a value of uf and hence

a value of OD’
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,‘hovever;:an‘important reservation must'be kept,in mind.-'lhe above
expressions for M assume the validity.Of the X—ray,vor single%5cattering
case{AbIn the case of scattered electrons; multiple scattering.is
importantbbecause.of the larger scattering crOSs—Section;_ Intensity
due to electrons which have undergone two or more scattering events

could not .be expected to show the same thermal dependence as 1ntensity

due to electrons which have been scatteredvonly once. The effects of

multiple scattering will be dlscussed in Section III-
Since the electron beam does penetrate several atomic layers, the

periodicity of atomic spacing results in enhanced intensity of the

' scattered beam when the wavelength of the primary beam obeys the " relation

nk;='2dcoseﬂ,;

+

.'The experiments of this study used the: (lll) face of silicon so that

d=4d 111, the separation between equivalent atomic planes in the (lll)

direction. At such values of A, determined by ‘the 9-dependence of ‘the

-energy, the inten51ty is due primarily to single scattering At these'

energies, the thermal dependence could be expected to most nearly obey

r

the derived relations for M.u

Since the penetration depth of'electrons increases with energy

_ aboveiabout 10 eV, the measured_uf should include larger contrlbutions

from the'bulk at higher energies. Accordingly, the measured u2 at Bragg .

jenergies should decrease (or equivalently, QD'Should inCrease)'as the

‘energy of the primary beam increases.
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C.. Si(lll) Surface Reconstruction

LEED studies have shown that many semiconductors have surface atomic

arrengemeﬁte.which.are diffefent fromvthe_surface'arrangement”which
'would tesultZSimﬁlylffemeprojection'of the Sulk;6’7 Ih pareiculer,eCIean
Si(lll)'sqffaCeS'are'cheracterized by atomic*orderingﬂof different |
types. .Thefe has been coﬁéideféble intereet in the.(ill) faee of
: silicen. 1Tﬁi$'mey be'becauee silicon cleaves aloﬁg-tﬁef(lll) élane ,
éhd.becagse‘most'siliCOn‘deVices are_fabrieafed with (ill) oriented
‘-slicee;l
" In LEED Studies;fe ehénée from ope type of 'surface ordering to
. anothef~prddﬁeeE‘a change'in'ﬁhe observed LEED ﬁattefn. J. J;'Landefg
ke has:reviewed eariyestudies df-atomic rearrangemente on variddé-metais”

and semiconductors, including silicon. The.fecipﬁocal lattice of a-

two-dimensional grating is conveniently viewed as consisting of'parellel :

'-rOdSE' The points of intersectibn'between these rdds_eﬁd anAEweld sphere
whoSeradiqsis.edgal tpflgbl correspond to diffractedebeams‘ If‘the

_ surface ﬁnit‘eell vectors-are both lengthened by a fecpor'nv(dee to
surface rearraﬁgement); the seperatiqnvof tﬁese redevin reciproee1

' space isdeCreesed by the facfor'l/n. Iﬁteger ve1ue multiples of uﬁit
cell vectors of.the fecoﬁetfucted surfaee'in»referenee the”suBStrate :
'_ueit‘cell Veetofs are.assumed:using the (nxm)'fotation. If the surface 1
.unit'eell Veetqf in one direction is leegthened and-the othervis'not,
'Spacihg between rods Qill be=reduced in the first &ireeeion and'ndﬁﬁ

in the eeeond{ . Thus, the (nxl)'sﬁrface thus‘dpes ﬁot'prOduce;a“cemplete

set 5: 1/n order "spots.
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‘In'ghefCase-of'silicpn (lli), surf;ce structures debendvboth»on_the

prepafation and on thé thermal history of the érystal; VIf‘a Si(111)
sUrface‘is‘prdduced Bf:cleavage in”&acuﬁm,.a (2*1) surface results;‘
After!énnealiﬁg at temperéturgs above 200;0, LEED indiCates.a tfaﬁsfgfmatioh-VA
to a (i#l) structure. Annealing at higher temperatufes (abofe 550°C)'
 ?rodu¢éé 51(7*7) Structure.  These two surface'traﬂsfofmatiohs ére both
irfevér#ibleflo At stiii.highér'temperatures (865—8905C) a reﬁerSibie
transition;td a (1x1) structure is seen}ll. This'tranéition aﬁpareﬁtly
'invoivesvnéf\oﬁly loss of;long—range order on the Sufface, bg} also a
cﬁaﬁge‘inﬂthé Separation between the first two étoﬁic layers. )

v 'fhe'(lej LEED pattérn shows the appearance of i/é-ordef beaﬁé,'f
giving a éattérn'with_Z—fold‘rdtational symmetry;¥2 'TheSe 1/2éordef' |
"beams’diséppear‘AS‘the.(lXI) pattern'with 6—foldvsymmefry  apﬁears.
‘The'ﬁ-fold Symmetry is-maintaihed‘as the 1/7-order beamé'appear.
éIn this work, a'éléan surface was7obtainedrby ion bOmbafdﬁent, and
"not by cleavage, so tﬁat thé (2Xl) structufevwas noﬁ seén; AnnealingA
>produced (Iﬁl) and (7X7) strﬁctures. Bombardment at room'température'i
then rémoVed the (7*7):surféce>§aéh time the crystal was_cleaned. '

