B-hydride elimination processes on silicon
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The adsorption and decomposition of ethylbromide on th@08) and S{111) surfaces is
investigated. Ethylbromide adsorbs molecularly on Si at surface temperatures below 110 K.
Warming the ethylbromide-covered surface above 200 K results in the cleavage of the carbon—
bromine bond with the formation of surface ethyl groups and coadsorbed bromine atoms. Further
heating of the surface leads to the decomposition of surface ethyl groups which desorb as ethylene
leaving hydrogen at the Si surface. The hydrogen atoms recombine at higher surface temperatures
(near 800 K and desorb as molecular hydrogen. Isotopic labeling of the hydrogen within the ethyl
group provides greater insight into the mechanism for ethylene formation. A branching reaction is
observed betweef- and a-hydride elimination within the ethyl group to form ethylene. The ratio

of the amount of ethylene produced Byhydride to a-hydride elimination can be varied by the
position of the deuterium label within the ethyl group. The reaction rate for ethylene production is
measured and how this rate is influenced by the isotopic substitution is discusset9960
American Vacuum Society.

[. INTRODUCTION and hydrogen. The formation of isobutylene was possible
only through aB-hydride reaction. However, when the same
The growth of 1lI-V and [I-VI semiconductors in a self- molecule is decomposed on(8l1) or Si(100), reversible
limiting layer-by-layer process using alternating cycles ofdesorption was observed at low surface temperafriéshe
precursor gases is known as atomic layer epitédyE)."”  Sj surface temperature is increased above 750 K during the
Control of film thickness and uniformity over a large areaT|BA exposure, some nucleation of Al is observed with a
has been achieved. Recently, film growth and surface chengignificant amount of carbon incorporation. This observation
istry studies have begun to consider the deposition of grougyggests that TIBA decomposes differently on Si than on Al
IV materials by ALE®~® Diethylsilane and diethylgermane and makes the comparison with diethylgermane and diethyl-
are two precursors that show some promise for the ALE of Sgjlane studies difficult.
and Ge, respectively. In surface chemistry stutifesof In this study, ethylbromidéEtBr) is used as a precursor to
these two molecules, ethyl groups are deposited onto thgeposit ethyl groups onto @00 and S{111). A recent study
surface by decomposition of the parent molecule and desorhas shown that EtBr is an excellent precursor for ethyl group
at higher temperatures as ethylene. The proposed mechanigeposition onto $100).2” Deuterium labeling of ther- or
tic step for the decomposition of surface ethyl groups to formg.carbon within the ethyl group is used to help distinguish
ethylene isg-hydride elimination. the decomposition mechanism of surface ethyl groups to
The results of these previous studies are consistent with @rm ethylene. The surface processes are followed by ultra-
B-hydride elimination reaction, however, no direct evidence\,io|et photoe|ectron SpeCtI’OSCOFﬂUPg and temperature
for this mechanism was obtained. Another possible reactioprogrammed desorptiofT PD).
is a elimination of hydrogen, followed by a hydrogen shift to
yield ethylene. This latter mechanism was used to explain
experimental results for the gas phase decomposition c” EXPERIMENT
ethylsilanes. However, the gas phase studies have not unam- The experiments are carried out in a stainless steel ultra-
biguously determined the decomposition mecharfsfi. high vacuum chamber. The chamber is equipped with a
Francisco and Schlegel have also proposed, based oratheir double-pass cylindrical mirror analyzé€MA) for Auger
initio calculations for the photodissociation of gas phase moelectron and photoelectron spectroscopies, a differentially
noethylsilane, that the 1,1-hydrogen elimination of té pumped ultraviolet discharge lamp, a twin x-ray source, an
form C,H;SiH followed by B-hydride elimination of GH,, ion gun, and a quadrupole mass spectrometer for both TPD
was the lowest energy pathway to yield ethyléhe. and secondary ion mass spectrometry. The base pressure of
B-hydride andpg-alkyl elimination surface reactions and the system is 810 ! Torr with a typical working pressure
their role in chemical vapor deposition were first directly of 1x10° Torr.
observed by Bent and co-workeérs?® They examined the The samples are cleaved intoXR5x0.4 mm rectangles
thermal decomposition of trisisobutylaluminu@@BA) on  from n-type S{100) and S{111) wafers[Virginia Semicon-
Al(111) and Al(100). This molecule was an effective precur- ductor, +0.25° of the(100 or (111) plane, Sb doped, 5-10
sor for the deposition of Al with the evolution of isobutylene mQ cm resistivity] and mounted to a liquid nitrogen cooled
manipulator. The sample is held by molybdenum clamps for
dAuthor to whom correspondence should be addressed. resistive heating. The sample temperature is monitored by a
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Fic. 1. Left-hand panel: He UPS spectra for various exposures of EtBrto Si(100) at 90 K. The EtBrd; coverages shown afa) 0.10,(b) 0.14, and(c)
0.40 ML. The bar graph under curvés) and (f) is for the gas-phase photoelectron spectrum of EtBr. Right-hand paneal:\HRS spectra for various
exposures of EtBd; to Si(111) at 90 K. The EtBrd; coverages shown are) 0.13,(e) 0.24, and(f) 0.45 ML.

