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Adsorption, thermal reaction, and desorption of disilane on Ge(111)-c(2X 8)
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Room-temperature adsorption of disilane (Si2H6) on Ge(111)-c(2X8) and subsequent thermal reac-
tions and desorption at elevated temperatures were studied using scanning tunneling microscopy and
core-level photoemission. The initial adsorption results in the formation of various surface radicals, and
the reacted areas on the surface grow laterally for increasing exposures. The sticking coefficient is rather
low, and an exposure greater than about 30000 langmuirs is needed to saturate the surface. The net
amount of Si deposited for the saturated surface is about one-half of an atomic layer. Thermal annealing
causes the hydrogen atoms to desorb and the Si atoms to move below the surface. For annealing temper-
atures beyond about 630 K, the desorption of hydrogen becomes complete, all of the Si atoms move

below the surface, and the resulting surface resembles the starting clean Ge(111)-c(2X8) surface except
that the c(2X8) long-range order is partially destroyed. Step flow and island coarsening, similar to
growth by molecular-beam epitaxy, are observed.

I. INTRODUCTION

Vapor-phase epitaxy has long been the standard tech-
nique for thin-film deposition in silicon integrated circuit
manufacturing. ' The surface chemical reactions and
growth mechanisms involved in this process have attract-
ed much technological and scientific interest. Numerous
efforts have been made on the optimization of the growth
processes and characterization of the resulting film prop-
erties. To this end, a variety of experimental techniques
have been employed, including electron and optical spec-
troscopy, electron and x-ray diffraction, electron micros-
copy, scanning tunneling microscopy (STM), etc. Of all
of these techniques, only STM provides a direct view,
with atomic resolution, of the surface structure. Howev-
er, STM by itself does not permit an easy identification
of atomic species. Thus, to gain a detailed understanding
of crystal growth where more than one atomic species is

present, it is important to combine the power of STM
with other techniques that are sensitive to the atomic
composition near the surface. Core-level photoemission
spectroscopy, with its high surface and site sensitivity, is
particularly suitable for this task. ' It allows the
differentiation of different kinds of atoms, atoms in
different chemical-bonding environments (chemical
shifts), and atoms on the surface as opposed to those in
the bulk (surface shifts). The complementary nature of
STM and core-level spectroscopy makes the combination
of these two techniques an extremely powerful approach,
which has been successfully applied to the study of
vapor-phase epitaxial growth of Si on Si(100) and Ge(100)
using disilane (Si2H6) as the source gas. '

In the present study, we employed the same approach
to investigate the growth of Si on Ge(ill)-c(2X8) using
disilane. As in previous studies, the growth was per-
formed by first saturating the surface at room tempera-
ture with disilane. The hydrogen atoms originating from
the disilane molecules were then thermally desorbed,

leaving the Si atoms on the surface. The Ge(111)-c(2 X 8)
surface, however, represents a much more complex recon-
struction. For either Si(100)-(2X 1 ) or Ge(100)-
(2 X 1), there is only one kind of surface atom; namely, all
surface atoms are dimer atoms, each with a dangling
bond. In contrast, the Ge(111)-c(2X8) surface has two
kinds of surface atoms with dangling bonds: adatoms
and rest atoms. Furthermore, there are two adatoms
(rest atoms) in a primitive unit cell, and these two have
dissimilar local environments. This complexity in struc-
ture makes the study of this system a greater challenge
than the (100) systems. Our results show that the initial
adsorption configurations of this system are indeed much
more complex than the Ge(100) case. Nevertheless, a
great deal is learned concerning the processes of disilane
adsorption and subsequent thermal decomposition and
desorption from the surface. The desorption of hydrogen
is found to be accompanied by indiffusion of Si into the
Ge substrate. Changes in surface morphology, including
formation and coarsening of islands and step flow, are ob-
served.

II. EXPERIMENTAL DETAILS

The photoemission measurements were carried out at
the Synchrotron Radiation Center of the University of
Wisconsin-Madison. The photocurrent from a gold mesh

positioned in the synchrotron beam path was monitored
for a relative measure of the incident-photon-beam flux.
Photoelectrons were co11ected and analyzed by a large
hemispherical analyzer. The overall energy resolution
was better than 0.15 eV. The scanning tunneling micro-
scope used in this study was located in a separate
chamber. A tungsten tip was used for acquiring images
in a constant current mode.

