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Adsorption and desorption of deuterium on partially oxidized S100 surfaces
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Adsorption and desorption of deuterium are studied on the partially oxidizé@isurfaces. The partial
oxygen coverage causes a decrease in the initial adsorption probability of D atoms. The obsgrved D
temperature-programmed-desorpti@i®D) spectra comprise of multiple components depending on the oxygen
coverage o). For 6o=0.1 ML the D, TPD spectrum is deconvoluted into four components, each of which
has a peak in the temperature region higher than th€®D peaking at 780 K on the oxygen free surface. The
highest TPD component with a peak around 1040 K is attributed to D adatoms on Si dimers backbonded by an
oxygen atom. The other components are attributed to D adatoms on the nearest or second nearest sites of the
O-backbonded Si dimers. D adatoms on the partially oxidized Si surfaces are abstracted by gaseous H atoms
along two different abstraction pathways: one is the pathway along direct abstré&B&) to form HD
molecules and the other is the pathway along indirect abstraction via collision-induced-des@pfipof D
adatoms to form P molecules. The ABS pathway is less seriously affected by oxygen adatoms. On the other
hand, the CID pathway receives a strong influence of oxygen adatoms since the range of surface temperature
effective for CID is found to considerably shift to higher surface temperatures with incre@sin@radual
substitution of D adatoms with H atoms during H exposure results in HD desorption along the CID pathway in
addition to the ABS one. By employing a modulated beam technique the CID-related HD desorption is directly
distinguished from the ABS-related one.
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. INTRODUCTION Si(100 surface to T,=1100K on the oxidized
surfaces*>¢18The TPD peak appearing in the high tem-
The importance of hydrogen chemistry on Si surfaces haperature region was assigned to D adatoms sticked to surface
been widely admitted in the field of silicon electronic de- Si atoms that are back-bonded with oxygen atdfrRecent
vices. In case of metal-oxide-semiconductor devices, for exstudies using electron-energy-loss-spectrostopyand
ample, hydrogen as well as deuterium atoms can terminatgcanning-tunneling-microscoBy(STM) revealed that O at-
dangling bonds at the Si-Sjdnterface, thereby enhancing oms generated on a hot W filament are taken into the Si
the channel conductance of which degradation receives isdackbonds as they are admitted onto hydrogen terminated
tope effect Such a hydrogen termination of dangling bondssurfaces. Furthermore, it was observed in the vibrational
is also known to be effective in keeping Si surfaces clean andpectroscopy that as O atoms are inserted into Si backbonds
flat against oxidatioA:> With such a potential application of the relevant Si-H stretching frequencies shift to a higher en-
hydrogen to Si technology, little is known about the influenceergy region**?° Quite recentb initio calculations revealed
of oxygen on hydrogen reactions such as adsorption ontthat the Si-H bond energy becomes stabilized by back-
surfaces, abstraction of adatoms, thermal desorption, etbonding oxygen aton”s.
This is partly because even on the clean surface the kinetic The purpose of this study is to elucidate the effect of
mechanism of HD) uptake including abstraction of adatoms oxygen atoms on such hydrogen chemistry on th@(®)
by gas phase atoms remains controvefsial. surface by means af situ mass spectrometry. It is important
While the adsorption probability of molecular hydrogen isto know the spatial range of influence by an oxygen atom
extremely small on Sl,gaseous atomic hydrogen can effi- towards hydrogen atoms on their adsorption, abstraction, and
ciently stick to Si dangling bonds. They react even with theassociative desorption. This is studied in a low oxygen cov-
hydrogen terminated Si surfaces, abstracting hydrogerrage regime fordg~0.1 ML (one adatom per surface Si
adatomg,""*1%preaking the Si-Si bond to form higher Si atom. The O or D coverages are systematically changed in
hydrides!* or etching surface silyl speci@s? A hot the range below 1 ML by employing plasma-generated O or
precursor-mediated reactiohmay be preferred to a direct D atomic beams. The DTPD spectrum obtained on the
Eley-Rideal reaction for the abstraction reaction of hydrogerO(0.1 ML)/Si(100 surface is deconvoluted into four compo-
adatoms. However, a question has been raised about wheth®ents, from which the D and O coadsorption structure is
such hot precursors are fre@ot atom mechanist) or  discussed. The effect of oxygen atoms on D abstraction by H
bound (hot complex mechanisthin their lateral motion on is also investigated.
the surface.

