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Abstract

The adsorption and decomposition of monoethylgermane (GeH;Et) on the Si(100)-(2 x 1) surface was investigated with the intent
of elucidating the surface processes leading to the deposition of germanium. The low-temperature adsorption of the molecule was
explored, as well as its thermal decomposition. H, and C,H, are observed as the desorption products in temperature-programmed
desorption experiments. The ethylene is produced by a hydride elimination reaction within the adsorbed ethyl groups. The amount
of Ge which can be deposited in a reaction cycle is correlated with the number of sites occupied by the ethyl groups upon the

dissociation of GeH;Et. © 1998 Elsevier Science B.V.
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1. Introduction

The silicon—germanium system has become
increasingly important because of its potential
applications in  electronic  devices [1-7].
Digermane (Ge,Hg) and germane (GeH,) are the
two most common germanium-containing molecu-
lar precursors which are used in the chemical vapor
deposition (CVD) of Ge [8-20]. However, these
two gases are pyrophoric, and their handling and
disposal are important safety concerns. With these
concerns in mind, there is interest in the develop-
ment of alternative precursors for german-
ium. Alkylgermanes such as monoethylgermane
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(GeH;Et) are possible substitutes. GeH;Et is a
liquid near room temperature with a vapor pres-
sure suitable for CVD, is less reactive with air,
and is easier to handle than conventional hydride
sources.

There are several published studies examining
the interactions of ethylgermanes and ethylsilanes
with a variety of Si surfaces [21-35]. The adsorp-
tion and decomposition of GeH,Et, has been
investigated previously [35]. The low-temperature
adsorption behavior of GeH,Et, was examined by
ultraviolet photoelectron spectroscopy (UPS). It
was observed that GeH,Et, adsorbs dissociatively
on the surface. The adsorption products are
GeH, and adsorbed ethyl groups at low coverages
and a surface temperature of 110 K. At coverages
greater than 7.5 x 1013 cm 2, GeH,Et, physisorbs
on top of the dissociated layer. Annealing the
surface to higher temperatures results in the
decomposition of the adsorbed ethyl groups and
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GeH,. GeH, decomposes to GeH with a hydrogen
atom transferring to the silicon surface by 150 K.
Atomic Ge is produced when the GeH group
decomposes at temperatures greater than 150 K.
The ethyl groups decompose and produce ethylene
by a hydride elimination reaction over the temper-
ature range 600—750 K. The final reaction products
are H,, C,H, and atomic Ge. H, and C,H, are
observed in temperature-programmed desorption
(TPD) experiments. Hydrogen desorption is domi-
nated by a single desorption peak at 800 K. The
desorption of ethylene has a peak maximum near
700 K. The surface after GeH,Et, exposure and
H, and C,H, desorption was free from carbon
contamination. These studies were also consistent
with the room-temperature adsorption studies of
GeH,Et, by Coon et al. on the Si(111)-(7x7)
surface [27,29,31,32].

Mahajan and co-workers have explored the sur-
face chemistry of SiH,Et, and GeH,Et, on Si(100)
using high-resolution electron energy loss spectro-
scopy (HREELS) and TPD [25]. Both SiH,Et,
and GeH,Et, adsorbed dissociatively at the Si
surface for room-temperature exposures, produc-
ing adsorbed ethyl groups and hydrogen atoms.
H, and C,H, were detected as desorption products.
The authors reported that the Ge—C stretching
mode was observed rather than the Si—C stretching
mode from GeH,Et,-exposed surfaces in HREEL
spectra at room temperature. They suggested that
the ethyl groups remained bound to Ge atoms
during the decomposition of GeH,Et,, and that
the ethyl groups do not migrate from Ge to Si
sites prior to or during the desorption of ethylene.

Foster et al. investigated the adsorption and
reactions of monoethylsilane (SiH;Et) on Si(100)
using HREELS and TPD [24]. SiH;Et adsorbed
dissociately at room temperature on Si(100). The
vibrational modes associated with the ethyl ligands
disappeared in HREELS experiments and the
vibrational modes for the Si-H bond increased in
intensity as the crystal temperature was raised.
This observation was attributed to the transfer of
hydrogen to the surface as the ethyl groups
underwent hydride elimination to produce gas-
phase C,H,. These results are qualitatively similar
to those of Schmidt et al. [22] and Coon et al. [31].