The Ge(111) samples, of size 0.35X1.2X0.04 cm,
were sliced from commercial n-type wafers with a resis-
tivity of about 1 Qcm. After degassing at 700 K for
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III. RESULTS AND DISCUSSION

A. STM observation of roon-temperature adsorption

The structure of Ge(111)-c(2 X 8) is a bulk-terminated
surface decorated by —,'-monolayer (ML) adatoms located
at T4 sites. Figure 1 shows an atomic model in which
the two layers of atoms in the top bilayer as well as the
adatoms are indicated by circles of difference sizes. Each
adatom has a dangling bond and three backbonds at-
tached to three first-layer atoms. The rest of the first-
layer atoms not involved in the bonding to the adatoms
each have a dangling bond; these are called rest atoms.
The rest atoms and the adatoms from the same c(2X8)
pattern related by a spatial offset. A c(2X8) primitive
unit cell is shown in the figure, each containing two ada-
toms and two rest atoms. The two rest atoms (adatoms)
in a unit cell have dissimilar environments. As indicated
in the figure, one of the two rest atoms has four nearest-
neighbor adatoms forming a rectangle, while the other
has three nearest-neighbor adatoms forming a triangle.

(2x2

c(4x2

z [1,—1,0] —Primitive
c(2x8)

Adatoms
First Layer

LRest Atoms
Second Layer

FIG. 1. Atomic model for the Ge(111)-c(2 X 8) surface.
Each c (2X 8) primitive unit ce11 consists of a (2 X2) unit and a
c (4 X 2) unit.

many hours, each sample was subjected to cyclic sputter-
ing with a 500-eV Ar+ ion beam and annealing at —1100
K for about 30 s to yield a clean and well-ordered sur-
face. Disilane was introduced into the chamber through
a precision leak valve. To avoid exciting the disilane
molecules, the ionization gauge in the vacuum chamber
was turned off during the exposure. The dosing pressure,
in the 10 -torr range, was monitored by the ion-pump
current, which was calibrated before the experiment us-

ing an ionization gauge. Annealing of the disilane-
saturated sample was performed by resistive heating of
the sample itself. The temperature of the sample as a
function of heating power was calibrated by attaching a
very small thermocouple to the center of the front face of
an identical test sample.

There is some electronic charge transfer from the ada-
toms to the rest atoms, and as a result, STM images tak-
en with a positive (negative) sample bias will mostly show
the adatom (rest atom) features on this surface. Each
c (2 X 8) primitive unit cell can be divided into two units
of equal area, one with a local (2X2) symmetry, and the
other a local c(4X2) symmetry, as indicated in the
figure. The c(2 X 8) pattern is a periodic arrangement of
these c(4X2) and (2X2) units. On typical Ge(111) sur-
faces, this periodic arrangement of the c(4X2) and
(2X2) units is often disrupted by faults and domain
boundaries (due to the threefold symmetry of the surface,
there are three possible orientations of the reconstruc-
tion).

Figure 2 shows dual-polarity 220 X220-A images of
Ge(111}-c(2 X 8) exposed to 500 L (1 L= 10 torr s} of
disilane at room temperature. The images in Figs. 2(a)
and 2(b}, acquired simultaneously over the same area
with sample bias voltages of —1.5 and +2.0 V, respec-
tively, show the spatial distributions of occupied and
unoccupied states near the Fermi level. The
unoccupied-state image, Fig. 2(b}, is dominated by ada-
tom features in the unreacted areas, while the occupied-
state image, Fig. 2(a), shows both adatom and rest-atom
features. These images also show a domain boundary
across the lower-right corner.

Compared to Ge(100)-(2X1) and Si(100)-(2X1), the
sticking coefficient of disilane on Ge(111)-c(2X8) at
room temperature is much smaller. ' ' '" The images in
Fig. 2 show that even after a 500-L exposure, most of the
surface area is still clean. Several kinds of adsorption-
induced features can be identified; the main features C, R,
S, and T are indicated in Fig. 2(a}. Here, S represents a
single bright protrusion, T represents three bright pro-
trusions forming a triangle, R represents four bright pro-
trusions forming a rectangle, and C represents larger
clusters with unresolved features. In the unoccupied-
state image, Fig. 2(b), only the C features can be easily
identified.

