Reactions of diethylgermane, triethylgermane, and ethyl groups on Ge(100)
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The adsorption and decomposition of diethylgermane and triethylgermane on (b@0Gsurface

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 g3-hydride elimination reaction. Isotopic labeling experiments are used to confirm this
reaction step. This is in contrast to the€1%l0 surface where botk- and 8-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. 197 American Vacuum Society.
[S0734-210(097)58603-9

[. INTRODUCTION oms in alternating fashion, either as chopped beams in high

As the explosive development of the semiconductor invacuum or as switched streams of vapor. The substrate tem-

dustry continues, the size of microelectronic and optical gePerature and gas pressure or flux are selected to allow one

vices is smaller and the structure of these devices is morg10|eCUIar layer O,f the precursor to chemisorp f'ind react. The
complex. The atomic level understanding of these structurefél_m grows.stepW|se. The ther.mal decompos!tlon of monp-,
is crucial for continued development of methods for fabrica-di~ @nd, triethylgermane on silicon was studied to examine
tion of these devices. With the maturing of ultrahigh vacuumthe possmltig use of these molecules as CVD and ALE
(UHV) technology and sophisticated analytical tools, such agregursoré.‘ Each of these molecules was able to deposit
Auger electron spectroscopES), low energy electron dif- G€ in an ALE reaction cycle. jHand GH, were observed as
fraction (LEED) and temperature programmed desorptionthe gas phase products of the surface reaction.
(TPD), the atomic level investigation of these fabrication A similar study examining the surface chemistry of
processes and the development of new synthetic methods a&eHbEt, on G&100) was recently reportetf. Again surface
being performed by a number of research laboratories. Basetihyl groups were detected. These ethyl groups decomposed
on the results of this research, new technologies have bedf form ethylene. However little insight as to the formation
developed and novel structures have been synthesized, fof ethylene was given. The pathwayfor ethylene desorp-
example, VLSI structures, quantum well lasers, high electroiiion from the decomposition of surface ethyl groups on
mobility transistors, and superlattice avalanche photodidbdesSi(100) and S{111) were examined>'® There are two pos-
These device implementations give added impetus to resible pathways. One reaction sequence-isydride elimina-
search work. tion followed by a hydrogen shift in order to generate ethyl-
Coincident with these developments, research related tene. The other sequence is @-hydride elimination.
epitaxial growth of semiconductor films from atomic and g-hydride elimination is mostly proposed for the removal of
molecular beams and chemical vapors has also grown ragurface ethyl groups®®9121416.17An ab initio calculation
idly. The main types of processes studied include moleculafor the gas phase monoethylsilane shows tBatydride
beam epitaxyMBE), chemical vapor depositiofCVD) and  elimination is the lowest energy pathway to yield ethyl&he.
atomic layer epitaxy(ALE). In CVD, chemical components One approach to examine these pathways used deuterium
in the vapor phase react to form a thin film at a substratgabeling of the hydrogen within the ethyl group to distinguish
surface. The growth is at conditions near thermodynamigetween the two mechanisms on silicon surfdéeghe re-
equilibrium and is mostly controlled by diffusional processessults showed that both-hydride ands-hydride elimination
occurring in the crystallizing phase surrounding the substratgre involved in producing ethylene. The branching ratio of
Crystal. The Unique attributes of CVD are conformal film the two mechanismsma) showed an isotope effect and
growth and selective area growth. B-hydride elimination was the dominant pathway for ethyl
ALE is a further refinement in the evolution of CVD decomposition on Si when exposed to Etiy-
growth techniques, that can control film thickness to one |, this article we report the reactions of diethylgermane
monolaye”™* ALE is ba;gd on chemical reactions at the(GeHzEtz), triethylgermane (GeHEBY, and ethylbromide
surface of a sub_strate; it is surface-controlled growth. The{EtBr) on the G¢100) surface. These studies provide a direct
reactants are delivered as pulses of neutral molecules or aébmparison to those previously completed on silicon sur-

