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1. INTRODUCTION

The detaled study of semiconductor surfaces is of considerable significance in
modern technology today (Many et al 1965).  Although the properties of the
real surfaces are reasonably well understood there is still a great deal of un-
cortainty surrounding the exact nature of the ideal surfaces ol semiconduciors
and how gases are absorbed onto such surfaces.

[n these experiments silicon and germanium were cleaved under ultra hi{gh
vacuum and then the cleaved surfaces wore exposed to hoth oxygen and sdb-
soquent heat treatment. TLEED and spot photometric measurements w:\v
taken of the surfaces These results supporied one of the recently proposed
surface models and gave further understanding to the absorbed state of oxygen
on silicon and germamum surfaces. AES measurements of the cleaved surfaces
were reported earlier (Palmborg 1968, Grant & Haas 1969. Ridgway & Haneman
1970)

2. RXPERIMENTAL TECHNIQUES

The samples were cloavod under ultra high vacuum (~ 10~ Torr) and
were examined using a standard Varian LEED opties. The erystals wero cleaved
on the (111) plane by a new technique deseribed eclsewhere (Ridgway & Haneman
1969a). The cloavages gave good diffraction patterns with usually one strongly
preferred orientation. The preferred direction (structure orientation) can be
correlated with the cleavage direction (direction of the tear marks) as previously
reported (Ridgway & Haneman 1969b). The crystal holder used for multiple
cleavages is shown in figure 1

Tnienaity measurements were made using a preewion photocleetrie telescope
with the light from the centre of the telescope’s field being detected by a photo-
meter using a RCA 931A phototube.

Oxygon was exposed to the freshly elenved surfaces via-a pure silver diffusion
leak TFor low oxygen cxposures (< 10-7 torr min) the pressure was measured
on the getter ion pump. For higher pressures (10-7 torr min to several torr min)
the getter ion pump was switched off and the pressure was measured using an
10nization gauge (G.E type VH20) with a low temperature (1000°C) thoria coated
irridium filament.
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The erystals could be heated cither by thermal conduetion or hy dueelly
passing current through the sample  The latter method was most effective for
higher temporatures (3~ 800°C)  The temperature was measured usmg an infia
red pyrometer which had a range of 60°C' (o 1700°C  The calibrafion of Jona
(1966) for this particular raciation pyrometoer (2:0-2-6) for Si Ge and GaAs
plus the emissivity estimates were used m these experiments
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Mg 1. Crystal i molybdenunt mount illustraling multiple eleavages  The fungsten erogy

was useld to loeate the eleetron heam position on 1he eleaviure s laee

3 REsULTs

a) Oxygen exposuie -

The cleaved surface for both Siand Ge gave the expected (23 1) surface
structure (Lander, Gobeli & Morrison 1963)  The two dimensional index scheme
due to Hareman (1968) using a nonrotated 25 1 cell with the spot labelling is given
in figure 2.

The intensity of the spots observed on this 2 1 LEED pattern depended
critically on the cleavage. Ti either a very small atomically smooth arca was
obtained or the crystal fractured rather than cleaved, the resultmg patiern was
correspondingly less mtense

The results of oxygen exposure for both the clesved surface of 81 and Ge
wore qualitatively similar and are summarized together The 1/2 orders on
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the cleaved 2.x1 pattern disappeared aftor exposuro to 10-7 torr min of oxygen
for Si and 5x10-7 torr min of oxygen for Ge. A corresponding increase in the
background on the sereen accompanied the mercase in oxygen exposure.  With
increasing exposure (10-¢ {0 10-2 torr min) the intogral orders weakened. The
apot: pattern could only be observed at increasingly bighor voltages. At 10-1 torr
min of oxygen, the integral orders disappeared on both surfaces, leaving no
pattern.
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(o] X (e} X (e} b3 o)
21 1 01 1 21 31
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X "y, ORDERS”

Tig. 2. The iwo-dunensional mdex schome of Tlaneman (1968) for the cleaved smface LEED
patlorn,

b) Heat Treatment

Both the Si and Ge surfaces, after exposure to 10-1 torr min of oxygen (dis-
appearance of LEED pattern), were subjected to heat treatment TFor Si the
tollowing results were found Heat treatment at ~ 900°C for several scconds
rostored the integral orders  Furthor heating for 35 minutes of 920°C gave an
entirely new pattern having 1/3 orders The structure could be indexed as
V3% 4/3 (R30°) relative to the original 11 cell It remained unchanged when
heated at 915°C in an atmosphere of oxygen at 1 X102 torr for 5 minutes. How-
over whon the surface was exposed to 2 X 10-8 torr min of oxygen without further
heating, the fractional orders weakened. An exposure of 10-5 torr min of oxygen
did cause the fractional orders to disappear, loaving only the integral orders,
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When the erystal was further heated at 900°C for 10 minutes in an atmosphore
of oxygon (prossure 10~0 torr) the integral orders were observed to remain.  Thoso
changes are indicated schematically in table 1.