In an effort to further understand the surface

processes leading to germanium deposition, the
low-temperature adsorption of GeH;Et on the
Si(100)-(2 x 1) surface is investigated. The position
and identification of the ethylgermane molecular
orbitals on Si(100)-(2x 1) is aided by ab-initio
calculations. The eventual thermal decomposition
products are molecular hydrogen, ethylene and
adsorbed germanium. TPD is used in combination
with photoelectron spectroscopy to monitor the
surface processes.

2. Experimental

The experiments were conducted in a stainless-
steel ultrahigh vacuum chamber. The chamber was
equipped with a double-pass cylindrical mirror
analyzer (CMA) for Auger electron and photo-
electron spectroscopies, a differentially pumped
ultraviolet discharge lamp, a twin X-ray source,
an ion gun and a quadrupole mass spectrometer
for both temperature-programmed desorption and
secondary ion mass spectrometry. The base pres-
sure of the system was 6 x 10~ ! Torr with a typical
working pressure of 1 x 10~ 1° Torr.

Samples were cleaved into 10 mm x 25 mm X
0.4 mm rectangles from n-type Si(100) wafers
(Virginia Semiconductor, +0.25° of the (100)
plane, Sb-doped, 5-10 mQ-cm resistivity) and
mounted to a liquid-nitrogen cooled manipulator.
The sample was held by molybdenum clamps for
resistive heating. The sample temperature was
monitored by a pair of chromel-alumel thermo-
couples attached to the back of the sample with
Aremco 516 ceramic adhesive.

Surface cleanliness was followed by Auger
electron and ultraviolet photoelectron spectroscop-
ies. A clean surface was generated by the removal
of the native oxide by repeated heating to 1213 K
in vacuum followed by slow cooling to room
temperature.

Monoethylgermane was synthesized by NaBH,
reduction of trichloroethylgermane (GeCl;Et) at a
reduced pressure (400 Torr) using a procedure
originally proposed by Griffiths [36]. The purity
of the GeH;Et was checked by proton NMR, gas
chromatography and in-situ mass spectrometry.
The product was further purified by several freeze—
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pump-thaw degassing cycles prior to introduction
to the UHV chamber. The gas was admitted to
the chamber through an effusive doser and directed
onto the front face of the crystal at an apparent
pressure of 3 x 107'° Torr above the base pressure
for various periods of time. The surface temper-
ature during the exposures was 110 K. The temper-
ature ramp rate used in the TPD experiments was
6 K s™1. The surface coverages were measured by
either X-ray photoelectron spectroscopy or H,
thermal desorption. The H, thermal desorption
area was used to determine the coverage of the
adsorbed gas, as described previously [37].

X-ray photoemission spectra were taken with
Al Ko radiation (1486.6 ¢V) with the anode oper-
ating at a power of 435 W. The CMA was operated
at a fixed pass energy of 25 eV. The Si 2p transition
for the clean Si surface was measured at a binding
energy of 99.4+0.1¢V.

Ultraviolet photoemission spectra were taken
with He Il radiation (40.8e¢V) from a He gas
discharge lamp, and the CMA was operated at a
fixed pass energy of 20 eV. All the reported binding
energies are referenced to the Si valence band edge,
which is assigned as 0 ¢V binding energy.

Ab-initio molecular orbital calculations were
performed with the GAUSSIAN92 system [38] using
a modified double-zeta effective core potential
basis set (Los Alamos National Laboratories
1-double zeta, LANLIDZ [39-41]). The basis set
was modified by the addition of 5d orbitals for Ge
which allow for the polarization of electron den-
sity. All equilibrium geometries and transition-
state geometries were fully optimized at the
Hartree—Fock (HF) level. Vibrational frequencies
and zero point energies were obtained from the
analytical second derivatives [42] calculated at the
HF/LANL1IDZ level using the HF/LANLIDZ
optimized geometries.