pair of Chromel—Alumel thermocouples attached to the back'he Si(2) transition for the clean Si surface is measured at
of the sample with Aremco 516 ceramic adhesive. 99.4+0.1 eV binding energy.

Surface cleanliness is followed by Auger electron and ul-  Ultraviolet photoemission spectra are taken withiHea-
traviolet photoelectron spectroscopies. A clean surface igiation (40.8 eV} from a He gas discharge lamp and the
generated by the removal of the native oxide by repeate@€MA is operated at a fixed pass energy of 20 eV. All the
heating to 1213 K in vacuum followed by slow cooling to reported binding energies are referenced to the Si valence
room temperature. The sample is cleaned, as needed, byband edge, which is assigned as 0 eV binding energy.
keV Ar" sputtering, followed by annealing to 1213 K. The = Temperature programed experiments are conducted with a
number of defects induced by sputtering can be reduced bynear temperature ramp of 6 K Swith the crystal in line of
exposing the Si sample to an apparent pressurexdf®6®  sight of the quadrupole mass spectrométemdifferentially
Torr Si,Hg (Moltaix, ultrahigh purity grade, minimum purity pumped. The absolute coverage at saturation for hydrogen
99.999% while the surface temperature is maintained at 850n Si{100 near room temperature has been determined using
K for about 5 min. The SHq gas flow is then turned off and nuclear microanalysis by Lu and co-work&ras 2 monolay-
the sample is annealed at 1213 K before cooling. ers (ML) (1 ML=6.8x10" Si atoms cm?). The TPD area

Bromoethane (Aldrich, 99+% purity), 1,1-bromo- from a saturation coverage of H atoms is then used as a
ethaned, (C/D/N Isotopes, Inc., 98.7 at.% )D internal standard for Hthermal desorption.
2,2,2-bromoethand, (C/D/N Isotopes, Inc., 98.7 at. %)D
and bromoethandsg (C/D/N Isotopes, Inc., 98.7 at. %)are  [Il. RESULTS AND DISCUSSION
further purified by several freeze—pump-thaw degassin
cycles and the purity of the gases is checkeditu by mass
spectrometry. The gas is admitted to the chamber through an The low-temperature adsorption of ethylbromide is exam-
effusive doser and directed onto the front face of the crystained by ultraviolet photoelectron spectroscap}PS. Figure
at an apparent pressure ok 30 1° Torr above the base pres- 1 presents the He UPS spectra for several coverages of
sure for various periods of time. The surface coverages arEtBr-d; (CD;CH,Br) adsorbed on $100) and S{111) at 90
measured by either x-ray photoelectron spectroscopy.or HK. The left-hand side of Fig. 1 shows the data obtained on
thermal desorption. the S{100 surface. At the highest coverage sho\fig.

X-ray photoemission spectra are taken withkdd radia-  1(c)], five peaks are observed. These five features are ob-
tion (1486.6 eV with the anode operating at 435 W of served at the lowest coverages and increase in intensity as
power. The CMA is operated at a fixed pass energy of 25 e\the coverage of EtBd is increased. The measured positions

%\. Ultraviolet photoelectron spectroscopy
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Fic. 2. Left-hand panel: He UPS spectra for an initial coverage of 0.40 ML of Etf3radsorbed on $100) at a surface temperature of 110 K and annealed
to several different temperatures. The temperatures showatd0, (b) 200, and(c) 400 K. The bar graph under curvés and (f) is for the calculated
gas-phase photoelectron spectrum gfi€Si(SiH;);. Right-hand panel: He UPS spectra for an initial coverage of 0.45 ML of EtfBy-adsorbed on $111)

at a surface temperature of 90 K and annealed to several different temperatures. The temperatures stp@, &ge200, and(f) 400 K.

