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Energy-level schemes of intrinsic surface states of arfnealed (111)8 X 8 and (100) 2 X 2 Ge surfaces are

deduced from the d-core-electron and valence-electron excitation spectra. The results compare favorably with

tight-binding calculations of the relaxed surface. Empty dangling bond states are observed at the valence-band

edge. Their density is estimated to be 2 X 10"/cm' and 4 X 10"/cm' for the (100) and (111)surfaces,

respectively. Oxygen-adsorption experiments indicate two different adsorption sites of approximately equal

number, but drastically differing activity. The more active sites are associated with the empty dangling bonds,

which become saturated near a third and half monolayers, respectively, for the (100) and (111)surface. The

oxygen chemisorbs to form quasixnolecular GeO complexes independent of surface orientation. The results

qualitatively favor the rumpled surface or Haneman model for the (111)8 X 8 surface reconstruction and

suggest a vacancy model for the (100) 2 X 2 surface.

I. BACKGROUND

Low-energy-electr on-loss spectroscopy (LELS)
has recently been successfully used to study in-
trinsic surface states of Si, ' QaAs, "and Qe. '
The technique is the most readily available meth-
od of studying the electronic properties of the out-
ermost atomic surface layers (-5 A for primary
energies of.5100 eV) and contrast ultraviolet pho-
toemission spectroscopy (UPS) in that both filled
and empty electronic states are readily probed,
although at reduced resolution. Assignment of
structures to surface effects in both UPS and LELS
has generally been based on the disappearance of
these upon adsorption of foreign atoms such as
oxygen or hydrogen. A more convincing proof of
the surface origin of some of the structure in
LELS for binary semiconductors is the observed
changes with composition of the outer surface lay-
er of polar faces by an in situ evaporation process,
as was reported earlier. ' However, for the ele-
mental semiconductors one must still rely on sur-
face perturbations by either foreign atoms or by
crystallographic changes through surface recon-
structions or different surface orientations.

The scattering process in LELS is generally
assumed to be a two-step event involving an elas-
tic and an inelastic step or loss event. The elas-
tic event, which may or may not precede the in-
elastic one, involves the turning around of the
incident electron, the momentum being provided
by either the crystal lattice (Bragg reflection) or
by short-wavelength phonon scattering. 5 This lat-
ter process, which causes the thermal diffuse
background observed in low-energy-electron dif-
fraction (LEED), is in reality only quasielastic as
it involves energy changes of about a 50 meV, val-
ues small in comparison to the energy resolution
of about 0.5 eV of conventional detectors employed
in LELS.

Theoretical models describing the low-energy-
electron-loss process have generally been based
on small-angle scattering from the specular or
Bragg diffracted beams. s~ Both Lucas and Sun-
jic's semiclassicals and Mills' quantum mechani-
cal treatment predict a scattering cross section
near the specularly reflected beam proportional
to the surface loss function —Iml/[z(~) +1], where
c(&u) is the energy-dependent dielectric constant of

the medium, However, with the exception of Froitz-
heim and Ibach's work, ' results of LELS reported
in the literature were obtained with electron de-
tectors with broad acceptance angles, such as the
hemispherical grid and cylindrical mirror ana-
lyzers. Electrons detected by these analyzers
have been scattered through large angles and con-
sequently one might expect considerable discrep-
ancies between the theoretical models and experi-
mental results. In fact, for the LELS data pre-
sented here, a description in terms of the volume
loss function —1m[1/& (&s)] determined from optical
data is in better agreement with experimental data
than is the surface loss function.

In this paper the energy-loss spectra of clean
(100) and (ill) germanium surfaces will be pre-
sented in terms of bulk and surface losses. Evi-
dence of surface states is enhanced, and their
characterization improved, by analysis of the loss
spectra arising from the excitation of electrons
from the narrow d-core states. '4 We furthermore
examine the effects of the adsorption of foreign
impurities on the strength and energy location of
surface-related features in the loss spectrum.
We conclude that the so-called "dangling-bond"
surface states for both (100) and (111) surfaces
are located near the top of the valence band.

II. EXPERIMENTAL DETAILS

The Ge crystals were cut to the desired orien-
tation, lapped, and chemically polished on pelion
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in a dilute sodium hypochlorite solution. ' Sever-
al mils of material were removed, leaving a dam-
age-free and highly polished surface that showed
no detail at a magnification of 700& in an interfer-
ence contrast microscope. Prior to mounting the
wafer into the ultrahigh vacuum system, it was
chemically polished in a dilute CP-4
(HF: CH3COOH: HNO3: Br in the approximate ratio
of 50:500: 80:1) solution for approximately one
minute. Except as otherwise indicated, both the
(ill) and (100) oriented crystals were cut from
the same undoped ingot, with an electron density
of 7&&10"/cm'.