So far the studies on _H and O c_oadsorption_ o) Il EXPERIMENT
surfaces have been restricted to their coadsorption structure:
the temperature-programmed-desorptiofTPD) spectra The experiments were done using an ultrahigh vacuum

of hydrogen molecules were found to be remarkably(UHV) system with a base pressure 0£20 ° Torr. Figure
shifted in peak temperature frof,=780 K on the clean 1 schematically illustrates the UHV system used, which is
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1 FIG. 2. D, TPD spectra obtained from the D/O(800) surfaces
| K+¢ @ I AES for various O precoverages. The D/Q/BI0 surfaces were pre-

pared by 0.3-ML D dosing to the oxidized surfacesTgt 503 K.

from the D/O/S{100 surface during H admission were also
detected with the QMS. In order to discriminate HD desorp-
o tion via direct abstraction pathway from indirect one the H

2 beam was chopped by a thin stainless steel blade driven by a

- . o
FIG. 1. Schematic illustration of the experimental apparatus em-pulsed stepping motor with a 50% duty cycle at 2 Hz.

ployed in this study. QMS: quadrupole mass spectrometer; AES:
Auger electron spectrometer; DP: oil diffusion pump; TMP: turbo- Ill. RESULTS AND DISCUSSION

molecul .
olecular pump A. D, TPD

equipped with an Af ion gun to sputter surfaces, an Auger ~ As has been well established in the literattit&’ D,
electron spectrometefAES) to check surface cleanliness, TPD from the monodeuteride phase or{180) surfaces is
and a quadrupole mass spectromé@vS). Acommercially  characterized by a first-order rate law with respect to D cov-
available Si100) wafer (p-type, 8.6() cm) was cut into a erage @p), having a TPD spectral peak &,=780 K. In
10x20x0.3-mn? specimen. It was attached to a samplecontrast to Flowers’ repoff, no peak shift in the p TPD
holder on a manipulator. The surface was sputtered at surfag@ectra was observed for the entire coverage range tested for
temperatureT=820 K and then annealed at=1100 K, 0.01 ML= 6p=<1.0 ML on the clean $100) surface. On the
followed by 1 K/s cooling. The cleanliness of the surfaceother hand, B TPD spectra from the surfaces partially oxi-
was checked with the AES, ar@(KLL) and OKLL) AES  dized atT,=503 K were easily affected by small amounts of
intensities were found to be well below 1% with respect tooxygen. Figure 2 shows DIPD spectra measured for vari-
Si(LVV) AES intensities. In order to deposit D and O atomsous oxygen precoveragedd). In this case the total D dose,
on the S{100 surface, D and O beams were generated byyielding 6p,=0.3 ML on the oxygen free surface, was fixed
radio-frequency plasma of JJAr mixed gas and pure £ for each surface. One can easily notice that@h&d PD peak
gas, respectively, in triply evacuated differential chambersis affected by oxygen atoms even at a low O coverége
The O beam was admitted onto the surface to oxidize it, and=0.05 ML, with the apparent peak shift by about 30 K to
then the D beam was admitted to terminate surface danglinthe higher temperature region. Besides, a new broad peak
bonds. For comparison,@as was also employed to prepare appears in the temperature region higher thanghérPD

an oxidized surface. Coverages of oxygen atoms were detepeak. With increasingy the main TPD peak decreases in
mined from OKLL) AES intensities by referencing an O intensity. On the other hand, the new TPD peak increases in
uptake curve as a function of,@xposure through a variable intensity and extends its tail further into a higher temperature
leak valve. We calibrated O coverages along the coverageegion. For6,=0.3 ML, the apparent peak at around 800 K
versus Q exposure curve already reported in the literafidre. is almost extinguished, while the new peak shifts up to 1100
Deuterium coverages were determined from TPD intensitie&, competing with SiO desorptiol?. A similar behavior of

by referencig a D uptake curve obtained =503 K. For ~ TPD was also found on the surface oxidized with O

