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In this study, we examine the adsorption and thermal reactions of digermane~Ge2H6! on the Si~100!-~231!
surface with high-resolution core-level photoemission spectroscopy using synchrotron radiation. At 325 K, the
digermane dissociatively chemisorbed to produce GeH3, GeH2, GeH, and SiH species. The sticking coefficient
at zero coverage deduced from the photoemission intensity is;0.5. Successive annealing of the digermane-
saturated surface to higher temperatures causes further decomposition of GeH3 and GeH2 and the desorption H
from GeH and SiH, leaving atomic Ge on the surface. In light of the sufficiently large chemical and surface
shifts in their core-level binding energies for different surface species, those processes were identified by
examining the evolution of Ge 3d and Si 2p line shapes. Experimental results indicate that the reaction for H
release from GeH not only occurred in a large temperature range but also depended heavily on the Ge2H6

adsorption coverages. Two reaction routes for H release from Ge sites were used to describe the large reaction
temperature spreads accurately. GeH decomposition by transferring the H atom to a surface Si dangling bond
took place for low coverages at<590 K, and H2 thermal desorption occurred for higher coverages in the range
of 590–770 K. The former process of atom transfer of H from Ge to Si sites was directly observed in the Ge
3d and Si 2p photoemission spectra.@S0163-1829~96!04044-1#

I. INTRODUCTION

Surface processes during the growth of epitaxial silicon,
germanium, silicon-germanium alloy, and„~Si!m~Ge!n…p su-
perlattices by vapor-phase epitaxy~VPE! have received con-
siderable attention1–5 owing to their rich fundamental inter-
est and their vast applications in Si-based technology.6

Recently, two gas sources, disilane~Si2H6! and digermane
~Ge2H6!, were applied as molecular precursors for Si and Ge
growth, respectively.7–9 Compared with GeH4, the gas
source conventionally used in the industry, digermane has a
lower decomposition activation energy~2.9 eV! for the
Ge-Ge bond than that~3.8 eV! for the Ge-H bond in GeH4;

10

consequently, it offers many advantages, including a mark-
edly higher sticking coefficient and lower substrate tempera-
tures.

Klug, Du, and Greenlief and Ning and Crowell examined
the low-temperature adsorption and thermal decomposition
of digermane on Si~100!-~231! using a number of tech-
niques including multiple internal reflection infrared
spectroscopy,11 temperature-programmed desorption
~TPD!,9,12,13 ultraviolet photoemission,14 and x-ray photo-
electron spectroscopy.13 It is known that digermane adsorbs
molecularly at 110 K or below. When the substrate is heated
to ;150 K, a physisorbed digermane molecule decomposes
into two GeH3 radicals. As the annealing temperature is
raised to 200 K, a partial decomposition of the GeH3 groups
was found. Over the temperature range of 500–900 K, a
series of H2 desorption peaks were observed in the TPD
spectra. In the TPD study of Ge2H6 on Si~100! and D2 on
Ge/Si~100!, both groups found, for high surface Ge cover-
ages, three H2~D2! desorption maximaa ~590 K!, b2 ~670
K!, andb1 ~780 K!. The three peaks were assigned for H2

recombinative desorption from two of GeH, SiH2, and SiH
surface species, respectively. Interestingly, thea desorption
state is missing for low surface Ge coverages. These inves-
tigators accounted for their result by introducing an addi-
tional H release channel for GeH species: a H atom can
transfer from the weaker Ge-H bond to a stronger Si-H bond
while the surface Si dangling bonds are available at low cov-
erages.

