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20. (Continued)

than has been generally possible in the past. Of particular importance has been
the use of Stanford Synchrotron Radiation Laboratory which has provided continuously
tunable radiation from 10 to 300 eV. Using this capability , we are able , for
example , to examine the surface states and core levels as a gas is adsorbed . Very
strikingly, we have found it possible to adsorb oxygen on Si in such a way that the
surface states are removed but the usual shift in the Si 2p core level associated
with chemical bonding is missing. This indicates a new type of “covalent” bonding,
previously unexpected . These results can give new insight into the kinetics of
oxygen takeup on Si. Three other stages of oxygen have been observed by means of
the core shifts. These are assigned to silicons bonded to increasing numbers of
oxygen atoms. For amorphous Ge and Si , no filled surface states appear in the band
gap in contrast to the case for the crystalline forms of these materials. This is
believed to be due to the fact that the surface atoms on amorphous Ge and Si have
more opportunity to relax and thus lower the surface state energy as in GaAs . In
opposition to theoretical predictions , no surface states were found on SrTiO3. It
was found easy to clean ZnO and apply a Cs monolayer to reduce its work function .
It was found that oxygen adsorbed on Sn tended to go beneath the surface leaving a
metallic surface layer . This last resul t is of interest because of SnO cold
cathodes.
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ABSTRA CT

The surface electronic structure and certain aspects of the surface
chemistry of amorphous and crystalline Si arid Ge as well as crystalline
SrTiO3 ZnO, and Sn have been studied using photoemission spectroscopy
and Auger electron spectroscopy . By examining the surface , valence , and
core states a more detailed picture of the surface electronic structure
and chemistry could be obtained than has been generally possible in the
past. Of particular imp6rtance has been the use of Stanford Synchrotron
Radiation Laboratory which has provided continuously tunable radiation
from 10 to 300 eV. Using this capability , we—~r~~~1Y’te , for example ,
to exami ne the surface states and core levels as a gas is adsorbed .

j~~~~Very-i-tr+k1-ng1yç we .have .found i,~ possible to adsorb oxygen on Si in
such a way that the surface states are removed but the usual shift in
the Si 2p core level associated with chemical bonding is missing . This
indicates a new type of “covalent” bonding , prev i ously unexpected . These
results can give new insight into the kinetics of oxygen take-up on Si.~~
Three other stages of oxygen uptake have been observed by means of the
core shifts. These are assigned to silicons bonded to increasing numbers
of oxygen atoms. For amorphous Ge and Si , no filled surface states appear
in the band gap in contrast to the case for the crystalline forms of these
materials. This is believed to be due to the fact that the surface atoms
on amorphous Ge and Si have more opportunity to relax and thus l ower the
surface state energy as in GaAs . In opposition to theoretical predictions ,
no surface states were found on SrTiO3. It was found easy to clean ZnO
and apply a Cs m ..,iolayer to reduce its work function . It was found that
oxygen adsorbed on Sn tended to go beneath the surface l eaving a metallic
surface l ayer. This last result is of interest because of SnO cold
cathodes.
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I. STATEMENT OF PROBLEM STUDIED

The niajor emphasis in this study was on t he surface electronic
structure and surface chemistry of crystalline and amorphous Si. To
study the surface chemistry , oxygen was used as a test gas . It has
been possible to add important new dimensions to these studies by use
of synchrotron radiation and , to a lesser extent , by app lication of
new sophisticated sputter - Auger equipment obtained under other support .

Another emphasis has been on the oxidation of metals and on the
search for surface states on metal oxides such as SrTiO3 (where they
had , in some cases , been predicted theoretically) and in the details
of oxygen uptake on metals such as Sn. This work was partially stimu-
lated by a study (also sponsored by ARO ) of tin oxide and tin-indium-oxide
cold cathodes where understanding of the oxidation and reduction pro-
cesses was of critical importance . It was also stimulated by funda-
mental interest in these problems.

II. MOST IMPORTANT RESULTS

• It was found (see Item 14 on publication list) that , under certain
specifi ed conditions , molecular oxygen can be adsorbed on the surface
of (111) Si removing all surface states but not forming a chemical bond
requiring sufficient electron transfer from the Si to 02 to produce a
Si 2p chemical shift. This surprising result suggests a new “covalent
bond ” between 02 and the Si surface. The “covalently ” bonded 02 could
be disassociate into atomically adsorbed oxygen by striking the surface
with an electron beam. Further details are given in Publication #14.

• Four distinct steps in the takeup of oxygen on Si and Ge have been
identified . Details will be given for. the Si case. The first stage
possible is that of “covalently ” bound 02 described above. Under certain
exposure procedures , outlined in Publications 14, 15 , and 16 , this
step could be eliminated or reduced and atomically adsorbed oxygen

_ _ _ _ _ _ _ _  ______________ 
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observed with a chemical shift of 2.0 eV by exposures at higher pressure
(10.6 rather than lO

_8 
torr). This is the second stage of adsorption .

The third stage produces a chemical Si 2p shift of 2.6 eV . We speculate
that this is an Si atom bonded to two oxygen atoms . In the fourth stage,
the clearly defined state is Si02 with each Si bonded to four oxygen .
This produces a 3.8 eV chemical shift . Other intermediate shifts may be
present but only the above can be claimed to be clearly resolved . In
particular , another broad peak is seen at 3.3 eV which may be due to
the 3.8 eV plus a second unresolved peak lying below 3.3 eV. This latter
peak would then , logica lly, seem to be assigned to an oxygen coordinated
to the oxygens. However, all of the assignments of 2p core shifts to
detailed atomic configuration must be considered tentative . More work
is clearly and urgently needed in this area .

• On crystalline Si and Ge (111) surfaces filled surface states
centered below the valence band maximum but extending into the band gap
are clearly seen. No corresponding states are seen for amorphous layers
of these materials formed by evaporation. Rather , no evidence has been
found for filled surface extending into the forbidden gap. It is
suggested that the relaxation of the surface atoms (as in , e.g., GaAs)
moves the surface states below the valence band maximum . (See Items
10 and 17 on Publications list.)

• Morin and Wol fram (Phys . Rev . Letter 30, 1214 (1973) had predicted
surface states on the SiTiO 3 surface due to the empty Ti d-bands. Further ,
they had predicted very special surface catalytic properties due to these
states. We searched carefully for these surface states and found no
evidence for them. It now appears that surface states can be induced by
departures from stochiometry on the surface but that no states exist of
the type predicted by Morin and Woifrom (see Item 6 on Publications list).

• it was found that oxygen tended to move below the surface of Sn
leaving a metallic surface layer. (See Item 11 on Publications list.)

• 2



This is of significance to SnO cold cathode work as well as of fundamental
importance.

We found that ZnO powders could he cleaned relati vely easily by
heating to 500°C and that Cs adsorbed on the clean surface reduced the
electron affinity by about 3 eV. (See Item 12 on the Publications list.)

3
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