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Initial H,O-induced Oxidation of Si(100)«2x1)
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Surface infrared absorption spectroscopy and density functional cluster calculations are used to
definitively demonstrate that the Si-Si dimer bond is the target for the initial insertion of oxygen
into the Si(100)42x1) surface, following HO exposure and annealing. This reaction, in turn,
facilitates the subsequent incorporation of O into the Si backbonds, thereby promoting (local) oxidation.
[S0031-9007(97)04218-X]

PACS numbers: 81.65.Mq, 31.15.Ar, 68.35.Ja, 78.55.—m

The oxidation of silicon has been the subject of intensdive energetics and the characteristic frequencies of the
scientific and technological interest due to the ubiquitousarious surface oxide structures, thereby allowinguhe
use of thin oxide films as insulating layers in microelec-ambiguouscharacterization of the inherently inhomoge-
tronic devices. While great strides have been made imeous initial oxidation process.
understanding the bulk properties of these oxide layers, This work shows that the homogeneousCHexposed
much remains to be understood about the formation angurface (comprising one H and one OH per dimer)
thermal evolution of the 3Bi0, interface [1]. Specifi- evolves into a mixed phase consisting of oxygen-free,
cally, the structure, composition, and even thickness o&énd singly and doubly oxidized dimer units. Furthermore,
the so-called “transition region” between the terminationwe identify two distinct intermediate Si-O species at
of the bulk silicon and the overlying stoichiometric oxide 675 K that demonstrate that oxidation starts with the
layer is highly contentious [1]. Furthermore, the deviceinsertion of an oxygen into the surface dimer bond, which
dimensions have now decreased to the point where orfacilitates subsequent incorporation of oxygen into the
monolayer may represent as much-a33% of the total  silicon backbonds.
thickness of the (gate) oxide layer, so that characterizing The primary experimental advance is the development
and controlling the uniformity of the $8i0, interface isof  of a multiple internal reflection (MIR) geometry that uti-
paramount importance. In order to understand the growthzes short (1 cm) Si(100) samples (float zomn@,(Q) cm)
of such interfaces, we have developed a combined experand low data acquisition temperatures to probe the spec-
mental and theoretical approach that not only uncovers thizal region below1500 cm™!. While the IR throughput
microscopic phenomena specific to Si oxidation, but camlown to 900 cm™! is sufficient to achieve the required
also be successfully applied to a wide range of problemsensitivity (using a total of 20 internal reflections) to both
in semiconductor surface chemistry. the parallel and perpendicular components, the data qual-

The initial focus of our investigation is the thermal ity depends on precise temperature controll K) and
evolution of water-exposed Si(100), as a precursoelaborate schemes to reject externally reflected (stray) ra-
to understanding the wider oxidation process. Theliation [4]. The principal limitation of the MIR geome-
H,0O:Si(100) system has received considerable attentiorry is the reduced sensitivity to perpendicular vibrations,
[2,3] due to its apparent simplicity and the widespread usélue to effective screening of the normal component of
of H,O in industrial oxidation processes. Early conflicting the electric field (see discussion) and the low frequency
reports have focused on the nature of the adsorption (nosutoff of ~850 cm~!. Therefore, we also utilize Si(100)
established to be predominantly dissociative, formingsamples that have a buried metallic layer of Go@hat
SiH and SiOH) [2]. However, little is known about the acts as an internal “mirror”) providing sole sensitivity to
decomposition of these hydroxyl species upon annealingibrations normal to the surface [5], and increasing the
to higher temperatures due to the complexity of the initialspectral range down td00 cm™!, using a synchrotron
oxidation process, which necessitates both the use dR source. The combination of both geometries yields
high resolution experimental probes with submonolayea complete spectroscopic picture.
sensitivity and accurate theoretical modeling of the many The sample is mounted in a UHV chamber (base pres-
different structural possibilities. sure <2 X 107'° torr) on a liquid nitrogen cold finger

