DEUTSCHES ELEKTRONEN-SYNCHROTRON

DESY SR 8€-07
September 1986

GEOMETRICAL STRUCTURES OF THE Ge/Si(111) INTERFACE

AND THE Si(111)7x7 SURFACE

by

B.N. Dev, G. Materlik

Hamburger Synchrotronstrahlungslabor HASYLAB at DESY

F. Grey, R.L. Johnscn

MP1 4iir Festhorperphysik, Stuttgart

M. Clausnitzer

11. Institut §. Experimentalphysik, Universitat Hamburg

ISSN 0723-7979

DESY

NOTKESTRASSE 85 - 2 HAMBURG 52



UESY behalt sich alle Rechte fur den Fall der Schutzrechtserteilung und fir die wirtschaftliche
Verwertung der in diesem Bericht enthaltenen Informationen vor.

DESY reserves all rights for commercial use of information included in this report, especially i
case of filing application for or grant of patents.

To be sure that your preprints are promptly included in the
HIGH ENERGY PHYSICS INDEX ,
send them to the following address ( if possible by air mail ) :

DESY
Bibliothek
Notkestrasse 86

2 Hamburg 52
Germany




DESY SR 86-07 ISSN 0723-7979
September 1986

GEOMETRICAL SIRUCTURES OF THE Ge/Si(111) INTERFACE

AND THE Si(111)7x7 SURFACE

H.N. Dev and G. Materlik
Hamburger Synchrotronstrahlungslabor HASYLAB at DESY,

Notkestr. 85, D-2000 Hawburg 52, FRG

I. Grey and R.1. Johnson
WL fir [estkirperforschung, Heisenbergstr. 1,

D-7000 Stuttgart BO, §REG

M. Clausnitzer
I, Inst, . Experimentalphysik, Universital Hamburg,

Luruper Chaussee 149, D-2000 Hamburg 50, TRG

Abstrocl

Ihe structure of the germanium-silicon interface has been snalyzed by x-ray
slanding wwes in aull ra-high vacuum environment . Structural models of the
Si(111)7x7 surface have been Llested through the structure and eneroel ics of
the Si(111)7x7-Ge interface. Our results agree wilh the dimer-adatom slacking-
faull (DAS) model of Takayanagi el al. for the bare surface. At the interflace
Ge aloms occupy the atop siles on Lhe surface aloms thal offer dangling

bonds as well as on the adatoms of Lhe DAS wodel of the Si(111)7x7 surface.

PACS numbers: 60, 358556155, Dc 360,55, &k

Lo be published in: Phys. Rev. Lett.

e fuskmntal ard technological imporlance of the phenomena associated with
interfaces has led lo a rapid growlh of interest in the studies of (quasi)
two dimensional syslems, such as solid-vacuum (surfaces), solid-gas, solid-
liquid and solid-solid interfaces. The knowledge of interface atomic structures
is of primary importance for an understanding of Lhe associated properties.
Upon creation of a crystal surface, Lhe atoms in Lhe interface region are
often redistributed. For example, on a silicon (111) surface, prepared by
spultering and annealing in ultra high vacuum (V) environment, Lhe aloms
are rearranged in such a way thal the lattice periodicily parallel to the
sutface is 7 Limes enlarged compared to the ideal surface. Ihe actual atomic
arrangement in this 7x7 superlattice structure on Si(L11) surface is nol

yel fully determined, although it has been the subject of many investigal ions

for almost three decades,

A grent deal of progress has been made over the past few years in the develop-
ment of techniques to measure surface and interface structures with high
local precision. Scanning tunneling microscopy (S1M) has revealed the surface
topology on the alomic scale,transmission electron microscopy (1EM) and
diffraction (1ED) have recently been advanced to give detailed informal ion
of the surface reconstruction. lon scatlering spect roscopy and surface exlen-
ded x-ray absorption fine structure (SEXAIS) measurements were done to determine
the atomic gemetry of e surfoces. The kinemal ic x-ray scaltering is allacking
the surface structure problem in Lhe same way as il has been used wilh
tremendous success for Lhe bulk slructures. §inally, coherenl x-ray inler-
ference was used in sludies wilh x-ray standing waves (XSW) to deltermine