5 faces. Room temperature exposure of @Getl, GeHEL, or
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ethylene. Deuterium labeling of the ethyl groups allows for n T T
the determination of the decomposition pathways to ethyl-

ene. C,H,/GeH,Et,/ Ge(100)
T,=375K
Il. EXPERIMENT
The experiments are performed in a custom-built stainles TP

steel UHV chamber and the chamber is pumped by a/580
turbomolecular pumgBalzers TPU 520 The main chamber

is equipped with a quadrupole mass analyddil model
1000 for residual gas analysis and TPD studies, a set o
reverse-view LEED opticéPrinceton Research Instruments
and an ion gun for sputtering. The base pressure of the sy:
tem is 1.5<10 1° Torr with a typical working pressure of
2.0x10 1 Torr.

The samples are cleaved into>X1@5x 0.2 mm rectangles
from n-type G100 substrate$Eagle-Picher*0.5° of the )
(100 plane, Sb doped, 0.04—-04 cm resistivity. Before € e
placing the sample into the chamber, thg T8§) substrate is
degreased bya) ultrasonically rinsing in trichloroethylene, \
acetone, and methanol for 3 min eadh),immediately blow- [ T
ing dry with dry nitrogen, andc) ultrasonically rinsing in
deionized water for 15 min to lower the contact resistafice. a
The sample is held by molybdenum clamps for resistive [y o
heating and mounted to a manipulator. The sample temper: 0 = - _— 00
ture is monitored by a pair of Chromel-Alumel thermo-
couples attached to the back of the sample with Aremco 51o
ceramic adhesive. Low energy electron diffraction is used g, 1. TPD spectra of g, following different exposures of Gefit, at a
check the cleanliness and periodic order of the(106 surface temperature of 375 K. The exposures showfa@09, (b) 0.9, (c)
2x 1 surface. A clean surface is generated by the removal ot (d) 90.(€) 300, and(f) 600 L.
the native oxide by repeated heating to 850 K in vacuum
followed by ion sputtering3 keV Ar*, 1 uA), and annealing . )
at 850 K. The number of defects induced by sputtering, adf H atoms is then used as a internal standard fpthidrmal
observed by the sharpness of the LEED pattern, can be r&€sorption.

duced by exposing the Ge sample to an apparent pressure of S0Me of the experiments reported here were repeated in a
5% 10" 8 Torr GeH, (Voltaix, ultrahigh purity grade, mini- second UHV chamber that was previously described in

mum purity 99.999%while the surface temperature is main- deta_il.z“ This second chamber is equipped for TPD and AES
tained at 570 K for about 5 min. The @#; gas flow is then studies. AES analysis of samples treated in the same fashion
turned off and the sample is annealed at 850 K before cooS described above revealed no carbon contamination after
ing. After several cycles of Ar sputtering, annealing, cleaning of the sam.ple nor after the Femperature ramp in
GeHs exposure, and annealing, a sharg 2 LEED pattern TPD experiments using the molecules in this study.
was observed for the GEOO) surface.

1,1-bromoethane-, (C/D/N Isotopes, Inc., 98.7 at. %)DP  |Il. RESULTS AND DISCUSSION
2,2,2-bromoethand; (C/D/N Isotopes, Inc., 99.2 at. %)D
diethylgermangGelest, purity>98%), and triethylgermane
(Gelest, purity>98%) are further purified by several freeze- The adsorption and decomposition of G&it} and
pump-thaw degassing cycles and the purity of the gases i8eHEt were followed by TPD. TPD spectra were obtained
checkedin situ by mass spectrometry. The exposures ardollowing different exposures of Gefit, and GeHE{ to the
reported as langmuird.) (1 L=10 ° Torr sed as measured Ge&(100) at a surface temperature of 375 K. In the TPD stud-
directly by the ion gauge. ies, no parent fragment ions were detected. The only desorp-