We have devised a novel experimental geometry thathat permits cooling te-100 K. Resistive heating using
enables direct observation of the vibrations of all speciesa four point electrical contact with current/temperature
relevant to this complex system (SiO, SiH, and SiOH) withfeedback allows temperature controltd K over the en-
high spectral resolution. In order to correctly interpret thetire range (100—-1200 K). The accuracy of the chromel/
IR data, we have also employed a gradient-corrected demumel thermocouple is ensured by careful calibration
sity functional method on embedded cluster models. Thisgainst the pyrometric temperature [4]. A double-directed
methodology permits accurate evaluation of both the reladoser allows simultaneous exposure of the front and back
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surfaces of the sample. A nominab® pressure rise of be definitively assigned to the asymmetrig,( paral-
~1 % 1071° Torr for 10 s yields a saturation coverage lel polarized) and symmetricy(: perpendicular polar-
at 175 K. ized) stretching modes of a coupled monohydride species,
Infrared spectra were obtained after annealing the satiHSi-SiH [6,8], providing clear evidence for the segre-
rated Si(100) surface over the 300-1125 K range (in stepgation of oxygen-free dimers. The mode 2465 cm™!
of as little as 10 K in the critical region between 550 andcan be accounted for only by insertion of oxygen into a
700 K). Figure 1 summarizes the essential spectra olsi backbond(O,Si-H), as all the “pure” SiH stretching
served after annealing to 300 and 675 K, respectivelymodes occur belo@150 cm™! [9—11]. The origin of the
After annealing to 300K, a single SiH stretch modetwo other modes at 2109 ardd 17 cm™!, previously as-
at 2086 cm~! (p)/2084 cm~! (s) is observed, together signed to Si dihydride [6,9], cannot in fact be unambigu-
with a single OH stretch a3660 cm™! and the related ously determined without analysis of the effect of oxygen
SiO mode at840 cm™! [Figs. 1(c) and 1(d)]. Notably, incorporation (summary of experiment in Table ).
the absence of features in t®0-1300 cm™! region The critical spectral information is therefore contained
indicates that no Si-O-Si species are formed at this temin the low frequency region where all the SiO vibrations
perature [Figs. 1(a) and 1(b)]. These observations arare known to occur. In this region, the three distinct
consistent with the known initial surface structure [3,6,7]Jmodes observed (all occurring in a narrofi) cm™!
with H and OH passivating the dangling bonds of thefrequency interval) exhibit a distinct polarizatiop:s
same dimer, HSI-SiOH [Fig. 2(a)]. The spectrum is com-intensity ratio of1.0 = 0.1 for each mode as measured
pletely unchanged after annealing to 575 K. Howeverusing MIR [Fig. 1(f)], but are all undetectable [Fig. 1(e)]
substantial changes begin to occur in the 575 to 675 Kvhen using grazing incidence reflection (CoSamples
temperature range, as all the above features disappeaith strict sensitivity to the normal component).
and eight new modes appear in thpepolarized spec- These observations are crucial to the correct as-
tra [Figs. 1(e)-1(h)]: five in the SiH stretching region signment of the SiO modes, yet such information was
(2090, 2099, 2109, 2117, arl65 cm™!) and three in  unavailable in all previous vibrational studies of the
the low frequency Si-O stretching region (993, 1013, andvater-induced oxidation process, due to limited spectral
1042 cm™!). Importantly, all the features are relatively resolution or substrate inhomogeneities [9,10]. Fur-
narrow and well defined, consistent with the formation ofthermore, a detailed theoretical analysis of the relative
several discrete structures rather than a continuum of difenergetics and vibrational frequencies, essential for an
ferent Si-O and SiH species. unequivocal characterization of the many possible SiO
Partial information about the surface composition fol-structures, has not previously been reported.
lowing the 675 K anneal can be deduced from the fre- The starting point for our theoretical treatment is a Si
guencies and polarizations of the SiH stretching modesluster fragment which has been successfully used to study
[Fig. 1(g)]. The modes at 2090 an2099 cm™!' can various adsorption processes on Si(10Q)<1) [7,8,12].
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FIG. 1. IR spectra using (—) ands (—) polarization for the HO-saturated Si(100)2x1) surface after annealing to 300 K
(8)—(d) and 675 K (e)—(h). (b)—(d) and (f)—(h) were obtained using the short samp)eMi geometry described in the text.
(a) and (e) were acquired using the external reflecf@mSi) geometry and a synchrotron source. In (a) and (&) Bata shown
for clarity.
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[14]. For each of the 15 structures, the relative positions of
the nuclei are optimized to yield minimal energies subject
to the above constraints.

Second-order differentiation of the minimal energies
with respect to the nuclear coordinates yields force con-
stants and the associated vibrational frequencies for each
of the structures. The shifts and splittings in the vibra-

B ( tional frequencies caused by the differing local chemical
a
(c) E f (

b) é ? environments in the different structures are accurately re-
produced by the B3LYP method [15]. The computed har-
monic frequencies are made directly comparable to the
observed bands by a uniform frequency shift for each
type of vibration, e.g., SiH stretch, SiO stretch, requiring
the positive identification of only a single spectral band
(Table 1).
The 2084 cm™! feature in thes-polarized 300 K spec-

d) trum [Fig. 1(c)] is an obvious choice for calibration of
FIG. 2. Cluster models of Si(100J2x1) surface species the computed frequencies in this spectral region. The ob-
identified in this work. Atoms are represented as follows: greyserved frequencies at 2090 a®eb9 cm™! with s and p
denotes Si, white denotes H, and black denotes O. polarizations [Fig. 1(g)] are then in good agreement with

the antisymmetric and symmetric SiH stretching modes of

This cluster consists of a single dimer together with thredhe unoxidized HSi-SiH species shown in Fig. 2(c) (theo-
underlying layers of atoms as shown in Fig. 2. Theretical values: 2091 an298 cm™!) [16].
severed Si-Si bonds that connect this fragment with the rest The remaining SiH stretches at 2109, 2117, and
of the surface are capped with H atoms to avoid artifact@165 cm™' clearly suggest incorporation of oxygen into
that arise from unphysical excess of spin or charge. Th&e surface silicon framework. A careful analysis of
initial state of the water-exposed surface is thus describetihe computed frequencies for multiply oxidized species
by a SiH;30H [Fig. 2(a)] cluster with HO dissociatively ~ precludes the presence[¢0);Si-H] based on the absence
adsorbed as H and OH onto the dimer Si atoms. of its characteristic absorption in th#240-2280 cm™!

