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The electronic structures and the thermal reaction of chemisorbed &rd GH, on the Si(001)X 1
surface have been investigated by carlfordge near-edge x-ray absorption fine structtN&XAFS) and
ultraviolet photoemission spectroscofyPS using synchrotron radiation. The bonding and antibonding states
due to the interaction of the molecules and the Si surface atoms are identified by detailed polarization-
dependent UPS and NEXAFS measurements, respectively. These bonding and antibonding states are shown to
originate from the hybridization between the occupied Si dangling bonds and the lowest unoccupied molecular
orbitals (w&.0) of C,H, and GH, doublee-bonded on the top of the Si dimer. The thermal evolution of
mainly G,H, is investigated in detail for a wide temperature range of-@%00 Kfrom the condensation to
the surface alloy formation. The coexistence of pigsisorbatelikend the chemisorbed molecular species is
observed at 78 90 K for C,H, and GH,, for the coverages greater thar0.25 monolayefML). The ¢
resonance of those physisorbatelikeHe species in NEXAFS exhibits an unusual polarization dependence
indicating adsorption with their molecular planes aligned perpendicular to the surface. The dissociation of
C,H, chemisorbates is shown to occur at 60000 K as observed by UPS. After the dissociation of molecules,
the atomic hydrogen adsorbates are identified by the monohydridelike surface resonance states in the UP
spectra at 800 950 K. Most of the Si dangling bonds are passivated by, at least partly, the hydrogen adsor-
bates at this stage. At 1000 K, the desorption of hydrogen occurs, which accompanies the appearance of a
broad SiC-like feature in the UP spectra-a8 eV below Fermi level.

. INTRODUCTION (STM) images of GH, on Si(001)2 1 (Ref. 24 were con-

The adsorption and dissociation of hydrocarbon mol-sistently interpreted with the results of thab initio
ecules on Si surfaces have drawn considerable interest italculations? Our previous photoemission and IK-edge
recent years-* Technologically such reactions are the cru-near-edge x-ray absorption fine-structiNEXAFS) study,
cial initial stages of the heteroepitaxy of SiC and diamondthen, confirmed the retainment of the Si dimers for both
thin films on Si surface3:® Also, the chemical modification C,H, and GH, adsorptior?®
of the surface by the adsorption of various hydrocarbon mol- In an electronic point of view, a £, or C,H, chemisor-
ecules can provide a noble way to the microscopic decoradate is known to form double bonds(called the die- bond
tion of semiconductor surfacésThe interaction between the with a Si dimer?® This bonding involves ther molecular
Si(001) surface and the unsaturated hydrocarbon moleculesrbitals (MO'’s) and the Si dangling bond state?® How-
of C,H, and GH, has been the prototypical system in this ever, the detailed nature of the di-chemical bonding is
line of research. However, in spite of the vigorous efforts,not established yet mostly due to lack of direct experimental
there are still many uncertain points especially when itinformationl=327-2%
comes to the atomic-scale details of the adsorption, dissocia- Furthermore, very recently, Xet al. have proposed a
tion, and reaction processes. tetrao-bond model for the ¢H, adsorption based on the

For example, the geometric structures of theHC and  photoemission and the photoelectron diffraction stuéfiés.
C,H, chemisorbates on the Si(002 surface have been In their model, GH, is rehybridized tasp* and is absorbed
under debate. Although these molecules are thought tm between two neighboring Si dimers. Thus the information
chemisorb on the top of Si dimers, mainly two conflicting on the electronic structure is expected to give an essential
local configurations were proposed: one has the underlyingriterion for determining the debating adsorption geometry
Si dimers cleaved®!! while the other has the Si dimers of C,H,.
preserved?!® Among the experimental investigations so far, ~ Another remaining issue concerns the saturation coverage
no quantitative structural analysis is available. Although theand the adsorption kinetics. Several experimental studies
various semiempirical calculatiols?°have reached contra- suggested that £1, and GH, adsorb on the alternate Si
dictory conclusions, the receab initio molecular dynamics dimers to result in a saturation coverage of about 0.25 mono-
calculationd'~?3supported the model with the Si dimers pre- layer (ML ),2#3233while others indicate the filling of all of
served. The recently obtained scanning tunneling microscopthe Si dimer site$0.5 ML).2 This is related to the issues of
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(1) the direct or indirect adsorbate-adsorbate interactign, C,H,/ Si(001) C K-edge NEXAFS
the temperature and/or coverage dependence of the sticking e
probability of molecules, an¢B) the existence of adsorption
precursors/**3°Evidence of the direct adsorbate-adsorbate
interaction by the MO overlapping of the neighboring adsor-
bates was found recently for the,if, adsorbate at low
temperatur® but no such information is available for,8,.
A more extensive experimental study for the low-
temperature adsorption behavior could be helpful to resolve
these issues.