A schematic of the UHV system is shown in Fig.
1. It incorporates an evaporation stage that is
surrounded by a liquid nitrogen cooled shroud and
a reflection high-energy electron diffraction
(RHEED) system for the determination of the crys-
tallographic condition of the surface. For further
analysis the sample is rotated in front of a single-
pass cylindrical mirror analyzer with coaxial
electron gun (PHI Model 10-150) for Auger elec-
tron spectroscopy (AES) and LELS at normal in-
cidence. The sample may be cleaned simulta-
neously by Ar-ion bombardment.

In a typical operating sequence, an overnight
bakeout of the ultrahigh vacuum system reduced
the plessux'8 into the low 10 o-Torr range. An

Auger spectrum was then taken, which always re-
vealed heavy carbon and oxygen contamination that
could only be removed by argon ion bombardment.
The substrate was then annealed at temperatures
around 500 'C, and the crystallographic condition
of the surface simultaneously monitored by RHEED.

EVAPORATION
SOURCES

TO PUMPS

FIG. 1. Experimental apparatus. Sample is show~ in.

the analysis position with primary electron beam of
cyl. indrical mirror anal, yzer (CMA) normal to surface.

The diffraction pattern changed from a diffuse pat-
tern lndlcatlve of an amorphous sul face layex' to
a detailed, streaked pattern that readily indicated
high crystalline perfection with ordered surface
reconstructions. The sample was then rea.dy for
either thin film overgrowths or surface analysis.
Carbon contamination would reappear over a peri-
od of hours, with noticeable effects on the LELS
spectra, which necessitated additional cleaning
and annealing cycles.

The operating conditions for AES and LELS are
nearly the same, with the exception that, for the
latter, lower primary electron energies are used
and that the second harmonic of the modulating
voltage of the analyzer is detected to obtain the
second-derlvatlve spectra. These spec~ra are
preferable over those in the first derivative, as
generally employed in AES, because they allow a,

more accurate determination of the position of
loss structure on the energy scale, although at the
price of a lowex second-haxrnonic signal, which
varies as the square of the modulation voltage.
The choice of primary beam energy is a compro-
mise among resolution, signal intensity and sur-
face sensitivity. The manufacturers indicated
resolution of the a.nalyzer is 0. 6%%u& of the pass en-
ergy for a well focused primary beam. However,
the practical limit is set by the thermal spread of
the primary electron beam, or approximately 0.4
eV, and by the amplitude of the modulation voltage
which for intensity reasons is seldom less than
0, 5 V peak to peak. The primary beam current,
and hence the signal intensity is nearly linearly
related to the primary beam energy below 200 eV,
whereas the surface sensitivity is inversely pro-
portional to the energy, with maximum sensitivity
near 50 eV. For these reasons, the primary en-
ex'gies and modulation voltages were generally
limited to the ranges of 50-100 eV and 0.5-0. 8
V peak to peak, respectively. The estimated ac-
curacy in determining the loss structure is + 0. 2
eV, with somewhat improved precision for aver-
aged values quoted here.

III. RESUI.TS

A. Clean surfaces

The RHEED patterns of the Ar' ion cleaved and
annealed Ge (100) and (ill) surfaces exhibited
clear (2X 2) surface reconstructions for the (110)
azimuths. However, additional diffraction streaks
for the [112]azimuth of the (ill) surface indicate
that the reconstruction for this surface is (Bx8).'~

Both (ill) 2x2 (Ref. 12) and (111) 8XB (Ref. 13)
structures have been observed by LEED. The lat-
ter has since been observed by other workers and
has been interpreted a, s resulting from a (2x 8)
surface structure that is randomly multipositioned
about the three equivalent (110)directions. "
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FIG. 2. Second derivative of the energy-loss spectra
of the clean and annealed germanium (111) SX8 and (100)
2 &2 surfaces. Primary electron eneIgy E&=100 eV.