3. Results
3.1. Photoemission results
The low-temperature adsorption behavior of

GeH;Et was examined by ultraviolet photoelectron
spectroscopy (UPS). Fig. 1 shows the He I UPS
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Fig. 1. He II UPS spectra for various exposures of GeH;Et to
Si(100) at 110 K. The spectrum of the clean Si surface is shown
as spectrum a. The GeH;Et coverages shown are (b)
3.7x 103, (c) 5.5x 10" and (d) 1.4 x 10'* GeH;Et molecules
per cm?.

spectra for several different coverages of GeH;Et
exposed to Si(100) at a surface temperature of
110 K. The He II photoelectron spectrum of the
clean Si(100) surface is included (Fig. la) for
reference. The UPS spectrum for a GeH;Et cover-
age of 1.4 x 10 cm ™2 is shown as Fig. 1d, and at
this coverage molecular GeH;Et is observed as a
desorption product (see below). The bar graphs at
the top of the Fig. 1 are used to help assign the
features in the spectrum. The two dashed lines are
the energies obtained from the gas-phase photo-
electron spectrum of GeH;Et [43]. The dashed
line for the lowest energy peak from the gas-phase
spectrum (highest occupied molecular orbital) is
aligned with the peak at 4.7 eV binding energy in
Fig. 1d. The bar graph with the solid lines at the
top of Fig. 1 is the calculated molecular orbital
energies for gas-phase GeH;Et assuming that
Koopmans’ theorem [44] is obeyed in the photo-
electron experiment. The highest occupied molecu-



4 L. A. Keeling et al. | Surface Science 400 (1998) 1-10

lar orbital in the calculated spectrum is also aligned
with the peak at 4.7 ¢V. Based on the agreement
between the calculated and gas-phase data and the
observation of molecular GeH;Et desorption for
this coverage, we conclude that the spectrum pre-
sented as Fig. 1d is that of physisorbed GeH;Et.
Using the assignments in the previously measured
gas-phase spectrum [43] and a population analysis
of the calculated spectrum, the UPS spectrum of
physisorbed GeH;Et can be assigned as follows,
using the symmetry notation of Jorgensen and
Salem [45]: 4.7eV, 0gec; 5.9€V, ocgen; 6.9 €V,
Tenys 9.4 €V, nep,; 11.4 €V, ogen; 14.3 €V, a¢c; and
17.8 eV, C 2s.

Having made the assignments for physisorbed
GeH;Et, consider the lower coverages shown as
Fig. Ib and lc. Fig. 1b is the UPS spectrum
obtained from an initially clean Si(100) surface
exposed to GeH;Et at a surface temperature of
110 K. The resulting coverage is 3.7 x 1013 cm 2.
Spectrum 1c is the same type of experiment, except
that the GeH;Et coverage is 5.5x 102 cm™2
Several changes are observed in the UPS spectra
as the GeH;Et coverage is altered. Between 5 and
10 eV binding energy, the peaks associated with
the ethyl groups are considerably broader and at
the lowest coverages (Fig. 1b), multiple sets of
peaks are present, but not resolved. At about 3 eV
in Fig. 1b and lc, a new peak is observed which is
not present in the multilayer spectrum. There are
also small binding-energy shifts for the main
spectral features with exposure.

The adsorption of GeH;Et was also followed
by XPS, and these results are presented in Fig. 2.
The Ge 2p;;, XPS signal intensity is plotted versus
binding energy for several GeH;Et coverages at a
surface temperature of 110 K. The intensity of the
Ge 2p;), peak increases smoothly with increasing
GeH;Et coverage. The coverage dependence of
the Ge 2p;,, binding energy is shown as an inset
to Fig. 2. The binding energy of the peak increases
by 0.5 eV over the range of coverages examined.