At an elevated temperature, the thermal reaction process
of C,H, and GH, adsorbed on the &01) surface is impor-
tant for the SiC formation. Indeed this topic has been exten-
sively studied by means of thermal desorption spectroscopy
(TDS),113+35 high-resolution electron energy-loss spectros-
copy (HREELS,'%1213 x-ray photoemission spectroscopy
(XPS),135636 STM 24 and reflection high-energy electron
diffraction (RHEED).>*” A common scenario is as follows.
The GH, and GH, chemisorbates at room temperature un-
dergo dissociation at 550—750 K with partial desorption. The
atomic hydrogen adsorbates and the carbon complexes exist
on the surface above this dissociation temperature. Above
800-1000 K, the hydrogen adsorbates start to desorb and
thin SiC-like films start to form. However, the detailed 280 285 200 295 300 305
chemical and structural nature of the dissociation/reaction
products is not clear before the formation of the stoichio-

metric SiC on the surface. _ . FIG. 1. CK NEXAFS spectra of gH, adsorbed on the
The combined use of NEXAFS and UPS is a direct andsj(go1)2x 1 surface(a) The spectrum of the £, multilayer at 60
powerful method in extracting the information on the elec-k with incidence photon angle of 35° from the surface normal.
tronic structures of the adsorbates and the Si surface atomg)—(d) The NEXAFS spectra of chemisorbedHg;, at 300 K taken
for the states above and below the Fermi level, respectivelywith different 6, . The setup for the measurements is shown in the
In the present study, we apply these methods to characterizeset. The results of curve fitting analyses are given together with
the interaction between the(801) surface and the {£1, and  the raw spectrédots. See the text for the details of the curve fitting
C,H, molecules. The evolution of adsorbates from the con-and peak assignments.

IntenSity ( Iadscrbate/ Ic:lean )

Photon Energy (eV)

systematically studied, emphasizing the characterization ! !

the chemical and electronic nature of the adsorbates and thsed at beam line BL-78 The details of the Si(001)21
reaction products. Through the NEXAFS and UPS study, théurface preparation were described beférghe Si(001)2
detailed mechanism of the chemical bond formation at the<l Surface was exposed tgK, and GH, at various tem-
chemisorption stage is made clear. At the low temperatureReratures of 60-300 K by backfilling the chamber with
of 70-90 K, we found the extrphysisorbatelikeC,H, and ~ Nigh-purity gas at a pressure ok1L0™® to 1x 10> Pa. The

. . _ _6
C,H, molecules in addition to the chemisorbed molecularYPical dosage was, then, 1-10 Langmuir (510

adsorbates of about 0.25 ML, which provides an important! 0" 9- As reported previously, £, and GH, adsorb pref-
insight into the adsorption kinetics. At elevated temperaturesgrentially on alternating dimer sité$*>**Further adsorption
the hydrogen atoms originating from the dissociategH to saturate all of the dimer sité®.5 ML) is accomplished
are characterized as forming the monohydride species. THeNly by a significantly large exposure due to the greatly re-
desorption of atomic hydrogens is well correlated to the onduced sticking coefficient at high coveragedlost of the

set of the formation of the SiC-like surface layers/clusters. data reported here for the room-temperature adsorption are
obtained after the completion of the “rapid adsorption” with

a quasisaturation coverage of0.25 ML. A capillary gas
Il EXPERIMENTAL DETAILS doser was used for much higher doses in preparing the con-

The NEXAFS and XPS experiments were carried out a?ensed multilayers of £, and GH, at the low tempera-
ure. The sample temperature was monitored by a thermo-

the soft-x-ray beam line BL-7ARef. 38 and the UPS mea- )
surements at the vacuum ultraviolet beam line BL{R2f. couple (< 90(.) K). or by an optical pyrometerx850 K).
39) of the Photon Factory, KEK, Japan. The ultrahigh The Eolgnzdatg)n-dhependQHT Klt—edge NEIEAFSdspec_trha
h BL-7A i : ith ; h ere obtained by the partial-electron-yield mode with a
vacuum chamber at 's equipped with a microchanne CP detector using a retarding voltage of 100 V. The ge-

plate (MCP) detector for NEXAFS, a double-pass Y . .
cylindrical-mirror analyzer for XPS, a LEED optics, and a pmetry of the incident x ray and the sample is shown in the

sample manipulator with a cryostat. The sample can be reSet of Fig. 1. Th? x-ray incid(zn'ce anglé;Y was varied
sistively heated up to 1500 K and cooled down to 50 K byfrom 0° (the electric field vectok in the surface planeto
the liquid-helium flow. An angle-resolved photoelectron 85° (e close to the surface norméb investigate the polar-
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FIG. 3. (a) The polarization dependence of photoemission spec-
tra of G,H, chemisorbed on the Si(001)%2 surface at 300 K with
various incident photon energies of 17.8—-35.5 eV. The solid lines

ization dependence. The NEXAFS spectra were normalizef"d dots represent spectra taken with nornda(60°) and grazing
: 6,=20°) incidence photons. The setup for the measurements is

g)i/((;k(])i)agj:)fggleor;-eedc?t(rau]r%mtglfef;era?etlﬂg ilz\;l/:g:dn?g;rs]ﬁrglrizs own in the inset(b) The molecular orbitals of the gas-phase
conditions? P -H, used for reference purpo$Befs. 48 and 49

. Thefgepmetry rflor tI;e UPS mgasurements is shown in thﬁtted with the symmetric Gaussian curves, and the remaining
inset of Fig. 3. The photon incidence angtk, was set to ieaks were fitted with the asymmetric Gaussian cutVes.

