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The effect of post&sorbed atomic hydrogen on adsoqtion, desorption and decomposition of ethylene on 

Si( 100)-(2x1) has been studied using high-resolution electron energy loss spectroscopy (BRBELS), temperamre 
programmed desorption (TPD), and low-energy electron dil%action (LBBD). HRBBL spectra show that ethylene, 
in the absence of hydrogen, rehybridixes from q? to d and forms a di-o bonded structure to the surfaoz After 
low post-exposures to atomic hydrogen, the observed Si-H mode and the absence of signifkant change in the 
chemisorbed ethylene spectrum indicate that the surface dangling bonds still exist after ethylene adsorption, and 
that the adsorption of ethylene is accompanied by cleavage of the original Si-Si dimer bond. ln addition, the 
hydrogen-saturated dangling bonds are found to stabilize the di-a bonded ethylene, leading to increased 
decomposition at higher temperatures. However, higher exposures of atomic hydrogen convert the initial (2x1) 
reconstruction of the ethylene-saturated surface to a (1x1) structure. Furthermore, the thermal desmption peak of 
molecular ethylene is shifted up by approximately 100 K. HRBBLS data show that the C-C bond still exists, 
and, by using atomic deuterium, a C-D mode is observed. We explain our data by an atomic hydrogen-driven 
conversion of the dis bonded ethylene to a mono-6 bonded surface ethyl, Thermal activation leads to 
decomposition of about 60% of the initial ethylene in contrast to the mainly molecular desorption in the 
absence of hydrogen. 

I. INTRODUCTION 

Unsaumued hydrocartKwrs such as ethylene and 
acetylene are important precursors for the growth of 
Sic thin films by chemical vapor deposition (CVD) 
and chemical beam epitaxy (CBE). Because of the 
increasing interest in Sic as a wide band gap 
material for high tempemture device applications, 
recent work has focused on understanding the 
elementary &en&al reactions of these molecules on 
a silicon substrate [1,2]. Earlier studies have shown 
that unsaturated hydrocarbons, like acetylene, 
ethylene, and propylene, chemisorb on a Si(100) 
surface with high probability, whereas saturated 
hydrocarbons do not chemisorb [3,4,5]. At higher 
temperatures, acetylene is found to decompose on 
the surface, whereas ethylene mainly desorbs 
molecularly. Consequently, the former seems to be 
a better candidate for Sic thin film formation. 
However, these studies are still idealized insofar as 
the influences of any coads&@s are concerned. ln 
particular, hydrogen is known to play an important 
role in many CVD processes, either as a reaction 
product (e.g., from silane, disilane, and di- 
ethyl&me) or as a carrier gas. The effect of pfead- 

sorbed hydrogen on the adsorption and 
decomposition of hydrocarbons has been studied and 
its influence is mainly one of site-blocking, which 
prevents subseqmznt hydrocarbon adsqtion [3,61. In 
contrast, few results have been reported on the effect 
of post-adsorbed hydrogen 171. In this work, we 
shall present a detailed study of the structure, 
bonding, and thermal decomposition of ethylene 
under the influence of post-adsorbed hydrogen. To 
understand the elementary reactions induced by 
atomic hydrogen, it is necessary to know the 
bonding configuration prior to the exposure of 
hydrogen. Recently, the controversy found in the 
literature regarding the structure and bonding of 
acetyleue and ethylene on Si( 100) has been resolved 
[8,9.10]. Because of its importance, we start with a 
brief presentation of our results for ethylene adsorp- 
tion in the absence of hydrogen. The discussion of 
post-adsorbed hydrogen is then divided into low- and 
high*xpoaureregimes. 

II. EXPERIMENTAL DETAILS 

The experiments were carried out in an 
ultrahigh vacuum (UHV) chamber (basepmssure 7 x 
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2OlJO cm-l 1121. Our results are similar to those 
from a previous IlREELS study [133. Comparison 
with infmred spectra of organosilicon compounds 
allows an assignment of the peaks [14], as 
summarked in Table 1 and discussed in detail 
elsewhere 191. 