of the peaks in Fig. (t) are 4.7, 6.5, 9.0, 13.9, and 17.6 eV left-hand side of Fig. 2 shows the HeUPS spectra for
binding energy. The small peak centered near 2 eV bindindetBr-d, (CH;CD,Br) with an initial coverage of 0.40 ML as
energy is due to the valence band of the Si substrate. The barfunction of temperature on the($00 surface. Figure @)
graph under Fig. (&) indicates the energies for the gas phaseis the result obtained after adsorbing EtBr-onto the
photoelectron spectrum of EtBt.The energy of the highest Si(100) at a surface temperature of 110 K. Warming the
occupied molecular orbital for gas phase EtBr is aligned withEtBr-d, covered Si100) surface to 200 K, cooling to 110 K,
the feature at 4.7 eV in Fig(d). The agreement between the and recording the He photoelectron spectrum is shown in
gas phase energies and the measured photoelectron spectrbig. 2(b). The peak at 4.7 eV is removed by the anneal to 200
[Fig. 1(c)] is interpreted as due to molecular adsorption ofK, while the remainder of the spectrum is relatively un-
EtBr-d;. The features in Fig. (t) are assignedusing the changed. Heating the surface to 400/Kig. 2(c)] does not
symmetry notation of Jorgensen and Saf@nas follows: produce any significant changes in the spectrum when com-
o(CBI), 4.7 eV; m(CH,), 6.5 eV, 7'(CHs), 9.0 eV, o(CHs, pared to spectrum(B).
CC), 13.9 eV; and C(8), 17.6 eV. The peaks energies agree The bar graph underneath Fig(cRindicates the calcu-
well with the previously published energies for EtBr ad-lated molecular orbital energids for gas phase
sorbed on SiL00) at 110 K?’ C,H:sSi(SiHz); assuming that Koopmans's theor&mis

The right-hand side of Fig. 1 shows the data obtained ombeyed in the photoelectron experiment. This substituted si-
the S{111) surface. As observed with the ($00 surface, lane is a model molecule used to represent an ethyl group
there are distinct photoemission peaks that can be assignedadsorbed on a silicon surface. There is reasonable agreement
molecularly adsorbed EtBE. For the highest coverage between the measured photoelectron spectffig. 2(c)]
shown[Fig. 1(f)], the position of the peaks are 5.0, 7.7, 9.9,and the calculated gas phase spectrum for the ethyl group.
14.5, and 17.4 eV binding energy. On both Si surfaces theréhe calculated spectrum is shifted in energy by the same
are small shifts in the position of these features with increasamount as the measured gas phase spectrum for EtBr. This
ing coverage without appreciable differential splitting of the shift in energy results in the calculated molecular orbital at
peaks. The small shifts are most likely due to final state7.7 eV binding energy to fall at a valley compared to the
relaxation effects. measured spectrum in Fig(@. The calculated energy levels,

Additional UPS experiments are performed as a functiorhowever, are within 0.5 eV of the measured energy levels.
of surface annealing temperature. These results are summBased on this agreement and the lack of the molecular orbital
rized in Fig. 2 for the Si100 and S{111) surfaces. The at 4.7 eV, we assign the photoelectron spectra shown in Figs.
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2(b) and 2c) as adsorbed ethyl groups. The disappearance of
the peak at 4.7 eV is then due to cleavage of the C—Br bond.
High resolution electron energy loss spectroscopy studies of - 7
EtBr and EtBrd, covered Si100) surface$’ also confirm the a
assignment of these features to surface ethyl groups above
room temperature. L

The right-hand side of Fig. 2 shows the same type of
annealing experiments performed on thd1$1) surface.
Figure 2d) shows the Ha UPS spectrum for EtBd-; ad-
sorbed on the $111) surface with an initial coverage of 0.45
ML. Warming the EtBre; covered Si111) surface to 200 K,
cooling to 90 K, and recording the Hiephotoelectron spec-
trum is shown as Fig.(®). The peak at 5.0 eV is removed by
the anneal to 200 K in a similar manner to what was ob-
served on the $100 surface. Heating the &il1l) surface to
400 K [Fig. 2(f)] does not produce any significant changes
and this result is interpreted as due to the formation of stable
surface ethyl groups.

