
In situ synchrotron radiation photoelectron spectroscopy study of the oxidation of the
Ge(100)-2 × 1 surface by supersonic molecular oxygen beams
Akitaka Yoshigoe, Yuden Teraoka, Ryuta Okada, Yoichi Yamada, and Masahiro Sasaki 
 
Citation: The Journal of Chemical Physics 141, 174708 (2014); doi: 10.1063/1.4900633 
View online: http://dx.doi.org/10.1063/1.4900633 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/141/17?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Kinetic study of GeO disproportionation into a GeO2/Ge system using x-ray photoelectron spectroscopy 
Appl. Phys. Lett. 101, 061907 (2012); 10.1063/1.4738892 
 
Carbon contamination and oxidation of Au surfaces under extreme ultraviolet radiation: An x-ray photoelectron
spectroscopy study 
J. Vac. Sci. Technol. B 30, 041603 (2012); 10.1116/1.4737160 
 
Nanoscale oxidation of Cu(100): Oxide morphology and surface reactivity 
J. Chem. Phys. 126, 034703 (2007); 10.1063/1.2424932 
 
Kinetics of the CO oxidation reaction on Pt(111) studied by in situ high-resolution x-ray photoelectron
spectroscopy 
J. Chem. Phys. 120, 7113 (2004); 10.1063/1.1669378 
 
The thermal chemistry of saturated layers of acetylene and ethylene on Ni(100) studied by in situ synchrotron x-
ray photoelectron spectroscopy 
J. Chem. Phys. 119, 1710 (2003); 10.1063/1.1582432 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.158.56.102 On: Thu, 18 Dec 2014 04:50:20

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Akitaka+Yoshigoe&option1=author
http://scitation.aip.org/search?value1=Yuden+Teraoka&option1=author
http://scitation.aip.org/search?value1=Ryuta+Okada&option1=author
http://scitation.aip.org/search?value1=Yoichi+Yamada&option1=author
http://scitation.aip.org/search?value1=Masahiro+Sasaki&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4900633
http://scitation.aip.org/content/aip/journal/jcp/141/17?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/6/10.1063/1.4738892?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/30/4/10.1116/1.4737160?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/30/4/10.1116/1.4737160?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/126/3/10.1063/1.2424932?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/120/15/10.1063/1.1669378?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/120/15/10.1063/1.1669378?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/119/3/10.1063/1.1582432?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/119/3/10.1063/1.1582432?ver=pdfcov


THE JOURNAL OF CHEMICAL PHYSICS 141, 174708 (2014)

In situ synchrotron radiation photoelectron spectroscopy study
of the oxidation of the Ge(100)-2 × 1 surface by supersonic
molecular oxygen beams

Akitaka Yoshigoe,1,a) Yuden Teraoka,1,2 Ryuta Okada,1,3 Yoichi Yamada,3

and Masahiro Sasaki3
1Quantum Beam Science Center, Japan Atomic Energy Agency, 1-1-1 Kouto, Sayo-cho,
Hyogo 679-5148, Japan
2University of Hyogo, 3-2-1 Kouto, Kamigori-cho, Ako-gun, Hyogo 678-1297, Japan
3University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8573, Japan

(Received 12 June 2014; accepted 16 October 2014; published online 5 November 2014)

In situ synchrotron radiation photoelectron spectroscopy was performed during the oxidation of the
Ge(100)-2 × 1 surface induced by a molecular oxygen beam with various incident energies up to
2.2 eV from the initial to saturation coverage of surface oxides. The saturation coverage of oxy-
gen on the clean Ge(100) surface was much lower than one monolayer and the oxidation state of
Ge was +2 at most. This indicates that the Ge(100) surface is so inert toward oxidation that com-
plete oxidation cannot be achieved with only pure oxygen (O2) gas, which is in strong contrast to
Si surfaces. Two types of dissociative adsorption, trapping-mediated and direct dissociation, were
confirmed by oxygen uptake measurements depending on the incident energy of O2. The direct ad-
sorption process can be activated by increasing the translational energy, resulting in an increased
population of Ge2+ and a higher final oxygen coverage. We demonstrated that hyperthermal O2
beams remarkably promote the room-temperature oxidation with novel atomic configurations of ox-
ides at the Ge(100) surface. Our findings will contribute to the fundamental understanding of oxygen
adsorption processes at 300 K from the initial stages to saturated oxidation. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4900633]