Thélidéa fhat ghe (2%1) and (7X7) structufes ma? be impurity

7 stabiliééd hés:now beén_laid té rest. Auger studie§13’lé haQé;esfabiished
'tﬁe.cleanlinéss_ofUavéurface with (78]5 étrucﬁuré."Cleavaée of siliépn
af.850°C produdes é‘(7N7) pactern-within 9 sec, é‘tiﬁevtéq short for

. diffusion of impurities surface,.on\?dsorptioﬁbof gasﬂimpurities; to be

important. Surface reconstruction is an intrinsic property of clean

~silicon.
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y Models'have been pfopdsed to account for_silicon surface reconstruction.
o ' o 19-21

Most ﬁotaﬁlé.aré the modéls of- Haneman and of'Eéndérapd Mofiébn.
Both giﬁé mechéﬁisms_tb explain the Chgﬁgés in_the suffgce unit véctor
léngths with”reconstruction. Figure:l7is a photog?éph shoﬁiné the -
uﬁrecéﬁstructed’Si(lll)'surface (diaﬁohd latticé).22
Lénder.and Morfison‘offer,.for’£he'(2xl) and (7x7) structufes;‘

': @@déléiwhich féatu¥e'doublé bonds among surface atpmé. ‘To explain the
. <2xl) sfructﬁrerthey suggesﬁ that surface'atoms'of alternatihg véttical
‘rows'are displéced.laterélly andfdoublyvbonded to'atsms ofvrbwsbwhiqh .
;weré hotHdisblaced, while'étoms of the se;ondAlayef also fbrm paired'
foWs. Their:suggestedv(?X7) struéture iﬁvolVes, first, thé fémovél 6f._

atoms. Next, the surface atoms are

apprpxiﬁétély?3/44df the surface

.doﬁbly bondéd_té-éfomS'of thé”secpnd layer to form warped bénzéné rihgsv

in “phéﬁalene"”arrangeﬁents. |
Hanemén'S'mo&elzinvolﬁeé a modificafion ofxthé'spB'tetraﬁédral'bohding

SChemgnto raiéé and lower surface atoms‘in the diféction~ﬁormél_to fhe sur-

face. Each atom of the unreconsthctéd surface is bonded to three atoms of

the second layer, with’éﬁe "dangling bond'". If the dangling bond is allowed. to

bécome mbre_p;tjbe,'fhe:remaining three becoﬁe moré:spz—type; aﬁd hencé
more trigonal, éé that the atom in question‘is lowered. Résgltanf
lateral forces are ‘relieved if altefnate-surfacé étdmé aré‘réised.
Avs's'umingvavMors._é ﬁotehtial fof the iﬁfératdmic 'int‘erac;:ior;s, Hanefnan ‘and
Téloﬁils have;coﬁputed ﬁhe‘surfaée energj'fdf.thef%uck;éd"surfécé.

_fiﬁding it to be lower than the energy of the "norhal",unbuckled surface.
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According to a more recent v1ew of 51licon surface reconstructlon,'
the Haneman model adequately describes the structure of the (2Xl) surface
|

‘and a qualitatively different model is required to descrlbe the: (7X9)

12
structure. Phillips and Rowe;, display ultrav1olet photoemis31on
spectroscopy (UPS) data to support their contentionfthat the surface-
vacancy model of Lander and Morrison gives an accurate»picture of tﬁe

(7x7) surface. For the (2x1) surface, they identify the contribution to

‘the UPS spectrum due to the “dangling bond" surface state."Eor the

(7X7)_Surface,.they identify.the contribution due to the conjugated
double'bonds of therﬁhenaleue—like rings of’the Lander model. ‘, {,

' _Nd'quelvsimilar'to Haneman's.haslbeen offered'forﬂthe‘(7x7)}surface.‘
The_(7x7) StructUre-occurs ouly at elevated temﬁeratures,'and'whi1e=the
,Haneuanlmcdel seems plausible as a description of surface relaxation u_'

following cleavage, it is unclear why a similar (7X7) mechanism would

- require increased thermal energy, of course, a Haneman model for: the

(7%7) can be imagined: the seventh atom along every seventh row may be
- raised relative'to the unrelaxed surface. ﬁowever, it appears unlikely'
‘that this mechanism would be actlvated bThe Lander?MorriSOn model |
howeuer, appears plausible for the (7X7) structure because 1t 1nuolves
_the migratiqn of surface defects. _Since surface migration_of silicon '
latoms is'very_slow Belcw-about 6(_)0°C,21 it is reasouable thatvthelVacancy— .

