
Reactions of diethylgermane, triethylgermane, and ethyl groups on Ge(100)
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The adsorption and decomposition of diethylgermane and triethylgermane on the Ge~100! surface
are investigated. These molecules are potential Ge sources for the deposition of epitaxial Ge thin
films. Room temperature adsorption of either ethylgermane leads to the formation of surface
germanium hydrides and ethyl groups. The ethyl groups decompose at higher temperatures and form
ethylene via ab-hydride elimination reaction. Isotopic labeling experiments are used to confirm this
reaction step. This is in contrast to the Si~100! surface where botha- andb-hydride elimination is
observed for the decomposition of surface ethyl groups. Low energy electron diffraction is used to
evaluate the quality of the deposited germanium films. ©1997 American Vacuum Society.
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I. INTRODUCTION

As the explosive development of the semiconductor
dustry continues, the size of microelectronic and optical
vices is smaller and the structure of these devices is m
complex. The atomic level understanding of these structu
is crucial for continued development of methods for fabric
tion of these devices. With the maturing of ultrahigh vacuu
~UHV! technology and sophisticated analytical tools, such
Auger electron spectroscopy~AES!, low energy electron dif-
fraction ~LEED! and temperature programmed desorpt
~TPD!, the atomic level investigation of these fabricatio
processes and the development of new synthetic method
being performed by a number of research laboratories. Ba
on the results of this research, new technologies have b
developed and novel structures have been synthesized
example, VLSI structures, quantum well lasers, high elect
mobility transistors, and superlattice avalanche photodiod1

These device implementations give added impetus to
search work.

Coincident with these developments, research relate
epitaxial growth of semiconductor films from atomic an
molecular beams and chemical vapors has also grown
idly. The main types of processes studied include molec
beam epitaxy~MBE!, chemical vapor deposition~CVD! and
atomic layer epitaxy~ALE!. In CVD, chemical component
in the vapor phase react to form a thin film at a substr
surface. The growth is at conditions near thermodyna
equilibrium and is mostly controlled by diffusional process
occurring in the crystallizing phase surrounding the subst
crystal. The unique attributes of CVD are conformal fil
growth and selective area growth.

ALE is a further refinement in the evolution of CVD
growth techniques, that can control film thickness to o
monolayer.2–4 ALE is based on chemical reactions at t
surface of a substrate; it is surface-controlled growth. T
reactants are delivered as pulses of neutral molecules o
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oms in alternating fashion, either as chopped beams in h
vacuum or as switched streams of vapor. The substrate
perature and gas pressure or flux are selected to allow
molecular layer of the precursor to chemisorb and react.
film grows stepwise. The thermal decomposition of mon
di-, and, triethylgermane on silicon was studied to exam
the possible use of these molecules as CVD and A
precursors.5–13 Each of these molecules was able to depo
Ge in an ALE reaction cycle. H2 and C2H4 were observed as
the gas phase products of the surface reaction.

A similar study examining the surface chemistry
GeH2Et2 on Ge~100! was recently reported.14 Again surface
ethyl groups were detected. These ethyl groups decomp
to form ethylene. However little insight as to the formatio
of ethylene was given. The pathway~s! for ethylene desorp-
tion from the decomposition of surface ethyl groups
Si~100! and Si~111! were examined.15,16 There are two pos-
sible pathways. One reaction sequence isa-hydride elimina-
tion followed by a hydrogen shift in order to generate eth
ene. The other sequence is ab-hydride elimination.
b-hydride elimination is mostly proposed for the removal
surface ethyl groups.5,6,8,9,12,14,16,17An ab initio calculation
for the gas phase monoethylsilane shows thatb-hydride
elimination is the lowest energy pathway to yield ethylene18

One approach to examine these pathways used deute
labeling of the hydrogen within the ethyl group to distingui
between the two mechanisms on silicon surfaces.15 The re-
sults showed that botha-hydride andb-hydride elimination
are involved in producing ethylene. The branching ratio
the two mechanisms (b/a) showed an isotope effect an
b-hydride elimination was the dominant pathway for eth
decomposition on Si when exposed to EtBr-d3 .