Temperature programmed experiments are conductetion products observed by TPD, after a search for other hy-
with a linear temperature ramp of 5 K 5with the crystal in  drocarbons such as,8, or C,Hg, were H, and GH,,.
line-of-sight of the quadrupole mass spectrometer. The cov- Figure 1 summarizes the,B, desorption resulting from
erage at saturation for hydrogen on (B&0) at room tem- the decomposition of Gejitt,. The GH, desorption spectra
perature has been determined as 1 monoléytr) (1 ML show a single desorption peak centered at 650 K. The inten-
=one adsorbate per surface Ge atdfrf®-2The tempera- sity of the desorption state increases with increasing
ture programmed desorption area from a saturation coveraggéeHEt, exposure. The ethylene desorption peak area satu-

i e e 4 e
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QMS Signal Intensity (arb. units)

Temperature (K)

A. Diethylgermane and triethylgermane on Ge(100)
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Fic. 2. TPD spectra of Kfollowing different exposures of Gelt, at a Fic. 3. TPD spectra of ¢, following different exposures of GeHEat a
surface temperature of 375 K. The exposures showiiaa@09, (b) 0.9, (c) surface temperature of 375 K. The exposures showiaa@09, (b) 0.9, (c)
9, (d) 90, (e) 300, and(f) 600 L. 9, (d) 90, and(e) 300 L.

rates and remains constant for exposures greater than 600 tnonohydride phase. The peak at 645 K is formed by imme-
The ethylene desorption kinetics were also determined. Thdiate recombinative desorption of hydrogen atoms that are
entire data set can best be described as a first order desogenerated by surface ethyl group decomposition which oc-
tion process with an activation energy for desorptioncurs at the same temperatydiscussed further belgw
of 45+1 kcal mol'! and a preexponential factor of Figure 3 shows the £, desorption resulting from the
1x 10"t g7t decomposition of GeHEt The overall desorption features
Figure 2 shows K TPD spectra obtained following vari- (peak temperatures and desorption ratee similar to those
ous exposures of GeHt, to the G€100 at a surface tem- obtained for GekEt,. The main difference is that the de-
perature of 375 K. The Hdesorption peaks are broad com- sorption peak areas are larger for a given exposure. This
pared to those obtained from atomic HRef. 25 or  difference can be related simply to the number of ethyl
digermane exposuré8 At the highest exposurd§ig. 2(f)], groups contained in each starting molecule.
the main part of the desorption is centered at 650 K, the same The H, desorption spectra from the decomposition of
temperature as the ethylene desorption. There is also a sho@eHEf are summarized in Figure 4. Again the #esorption
der to the low temperature side of the main peak and thepectra are similar to those obtained for GEH. The de-
H, desorption that starts near 500 K. Since the desorption dforption peak is broad and asymmetric to the low tempera-
H, from a clean Ge surface is at 575°k%?the production of  ture side. However, the majority of the,ldesorption occurs
H, desorbing at 650 K is reaction limited. This broag H near 650 K. A deconvolution of Fig.(d), using two Gauss-
desorption peak may be composed of two peaks: one corian peaks, yields peak temperatures at 655 K and 590 K.
sisting of H, from bare Ge sites and one of, Kesorbing In these thermal desorption studies of GEH and
with the ethylene. The approximate position of the two peaksseHEt on G€100), no parent fragments are detected in the
was determined by fitting the desorption spectra with twoTPD spectra obtained following different exposures to
Gaussian functions. A typical fit of the desorption spectraGe(100). No carbon was dectected on the Ge surface after
yields two desorption states with peak maxima at 570 K andhe TPD studies within the dectection limit of AES. These
645 K. The peak at 570 K is then most likely formed by two results indicate that the incident precursor molecules dis-
recombinative hydrogen desorption from the germaniunsociatively chemisorbed on the surface, which is consistent
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Fic. 5. TPD spectra following a 300 L exposure of Et8§to Gg100) at a

Fic. 4. TPD spectra of KHfollowing different exposures of GeHfat a
surface temperature of 375 K.

surface temperature of 375 K. The exposures showiiaa@09, (b) 0.9, (c)
9, (d) 90, and(e) 300 L.