FIG. 2. Similar to Fig. 1 but for ¢H, on the Si(001)X 1
surface.

20°, 4|5 "rhor 60d Tr;e ﬁnftlyzer was flxeg alon% trt]e surfig he 7¢_ resonance peak of the,8, multilayer is shown to
normail. ' he incident photon energy used was between 174, asymmetric due to vibrational excitations: mainly C-C

eVand 39.8 eV. and CH stretching mode®® It was fitted with two symmet-

lll. RESULTS AND DISCUSSION TABLE |. The summary of curve fitting for the &-edge
NEXAFS spectra of gH, and GH, adsorbates on Si(001)2L.
Multilayers are condensed at 60 K. Chemisorbed surfaces are pre-
pared by dosing gas at 300 K.

A. NEXAFS study of the room-temperature chemisorption:
The unoccupied MQO'’s and the adsorption geometry

NEXAFS is a powerful experimental probe, especially for

the unoccupied MO’s of anolecularadsorbate. The details C,H, CyH,
of the interaction between the molecules and the substrate multilayer chemisorbate multilayer chemisorbate
can be investigated by comparing the NEXAFS spectra of (eV) (eV) (eV) (eV)

the adsorption phase and those of the condensed fhase:

Figures 1a) and 2a) show the CK-edge NEXAFS spectra of Fermi level 286.1 284.5 286.0 284.8

the GH, and GH, multilayers condensed on the Si(001)2 Vacuum level  289.3 288.0 289.2 288.0

x 1 surface at 60 K, respectively. These are to be compare@c-c 286.4 284.7 284.5

with the spectra of the chemisorption phases at room tem@c.si 286.0 285.6

perature, shown in Figs(#)—1(d) and 2b)-2(d). For quan- ¢ 289.2 287.6

titative comparison, the spectra taken at the magic angle gercy, 287.7 287.0

ometry (9;=35°) are used to cancel out the apparentog, 288.7 288.1

polarization dependence of the well-oriented chemisorbatesshake up 290.5 289.4 292.5 294.5
For the fully quantitative discussion of the chemisorption- 292.1 293.4 296 304

induced changes on MQO'’s, the careful curve fittings were 296 300

performed for the NEXAFS spectra. The optimized param- 305

eters are listed in Table I. The NEXAFS resonance peakgg»C 310 300 301 201.0

below the ionization thresholflocated at~289 e\) were
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ric Gaussians. In contrast, theX - resonance of €4, ap-  clearly indicates the consumption of ong  state in form-
pears symmetric because of the coupling of the C-C and C-khg the chemisorption and the rehybridization of MO’s into
stretching modes as also observed in the spectra shown #p? (C,H,) andsp® (C,H,) hybrids. Note that ther: .
Fig. 1 In addition to the resonance peaks, twntinuum  state of GH, consists of two degenerate orbitals, which
stepswere fitted with the error functions, whose centers cor-should be perpendiculam@_q) and parallel @é_ql) to the

respond to the ionization thresholds located at the vacuun, e respectively, for the adsorbed molecules lying par-

level. However, there ar me remaining intensiti [ .
evel. However, there are some remaining intensities be OYhllel to the surface. The remainingg._. resonance peak of
the vacuum level in every spectrum in addition to the reso-

nance peaks. Those additional structureless features can &_‘hee chemlso_rbgd £ chemlsorl?atgs h-as alarger intensity in
attributed to the excitations to the adsorption-induced state € normal incidence spectra, indicating that Hﬁ@-% state
between the Fermi level~«284.5 eV} and the vacuum Of C;H; is vanished while theT?;.q‘ state is intact. Appear-
level #>** These background features were also fitted withgnces of theg-’é_Si resonance features in the chemisorbed

the error functions. phase imply the bond formation between thg . states

The assignment of the spectral features of the mulnlaye(r,Jlnd the Si dangling bond states.