I. INTRODUCTION

Germanium (Ge) and its oxides play a crucial role in a
wide variety of fields, such as electronics, fiber optics, in-
frared devices, radiation detectors, and catalysts for polymer
synthesis. In particular, Ge shows excellent characteristics
as a promising substitute material for Si in next-generation
metal–insulator–semiconductor field-effect transistor (MIS-
FET) devices owing to its high carrier mobility, narrow band
gap, and low process temperature.1 In the development of Ge-
based MISFET devices, controlled formation of the surface
oxide in a wide variety of ways is important for precise fabri-
cation of dielectric/Ge interfaces.2–13 Therefore, atomic-level
understanding of the oxidation of Ge surfaces, especially in
the monolayer or sub-monolayer region, is a key research is-
sue. However, the fundamental aspects of the oxidation reac-
tion of Ge surfaces are not well understood, which is in strong
contrast to Si surfaces.

Investigation of the surface oxides of Ge has mainly fo-
cused on two extreme limits: native oxides in air and the ini-
tial stages of oxidation under ultra-high vacuum (UHV) con-
ditions. The native oxides of both Ge and Si exhibit oxidation
states up to +4.14 However, it is widely recognized that Ge
oxides in the atmosphere are much less thermally stable and
water-soluble than Si oxides. To clarify the detailed nature of

a)Author to whom correspondence should be addressed. Electronic mail:
yoshigoe@spring8.or.jp.

the surface oxides of Ge, fundamental studies focusing on the
oxidation of single-crystal Ge surfaces by pure oxygen gas
(O2) have become increasingly important.

The fundamental aspects of the oxidation reaction at the
single-crystal faces of Ge using O2 are not fully understood.
In 1982, Surnev and Tikhov conducted experimental stud-
ies on the chemisorption mechanisms of O2 on the Ge(100)
surface.15 Subsequently, Hansen and Hudson16 performed
molecular beam scattering measurements and found that the
translational energy of incident oxygen (Et) affects the initial
sticking probability. These investigations found two oxygen
adsorption processes on Ge surfaces, trapping-mediated and
direct adsorption, similar to Si surfaces. The sticking prob-
ability for Ge surfaces has also been found to be consider-
ably smaller than that for Si surfaces. However, although these
studies suggest that molecular beams could be useful to inves-
tigate surface oxidation, the oxygen adsorption sites remain
unclear.

The oxygen adsorption sites on the Ge(100) surface have
been investigated by experimental and theoretical studies.
Fukuda et al.17 used ultraviolet photoelectron spectroscopy
(UPS) and scanning tunneling microscopy (STM) to in-
vestigate the products of dissociative chemisorption in the
early stages of oxidation for a clean Ge(100)-2 × 1 sur-
face. Soon et al.18 used both high-resolution electron energy
loss spectroscopy (HREELS) and computer simulations based
on density functional theory (DFT) to study the dissociative
chemisorption pathways of O2 to form the initial products on

0021-9606/2014/141(17)/174708/7/$30.00 © 2014 AIP Publishing LLC141, 174708-1
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the Ge(100)-2 × 1 surface. Grassman et al.19 confirmed the
dissociative adsorption sites for oxygen on the Ge(100)-2 × 1
surface using STM observations and DFT simulations. These
findings under low oxygen exposure conditions are supported
by computational studies.20, 21 Fleischmann et al.22 reported
a detailed study of the oxygen adsorption sites revealed by
STM and electron diffraction experiments, describing the fa-
vorable oxygen adsorption site at moderate O2 exposure. De-
spite the considerable effort to study oxidation of Ge(100) sur-
faces, there is a lack of information on the chemical analysis
of oxidized Ge surfaces and the dependence of the absolute
oxygen amount, which are relevant in the characterization of
oxide structures. Additionally, little attention has been paid to
the experimental clarification of oxides induced by not only
thermal-O2 but also molecular O2 beams, as examined by
Hansen and Hudson.16

It is well known that core-level photoelectron spec-
troscopy is a powerful tool to give detailed information about
the chemical environment and oxidation states of oxides
at solid surfaces.5–9, 23–27 Schmeisser et al.28 and Kuhr and
Ranke29 reported Ge 3d core-level spectra for various oxy-
gen exposures to a Ge(100) surface. Two chemically shifted
components of Ge 3d, corresponding to Ge atoms with one
or two oxygen ligands, were debated. These findings are par-
ticularly interesting as the results of the chemical analysis of
oxidized Ge(100) surfaces. However, although the peak posi-
tions attributed to Ge oxidation states were described in their
core-level spectra, no detailed oxide-related components,
which are widely reported in silicon oxidation studies,23–27

were given as a function of the oxygen coverage in both
papers.