In this article we report the reactions of diethylgerma
(GeH2Et2), triethylgermane (GeHEt3), and ethylbromide
~EtBr! on the Ge~100! surface. These studies provide a dire
comparison to those previously completed on silicon s
faces. Room temperature exposure of GeH2Et2 , GeHEt3 , or
EtBr to Ge~100! results in dissociative adsorption of eac
molecule and the formation of surface ethyl groups. Th
ethyl groups decompose at higher temperatures to f

ity

il:
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1141 J. Chen and C. M. Greenlief: Reactions of GeH 2Et3, GeHEt3, and ethyl groups 1141
ethylene. Deuterium labeling of the ethyl groups allows
the determination of the decomposition pathways to eth
ene.

II. EXPERIMENT

The experiments are performed in a custom-built stain
steel UHV chamber and the chamber is pumped by a 500l /s
turbomolecular pump~Balzers TPU 520!. The main chamber
is equipped with a quadrupole mass analyzer~UTI model
100C! for residual gas analysis and TPD studies, a se
reverse-view LEED optics~Princeton Research Instruments!,
and an ion gun for sputtering. The base pressure of the
tem is 1.5310210 Torr with a typical working pressure o
2.0310210 Torr.

The samples are cleaved into 1032530.2 mm rectangles
from n-type Ge~100! substrates@Eagle-Picher,60.5° of the
~100! plane, Sb doped, 0.04–0.4V cm resistivity#. Before
placing the sample into the chamber, the Ge~100! substrate is
degreased by~a! ultrasonically rinsing in trichloroethylene
acetone, and methanol for 3 min each,~b! immediately blow-
ing dry with dry nitrogen, and~c! ultrasonically rinsing in
deionized water for 15 min to lower the contact resistanc19

The sample is held by molybdenum clamps for resist
heating and mounted to a manipulator. The sample temp
ture is monitored by a pair of Chromel–Alumel therm
couples attached to the back of the sample with Aremco
ceramic adhesive. Low energy electron diffraction is used
check the cleanliness and periodic order of the Ge~100!
231 surface. A clean surface is generated by the remova
the native oxide by repeated heating to 850 K in vacu
followed by ion sputtering~3 keV Ar1, 1mA!, and annealing
at 850 K. The number of defects induced by sputtering,
observed by the sharpness of the LEED pattern, can be
duced by exposing the Ge sample to an apparent pressu
531028 Torr Ge2H6 ~Voltaix, ultrahigh purity grade, mini-
mum purity 99.999%! while the surface temperature is mai
tained at 570 K for about 5 min. The Ge2H6 gas flow is then
turned off and the sample is annealed at 850 K before c
ing. After several cycles of Ar1 sputtering, annealing
Ge2H6 exposure, and annealing, a sharp 231 LEED pattern
was observed for the Ge~100! surface.

1,1-bromoethane-d2 ~C/D/N Isotopes, Inc., 98.7 at. % D!,
2,2,2-bromoethane-d3 ~C/D/N Isotopes, Inc., 99.2 at. % D!,
diethylgermane~Gelest, purity.98%!, and triethylgermane
~Gelest, purity.98%! are further purified by several freeze
pump-thaw degassing cycles and the purity of the gase
checkedin situ by mass spectrometry. The exposures
reported as langmuirs~L! ~1 L51026 Torr sec! as measured
directly by the ion gauge.

Temperature programmed experiments are condu
with a linear temperature ramp of 5 K s21 with the crystal in
line-of-sight of the quadrupole mass spectrometer. The c
erage at saturation for hydrogen on Ge~100! at room tem-
perature has been determined as 1 monolayer~ML ! ~1 ML
5one adsorbate per surface Ge atom!.14,20–23The tempera-
ture programmed desorption area from a saturation cove
JVST A - Vacuum, Surfaces, and Films
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of H atoms is then used as a internal standard for H2 thermal
desorption.

Some of the experiments reported here were repeated
second UHV chamber that was previously described
detail.24 This second chamber is equipped for TPD and A
studies. AES analysis of samples treated in the same fas
as described above revealed no carbon contamination
cleaning of the sample nor after the temperature ramp
TPD experiments using the molecules in this study.