TPD spectral scans, direct resistive heating of the sample Since the spectral line shape in Fig. 2 change®sss
was employed to achieve a 3-K/s linear temperature rise bincreased, we expect that the DPD spectra are comprised
controlling the electrical power injected. Surface tempera-of multiple components reflecting the distributed geometry
tures were measured from the electrical resistdRg@f the  for the coadsorbed D and O adatoms. On the partially oxi-
sample by referencing aR versusTg curve obtained after dized surfaces, D atoms may stick to dangling bonds of Si
calibrating with a pyrometer. HD and,Dnolecules desorbed dimers that are either or not back-bonded by an O atom. In
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FIG. 3. Deconvolution of the PTPD spectrum obtained on the O: e Si: otop Oan O3rd

D/O(0.1 ML)/Si(100 surface prepared with 0.3 ML D dose. The FIG. 4. lllustration of the site model for the D adatoms on the

g%convoluted c;)mgortwen(sl,thczﬁ?s, andtC4 were ob(;an;ted tis O(0.1 ML)/Si(100 surface oxidized with O atoms. Thex8 unit
nerence spectra between e speclra measured atter thermay, nearly corresponds t6,=0.1 ML. O atoms are inserted into

:)Igacdhln%haﬂ'?:?OZih 73, Iat:]ld 8?13NK.1I.nS§t:2DTIt3hD spelcgla Ok;; the backbonds of the four corner Si atoms of the unit cell. The TPD
ained without any thermal bleaching1); after a thermal bleach- components of21, C2, C3, andC4 in Fig. 3 are tentatively as-

g ath=;0ts (tShZ);chf73(S3), and 8t53 2264%2(:52 Cz’dggdgf signed to D atoms prepared on the Si dimer sites denotdda,
correspond to the difference spect®1,-S2, S2-S3, an -4, anda, respectively.

respectivelyC4 is equal to S4.
asymmetric, and thus the spectrum could be further decom-
order to dec_onvolute the DIPD spectrum measured on the posed. The componef2 looks most symmetric in spectral
0(0.1 ML)/Sl(lOO) surface, four TPD spectra were meas.,ured"ne shape peaking at,= 810 K still closely toC1, suggest-
by employing a thermal bleaching method as shown in th ng that D adatoms responsible fa2 are only slightly af-
inset of Fig. 3;S1 was obtained without any thermal bleaCh'fected by oxygen atoms. On the other ha@® and C4
ing before the TPD scan, arg?, 53_' ands4 were obtained iy peaks aff ,=865 and 1040 K, respectively, seem to be
after thermal bleaching dB1 atTs=703, 773, and 853 K,  gqyiqgly affected by oxygen atoms. The line shape€®fis
respectively. These bleaching temperatures were chosen ﬁ%arly symmetric, while that dt4 is again quite asymmetric
that each component was flashed out at the low temperatugiy, 3 sharp cutoff in the high temperature region and a talil
tail of the corresponding spectrum. As will be shown belowin the low temperature region. Thus the compor@#tcould
tEe T';D srp])e_ctra ?fbldecohmposed components are br:oad ?)%% further decomposed by more precise thermal bleaching.
thus the ¢ k(')lced(')ff eaching temper_ature IS somew a:jar " In order to facilitate an intuitive understanding of the sur-
trary. By taking difference spectrum, i.&1-S2, 5253 an face structure relevant to the deconvoluted TPD spectra, we
S3-54, the D TPD spectrum on the ©.1 ML)/Si(100 sur- .draw a 4x 3 structure in Fig. 4 to mimic the local arrange-
face was deconvoluted into four components as plotted iMent of the @0.1 ML)/Si(100) surface. The %3 periodic
Fig. 3C1-C4. . structure corresponds to the oxygen coveragl
The peak temperatures and spectral ywdth_s measured fo=r0.083 ML, which is slightly lower than the actual oxygen
the four D, TPD components are summarized in Table I. Thecoverage of 0.1 ML. One might consider that the @ rect-
lowest tempgrature fcompone@tl aﬁpears at thfe sameftem- angular cell lacks the necessity of a spatial homogeneity for
perature region as fof, TPD on the oxygen free surface, yho'random O atom flux. However, one should recall that the
and thus the effect of oxygen atoms @1 seems (0 be reqent model describes only the local configuration contain-
small. However, the observed line shape @1 is quite  jnq 5 few adsorbed oxygen atoms. The actual configuration is
. distributed around the proposed model structure. Besides, the
TABLE |. Peak Temperatured.,, and the full widths at half present SiL00) surface has a double domain structure with
maximum (FWHM), f9r the D, TPD deconvoluted components, 2X1 and 1X 2 terraces. Owing to this situation, the neces-
€1, €2, C3, andC4 in Fig. 3. sity of such a spatial homogeneity may be compromised.
Oxygen atoms are inserted into the backbonds of the four