The situation for the (100) surface is also not en-
tirely clear, and the possibility of either a (2x2)
or (4x4} surface reconstruction has been raised. ""
Since me do not see any extx'aneous diffraction
streaks other than the —,

' order, we feel that our
surfaces are best described as (100) 2x 2. It is
of interest to note that when the (111) surface was
heated to about 600 'C the fractional oxdex difrac-
tion streaks weakened and essentially disappeared,
but were recovered upon cooling. Such reappear-
ance mas also observed near 200 'C upon cooling
a germanium film epitaxially deposited at 600 'C
on a (ill) substrate. During growth the film sur-
face exhibited a (1x1) structure. For the (100)
surface, on the other hand, the (2x 2} surface
structuxe was obsex'ved at elevated temperatures,
as mell as during epitaxial deposition at 550 'C.
Based on these observations alone, there seems
to be a basic difference in the mature of the recon-
struction on the two surfaces, a point which will
be further discussed later in this article.

The energy-loss spectra for the clean (ill}
Sx8 and (100}2x2 surfaces, taken with a primary
electron energy of 100 eV, are shown in Fig. 2.
Features common to both spectra may be consid-
ered of bulk origin. Thus the structure near 2.6
and 4. 5 eV is attributed to interband transitions,
with energies diffex'ing somewhat from optical da-
ta. ' The prominent peak at 16.3 eV corresponds
to bulk plasmon excitations; whereas the weaker

stx'ueture axound ll eV is believed to arise from
excitations of surface plasmons, as this number
is close to the theoretically expected value of ll. 5
eV (=h&u~//2). The remaining structure below the
bulk plasmon peak is due to surface ef'fects. Al-
though the peak near l. 2 eV is observed on both
surfaces, it is definitely not a bulk related struc-
ture because its strength is too large compared to
the expected bulk value at that energy and because
of its great sensitivity to surface cleanliness.

The location of structure on the energy scale
does not change with primary electron energy, and
it is concluded that diffractive effects, such as
those observed fox" ¹i,'7 do not have to be consid-
ered here. However, the relative contributions of
bulk and surface effects do change mith energy, the
latter diminishing with incx'easing energy, in a
manner analogous to that observed for QaAs. 4

The intensity of both the volume and surface plas-
mon peaks increases rapidly with energy so that
above 500 eV they completely dominate the loss
spectrum. At these energies multiplasmon losses
also become important, particularly the dual vol-
ume plasmon loss around 33 eV. The structure
at 32.9 eV observed in Fig. 2 is not of such origin
since the multiplasmon loss structure is very
broad (- 10 eV) and is not observed at comparable
primary energies in Gahs, where a possibly com-
peting loss mechanism does not exist.

The loss structuxe in the 29-34 eV range is be-
lieved to arise from excitation of d-coxe electrons
into empty bulk and surface states, as it is mell
known that the binding energy of the d-electrons
in Ge is around 29 eV. ~8 Since the entix e loss
structure is "tied" to the primary electxon energy,
there is no othex loss mechanism that mould ex-
plain its origin. The stxuctures at 28. 9 eV fox
the (111)surface and the doublet at 28. 9 eV and
29.8 eV for the (100) surface are attributed to
transitions into empty surface states, the so-called
dangling bond states. ' The doublet for the (100)
surface does not imply tmo different surface states,
but originates from the spin-orbit splitting of the
d-core level. The fact tha.t this splitting has been
observed on the (100) surface and not on the (111)
surface has been interpreted in terms of differ-
ences in symmetxy of the dangling bond states for
the tmo surfaces. ~9 The remaining three peaks at
higher energies arise from excitations into the
bulk conduction band.

We have summarized the results of the loss
measurements in Table I which also shows rele-
vant data obtained by other experiments.

8. Oxygen covered surfaces

'IA'e have measured the room temperature uptake
of oxygen on clean (ill) and (100) surfaces. The
results are shown in Fig. 3. The x'elative increase
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TABLE I. Summary of spectroscopic information. by LELS for the Ge (111}8&8
and (100) 2~2 surfaces and comparison with previous loss and optical, data. All

energies in eV.

Present LELS
structure

Previous
ELS Optical —Em (1/&) Assignment

2. 6
5. 0

8. 5
11„2
13.5
16.3
28. 9

30.7
32. 9
34. 2

1.2
2, 5
4, 5
7. 3
8, 9

11
13.5
16.3
28. 9
29. 5
30. 8
32. 9
34. 3

2 6
5.0, '5. 2b

11.2"

16.0, 16.4

2. 35'
4.2'

69

5 3

10.5

16.4'

ss to ss~
bb to ss
vb to cb
vb to cb
bb to ss
bb to ss

surface plasmon
bb to ss

volume plasmon
d core to ss
d core to ss
d' core to cb
d core to cb
d core to cb

~50 keV transmission through polycrystalline film, Ref. 20.
"200 eV reflection from polycrystalline fil. m, Ref. 21.
' Referen ce 16.