Table 1 Observed Changes m the LEED pattern trom eleaved surfaces of Si
and Ge aftor various oxygen exposures und heal treatment.

Howt t1catmend.

Oxygen — o—— —
Surlace LEED Baposwe  Temperature Tune
Pattern (Forr mm) v (mmutos)
S 2x1
11 10-7
_— 1091
Ix1 200 Seconds
V3K D 920 35
VBX 10-2 915 5

V3X/3 210"
(weukenod f1actzonal orders)

Ix1 J0-®
1.1 10~ 900 10
Go 2x1
1x1 5 107
1077

— 360 n

— 160 b
1.1 b0 3
1.1 800 Neconds
1,1 I [Und 200 10
1.1 10— 300 in
1x1 10-2 300 10
— 7 <10 590 20

31 590 Seconds

In the case of (e, the oxygen covered surface (1071 torr mm) was heated 1o
360°C and 450°C for sevesal mnutes without the pattern being restored  Heat
treatment at 5560°C for several minutes did restore the integral orders The
1x1 structure vomained after Licating at 690°C and 800°C for a lew seconds.
The crystal was thon heated at 200°C m an atmosphere of oxygen (10-° torr)
and then heated at 300°C in the presence of oxygen at pessures of 10-* torr
and 10~% torr The 1x1 structure was unaffected by these treatments. How-
ever, this 11 structure disappeared when tho erystal was heated at 590°C in
an atmosphere of oxygen (7x10-! torr) Further heating at 590°C (without
[arther exposure to oxygon) caused the mtogral order spots to bo restored.  Theso
results are summarized in table 1.
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¢) Iutensity measurements -

Twelve separate measurements ol the varation of intensity with vollage
wore taken of the (00) spot on differont silicon samples, as the specular reflection
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measurements are often uselul for theoretical analysis and these are shown m
hgure 3 Ton sepuwate measwoments (ligwre 4) were also taken of the strong
20) mtegral ordor spot as this spot was used for oxygen exposure experiments
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Oxygen was exposed to seversl cleaved St surfaces and intensity measuio-
ments of the (20) spot were made atter cuch exposure.  Figuie 5 shows plots ol
the major iutensity peabs of the (20) spot speetium wiih mcreasing o) gen
exposure _lu figures 6 and 7 the mtensity curves for twe mtegral order spots
(01) and (21), and adso two 12 orde spots (30) and (L1) are preseuted
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Ig 5. Plots of the major mtensity maxnma of the (20) spol mlensily carve with onygon

exposure

4 DiscussioN

The surfaces of both silicon and germanium were lound (o be very sensitive
to small exposures of oxygen. [Iuitially the 1/2 orders were as mtense as the
mtegral orders (figures 6 and 7) but they completely disappeared by 5> 10-7
torr min exposure of vxygen  Exposing the deaved silicon surface to non and
nickel (Ridgway & Haneman 1971a, 1971h) gave sunilar results with the Iractional
orders rapdly weakonng.

The graduol extinetion of the infegral order spots with oxygene xposure
would suggest that an amorphous layer was formmg on the surface thiek enough
to cause complete extmetion of the LEED pattern at 10 L {orr nun eaposuie
That the 1/2 orders weakened and dimappearcd more guickly than the irtegral
orders may suggest that the oxygen atoms mmtally assume the ordered bulk
lattice positious ol the substiate or may cause the silicop surface atoms 1o 1elax

14
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back to their normal bulk positions. Tt is also possible that the moloculos may
prefer bridge sites as has been proposed by Ibach & Rowe (1974a, 1974b). For
different orientations and types of bridge sitos, this could also give a disordered
structure. This may possibly explain the different rates of change of the peaks
of the (2, 0) spot spectrum with oxygen cxposure (figare 5).
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The present data supports a model of the cleaved surface of Si and Ge pro-
posed by Haneman (1968) m which he considered {wo kinds of atom sites on the
swface. From EPR wmeaswrements on aligned cleavage faces of 8i. which are
cleaved and examined under ulra high vacuum, Haneman suggested one atom
site did not contribute {o the resonance but was active towards adsorption and

the other atom site contributed to the small 10sonance but was relatively inactive
towards adsorption.