Table 3: Vibrational energies (in cm-l) and their as- 
signments for saturation coverage of ethylene on 

(a) Model 1 

Sill OO)-(2 x 1) 

(b) Model 2 

Si(lOO)-(2 x 1) W4 

0 Slalom, @ Catom, b Hatom, 1 Sidanglhgbcmd 

Figure 2: Ball snd stick models for di-a bonded ethylene 
on Si(lOO)-(2x1): (a) bonding to the silicon dangling 
bonds with the Si-Si dimer bond remaining intact [13]; 
I$);= with cleavage of the Si-Si dimer bond [8, 

Our HRIIfM results confirm a di-a bonded 
ethylene which is rehydridized from the gas-phase 
sp to sp3. However, these data alone are 
insufficient to discriminate between the ptoposed 
adsorption models shown in Fig. 2. In particular, 
the question cannot be resolved unambiguously as 

Electron Energy Loss (cm-l) 

Figure 3: HREEL spectra of the ethylene-saturated 
Si(lOO)-(2x1) surface after post-exposure of atomic hy- 
drogen at 150 K: (a) C D4/Si(lOO) a&r post-exposure to 
4 L of deuterium; (b) 5 D,,/!G(lOO) after postexposure to 
4 L of hydrogen; (c) C.&/Si(lOO) after post-exposure to 
2 L of &uterium. 

to whether ethylene is bonded to the silicon 
“dangling bonds” or is inserkd into the Si-Si dimer 
bond leaving the silicon dangling bonds intact. To 
distinguish between these models, we exposed the 
ethylene-sammted surface to low doses of atomic 
hydrogen (< 5 L) at temperatures below 150 K. In 
Fig. 3, the HREELS data are shown for three 
different isotopic combinations: (a) qDa after post- 
exposure to 4 L of deuterium, (b) C2D4 after post- 
exposure to 4 L of hydrogen, and (c) C2H, after 
post-exposure to 2 L of deuteaium. 

Comparing the spectra with and without post- 
dosed deuterlum, Figs. 3(a) and l(b), shows that the 
spectrum with post-exposured deuterium has, in 
addition, a strong energy-loss peak at 1525 cm-l: 
the Si-D stretching mode. The remaining loss 
features are essentially the same for both spectra 
The HREELS data demonstrate clearly that a Si-D 
bond is formed on the surface upon post-dosing of 
deuterium and the chemisorbed ethylene is only 
weakly permrb& No rrztions between the ethylene 
and hydrogen have taken place, as inferred, for 
example, by the absence of a C-D stretching 
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Figure 4: TPD spectra for the C,D,-saturated Si(lOO)- 
(2x1) surface after post-exposure to atomic deuterium: (a) 
Without exposure of atomic deuterium; (b) after 5 L 
deuterium exposure; (c) after 50 L deuterium exposure. 
The desorption products are molecular C,D4 and 
molecular deuterium. The heating rate was 2 K s-l. The 
observed LIZED patterns for each case are noted on the 
left side. 

vibration at 2180 cm-1 in Fig. 3(c), and only a weak 
intensity for the C-H stretching mode at 2950 cm-t 
in Fig. 3(b), which is also visible in Fig. I(b) 1121. 
The (2x1) diffraction pattern of the etbylene- 
saturated Si( 100) surface does not change after these 
low exposures to atomic hydrogen, which is 
expected if the ethylene remains di-a bonded to the 
surf&. 