There is a lack of reliable structural information about
Ge oxides after oxidation using O2 for the clean Ge(100)-
2 × 1 surface. Additionally, time-evolution of oxides from
the initial oxidation stages to saturation depending on O2
incident energies have not been fully investigated. In gen-
eral, hyperthermal energetic O2 is a candidate to promote
oxygen chemisorption and form unique oxide structures.30, 31

In fact, we previously demonstrated the usefulness of ex-
periments using synchrotron radiation X-ray photoelectron
spectroscopy (SR-XPS) in conjunction with supersonic O2
beams to clarify oxide structures depending on Et.

26, 32 Thus,
we believe that supersonic O2 beams could possibly facil-
itate novel oxidation at Ge surfaces and select the chem-
ical compositions of Ge oxides via a novel reaction path-
way. However, there has been little discussion on these
issues for oxidation of Ge(100) surfaces from a fundamental
viewpoint.

This paper presents a rigorous analysis of oxides after
exposure of a clean Ge(100)-2 × 1 surface to pure O2 gas
using thermal-O2 (26 meV) or supersonic O2 beams with var-
ious incident energies. Here, we investigated oxygen adsorp-
tion processes at room temperature because passive oxidation
takes place without both O2 and GeO desorption involved in
the decomposition Ge oxides. We performed in situ SR-XPS
measurements during surface oxidation from an initial stage
to the maximum coverage of the surface oxides. The initial
sticking probability of the oxygen molecule on Ge(100) was
measured for a wide range of incident energies.

II. EXPERIMENTS

All of the experiments were performed in UHV using
SUREAC200025–27, 32 constructed at the soft X-ray beamline,
BL23SU,33 at SPring-8, Hyogo, Japan. The SUREAC2000
is equipped with a supersonic O2 beam generator and hemi-
spherical electron energy analyzer (EA125-5MCD, Omicron
Nanotechnology GmbH, Taunusstein, Germany) and low-
energy electron diffraction (LEED) facilities.

A Sb-doped Ge(100) substrate with a resistivity of 0.1–
0.6 � cm was used in this study. The surface preparation
was performed by chemical treatment and in situ treatment
in the UHV apparatus. The wet treatment used in this study
was essentially the same as the method already established by
Prabhakaran and Ogino.34 In UHV with base pressure greater
than 2 × 10−8 Pa, conventional cycles of Ar+-ion sputtering
(0.5 keV) with annealing (773 K) and subsequent flush an-
nealing close to 1200 K for about 5 min were performed sev-
eral times. After the cleaning procedure, a clear diffraction
pattern from the double-domain (2 × 1) superstructure of the
Ge(100) surface was readily observed. No impurities, such
as carbon and molybdenum atoms, were detected by high-
sensitive SR-XPS measurements. Furthermore, a component
attributed to up-atoms of the Ge–Ge dimer was clearly ob-
served at the lower binding energy side of the Ge 3d bulk
peak.

In situ oxidation experiments were performed at a sub-
strate temperature of 300 K. Supersonic O2 beams35–37 were
generated by adiabatic expansion of diluted O2 gas with He
gas, and further mixing with and without Ar gas through a
nozzle. We controlled the Et value of the O2 molecular beam
by the gas mixing-ratio and the nozzle temperature. The max-
imum energy of the O2 beam was 2.33 eV with a nozzle tem-
perature of 1400 K. The Et values used in this paper were cal-
culated values.26, 27, 38, 39 Here, it should be noted that in this
study no difference was found with changing nozzle temper-
ature. Thus, we considered that the influence of vibrationally
excited O2 species on oxidation was negligibly small in this
reaction system. For the minimum energy of 26 meV, we
used effusive oxygen, so-called thermal-O2, substantialized
by backfilling of oxygen gas, which was introduced with a
variable-leak valve (<2 × 10−3 Pa). The flux density of the
supersonic O2 beams was determined from the partial pres-
sure measurements of O2, He, and Ar gases. Each partial
pressure was measured using the quadrupole mass analyzer
equipped along the supersonic O2 molecular beam axis. The
typical flux density of the molecular beams was in the order of
1014 molecules cm−2 s−1, and the variation was less than 1%.
The flux density of thermal-O2 was calculated by the Hertz-
Knudsen equation. The substrate surfaces were exposed to su-
personic O2 beams at an incident angle of 10◦ from surface
normal directions. The take-off angle of photoelectrons for
every oxidation was 60◦ from the surface normal directions.
Note that, the vacuum gauges were located on the far backside
of the sample surface to avoid the effects of the atomic oxygen
created by its hot-filament during surface oxidation.15, 28