Transmission through polycrystalline film, Ref. 22.
'Obtained from Fig. 8.
~bb —surface back bond; ss—surface state (dangling bond); vb —valence band;

cb—conduction band.
~See text for further clarifications.

in the oxygen coverage was monitored by the ratio
of the oxygen 510 eV to the germanium 1147 eV Au-

ger lines. This ratio is expected to be a reason-
ably linear function of the coverage up to about a
monolayer of oxygen. a' The results shown repre-
sent the compilation of several adsorption experi-
ments with oxygen pressures ranging from 2&10 8

to 4 @10~Torr. For dosages less thanabout 0.5 x 10
Torr min no obvious electron beam effects were ob-
served on the adsorption rates. At substantially high-
er dosages, particularly in the saturation region,
electron beam desorption effects were observed and

the beam was always turned off between Auger mea-
surements. These were generally made onprevious-
ly nonirradiated areas of the sample.

A.lthough the initial uptake is different for the
two surfaces, the saturation values of the Auger
ratios are nearly the same. Based on atomic
densities of the ideal surfaces, and assuming
identical adsorption complexes, one would expect
a 16/q larger signal for the (111) surface than for
the (100) surface, whereas only a 3% difference is
observed. These differences cannot be reconciled
by experimental inaccuracies, but suggest basic
topographical differences between the two surfaces.

Previous oxygen adsorption experiments indicate
a reasonably fast adsorption process, that tends to
saturate near a monolayer of coverage, which is
followed by a much slower uptake. 34 '7 Our mea-
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FIG. 3. Normalized oxygen Auger signal as a func-
tion of dosage for the (111) and (100) surfaces. Primary
electron. energy 3 keV; modulation. 6 V peak to peak.

sured dosages of about 10 ~ Torr min, required to
saturate the oxygen uptake, agree well with previ-
ously reported values of 1-5&&10 3 Torr min.
We will assume here that the observed saturation
ratios of 0.65 and 0.63 correspond to monolayer
coverages on the (111)and (100) surfaces, respec-
tively.

Further insights into the adsorption process may
be obtained from the variation of the sticking coef-
ficient S with coverage 8, expressed as a fraction
of a monolayer. These two quantities are related
through the equation2

(N~ jv) de
d(pt)
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diffraction results. The initial sticking coefficient
of 1.4x10 ' for the (100) surface is in good agree-
ment with previously reported values'; however,
considerable discrepancies exist for the (ill) sur-
faces, for which values an order of magnitude
smaller than ours have been quoted. ~8'3o

The effect of oxygen adsorption on the loss spec-
tra of the Ge (ill) 8&& 8 surface is shown in Fig. 5.
The spectrum of the clean surface at a primary
energy of 70 eV is shown in Fig. 5(a). It is worth
noting here that at this energy the surface xelated
structures are more pronounced relative to the
bulk related structure than for higher primary
electron energies [Fig. 2(a)]. All of the structure
is, however, extremely sensitive to oxygen con-
tamination, as seen m Fig. 5(b) for a coverage
8 -0.4. The surface states have nearly disap-
peared and new structures appear at 6.8, 30. 4, and
31.0 eV. In fact, all evidence of the dangling bond
surface states, namely, the 1.1, 28.9, and 29. 5
eV peaks, disappears at half a monolayer of oxy-
gen coverage. In addition there are more subtle
changes, particularly the shifting and narrowing
of the 4. 7 eV bulk peak and a, relative decrease in
intensity of the bulk plasmon peak. The changes
become further pronounced upon reaching a mono-

)06
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I
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I

0.4
I

0.6
I

0.8 I.Q
Ge (III) -ege

8
Fgo. 4. Sticking coefficient of oxygen as a function. of

its coverage 6, expressed in monolayers, for the (ill)
and (100) surfaces.