The R (rectangle) and T (triangle) features in Fig. 2
have been observed before in a study of hydrogen absorp-
tion on Ge(111},' and we can therefore identify these as
due to the adsorption of a single H atom on a Ge rest
atom. The triangular and rectangular shapes have to do
with the arrangement of neighboring adatoms for the two
inequivalent types of rest atoms, as mentioned above.
The adsorption of a H atom on a rest atom induces re-
verse charge transfer making the three or four neighbor-
ing adatoms appear more pronounced in occupied-state
images. These H atoms on the Ge rest-atom sites must
come from the decomposition of the disilane molecules
adsorbed on the surface. The presence of GeH radicals
on the surface has been confirmed by an infrared study, '

which shows that disilane adsorption on Ge(111) at room
temperature is dissociative and results in a mixture of
SiH3 (minority species), SiH2, SiH, and GeH radicals on
the surface.

We do not know the atomic structures of the S and C
features, but they must involve single or multiple adsorp-
tion sites of H, SiH, SiH2, and SiH3. Each disilane mole-
cule contains two Si atoms; it is most likely that these
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two Si atoms will remain close together on the surface
after dissociative chemisorption, as is the case for disilane
adsorption on Ge(100). Because of the relatively large
spatial extent of the C feature, our best guess is that it is
an adsorption complex involving (at least) two Si atoms
and an unknown number of hydrogen atoms. The sim-
plest assignments for the S feature is a H atom attached
to an adatom dangling bond [a similar feature was ob-
served in hydrogen adsorption on Ge(111), and was attri-
buted to a missing adatom in Ref. 12].

With increasing disilane doses, more reacted areas are
observed. Figures 3(a) and 3(b) show dual-voltage images

of Ge(111)-c(2 X 8) after a 6000-L disilane exposure. The
scanned area is 500X500 A . These images have been
Altered to remove the low-spatial-frequency components
to enhance the local atomic features. Five atomic steps
are seen. The reacted regions appear as bright bumps
(type-C features) in Fig. 3(a). These tend to cluster to-
gether. Isolated adsorption features of types R, S, and T
can still be found within large c(2X8) regions, but the
areal densities of these features are no larger than those
seen in Fig. 2. It appears that the initial adsorption sites
act as nuclei for further adsorption in the immediate
neighborhood, causing a nonuniform distribution of the
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FIG. 2. Dual-voltage STM images for Ge(111)-e(2X8) after
600-L disilane exposure at 300 K. The scanned area is 220X 220
A . The sample bias voltages are (a) —1.5 V and (b) 2.0 V.

FIG. 3. Dual-voltage STM images for Ge(111)-c(2X8)after
6000-L disilane exposure at 300 K. The scanned area is

500X 500 A . The sample bias voltages are (a) —1.5 V and (b)

2.0 V.
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FIG. 4. 500X500 A STM image for Ge(111)-c(2X8) after
12000-L disilane exposure at 300 K. The sample bias voltage is
2.0 V.

B. Si coverage for room-temperature saturated surface

We measured the Si 2p core-level photoemission inten-

sity as a function of disilane exposure. In agreement with
the STM observation reported above, the surface be-
comes saturated at about 30000-L exposure. To deter-
mine the absolute Si coverage for the saturated surface,
we compared the Si 2p to Ge 3d intensity ratio for the
present system with that of disilane-saturated Ge(100)-
(2X1) surface under the same experimental conditions.
The saturation Si coverage for the latter system is known
to be about —,

' (100) atomic layer. Taking into account the
diS'erent areal atomic densities between the (111) and
(100) surfaces, we obtain a Si coverage of about 3.8 X 10'
atoms/cm for the Ge(111) case. This corresponds to
about —,

' (111)atomic layer.
The reason for our interest here to obtain this coverage

is that it is relevant to the process of atomic-layer epi-
taxy. ' In this process, the surface is first saturated by
adsorption of disilane, and then the hydrogen is desorbed
by annealing, leaving the Si on the surface. This quan-
tized deposition can be repeated in a cyclic fashion to
build up a film of any desired thickness. For practical ap-
plications, it is important to know the net amount of Si
deposition in each cycle.

reacted areas.
Figures 4 and 5 show unoccupied-state STM images, of

size 500X500 A, for 12000-L and 30000-L disilane ex-
posures, respectively. In Fig. 4, small areas showing the
c (2 X 8) adatom pattern are still present. At 30000-L ex-
posure and beyond, the surface appears to be saturated,
as no c(2X8) regions remain on the surface. The sa-
turated surface is disordered.
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FIG. 5. 500X 500 A STM image for Cxe(111)-c(2X8) after
30000-L disilane exposure at 300 K. The sample bias voltage is
2.0 V.