TTTTTTTrr [ TTTT R R R R R L N R R R L R

EtBr-d,/Si(100)
B=6K/s

QMS Signal Intensity (arb. units)

B. Temperature programed desorption studies

The decomposition of EtBr on the silicon surfaces is fol-
lowed by TPD. The only desorption products observed by
TPD at all coverages are hydrogen, ethylene, and bromine
atoms. In general, the ethylene is produced by the decompo-
sition of the surface ethyl groups. The hydrogen gas is 400 500 00 700 500 900 1000
formed by the recombinative desorption of hydrogen atoms
that are generated by ethyl group decomposition. Auger elec-
tron spectroscopy results after the temperature ramp did n@is. 3. Upper portion: HD TPD spectra for several Etreoverages from
reveal any carbon deposition. the S{100) surface. The HD intensities have been multiplied by a factor of

. . : .5. The temperature ramp rate was 6 R and the adsorption temperature
Figure 3 shows a typical set of TPD data obtained for the\c/)vas 90 K. The EtBd; coverages show(from smallest to largest arpare

.Si_(Z.I.OO) surface exposed to various amounts of Ed_@lat an  0.09, 0.19, and 0.30 ML. Lower portion: Ethylene TPD spe¢B3D3) for
initial surface temperature of 90 K. The lower portion of Fig. the same EtBd, coverages shown in the upper portion.

3 shows the ethylene desorption intensity. Thiz=30 in-
tensity is shown. This signal can be a combination of the
C,Di and GD,H; ions. The desorption of ethylene is cen- the S{100) surface. H desorption is also observed but not
tered near 640 K at the lowest coverage. As the EtRr- included in the figure for clarity. On &ill) the maximum
coverage is increased the ethylene desorption intensity irpeak temperature for ethylene is higher compared (b08).
creases and the maximum peak temperature shifts to lowdthe peak temperature is measured at 670 K and does not
temperatures. The hydrogen desorption is shown in the uppshift within experimental reproducibility.
portion of Fig. 3. The desorption curves shown are for hy- The kinetic parameters for ethylene desorption are also
drogen desorbing as HD. The hydrogen thermal desorptiodetermined and these results are summarized in Table I. The
exhibits a peak near 800 K. As the EtBs-coverage is in- first column of Table | lists the ethyl group generated from
creased, this peak increases in intensity and the maximumthylbromide on $i100) and S{111) with the appropriate
peak temperature does not shift within experimental reprodeuterium label. The second column indicates the type of
ducibility. This peak is attributed to desorption of hydrogenhydrogen atom transferred to the surfac@-fiydride elimi-
from the monohydride phase on(800) as previously ob- nation occurs. The last two columns summarize the kinetic
served by Schulze and Henzf8rThe presence of HD is parameters for the reaction rate of ethylene. The desorption
evidence of bothw- and B-hydride elimination steps leading of ethylene was found to be first order. The kinetic param-
to ethylene formation. Pand H, are also detected, but are eters are determined by fitting the ethylene TPD spectra with
not included in Fig. 3 for clarity. The desorption temperaturethe desorption rate equation. These values are determined for
of D, and H, is the same as that for HD. Quantitation of the each of the detected ethylene molecules whether produced
hydrogen isotopes enables one to determine the amount by a- or B-hydride elimination. This procedure was adopted
ethylene produced and how it is producéglther o- and  because the reaction rates did not exhibit a coverage depen-
B-hydride elimination in the ethyl group, discussed below dence or an isotope effect that was measurable within experi-
Figure 4 presents a set of TPD results for the decomposimental error.
tion of EtBrd; on the S{111) surface. The desorption of The major difference between the two silicon surfaces is
hydrogen(m/z=3 andm/z=4) is similar to that observed on that the preexponential factor and activation energy for de-

Temperature (K)

JVST A - Vacuum, Surfaces, and Films



1830 D.-A. Klug and C. M. Greenlief: B-hydride elimination processes on Si 1830

oms can then recombine at higher surface temperatures to
form D,. H atoms can also be deposited onto the surface by
a-hydride elimination and these atoms can combine to form
H,. However, as shown in Figs. 3 and 4, a substantial
amount of HD is produced. This means that bathand
B-hydride elimination processes are leading to the formation
of ethylene.