‘:‘model (7X7), which is more stable than the (le) even at ldwerFteuperatures;._

—

~would form only at elevated temperatures.
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II.. EXPERIMENTAL

- A. ”ApparatUS and-Crystal’Preparation.

:The‘bEED eaperimentsfof this study were performed in a stainless
steel chamber with copper sealing gaskets at mating flanges.. Pressure’
between 8x10 10-'and 2xl0 =9 torr'was malntained in the chamber by_an ion
pump-. - A:titanium sublimator proyided pumping whilefion bombardment‘of
vthevcrystal was in progreSS;" | rv'-». | : . S

' The silicon crystal used was p—type of 2, 5><103 Q-cm resistivity..
The crystal was . oriented roughly in the (111) direction by Laue X-ray
diffraction before cutting A wafer was then cut with a diamond t1pped
blade.{ After cutting, the wafer was oriented to: within better ‘than 0 5°
» of the'(lll) face. It was then mechanically polished; |

A heater was constructed of high dens1ty, high purlty alumina, and

_ fitted with a filament of tantalum wire of 0. 15 in. diameter. The |
Vfilament rested in the crystal holder behlnd the 3111con sample which was
‘heated radiat1Vely. 'Thenfilament‘was wound .in such a way that magnetic
vfields created by the heater current would.be approximately self—cancelling.
. In this way, high heater current would not interfere to any appreciable
degree with the diffraction pattern produced by low energy electrons
1»scattered by the crystal.” A current of 9 amperes was requ1red to reach
.‘ temperatures between 800°C and 850 C at the surface of the crystal. | Three
'ﬁ:molybdenum clamps held the crystal in place. |

The crystal was cleaned 1n the apparatus by 1on bombardment and :
annealing. -Argon ions of 2,0 keV energy were used,vat an argon pressure
_of SXlO =3 torr.“ Usually,valternate bombardment.and annealing treatments

were required to remove all carbon and oxygen, the pr1nc1pal surface

Y
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: coﬁtamiﬁants..-Thevérystal was annealéd at 800°C;90Q“C, éx¢ept wheﬁ-a 1x1
f(unreCQnsfruétéd> surface was’fequired. In that caée, the crystél.wﬁs |
anﬂealeﬁ ét'550°c-400°c. R | . |
'-~Sﬁrface2impﬁrity'leveis Qere monitoréd by Auggf électfon_spéctroscopyf
of the'twb'friﬁéipal impuriﬁiés; carbbn was the'moré:difficult té remove
by?bbmﬁat@ment. ,Méaéufemént of silicon and carbon peaks, and ﬁse of
.the kﬂbwn'Z/llratio’£ethen silicon (91'eV5 énd catboh (272 eV) Auéer
érosstéctibns showed_£hét in the worst cases, bombér&ment for aBouﬁ
‘20.miﬁvieft ap§roximafeiy'6.002 monolayér of cérbon.’ Anneéliﬁg éﬁd
.éontinhed béﬁbardment:rembved carbon altogether. Figure 2 is an Auéef;
"sﬁ;éffumifér'a‘éhrféce.which is acﬁeptablyicleaﬂ,.shdwiﬁg'thérsilicbn
.beaksfiﬁlthé 0-120 eV range. The peaks at 44*and 91 ev afe-duevfo'Augef
tfansiti¢né5 ~ The péaks“af 74.and:57 eV‘afe‘due to_firsté1énd,sé§ond;orderk
bulkfp;asﬁon losses assdciafed.with'the 91‘eV peak; The peak at 107 eV
'haé'ﬁbt'béen éséigned.15’23 , | | |
 Anneals above B00°C or at 300-400°C produced (7x7) ,q'r' (1x1) patterns,
| résbéctiVelY["Thé'(7X7) featurés wére viéible after'annéals to 700éC.. |
Erbﬁ&ak énd-Fischerlofremark_that this (7X7) éppearance'femperature
decfeéses with(decreased background presSure; suggesting that the
reéétiﬁity of the (1%1i sufféce withiqontaminantvéﬁées'iﬁhibits the i"
fbrmatibn-of the (7X7);v Ih_this wqu the pressﬁré depehden;é ¢f thev
appearahce témperaturg.wéé ﬁdt studied. Figuté'3~ i$7avéhotogfa§h qf-

" a (787)’diff£§ctibn pattern.
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B.  Measurement of LEED Intensity and Surface Temperature . °

¢ -

: Tbetcrystaliwas rotated to bring the (00) béam into.view; 'The intensity

‘of’thg.spot was then measured by a:model 2000'te1ephotometer; In most

" cases, the fiber aperture with.an acceptance“angledof 20 min was used.