Circularly polarized synchrotron-light of 669.7 eV was
used to record the Ge 3d and O 1s photoelectron spectra. The
experimental overall energy resolution for the photoelectron
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spectra was greater than 250 meV. Here, it should be noted
that the influence of high flux photon irradiation on oxygen
dissociation was negligible because no difference between
oxidation with and without continuous illumination of syn-
chrotron radiation light was observed at a certain dose. Fur-
thermore, we are convinced that the decomposition of surface
oxides by synchrotron radiation was negligible because no
changes of the photoelectron spectra were observed after syn-
chrotron radiation light illumination in the absence of O2 gas.

III. RESULTS AND DISCUSSION

First, we will discuss the uptake of oxygen on the clean
Ge(100)-2 × 1 surface by the changes in the O 1s spectra.
Figure 1 shows the change in the surface oxygen coverage
determined from the O 1s intensity as a function of O2 dose
for incident energies of 26 meV and 2.2 eV. The dose value
indicated in this paper was obtained from the product of ox-
idation time and O2 flux density. In this study, we carefully
calibrated the oxygen coverage on the Ge(100) surface by re-
ferring to the results of oxygen uptake on the Si(111)-7 ×
7 surface, where the relationship between the oxygen cover-
age and the intensity of the O 1s peak is well-understood.25–27

This careful calibration allows us to assess the oxygen cov-
erage in monolayer units (ML; 1 ML = 6.19 × 1014 cm−2,
corresponding to the density of Ge atoms on the Ge(100)-1 ×
1 surface). It was found that the final oxygen coverage was de-
pendent on the incident energy of the oxygen, suggesting that
the oxidation process can be activated by the translational en-
ergy of the O2 molecules. It is also important to note that
the saturated oxygen coverages were as small as 0.30 and
0.36 ML for incident energies of 26 meV and 2.2 eV, re-
spectively. The saturation coverages were found to be much

FIG. 1. Oxygen uptake curves of Ge(100)-2 × 1 surface oxidation at 300 K
by thermal-O2 (Et = 26 meV) and supersonic O2 beams (Et = 2.2 eV). The
inset shows the enlarged plots of the uptake curves to highlight the early stage
of oxidation.

(a) (b) (c)

FIG. 2. Low-energy electron diffraction (LEED) images: (a) before oxida-
tion and after saturated oxidation of the Ge(100)-2 × 1 surface at 300 K by
(b) thermal-O2 (Et = 26 meV) and (c) supersonic O2 beams (Et = 2.2 eV).

smaller than those on the Si(111) surface, where the final cov-
erages are up to ∼0.9 and ∼1.5 ML for incident energies of
26 meV and 2.2 eV, respectively.26 The fact that the final oxy-
gen coverage can increase with increasing incident energy of
oxygen indicates that a new adsorption pathway may occur,
resulting in novel oxide structures on Ge surfaces.

Figure 2 shows LEED images before and after oxidation
of the Ge(100) surface. The LEED patterns for incident en-
ergies of both 26 meV and 2.2 eV show clear 1 × 1 spots
even for the saturated surface, as shown in Figs. 2(b) and 2(c).
Bulk 1 × 1 spots suggest that oxygen molecules adsorb on the
surface only destroying the surface Ge–Ge dimer structures22

and that the oxygen coverage is low, which is consistent with
the results revealed by the quantitative uptake measurements
as shown in Fig. 1. It is evident from our results that the
Ge(100)-2 × 1 surface seems to be quite inert toward oxi-
dation, which is in sharp contrast to the case of Si surfaces.
The remaining 1 × 1 patterns observed even with small cov-
erages at saturation of uptake, as shown in Fig. 1, indicate that
the variation of the electronic structures caused by oxygen ad-
sorption probably results in the destruction of Ge–Ge dimers
rather than them remaining intact to minimize surface energy.
This electronic-structural change may be related to the low
coverage at saturation and the decrease of the initial sticking
probability caused by the presence of oxygen and impurities
as shown later.