He further found the observed resonance signal increased in height (469%,)
after exposure to 10-7 torr min of oxygen  This was the same oxposure al. which
tho LEED pattern disappeared in the present expernnents 1 would appear
that at low oxygen oxposures the oxygen adsorbs onto Jowered atom sites which
do not contribute to the spin resonance signal resuling m the 1x1 structure
A{ the high oxygen exposures it would appear that the oxygen is also adsorbed
on to the raised atom sites causing both the observed inereasc in the resonance
signal and the oxtmetion of the LEED pattern

The first model proposed for the cleaved surface of Si and Ge was that of
Tander, Gobeli & Morrison (1963, 1965) This model was based on ‘“‘high-fre-
queney” components in tho intensity data and the observed one fold symmetrical
natare of tho LEED pattern in the y divcetion. Their intensity measurements
were mainly visual (there being only onc spot photometer curve shown for the

(11), (11) and (l—l) spols  The present data would indieate this asymmetry is
not present  Both the photometric mensurement (figure 6) and the LEED
photos at numerous voltage setimgs obtained from the cleaved surfaces, mdicated
a definite symmetry about the X-direction (figure 2) As a copsequence the
model proposed by Lander, Gobeli and Morrison does not appear to be com-
patible with the present data or the BPR moeasurements (Haneman 1968).

The model proposed by Haneman (1964, 1968) (llustrated m figure 8 without
the oxygen atoms) has raised and Jowered surface atoms being arranged in rows,
Tt will be noticed that this model is symmetrical about the (10) direction and
would therefore fit the present LEED iresults and intensity data Recontly
(Chiarotti & Nannarone 1976) it has been reported that clectric field modulation
of internal reflection on cleaved Ge (111) 2 1 surfaces results are consisient with
this model Tt has also been suggesied that soft surface phonons and also exciton-
phonon  interactions can cause laitice distortions resulling mn superlattices
(Tosatti 1975) Dynamical considerations would then have to be taken into
account when considering the miensity data to determune the validity of these
models. :

With respect Lo the intensity data, the primary Bragg peaks can be deter-
minod from theoretical plots of the surface grating condiion (nA = d sin 0) and
tho depth grating condition  These peaks arc indieated in figure 3 The inner
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potential of the silicon (111) surface could be determined from the displacement
I of the measured and caleulated peaks m the intensity data obtained from the
cleaved surfaces The mner potental ix given by

Vi~ V1V

where 11 the eonfact potential differénce between the cathode of the gun and
the crystal  Taylor (1966) measured the value of 1, for his system (bungsten
erystal and Varan gun cathode) and found it to he 3-7 ¥V Simee the work fune-
tion of the cleaved surface of Sy (4-8 ¢V as obtained by Allen & Gobeh 1964) 18
alnost the same as that of W (435 ¢V) and Varan LEED opties were used 1 these
exprriments. 1 was assumed To~ 41" For the voltage range (20-300 17 figure
3). T was about 10 Volts  This gives an approxmate average value for the inner
potential of the Si (111) suiface of abhout 14V

The intensity measurements for both the (00) and (20) spols (fignres 3 am\ 4)
revealed extra peaks that appeared not to be associated with primany BJ‘ﬂgg
peaks  NSome of these extra peaks were sensitive to the background pressure and
wero quite possibly asgsociated  with the uppermost surface laver  Multaple
seaudlering can account for new spots and modified miensity of the prmary
heams when the surface layer has a ditferent lattice constant to the underlymg
laver. If m the preseot experiments, the cleavage proeess enused the upper-
most layer of atoms to he shitted shightly oat of vegister with the substrate with
a resultmg change in the lattice constant, multiple seattering may account. for
some of the observed phenomenon R

The /3~ /3 (R30") structure observed on sihicon after the surface bad been
exposed to 10-1 torr muw, of oxygen followed by heat treatment at 920°C for 35
minutes has not previously been reported.  One possible model for tlus strudme
1 shown m figure 8 where the atdsorhed oxygen atoms are covalently honded
direetly over the substrate atoms  Then oo further exposure (1079 torr min)
oxygen s adsorbed on to the present. oxvgen sites, relievimg the bonded oxygen
atoms and allowing the structure 1o velax back to the (1> 1) stade

Haudinger & Barnes (1970) had dentified the Si (111) 7X7 structure as
containing oxygen m the surface  However oxygen on the 7> 7 structure will
oxtinguish the pattern  Te solve this dilemma they had introduced an additional
Si-0 lattice-bonded phase {hat was ordered.  However recent experiments have
demonstrated (Ridgway & Haneman 1969, Thach & Rowe 1974b) that no impuri-
ties are identified with the 77 structure  Further the fact that a 4/3X4/3
(R30°) structure has heen observed when the surface has been explicitly exposed
to oxygen malkes it much more suggestive that this structure is due to oxygen
rather than the 7X7 structure,
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© RAISED FIRST LAYER ATOM
O LOWERED FIRST LAYER ATOM
o SECOND LAYER ATOM

® OXYGEN ATOM

Mg, 8. One possible safaee model for {he \'5.5 \':_t (R0 strueture ohservad on {he oy pen
coverd hented swmface of siheon
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