In this work, we investigate the adsorption and thermally
induced ~325–900 K! dissociation of Ge2H6 on Si~100!-
~231! for various exposures. Our study utilizes high-
resolution core-level photoemission spectroscopy using syn-
chrotron radiation. The technique is based on the observation
that both surface Si and Ge atoms of clean Si~100!-~231!
and Ge-covered Si~100!-~231! exhibit a core-level shift to
lower binding energies, but to higher bonding energies after
bonding with H atoms.15,5 By monitoring the intensities and
changes in binding energies of all the shifted Si 2p and Ge
3d core levels, the atomic processes on the surface are re-
vealed. Although the above-mentioned TPD study contended
that the H transfers from Ge to Si sites at low Ge2H6 cover-
ages, their conclusion is indirectly based on the lack of H2
desorption peak derived from Ge sites. Results in this study
demonstrate that the H-induced shifted component develops
in the Si 2p spectra, but simultaneously vanishes in the Ge
3d spectra for low coverages at<590 K. Such an occurrence
undoubtedly demonstrates the atom transfer process.

II. EXPERIMENTAL PROCEDURE

Our photoemission measurements were carried out at the
Synchrotron Radiation Research Center located in the Hsin-
chu Science-based Industrial Park, Taiwan. Light from the
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1.3-GeV storage ring was dispersed by a Dragon-type 6-m
Low-energy Spherical Grating Monochromator. All the
Ge2H6 adsorption, annealing, and Ge film growth samples
were preparedin situ in a m-metal 1310210-torr ultrahigh
vacuum system. Photoelectrons were collected and analyzed
by a large hemispherical analyzer. The overall energy reso-
lution was better than 120 meV.

The Si~100! samples~Wacker!, of size 0.331.230.05
cm3, were sliced fromn-type wafers with a resistivity of
about 20V cm. The wafer’s misalignment is about 0.5°. Af-
ter degassing at 800 K for many hours, each sample was
subjected to annealing at;1400 K, following the standard
procedure.15 Digermane ~Voltaix, ultrahigh purity grade,
20% in He! was introduced into the chamber through a pre-
cision leak valve. The dosing pressure, in the 1028-torr
range, was monitored by an ionization gauge which did not
directly face the sample. The pressure readings of the ion
gauge were corrected by the gauge sensibility of He and
Ge2H6, which are about 0.18 and 2.4, respectively, relative
to air.16 Annealing of the disilane-saturated sample was per-
formed by resistive heating of the sample itself. The sam-
ple’s temperature as a function of heating power was cali-
brated by attaching a small thermocouple to the center of the
back face of an identical test sample. Each annealing lasted
for 60 s.

III. RESULTS AND DISCUSSION

A. Atomic model for surface reactions

Figure 1 illustrates that the top atomic layer of Si~100!-
~231! surface is formed by rows of dimerized atoms. Each
surface atom possesses a dangling bond which is highly
reactive for chemisorption. The spacing between
adjacent dimers in the same row is one lattice constant,
3.84 Å. The two atoms in a dimer pair are generally believed
to be buckled, i.e., one of the dimer atoms is topologically
higher than the other, as a consequence of further reducing
the total surface energy.17

Figure 2~a! shows a surface-sensitive Si 2p core-level
spectrum~circles! for clean Si~100!-~231!, and its least-
squares fit~curves through the circles! with three decom-
posed components~curves labeledB, S, andS8!. The fitting
was obtained by the standard procedure.18,19 All individual
components, consisting of a pair of spin-orbit peaks, are as-
sumed to have the same Voigt line shape. As shown in pre-
vious studies, theB component corresponds to emission
from the bulk. TheS8 component has a binding-energy shift
of 10.23 eV from theB component, and is not visually
resolved from the spectrum. However, several studies have
verified its presence.15,20–22The S component is located at
around20.51 eV relative to theB component, and is respon-
sible for the small characteristic peak on the low bonding
energy side. TheS andS8 components have been attributed
to the emission from the surface dimer atoms~each have a
dangling bond! and the second-layer atoms, respectively.15

Nevertheless, other assignments are available for theS and
S8 components, thereby accounting for the charge asymme-
try between two buckled dimer atoms.20–22,23However, such

FIG. 1. Atomic model for the Si~100!-~231! surface and sche-
matic diagrams illustrating various bonding configurations of diger-
mane fragments.