The output of the telephotometer passed through a low-pass . RC filter,_which

reduced noise, anddthen;into the vertical axis'inputﬁof.alchart'recorder;
4flt waslfound that, possibIY'due to thermal stress in.the crystalx
_holder, the (00) spot moved on occas1on, by 10-15 min. For this reason,
_once intensity ‘measuremerits had commenced the angular positlon of the
manipulator was no longer taken as a reliable 1nd1cator of angle.. Rather,
the telephotometer optical head was locked into place on its tripod. In
this way,‘since the incident beam d1rection and telephotometer position
were fixed, the angle of 1ncidence, once measured, remained fixed. |
‘The’ background measurements were taken 3° from the (00) beam. The-
manlpulator not the telephotometer ‘was moved to the background position.
“In order to rep031t10n ‘the manipulator, the (00) beam, at its most intense
. energy peak (96 eV) was moved.to centéer the (00) spot,at the cross ‘hair
of the-telephotometer. The beam energy was tben'accuratelyvreturned
to its’former value by means of a six—digit voltmeter, |
There are three w1dely used techniques for measurement of bebye
Waller'factors:_ (l) transient' (2) steady—state' and (3) point—by-point
]methods, AMEthOdS‘(Z) and. (3) are describedvby_Somorjai and_Lyon24 and_by

“ Tabor, Wilson'and—Bastow,zsprespectively. Both (2) and (3) involve

measurement of intensity at fixed temperature. . In method (2), an intensity .

-vs voltage curve is obtained over a range of several hundred eV at a

fixed temperature,"ln method (3), the intensity of a particular peak is
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:maxlaned;.gt fixed;temperature,-by adjustment ofsthe.electron beamv
»voltage]‘VThese techniques‘are often necessary when‘bulkvexpansion'is o
’important. uLattice ekpansion would have the‘effect-of'reducing the-'
spacing.among:diffracted beams;’thus-changing'the“posithns of all spots
other than the:(OO) spot. In this-work the (00) beam'is used. |

E As well lattlce expans1on,_1f s1gn1f1cant would Shlft Bragg peaks
to lower energles through the relation nA 2dcose For s1l1con, however;
’w1th its 1ow coeff1c1ent of thermal expans1on (1 0- 4 5X10 / C in the
' '2temperature-range 200—1000°K ), this effect is not noticeable.v B

2Figure 4 shows 1ntensity vs voltage curves for the sil1con (111) Bragg peak

at 137 eV for varlous temperatures between 200 and 530°C. Increased lattlce
-spacing'nightgbe expected to. produce a peak_shrft to lower energles with.'
" increased tennerature,:through the:relation nA = 2dlliCose;vwhere.'.
l « E_I/Z.I'However, no measurable peak shift»lérgerthan Q.S'eV in this_
temperature range is obServed. |

: Accordlnglv, method (1) was'used in this-study, The crvstal was
» heated'to about'556°é; and thevheater current was'then turned off.'“The
_intensity of‘the (00) beam was measured as'a functionvof thermocouple
voltage as the crystal cooled to about 200°C. The crystal was then
,rotated by 3°,‘and a measurement of background 1ntensity was taken over
V bthe same temperature.range. Figure 5 shows a plot of 1nten51ty vs
'thermocouple voltage for the (00) beam and background, at 96 ev.
| of the f1ve values of O 1n th1s study, four (57 96, 117 and 136 eV)
‘lie between 400 K and 500° K. Therefore, if data is accepted over a range
1d‘of 350 550°C, then for each of these four measurements, the value of

OD/T ranges between‘about'0;53.and 0.7;‘ In th1s range, the function
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;{Q(x5'+ %/4};5x'¥'Ob/T; di$§ﬁs§ea'in'Chépter i,.vaniésAby-lééslthan

1%. The valuefbf'ob.at'zse eV is approiiﬁately-7oo5x; Here, data in
tﬁe_higher”fgmperature rangé,‘400-500°C5'is acceﬁted. The function o

. theﬁ yariés by-approximately_l%; And so, the approkimaté-(high témpefaturé)
form of the Debye—Waller factor ﬁoid§ to withiﬁ 1%. |

Théré'Were.tﬁo serious probléﬁs in Ehe meaSurementhf-the surface

‘téﬁperatﬁfe;v First, sevéral metals'commoﬁly ﬁsed'in thermoéog?les form,
_with‘SiliCOn;_Ai%OYS whose euteétic'paiﬁts_1ie'bgloﬁ'1ooo°c;‘wi£hin.the'
temperatufe region of interés;:in”this‘study. 'A'chroméi?alu@el thefmocouble
melfed abofe-éboﬁt 750°Cf '(Thefaluminum-Silicon eutectic is ét-577°C.?7) |

‘A'ﬁlatiﬁumfrhédium»thermdcoﬁple—waé»also unsatisfactory. (Thé platinuﬁ—
éilicon éﬁtéc#ic is at-§80°C, and.plaﬁinum‘éilicide férms readily on

v atomicélly»cléan silicén by_a solid?sélid réaction‘aboﬁé 300°C.28) Thié -
probiéﬁ wasbs¢1yed3by‘use of é"tuﬁgsfén-SZ_rhgniuh/tungsteﬁ-ZG%’rheniuﬁ |

ythermocouplé. ‘Tqusten does not form a liquidkphaSe'Qith silicdn Below

29

~ 1400°. 7
V 'Second;*Sihée'thé sensing element,qf'ﬁhe thetmbcouplé cannot be

' reliably spot—welded to silicon, accurate measurement of the surface

30

temperature'offsiliCOn is notoriously difficult.” - The thefmbcouple

véltage indicated a.sﬁrféée tempéfature.about_100°c Below th§>temé¢ratqfe
measured with an éécurateiy céliﬁréted'optiéal pyro@eter-invthe.75Q—900°C :
range.. _ - o ,