Additional photoelectron spectroscopy experi-
ments were performed as a function of surface
temperature. Fig. 3 shows the results from a series
of annealing experiments as examined by UPS.
Fig. 3a is the UPS spectrum for a coverage of
5.5 x 10'3 GeH;Et molecules per cm? at a surface
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Fig. 2. Ge 2p;,, XPS signal versus binding energy for several
GeH;Et coverages. The adsorption temperature is 110 K. The
coverages shown are (a) 2.5x10'3, (b) 3.0x10'3, (c)
5.5x 103, (d) 7.4 x 10", (e) 1.4 x 10", (f) 1.6 x 10'* and (g)
2.0 x 10" GeH;Et molecules per cm®. Inset: Ge 2p;, binding
energy as a function of GeH;Et coverage. Each point is the
average of at least three replicate experiments.

temperature of 110 K. Fig. 3b shows the results of
heating the GeHj;Et-covered silicon surface to
309 K and cooling to 110 K before recording the
UPS spectrum. Fig. 3¢ was obtained after heating
the surface to 503 K, and Fig. 3d is the spectrum
obtained after heating to 703 K. Upon heating to
309 K there are minor changes in the UPS
spectrum compared to that obtained at 110 K. The
most significant change occurs in the peak near
15 eV binding energy, where there is a pronounced
shoulder to the higher energy side. However, the
majority of the spectral features are associated
with molecular GeH;Et. Heating to 503 K results
in the disappearance of the peak at 4.4 eV which
is due the og.c bonding molecular orbital (in
Fig. 3a). The spectrum of the surface annealed to
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Fig. 3. He II UPS spectra of a GeH;Et-covered Si(100) surface
annealed to various temperatures. The initial adsorption tem-
perature was 110 K. The annealing temperatures shown are (a)
110, (b) 309, (c) 503 and (d) 703 K. The initial GeH;Et coverage
was 5.5 x 10'3 molecules per cm?, and the spectra were recorded
at 110 K.

503 K is representative of that obtained for ethyl
groups adsorbed on Si(100) [35,46,47]. Further
heating to 703 K results in the disappearance of
most of the spectral features.

Fig. 4 shows the corresponding XPS results for
a similar set of annealing experiments at the same
coverage as shown in Fig. 3. The Ge 2p;;, signal
intensity is plotted versus binding energy for sev-
eral different annealing temperatures. Fig.4a is
the Ge 2p;,, XPS spectrum for an initial GeH;Et
coverage of 5.5x 10 cm ™2 at a surface temper-
ature of 110 K. The single peak is centered at
1219.4 eV binding energy. Heating the surface to
309 K, cooling to 110 K and then recording the
XPS spectrum yields the results shown as Fig. 4b.
The resulting peak shifts to lower binding energy
and the full width at half maximum (FWHM)

GeH,;Et/Si(100)
Vary Temperature

5

Ge(2p) XPS Signal Intensity (arb. units)

| | 1 1 | 1
1224 1222 1220 1218 1216 1214 1212 1210

Binding Energy (eV)

Fig. 4. Ge2p;, XPS signal versus binding energy for a
GeH;Et-covered Si(100) surface annealed to various temper-
atures. The initial adsorption temperature was 110 K. The
annealing temperatures shown are (a) 110, (b) 309, (c) 517 and
(d) 700 K. The initial GeH;Et coverage was 5.5 x 10'® molecules
per cm?, and the spectra were recorded at 110 K.

also increases. Warming the surface to 517K
(Fig. 4c) causes the Ge 2p transition to shift again
to lower energies with a broadening of the FWHM.
Annealing the surface to 700 K (Fig. 4d) results
in a final binding energy of 1218.6 eV.