III. RESULTS AND DISCUSSION

A. Diethylgermane and triethylgermane on Ge(100)

The adsorption and decomposition of GeH2Et2 and
GeHEt3 were followed by TPD. TPD spectra were obtain
following different exposures of GeH2Et2 and GeHEt3 to the
Ge~100! at a surface temperature of 375 K. In the TPD stu
ies, no parent fragment ions were detected. The only des
tion products observed by TPD, after a search for other
drocarbons such as C2H2 or C2H6, were H2 and C2H4.

Figure 1 summarizes the C2H4 desorption resulting from
the decomposition of GeH2Et2 . The C2H4 desorption spectra
show a single desorption peak centered at 650 K. The in
sity of the desorption state increases with increas
GeH2Et2 exposure. The ethylene desorption peak area s

FIG. 1. TPD spectra of C2H4 following different exposures of GeH2Et2 at a
surface temperature of 375 K. The exposures shown are~a! 0.09,~b! 0.9, ~c!
9, ~d! 90, ~e! 300, and~f! 600 L.
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1142 J. Chen and C. M. Greenlief: Reactions of GeH 2Et3, GeHEt3, and ethyl groups 1142
rates and remains constant for exposures greater than 6
The ethylene desorption kinetics were also determined.
entire data set can best be described as a first order de
tion process with an activation energy for desorpti
of 4561 kcal mol21 and a preexponential factor o
13101461 s21.

Figure 2 shows H2 TPD spectra obtained following vari
ous exposures of GeH2Et2 to the Ge~100! at a surface tem-
perature of 375 K. The H2 desorption peaks are broad com
pared to those obtained from atomic H~Ref. 25! or
digermane exposures.26 At the highest exposures@Fig. 2~f!#,
the main part of the desorption is centered at 650 K, the s
temperature as the ethylene desorption. There is also a s
der to the low temperature side of the main peak and
H2 desorption that starts near 500 K. Since the desorptio
H2 from a clean Ge surface is at 575 K,21,22the production of
H2 desorbing at 650 K is reaction limited. This broad H2

desorption peak may be composed of two peaks: one
sisting of H2 from bare Ge sites and one of H2 desorbing
with the ethylene. The approximate position of the two pe
was determined by fitting the desorption spectra with t
Gaussian functions. A typical fit of the desorption spec
yields two desorption states with peak maxima at 570 K a
645 K. The peak at 570 K is then most likely formed b
recombinative hydrogen desorption from the germani

FIG. 2. TPD spectra of H2 following different exposures of GeH2Et2 at a
surface temperature of 375 K. The exposures shown are~a! 0.09,~b! 0.9, ~c!
9, ~d! 90, ~e! 300, and~f! 600 L.
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monohydride phase. The peak at 645 K is formed by imm
diate recombinative desorption of hydrogen atoms that
generated by surface ethyl group decomposition which
curs at the same temperature~discussed further below!.

Figure 3 shows the C2H4 desorption resulting from the
decomposition of GeHEt3 . The overall desorption feature
~peak temperatures and desorption rates! are similar to those
obtained for GeH2Et2 . The main difference is that the de
sorption peak areas are larger for a given exposure. T
difference can be related simply to the number of et
groups contained in each starting molecule.

The H2 desorption spectra from the decomposition
GeHEt3 are summarized in Figure 4. Again the H2 desorption
spectra are similar to those obtained for GeH2Et2 . The de-
sorption peak is broad and asymmetric to the low tempe
ture side. However, the majority of the H2 desorption occurs
near 650 K. A deconvolution of Fig. 4~e!, using two Gauss-
ian peaks, yields peak temperatures at 655 K and 590 K

In these thermal desorption studies of GeH2Et2 and
GeHEt3 on Ge~100!, no parent fragments are detected in t
TPD spectra obtained following different exposures
Ge~100!. No carbon was dectected on the Ge surface a
the TPD studies within the dectection limit of AES. The
two results indicate that the incident precursor molecules
sociatively chemisorbed on the surface, which is consis