N ihi§>problém waé golved by'calibrgtion of thé,the:moéouble
with an inf:ésédpe:  The iﬁffaséope:was first'éalibréted against.
a sourcévwhich ﬁas.aésumed.t6.approximéte'a 5iack‘body radiator;

A hole of about 0.5 cm in diameter and about 3 cm in depth was drilled

=
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in'a graphite:block_which was placed within an oven. Through a hole 1in

- the oven door the tempefature of thisr"biack body" was measured by a

‘thermometer and by the iﬁfrascope. ~ The infrascope was thus calibrated,

ﬁith'the emissivity control set at 1.0.

Next, the crystal temperature was measured by the opticai pYrometer

at aBoht SOO?C, and the emissivity control of the infrascope was

.radjuStedxto give the same reading. This adjustment gave a value of

0.55 for the'meaéured effective emissivity of the silicon'crystal viewed
through a glass port. Finally, the infrascope, with this emiséivity

value, ﬁas used to calibrate the thermocouple.
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CIIL. RESULTS AND DISCUSSION '

A, Intensity Vs Voltage Curves

Figure 6 shows the (OO) beam inten51ty vs. voltage curves for the

(lxl) and (7X7) surfaces in the range 50—150 eV taken at an incident

~—

'Aangle of 4°—, The: azimuthal angle was 30°; Peaks appear at 47 57 96

fll7 and 137 . eV. In this range, reconstruction to- g1ve the (7X7) surface.

alters the relative magnitudes of the peaks. The major difference o
between the two curves is the increased 1ntensity of the peak at 137 eV
relative to the inten51ty of the peaks at 47-57 eV with reconstruction

The voltages ‘are the "external" values, not corrected for contact

, potential.differences or-for inner potential. In Fig. 7, the 1ntens1ty'

",curve for the (7X7) surface is shown in the 200 350. eV range. Bragg

peaks are at 256 and 325 eV.

Theeten, Domange,and Bonnerot have studied the intensity-voltage

'characteristics of the (7X7y surface.32“Their'results are'similar‘to

the results obtained here w1th the follow1ng differences First ithe

peak positions given here are shifted to higher energies by an approx1—

mately constant factor, relative to the peak positions given by Theeten, .

et al. Second, they ‘do not report a peak corresponding to the one which

" appears at 117 ev. Third they report that reconstruction to give the

(7x7) surface decreases the intensity’of the)peak‘atr137 eV relative to

the 1ntensity of the peaks at 47-57 eV.
The first discrepancy may be due to voltage calibration ‘The
second ‘and third are probably due to differences in azimuthal angle, .

which- Theeten, ‘et al do not report. Here, the-designatlon of azimuthal.

a angle w111 follow the convention established by Jona. 31 The azimuthal

v
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angle,‘ ¢, is- 30° at normal incidence. 'ﬁsing Jona's notation5.the (10),
’(11) and (01) beams show a strong intens1ty maximum at 84 eV and the |
_(01), (lO) and (11) beams almost vanlsh - At 110 eV, the'second set of"
'beams shows a:. strong maximum and the f1rst set almost vanlshes These
. m.axima arenmarked and can easily be seen with the unalded eye. No
attempt was made tobmake’quantitative measurements of-intensity on
beams other than the (00). | -

Theeten, et al. g1ve, as an approximatlon‘to the Bragg formula in_

external,

. cases where-the 1nner potentlal, Vo; 1s.sma11 relatlve to v o v and

where 6 is small:

2 .
V _'cos 0 .= constant
ext . ext .. . :

'When-the} esdependentjbehaviorsof'the’peaks'at'137 and_256 eV;was examined,
this conditlon held to within about 2% over a 6-range of about 10°. |

_ Further, using the value 3. 9K 1. for dlll’ the spaclng between
‘equlvalent (111) planes of 3111con, the peaks at 137 256 and 325 eV
are deslgnated as Bragg peaks of respectlve orders 6, 8 and 9. '
Theeten, et al. glve 126 237 and 296 eV as the positlons of these

'Bragg peaks. _ v
' Figure 8 shows the intensity of the (00)-beam from the 51(111) -(7%7)

surface at various angles of 1nc1dence in the range between 90 and 140 ev;.
’and Fig 9 shows a 81m11ar plot for the 110-130 eV range - Here, an

angular range of only 4° is shown for both cases. In agreement with

'-.Theeten, et al the 96 eV peak shifts very slowly (a shift of approx1mate1y .