3.2. Temperature-programmed desorption results

The adsorption and decomposition of GeH;Et
was also followed by TPD. The only desorption
products observed by TPD at all coverages were
H, and C,H,. For initial GeH;Et coverages greater
than 7.4 x 1013 cm ™2, molecular GeH;Et desorp-
tion is also observed. Fig. 5 and Fig. 6 summarize
the results of several TPD experiments. No carbon
is observed on the Si surface within the detection



6 L. A. Keeling et al. | Surface Science 400 (1998) 1-10

H,/GeH,Et/Si(100)
T,=110K
B=6K/s

m/z=2 QMS Signal Intensity (arb. units)

m/z

| | 1 |
500 600 700 800 900 1000

Temperature (K)

Fig. 5. TPD spectra of H, following different exposures of
GeH;Et at a surface temperature of 110 K. The initial
GeH;Et coverages shown are (a) 2.5 x 103, (b) 3.7 x 103, (c)
5.5x 10, (d) 7.4 x 103, (e) 1.6 x 10** and (f) 2.0 x 10'* mole-
cules per cm?.

limits of AES after the temperature ramp in these
TPD experiments.

The H, desorption results from the decomposi-
tion of GeH;Et are shown in Fig. 5. The H,
desorption spectra at low coverages (Fig. 5a—c)
are dominated by a single desorption feature cen-
tered near 800 K. As the coverage is increased
above 7 x 10 cm 2, a second desorption state is
observed near 700 K. A large contribution to the
desorption state at 700 K is due to the fragmenta-
tion of C,H, in the ionization region of the mass
spectrometer (see below). However, some of the
desorption intensity at 700 K is from the f,
hydrogen desorption state reported previously on
Si(100) [48].

Fig. 6 presents the ethylene desorption signal
from the decomposition of GeH;Et for several
different initial coverages. The C,H; ion intensity

C,H,/GelL,Et/Si(100)
T,=100K
B=6K/s

27 QMS Signal Intensity (arb. units)

1 | | 1
500 600 700 800 900 1000
Temperature (K)

Fig. 6. TPD spectra of C,H, following different exposures of
GeH;Et at a surface temperature of 110K. The initial
GeH,Et coverages shown are (a) 2.5 x 1013, (b) 3.7 x 10%3, (c)
5.5x 103, (d) 7.4 x 103, () 1.6 x 10'* and (f) 2.0 x 10'* mole-
cules per cm>.

was followed in TPD experiments to allow for a
better discrimination against background signals
in the UHV chamber. At the lowest GeH;Et
coverages (Fig. 6a), a single broad C,H, desorp-
tion peak is observed at 640 K. The C,H, desorp-
tion state increases in intensity with increasing
GeH;Et exposures up to a coverage of
2x 10 cm ™2 The peak temperature of the state
initially observed at 640 K also shifts toward
higher temperatures with increasing GeH;Et cover-
age. The maximum peak temperature is 700 K for
an initial coverage of 1.6 x10™cm™2 (Fig. 6e).
The peak area for the desorption state at 700 K
remains constant for coverages greater than
2.6x 10" cm ™2, and this is interpreted as being
due to a maximum amount of GeH;Et which will
decompose on the Si(100) surface.

There is also a low-temperature C,H, desorption
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state which has a peak temperature of 140 K (not
shown in Fig. 6). The position of the desorption
peak does not shift in temperature with exposures
greater than 7.4 x 10'3 cm ™2, and its intensity does
not saturate with increasing exposures. This low-
temperature state is attributed to the desorption
of physisorbed GeH;Et, which fragments in the
ionization region of the mass spectrometer to yield
C,H.,.

The assignment of the low-temperature C,H,
desorption state to physisorbed GeH;Et was con-
firmed by monitoring the m/z=103 fragmentation
ion (GeH,Et™") for molecular GeH;Et. In these
TPD experiments, a single desorption state is
observed at a temperature of 140 K and the state
is observed only when the coverage exceeds
7.4 %101 cm~2. Based on the C,H, TPD results
and the fragmentation pattern of GeH;Et, it is
clear that the desorption state at 140 K corres-
ponds to physisorbed GeH;Et.

4. Discussion

The results presented here demonstrate that Ge
can be deposited onto the Si(100) surface by the
thermal decomposition of GeH;Et. The maximum
amount of Ge that can be deposited from a
saturation exposure of GeH;Et is 0.38 ML or
2.6 x 10'* Ge atoms per cm?.

Before discussing details and before comparing
this study with earlier work, we present below a
plausible mechanism for the decomposition pro-
cesses.