Lhe posilion of surface and adsorbed atoms relalive Lo the substrale bulk
diffraction planes. While the position accuracy of mosl of Lhese Lechnigues
seems Lo be Limited to aboul > 0.1 R SEXALS and XSW, which have profited

tremendously by the availability of inlense synchrolron radial ion sources,




ean qive resulls even wilh a resolution better tiun .00 R, Except SLXALS
allt other techniques have been applied to the challenging silicon (111)7x7
surface and mosl Lo the Germaniwm-silicon interface as well. X5W resulls
were reported for the relaxation of the 7x7 reconsl ructed surfm:e] and for
Lhe Giermanim-5ilicon int’erfa(rez. Both studies have given different results
it comparisun Lo those from alber methods and it is therefore of utmost

tparlance Lo nnderstand the reason far the discrepancies.

I a preliminary study we have already reported XSW measurvements with quite
differenl results From thase in refs. ) and 2 }. We have now reinforced
our previans ulmuwalinns’ with more measurements which we report here ta
complele Whe piclure of the structure and yive insight into the energelics
of the overlayer growth. We will additional ly show thal, for X5W analysis
on interfaces of complicated structure, it is of utmosl importance to make
measpirements ander UHY conditions, lo do syatemal ic studies with differenl
adsorbale densities and preparation conditinns, and ta include dillerent

fourier compunents of Lhe density funclion in the analysis,

We have studied the geometriral structure of the Si(111}7x7 surfare by furming
a silicon-nermanimwn inlerfave through the adsorption of Ge. Because of the
isoelectronic valence shell, and thus the chemical similarity, of Ge and

Si the wdsurption of Ge is nat expected to perturb the siliecon surface sl ructure
siguificanlly. Moreover, Ihe adsorption process ilself is inleresting. It

is Ihe primary stage in the epitaxial growth of thin films. lhe qeamet rical
struclures of surfares and Lhe way Lhiey change upon addition of a serond

malerial determines the eleclronie properties across the inlerface.

X5W has yecent ly been suecessfully applied to stetermine the posil on of

4-6 .
adsorbed atums on ceyslal sarfares Ao Lhis letler we reporl XSWowcasnre-

ments oo the Si(HL)-6Ge ioterface. The experiments were carried out at the
wigyler heam line at the llamburg Syncheot ron Laboratory HASYLAB. The (111)
surface of silicon samples was spulter cleaned with argon ion bowbardment ,
annealed at  950°C, and charzwl.erizg(l by low energy etectron diffraction
(1EED) and ultraviolet photnemission spectrascupy (I#5). A sharp 7x7 LEED
patterit was observed. The cleanliness of the surface w'as checked by monitoring

the silicon valence band and the gecmanium 3d line shape and inlensily in

the photoemission spectra. Gecmanium atoms were deposited on the clean Si(HH}7x7

surface i a molecular beam epilsxy (MBE) spparatus. lhe surface retained
the 7x7 LELD paltern in the presence of adsorbed germanium, 1he coverage

of germanium was determined witlr a quartz oscillalor es well as hy comparing
Ge Flunrescence yield from the sample with that from a standard. Germanium
was evaporated onlo hob (930°C) substrates. During the in situ XSW measure-
menls Lhe pressure in the small transportable UHY chawber was maintained

at ]I.)_7 Pa or better., The XSW experimental set-up wilh the transportable

UNV chanber at Lhe wiggler beam line has been described in ref. 3.