Very recently, Xuet al. have proposed the tetiabond
model of GH, adsorbed between the Si dimer with the?
rehybridization based on their photoelectron holography
study3°3! Since, the above NEXAFS data fonl&, chemi-

NEXAFS spectra are straightforward from theshell ab-
sorption spectra of the gas-phase moledil&sand of the
multilayers condensed on metal surfat&3he sharp peaks
at 285.9 eV in the spectrum for the, i, multilayer and at
284.5 eV for the GH, multilayer are due to the transitions Se
from C Isinto the aforementioned¢ - antibonding orbitals. sorbed on 3001)_c|early show Fhe remainingre.c, states
The transition tarZ . (called the shape resonanempears at and atthe same time the formation oftG-Si bonds through
310 eV (not shown her®) and 301 eV for the multilayer the interaction ofrc ¢ and the dangling bond states, the di-
C,H, and GH,, respectively. Peaks at 288.7 eV fogH;,  o-bond model with GH, adsorbed on the top of the dimer is
and 287.7 and 288.7 eV for,8, are identified as the tran- strongly favored over the tetr@-bond model. At this mo-
sitions intood.yy, mey,, andoy, , respectively’® ment, we can only comment that their tetrabond model is
irreconcilable with the present electronic information and
also with the recent STM studié$The adsorption geometry
of C,H, has to be reconfirmed by an alternative structural

For the GH, chemisorption phase at the saturation of the
rapid adsorptioriFig. 1), the w& - peak is observed at 284.7
eV shifted by—1.2 eV compared to the multilayer spectrum.
This shift is associated with the Gsthemical shift by the probe. : . . *
formation of the molecule-Si bonds. This indicates a charge AS discussed in our previous papihe o ¢ shape reso-
transfer from the Si dimer atoms into the carbon atoms of!@nces of both ¢H, and GH, chemisorbates shift to sig-
C,H, adsorbates. Indeed a consistent chemical shift was offificantly lower energies: from 310 to 300 eV and from 301
served in the C & photoemission spectra for the condensed!© 291 €V, respectively. This has*been interpreted as due to
and chemisorbed adsorbateata not shown The peak at the well-known sensitivity of therg shapg resonances to
287.6 eV for the GH, chemisorbates is assigned as due toth€ change of the C-C bond length, which has been also

the 0%, resonance showing the same amount of the chemf€POrted for the ~adsorption on the transition metal

cal shift as ther* .. peak. However, the peak at 286.0 eV surface$?49%9 Furthermore, quantitatively, using the well-
halfway betweer??herécl and o, 'peaks, cannot be ex. established empirical relationship between tic shape
plained from the multilaiyer specfrum. No such feature wagSSoNances and the bond I(;;\gth, we previously i\sﬂmat'ed the
observed for GH, chemisorbed on metal surfac¥$’® we C-C bond of GH, as 1.36 A and gH, as 1.52 A . This
thus assign this feature the transition into a state newly |nd|cat_e§ th_e significant expansion of the C-C b_onds and the
formed by the chemical bonding with Si dimettsat is, the rehybnd;zauon_ of the 6Hy (CoH,) _mol_ecular orbitals to the
antibondinga ¢, state? In Fig. 2 and Table I, the similar SEZ (sp°) hybrid. The clear polarization dependence of the
assignments for the £, chemisorbates are given. In this oc.c peaks, as shown in Figs. 1 and 2, indicates that the C-C

. bond are lying parallel to the surface. However, one can
* * L]
case, therc ¢ peak is not observed but thef ;, TCHy » and doubt the qualitative accuracy of the C-C bond length esti-

o¢h, fesonances appear at 285.6, 287.0, and 288.1 eV, r'enation by theo . resonances, since the mechanism of the
spectively. ThewéH2 and UEHZ states show a chemical shift shape resonance and its relation to the bond length are still
of 0.7 eV, which is much smaller than that ofi&,. This is under.discussioﬁl.'sz In any case, within the present work,
because each carbon atom ipH; is already bonded to two the shifts ofa¢ - to lower energies are in consistent with the
hydrogen atoms, which gives rise to less charge transfer frorflecrease ofr¢ ¢ and the UPS study discussed in the follow-
the Si dimer atoms. The line shape of theHz and GH,  ing section.
chemisorption phase showed no essential change for the cov-
erage up to~0.5 ML at room temperature. ) _

As is obvious in Figs. 1 and 2, a conspicuous decrease of B UPS study of room-temperature chemisorption:
the 7& . resonance peak intensity is observed for the The occupied MO's
chemisorption-phase spectra. The intensity ratios ofithe To obtain a more comprehensive understanding of the
resonance peaks to the edge jufirpthe magic angle spec- mechanism of the g&H,- (C,H4-) Si bond formation, it is
tra) are 6.5 (GH,) and 3.2 (GH,) for the multilayer and 3.0 essential to investigate the occupied electronic states. The
(C,H,) and 0.0 (GH,) for the chemisorption phases. This polarization-dependent valence-band photoemission spectra
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C,H,/ Si(001) UPS symmetry initial statelwith respect to the surface normal
—— — are allowed at a normal incidence polarization), while