l eV in an angular range of 6° ) as compared to the peak at 137 eV. The

96 eV peak_ls expected to contarn a'contributlon from n=1>5 Bragg_;
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scattefing. In,thg-angular range giVen thgre‘is no d15cerniﬁle éhift
. in the peak at 117 eV. |

" The intéﬁsity at 57 eV is expécfed'td inciude.g contributionvfme_
n = 4 Bragg scattering, 'HOQeVer,vthe;difficuity bf.resolving the peaks"
| at 47-57 eV méde‘aﬁalysis of the angular dependence of.the 57 eV peék
diffiéult; This'group;of-peaks appéars to bé dominated by two peéks
'seﬁﬁratéd:b&‘Sévéral.eV (Fig. 6). The angular depéndean of thesé_peéks'

- is uncertain.

B. Debye'-Wéller MEasurements
Figure 10 gives fhe effective'Debye -tempefa;ures.meésuréd‘in éhis

study, éalculated:frdmvlogarithmic pldts of intensity vs.tempe;ature
&iSPLayed in'Fig;.liL' Iﬁ Fig. 10 the values of.éﬁ.;epqrteé ﬁy Théeteh,
~ét al; are.inclﬁded for éoﬁbarisdn.v.ln boﬁﬁ studieé‘dafa’is taken for
tﬁe7(7§7) surface. o H |

B In cbmpu#atiép_of thé QD véipeé co:fected”enéfgies Qefé.u$ed;. V; _1
the Beam énérgy giﬁeﬁ by-éhe LEED/eléctrometér giveé.fhe potential
bétween.thé Fermi levels of the cafhbde and the crystal. Thpé,-ﬁ, fﬂé
free—eieétrdn.enefgy, is giVeﬁ:by:ﬁ | | | i

E=V-V -~
. c

where Vc'is the differences between the crystal and cathode wprk'

functi.onsw(VC = chystal -F¢Cathode)'9 ForAa.tungégeq_éathéde and:v-

silicon crystal;ﬁvc_:is 1e$s'thanri eV, and can be‘igﬁored}
As,én'éleét;on,enfefs‘thevcr§stal;_iﬁ is'accelerated:iﬁifhevdirection

normai to the suffécé. Its - enefgf'isiiﬁcreased by an.inneébbéfeﬁtial;.

‘ vV, Vo = 10 ev;fbrsilic§ﬁ}lif é is>thé uﬁcorréCtea angle of incidence,

Gc,-thev¢orrected angle ié giveﬁ by:
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g
sine» = z;f;—;~;17§-sin9
R
In this _study,’ 6 is small enough so the'angle correction'is negligible
for Debye—Waller calculations. | | .
'_Thelvaluestof @D for the peaks at"§6,_l37'and 256‘eV shovaimilar
."variations in ‘the two\sets”of:dataf Between‘325 and 137 eV, the measured
'GD decreases,ias_expected; -OD then rises for lll and_96sev;“and falls
for.56-eV,-»Di§cussion of measured Ob’values at.theSe energies clearly
'vcalls’forjconsideration of effects which g0 beyond'beam-penetration'as
a function of energy. ‘Here, secondary (multiple) scattering
'will be considered. A “ | | | ) ,.
The values of O at 57 96. and 137 eV are larger than O for 137 ev,
. where Bragg scattering apparently dominates. Th1s effect may be due -
to a large secondary scattering contribution Tabor Wilson and Bastow,25
have discussed possible effects of multiple scattering on the effective
OD. Tabor et al. cons1der the (00) beam If scattering into the (00)

- beam is accomplished via two rec1procal lattice vectors, Gl and G2,

thenvthe factor ZM can be written.

S e, 1% = cz g, 12
My =Wt ot
169 172 0

1 - ' 2
g where O and O are the Debye temperatures assoc1ated w1th the G1 and G2

' -directions and Cis a constant In the case: considered by Tabor, et al

"'G 1 G

l 9 If a klnematic (single) scatterlng event - is con31dered
L 12
ZMk
O

3
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_Assuming G, ® ~3, then Ol 93. _It:91-=.aOB-and @2,=,B®B where

a, B < l and O is the bulk value,

K

AT
g 1 1 o
zuk +20 =2 (—.- —-) -
. 2 2 '
.»OB' _ B a o
so that_2maa*may be either 1arger*or_smaller than 2M£.. Tabor et al.
consider the.specialvcase in which‘G1 l'GZ' If this is not the-case;m

' the cross term must be added.” If the cross term is small, the relation

magnitudes of a and BIWiil still determine the'relativevmagnitudes of

':Mk and Mdd | |

In the case of 57 and 96 eV, theé measured GD is larger, or, the

- measured 2M is smaller than expectedﬁassuming.single scattering; “This

.Zwould'result:from a < B in the above eQuation, so'that.O < O and

= 77 '
> ul..

up > uys

"due to a contribution_from’Secondary scatterlng.‘ Discu531on 1n'further

In this wav, the values of O at 57 96 and 137 eV may be

- detail would require knowledge of the particular reciprocal lattice .
-vectors involved.