In the inset of Fig. 1, we show enlarged plots of the up-
take curves. The initial slope is much steeper in the case of
lower translational energy, suggesting that the initial oxygen
adsorption processes are highly dependent on the translational
energy. From the initial slope of the oxygen uptake, we deter-
mined the initial sticking probability, s0. Figure 3 shows the
initial sticking probability of O2 for the Ge(100)-2 × 1 sur-
face at 300 K as a function of Et. The initial sticking proba-
bility for oxygen with 26 meV was a few orders of magnitude
greater than values reported by other groups.15–17 This large
difference is most likely because of the cleanness of the sur-
face. We observed that the presence of a small amount of con-
tamination detected by SR-XPS can greatly inhibit oxidation,
even for the high incident energy oxygen used in this study.40

With increasing incident energy, the initial sticking probabil-
ity rapidly decreased. This trend is similar to that observed for
Si oxidation26, 27, 30 and is clear proof of the trapping-mediated
dissociation process. The presence of the trapping-mediated
process has been recently predicted by DFT calculations con-
sidering the spin-triplet ground state of oxygen.21 The ex-
perimental data shown here strongly support the theoretical
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FIG. 3. Translational energy dependence of initial sticking probability of O2
for the Ge(100)-2 × 1 surface at 300 K.

prediction. The dominance of the trapping-mediated process
in the low incident energy region can also explain the fact
that a cleaner surface exhibits higher reactivity than other re-
ported values.15–17 After the rapid decrease of s0 with Et, s0
started to increase with further increase of Et. This observa-
tion suggests the onset of the direct-activated chemisorption
process of impinging oxygen with higher translational ener-
gies of oxygen. Therefore, it is likely that the emergence of
this process opens a new reaction pathway resulting in the in-
creased final oxygen coverage. To confirm the hypothesis of
the onset of the new reaction activated by the translational
energy, we determined the chemical nature of the surface oxi-
dation products formed with different translational energies.
Figure 4 shows the Ge 3d core-level photoelectron spectra
of the oxygen-saturated surfaces formed by oxygen with Et
values of 26 meV and 2.2 eV. To investigate the difference
in the suboxide peaks, the signal intensities were normalized
by the intensity of the Ge 3d5/2 bulk peak (Fig. 4(a)). The
horizontal axis shows the relative binding energies with re-
spect to the Ge 3d5/2 bulk peak position. It was found that
photoelectron suboxide peaks are present in both cases, and
the relative intensity of the suboxide peaks are considerably
larger for the oxides formed with 2.2 eV O2. Here we ana-
lyzed the intensity of the suboxide peaks of the spectra by
curve-fitting analysis as follows. Before the curve-fitting anal-
ysis, we subtracted the Ge 3d3/2 component from the spec-
tra shown in Fig. 4(a) through a deconvolution process.41

Figure 4(b) shows the Ge 3d5/2 core-level photoelectron spec-
tra after subtraction of the Ge 3d3/2 component, in which the
signals of the suboxides become clearer in both spectra. To
resolve the oxide-related components observed at the higher
binding energy side of the bulk peak, the Ge 3d5/2 spectral
line shape was analyzed by a curve-fitting procedure using

FIG. 4. (a) Comparison of Ge 3d core-level photoelectron spectra of the
oxygen-saturated surface for oxygen with Et of 26 meV and 2.2 eV. (b) Ge
3d5/2 core-level photoelectron spectra after the subtraction of the 3d3/2 com-
ponent from (a) through the de-convolution process. The signal intensities
were normalized by the Ge 3d5/2 bulk peak intensity. The horizontal axis
shows the relative binding energy with respect to the Ge 3d5/2 bulk peak po-
sition.