Component Tp ) FWHM () corner Si atoms in the cell. Here, we consider that D adatoms
C1 780 123 are paired up on Si dimers and desorb the surface along the
c2 810 97 so called intradimer mechanisth?>?"?8There are at least
Cc3 865 124 four kinds of Si dimer sites; one is the site of which back-
C4 1040 113 bonds are occupied with an oxygen atom denoted, dhe

second is the nearest neighbors of the aisdong the same
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dimer row denoted &g, the third is the second nearest neigh- 1500
bors denoted as, and the fourth is the center of the cell
denoted asl. The TPD process via the intra-dimer pathway
is accompanied by a buckling of Si dimers. This indicates
that the transition state to desorption includes considerable
displacement of the Si latticd.Thus the back-bonding oxy-
gens may play dual roles in,Ddesorption: one is the en-
hancement of Si-D bond energy,and the other is steric
restriction to transition geometries of the Si lattice. Such in-
fluences by oxygen to transition structures for desorption
may be also probable at the neighboring Si dimer sites on the
same dimer row through the backbonds. Therefore, it may be
reasonable to assigpd to D adatoms at the most stable sites 0 gt : . \
a, where an oxygen atom is in the backboﬁﬁgndCS toD 500 600 700 800 900 1000 1100
adatoms at the sitels. On the other hand, since the TPD T, [K]
spectra corresponding t61 and C2 are less affected by s
oxygen atoms compared to those @8 andC4,C2 andC1 FIG. 5. D, TPD spectra obtained from the D{@1 ML)/Si(100)
may be assigned to D adatoms at sitendd, respectively. surfaces for various D exposures. The DIQ ML)/Si(100) sur-

An alternative adsorption/desorption mechanism is the sofaces were prepared by D exposure of th@®.0 ML) surface at
called inter-dimer mechanisifr®? along which two D ada- T,=503 K.
toms on two neighboring Si dimers associate and desorb the
surface. The interdimer mechanism seems to be successfuliained from the B TPD intensities in Fig. 2. Here, we
reconciling the old data predicting the disappearance of thehecked RO desorption to evaluate the extent of affection to
barrier for adsorption in desorptidfbut fails to explain the the D uptake. From D TPD measurements we found that
new data exhibiting a considerable translational heating othe amount of D atoms desorbed agbmolecules were less
presence of barriers for adsorption in desorpfibiihe den-  than 2% of the total D dose over the whole range of the
sity functional calculatio?f suggests that the interdimer de- 0xygen coverage employed and thus did not significantly
sorption involves considerable displacement of substrate Siffect the evaluation of D uptake. Since f@§<0.5 ML the
atoms likely to the case of the intradimer desorption. HenceD coverage was shown to almost linealy increase with its
the interdimer desorption mechanism can also explain théxposure on the clean surfatthe D uptake curve obtained
present shift of the PTPD peak to the h|gh temperature for the 0.3 ML D dose can be a measure of the initial sticking
region after the partia| oxidation as shown in F|g 2. 1n thisCOEfﬁCient of D atoms on the oxidized surfaces. Taklng this
desorption mechanism, we may count up more desorptiofto account, we find in Fig. 6 that sticking of D atoms is
sites than the case of the intra-dimer mechanism because Bpisoned by the adsorbed oxygen atoms. It is very interesting
the asymmetric location of the O adatoms with respect to théo notice that the manner of influence of oxygen towards the
pairs of D atoms Sitting on the neighboring Si dimer rows_D sticking is different between the two oxidation methods. D
The increased number in the possible desorption sites could
be related to the observed asymmetry in the specttdnor
C4 which could be further decomposed. 03F =\ ®