C. Effects of Reconstruction on G

. The value @ at 137 eV was measured for the (lxl) and (7X7) surfaces.

. The measurements were taken at a lower temperature range (460 to 250° C)

to prevent the (1Xl) surface from reconstructing while it ‘was under

_study. Data was flrst taken ‘for the (1X1) surface. The crystal.was
" then annealed at 800- 900°C for about 5 min, and the measurement repeated.
-As in other measurements,'the telephotometer wascnot moved throughout V

'_the experiment, assuring>that_measurements for the (lxij and](ixj) werel

‘taken at the same incidence angle.

-
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The 137 eV peak was chosen for ‘this study for two reasons. - First,

it does not’ exh1b1t the sort of anomalous behav1or which the 57, 96

and 117 eV peaks exhibit; »Results of both 6~dependence study and Debye

| temoeratureﬁstudy,'discussed{earlier,'support the claim'that the peak.

at 137'eV‘iswdue priuarily to klnematic_scattering. .Since secondary-

scatterihg'effects can then befignored, and it cah be assumed”that

the measured'eb'is associatedIWith';f; and has'nohsignificant cohtrlbution

frOm.uf; 'Thus;ithebPh?siCal‘ihterpretathnvof the.result is clearer.

Second, thellBl eV oeak'gives a‘value of.OD'sufficlently differeht_from

'ihthe;hulk value:so.that‘surface‘reconStruction hay be expected tofproduce

a‘measurahleveffect. If- a higher ‘energy were used the contrlbutlon from -

surface scattering would be smaller, and a change in the scatterlng by

‘ -Ithe.surface‘layer would give a'smaller change 1n.the-measured QD.

" - The results are giuen-in.Fig;'lZ. Logarithmlc’hlots of intehsity

<vs.temperature.are shOwh for unreconstructed (lxl) and reconstructed

(7X7) surfaces;7'Two:sets'of data are shown for each'surfacef The plots

ihdicate.that>reconstructioh deCreases the.effective O . For each of

the four sets of data, the linear least—squares fit was computed.v-For

'each surface, (lxl) and (7X7), the. average of the two slopes was then.

:computed. The slope is greater by a factor of 1. 07 (or, greater by 7/)a
for the (7X7) surface, indlcating that accordlng to the’ data presented '
2 is 1arger by 7A for the (7X7) surface. The effectlve O " equal

hto 410°K for the (7X7) surface, is larger by approx1mately 3 5% for the ,

'"(lxl) surface.

' It-isvpresumeo that thea(7X75vsurface'wthh gare'the data showh

here was "completely" reconstructed. - In earlier work it was noted that



-short anneals at 800-900° 7produced a sharp (7%7), and -that annealing
for longer_times,did'notvimbrove the'abparent Quality,of the surface, -
as indicated b.y" LEED.’

. LEED- observatlons have suggested that reconstruction occurs over a

"temperature-rangexlo Over this range, the quallty of the (7X7) pattern

improves with continued anneallng. Presumably, the 1ncrease din the-
)hlntensity of the (7X7) features is due to growth of the (7x7) - ordered
domain, or- to improvement of”surface70rdering'within an ordered domain, -
or to'both-of‘theSe processes. Improvement-of'the;nattern presumably
stops,whenrboth processesdhavevstopped. >At_that'time,_a domain size
equal to the‘coherence.width,of the beam has beenlachieved,land surface' :
rearrangement.wlthin.the domain'has ceased. If'the (7X7> domain nere
smaller.than the coherence width of the beam, or if the surface w1thin
' the domain were not fully reconstructed a value of 6 1ntermedlate
, between the values reported here for the (lxl) or (7X7) surfaces would
v-bejobtained.; | | | |
| The measured increase'in ;?.withsreconstructlon mustvbe considered .
in connection.with the model of surface.reconstruction put fornard by
Lander and Morrison and later‘discussed by Rowe and-Phillips.: Two -
_'important'features of thls model.would strongly affect surface atomic
:motion._ First,’spzlhybridization at‘the surface allovs ﬂebondinglamong
‘surface atoms.j These'double bonds would increase'atomic binding, -
predominantlyvin‘the'direction parallel.to the surface. Binding in’

the normal direction_would also be increased,though less’dramatically.

Hence, surfacetdouble»bonding would tend tolincrease @D, or decreaseruf,
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- The sécoﬁd feature,ofkthié mé&el is a 1afge:nﬁﬁber éf suffaée
vacanpies;_’The effect of_yacancies woﬁld appose'thé effeéﬁ of-ﬁ—bondiﬁé
upon;;he random'diéplaéements_of surface.atqms;: Tﬁé absence Qf sufface
atoms wpuld'tena tb.weéken forces givgrnihg>atomic mgtion'in the direétibns

both parallelfand normal to the crystal surfaces.