------ 6,=60° 17.8eV those from an even-symmetry initial state are allowed at a
— o 20° grazing incidence polarization. The symmetry consider-
(a) ' . ation of the adsorbate MQ’s is generally not trivial due to the
| ! C-Si symmetry reduction in the adsorption geometry. However, in
214e b | the present case, we have already shown that the C-C bonds
> i 1b, dl - \ of C,H, and GH, are parallel to the Si dimers through the
@ NEXAFS measurements. Thus, tBe,, andD,,, group sym-
L 26.8 eV metries of the free ¢H, and GH, molecules, respectively,
= | J& is reduced toC,, with the symmetry axis normal to the
% 3‘% 1b‘ 1 surface. Therefore, the MO’s belonging to tha;
2] 31.2ev % 2 representatior® which have an even symmettye., 204,
g | 1 )ZR 30y, and 1, of C;H, and 224, 3a4, and Iy, of C;H,),
T |355ev oy should appear more strongly in the spectra at the grazing
Al—‘j)\ incidence, while others with an odd symmetry are probed
8 / ‘ with enhanced intensities in the spectra at the normal inci-
L2 N ! s dence.

| IR N al o o1 01y 4
2O(b)l 15 l 1 l l 5l Cﬁ From the above symmetry consideration and the compari-
|. e ue n EDES Y son to the gas-phase standafgdiven at the bottom of Figs.
25 20 15 10 3(b) and 4b)],>***the peaks at the binding energies of 4.6,
Binding Energy (eV) 5.3, 9.0, 11.9, and 16.8 eV in the chemisorbetiLCspectra
o _ _ are assigned to thedd,, 1, , 304, 20, and 2ry MO’s,
FIG. 4. Similar to Fig. 3 but for §H, on the Si(00L)X1  regpectively. Similarly, the peaks observed at 4.7, 6.6, 7.8,
surface. 8.9, 13.9, and 17.4 eV in the chemisorbesHg spectra are
assigned to bb,,, 1byy, 3a4, lbs,, 2by,, and 2y, re-
of C,H, and GH, adsorbed on the Si(001y2L surface at spectively. All these assignments fit well with the symmetry
300 K are shown in Figs.(8) and 4a), respectively, taken at Selection rules given above: the even-symmetry stateg, 2
the photon energies of 17.8—35.5 eV. Since the Si surfacéoy, and 1y, of C;H, and 2a4, 3a4 and 1b,, of C,H,,
states and the adsorbate MO’s are localized at the surfac@le enhanced at the near-normal-emission geomefiyy (
their binding energies should exhibit no photon energy de=20°).
pendence. Such surface features can be picked out easily The peaks assigned tw3 and 1m of the GH, chemi-
from the extensive series of the energy-dependent spectgorbates and s, and 3, of the GH, chemisorbates shift
shown partly in Figs. @) and 4a). At first, in comparison to  to smaller binding energies compared to the gas-phase stan-
the clean Si(001)2 1 surface spectra, the highest occupieddard when we align the deepest MG'sThese MO’s com-
stateglowest binding energiggust below the Fermi level is monly have the C-C bonding character. On the other hand,
identified as the well-known dangling bond state of the bardhe 2b,, peak of the GH, chemisorbates, which has a C-C
Si dimers. The Si dangling-bond statdenoted as dBis  antibonding character, shifts to a larger binding energy. All
observed more clearly at a lower photon energy. As disthese shifts are thought to reflect the distortion of the mol-
cussed previousl§’ the dB peak intensity is greatly reduced ecules and the expansiéweakening of the C-C bond due
by the chemisorption of £, and GH, molecules. Such to chemisorption. This is consistent with the NEXAFS re-
peak-intensity reduction indicates the consumption of dansults on thesg - shape resonances discussed above.
gling bonds by the chemical bonding with the adsorbates. One can also notice that ther], states of GH, formerly
This observation of the depleted dangling bonds directlydegenerated split into two states by chemisorption, that is,
shows that the Si dimers beneath the adsorbates are prieto the surface parallel and perpendicular components. The
served after chemisorption because, otherwise, the dimeperpendicular component 4,, ) has a C-C bonding charac-
bond cleaving would create new dangling bofds. ter, but shifts to a larger binding ener¢fy.2 eV) in contrast
In addition to dB’s, six(seven nondispersing features are to the other MO’s with a C-C bonding character. Similarly
observed at the binding energies of 3.1, 4.6, 5.3, 9.0, 11.9he 1b,, state of GH,, with a C-C bonding character, also
and 16.8eM3.1, 4.7, 6.6, 7.8, 8.9, 13.9, and 17.4)dbr the  shifts to a larger binding energy. This opposite trend in peak
surface with the gH, (C,H,) adsorbates. These states areshifts for the highest occupied molecular orbitdlOMO’s)
confirmed not to be related to any bulk or surface features obf chemisorbates thus cannot simply be explained by the
the S{002) substrate and thus are thought to come from theaforementioned molecular distortion. We suggest that these
adsorbate MO'’s or the adsorbate-Si hybridization states. Tehifts and the splitting for the HOMOQO’s can come from the
assign the origin of these states, especially for the MO’s, wéaybridization with the unoccupied Si dangling bond states.
compare the spectra with the standard UPS spectra obtained In addition to the MO’s assigned unambiguously from the
for the gas-phase molecul®®s>*For a detailed assignment of gas-phase analogy, we observe a new feature at the binding
the MO'’s, the symmetry selection rule is a very usefulenergy of 3.1 eV for both §H, and GH, chemisorbates.
guide® That is, as illustrated in the inset of Fig(a® the  These states are naturally related to the interaction between
incident light, its electric field vector, and the detector are allthe Si surface dimers and the adsorbates and they are the
in the same plane and thus the transitions from an oddmost important feature of the molecule-Si bond formation.
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FIG. 5. A schematic electronic structure diagram of th#iC
and GH, chemisorption on the Si(001)21l surface. The molecu-
lar orbitals of free GH, and GH, molecules are plotted at outside Photon Energy (eV)
columns. The Si dangling-bond state is plotted in the center. In
between the outside columns and the Si dangling-bond state, the FIG. 6. The polarization and temperature dependence of the C-
molecular orbitals of chemisorbed,8, and GH, are shown as K edge NEXAFS of GH, and GH, adsorbates on the Si(001)2