29.5
30.7 28.9

8-0
Ep=7

3I.O

where No is the density of adsorption sites, here
the atomic surface density; p is the molecular im-
pingement frequency (8.09x1(P molecules/cd
Torr min. ); and Pt the dosage in Torr min. The
resulting dependence of the sticking coefficient on

8, based on the data of Fig. 3, is shown in Fig. 4.
The data clearly show a composite adsorption pro-
cess, indicative of two different adsorption sites
of approximately equal numbers but drastically
differing activity. The more active sites saturated
at e -0.5 and 8- 0.58 for the (111)and (100) sur-
faces, respectively. Monolayer coverage is sub-
sequently achieved after the remaining less active
sites have been saturated. Similar behavior of the
sticking coefficient near 8 =0.5 has also been re-
ported for oxygen adsorption on Ge (111) surfacesa8
at 600 'K. Furthermore, a rapid decrease in the
heat of adsorption near 8 = 0.4 has been observed
for room-temperature adsorption on polycrystal-
line germanium films. These results strongly
suggest the presence of two different adsorption
sites. Further discussion will be postponed until
after the presentation of energy-loss and electron-

3I.O

(4
LLI

8-I
E&=20eV

s. l

(7. l

30
(

20 IO

ENERGY LOS S (eV)

FIG. 5. Energy-loss spectra of the (111) surface for
various degrees of oxyge~ coverage, and for several
different primary electron energies. The hatched areas
above the abscissa indicate the location of absorption
and emission bands for molecular GeO.
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layer coverage, as shown in Fig. 5(c). Additional
detail is brought out in going to lower primary
electron energies, a.s shown in Fig. 5(d).

The situation for the (100) 2x 2 surface is nearly
identical, with the notable exception that the d core
to surface state transitions already disappear at
about a third of a monolayer of adsorbed oxygen.
The effect of oxygen on the loss spectra of this
surface is shown in Fig. 6. Once again, upon
fractional coverage, the surface related structures
of the clean surface have essentially disappeared
and characteristic peaks at 4, 7 and 6.7 eV have
emerged [Fig. 6(b)]. Only minor changes occur
upon further coverage [Fig. 6(c)]. Thus the loss
structure of oxygen on both the (100) and (111)sur-
faces seems to be characterized by three dominant
peaks near 2. 5, 4.7, and 6.7 eV. Their relatively
narrow line shapes suggest a localized or quasi-
molecular description of the oxygen-germanium
surface complex. That the 2. 5-eV peak is predom-
inantly oxygen derived, rather than bulk related,
becomes apparent upon using lower primary elec-
tron energies [Figs. 6(e) and 6(f)]. At such ener-
gies, bulk contributions for even the clean surface
are not resolved within the sensitivity of our in-
strument. 3

All of the numbered peaks in Figs. 6(c) and 6(d)
have been found to coincide in energy with optical
absorption bands of molecular GeO, '3 including the
peak at 3.4 eV observed on both surfaces only for
low primary electron energies. In molecular GeO,
an emission band at this energy corresponds to an
optically forbidden triplet transition. Such tran-
sitions become possible in inelastic electron scat-
tering because of a breakdown in the first Born ap-
proximation at low primary electron energies. "
Based on these spectroscopic observations, as
well as on bond-energy arguments, it was con-
cluded that oxygen chemisorbs on germanium as
quasimolecular GeO, with an oxygen atom double-
bonded to a germanium surface atom. '2

IV. DISCUSSION

A. Clean surfaces

A problem in any spectroscopic identification is
the translation of the observed spectra into an en-
ergy level scheme that is consistent with experi-
mental results. A knowledge of the possible num-
ber of final states is essential, although the num-
ber of initially filled states, information potenti-
ally obtainable from photoemission spectroscopy,
is helpful. Theoretical guidelines may also be help-
ful; however, calculations for reconstructed sur-
faces are generally lacking. Nevertheless, based
on the unreconstructed Si or Ge surface, one may
expect at least four surface related bands: an
upper, dangling bond derived band in the vicinity

8=0
Ep = IODeV 8-1

Ep= 5

8-0.~
Ep= IOD

.(b)

47 J

8 ~)

Ep= 30e
(e)

8-1
Ep= l00 8-1

E =20
P

(f)

]

15 5 0 10

ENERGY LOSS(eV)
FIG. 6. Effect of oxygen on the energy-loss spectra

of the (100) surface.

10 0

of the top of the bulk valence band and three lower-
lying bands, the so-called back bonds, attributed
to the rearrangement of the bonding charge be-
tween the surface and subsurface atomic layers. '4'"
Hence, at least three initial states are to be ex-
pected, or possibly more, depending on whether
the dangling bond states lie partially or completely
below the Fermi level and/or if surface recon-
struction results in any further splittings of the
bands.