ACKNOWLEDGEMENT
This ‘work was done under the auspices of the U. S. Atomic Energy .
'Commission through the Inorganic Materials Research Division, Lawrence

‘Berkeley Laboratory.



10.°

11.

12.

13,

14,
15.
16.
17.
j‘18;

19.
20.

21.

22,

B.

R.

Ro'

-R‘.

=26~

-"”REFERENCES

C. Clark, R. Herman and R. F. Wallls, Phys. Rev. 139, 860 (1965);

E. Allen and F. W. Dewette, Phys. Rev 179 873 (1969)
E. Allen‘and F. W. DeWette, Phys. Rev. 188, 1320 (1969).

W. James, Optical Principiesiof the Diffraction of X—Rays

(Bell London, 1962) Chapter 1. .

Rl

D.

Ibid., Chapter 5.

E. Schlier ‘and H. E. Farnsworth J. Chem Phys. 30, 917- (1959)
Haneman, J. Chem. Phys. Solids ‘14, 162 (1960) '

J. Lander, Progress in Solid State Chemistry 2 26 (1965)

O P Estrup and E. G. McRae Surf Sc1 25 1 (1971)
Erbudale and T. E. Fischer, Phys. Rev. Lett 29 732 (1972)

'Mbnch Adv in SOlld State Phys1cs, XIII 241 (1973)

E. Rowe and J. C. Phillips, Phys. Rev. Lett. 32, 1315 (1974).

‘Taylor, Surf. Sci. 15, 169 (1969). |
- J. Grant and T. W.. Haas, Appl Phys. Lett 15 140 (1969)

CW,;T.'Ridgéway-and D. Haneman, Appl Phys. Lett 14 265 (1969)

J. T. Ridgeway and D. Haneman, Appl. Phys. Lett. Ii,_269 (1969).

'Haneman, Phys. Rev. 121, 1093 (1961). .

. Taloni and D.-Haneman, Surf. Sci. 10 215 (1968)
J.'n;ndé; and J. hbrrison, J. Aopl. Phys. §5, 1043 (1962).
_J. Lander'and J, Morrison, J. Chem.IPhys. 37 729 (I962).

J. Lander, G. W. Gobe11 and J. Morrison, J. Appl Phys 34, 2298

(1963)

J.

‘Breach, 1965).

F. Nicholas,vAn Atlas of Models of_Crystal Surfaces (Gordon and




23,

24.
25.
26.

27.

- 28.

29,
30.
31,

32,

.33,

34,

35.

-27-

T. J. Grant and T. W. Haas, Surf. Sci. 23, 347 (1970).

H. B.»Lyqn‘énd G, AfnSomorjéi,"J. Chem. Phys. ﬁi, 3707 (1966).

D. Tabor, J. M. Wilson and T. J. Baston, Surf. Sci. 26, 471 (1971).

‘R. As Eﬁans, et al., In£Egrated'Silicon Deﬁice_Technology'(Researchv”

Triangle Institute, Durham, N. C., 1964), Vol. V, p. 21.

R. Hultgren; et al., Selected Values of the Thermodynamic Prbpertiésv
of Binary Alloys (American Society for Metals, 1973), p. 212.

B. Schwartz, Ohmic-CdntaCﬁs'to Semiconductors (Univéréity Microfilms,

1968), p. 166.

Ibid, p. 235.

'F. Jona and H. R. Wendt, J. Appl. Phys. 37, 3637 (1966).

F. Jona, I. B. M. J. Res. Develop. 14, 444 (1970).

J. B.vTheeten, J. L. Domange'and J: Bonnerot; Sdl; Stat. Comm. 8,

643 (1970).

E..G. McRae and P. J. Jennings, Surf; Sci. 15, 345 (1969).

E. G. McRae, Surf. Sci. 25, 491 (1971).

D.. S. Boudreaux and V. Heine, Surf. Sci. 8, 426 (1967).



Fig.
Fig.
'Fig;
Fig.
Fig.
Fig.
Fig.
Fig:
.Fig.
f_Fig.
. Fig.

Fig.

I.

10.
11.

12.

. 28—

. FIGURE CAPTIONS .
(lll).surfacé 6f diamdnd lattiCe:
Augéf spect?uﬁ from clean silicon.:
LEED pattern of silicon (111)—(7X7) éuffaqe:
137 ev peak at various ﬁempefatures;

Output of télephOtometer, for (00) beam and background.

TIntensity vs voltage, (1x1) and (7%7) surfaces, 50-150 eV.

Intensity vs voltage, (7x7) surface, 200-330 ev.

Intensity vs voltage, 90-140 eV, for various angles of'incidence.

InténSity vs Vbltage,,110—130 eV, for various angles of iﬁcidehce,

. —7'1/2
Values for OD and u-

‘Plots of Ln(I - IB)'VS temperature, for various energies.

Plots of In(I - IB)'vs'temperature; af'l37.eV, for (1*1) and

(7x7) surfaces.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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