extracted from the present UPS and NEXAFS measurements. X1 surface. The spectra of multilayesid, and GH, are shown in
(a) and(d), respectively. The spectra ib) [(e)] indicate the coex-

istence of physisorbatelike,8, [ C,H,] with chemisorbates at 70
Since the disappearance of the Si db states and:-r@lgL K [90 K]. The spectra iric) and (f) show GH, and GH, chemi-
states is observed clearly, the 3.1 eV states are understood sbed at 300 K, respectively.
the o5 states formed by the hybridization of the db state
and the lowest unoccupied MO(kUMO’s) (7§ c or 1wy of ~ d bands largely affect the adsorption ofK and GH,. On
C,H, and bg, of C,H, in gas-phase notatipnAlthough the transition metal surfaces, the hybridization of the HOMO

there are no available calculations and experimental consid"d thed band generally yields an attractive interaction

signments for GH, /Si(001) are in good agreement with the Orbitals™ Such hybridization sttgge HOMO and trieband
recent report by Widdrat al?® The five (six) electronic IS Weak for the noble metals’****but significantly larger
states assigned above fosHG, (C,H,) adsorbates are indeed for the I111) (Ref. 60 and RY0001) (Refé 61 surfaces

a complete set for the whole number of surface electrons: teffith the less-occupied and shallovatbands’® On the other
(twelve) valence electrons of £, (C,H,) and the two hand, the adsorption behavior on the Si surface is governed
dangling-bond electrons of a Si dimer. by the well-localized db states, which produces the differ-

A schematic diagram of the electronic structures on thé®Nce observed.
chemical bond formations by the molecule-Si interactions is
shown in Fig. 5 as deduced from the above NEXAFS and C. Adsorption kinetics of C,H, and C,H, at the low
UPS results. In the outside columns, the NEXAFS data of temperature: The NEXAFS study
the co_ndensed multilayers and the U.PS. data of the corre- After establishing the structufdland electronic details of
sponding gas phases are plotted. In aligning the energy sca{ﬁ

. e room-temperature chemisorption ofHG; and GH, on
of the NEXAFS and UPS data, the core-hole relaxation ef'Si(OOl)% 1, we discuss the adsorption and dissociation be-

* . .
fect570f the g resonanc in NEXAFS is assumed to be 3 haviors of the molecules at different temperatures. Figure 6
eV.>’ The gas-phase UPS data o;H.} (CyH,) are shifted shows the OK-edge NEXAFS spectra of &, (C,H,) on
by 6.7 eV (6.2 eV) to a lower binding energy so that the Sj(001)2< 1 dosed at 60, 70, and 300(K0, 90, and 300 K
deepest MO peaks are aligned with those Of_ the c_hemisorb ince the exposures at éO K were done ,usin’g a capillary gas
molegules as ment|oned. above. The occupied Si db state Bbser, the actual doses on the surface is an order of magni-
the S'(001)2<*1 surface is plotted in the center column of 4o higher than the doses by back-filling the chamber at
Fig. 5. Theoc i and oc; states are observed, while the oiher temperatures. The spectra at 60 K and 300 K with the
7¢.c, and the db states decrease in the NEXAFS and UPS Qfondensed multilayers and the room-temperature chemisor-
the chemisorbates on Si(002. The appearance of these bates, respectively, are already discussed in the previous sec-
new features can be explained by the hybridization of theions.
LUMO'’s and the db states as indicated by the arrows in Fig. The spectra®l L C,H, dosed at 90 Knot shown here
5. show no difference compared with the 300 K spectra. How-
The present picture for the molecule-substrate bond forever a new peak appears at 284.4 eV with a further dosage of
mation is in contrast to the general trend of chemisorption ori0 L as shown in Fig. @). This spectrum is easily under-
the transition metal surfaces where the electronic structure aftood by a mixture of the corresponding features of the
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multilayer and the chemisorbed species, indicating clearly [qn _s8ev 36 4, (b) v = 17.8 6V
the coexistence of the two different adsorption states: a phy- ?
sisorbatelike weakly adsorbed species and the chemisorbate