The spectral intensity of each component depends on the
D dose orf. Figure 5 demonstrates the changes oflPD
spectra for various D doses on thé¢0d ML)/Si(100 sur-
face. For lowép no peak is present arourid=3800 K, in-
dicating that the coverages of D adatoms responsibl€for
andC2 are low. The spectral intensities 6f1L andC2 in-
crease with increasing D dose, whereas that4fdoes not
increase so much. Fa D dose=0.5 ML, the 8, desorption
channel of dideuterides is already discernible at the lower
temperature side of the main TPD peak. The preferential oc-
curence of TPD at higher temperatures for low D coverages

1000
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® O exposure
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D uptake [ML]
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does not necessarily mean that the D sticking efficiency is 8, [ML]
higher at sites or b than at sites or d, since D sticking is 0
poisoned by O adatoms as will be shown below. FIG. 6. Plots of D uptake ;=503 K as a function of oxygen

In order to get information on the effect of oxygen atomscoyerageg,, for the 0.3-ML D dose on the pre-oxidized surfaces.
on D adsorption, two oxidized surfaces were prepared b¥sgjid circle: S{100 surface oxidized with O atoms; solid square:
exposing to O and Ogases. Figure 6 shows plots of the D sj(100) surface oxidized with @ molecules. The solid line repre-
uptake as a function of for the 0.3-ML D dose on the sents the best fit curvxexy— 6/ Orangd With 6,404 0.23 ML
pre-oxidized surfaces &f;=503 K. These plots were ob- for the D uptake data on the O-oxidized surfaces.

155316-4



ADSORPTION AND DESORPTION OF DEUTERIUM ON . .. PHYSICAL REVIEW 87, 155316 (2003

uptake on the surface oxidized with O decreases almost exr indirect abstraction via an associative desorption of ada-
ponentially withé,. Thus, the initial D sticking coefficier®  toms induced by collision of atomic hydrogen with

is approximately expressed &xexd—60o/0angd, Where hydrogen-terminated surfaces or the so called collision-
frangelS the range parameter representing the poisoning rangaduced desorptiofCID).” Each reaction can be further sub-
of an oxygen atom towards sticking of D atoms. For the besgrouped into “homo” and “hetero” when we use an isotopic

fit result from a least squares method, we obt&ig,e combination of H as gas phase atoms and D as adatoms.

=0.23 ML. Sincefo=0.23 ML corresponds approximately Hetero-ABS is the D abstraction by H to form HD,
to one O adatom in a*22 surface unit cell, the poisoning

range of an oxygen atom is extended not only to the Si dimer H + D/Si(1000—HD (hetero-ABS,
at the sitesa but also to the neighboring Si dimers corre- ) . )
sponding to the siteb or c. and homo-CID is the associative desorption of surface D

On the surface oxidized with £ on the other hand, the D @datoms induced by H atoms,
uptake does not show such a sharp exponential decrease with .
02 as observed on the surface oxFi)dizepd with O but tends to H + D,D/S((100—D;  (homo-CID).
show a flattening at low,. What is inferred from this dif-  \when the D-terminated surface is still fresh at the early
ference in the D uptake_ process is that the oxide structures %ftages of H exposure, HD and, Qlesorptions take place
the two surfaces are different. It may be reasonable {0 consycjysively via hetero-ABS and homo-CID, respectively.
sider that the structure of the surface oxidized withi©not  gjnce the 'surface D adatoms are gradually substituted by H

3 . or . ddatoms during H admission, associative desorption can also
may be closely supplied upon dissociative adsorpnqn of ke place between D and H adatoms, denoted as hetero-
oxygen moleculé® On the other hand, the adsorption of CID: '

oxygen atoms proceeds along first-order Langmuirian kinet-
ics with a unity sticking probability° indicating that the H + H,D/Si(100)—HD (hetero-CID

sticking of oxygen takes place at the impacted sites spatially ' '
homogeneously. Therefore, the oxygen free region may b&herefore, desorbing HD molecules are generated either
wider in area on the surface oxidized with, @an on the  along the pathway of hetero-ABS or hetero-CID. The substi-
surface oxidized with O for the low O coverage regime. Thetuted H adatoms commit themselves to other way around
preferred sticking of D atoms at the oxygen free sites mayeactions, homo-ABS and homo-CID, producing Hhol-
result in the observed moderate decrease in D uptake on thgules. However, detection of,Hiue to homo-ABS as well