Information on the possible final states for sur-
face and bulk transitions is obtainable from the
loss spectra involving excitations out of core
levels. Since these are energetically sharp and
well defined, the resulting spectra need no de-
convolution and may be interpreted directly in

terms of the density of final states. ' The portion
of the d-core excitation spectrum attributed to
bulk effects is plotted with a dashed and dotted
line in Fig. 7, assuming a d-core electron bind-
ing energy of 29.3 eV relative to the valence band

edge. ' The over-all features of this curve are in
excellent agreement with those expected for the
conduction band density of states based on a non-
local pseudopotential model.

The assumption that a conduction band state
may also be a final state for surface related tran-
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FIG. 7. Energy level schemes of bulk and surface
states of the {111)8 &8 and (100) 2&2 surfaces deduced
from energy-loss spectra. PP and CC refer to theo-
retical tight-binding calculations of Befs. 35 and 38,
respectively.

sitions has been proposed for silicon. ' However,
for germanium a potential final state is the empty,
dangling bond state observed in the d-core ex-
citation spectrum. Because of the localized nature
of the surface bands, " it is likely that the pre-
dominant contributions of the surface related
structures in the loss spectra involve transitions
into the empty dangling bond state. Based on this
assumption we have plotted in Fig. 7 the location
of the back-bond surface states for the (111) Sx 8
and (100) 2x2 surfaces. The position of the empty
dangling bond state at Q. 2 +0.2 eV below the val-
ence band edge is based on the reported binding
energy of 29. 1 +0.1 eV of the d( j = —', ) core level, '8

since the loss peaks at 28. 9 eV in Fig. 2 corre-
spond to excitations from this level. These re-
sults imply that the surface is degenerate, as in-
dicated by the position of the Fermi level in Fig.
V. The back-bonding level near —5 eV for the

Ge (ill) 8x 8 surface in Fig. 7 is not clearly de-
ducible from the loss spectrum of Fig. 2(a). How-

ever, the higher location in energy of the bulk re-
lated 5-eV peak in the loss spectrum of the (ill)
surface, compared to the 4. 5 eV value for the
(100) surface, is probably due to the presence of
a surface state transition. That a surface state
should be located in this energy range for the (111)
surface is suggested by theoretical tight-binding
calculations for the relaxed but unreconstructed
(ill) surface. 5' Based on Pandey and Phillips's
(PP) band calculation, "we have indicated in Fig.
7 the location of the minima of the surface state
bands for both the (111)and (100) surfaces. The
step-function densities of states of these minima
lie below their parent bulk bands and are expected
to contribute strongly to the excitation spectrum.
As can be noted, the agreement between their
theoretical predictions and our experimental re-

suits is generally very satisfactory, excepting the
discrepancies between the middle back bonds of the
(100) surface. This agreement furthermore sug-
gests that the assumption of a single final state
associated with the empty dangling bond is reason-
able and may be quite general in view of similar
conclusions for GaAs.

Chadi and Cohen's (CC) calculations for the
relaxed (ill) surface place the dangling bond sur-
face state by more than one electron volt above
the valence band edge, a position which disagrees
with present experimental and with Pandey and
Phillips' results. However, by aligning Fermi
levels, as was done in Fig. 7, the agreement be-
tween peaks in their local density of surface states
and our experimental, as well as Pandey and
Phillips theoretical results, is substantially im-
proved. For the unrelaxed Ge (ill) surfa. ce,
Chadi and Cohen obtain a more realistic position
of 0. 5 eV above the valence band edge for the
dangling bond state; however, their density of
surface states exhibits only one prominent peak,
8 eV below the band edge, which arises from the
back bonds.

The loss peak near 1.1 eV for the (ill) Sx 8
surface is probably not a back bond to dangling
bond transition, as for the (100) 2x 2 surface.
The intensity of this peak was observed to be
strongly dependent upon sample dopings: For an
n-type doping level of 8x10'8 electrons/cm3, it
completely dominated the loss spectrum, where-
as for comparable p-type doping it was barely
observable. %'e have previously interpreted this
peak as arising from excitations of electrons from
the filled portion of the dangling bond states to
empty surface states lying near the bottom of the
bulk conduction band. 39 It is possible that these
states arise from a splitting of the dangling bond
band because of surface reconstruction. The
theoretically predicted width of this band for the
unreconstructed surface is 1 eV." The existence
of these higher-lying surface states has recently
also been postulated by BGchel and Luth based on
surface photovoltage measurements on the (111)
8~ 8 surface. 4

It is of interest to compare the experimental
loss spectra to those predicted by the dielectric
model, namely, the bulk loss function —1m[1/e(&o)]
or the surface loss function —Im(l[c(m)+I] }. In
order to make this comparison, we found it com-
putationally easier to differentiate the loss func-
tions4' and suitably average it so that a resolution
of about 1 eV was obtained. The results are shown
in Fig. 8. The primary electron energy (150 eV)
was chosen so that in the resulting loss spectrum
the ratio of peak heights of the bulk plasmon to
bulk interband transitions coincided nearly with
the dielectric data. Clearly this over-all agree-
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FIG. 8. Comparison of the second derivative of the

volume and surface loss functions, calculated from the

optical data of Ref. 41, to the experimental energy-loss
spectrum of the Ge (111) surface for k&=150 eV.