It should be noted that thef - peak intensity of theohys- ’-"g
isorbatelikeC,H, is larger in the normal incidence spectra, 2
indicating a rather uniform adsorption configuration with &
each molecular plane aligned perpendicular to the surface‘g

which is markedly different from the randomly oriented con- £
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with 10 L G,H, at 90 K (not shown hergexhibits no differ-
ence from the chemisorbed spectra of 300 K. However, the
coexistence of the physisorbatelikgh; with the chemisor-
bates is observed at a slightly lower temperature of 70 K.
Figure @b) shows the spectrum taken at 70 K with a dosage
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of 1 L C,H,. The near-edge structure is composed of two 2o 15 e o s
pronounced peaks. One appears stronger in the normal inci- Binding Energy From Fermi Energy (eV)
dence spectrum at 284.7 eV, which is on the line of tfie. FIG. 7. The annealing temperature dependence of the valence-

peak of the GH, chemisorbate. The other peak at 285.9 eVpand photoemission spectra of ,i, chemisorbed on the
coincides with that of the g4, multilayer. It shows no po- Si(001)2x 1 surface. The incident photon energy is sete039.8
larization dependence, eliminating the possibility of theeV and(b) 17.8 eV. 10 L of GH, was dosed initially at 300 K.
coadsorbed ¢H, aligning. The physisorbatelike,&, coex-
isting at 70 K was also observed by a chemically shifted A qualitative C Is core-level photoemission measurement
component in the C 4 core-level photoemissiofdata not indicated that most of the physisorbatelikeH; convert to
shown). At this temperature of 70—90 K, no condensed mul-the chemisorbates on annealing to room temperdaitata
tilayers were observed and the saturation coverages amounot shown. This suggests that the coexisting physisorbate-
to ~0.5 ML with two different adsorption species together. like species introduce a new chemisorption path above 0.25
It is interesting that the difference in the C-H bond structureML.
leads to the unexpected alignment of the physisorbatelike
CyH,.

The above findings give a hint to the issues of the adsorp-

tion kinetics and the saturation coverage. Before the satura- 1n€ Significant valence-band changes upon annealing
tion of the rapid adsorption, only the chemisorbates contain rich information on the bonding and stoichiometry of

o-bonded to the Si dimerexist at 70-300 K. According to the adsorbates in the dissociation/reaction processes. Figures

the STM observations at room temperature, these molecule7 8 and #b) show the temperature-dependent valence-band

. . : photoemission spectra of,8, on the Si(001)X 1 surface.
adsozrltlnsngfferentlally.on the altgrnate dimer S|tesO(2§ 10 L of C,H, was dosed at 300 K and the coverage corre-
ML).”*%**The C-H dipole repulsion between the chemisor-sponds to~0.25 ML, as discussed in the previous section.
bates was implied to explain this configuratidrAbove 0.25  The angle of the incident photon was 45° and normally emit-
ML, the sticking coefficient of ¢H, and GH, on the ted photoelectrons were detected. The measurements were
Si(001)2<1 surface drops significantly at room temperaturedone at room temperature after the sequential annealings of 1
as observed in the present and previous experinéitsi  min for each. The photon energy in Figaywas set at 39.9
contrast, physisorbatelike molecules were observed to adsod¥ to focus on the temperature dependence of the chemi-
on the surface covered with the chemisorbates of 0.25 ML asorbed GH, MQO’s and at 17.8 eV on the behavior of the
70-90 K. Although the reason for this unique adsorptiondangling bond states and the molecule-Si bonding states.
behavior at low temperature is not certain at this stage, th&ive different GH, MO’s observed at 300 K become
unexpected alignment of the molecular planes of the weaklgmaller and shift to higher binding energies as the tempera-
adsorbed gH, species implies the existence of an adsorbateture rises up to- 700 K. The intensity change corresponds to
adsorbate interaction above 0.25 ML, which dependghe partial desorption of adsorbates and the dissociation.
strongly on the temperature. Roughly 30% of the room-temperature adsorbates was des-

Taylor and co-workeré have proposed the “mobile pre- orbed as measured by the € fhotoemission peak intensity.
cursor model” for the GH, and GH, adsorption kinetics, However, the binding energy shift of MO’s cannot be ex-
where the adsorbate-adsorbate interaction was neglected pfained by desorption and/or dissociation. Since the db state
to the saturation coverage of 0.5 ML. However, as confirmedxhibits no shift, this shift cannot be due to the possible band
later by the STM and our present studies, the slow adsorptiobending either. This shift, thus, suggests a certain change
above 0.25 ML is significantly affected by the adsorbate-(stabilization of the adsorbed molecules by annealing, al-
adsorbate interaction. They also claimed that below 140 Khough the details of this change remain to be studied.
the mobile precursor populates on the surface. In contrast, All the MO's in the valence-band spectra disappear com-
we found no such precursor species at low temperature beletely at 800-850 K as shown in Fig(dy. It is noticeable
low 0.25 ML, casting doubts on the presence of the mobilghat the intensity of the db peak in Fig(bj remains almost
precursor. the same up to this temperature irrespective of the desorption