C. Photoemission study of the annealing behavior
of the saturated surface

In this part of the experiment, the surface was first sa-
turated by disilane exposure (30000 L) at room tempera-
ture, and then subjected to progressive annealing to
higher temperatures. Each anneal lasted 60 s. After each
anneal, the sample was allowed to cool down and photo-
ernission spectra were taken. Our interest here is to find
out the details of the thermal conversion and desorption
processes.

Figure 6 shows Si 2p core-level spectra for various an-
nealing temperatures taken with a photon energy of 140
eV. The relative binding energy scale is referred to the
Ge 3d5&2 line of the bulk contribution (see below). Using
this internal energy reference, we eliminate energy shifts
due to changes of surface band bending. The bottom
spectrum in Fig. 6 is for the room-temperature saturated
surface. The line shape is rather broad, which is expected
for a disordered surface. As the annealing temperature
increases, the line shape sharpens, as evidenced by the
deepening of the valley between the two spin-orbit split
peaks. The line shape also shifts toward lower binding
energies, and the intensity drops significantly.

The Ge 3d core-level spectra taken with a photon ener-
gy of 66 eV for various annealing temperatures are shown
in Fig. 7. Also included in this figure is a spectrum ob-
tained from the clean Ge(111)-c(2X8) surface for com-
parison. The line shape for the clean surface can be
decomposed into three major contributions, B (bulk), Sl
(surface component one), and S2 (surface component
two), as shown in previous studies. ' ' The S2 com-
ponent corresponds to the distinct bump on the low-
binding-energy side of the line shape. After the surface is
saturated by disilane at room temperature, the line shape
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and after the transition between T& and Tz. Comparing
Figs. 5, 9(a), and 9(b), it is clear that the surface remains
disordered up to T&, however, there is apparently some
coarsening of the cluster structure on the surface as the
annealing temperature gets higher. In Fig. 9(c) one sees a
number of large islands with poorly defined atomic
features. In between these islands, the adatom features
on the substrate surface can be seen as bright protrusions.
Except for some small patches of c(2 X 8), these adatom
features show considerable disorder. This disorder is
very similar to what has been reported for the growth of
Si on Ge(1 1 1)-c (2 X 8) using molecular-beam epitaxy, '

and can be described as a breakup of the c (2 X 8) pattern
into a random arrangement of e(4X2) and (2X2) units.
Figure 9(d) and other pictures that we obtained but not
shown here indicate that after the annealing temperature
T~ is reached, the adatom features can be seen for the en-
tire surface. Increasing the annealing temperature causes
the islands to coarsen and to be absorbed by step edges
(step flow). On large terraces between atomic steps, one
can still find some islands separated by denuded zones
from neighboring step edges, as seen in Fig. 9(d). The
adatom features remain largely disordered due to the fair-
ly random arrangement of the c (4X 2) and (2 X 2) units.

FIG. 6. Photoemission spectra of the Si 2p core level for

Ge(111) saturated by a 30000-L disilane exposure at room tem-

perature followed by progressive annealing to various tempera-

tures as indicated. The relative binding energy scale is referred

to the Ge 3d&~z 1ine of the bulk component. The intensity of
each spectrum has been normalized to the incident-photon-

beam intensity.
M

C

Ge(111)—c(2x8)+30 000—L Si~HS
Ge Bd Core
he=66 eV nnealing

emp. (K)
720

670

becomes considerably sharper. This is expected since all
Ge atoms are now under the surface, and the line shape
should become bulklike. As the annealing temperature
gets higher, the line shape broadens. This broadening
can be attributed to the gradual reappearance of the sur-
face components (see below), and the line shape eventual-

1y becomes very similar to that of the clean Ge surface.
The results from a quantitative analysis of the core-

level spectra using a least-squares-fitting procedure are
summarized in Fig. 8, which shows the integrated Si 2p
intensity, the binding-energy position of the Si 2@3/p
peak, and the surface-to-bulk intensity ratios for the two
Ge surface components S1 and S2. Based on these re-
sults, we can identify two temperatures T, =480 K and

T~ =630 K relevant to the thermal reaction; these are in-
dicated by the vertical dotted lines in the figure. Between
these two temperatures, the Si 2p intensity drops
significantly, while the two Ge surface components grad-
ually reappear.