FIG. 2. Photoemission spectra~circles! for the Si 2p and Ge 3d
core levels of ~a! Si~100!-~231!, ~b! Ge~100!-~231!, and ~c!
H/Si~100!-~231! monohydride surfaces obtained by annealing the
disilane-saturated Si~100! surface at 670 K.~d! The Ge/Si~100!-
~231! surface obtained by annealing the digermane-saturated
Si~100!-~231! surface at 900 K. The photon energies used are in-
dicated. The solid curves are fits to the data. The curves labeledB,
S, S8, and T are the results of a decomposition into individual
components which consist of a pair of spin-orbit split peaks. TheB
component is derived from the bulk;S, S8, andT are surface re-
lated.
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an uncertainty does not affect our following discussion, since
the focus here is, in part, only on the relative intensity of the
S component, which is undoubtedly derived from the dimer
layer. For brevity’s sake, the interpretation mentioned above
is referred to in the wording of the qualitative discussion; the
changes required for other interpretation are evident. The
line shape of the Ge 3d core spectrum and its decomposition
of clean Ge~100!-~231!, taken from Ref. 5 and shown in Fig.
2~b!, are quite similar to those of the Si 2p core of clean
Si~100!-~231!. Figure 2~c!, taken from Ref. 4, shows a pho-
toemission spectrum for the H/Si~100!-~231! monohydride
surface obtained by annealing the disilane-saturated Si~100!-
~231! surface at 670 K. Notably, the spectrum shows a
broad line shape with subtle features: the broad shoulder at
0.5–1.0 eV actually consists of two shoulders with a long tail
to higher binding energies.

Since digermane has exactly the same molecular structure
with disilane, the surface reactions of digermane on Si~100!
can be expected to be quite similar to that of disilane on
Si~100! and Ge~100!, which had been previously studied.4,5

Similar to the Si-Si bond in disilane, the Ge-Ge bond in
digermane is the easiest to cleave. Accordingly, two GeH3
radicals are produced owing to the scission of the Ge-Ge
bond upon adsorption. The GeH3 radicals are highly reactive;
once generated, they will react with nearby Si dangling
bonds immediately. This picture of dissociative chemisorp-
tion had been confirmed by the presence of GeH3 after
warming the surface to 150 K from 110 K, at which tem-
perature Ge2H6 is molecularly absorbed on Si~100!-~231!.
This reaction can be expressed as follows:

Ge2H6~g!→2GeH3~s! ~1!

where (g) denotes a gas phase species and (s) an adsorbed
surface species.

Figure 1 also shows possible Ge2H6 chemisorption geom-
etries. In adsorption configurationA, two GeH3 fragments
bond onto adjacent dangling bonds of two dimers in the
same dimer row separated by 3.84 A. ConfigurationB in-
volves two dangling bonds of the same dimer, separated by
about 2.4 A. The Ge-Ge bond distance of Ge2H6 measures
2.41 A.24 Despite their differences in the Si-Si separation,
both configurations were observed by scanning tunneling mi-
croscopy in the similar disilane-on-Ge~100!-~231! system.5

The adsorbed GeH3 radical may decompose to form a
GeH2 by releasing a hydrogen atom to a nearby Si dangling
bond, as shown in configurationC in Fig. 1. To reduce the
surface free energy further, GeH2 may decompose to form
GeH by either H2 thermal desorption or by transferring the H
atom to available open Si sites. Finally, all hydrogen atoms
will evolve into the gas phase at even higher temperatures
and the Ge deposition is completed. The above reactions can
be constructed as follows:

GeH3~s!1Si~s!→GeH2~s!1SiH~s!, ~2!

GeH2~s!1Si~s!→GeH~s!1SiH~s!, ~3!

