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Direct measurements have been made of the differential heats of adsorp-
tion of oxygen on atomically clean surfaces of germanium, silicon, and
lead sulfide; which have been produced by crushing the initial single
crystals under ultrahigh vacuum. The high heats of adsorption for Ge
and Si (115 £ 10 and 210 * 30 kcal/mol, respectively) are assoclated
with the formation of double bonds. The interaction of an atomically
clean surface of Ge with oxygen 1s dependent on the presence of minute
traces of water. No such relatlionship is observed for silicon.

Direct calorimetric measurements of the differential heats of adsorption @
on atomically clean surfaces are of particular interest, because they provide
direct information on the interaction energies of surfaces with gases at the
molecular level. Few studies on this have been made [1-3]. Measurements have
been made of the heats of adsorption of oxygen on evaporated films of Ge and Si
[1]. Similar measurements have been made [2] for powdered reduced Ge, but in
the absence of an ultrahigh vacuum. The data of [1] were used for calibration
purposes in measuring Q [3] in the adsorption of gases of HXA type on atomically
clean surfaces of Ge and Si.

The clear deficiencies in such studies have led us fto perform a series of
studies on @ for oxygen on atomically clean surfaces of germanium, silicon, and.
lead sulfide made by cleavage under ultrahigh vacuum. The specimens were pre-
pared by vibrational crushing of single crystals in a sealed glass system pumped
after preliminary heating to a pressure of 10%5—10-° mm Hg by means of a titanium-
molybdenum getter. The oxygen was produced by pyrolysis of Cul or KMnOh, also

previously outgassed by heating under the same vacuum (at 400 and 200°C, respec-—
tively). Known amounts of oxygen were admitted from known glass volumes via
break seals. The heats of adsorption were measured with a Calvet microcalori-

meter with a limit of detection of about 10_5 W. The uptake in adsorption was
determined by a volumetric method. The oxygen pressure was measured with a
Piranl gauge or an LT-2 thermocouple gauge.

Prolonged (about 40 hr) vibrational grinding of the Ge, Si, and Pb3S under
ultrahigh vacuum produced specific surfaces as measured by the BET method (low-
temperature adsorption of argon) of l--,’%'lOUr cmz-gwl; the possible errors due to
aggregation, which tends to occur with Ge and Si, were automatically eliminated
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in calculating the adsorption of 02, since the dimensions of the argon atom and

the oxygen molecule are similar,

Cne can estimate the contamination of a surface formally by means of coeffi~
cient x, equal to the ratio of the total number of residual-gas molecules in the
volume of the system to the total surface of the specimen. The values for our

experiments with specimens of 1-3 g were w~lm—405mol'cm“2; in an unheated glass

10 2

system evacuated to about 10_5 mm Hg, x was about 10 mol-cm “,

The differential heats of adsorption in keal/mel for O, on atomlcally clean

2
Ge, S1, and PbS In the initial stages are given in Table 1 for various values of

» in mol-cm 2. The values of Q correspond to the initial stages of oxidation
with surface filling factors 6>001.
Table 1 Table 1 shows that atomically clean sur-
faces of silicon and lead sulphide produce
considerable heat on adsorbing oxygen,
w05 —10¢ % ~10t0 which is characteristic of the formation
of valency bonds. Under similar condi-

Ge 0 115210 tions, i.e., with x~10°—10° mol-cm™°, an
atomically clean surface of germanium did

Si 21030 | - ’ not interact with oxygen, in contrast to
Si and PbS. In our experiments with Ge,

PbS 80+20 — fhere was no chemisorption corresponding

to 8<C10-% (on the assumption that the heat
of possible chemisorption would be about
100 keal/mol). On the other hand, admit-
ting oxygen from an unheated glass system to the germanium (where the latter had

x~10wmol-cm_2) resulted in appreciable adsorption with the production of consid-
erable amounts of heat,.

Our results for Q for germanium and silicon agree well with the data of
[1,2]; such high heats of adsorption cannot be explained satisfactorily by the
formation of oxygen complexes on the surfaces of Ge and Si, which had been
suggested by Green [4]. The observations can be matched to the calculated ener-
gles of such complexes by means of various corrections [3]. On the other hand,
in our view the high heats of adsorption are related to the formation of Ge = O
and S1 = Odouble bonds on the Ge and Si. A rough estimate of the energies of
these bords i1s in agreement with thils conclusion and also in good agreement with
experiment:

2F Geno — E0m0 — 2EGe—Ge ™~ 2- 159 — 118 — 2.33 = 134 kcal/mola,
2Esi—0— Eo—0 —2E 5j6i > 2:195 — 118 — 2.34 = 204 ikeal/mole.

The formation of double bonds when atomically clean surfaces of Ge and Si
interact with oxygen is also most likely from the viewpoint of the structure of
the surface itself, where most of the atoms are in a staté to form double bonds
[5]. Indirect evidence for double bonds on the surfaces is provided by [6],
where slow—electron diffraction measurements show that the adsorbed 0 atoms occu-
py locatlions on the surface exactly above the surface 31 atoms, and the positions
and intensities of the diffraction peaks were not altered until a monclayer cov-—
ering was produced. A similar conclusion was obtained for the surfaces of Si
[7] by IRMS.

Measurements on the characteristic-loss spectra for slow electrons [8] also
indicated unambiguously that each oxygen atom forms a double bond to surface Ge
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or Si atoms. These experimental results are confirmed by later study {9]. Fin-
ally, in [10] a study was made of the scope for formation of various types of
surface structure and the adsorption of oxygen by these, and a similar conclusion
was drawn, in which a model for the Si surface with double bonds was considered
to be the best*, The result Q2100 kcal/mol for the adsorption of oxygen on PbS
is 1n reasonable agreement with the energy calculated for associative adsorption
in accordance with

Epb—o + Es=0 — Fo=0 ~ 94 +- 124 — 118 = 100 kcal/mole.

The oxidation mechanism for PbS is discussed in more detail in [12].

The following may be noted on the differences in adsorption of O2 by ger-—
manium and silicon for various x; the literature data [2,13-15] show that the

attachment coefficient k decreases from 10 % to 107 as the vacuum improves (%
decreases) when oxygen interacts with an atomically clean surface of germanium.

. e =2 .
In our experiments k was zero*# at the minimum value x~10¥mol<cm . No such ef-

fect occurs for silicon, and data from various sources indicate that k=~10-2 and
is independent of x It will not be surprising that further improvement in the

cleanness in our experiments with silicon, where x~105—108 mol'cm_g, should pro-
duce substantial changes in the interaction of O2 with an atomically clean sur-

faceof Si. Differences in the interactions of atomically clean surfaces with
oxygen are due to differences in the spin states of the surface atoms [17]1. At
room temperature, cleavage of germanium results in a nonradical atomically clean
surface, whereas cleavage of silicon produces a high concentration of free radi-
cals at the surface [5,17].

We are indebted to Professor V. F. Kiselev for initiating this research and
for constant interest.
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