surface oxidized with @ _ ~as homo-CID is generally difficult because of serious back-
Going back to the problem of the selective desorptionground H, gas.
from the sites strongly affected by oxygen for lof, as Formation of a hot complex by an H atom incident to a

found in Fig. 5, it is reasonable to consider that during thedoubly occupied Si dimer, (HDSI-SiD)*, may be the first
heating process in TPD the diffusion of D adatoms ex-action to initiate ABS and CID.Association of H and D
changes their sites from the oxygen free sites to the oxidizegtoms in the hot complex results in the generation of ABS.
sites from which they f|na”y desorb. Diffusion barriers of On the other hand' during relaxation of the hot Comp|eX, the
hydrogen have been studied on the clean Si surfacgj-sj dimer bonds are ruptured by H atoms to form dihy-
theoretically’ as well as experimentalfj:** Employing @  drides HSID. So formed HSID are considered to act as a
sophisticated first-principles Monte Calro simulation, Wu precursor for CID provided that the surface temperature is
etal® evaluated the values of 1.68.07 and 2.72 high enough to allow their diffusion. Diffusion of the surface
+0.28 eV for the diffusion barrier heights along and acrossgihydrides(dideuterideson the fully terminated surface take
the Si dimer row, respectively. The value of 1.65 eV can beplace by exchanging their sites with their neighboring mono-
well supported experimentally by Briggs and his gréfip, deuterides in such a way that DSiHDSI-SID
who obtained the barrier height of 1.68.15 eV for H dif- ., pSj-SiH + DSID, or the so called isomerization reaction
fusion along the Si dimer row by a variable-temperaturepetween the dihydride and adjacent monodeutefitigs.
STM technique. Furthermore, the barrier height for diffusionpsip, so formed, will further experience similar reactions to
of paired hydrogen atoms on a Si dimer was also measuregominally propagate D adatoms across the surface. During
by the STM technique to be 1.99.20 eV along the dimer sych a diffusion of the dideuterides they generate a second-
row.* On the other hand, barrier for diffusion of hydrogen atorder D, desorption, 2DSID-D,+ DSi-SiD. Thus, CID can
the oxidized site along the dimer row was theoreticallype categorized to a Langmuir-Hinshelwood reaction, being
evaluated to be 1.17 eV for low O coverage regiheon-  indeed characterized with a strong temperature dependence.
siderably decreased compared to that on the clean surfacghis CID mechanism is essentially the Flowers’ mechanism
ThUS, it is pIaUSible that the diffusion of D atoms along theproposed for the,BZ channel TPD from the d|hydr|de
Si dimer rows is not a rate limiting process in TPD, andphase“.z In the sense that the second-order rate*ftre-
therefore D atoms can be easily trapped at the oxidized sitegyires a collision of two migrating dihydrides, the present
before TPD. dihydride desorption model should be conceptually distin-
guished from thedsolated dihydride desorption model pro-
B. ABS and CID posed for the thermal desorption from the monohydride
Abstraction of hydrogen adatoms by gas phase hydrogephase and applied to the desorption from the dihydride
atoms may be categorized either to direct abstragh®s)  phase'* =
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FIG. 8. HD and D rate curves measured B{= 633 K (bottom

_ FIG. 7. HD and D rate curves as a _function of H exposure gng 673 K(top) for the surfacesiii) Des,/O(0.1 ML)/Si(100) as
time at T;=603 K for the three surfacesi) D/Si(100 prepared  ysed in Fig. 7.

with a 0.3-ML D dose of the clean @00 surface at 503 K.