Figure 4(a) shows the tkrmal desorption spec- 
trum for a qD,-saturated surface. The slightly 

asymmetric peak shows the desorption of molecular 
ethylene takes place at about 590 K, No other 
hydrocarbon desorption products were observed. 
This is in agreement with earlier studies which 
showed that ethylene desorbs predominantly (98%) 
molecularly 133. The TPD spectra for a CzD4- 
mtumted surface which was post-exposed to atomic 
deuterium at 150 K are shown in Figs. 4(b) and (c), 
for a 5 L dosage and a higher dose of 50 L, 
respectively. The desorption products are molecular 
D, and C2D4. The ethylene desorption peak 
bmadens, shifts slightly to higher temperatures, and 
is reduced in intensity after post-exposure to 5 L of 
atomic deuterium. After a dose of 50 L, the ethylene 
desorption peak is shifted up by about 100 K to a 
desoqion temperature of 700 K, and the area of the 
desorption peak is reduced by about 4096, corn@ 
to ethylene desorption in the absence of hydrogen. 
After an exposure of 5 L, deuterium desorbs around 
790 K, which is the &sorption temperature for the 
monodeuteride phase of deuterium adsorbed on 
Si(100). The deuterium desorption spectrum after a 
50 L exposure shows, in addition, a second 
desorption peak at about 670 K. Again, the deu- 
terium de.sorption spectrum seen here is similar to 
the desorption of deuterium from a clean Si(100) 
surface for higher atomic deuterkun dosages at low 
temperamms.Themonodeuterideandthedideuteride 
desorption pzaks, originating from deuterium atoms 
bonded to a Si-Si dimer and from two deuterium 
atoms bonded to the same silicon atom, 
respectively, are clearly seen. In addition, a change 
in the LEED pattern from a (2x1) to a (1x1) 
superstructure accompanies the significant upshift in 
the ethylene desorption peak temperature and the 
occurrence of a dihydride desorption peak following 
exposures to atomic deuterium above 10 L. 

To clarify the origin of the &u&urn TPD 
peaks and to address the question of whether there is 
a chemical teaction between the &orbed ethylene 
and the atomic deuterium, an isotopic exchange 
experiment was perf&, the results of which are 
presented in Fig. 5. The ~D.+uuraM surface was 
exposed to 1 L of atomic hydrogen, (a), and to 80 L 
of atomic hydrogen, (b). The TPD signal was 
monitored for molecules with masses 2 @Ix), 3 
(HD), 4 (D$ 32 (C2D4). 31 (CzD+O, and 30 
(C2DzHz>. For display purposes, the baselines of 
the spectra are shifted. With the 80 L exposure, the 
spectra again show a shiit to higher temperatures for 
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Figure 5: TPD spectra for the C2Dq-saturated Si(lOO)- 
(2x1) surface after exposure to atomic hydrogen: (a) 1.0 
L and (b) 80 L. Masses 2 (HIZ), 3 (HD), 4 (D$, 32 (Cp ). 
31 (C2DSH), and 30 (~zD$2) are monitored. Masses 40 
and 31 have umtributmns &om the cracking pattern of 
CzD,, (66% C D +) and due to the isotopic impurity of 
the r;D, (152 &D,H). respectively. The TPD signels 
in (a) for masses 30 end 31 originate only from these 
two effects. The isotopic mixing in @) is given by 
C2D,:C,D3H:C2D,H, = 1:0.45:0.32 after corn&on for 
tbe isotopic impurity and the various cracking patterns. 

theethylenedesorptionandareductionindeso@on 
intensity. The monohydride peak for the hydrogen 
dcsorption is observed at low exposures folIowed by 
a dihytide desorption peak at higher exposures. For 
the proper interpretation of the isotopic exchange 