The similarities between the loss spectra of the
oxidized germanium surfaces and the optical spec-
tra of molecular GeO, as well as the experimental
observation that the oxygen desorbs as molecular
GeO near 400 'C, 3 strongly suggest that the oxygen
is chemisorbed into a bonding state characterized
by the germanium-oxygen double bond of GeO.
Thus the ideal Ge (100) surf'ace, with its two dangling
bonds per surface atom, presents a nearly per-
fect bonding match to each oxygen atom. The
situation for the (111) surface, however, requires
that a germanium back bond be broken to satisfy
the double bond to the oxygen atom. The chemi-
sorption proceeds by the splitting of the oxygen

ment is obtainable only for this energy, as partic-
ularly the bulk plasmon peak diminished in inten-
sity for lower primary energies.

Since below 6 eV the bulk and surface loss func-
tions are essentially identical, agreement between
them and the experimental loss data is very good.
However, above this value considerable discrepan-
cies exist between the curves, with the bulk loss
function resembling the experimental data better
than the surface loss function. The experimental
peak near 8.5 eV, attributed to surface states, is
of course not obtained from bulk optical data. The
experimentally observed surface plasmon peak
near 11 eV is rather weak, whereas the dielectric
model suggests a much stronger peak at 10.5 eV.

Agreement between the low-energy loss spec-
tra and the bulk~ and surface loss function42 have
been reported previously. However, the com-
parison to the surface loss function was made only
below 8 eV and therefore does not constitute a
sufficient criterion for its validity over the com-
plete spectrum.

B.Oxidized surface

molecule, at a cost of 119 kcal/mole, the breaking
of surface bonds on the (100) and back bonds on the

(111) surface, at a cost of" 30 a.nd 45 kcal/bond,
respectively, and the formation of the germanium-
oxygen double bond with a ga, in of 161 kcal/mole.
The resulting heats of formation of —113 and —173
kcal/mole of 02 for the (111) and (100) surfaces
are thus substantially larger than the —50 kcal/
mole expected for the peroxide bridge, and con-
stitute additional suppoxt for the Ge =0 model. 3~

The possibility that the formation of GeO is beam
activated can be dismissed based on room tem-
perature calorimetric studies which reveal a heat
of adsorption of —132 kcal/mole on polycrystalline
films. 26 This value, which is close to the aver-
aged value of the present estimate for the heats
of formation of GeO on the (100) and (111) sur-
faces, clearly indicates a strongly exothermic pro-
cess. Since energetically the other possibility is
the formation of GeO„which is unlikely for mono-
layer or submonolayer coverage ' and which is not
observed spectroscopically by LELS, it is con-
cluded that the proposed Ge =0 model is the most
likely adsorbate complex on germanium. Further
support that oxygen chemisorbs at room tempera-
ture is obtained from spin-resonance measurements,
which indicate that the oxygen resonance line dis-
appears near room temperature —indicating a
pairing of the electrons —whereas it is detectable
at cryogenic temperatures where oxygen is pre-
sumably just physically adsorbed. 45

The behavior to oxygen exposure of the various
surface related features may be used to distin-
guish and possibly support particular models of
the reconstructed surfaces of germanium. Two
basic models for surface reconstructions of an-
nealed germanium and silicon surfaces are pxinci-
pally discussed, namely, the vacancy or Lander-
Morrison (LM) model~' and the rumpled surface
or Hanemann (H) model. '7 Based on the proposed
oxidation model of one oxygen atom per germanium
surface atom, one can argue, assuming no further
lateral displacements of surface atoms, that the
oxygen layer would replicate a surface with vacan-
cies, thereby basically preserving the order of
the surface as observed through electron diffrac-
tion (either LEED or HHEED). We observe such
behavior for the (100) 2x 2 surface, but not for
the (111)8x 8 surface, for which the fractional
order diffraction streaks disappear at a coverage
of about half a monolayer. Because of this, as
well as difficulties in interpreting LEED data of
the (111)8x8 structure interms of the LMmodel, '4