D. Dissociation and reaction of GH,: UPS study



PRB 62 ADSORPTION AND REACTION OF ACETYLENE AND.. .. 5043

and dissociation. This indicates that even after the dissocidNEXAFS spectra, which determines accurately the relative
tion of all the GH, molecules most of the db sites remain intensities and energies of the various near-edge resonance
occupied by the atomic hydrogen or the dissociated carboatates. For room-temperature chemisorption, the molecule-Si
species. At 800—900 K, new features denoted,as, and{  bonding c.g) and antibonding ¢¢.s) orbitals were ob-
are observed at the binding energies of 14.6, 7.1, and 3.7 e¥erved for both ¢H, and GH, in the detailed UPS and
respectively. The binding energiesofnd{ agree well with NEXAFS analyses, respectively. These bonding_§) and
those of the Si-H monohydride species of the Si(004)2  antibonding ¢ ) orbitals are shown to result from the hy-
surface®® The features cannot be attributed to any known bridization between the Si dangling bonds and the LUMO’s
hydride specie¥ an_d it may be dug to the carbon-contain.ing (7&.0) of C,H, and GH,. Further, the binding energies of
fragments or atomic carbon species on the surface. This rehe occupied MO's are affected by the molecular distortion
sults clearly indicate that most of the hydrogen atoms fromthe C-C bond stretchifd accompanied by the chemisorp-
CzH, remain as monohydride after dissociation. tion; on chemisorption the MO’s of C-C bonding character
At970K, 6, €, and{ disappear and the intensity of the db were found to shift to a smaller binding energy and those of
peak increases noticeably. These changes indicate the hydrg=C antibonding character to a higher binding energy. The
gen desorption as also observed by previous HREEL$xceptions in these shifts are found far], of C,H, chemi-
studies:®*? It can be deduced that the carbon-containingsorhates and H,, of the GH, chemisorbates, which may
fragments represented lyalso undergo further dissociation/ syggest an interaction of these HOMO states with unoccu-
reaction. It is interesting that the hydrogen desorption tempjed Si dangling-bond states.
perature from the monohydride state on the Si(0&) Zur- NEXAFS measurements for the adsorption gHg and
face is reported to be 750 ®,which is significantly lower ¢ H, at low temperatures show the coexistence of the phy-
than the present observation. This suggests that the coexisfsorbatelike species with the chemisorbates-@ 25 ML.
ing carbon atomgor more complex fragmentglay a role of  Thjs is in contrast to the adsorption beyond 0.25 ML at 300
hindering the recombination of hydrogen atoms. A more dey where chemisorbates adsorbs further but with very small
tailed study for the characterization of the dissociated carbogticking probability’ Those physisorbatelike ,€, were
species is needed. _ found to be aligned with theirr* orbitals parallel to the
Along with hydrogen desorption, another structure  syrface, i.e., their molecular plane perpendicular to the flat-
emerges, which is clear at950 K. This feature is assigned |ying chemisorbed gH,.
to the valence bands of SiC from the similarity of its binding * The dissociation of gH, chemisorbates at elevated tem-

energy to that of the major valence-band peak of theyeratyre was investigated mainly by means of UPSH.C
SiC(001) surfaces.® This result is consistent with the recent gissociates at 600—700 K and the UPS spectra indicate that

STM study reporting that the dissociategH; fragments  the dissociated hydrogen atoms are bonded to the substrate
scattered at 775 K start to form SiC clusters-a950 K. as monohydrides. A SiC-like electronic feature emerges in
When the temperature reaches to 1500 K, the structure the Up spectra at 1000 K, concomitant with the desorption
disappears and clean Si surface spectra are reproduced. B hydrogen adsorbates. The desorption temperature of hy-
deed the disappearance of the structyra/as used to con-  drogen in this case is found to be significantly higher than on
firm the surface cleanliness. the clean Si(001)2 1 surface, implying that the coexisting

carbon species hinder the desorption of hydrogen.
IV. CONCLUSION

We utilized NEXAFS and UPS using linear-polarized
synchrotron radiation to clarify the electronic structure, the
adsorption kinetics, and the dissociation mechanism of the We would like to acknowledge Dr. A. Imanishi, Mr. K.
simple hydrocarbon molecules of,8, and GH, on the Isawa, Mr. T. Tsuduki, and Mr. K. Tono for their experimen-
Si(001)2x 1 surface at a temperature range of 60—1500 K. Atal assistance. All the experiments were performed at Photon
careful curve-fitting analysis was successfully applied to thé=actory under the PF-PAC approv@o. 97-G306.
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