2GeH2~s!→2GeH~s!1H2~g!, ~4!

2GeH~s!→Ge2~dimer)~s!1H2~g!, ~5!

and

2SiH~s!→2Si~s!1H2~g!, ~6!

where (s) and (g) indicate a surface species and desorbed
gas molecules, respectively.

B. Room-temperature adsorption

Figure 3 shows Ge 3d core-level spectra for various ex-
posures of digermane on Si~100!-~231! at ;325 K. The
binding energy scale is referred to theB component of the Si
2p3/2 line of clean Si~100!. The main feature of the spectra is
the monotonical increase of their integrated photoemission
intensity as the digermane dose accumulates. Figure 4 plots
the integrated intensity versus the digermane dose. The pho-
toemission signal linearly increases at extremely low cover-
ages and saturates after a total exposure of;10 L ~1
L51026 torr s!. The intensity is scaled in a manner in which
the saturation coverage is set at 0.4~ML ! ~1 ML56.831014

cm22!, as obtained in a previous study.13 Based on the slope
of the linear region at low Ge2H6 coverages, an initial stick-
ing coefficient of about 0.5 is derived. Restated, every diger-
mane molecule striking the surface has a 50% likelihood of
sticking to the surface. This value is almost the same as that
found for Si2H6 adsorption on Ge~100!-~231!, indicating the
similarity in their adsorption dynamics.5

The line shapes of the Ge 3d spectra remain essentially
the same for all exposures above 1 L, thereby suggesting that

FIG. 3. Photoemission spectra of the Ge 3d core level for vari-
ous digermane exposures on Si~100!-~231! at;325 K. The binding
energy is referred to as the corresponding Si 2p3/2 line of the bulk
component. The intensity of each spectrum has been normalized to
the incident photon beam intensity.
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the relative abundances of various surface Ge hydride spe-
cies are quite independent of exposures. The broadness of the
line shape can be attributed to disorder, the presence of dif-
ferent hydride species on the surface, and possibly vibra-
tional excitations of Ge-H bonds, which are observed in the
spectra of gas-phase molecules. The line shapes of the spec-
tra for dosages below 0.5 L are, however, different from
those for the higher exposures. Section III C further exam-
ines the implication of this difference.

C. Annealing of Ge2H6-adsorbed Si„100…-„231…
surfaces

Figures 5~a! and 5~b! show the Ge 3d and Si 2p core-
level spectra, respectively, for the starting clean Si~100!-
~231! surface and the same surface exposed to 15-L diger-
mane at 325 K followed by successive 60-s anneals to a
higher temperatures as indicated. All the spectra were taken
with a photon energy of 136 eV. At this dose, the surface
was saturated by digermane, as shown in Fig. 4. Again, the
binding-energy scale of Fig. 5~a! is referred to as theB com-
ponent of the corresponding Si 2p line in Fig. 5~b!. By using
this internal energy reference, the effect of banding due to
the surface changes is eliminated. The bottom spectrum in
Fig. 5~a! was obtained from the Ge2H6-saturated surface near
room temperature. Its line shape is rather broad, indicating
multihydride species and disorder on the surface. As the an-
nealing temperature increases to 590 K, the line shape sharp-
ens, as shown by the deepening of the valley between the
two spin-orbit-split peaks. The line shape shifts toward a
lower binding energy by about 0.3 eV. At 650 K and above,
another feature begins to appear on the lower-binding-energy
side, about270.51 eV relative to the bulk component of the
Si 2p3/2 line.

From visual inspection of the bottom two spectra in Fig.
5~b!, the S component of the Si 2p spectrum for clean
Si~100!-~231! obviously disappears after saturation expo-
sure at 325 K. The Si 2p line shape exhibits shoulderlike
features on the higher-binding-energy side, and matches Fig.
1~c! in many ways. The position of Si 2p spectra remains
roughly the same below 590 K. Around 590 K, the line shape
changes slightly, and shows an overall shift toward lower

FIG. 4. Integrated intensity of the Ge 3d spectra shown in Fig.
3 as a function of digermane exposures. The intensity for saturation
coverage is scaled to be a 0.4 ML~see text!.