By using the regular spatial peridicity of x-ray standing wave fields (XSW)
ane delermines Lhe phase (¢) and amplitude (F) of the H-Tuurier component

ol Lhe adsorbate density Function relalive Lo Lhe (hk1) bulk diffractina
planes. ¢ and  are rlosely relaled ta the actual positions of the adsorbed
aloms and Lhe (raction of Lhe tolal number of atums al each adsorplion site.
the quantities ¢ and F are oblained by a least-squares lit of the normalized

fFluorescence yield lo the dyonamical Lheory of x-ray diffraction,

Ihe results of two neasurements using a (111) reflection are shown i iy,
1 7. These are explained in terms of the dimer adadom stacking-Tanlt (DAS)
model of takayaongi et al. for the tene silicon (1V1)7x7 :‘.urf‘m‘n", the top

view of which ig showny i Nig. 20a). He side view of o part af the Si(111)7x7



onit cotl in this model is shown in Fig. 2(b). In the DAS mode), the 7x7
unit cell is divided into lwo equal triasngular balves, ohe of which has
reqular diamond structure stacking, whereas Lhe other half has stacking-laults
in the surface region. Region 1 shows the normal slucking sequence 1234%,
and region 11 shows the slacking-faull in the surlace region: %6'. In the
DAS model there al:e 12 Si adatoms {each bonded Lo 3 surface Si aloms) and

H surface S1 atows (nol bonded to any adslom), cach of which provides a
danqgling bond (ur chemisorpting. Que results are explained by adsorption

of Ge atoms at the surface-atop [A, § in Fig. 2(b)] sites for low coveraye
ard copdsorption ab the surface-alop and the adutom-atop [C, D, [, F in

Fig. 2(b)} sites for higher coverage, with a fraction of (he Ge atoms in
random distribution. When yermaniuin aloms occupy only the surfacc-alop sites,
the expecled phase value from a (111} Bragg reflection XSW measuremenl is
n.89 :l“l. Adsarption only sl the adaton-alop sites would give rise to o
phase value of 1.14 (I”.. Uecupalicn of sites uf both types with equsl

populat ion would give 1.02 d The measured phases of 0.87+ 0.02 (fig. 1,

ni
curve 1} and 1,06 + 0.02 (Fiy. 1, curve 2} for germanium coverages of 0.2 M
(monolayer) and 0.4 M, respectively, are explained by assuming that at
low coverage only surface-atop sites (position (0.87) are orcupied, and with
increasinﬁ coveraqge, the surface-atop siles having Leen filled, the only
available wlatom-alop siles (position 1.14) are occopied giving rise lo
an effect ive phase value belween the two limits. 1o Fact wilh Lthe proper
weiiht I'm.-tur9 - 6 surface-alop and 12 adatom-atop siles per 7x7 unit cell -

the expected phase value is t.07 d,,,. The assumptinn of preferential tilling

1l
on hol subisirale is corroboraled by the resulls of measurements on Si(11))-Ge

interface using a (220) Uragg reflection.

The resulls of two measorements with a (220) reflection are shown o Fig. 3.

lo order 1a point out some important feal ures wilh respeet 1o (2200 weasure-

ments, lel us focus our altention on Lhe atoms A and B al 1he surface-alop
sites i region I and reqion 11, respectively [Fig. 2(b)]. In XS5W measuremenl s
Lhe fluurescence response frum an adsorbed alom depends on the distance

of that atom from the nearest diffraction plane. Therefure, the atoms A

and H ((}Al = dBl) would give rise to the same fluovesvence angular profile

for (H1) reflection measuremend . However, due 1o the stacking-Ffaults in
regivn L1, atoms A and B have dil’lferunt distance L*orrb(menr.f.- ((!A £ ciB) wilh
respect to (220) planes. The cxpected fluorescence angular profite from

10

Lhe Ge abtoms at site A is shown by curve a (dA = 1,02 ('22(])' and Lhe

corresponding profile for sile 8 is shown by curve b [dﬂ = 0.69 d.,.) in

220
Fig. 3. the expecled juint profile is the fitted rurve | Lo the daka
corresponding to s phase value of (N.85 + 0.02) dZZU for L2 Ml Ge coverage.
Ihe vbserved coherent ly adsorbenl coverage of Ge aloms (0.2xD.60 or 5,12 M)
is whal would be expected if only all the A and B sites, i.e. lhe surface-alop

nites, ore occupied. lhere are 6 such sites per 7x7 unit cell, while 49

careasponds 1o a monolnyer.