110 K

2GeH;Et(g) —» Si-Et+Ge-Et

+GeH, (x=1-3)+SiH, (x=1-3), (1)
300-520 K
Ge—Et+5Si(s) —  Si-Et+Ge, (2)
300-600 K

GeH, (x=1-3)+Si(s) — xSiH+Ge, (3)

600-700 K
Si—CH,CH;, —  SiH+C,H,(g), (4)
800 K
2SiH — 2Si(s)+H,(g), (5)

where (g) designates a gas-phase species, (s)
denotes a surface species, and the remaining inter-
mediates are adsorbed species.

In the first step of the proposed mechanism,
GeH;Et is exposed to the Si(100) surface at low
temperature, which results in dissociative adsorp-
tion. This reaction step was followed in UPS
experiments. As shown in Fig. 1, for low exposures
of GeH;Et there are spectral features which cannot
be explained as being solely due to molecular
adsorption. The peak at 3.8 eV can be attributed
to surface silicon-hydride groups [49-52].
Germanium hydrides are observed at higher bind-
ing energies [33,53-55]. Between 5 and 10eV
binding energy are the molecular orbitals associ-
ated with surface ethyl groups [35,46,47]. Recent
model calculations for adsorbed ethyl groups on
Si and Ge sites revealed a binding-energy difference
of 0.5 eV in molecular orbital energies for the two
systems [56]. This separation in energy is not
sufficient to be observed as two clearly resolved
peaks with the current experimental set-up.
However, the difference in energy is observed as
an increase in the overall width of the spectral
features, as seen in Fig. 1b. This is interpreted as
dissociative adsorption of GeH;Et, where the ethyl
groups are bound to both Si and Ge. The exact
composition of the surface hydrides cannot be
determined in this study because of the spectral
overlap of the silicon and germanium hydride
features. As the exposure is increased, GeH;Et
can physisorb on top of the dissociated layer, so
that by a coverage of 2.6 x 10 cm~2, the UPS
spectrum is dominated by physisorbed GeH;Et
and the peaks between 5 and 10eV in the UPS
spectra narrow in width.

In the second step of the reaction sequence,
surface ethyl groups initially bound to Ge transfer
to surface Si sites. This transfer is observed
by both X-ray and ultraviolet photoelectron
spec-troscopy (Fig.3 and Fig.4). Heating the
GeH;Et-exposed surface to 503 K results in a UPS
spectrum where the binding energy of the peaks
associated with the ethyl groups are observed at
the same binding energy as ethyl groups adsorbed
on Si(100) generated by the decomposition of
C,H;Br [46,47]. The remaining peaks in the
spectrum can be attributed to a mixture of silicon
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and germanium hydrides. In analogous XPS
annealing experiments, heating a GeH;Et-covered
surface to 517K led to a decrease in binding
energy of Ge 2p by 0.4 ¢V. The decrease in binding
energy is consistent with a Ge environment which
is becoming more atomic in nature.

In Eq. (3), surface germanium hydrides decom-
pose by the transfer of hydrogen to surface Si
sites. The reaction takes place without the desorp-
tion of hydrogen, as observed in TPD experiments.
The changes in the 2-5 eV binding energy region
of UPS spectra, such as Fig. 3b and 3c, also reflect
these changes in surface hydrides. This type of
transfer is also consistent with that observed pre-
viously in the literature [57-59].

Eq. (4) shows the decomposition of surface ethyl
groups by hydride elimination to form the desorp-
tion product (ethylene). Ethylene desorption
occurs in a single desorption state with a peak
maximum at 650-700 K, depending on the initial
GeH;Et exposure. The ethylene desorption tem-
perature is consistent with desorption from Si sites,
as reported previously [21-35], whereas ethyl
groups decompose to ethylene and desorb at 650 K
from Ge(100) and the peak temperature is inde-
pendent of coverage [26,60].

In the final step of the above mechanism, surface
silicon hydrides decompose to form molecular
hydrogen. The desorption temperature of the
hydrogen is the same as that normally observed
on Si(100) [48]. The above reaction sequence is
also similar to what has been proposed for several
ethylsilanes and ethylgermanes on Si surfaces
[25-35].