A branching ratio of the amount of ethylene produced by
B-hydride toa-hydride elimination can be calculated by de-
termination of the amounts and types of hydrogen produced.
In the case of EtBd; as the ethyl group precursor, this ratio
is shown as

EtBr-d,/Si(111)
L [B=6K/s

Op,+ 201D
A2 0 D)

@ O, + 30D .

In EqQ. (1), 6 is the coverage of the appropriate type of hy-
drogen in monolayers. The branching ratio as a function of
surface coverage for EtBt; on the S{100) surface is shown
‘ in Fig. 5 (open triangles The line through the data points is
- . to aid in the viewing of the data. The branching ratio is a
m/z=30 weak function of coverage and the ratio is less than unity for
‘ EtBr-d;. This result means that-hydride elimination is
slightly preferred toB-hydride elimination in the decompo-
sition of the ethyl group when the deuterium label is attached
e i -6(')0' e 7(‘):** Lo '80- o T to Fhe,B-carb_on. The solid squares show the same branc_:hing
ratio (B/a) with EtBr-d, as the ethyl group precursor. With
EtBr-d, there is a strong coverage dependence in the branch-
Fic. 4. Upper portion: R TPD spectra for several EtBf; coverages from Ing _ratlo' At low coveragesy-hydride elimination dominates
the S{111) surface. The temperature ramp rate was 6 Kand the adsorp-  (ratio<1) and for coverages greater than about 0.25 ML,
fi;n et?;;g;l:;e (\]Ng; 9000K9- TohigEtgg-dcooviga?v(leLs sf:v\;ve(frrorgnsicr::‘a}llzf; tﬁe o B—hydride eIiminati_on is_strpngly favored. Again it should be .
((‘Qng') and HD TI£>D ’spéctr’a fbr t,he sam.e Enﬂ?{;{-:overageps shoWn in);he pointed out that thl.s ratio is based OI’.I a mass balance and is
upper portion. not a branching ratio based on reaction rates.
The reaction rates of ethylene formation or{180) are,
within experimental uncertainty, independent of ethyl source.
sorption on the $111) surface are higher. This difference However, the position of the deuterium atoms within the
can be most easily seen by the higher peak desorption terethyl group plays a role in how much ethylene is formed by
perature on $111) for ethylene. a-hydride orB-hydride elimination. When the deuterium at-
Since theg-carbon in the surface ethyl group is labeled oms are attached to th@carbon it is easier to transfer a H
with deuterium when EtBd; is the precursor, insight as to atom from thea-carbon to the Si surface. Mass differences
how ethylene is formed can be gainedgthydride elimina-  petween H and D obviously play a role in this mechanistic
tion occurs in the production of ethylene, then a deuteriumstep. The other main point is the surface coverage. At low
atom is left behind at the surfa¢eo hydrogen desorption is ethyl group surface coverages, there are a number of open Si
observed concurrent with the ethylgn@wo deuterium at-  sjtes. The number of open nearby sites could also influence
how ethylene is formed as evidenced by the coverage depen-
dence for EtBr, in Fig. 5. With EtBrd, as the ethyl source

QMS Signal Intensity (arb. units)

Temperature (K)

TasLE |. Kinetic parameters for the desorption of ethylene from the decom-

position of deuterium labeled ethyl groups or{18i0) and S{111). at low coverages, D atom transfer from theposition be-
comes a competitive reaction channel even with the differ-
Species Transferred v (s7Y) E, (kcal mol?) ence in hydrogen masses.

CH,CH,/Si(100 H 8x10f*1 20.1+2

CH,CD,/Si(100 H 1x 106+t 20.5+2 IV. SUMMARY

CD4CH,/Si(100) D 1x107*1 21.6+2 The adsorption and decomposition of ethylbromide to

CDLCD,/Si(100 b 9% 10741 25 36 form ethyl groups on $100 and S{111) has been exam-
ined. At surface temperatures less than 110 K, molecular

CD5CH,/Si(11]) D 2x10%1 27.1*+2 adsorption of the molecule occurs. The carbon—bromine

CD,CD,/Si(111) D 5x 101 31.0+2 bond is broken by annealing the surface above 200 K and

this results in the formation of surface ethyl groups. A
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Fic. 5. Branching ratio as a function of ethyl group surface coverage @9@iwith EtBr-d; (open trianglesand EtBrd, (solid squaresas the ethyl group
precursor.
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