Ihe fluorescence response frum a (220) measuremenl. for a higher Le coverage
(0.5 M ) is shown by curve 2 in Tig. 3. This is explained as follows. Adsorp-
Lings al € at D) sites would give rise to similar response Lo Lhat for adsorp-
tien at the B aite [dC = dy =y, Fig. 2(b)]}. The mmber of such sites per
unit cell is 12, [herefore, uccupation of all the available alop sites would
give rise to a jninl response close Lo Lhe curve b. In facl, wilh proper
mmthg - 3 ulums at 1.02 d!?l] (IZZI.I
ol 0.72 (’?2(1 agrees well with the observed phase of 0.75 + 0,01 (curve 2

and 15 atoms al .69 - Lhe expecled phase

intig. 3) fhe Fil correspmds to a coverage arising from {he orcupat ion

al atl the atop siles (0.37 M),

The resudts of (111) and (2200 refllection measorement s, as deseribod above,




For 0.2 Ml [e coverage clearly demonatrate the presence of stacking-fault

only in one half of Lhe Si(111)7x7 unit cell, and rule out the models in-
volving stacking-faults in the entire region of the 7x7 unit cell. The results
for higher Ge coverages show in addition to Lhe presence of stacking-faults,
the existence of adaloms in the unit cell. Thus, our XSW results agree only
wWith the dimer adatom stacking-Ffault (DAS) model of the Si(111)7x7 sucface

by Jakayana el ul.u.

I facl thal Ge van be adsorbed preferential ly al Lhe surface-atop sile
far lower coverages indicsles a higher binding energy for Ge ;.Il Lhe surface-
atop site compared to the adatum-alop site. Higher substrate temperature
during Ge evaporal ion helps an adatom to diffuse on the surface before it

seliles in a deeper potential well.

Deposition of 0.4 HL. Ge on subsleate at room lemperature maiotained Lhe

Ix7 asymmetry. XS5W results showed the oceupation of unly surface-alap sites

in canlrast Lo the orcoupation of both surface-atop end adatom-alop sites

foe 930°C yrowlh temperulure. lhese resulls are comparable to the recent
observation of the preservation of a 7x7 periodicity, and the propnsed shsence
of Lhe periudic acray of adatoms et a buried amorphous-5i/Si(111) inlerl’ace”.
[f the roaom temperature deposition af Ge removes the 51 adatom from bheir
regular pnsilion, the adsorplion al the adalom-alop site is aulomatically

ruled aut .

For {he adsorplion at the one-fald alop sites, Ge contribut ing four electrons
and Sioune, the picture of bmxling is nob very clear. in Tact, one may wordes
whether the binding at the atop site is at all possible. A self-consislonl

. 12 . « .

field cluster ralenlation involving one H atom and one $1 atom, which

in simitar Lo a Ge alon atlached to a single donglbing bond of Si, however,

suqgagest s Lhe possibilily of bindigg.

In Lhe presenl analysis o Si-tie bond length of 2.40) R, which is the avernqe

of Si-Si bond length in bulk silicon and the Ge-Ge bond length in bulk germaniwm,
tins been assuned. In the DAS mulel, lbe atomic displacements in the direclion
narmal ta Lhe surface are not specified. We have assumed the hulk bilayer
separat ion, 0.78 R, (or the dislaree between the adatom silicon and Lhe

suface silicon layer. lhis is wilhin lhe errar bar of the SIM observalion

of 0.7 + 0.1 A l}.