(i) Dg1-4/0(0.1 ML)/Si(100) prepared by a 0.3-ML D dosing of )

the 0.1 ML)/Si(100 surface at 503 K(iii) Dgs,/O(0.1 ML)/ both hetero- and home-CID can occur after nearly full termi-

Si(100) prepared by 773 K thermal bleaching of the surfaidge ~ nation of the surface dangling bonkyé:

For ease in comparison, both HD and Eates are scaled with an The D adatoms on the partially oxidized surfa@e

identical unit. Dc1-4/0(0.1 ML)/Si(100) were also abstracted by H at-
oms, as shown in Fig. Tii). Contrary to the case on the

On partially oxidized surfaces we intend to show how©Xygen free surface, we find that the apparent HD rate maxi-
abstraction pathways via ABS and CID mentioned above arfUm that can be attributed to hetero-CID shifts to the early
influenced by O atoms. For a comparative study we preparetfme region. This is more clearly discernible in the Eate
three surfaces to supply different D and O configurations orfurve since it manifests no time lag. For the low D coverage
the basis of the result in Fig. 3 as well as the structural modgl€gime on the clean surface such a delay of the CID rate peak
in Fig. 4; the three surfaces afi¢ D/Si(100), prepared with IS attributed to a preferential H-termination of dangling
0.3-ML D dose on the oxygen free(300) surface at 503 K; bonds followed by the migration of dideuterides transiently
(i) Dcy-4/0(0.1 ML)/Si(100), prepared with 0.3-ML D formed by H atoms, and thus the maximum of the CID rate
dose on the @.1 ML)/Si(100) surface afT.=503 K, i.e., curves emerges when the surface dangling bonds become
the surface contains all the componefits, C2, C3, and  nhearly saturated with H atoni$™’ Since the abstraction on
C4 as shown in Fig. 3; andlii) Dcg,/O(0.1ML)/Si(100), surface (i) belongs to the low coverage regimedy(
prepared with selective thermal bleaching of compon@its =0.25 ML as shown in Fig. 6 we do not have any clear
andC2 on the above surfadé) at T,=773 K, i.e., only the reasons to reconcile such prompt CID without any time lag
surface D adatoms attributed @3 andC4 are present on for the oxidized surface. In order to know which D adatoms
the sitesb and a, respectively, as defined in Fig. 4. The H of C1, C2, C3, or C4 contribute to the prompt CID we
beams were admitted to the above three surfaces, and HDeasured HD and prate curves on the surfacéii)
and D, molecules desorbing from the surface during H beanDc3/4/O(0.1 ML)/Si(100). As shown in Fig. Tii), the rate
irradiation were simultaneously measured with the QMS apf homo-CID is extremely low, suggesting that at
various surface temperatures. Data of the HD apddes =603 K the D adatoms attributed @3 andC4 are hard to
versus H exposure tim@ measured at 603 K are plotted in abstract along the CID pathway. This in turn suggests that
Fig. 7. the prompt CID observed on the surfacdii)

The observed feature of HD and, Date curves on the Dc;-4/0(0.1 ML)/Si(100) arises from the D adatoms at-
surface(i) D/Si(100) (the bottom figure of Fig. )7is in good  tributed toC1 andC2. Similar to theB; TPD, we consider
agreement with the results reported previolsind there- that at the oxidized sites th@, TPD occurs at the tempera-
fore the abstraction reactions can be interpreted with théure region higher than the conventiong) TPD peaking
above mentioned scenafid:** The HD rate curve exhibits a aroundT,=620 K on the clean surface. Since the CID reac-
sharp rate jump at=0, followed by a gradual increase get- tion is associated with thg, TPD, we expect that D ada-
ting to the maximum arounti=200s, and then moderately toms attributed toC3 and C4 can contribute to CID at
decreases. The sharp HD rate jumga0 infers the occur- higher temperatures. Indeed the Eates measured on the
rence of hetero-ABS, and the apparently delayed peak in theurface(iii) Dc34/O(0.1 ML)/Si(100) were found to be in-
HD rate curve can be attributed to hetero-CID, superimposedreased considerably as the surface temperature was raised to
onto the HD rate along hetero-ABS. The peak of the correT;=633 or 673 K as shown in Fig. 8. Since evenTat
sponding D rate curve is also delayed inThis is because =673 K any thermal B desorptions do not take place spon-
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400f O freosurface (q) plotted in Fig. 9e) for comparison. At such low temperatures
300K aroundT¢=300 K the HD desorption along the CID path-
way hardly occurs due to a limited diffusion of dihydrides.
Therefore, the HD rate curve in Fig(€) can be solely at-
tributed to hetero-ABS, which in turn suggests that the dif-
ference curves plotted in Figs( and 9d) are also attrib-
uted to hetero-ABS. In this way, in the time domain
measurement we succeed to directly separate the two distinct
ABS and CID pathways in the HD desorption.