symmetric Voigt functions constructed by the convolution of
Lorentzian and Gaussian functions. The Lorentzian full width
at half maximum (LW) of 150 meV was used for all com-
ponents according to Eriksson and Uhrberg.42 The value of
the Gaussian full width at half maximum (GW) was sepa-
rately determined for each single peak profile. In addition
to the bulk component, four components were required for
both spectra to obtain a reasonable fit. One component orig-
inated from subsurface Ge atoms at −0.2 eV42 and the other
component (γ ) was located at −0.5 eV. The component γ

seems to originate from the Ge–Ge dimer at the residual
unoxidized area on the surface42 and/or can be assigned to
the oxide-related component normally observed in the ox-
idation of Si surfaces.25, 43–45 The positions of the compo-
nents related to suboxide states such as Ge1+ and Ge2+ were
set to the positions reported by Schmeisser et al.28 Figure
5 shows the results of curve-fitting analysis, and the param-
eters obtained from the curve-fitting analysis are shown in
Table I. Our analysis clearly revealed the Ge1+ and Ge2+

oxidation states at core-level shifts of 0.81 and 1.71 eV, re-
spectively. Only the two distinctive oxide components Ge1+

and Ge2+ were identified even after saturation. This is com-
pletely different from what is observed in the oxidation of
clean single-crystal Si surfaces, such as Si(100) and Si(111)
under the same conditions, where oxidation states up to
Si4+ are generated.25, 27, 43, 44 This result clearly indicates that
the Ge(100)-2 × 1 surface is quite inert toward oxidation
by pure oxygen gas unlike the case of Si oxides. The re-
sults obtained in this study seem to be considerably different
from the reported results for high pressure11 and atmospheric
oxidation,14 where the Ge4+ state was clearly identified. Since
the present results suggest that Ge4+ cannot be formed by the
reaction of pure oxygen gas at room temperature, it is likely
that several processes play a role in progressing oxidation in
the other methods.11, 14 One possible reason for the production
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FIG. 5. Curve-fitting analysis of Ge 3d5/2 spectra at saturated oxidation for
the Ge(100) surface dosed with 1.3 × 1019 molecules cm–2 for Et values of
(a) 26 meV and (b) 2.2 eV.

of Ge oxides with high oxidation states is that oxygen diffu-
sion into oxides is dominant at high temperature.46 This oxy-
gen transport mechanism involved in the thermal Ge oxida-
tion may facilitate oxidation and prevent GeO desorption rele-
vant to GeO2 decomposition. The kinetic balance between the
growth of oxides and the GeO desorption processes seems to
be a key mechanism under high-temperature and low-pressure
oxidation, resulting in the difference between our experimen-
tal results and previous high-pressure work. Further studies
should focus on this subject. Another possible reason for the
progress of oxidation in the atmospheric conditions is the in-
volvement of other reactants, such as vapor-water.14 Indeed,
we confirmed the Ge4+ component for sample surfaces intro-
duced from the atmosphere prior to the oxidation experiments
(not shown in this paper). We are currently in the progress
of investigating the chemical analysis of surface oxides fabri-
cated in the atmospheric conditions.

We also found that the Ge2+/Ge1+ ratio evaluated from
the intensities was ∼0.5 for oxidation by 26 meV O2, whereas
it was ∼0.75 for oxidation by 2.2 eV O2 beams. We thus con-
sidered that the translational energy can activate the direct dis-
sociation process, increasing the population of Ge2+ and thus
the final oxygen coverage. Figure 6 shows the dose depen-
dence of suboxide intensities (Ge1+ and Ge2+). The intensi-

TABLE I. Energy positions, full width at half maximum (FWHM) of Gaus-
sian functions, and area intensities of Ge 3d components obtained from curve-
fitting analysis.

Bulk Ge1+ Ge2+ Subsurface γ

26 meV E (eV) 0 0.81 1.71 − 0.23 − 0.56
GW (eV) 0.439 0.976 0.751 0.439 0.527
Intensity 1 0.127 0.064 0.027 0.043

2.2 eV E (eV) 0 0.81 1.71 − 0.23 − 0.56
GW (eV) 0.495 0.809 0.856 0.495 0.594
Intensity 1 0.160 0.120 0.023 0.037

FIG. 6. Dose dependence of the suboxide intensities of Ge1+ and Ge2+.

ties of Ge1+ and Ge2+ simultaneously increased with increas-
ing dose. Furthermore, the Ge2+/Ge1+ ratios were constant
from the initial stage of oxidation to saturation. This is also
different from the oxidation of Si surfaces, where oxidation
products with higher oxidation states appear after the forma-
tion of oxides with lower oxidation states.25, 43, 44