(ur results do nol agree with 1he large contraction (0.5 &) nf the SiC111)7x7
surface recently measured by Durbin et al.l, unless this relaxation is remnved
hy Ge deposition. Because of Uhe chemical similarity of germanium and silticon,
and the unchanged 7x7 superatructure upon germanium deposit ion, the adsorption
process is not expecled to relieve a relaxation as large as 0.5 A. Accommmla-
tion of this relaxation would require an unusually large Si-Ge howd length

of 2.90 R 10 expluin our resulis. Note that the result of the (111) measore-
ment for the .2 M coverange, discussed without the laowledge of the results
of our other systemat ic studies, could lead Lo a misinterpretnlion of Lhis
resull, namely double layer qruwlll2 in cannectinn with a (0.41 + 0.06)8

inward relaxalion of the substrale. Ihis puinls up the tneed for coverage
dependent XSW measurements with more than vne Fourier componcal for complicated

slructures.

1 most of our measirement s we observe 8 fraction of germanium aloms that
are nol adsorbed st a particolar site (random). Diserder was also ubserved

. . . . 14
tor {lis system in previous channeling experiments

. . 2 . .
Mir resulls disagree wilh thuse of Pate) et al.” who wade open air X5W measare-
meals on sanples prepaved in WY and protected with aworphous silicon cap-

A verend study on the jlerface belween a silicon (FH) substrate and amarphnus



silivon lhas shown that the struclure of the buried surface differs from

Lhat of the clean surface, even Lhough the 7x7 periodicily is preserued“.

ty conetusion, the positions of Lthe germanium aloms on silicon (111) surface
have been determined by x-ray slanding waves by measuring the distanve compo-
nents in the [ 111] and [220] directions. The struclure of Lhe bhare sildicon
surface have been derived from the posilion of the adsorhed atoms, and has
been found to support the dimer adatom siacking-faull model of lakayanari

et al.B. O this sleucture Ge atoms have been found Lo oceupy the atup sites
on the Si adatoms as well as on the surface atums that offer dangling bonds.
Ihe present study shows thal surface structures can be determined by tagging
the surface atoms wilh chemically similar atoms. [rom the resulls of measure-
menls made on somples prepared at differenl substrale temperatures it is
concluded thot the binding energy of germanium al the surface-alop site

is higher compared Lo Lhe adatom-atop site. The kiowledge of energetics at
the submonolayer level helps to understand the epitaxial growth process,

which will be addressed tn a laler publication.
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ligure Captions

fig.

tig. 2

lig. 3

Measured (+) und calculaled (---) refleclivity for silicon (11E)
reflection, R , and corvesponding qernanim Kﬂ flunyrescence
yield, ¥ , as a function of wavelenylh of the incidenl x-vays.
A=) —AB) ig the devialinng fram g Lhat satisfies Lhe Bragy
condilion. The range of AX curresponds to an energy range af

4.6 eV. Vhe equivalenl m}(:s—:}B) scale is shown at the top.

®: fluorescence dala for a Ge coverage of 0.2 ML O: Fluorescence
data for a coverage of 0.4 M.

(a) lap view of the dimcr adabom stacking-Tavtl mnded of Fakayanagi
et al. showing the positions of the adaloms and the surface

atoms that offer dangling bonds For chemisorption, [he 7x7 wnst
cril is shnwn by the dashed tines. The dash-dol line divides

the unit cell into two triangular subimits.

(b} Side view showing a part of the unit cell. Region I has

normal diamond slreucture stacking (123456), and renion 11 shows
the stacking-faults in the Lopmost bilayer (56'). e atoms are
shown at Lhe surface-alop (A,B) and the adalom-alvp (C,D,E,F)
sites,

Measured (1) and ralculated (-~} reflect ivAiLy for %i{220) reflec-
tion, H , and envresponding Ge I(\l fluarescence yield, Y ,

as a function of 8h. The range of AX cnrresporils fo an energy
range of 1.1 eV.@: fluorescence data for a germanium coverage

of 0.2 M..0: | luurescence data for a covetiye of 0.5 M. Curves
a and b are 1hose expected from the atam al A and al B{Fig. 2(b})
respect ively. The efferlive response <due to the occupation of
Buth A aal B sites is given by the Tilted curve Lo Corve 2 corvespands
to orcupalion of buth surface-atup (A,R) and the adatom-utop

{C,0,F, ) sites.
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