FIG. 5. Photoemission spectra for~a! Ge 3d and~b! Si 2p core levels for Si~100!-~231! saturated by a 15-L digermane exposure at room
temperature followed by progressive annealing to various temperatures as indicated. The relative binding energy scale refers to the Si 2p3/2
line of the bulk component. The arrows labeledS and SiH indicate the positions for emission from the open dimer atoms and H-induced Si
sites. The bottom Si 2p spectrum in~b! and the top Ge 3d spectrum in~a! are reproduced in Fig. 2 for displaying their decomposition into
individual components.
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binding energies. In the range 590–725 K, the line shape
remains mostly unchanged. Beyond 725 K, theS component
gradually reappears. At 860 K and above, the relative inten-
sity of the S component to the bulk is about 30% of the
original clean surface, indicating a partial removal of the Si
dimer atoms.

As mentioned earlier, previous TPD studies demonstrated
that the hydrogen thermal desorption from the
Ge2H6-covered Si~100! surface was completed at 900 K. At
this temperature, atomic Ge is the final reaction product on
the surface. Figure 2~d! provides a detailed picture of the Ge
3d spectrum after annealing the Ge2H6-saturated surface at
900 K and its fitting with two components, labeledS andT.
This spectrum is quite similar to that obtained from the Ge/
Si~100! surface by means of molecular-beam epitaxy
~MBE!.15,23 This finding is expected since all of the hydro-
gen has desorbed, and the Ge films performed by VPE and
MBE are the same. Contrary to Si indiffusion on the Ge~100!
surface, the interface between a Ge overlayer and the Si~100!
surface is sharp, as confirmed in many studies.25 This is also
evident by the fact that the integrated intensity of Ge 3d
spectra in Fig. 5~a! remains nearly constant during anneal-
ings up to 900 K. Also, the Ge-covered Si~100! surface ex-
hibits the same dimer structure. Overall, we can conclude
that theS component in Fig. 2~d! has the same atomic origin
as that in clean Si~100! and Ge~100!. Since no indiffusion of
Ge into the bulk occurs, theT component is undoubtedly
surface or subsurface related. However, further information
regarding its structural implication cannot be derived at this
point. The presence ofS intensity in Ge 3d core level is also
justified by the partial removal of the photoemission yield of
theS component in the clean Si~100!.

Since theS component characterizes the open dimer at-
oms, its gradual reappearance in Si 2p spectra@Fig. 5~b!#
between 725 and 860 K suggests the hydrogen desorption
from SiH monohydride radicals@Eq. ~6!#. The observation of
this reaction temperature region is fairly consistent with the
b1 desorption state centered at 780 K for a monohydride Si
surface in the TPD spectra. As discussed above, open Ge
dimer atoms contribute to the majority photoemission inten-
sity of the Ge 3d spectra after a 900-K anneal. Moreover, the
line shapes of the Ge 3d core above 770 K in Fig. 5~a! are
quite similar, indicating the completeness of H2 desorption
from Ge sites. In the range 590–770 K, the intensity of theS
component of Ge 3d slowly surges, marking H2 desorption
from GeH surface species@Eq. ~5!#. Again, this temperature
range correlates well with thea desorption state in the TPD
spectra.12,13 The lower H2 desorption temperature and the
associated desorption activation energy of GeH, as compared
to SiH, can be rationalized by the fact that a Ge-H bond is
weaker than a Si-H one.