B. Ethyl group decomposition on Ge(100)

with the dissociative adsorption of GelEt, on G&€100) ob- The decomposition of CICD,(EtBr-d,) and
served previously by high resolution electron energy lossCD;CH,(EtBr-d;) on the G€100) surface were followed by
spectroscopyHREELS.* The TPD peak observed at 570 K TPD to gain further insight about ethyl group decomposition
is due to the recombinative desorption of H atoms and then Ge. No TPD signal was detected for either parent EtBr
second peak at 650 K is due to the desorption of H atomsolecule.

generated by hydride elimination of surface ethyl groups. If The exposure of EtBd,; or EtBr-d, to the Ge surface,
the two H atoms attached to Ge in G, are transferred to  followed by TPD analysis, yielded ethylene as the major
Ge(100) upon adsorption, two peaks should be observed irdesorption product. The ethylene desorption spectra were
TPD for H, with the same area because the hydride eliminaidentical to those obtained using Ggtt, or GeHEg§ and are
tion of the two ethyl groups will generate two H atoms. In therefore not reproduced. The ethylene desorption is cen-
the H, TPD results, there is only one peak at 650 K with atered at 650 K and the peak does not shift in temperature
low temperature shoulder. This peak was fit by two Gaussiawith the increasing of EtBd; or EtBr-d, exposures. These
peaks at 570 and 645 K. The area for the peak at 570 K igesults indicate thatl) EtBr-d; and EtBrd, probably disso-
only 26% of the peak at 645 K. In the GeHHIPD experi- ciate to CHCD; or CD,CH; and Br upon adsorption onto
ments, the low temperature shoulder in the dtsorption Ge&100. Similar behavior is observed for EtRt; and
peak at 650 K is smaller than that observed for ¢l EtBr-d, adsorption on $100).1>®The ethylene is then pro-
Fitting the H, desorption spectrum in this case revealed thatluced from the decomposition of surface ethyl grou@s.

the peak area at 590 K is 9% of that at 655 K. These result¥he desorption of ethylene is a local effect and not affected
suggest that Gejtt, and GeHE} dissociatively adsorb by the coadsorbed atoms, such as Ge and Br.

as more than one organometallic species, such as Figure 5 shows the TPD spectra for a series of species
GeHC,Hs), (x=0-3). If GeHEt, and GeHE{ transfer that desorb from Ge as a result of EtBg-decomposition.
small amounts of H to the surface upon adsorption to the'PD spectra of B'Br, H¥'Br, H,, D,, and HD following a
Ge(100 surface, and the adsorbed organometallic specie300 L exposure of EtBd; to G100 at a sample tempera-
decompose at 650 K, the above HIPD spectra could be ture of 375 K are shown. The HIPD spectrum is feature-
obtained. less. B and HD desorb at 650 K, the same temperature as
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the ethylene desorption. HBr and DBr desorb at 660 K and , , ,
the peak areas for HBr and DBr are about two times larger

than those of D and HD. Based on desorption peak areas,
the formation of hydrogenbromide is the main pathway for
desorption of hydrogefH or D) and Br. The observation of | e e e

D, and DBr indicates thaB-hydride elimination played a
role in the decomposition of the surface ethyl group since the
D was attached t@-C of the ethyl group. The observation of N _
HD and HBr indicates that the-hydride elimination also
played a role in the decomposition of the surface ethyl group
since H was attached t®-C of the ethyl group. The branch-
ing ratio for the two mechanistic pathways can be estimated
by the following equation:

......

B 26D2+ 0D7QB|-+ 0D81Br+ 6HD
;[ B 20H2+ 0HD+ 9H79Br+ aHngr.

HYBr' vt

&Y

QMS Signal Intensity (arb. units)
|
L

In equation(1), 6, represents the TPD peak area for species u s
X. The numerator is the total number of D atoms generated : ‘\..M__‘,.—"' e
by B-hydride elimination and the denominator is the number - ) .
of H atoms generated by-hydride elimination. From TPD
data(not shown, the TPD peak area of ¥¥Br is the same as
that of H''Br within experimental error, which agrees with
the natural isotopic abundance for bromif®0.69% for

Br and 49.31% for®'Br).?’ If the ratio of D’*Br and HD' St e 2
D81Br areas is also 1:1, then equatidin can be rewritten as L . . L

4

D, S—

300 400 500 600 700 800
B 20D2+ 200818, + Bhp Temperature (K)
o= . @
1o 20H2+ Onpt+ 264815, Fic. 6. TPD spectra following a 300 L exposure of Etyt0 Gg100) at a

surface temperature of 375 K.