data, i.e., the origin of masses 31 and 30, the 
cracking pattern of ethylene must be taken into 
account (C2H,+/C2H4 + = 0.6, as determined 
independently for our system). Additionally, the 
CzD,H isotopic impurity (15%) in the %D, gas 
must be corrected for. The TPD spectra for low 
hydrogen exposure, shown in Fig. 5(a), for masses 
30 and 31 originate completely from these two 
effects. In other words, there is no isotopic exchange 
within the ethylene molecule up to the thermal 
desorption temperature. This conclusion has been 
confirmed by HREEU data (see Fig. 6). The 80 L 
exposure data in Fig. 5(h), on the other hand, show 
a strong ethylene peak for mass 3 1, which indicates 
isotopic exchange into the ethylene molecule. After 
correction for the isotopic impurity am-l the various 
cracking patterns, the isotopic mixing in (b) is 
given by C2D.&,D,H:C,D,Hz = 1:0.45:0.32. The 
desorption spectra for the hydrogen isotopes show 
mainly hydrogen from the atomic hydrogen 
exposure at low doses, see Fig. 5(a). In addition, 
them is some deuterium seen as HD molecules from 
the decomposition of the deuterated ethylene which 
also occurs on a nominally clean Si(lOO)-(2x1) 
surface [31. At higher exposum, see Fig. 5(b), the 
desorption of the monohydride is observed for all 
three hydrogen species, Hz, HD, and D,. It is 
important to note, however, that the dihydride 
desorption peak at lower temperatures is only seen 
for the Hz molecule, not for HD or D,. 
Furthezmom, the monohydride peak tempemture for 
H2 is slightly lower than for HD or D,. Although 
our absolute temperature measurement is not 
accurate, this small shift recorded for different 
masses within the same TPD run is uuambiguous. 
Both observations underline that hydrogen and deu- 
terium are bonded differently at the onset 
temperature for thermal desorption and that only the 
isotopic SiHz dihydride species is present on the 
Surface. 

The HRFJZLS data for a deuterated ethylene- 
saturated surke after different post-exposures of 
atomic hydrogen am shown in Fig. 6. The spectra 
without atomic hydrogen and after post-cxposum to 
4 L of hydrogen have already been discussed above 
and are shown agaiu for comparison+ With higher 
atomic hydrogen exposures of 10 and 22 L, the Si-H 
stretchiag mode at 2100 cm-l increases in intensity. 
Two new loss features are also clearly visible: the 
SiH, scissoring mode at 980 cm-t and the C-H 
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Fie 6: HREEL spectra for the C,D,-saturated Si( lOO)- 
(2x1) surface after various post-exposures to atomic 
hydrogen. Only the new vibrational modes are labeled. 

stretching mode at 2950 cm-l. The latter is increased 
well above the contribution from the C2D,H 
isotopic impurity mentioned earlier. Figure 7 
shows the HBEEL spectra for different post- 
exposures of atomic deutcrinm to an ~H@urated 
surface. The hydrogen isotopes in ethylene and 
atomic hydrogen have been chosen to examine the 
loss-energy region around 1100 cm-l which is no 
longer mashed by the strong S% scissoring mode 
and CH2 modes. The low exposure data have been 
discussed earlier and are shown again for 
comparison, In Fig. 7, for a deutcrium post- 
exposure of 20 L, a strong peak at 1070 cm-t, the 
C-C single bond order stretching mode, signifies 
that even after high exposures to atomic cleuterium, 
the carbon single bond remains intact. 

IV. DISCUSSION 

lbe HREELS, TPD and LEED data show clearly 
that two distinct regions occur for post-adsorbed 

Fii 7: HREEL spectra for the CzH,,aahwated Si(lOO)- 
(2x1) surface after various post-exposures to atomic 