Finally, we estimate ABS cross sections on the
oxidized surface from the nearly exponential decay
of the HD rates, i.e., HD ratecexd —kt], for T4=300 K.
Here, the ABS rate constafit can be related to the ABS
. ‘ cross sectiono and H flux J as k=oJ. For J=6.7
400 600 X 10'%cns, as evaluated from the H uptake curve, assum-
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H exposure time [s] H exposure time [s] ing a unity sticking probability on the clean ($00),
0=2.3+1.0 A% was evaluated on the three surfaces,

FIG. 9. HD rate curves measured for the chopped H béam (i) D(0.3 ML)/Si(100), (ii) Dey4/O(0.1 ML)/Si(100), and

Hz, 50% duty cyclgon the surfacdiii) Dc3,/O(0.1 ML)/Si(100)

at T,=633, and 673 K. “on” and “off” in (a) and (b): HD rate
curves recorded under a timing condition synchronized with the o
and off times for the chopped beam, respectively. “on-off” (i)
and (d): difference rate curves between “on” and “off” curves in
(@) or (b). (e) HD rate curve obtained on the oxygen free surfage IV. SUMMARY
D/Si(100 at Ts=300 K.

(iii) Dcs3a/O(0.1 ML)/Si(100), defined before. Thus the
dnfluence of oxygen on ABS is rather small in the low D
coverage regime.

We studied the oxygen effect on hydrogen chemistry on
taneously on this surface, the, Mesorption induced by H is the partially oxidized $iL00) surfaces fordp=<0.6 ML. Ad-
exclusively attributed to homo-CID. sorption, temperature programmed desorpti@®D), and

The appearance of the delayed peak in the HD rate curvdd-induced abstraction of D adatoms were studied. Initial ad-
on the partially oxidized surface can be also attributed tcsorption probability of D atoms became small at the oxidized
hetero-CID, likely to the case on the clean surface. This assites. For the 0.1-ML oxygen covered surface, theTPD
signment can be directly verified in a time domain experi-spectrum was deconvoluted into at least four components.
ment of HD desorption employing a chopped H beam. Sincdwo of them, having a peak at a considerably higher tem-
CID occurs along a similar pathway as f6s TPD the HD  perature region compared to the conventional TPD peak at
desorption along CID can be expected to be slow. The chopFs=780 K admitted on the oxygen free surface, were attrib-
ping frequency of the beam is chosen appropriately so thatted to D adatoms strongly affected by an oxygen atom in-
HD desorption can be observed even when the beam is irsorporated into the backbonds. The other two components
terrupted. In contrast, HD desorption along ABS must be faswere found to be less seriously affected by oxygen atoms.
since it takes place directly within the time scale of energyWe made an adsorption site model for the four types of D
relaxation of the hot complex. Figure 9 shows HD rateadatoms on a 4x3 unit cell which mimics thé€1%i0) surface
curves measured with the H beam chopped with 25026  partially oxidized with65=0.1 ML.
duty cycle on surface(iii) Dcgs/O(0.1 ML)/Si(100) for The oxygen-affected D adatoms on such partially oxi-
T,=633 and 673 K. The curves “on” and “off” in(a) or (b) dized Si surfaces were abstracted by gas phase H atoms di-
of the left panel are the HD rates measured when theectly forming HD moleculeSABS) as well as indirectly
chopped H beam was on and off, respectively. It is quiteforming D, or HD molecules via association of surface ada-
clear that HD rates are considerably high even when théoms(CID). CID received a strong effect of oxygen atoms:
beam is off, indicating that the HD desorption along heterothe temperature region effective for CID shifts to higher tem-
CID is really occurring. It becomes efficient with increasing peratures compared to the case on the oxygen free surface.
T, from 633 to 673 K, as demonstrated in the left panel ofEmploying a modulation beam technique, the HD desorption
Fig. 9. In addition, comparing the HD rate curves “off” with along the CID pathway was experimentally separated out
the corresponding Prate curves in Fig. 8, we can notice that from that along ABS.
the HD desorption as hetero-CID is more efficient than the

D, desorption as homo-CID. This fact suggests that isotope ACKNOWLEDGMENTS
effect on CID is important.
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