D. STM observation of the annealing behavior

Figures 9(a)—9(d) show STM images for annealing tem-
peratures of 440, 470, 570, and 650 K, respectively. The
sample voltage used was +2.0 V, and the scanned size
was 500X500 A . These four annealing temperatures
were chosen to be before, at the beginning, in the middle,
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FIG. 7. Photoemission spectra of the Ge 3d core level for
Ge(111}saturated by a 30000-L disilane exposure at room tern-

perature followed by progressive annealing to various tempera-
tures as indicated. The relative binding energy scale is referred
to the Ge 3d»z line of the bulk component. The intensity of
each spectrum has been normalized to the incident-photon-
beam intensity. The bottom spectrum is for the clean Ge{111)-
c (2X 8) surface, and the decomposition of this spectrum into
three components, B, S1, and S2, are indicated by the cur~es
below.
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Again, this disorder is very similar to that for the
molecular-beam epitaxial growth of Si on Ge(111)-
c(2X8).

E.Thermal reaction and desorption processes

The above photoemission and STM results together al-
low a detailed description of the thermal reaction and
desorption processes. As mentioned above, the results in
Fig. 8 indicate a transition between T& and T2. After the
transition, the Ge 3d line shape shown in Fig. 7 becomes
very similar to that of the starting clean surface. The two
surface components reappear, and STM pictures show a
complete recovery of the adatom features throughout the
entire surface, despite a substantial loss of long-range
periodicity of the e (4 X 2) and (2 X 2) units. These results
suggest that the resulting surface resembles the clean
Ge(111)-c(2X8) surface. In particular, the reappearance
of the two surface components of Ge 3d indicates that all
hydrogen atoms have desorbed, the surface is now
covered by Ge atoms, and the Si atoms must have
diffused into the subsurface region. This Si indiffusion is
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FIG. 8. (a) Integrated intensity of Si 2p, (b) binding energy of
Si 2p, and (c) intensity ratios of the two surface components to
the bulk component of Ge, as a function of annealing tempera-
ture. The sample is Ge(111)-c(2X8) initially saturated by a
30000-L disilane exposure at room temperature. Two tempera-
tures T& =480 K and T2 =630 K are indicated by vertical dot-
ted lines. The two data points on the right border of (c), indicat-
ed by filled symbols, represent results from the starting clean
Ge(111)-c(2 X 8) surface.

supported by the data in Fig. 8(a), which shows that the
Si 2p intensity drops to about 40% of its initial value
after annealing to temperatures beyond Tz. The inelastic
scattering of the Si 2p photoelectrons by the Ge surface
layer, governed by a very short electron mean free path, '

accounts for the intensity reduction. After annealing to
beyond T2, the binding energy of the Si 2p3/2 core rela-
tive to the 8 component of the Ge 3d ~&& core decreases to
69.96 eV, which is consistent with previous measure-
ments for Si in bulk Ge. '

The driving force for this Si indiffusion is apparently
the lower surface energy of Ge than Si. Similar
indiffusion has been observed in the growth of Si on
Ge(100) by molecular-beam epitaxy and vapor-phase epi-
taxy, ' and in the growth of Si on Ge(111) by
molecular-beam epitaxy. ' Although Si and Ge can form
an alloy of arbitrary composition, bulk interdiffusion
remains negligible for temperatures up to about 900 K.
Thus, the indiffusion observed here is a surface effect. As
mentioned above, the STM picture shown in Fig. 9(d)
resembles those obtained for —,'-ML Si on Ge(111)-
c (2X 8) deposited by molecular-beam epitaxy. ' This is
not surprising. As soon as all hydrogen atoms are
desorbed, the growth kinetics should become the same
for these two Si deposition techniques.