FIG. 3. TPD spectra of C2H4 following different exposures of GeHEt3 at a
surface temperature of 375 K. The exposures shown are~a! 0.09,~b! 0.9, ~c!
9, ~d! 90, and~e! 300 L.
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with the dissociative adsorption of GeH2Et2 on Ge~100! ob-
served previously by high resolution electron energy l
spectroscopy~HREELS!.14 The TPD peak observed at 570
is due to the recombinative desorption of H atoms and
second peak at 650 K is due to the desorption of H ato
generated by hydride elimination of surface ethyl groups
the two H atoms attached to Ge in GeH2Et2 are transferred to
Ge~100! upon adsorption, two peaks should be observed
TPD for H2 with the same area because the hydride elimi
tion of the two ethyl groups will generate two H atoms.
the H2 TPD results, there is only one peak at 650 K with
low temperature shoulder. This peak was fit by two Gauss
peaks at 570 and 645 K. The area for the peak at 570
only 26% of the peak at 645 K. In the GeHEt3 TPD experi-
ments, the low temperature shoulder in the H2 desorption
peak at 650 K is smaller than that observed for GeH2Et2 .
Fitting the H2 desorption spectrum in this case revealed t
the peak area at 590 K is 9% of that at 655 K. These res
suggest that GeH2Et2 and GeHEt3 dissociatively adsorb
as more than one organometallic species, such
GeH~C2H5)x (x50–3). If GeH2Et2 and GeHEt3 transfer
small amounts of H to the surface upon adsorption to
Ge~100! surface, and the adsorbed organometallic spe
decompose at 650 K, the above H2 TPD spectra could be
obtained.

FIG. 4. TPD spectra of H2 following different exposures of GeHEt3 at a
surface temperature of 375 K. The exposures shown are~a! 0.09,~b! 0.9, ~c!
9, ~d! 90, and~e! 300 L.
JVST A - Vacuum, Surfaces, and Films
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B. Ethyl group decomposition on Ge(100)

The decomposition of CH3CD2~EtBr-d2) and
CD3CH2~EtBr-d3) on the Ge~100! surface were followed by
TPD to gain further insight about ethyl group decompositi
on Ge. No TPD signal was detected for either parent E
molecule.

The exposure of EtBr-d3 or EtBr-d2 to the Ge surface,
followed by TPD analysis, yielded ethylene as the ma
desorption product. The ethylene desorption spectra w
identical to those obtained using GeH2Et2 or GeHEt3 and are
therefore not reproduced. The ethylene desorption is c
tered at 650 K and the peak does not shift in tempera
with the increasing of EtBr-d3 or EtBr-d2 exposures. These
results indicate that~1! EtBr-d3 and EtBr-d2 probably disso-
ciate to CH2CD3 or CD2CH3 and Br upon adsorption onto
Ge~100!. Similar behavior is observed for EtBr-d3 and
EtBr-d2 adsorption on Si~100!.

15,16The ethylene is then pro
duced from the decomposition of surface ethyl groups.~2!
The desorption of ethylene is a local effect and not affec
by the coadsorbed atoms, such as Ge and Br.

Figure 5 shows the TPD spectra for a series of spe
that desorb from Ge as a result of EtBr-d3 decomposition.
TPD spectra of D81Br, H81Br, H2, D2, and HD following a
300 L exposure of EtBr-d3 to Ge~100! at a sample tempera
ture of 375 K are shown. The H2 TPD spectrum is feature
less. D2 and HD desorb at 650 K, the same temperature

FIG. 5. TPD spectra following a 300 L exposure of EtBr-d3 to Ge~100! at a
surface temperature of 375 K.
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1144 J. Chen and C. M. Greenlief: Reactions of GeH 2Et3, GeHEt3, and ethyl groups 1144
the ethylene desorption. HBr and DBr desorb at 660 K a
the peak areas for HBr and DBr are about two times lar
than those of D2 and HD. Based on desorption peak are
the formation of hydrogenbromide is the main pathway
desorption of hydrogen~H or D! and Br. The observation o
D2 and DBr indicates thatb-hydride elimination played a
role in the decomposition of the surface ethyl group since
D was attached tob-C of the ethyl group. The observation o
HD and HBr indicates that thea-hydride elimination also
played a role in the decomposition of the surface ethyl gro
since H was attached toa-C of the ethyl group. The branch
ing ratio for the two mechanistic pathways can be estima
by the following equation:

b

a
5
2uD21uD79Br1uD81Br1uHD

2uH21uHD1uH79Br1uH81Br
. ~1!