atomic hydrogen on an ethylene-saturated Si(lOO)- 
(2x1) surface. For low exposures to atomic 
hydrogen, hydrogen is found to sahuate the dangling 
bonds as was clearly observed in the HBEELS data 
(Fig. 3) discussed here and in mure detail elsewhere 
[9]. After coadsoqXion, the (2x1) reconstruction of 
adsorbed ethylene is maintained. For higher 
exposures, the atomic hydrogen converts the 
ethylene to an adsorbed ethyl group, which leads to 
the observed (1x1) LEED patkm. The incorj7oration 
of atomic hydrogen into the ethyl group and the 
presence of a C-C single bond were clearly shown 
by HBEELS data (pips. 6, 7). Based on these 
results, a mechanism for the chemical reaction of 
ethylene with postadsorbed hydrogen is proposed in 
Fig. 8. To keep sack of the origin of the hydrogen, 
the mculel is shown for dcuteratcd ethylene. For low 
exposures, here indicated by up to two hydrogen 
atoms per two silicon surface atoms (or per one Si- 
Si dimer on the clean (2x1) surf=), the saturation 
of dangling bonds leads, upon thermal activation, to 
desorption of molecular ethylene (qD,J and subse- 
quent monohydridc dosorption as in the absence of 
ethylene. Electronic stabilization of the ethylene by 
post-&orbed hydrogen is indicated by the broaden- 
ing and small upshifting of the ethylene desorption 
peak. With this stabilization, some ethylene decom- 
poses to surface carbon, liberating molecular hydm- 
gen that desorbs molecularly (not shown in Fig. 8). 
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The change in branching ratio, clearly seen in the 
TPD data, with stabilization of a hydrocarbon 
molecule was used previously to explain why acety- 
lene adsorb4 on Si(lOO)-(2x1) mainly decompose3 
and the similarly bonded ethylene on the same 
surface mainly &sorbs upon thermal activation [ 11. 

Further post-exposure to atomic hydrogen is 
found to break one of the Si-C bonds, leading to an 
ethyl group bonded to the surface. This explains the 
emergence of a (1x1) LEED pattern. The vibrational 
spectro~ clearly shows the incorporation of hy- 
drogen into the newly formed ethyl group and the 

preaenceofaC-Csinglebond.Theethylgroupcan 
either decompose via a-hydride eliminadon, or un- 
dergo p-hydride elimination, liberating ethylene 
115].Inourcase,the~y1grwpisstabilizedbythe 
formation of silicon dihydride, as shown in Fig. 8. 
Uponheating,thedihydridemustdesorbfirst(nearly 
theidezildihydridedeso@iontemperature)toreopen 
the reaction path for p-hydride elimination and 
desorption of ethylene. The expected significant 
shift in ethylene desoqion temperature above the 
dihydride desorption has been unambiguously 
observed. Furthamw, the mechanism predicts the 
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Figure 8: Schematic reaction and decomposition mechanism for ethylene upon post-exposure ta atomic 
hydrogen on the Si(lOO)+l) surface. 

predominance of Hz for the dihydride desorption, as ethyl group and ethylene might be reversl%le before 
is also observed experimentally. At these high the molecule finally decomposes to surface carbon 
temperahues, the conversion between an adsorhcd and hydrogen or desorbs. This would explain the 
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observed isotopic exchange of more than one 
hydrogen atom within the ethylene molecule. For 
the highest exposures of atomic hydrogen, ‘a small 
probability for a direct reaction between gas phase 
atomic hydrogen and the hydrocarbon, as in a gas- 
phase reaction, must also be kept in mind [161. 

V. CONCLUSIONS 

We have shown that ethylene adsorbed at low 
temperatures is dis bonded to silicon by insertion 
into the Si-Si dimer bond on the clean Si(lOO)-(2x1) 
s&e. Low exposures of atomic hydrogen saturate 
the dangling bonds on the silicon, which leads to 
the stabilization of the adsorbed ethylene. Therefore, 
the branching ratio between thermal decomposition 
and molecular desorption is increased. High 
exposures of atomic hydrogen, on the other hand, 
lead to a a-bonded ethyl forming a (1x1) surface 
reconstruction. The ethyl is significantly stabilized 
by the formation of a silicon dihydride blocking the 
possibility of hydrocarbon desorption via b-hydride 
elimination. Therefore, about 60% of the initial 
ethylene decomposes, leaving carbon on the surface 
and liberating hydrogen. This is in contrast to the 
mainly molecular desorption of ethylene in the 
absence of post-adsorbed hydrogen. The dramatic 
effect of hyrhogen reported in this study, highlights 
the importance of understanding the role of such 
coadsorbates for a better fundamental understanding 
of CVD or CBE processes. 
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