We have analyzed 15 distinct structures corresponding@nge. Such higher oxides are also ruled out since they
to insertion of a total of zero to five oxygen atoms into possess distinct SiO bands around0 cm™' [4]. Thus
the surface Si-Si dimer bond and/or backbonds of oufingle and double oxygen inserted dimer sites are the only
cluster. Additional boundary constraints are imposed tdtructural possibilities to account for the observed spectral
avoid unphysical relaxation in the model clusters: Thefeatures.
first and second layer atoms as well as all adsorbate We find that oxygen insertion into the Si-Si dimer bond
atoms are allowed to relax fully, while the third and is clearly favored over backbond insertion. Thermody-
fourth layer atoms are held fixed along ideal crystallinenamically, HSi-O-SiH species shownin Fig. 2(b)is 0.3 eV
directions(Si-Si = 2.35 A, Si-H = 1.48 A). We use the more stable than HSI-Si(O)H [17], consistent with the
well-documented B3LYP [13] gradient corrected densityweaker nature of the strained dimer bond. In addition, it
functional method with the polarized 6-31G** basis set foris likely that the dimer bond is more amenable to attack
the first and second layer silicons as well as all the adsorbei#an the sterically more protected backbond. Thus both

atoms, and the 6-31G basis set for the remaining atomi&ermodynamic and kinetic factors clearly favor the ini-
tial formation of HSi-O-SiH. Notably, subsequent oxygen

insertion always leads to an increase in the correspond-
ing SIO asymmetric stretching frequency. Therefore we
identify the dominan®93 cm™! mode, the lowest observed

TABLE I. A summary of theoretical and experimental
frequenciegcm™'] of the structures shown in Fig. 2.

Mode Structure Theory [17]  Experiment frequency in this region, as the asymmetric SiO stretch of
v, (Si-0O) HSi-O-SiH 993 993 HSIi-O-SiH, and shift the analogous theoretical frequencies
v (Si-O) HSi-O-Si(O)H 1013 1013 accordingly. Importantly, this assignment of the HSI-O-
v, (Si-O) HSi-O-Si(O)H 1046 1042 SiH species is also consistent with additional features seen
v (Si-H) HSi-SiOH 2084 2084 in the SiH stretching region. HSI-O-SiH has calculated
v, (Si-H) HSi-SiH 2091 2090 antisymmetric and symmetric Si-H stretching frequencies
vy (Si-H) HSi-SiH 2098 2099 (2110 and2113 cm™ ') in good agreement with the experi-

vq (OSi-H) HSI-O-SiH 2110 2109 mentally observed- and p-polarized modes (2109 and

v, (OSi-H) HSI-O-SiH 2113 2117 2117 cm™!) and their corresponding isotopic shifts upon
Z ggzss'll_&) :2:83:8;5 giég gigg deuteration. These observations definitively rule out the

existence of a surface dihydride under these conditions [8].
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The insertion of the first oxygen into the dimer bondfrequencies with those predicted for a combination of
immediately suggests the HSIi-O-Si(O)H species showmigher order, three to five oxygen-containing clusters.
in Fig. 2(d) as the likely structure for the doubly oxi- Furthermore, we have found that the unique oxide struc-
dized dimer. Indeed, the two coupled asymmetric SiQtures observed after annealing the water-exposed Si(100)—
stretches in the doubly oxidized HSi-O-Si(O)H, predicted(2x1) surface above 800 K are also characteristic of
at 1013 and1046 cm™!, are in excellent agreement interfacial defect structures in a variety of technologi-
with the two remaining observed bands in this region,cally important oxide flms. These observations clearly
at 1013 and1042 cm™!, respectively. Again, the good demonstrate that this approach holds tremendous promise
correspondence between the@2t59 cm™!) and experi- for understanding the entire oxidation process at an un-
ment (2165 cm™!) for the related @Si-H mode further precedented level. Moreover, it should alsogemerally
supports this assignment [18]. Similar comparisonsapplicable to the study of systems with similarly localized
in the SIO and SiH regions rule out the presence ofnanoscale) structural phenomena.
alternative doubly oxidized species such as HSOBIH. We acknowledge the technical assistance of S.B.
The observation of initial insertion of oxygen into the Christman and E. E. Chaban, without whose expertise this
dimer bond is in direct contrast to previous work sug-work would not have been possible.
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clean Si(100)2x1) Sl_Jrface, without accour)ting er the Physics and Chemistry dfiO, and the Si/SiO,
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