The temperature T, marks the beginning of the reap-
pearance of the two surface components of Ge, and the
beginning of the reduction of the Si 2p intensity. Midway
between T, and T2, the STM picture in Fig. 9(c) shows
that roughly one-half of the surface is covered by islands,
which are not well ordered, and these islands are sur-
rounded by areas exhibiting the adatom pattern. This is
consistent with the results in Fig. 8 that about one-half of
the intensity for each Ge surface component has
recovered.

Thermal desorption of H from Ge(111) has been inves-
tigated previously by temperature-programmed desorp-
tion (TPD) and infrared studies. ' ' ' The TPD results
show a peak at about 600 K, with significant desorption
starting at around 500 K. ' This is consistent with our
measured T& of 480 K for the beginning of the recovery
of the Ge surface components, and our measured T2 of
630 K for the completion of the desorption. Desorption
of H from pure Si(111)occurs at a much higher tempera-
ture. The most likely mechanism for the removal of H
from surface Si in the present case is that the H on Si
diffuses to neighboring exposed Ge areas from which it
desorbs. As soon as the H leaves the Si, the Si atom
diffuses into the subsurface region to Ininimize the sur-
face energy. A similar mechanism has been noted for the
thermal reaction of disilane on Ge(100). The indiffused
Si atoms remain near the surface, and cause a local per-
turbation disrupting the long-range order of the c (4 X 2)
and (2X2) units.

While Figs. 8(a) and 8(c) show no apparent changes be-
tween room temperature and T&, Fig. 8(b) shows a con-
tinuous drop of the average Si 2p binding energy. This is
again similar to the case of disilane on Ge(100), and can
be related to the gradual conversion of SiH3 and SiH&
radicals on the surface to SiH. During this conversion,
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the Si atoms remain on the surface, and so the Si 2p in-
tensity and the Ge 3d line shape do not change. The
reduction of the average Si 2p binding energy is related to
the reduced chemical shift of Si in going through the se-
quence from SiH3, to SiH2, and to SiH.

F. Comparison with the Ge(100) case

The behavior of the present system is fairly similar to
that of disilane growth on Ge(100)-(2 X 1). For the (100)
case, however, the initial adsorption configurations are
much simpler, and two separate thermal transitions are
observed instead of just one in the present case. As noted
above, the room-temperature sticking probability is much
lower on the (111)surface. This has a simple explanation.

The initial adsorption of a disilane molecule results in
two SiH3 radicals, which will require two dangling bonds
on the surface to complete this process. The distance be-
tween two neighboring dangling bonds on the (111) sur-
face is much larger than that for the (100) surface, and is
much larger than the Si-Si bond length in the disilane
molecule. It is likely that this large distance on the (111)
surface makes the probability for dissociative chemisorp-
tion rather low.

IV. SUMMARY

Core-level photoemission and STM were employed to
study the adsorption of disilane on Ge(111)-c(2X 8) at
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FIG. 9. STM images of Ge(111)-c(2X8) initially saturated by a 30000-L disilane exposure after annealing to (a) 440, (b) 470,
0

(c) 570, and (d) 650 K, respectively. The scanned areas are 500X 500 A .
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room temperature and subsequent decomposition and hy-
drogen desorption at elevated temperatures. Initial ad-
sorption at room temperature results in the formation of
various adsorption configurations on the surface, and
identifications and suggestions for the atomic structures
are made. The disilane-saturated surface is disordered,
with a net Si deposition of about —, ML. Annealing the
saturated surface results in the gradual conversion of
SiH3 to SiHz and SiHz to SiH. At around 480 K,
significant H desorption from GeH commences, and the
H on Si begins to also desorb by diffusion from the Si site
to neighboring Ge sites. When a SiH radical loses its H,
the Si atom moves below the surface, and the Ge surface
structure begins to recover. Beyond about 630 K, the
desorption of hydrogen is complete, all of the Si atoms
have moved below the surface, and the resulting surface
shows the spectroscopic characteristics of the clean
Ge(111)-c(2X8) surface. The long-range order associat-
ed with the c(2X8) arrangement of the c(4X2) and
(2X2) units is, however, largely destroyed by the Si

atoms which remain in the subsurface region. The STM
results for annealing temperatures beyond the tempera-
ture for total hydrogen desorption are very similar to the
results from molecular-beam epitaxial growth. Island
coarsening and step Aow are observed.
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