At 590 K, the Ge 3d core in Fig. 5~a! exhibits a relatively
sharp line shape, consisting essentially of only one compo-
nent with some broadening possibly due to vibrational exci-
tations. As discussed above, the H2 desorption from GeH and
the simultaneous Ge dimer formation start to take place im-
mediately above 590 K. Naturally, this spectrum can be at-
tributed for Ge monohydride species. The difference in bind-
ing energies between this spectrum and theS component is
about 0.9 eV. Taking into account the surface-to-bulk shift of
about 0.5 eV, we can infer that a chemical shift~and possibly

some contribution from final state shifts! of ;0.4 eV occurs
for GeH formation. This binding-energy shift is roughly the
same as that of SiH formation on Si~100!-~231!.4 At this
annealing temperature, the corresponding Si 2p core-level
spectrum in Fig. 5~b! shows a line shape quite similar to that
of the H/Si~100!-~231! monohydride surface, although the
subshoulder at the high-binding-energy side, reflecting the
H-induced chemical-shifted component, shows relatively
smaller emission intensity. This is conceivable since part of
the surface Si sites is not covered by H, but by Ge, which
should cause only a slight chemical shift due to the similar
electronegativity between Si and Ge.

For annealings below 590 K, the line shapes of Ge 3d
core levels are rather broad, which is expected for the pres-
ence of different hydride species and disorders. The combi-
nation of two major components in these spectra is further
evident from those in Fig. 3 in the low Ge2H6 dose region.
Both line shapes of the Ge 3d core for 0.2- and 0.5-L dos-
ages clearly show that a shoulder is located on the lower-
binding-energy side. The binding energy of the shoulder is
aligned with the Ge 3d spectrum in Fig. 5~a! after a 590-K
anneal. In that respect, the shoulder is also characteristic of
GeH fragments. Since dihydride and trihydrides should ex-
hibit higher chemical shifts than monohydrides by about
0.17–0.35 eV,5 the most straightforward interpretation of
Fig. 3 is that the major component of Ge 3d spectrum cor-
responds to the Ge dihydride~GeH2! with possibly a few
trihydrides~GeH3!; this interpretation correlates with that in
a previous infrared study.9

Interestingly, the relative emission of GeH to GeH2 is
larger at low Ge2H6 dosages. This is most probably owing to
the lack of nearby Si dangling bond for H release at a higher
Ge hydride adsorption fragment population, in that the sur-
face diffusion rate is quite small at room temperature.

D. Annealing behavior with low digermane dose

Figures 6~a! and 6~b! show Ge 3d core-level spectra for
Si~100!-~231! exposed to 0.2- and 1-L Ge2H6, respectively,
at the various annealing temperatures indicated. From the
intensity calibration shown in Fig. 3, the Ge coverages for
0.2-L dose is about 0.05 ML, and for 1 L, 0.23 ML. Upon
Ge2H6 adsorption at 325 K, the line shapes of the Ge 3d core
reflect the combination of GeH3, GeH2, and GeH, as dis-
cussed in Sec. III C. After annealing at 590 K for 60 s, the
spectrum with the 0.2-L dose is quite similar to the one an-
nealed at 900 K. Figure 6~b! shows that the spectrum after a
650-K anneal consists primarily of theS component. In Fig.
5~a!, visual inspection indicates clearly that the similar line
shape for the 900-K anneal appears at 770 K. Since the final
reaction product is Ge dimers on the surface, the H liberation
from the Ge hydride adsorption fragments is obviously com-
pleted at 590, 650, and 770 K for 0.2-, 0.5-, and 15-L expo-
sures, respectively.

The large spread in the reaction temperature for H release
from Ge sites for different Ge coverages is impossible for
usual desorption mechanism with a single activation energy
barrier. As suggested in the TPD studies mentioned above,
two possible pathways are~i! H2 desorbs into space by re-
combination from two GeH species, as stated in Eq. 5; and
~ii ! H liberates from a Ge-H bond, diffuses to a nearby open
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Si site, and forms a Si-H bond. Because a Si-H bond is
stronger than a Ge-H bond, the latter route is energetically
practical and can be described as follows:

GeH~s!1Si~s!→Ge~s!1SiH~s!. ~7!