From the above results, we were able to determine the
adsorption sites of oxygen on the surface and the growth pro-
cesses of oxides on the Ge(100)-2 × 1 surface. Our experi-
ments confirmed that the Ge2+/Ge1+ ratio was ∼0.5 for ox-
idation using O2 with suitable energy. This clearly indicates
the formation of type A oxides, as shown in Fig. 7. Disso-
ciated oxygen chemisorbs at the bridge site and the back-
bond site of the Ge–Ge dimer to form the type A structure.
This structure has one Ge2+ atom and two Ge1+ atoms, ide-
ally resulting in a Ge2+/Ge1+ ratio of 0.5. Previous studies of
Ge(100)-2 × 1 oxidation using thermal-O2 by HREELS and
DFT reported by Soon et al.18 and STM combined with DFT
reported by Grassman et al.19 also suggested that the most
plausible structure is the type A oxide. Our results from in situ
chemical analysis using SR-XPS agree with these previous re-
sults. However, we found that the energetic O2 beam induces
oxides with a Ge2+/Ge1+ ratio of ∼0.75, indicating the for-
mation of a different oxide. This new oxide is possibly of the
form of the type B structure shown in Fig. 7. In this phase, a
further oxygen atom adsorbs to an opposite backbond site, in-
creasing the amount of Ge2+. The observed Ge2+/Ge1+ ratio

Type A Type B

Ge

O

FIG. 7. Ball-stick models of the oxygen adsorption sites on the Ge(100)-2 ×
1 surface, which are formed by oxygen with Et values of 26 meV (type A)
and 2.2 eV (type B).
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of ∼0.75 indicates that type A and type B structures sponta-
neously coexist a ratio of type A:type B = 1:1. Taking into
account the change of the Ge2+/Ge1+ ratio with O2 dose, the
type A and type B oxides probably simultaneously increase.
This model of oxide growth on the Ge(100)-2 × 1 surface
differs from that at Si surfaces, where the amounts of several
types of oxides with higher oxidation states increase with in-
creasing dose.25, 27

Therefore, our present results show that the oxide layer of
Ge exhibits properties that are considerably different from Si
oxides. We showed that the Ge(100) surface is so inert that
it cannot be completely covered with monolayer-thickness
GeO2 by oxidation with pure O2 gas at room temperature,
indicating a pressure and temperature gap between our oxi-
dation and other methods.11, 14 Further experimental studies
using ambient pressure XPS47 may be able to fill the pressure
gap observed in Ge(100) oxidation. In addition, we are confi-
dent that our research will serve as a basis for future studies
on thermal oxidation using molecular beams. It is also im-
portant to investigate other orientations of the surface. The
present results suggest that the other low-index surfaces of
Ge may also possess unique properties that are worth inves-
tigating. On the other hand, a fundamental point of view, the
most important result from the present study is the low sur-
face reactivity with oxygen. The low saturation coverage of
oxides with low final oxidation states suggests that the oxi-
dation reaction is probably influenced by the presence of a
small amount of adsorbed oxygen, resulting in a potential en-
ergy barrier for further dissociative adsorption of O2 on Ge
surfaces. This energy barrier is responsible for the activated
adsorption process observed with supersonic O2 beams with
high translational energy. However, the detailed mechanisms
for the formation of the apparent potential energy barrier for
not only clean but also oxygen-adsorbed Ge(100) surfaces re-
main unclear.21 Theoretical studies will be required to obtain
detailed physical insight into the origin of O2 adsorption.48–50

IV. SUMMARY

In conclusion, we studied the fundamental aspects of O2
chemisorption on the Ge(100)-2 × 1 surface at room temper-
ature by in situ X-ray photoelectron spectroscopy using syn-
chrotron radiation, focusing on the dependence of the transla-
tional energy of the incident oxygen molecules. It was found
that the Ge(100) surface was quite inert toward oxidation for
not only thermal-O2 but also hyperthermal O2 beams. The fi-
nal oxygen coverage was lower than 0.4 ML and the final
oxidized state was Ge2+ for all oxidation conditions. These
findings are in strong contrast to the case of Si(111) oxidation
using 26 meV O2, where the oxygen coverage and oxidation
state reached 0.9 ML and Si4+, respectively. The adsorption
sites of oxygen were determined to be the bridge and back-
bond sites on the surface Ge–Ge dimer. Direct adsorption can
take place with high translational energy, facilitating further
chemisorption to the backbond site that results in a significant
increase in the Ge2+ state. These results demonstrate control
of the chemical composition of Ge oxides on the Ge(100) sur-
face at room temperature.
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