Hydrogen TPD results, obtained by mass spec-
trometry, can also yield quantitative information
about the amount of Ge deposited on the Si(100)
surface. The coverage of Ge on the surface is
determined by relating the hydrogen atom cover-
age, measured by TPD, to the number of hydrogen
atoms present per decomposing GeH;Et molecule.
The coverage calculation assumes the following
overall reaction:

GeH;Et(a)—»2H,(g) + C,H,(g) + Ge(a). (6)

By integration of the number of desorbing H
atoms and consideration of the mass balance, the
amount of Ge deposited is determined. This reac-

tion does not depend on the actual surface species
which are generated in the adsorption step.
However, it does require that all the surface species
created upon the adsorption of a GeH;Et molecule
remain bound to the surface. This condition was
confirmed experimentally by checking for the
desorption of species from the surface during
the GeH;Et exposure, and no desorption was
observed. Careful calibration of the C,H, signal
was also used to double-check the Ge coverage
results obtained by H, desorption.

The results of the Ge coverage determinations
show that the amount of GeH;Et which
decomposes and deposits Ge reaches a constant
value at long exposure times. The maximum
amount of Ge which is deposited onto the Si(100)
surface is 2.6 x 10'*cm ™2 in a given adsorption
cycle. This value is also confirmed by XPS. The
Ge 2p;,/Si 2p peak ratios were also measured as
a function of GeH;Et coverage. The ratios were
then compared to the same ratios determined for
GeH, and Ge,H, decomposition, where the cover-
age of Ge deposited was determined previously
[55]. The coverage of Ge determined by XPS is in
excellent agreement with the coverage determined
by TPD. This agreement further indicates that
the assumptions made in the use of Eq.(6) are
justified.

The reaction shown in Eq. (6) shows that Ge is
the only surface species remaining. The other two
products of the reaction desorb as gases. XPS and
AES spectra taken after a GeH;Et exposure and
a temperature ramp revealed a surface which was
free from carbon contamination. The lack of
carbon is an important observation for the possible
growth of Ge films by this alternative precursor in
a CVD environment. Also, the saturation behavior
for the deposition of Ge from GeH;Et indicates
that this molecular precursor may be useful for
atomic layer epitaxy applications.

The maximum amount of Ge which can be
deposited from a saturation exposure of GeH;Et
is 2.6 x 10 Ge atoms per cm?. In similar experi-
ments using GeH,Et, as a Ge-containing precur-
sor, the maximum amount of Ge deposited was
1.7 x 10 Ge atoms per cm? [35]. Using GeHEts,
the maximum amount of Ge deposited was
1.5x 10 Ge atoms per cm? [56]. The trend in
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this series of molecules is for the Ge coverage to
decrease with an increasing number of ethyl ligands
on the precursor molecule. This trend can be
explained on the basis of site-blocking or steric
considerations. Each of these Ge-containing mole-
cules adsorbs dissociatively on Si(100), depositing
ethyl groups and surface hydrides. The ethyl
groups, due to their larger size, can block a larger
number of adjacent Si sites than hydrogen atoms
are able to block. This simple geometric consider-
ation can explain the observed trend in the ethyl-
germane series.

5. Conclusions

We have studied the surface chemistry of
GeH;Et on the Si(100)-(2 x 1) surface. This mole-
cule adsorbs dissociatively at low coverages to
yield adsorbed ethyl groups and hydrogen. As the
surface is heated, the surface ethyl groups decom-
pose by a hydride elimination reaction which
evolves ethylene into the gas phase. The surface
hydrogen atoms recombine above the ethylene
desorption temperature and desorb as molecular
hydrogen. Germanium is left at the surface after
the desorption of ethylene and hydrogen. The
maximum amount of Ge which can be deposited
following a saturation exposure of GeH;Et and
desorption of H, and C,H, is 2.6 x 10 Ge atoms
per cm?, or 0.38 ML.
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