If Eq. ~7! is to occur, the annihilation of surface Si dangling
bonds~left-hand side! and the concurrent formation of SiH
monohydride species~right-hand side! should provoke the
replacement of the emission of theS component~derived
from Si dangling bonds! in Si 2p spectra by the H-induced
shifted component upon the rise of the emission from theS
component in the Ge 3d spectra~shown in Fig. 6!. Indeed,
all these changes in line shapes of Si 2p spectra were experi-
mentally observed. Figure 7 shows the Si 2p core-level spec-
tra corresponding to the Ge 3d spectra in Fig. 6. The bottom
spectrum in Fig. 7~a! shows the Si 2p spectrum for Si~100!
with a 0.2-L digermane dose. Upon bonding with absorption
fragments GeHx and H, the relative intensity of theS com-
ponent declines and the Si-H peak mounts. Here the Si-H
peak can be best understood by examining the changes of the
relative depth of the valley between the two spin-orbit peaks.
After annealing to 590 K, the emission intensity of theS
component drops and the Si-H peak builds up further. Simi-
lar changes between the lower two spectra in Fig. 7~b! are
also evident.

Notably, the reaction in Eq.~7! requires surface Si dan-
gling bonds. If the Ge2H6 coverage is sufficiently high, no
nearby open Si sites are available for GeH decomposition

through H diffusion; thus recombinative desorption of H2
from Ge sites@Eq. ~5!# takes place. The emergence of thea
desorption state at higher coverages in the TPD spectra lends
support to this reaction. The saturation of the Si-H peak in
Fig. 5~b! for digermane-saturated surface through the tem-
perature range of thea desorption peak also corroborates this
desorption mechanism.

IV. SUMMARY

High-resolution core-level photoemission with synchro-
tron radiation was employed to study the adsorption of di-
germane on Si~100!-~231! at near room temperature, and
subsequent pyrolytic decomposition and hydrogen desorp-
tion at elevated temperatures. Initial digermane adsorption at
room temperature causes the formation of GeH3, GeH2, and
GeH surface species; in addition, the sticking coefficient is
around 0.5. At higher adsorbed GeHx coverage, the main
adsorption fragments are GeH3 and GeH2, owing to the lack
of nearby Si dangling-bond sites. Annealing the digermane-
saturated surface leads toward H-reduction surface reactions.
In contrast to Si2H6/Si~100! system in which surface reac-
tions can be described by stepwise decomposition of SiH3
radicals, two reaction pathways for hydrogen release from

FIG. 6. Photoemission spectra of Ge 3d core levels for various
annealing temperatures as indicated. The sample is clean Si~100!-
~231! and exposed to~a! 0.2 L and~b! 1 L of digermane at;325
K.

FIG. 7. Photoemission spectra of Si 2p core levels for various
annealing temperatures as indicated. The sample is clean Si~100!-
~231! and exposed to~a! 0.2 L and~b! 1 L of digermane at;325
K. Again, the relative binding energy refers to corresponding Si
2p3/2 bulk components of corresponding Si 2p core levels.
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GeH were observed:~1! the H atom transfers to Si with
dangling bonds through surface diffusion, and forms a higher
strength SiH bond; or~2! the H atom undergoes recombina-
tive desorption directly over the Ge sites. Reaction~1! was
found to occur at lower temperatures and at lower Ge2H6
coverages; reaction~2! is favorable for higher coverages.

ACKNOWLEDGMENTS

The authors would like to thank the National Science
Council, Republic of China at Taiwan for financial support
of this manuscript under Contract Nos. NSC84-2112-M009-
031 and NSC85-2112-M009-024.

1Y. M. Wu, J. Baker, P. Hamilton, and R. M. Nix, Surf. Sci.295,
133 ~1993!.