With equation(2), a value forB/a=1.41 fa a 9 L EtBr-ds
exposure an@3/a=1.76 for a 300 L EtBrd; exposure is
obtained. The value of this ratio is greater than 1 for all
measured exposures indicating tiahydride elimination is ML and shifted to 582 K for 0.5 ML. HBr has near-first-
favored overa-hydride elimination. order desorption kinetics. The other possible channel is H
Figure 6 shows TPD spectra offtBr, H®'Br, H,, D,,  atom extraction of surface Br. Several studfe? indicate
and HD obtained following a 300 L EtBd, exposure to that H atom extraction of Br adsorbed on(1%i0 has an
Ge(100 at a sample temperature of 373 K. The TPD spec-activation energy of almost zero, the desorption is first order,
trum for HBr shows a peak at 670 K and the spectrum and it is only dependent on the coverage of Br. In this work,
shows only a small peak. In contrast to the experiments witlthe surface Br was generated by dissociative adsorption of
EtBr-d; no D containing compounds other thagHzD, are  EtBr-d; at 373 K, and the H atoms were generated by de-
observed. This means that the H attache3t€ is trans- composition of ethyl groups at 650 K. So at this temperature,
ferred to the Ge surface and recombines with adsorbed Bhe H atoms may combine with surface Br by diffusion
atoms to desorb as HBr. These observations indicate thaicross the Ge surface or by directly combining with Br with-
B-hydride elimination is the only pathway for ethylene for- out transferring first to the surface.
mation on the GE00 surface. The deuterated EtBr experiments show that there is an
The secondary reaction produgi or D) was followed isotope effect in the thermal decomposition of ethyl group on
and used to determine the branching ratio of the hydridehe G€100 surface.B-hydride elimination is the exclusive
elimination reaction because it is difficult to separate the dif-mechanism for the removal of the surfagedeuterated ethyl
ferent ethylene fragments when using electron impact ionizagroup (CBCH,). Both - and B-hydride elimination are
tion at an ionization energy of 70 eV. This is also why we observed for the removal of the surfagedeuterated ethyl
are not able at this time to explore the kinetic isotope effectgroup (CHCDs). The reason fow elimination is probably
of this reaction in more detail. due to H-G, having a larger vibrational energy compared to
From previous studie%;?®~*there are two possible path- D-Cg, because the D atom is two times heavier than the H
ways for forming HBr. One pathway is recombination of atom. The H-G bond can break and combine with surface
surface H and surface Br atoms. A TPD study fromBr or D by a-hydride elimination. Without this isotope ef-
D’Evelyn et al?2 showed that K desorbed at 575 K for 0.1 fect, 8-hydride elimination would be the only mechanism for
ML and 565 K for 0.5 ML. HBr desorbed at 590 K for 0.1 the removal of ethyl groups on Ge&0.
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IV. CONCLUSIONS 8p. A. Coon, M. L. Wise, and S. M. George, J. Chem. P198.7485
1993.

We have studied the surface ChemiStry of @Eb' and 9I(3. A.3Coon, M. L. Wise, Z. H. Walker, S. M. George, and D. A. Roberts,
GeHEg on the G¢100 surface. The compounds dissocia-  Appl. Phys. Lett.60, 2002(1992.
tively adsorb producing ethyl groups and adsorbed hydrogen®c. M. Greenlief, D.-A. Klug, and L. A. Keeling, Mater. Res. Soc. Symp.
As the surface is heated, the hydrogen produced during the Proc.282 427(1993. )
adsorption step desorbs at 570 K, the temperature for thélégggkahasmv H. Ishii, and K. Fujinaga, J. Electrochem. S 1826
desorption of hydrogen from a monOhydn.de C.OV.ered 13N, Du, L. A. Keeling, and C. M. Greenlief, J. Vac. Sci. Technol12,
Ge(100 surface. The ethyl groups undergehydride elimi- 2281(1994.
nation at 650 K, leave the surface as ethylene, and deposit_ a. Keeling, Ph.D. dissertation, University of Missouri, 1995.
atomic hydrogen on the surface. The hydrogen immediately*‘A. Mahajan, B. K. Kellerman, J. M. Heitzinger, S. Banergee, A. Tasch, J.
recombines to form molecular-and desorbs producing si- M. White, and J. G. Ekerdt, J. Vac. Sci. Technol.18, 1461(1995.