we will attempt to interpret our experimental ob-
servations for the (111)surface in terms of the H

model.
The basic atomic arrangement of this model is

shown in Fig. 9. One-fourth of the surface atoms,
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every second atom in alternate rows along an arbi-
trary [110]direction, is raised above the surface
plane, vrhich permits the neighboring atoms of the
second layer to move radially towards the raised
atoxns, as indieatedby the arrows in the figure. The
resulting geometrical arrangement is no longer te-
trahedral, but closer to a trigonal pyramid, for
which the bond electron configuration is Ps. As a
result the fourth orbital or dangling bond of the
surface atom assumes an s-like character. The
remaining three-fourths of the surface atoms are
depxessed to form a more planar configuration
with the second layer atoms. This arrangement,
more appropriately described by an sP 3 orbital
configuration, causes the dangling bond orbital to
assume a P-like character and to be chemically
moxe active in the absorption pxoeess. 4~ The unit
cell of this arrangement is (2&&2) however, it has
been shown that the model can readily be adapted
to give a (2& 8) unit cell, which when multiposi-
tioned about the three equivalent (110) directions
can explain the incomplete set of eighth-order dif-
fraction spots. ~4

Our experimental observations of (i) two dif-
ferent absorption sites, (ii) the disappearance of
the surface reconstruction and the empty dangling
bond states upon fractional oxygen coverage, and

(iii) the P-like character of the dangling bond
states, ~ can adequately be described by the H

model; An oxygen atom randomly ehemisorbed on
one of the lowered surface atoms requires the
breakage of an additional bond to a second layer
atom to form the douhle-bonded GeQ molecule.
The affected second layer atoms would tend to
intex act with the dangling bond of one of the two
remaining surface atoms and eliminate it as a

rapid absorption site. The net effect is that the
number of rapid adsorption sites is about half the
atomic surface density; a number in good agree-
ment with our observations. Each adsorption is
accompanied by a local atomic rearrangement.
Since this process is random, the resulting dis-
ordex explains the disappearance of the surface
reconstruction at somewhat less than half a mono-
layer of adsorbed oxygen.

The situation for the (100) 2&& 2 surface is basical-
ly different in that the (2x 2) surface structure
disappears neither during epitaxial deposition nor
during oxygen adsorption, although the diffraction
pattern weakens near monolayer coverage. Al-
though the disappearance of the half-order diffrac-
tion streaks near 10 5 Torr min exposure has been
xeported, "we repeatedly observed their presence
at 50 times greater dosages. For reasons men-
tioned above, we believe that this evidence supports
a vacancy model. The high saturation Auger ratio
furthermore suggests that the atomic surface den-
sity is comparable to that of the (111)surface or
about 16% greater than for the ideal (100) surface
This increase can also be explained by the vacancy
model. In fact, the LM model suggests a 50k in-
crease in the number of exposed atoms on the (100)
surface through removal of half the atoms in the
first layer and a pairing between the remaining
atoms and also between second layer atoms. The
environment of the paired atoms in the first and

second layer is however different and hence sug-
gests different chemical behavior relative to ad-
sorbed foreign atoms. A pairing of the surface
atoms and the formation of double bonds may
fux thermore explain the hybrid s —P character ob-
served for the dangling bond states. ~ However,
it is premature to conclude that the LM model is
representative of the Ge (100) surface in view of
the rather extreme bond distortions implied by the
model and the lack of detailed calculations of the
configurational energy relative to the unrecon-
stxueted surface, although arguments on an empiri-
cal bonding model have been formulated. 48

It is also possible to estimate the density of
empty dangling bond states from the observed
fractional coverage of oxygen necessary to saturate
them and the knowledge of the one to one corre-
spondence of absorbed oxygen atoms to germanium
surface atoms. Based on the nearly equal oxygen
Auger saturation signal to the (100) and (111)
surfaces, one may assume a density of surface
atoms of V. 8&10'4/cm~, corresponding to the un-
reconstructed (ill) surface, for both surfaces.
The density of dangling bond states is then esti-
mated to be 2.4X10"/cm~ for the (100) 2X 2 sur-
face and 3.6&10~4/cm for the (111) BxB surface.
These values represent lower limits. An upper
limit of 5.4 &&10~4/cm~ may be estimated for the
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(111) 8&&8 surface by assuming the H-mode&, as
discussed above.
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