2R. Imbihl, J. E. Demuth, S. M. Gates, and B. A. Scott, Phys. Rev.
B 39, 5222~1989!; Y. Suda, D. Lubben, T. Motooka, and J. E.
Greene, J. Vac. Sci. Technol. A8, 61 ~1991!.

3M. J. Bronikowski, Y.-W. Wang, M. T. McEllistrem, D. Chen,
and R. J. Hamers, Surf. Sci.298, 50 ~1993!; J. J. Boland, Phys.
Rev. B44, 1383~1991!.

4D.-S. Lin, T. Miller, T.-C. Chiang, R. Tsu, and J. E. Greene,
Phys. Rev. B48, 11 846~1993!.

5D.-S. Lin, T. Miller, and T.-C. Chiang, Phys. Rev. B47, 6543
~1993!.

6See, for example, Thin Solid Films183, 1–116~1989!; Silicon
Molecular Beam Epitaxy, edited by J. N. Zemel and E. H. C.
Parker, E-MRS Symposia Proceedings~Elsevier Sequoia, Swit-
zerland, 1989!.

7D. Lubben, R. Tsu, T. R. Bramblett, and J. E. Greene, J. Vac. Sci.
Technol. A9, 3003~1991!.

8N. Ohtani, S. M. Mokler, M. H. Xie, J. Zhang, and B. A. Joyce,
Surf. Sci.284, 305 ~1993!.

9B. M. H. Ning and J. E. Crowell, Appl. Phys. Lett.60, 2914
~1992!.

10Handbook of Chemistry and Physics, 72nd ed., edited by R. C.
Weast~CRC Press, Boca Raton, FL, 1991!.

11G. Q. Lu, Ph.D. thesis, University of California at San Diego,
1992.

12C. Isobe, H-C. Cho, and J. E. Crowell, Surf. Sci.295, 117~1993!;
B. M. Ning and J. E. Crowell,ibid. 295, 79 ~1993!.

13D.-A. Klug, W. Du, and C. M. Greenlief, J. Vac. Sci. Technol. A
11, 2067~1993!.

14D.-A. Klug, W. Du, and C. M. Greenlief, Chem. Phys. Lett.197,
352 ~1992!.

15D.-S. Lin, T. Miller, and T.-C. Chiang, Phys. Rev. Lett.67, 2187
~1991!.

16S. M. Gates, Surf. Sci.195, 307 ~1988!.
17D. J. Chadi, Phys. Rev. Lett.43, 43 ~1979!.
18F. J. Himpsel, F. R. McFeely, J. F. Morar, A. Taleb-Ibrahimi, and

J. A. Yarmoff, inPhotoemission and Adsorption Spectroscopy
of Solids and Interfaces with Synchrotron Radiation, Proceed-
ings of the International School of Physics ‘‘Enrico Fermi,’’
Course CVIII, edited by G. Scoles~North-Holland, New York,
1991!.

19T.-C. Chiang, CRC Crit. Rev. Solid State Mater. Sci.14, 269
~1988!.

20G. K. Wertheim, D. M. Riffle, J. E. Rowe, and P. H. Citrin, Phys.
Rev. Lett.67, 120 ~1991!.

21X. Yang, R. Cao, J. Terry, and P. Pianetta, Phys. Rev. B45,
13 749~1992!.

22E. Landemark, C. J. Karlsson, Y.-C. Chao, and R. I. G. Uhrberg,
Phys. Rev. Lett.69, 1588~1992!.

23L. Pattey, E. L. Bullock, T. Abukawa, S. Kono, and L. S. O.
Johansson, Phys. Rev. Lett.75, 2538~1995!.

24L. Pauling, A. W. Laubengayer, and J. L. Hoard, J. Am. Chem.
Soc.60, 1605~1983!.

25F. Wu and M. G. Lagally, Phys. Rev. Lett.75, 2534~1995!, and
references therein.

16 964 54LIN, HUANG, PI, AND WU