In equation~1!, ux represents the TPD peak area for spec
x. The numerator is the total number of D atoms genera
by b-hydride elimination and the denominator is the numb
of H atoms generated bya-hydride elimination. From TPD
data~not shown!, the TPD peak area of H79Br is the same as
that of H81Br within experimental error, which agrees wit
the natural isotopic abundance for bromine~50.69% for
79Br and 49.31% for81Br!.27 If the ratio of D79Br and
D81Br areas is also 1:1, then equation~1! can be rewritten as

b

a
5
2uD212uD81Br1uHD

2uH21uHD12uH81Br
. ~2!

With equation~2!, a value forb/a51.41 for a 9 L EtBr-d3
exposure andb/a51.76 for a 300 L EtBr-d3 exposure is
obtained. The value of this ratio is greater than 1 for
measured exposures indicating thatb-hydride elimination is
favored overa-hydride elimination.

Figure 6 shows TPD spectra of D81Br, H81Br, H2, D2,
and HD obtained following a 300 L EtBr-d2 exposure to
Ge~100! at a sample temperature of 373 K. The TPD sp
trum for HBr shows a peak at 670 K and the H2 spectrum
shows only a small peak. In contrast to the experiments w
EtBr-d3 no D containing compounds other than C2H2D2 are
observed. This means that the H attached tob-C is trans-
ferred to the Ge surface and recombines with adsorbed
atoms to desorb as HBr. These observations indicate
b-hydride elimination is the only pathway for ethylene fo
mation on the Ge~100! surface.

The secondary reaction product~H or D! was followed
and used to determine the branching ratio of the hydr
elimination reaction because it is difficult to separate the
ferent ethylene fragments when using electron impact ion
tion at an ionization energy of 70 eV. This is also why w
are not able at this time to explore the kinetic isotope effe
of this reaction in more detail.

From previous studies,22,28–30there are two possible path
ways for forming HBr. One pathway is recombination
surface H and surface Br atoms. A TPD study fro
D’Evelyn et al.22 showed that H2 desorbed at 575 K for 0.1
ML and 565 K for 0.5 ML. HBr desorbed at 590 K for 0.
J. Vac. Sci. Technol. A, Vol. 15, No. 3, May/Jun 1997
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ML and shifted to 582 K for 0.5 ML. HBr has near-firs
order desorption kinetics. The other possible channel is
atom extraction of surface Br. Several studies28–30 indicate
that H atom extraction of Br adsorbed on Si~100! has an
activation energy of almost zero, the desorption is first ord
and it is only dependent on the coverage of Br. In this wo
the surface Br was generated by dissociative adsorption
EtBr-d3 at 373 K, and the H atoms were generated by
composition of ethyl groups at 650 K. So at this temperatu
the H atoms may combine with surface Br by diffusio
across the Ge surface or by directly combining with Br wit
out transferring first to the surface.

The deuterated EtBr experiments show that there is
isotope effect in the thermal decomposition of ethyl group
the Ge~100! surface.b-hydride elimination is the exclusive
mechanism for the removal of the surfacea-deuterated ethyl
group (CD2CH3). Both a- and b-hydride elimination are
observed for the removal of the surfaceb-deuterated ethyl
group (CH2CD3). The reason fora elimination is probably
due to H-Ca having a larger vibrational energy compared
D-Cb , because the D atom is two times heavier than the
atom. The H-Ca bond can break and combine with surfa
Br or D by a-hydride elimination. Without this isotope ef
fect,b-hydride elimination would be the only mechanism f
the removal of ethyl groups on Ge~100!.

FIG. 6. TPD spectra following a 300 L exposure of EtBr-d2 to Ge~100! at a
surface temperature of 375 K.
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IV. CONCLUSIONS

We have studied the surface chemistry of GeH2Et2 and
GeHEt3 on the Ge~100! surface. The compounds dissoci
tively adsorb producing ethyl groups and adsorbed hydrog
As the surface is heated, the hydrogen produced during
adsorption step desorbs at 570 K, the temperature for
desorption of hydrogen from a monohydride cover
Ge~100! surface. The ethyl groups undergob-hydride elimi-
nation at 650 K, leave the surface as ethylene, and dep
atomic hydrogen on the surface. The hydrogen immedia
recombines to form molecular H2 and desorbs producing s
multaneous C2H4 and H2 desorption peaks.
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