multaneous gH, and H, desorption peaks. 15D -A. Klug and C. M. Greenlief, J. Vac. Sci. Technol.14, 1826(1996.
6. A. Keeling, L. Chen, C. M. Greenlief, A. Mahajan, and D. Bonser,

Chem. Phys. Lett217, 136 (1994).
ACKNOWLEDGMENTS P A. Coon, M. L. Wise, A. C. Dillon, M. B. Robinson, and S. M. George,
The authors are happy to acknowledge the National Sci- J- Vac. Sci. Technol. B0, 221(1992.
ence FoundatiofGrant No. CHE-910042%nd the Univer- 183, S. Francisco and H. B. Schlegel, J. Chem. PBgs3736(1989.

. . ) . 19%.-J. Zhang, G. Xue, A. Agarwal, R. Tsu, M.-A. Hasan, J. E. Greene, and
sity of Missouri Research Board for support of this research. A. Rockett, J. Vac. Sci. Technol. Al, 2553(1993.

One of the author§C.M.G) also acknowledges the National 205 \ conen, v. L. Yang, E. Rouchouze, T. Jin, and M. P. D'Evelyn, J.

Science Foundation for a Young Investigator Award. Vac. Sci. Technol. ALO, 2166(1992.
2IM. P. D’Evelyn, S. M. Cohen, E. Rouchouze, and Y. L. Yang, J. Chem.
IM. A. Herman and H. SitteMolecular Beam ExpitaxySpringer, Berlin, Phys.98, 3560(1993.
1989. 22\1. P. D’Evelyn, Y. L. Yang, and S. M. Cohen, J. Chem. PHy&1, 2463
2T. Suntola, Thin Solid Film®6, 216 (1992. (1994.
3T. Suntola and M. Simpsortomic Layer EpitaxyChapman and Hall, 23 B. Lewis, J. Segall, and K. C. Janda, J. Chem. Pigg, 7222(1995.
New York, 1990. 24C. M. Greenlief and D. A. Klug, J. Phys. Che@6, 5424(1992.

4 o .
J. M. Heitzinger, J. M. White, and J. G. Ekerdt, Surf. 299/30Q 892 25 Sumev and M. Tikhov, Surf. Scl38 40 (1984).

(1993. 26). Chen and C. M. Greenligfinpublished

5 . . .
A. Mahajan, B. K. Kellerman, N. M. Russell, S. Banerjee, A. Campion, J. ,; ; e .
G. Ekerdt, A. Tasch, J. M. White, and D. J. Bonser, J. Vac. Sci. Technol. CRC Handbook of Chemistry and Physiedited by R. C. WeasChemi-

A 12, 2265(1994). cal Rubber, Cleveland, 19Y5

5p. A. Coon, M. L. Wise, A. C. Dillon, and S. M. George, Mater. Res. Soc. %C. C. Cheng, S. R. Lucas, H. Gutleben, W. J. Choyke, and J. T. Yates, Jr.,
Symp. Proc282, 413(1993. J. Am. Chem. Socl14, 1249(1992.

7A. C. Dillon, M. B. Robinson, and S. M. George, Surf. S286, L535 D. D. Koleske and S. M. Gates, J. Chem. Pt§8.8218(1993.

(1993. 30D, D. Koleske and S. M. Gates, J. Chem. P3&.5091(1993.

JVST A - Vacuum, Surfaces, and Films



	I. INTRODUCTION
	II. EXPERIMENT
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS

