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Reflection—absorption infrared investigation of hydrogenated silicon oxide
generated by the thermal decomposition of H  gSigO;, clusters
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Reflection—absorption infrared spectroscopy has been employed to observe Si—H bonds within a
model, ultrathin silicon oxide. Upon heating a monolayer @fSKO;./Si(100—2X1 to 700 °C,

Si—H bonds as a part of HSi@ntities are still detected within the oxide layer after cooling. These
fragments appear to be stable to temperatures of at least 850 °C. Reversible hydrogen/deuterium
exchange for these entities is also directly observed.23©2 American Institute of Physics.
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INTRODUCTION ~2050 to 2250 cm! which is consistent with the conversion
to new, more thermally stable, HSj@ntities at this model
The atomic structure and reactivity of the Si/gi@ter-  sj/sjo, interface. Upon further heating to 650 °C, the H$iO
face have become increasingly important to the microelecantities are no longer detected and an infrared signature con-

tronics industry as device size continues to shifElectri-  sistent with the presence of silicon epoxide structures is ob-
cal functionality will eventually be dominated by the ggped.

physical and chemical nature of the solid/solid interfaces that  Hyqridosilsesquioxane clusters, (HSig), an oxide

make up the devices. Si—H bond breaking and formation inyrecursor solely composed of HSj@ntities, also chemisorb
and near the Si/Signterface during operation has been sug-q Si(100-2x1 to form ultrathin layerd®2* The well-
gested to lead to device breakdown and faiftiféThis phe-  gefined thin oxide film formed in this manner is made up of
nomenon is typically correlated with thermal and/or electri-¢|,sters containing seven HSj@agments. This system has
cal stress on the oxide. After annealing thin amorphousyeen characterized using XP¥922-25 reflection—
silicon oxide @-SiQ,) layers at temperature550 °C, elec-  gpsorption infrared spectroscofRAIRS),2%27 and scanning
tron paramagnetic resonanePR studies have illustrated tunneling microscopySTM).?8 It is particularly well suited
that interface statgsuch as three coordinate silicon dangling oy studying the spectroscopic changes associated with ther-
bondg form upon the breaking of Si—H bonds near the mng| stress or the reaction with hydrogen radicals. Upon heat-
Si/SiO, interface!!~*3Some of these states can be passivatethg the precursor derived oxide layer 300 °C, the pho-
or depassivated by introducing atomic hydrogért In a  toemission characteristics of an ultrathin, thermally grown
similar way, hydrogen atoms have been observed to entgjxige are observed in both the Sp Zore-level spectra as
ultrathin oxide films at 23 °C and escape upon annealing aje|| as in the valence bantFig. 1). Unfortunately, XPS
670 °C by x-ray photoelectron spectroscdpPs).' alone cannot adequately describe the chemical structure and
Ultrathin oxides(<1 nm thick on S(100-2Xx1 with  gtapility of the Si—H bonds in the cluster-generated oxide
various hydrogen contents can be created using a variety gim as a function of the temperature. In this article, we re-
techniques. The most common method involves heating Bort a reflection—absorption infrared spectroscopy investiga-
clean Si sample to 700 °C in the presence of oxygen foltjon of this model system to garner a better understanding of
lowed by a thermal anneal in the presence of hydrogertyas.he chemical reactivity of HSiQin model device interfaces.
This method limits the amount of hydrogen in the film while Fjrst the thermal stability of the HSiOfragment will be
insuring many of the paramagnetic interface states are passixamined. After heating te-700 °C, ~15% of the original
vated. To better understand the growth mechanism angdnities appear to be broken based on the integrated intensity
chemical structure of interfacial SjQother precursor depo- f the »(Si—H) feature. However, many of the Si—H bonds
sition methods have been previously reported in the literaturga main in the<1 nm thick oxide layer until it is heated to
as well. For example, Weldon and co-workers have exten-_ggq oc, the temperature at which the oxide layer begins to
sively studied the stepwise formation of silicon oxide usingeyaporate from the surface. Second, the hydrogen/deuterium
water.®~**Based upon infrared and XPS experiments, wategychange characteristics of the Si—H bonds will be investi-
has been proposed to dissociatively adsorb acrostl@®i  gated. In fact, Si—H bonds within the stable HSientities
21 row at room temperature. Upon heating the single layerea 150 be substituted for Si—-D bonds upon exposure to
the »(Si-H) infrared adsorption frequency shifts from ge terium atoms at 25 °C. The isotopic exchange appears to
be completely reversible upon the introduction of hydrogen
¥Electronic mail: mbanasza@umich.edu atoms.
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hv=170eV

hv=170eV FIG. 1. (8 (1) Soft x-ray photoemis-
sion spectra of the Si2 core levels
after chemisorption of §8igO,, onto
(1) Si(100-2x1. Binding energies(BE)
are reported vs bulk silico(BE=—99
eV). (2) Si 2p core levels after heating
(1) to 590 °C.(b) (1) Soft x-ray pho-
toemission spectra of the valence band
2) region (BE = 0 to —22 eV) after
chemisorption of KSigO;, onto
Si(100-2%x 1. Valence band region of
the H;SigO,,/Si layer after heatingl)
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EXPERIMENT the thermal oxidation of $100-2x1 by O, (Fig. 1).14°

Therefore, the clusters provide a unique precursor for the

Reflection—absorption infrared spectroscopy was emgeneration of hydrogenated-SiO, films that specifically

ployed to investigate the reactivity of Si—H bonds within . . o . S
ultrathin silicon oxide films. RAIRS is a reflection based, contain HSIQ entities amenable to a RAIRS investigation.

nondestructive, surface analytical technique that has the ca- | XPSbspzctra,_ specmcally”of tth§ ?;tjhz:ol\rlet_leve:ssandh
pability to scan a larger portion of the infrared regi@0— valence band region, were coflected at the [Hational Synchro-

4000 cml) than other surface infrared techniques such a%ron L.ight Sourcg, Broo_kh:?wen National Laboratories, at
multiple internal reflectancdMIR) and attenuated total eamline U8B using an incident photon energy of 170 .ev'
reflectancé&®3® The very intensev,4(Si—-O-S) vibrational The UHV apparatus and detector used are described
mode (950-1300 cri) can be dgtsected by RAIRS: there- elsewheré?® For this experiment, the Si sample was flashed,

fore, the stability of Si—H bonds can also be discussed if ose(;<a1r(1)cil 1r(1)e_|f;1te§j mda tiepatrate \f/acuzng Chaf;gese prels .
terms of changes within the oxide itself. The RAIRS experi-Sure orr and then transterred fo an anaysis

ments were performed in an UHV chambdase pressure chamber(ba;e pressure 210 0 Torr)._The Si Py, core

5x 101 Torr) that is described in detail elsewhéfeEach €€l Was stripped USiNGATLAB 4.2C. This program was also

scan set consisted of 128 scans at 8 Emesolution. gmployed for curve fitting an.d peak area analysis. A conven-
The ultrathin (<1 nm thick silicon oxide films were tional XPS spectrometer with a Mga source was em-

formed on S(100)-2X 1 using a precursor based method. Theployéd to collec;thod$ core-le\(/je:jsptect'rag. i o th del
Si(100-2x1 samples used for all of the RAIRS experiments xposure ot nydrogen and deuterium atoms to the mode

included a CoSi mirror to increase the reflectivity. The prepa-Slllcon oxides was accomplished by introducing ¢ D, to

ration of these samples is described in detail elsewierd. & heated tungsten filamefit 1400 °Q situated~8 cm from
Before introduction into the UHV chamber the samples were

cleaned by standard RCA methods. The sample was de-

gassed for~3 h in UHV at ~300 °C and allowed to cool @ T =one
before being transferred into the RAIRS chamber and o
aligned. The native, wet-chemical oxide was removed by
heating the sample te:1050 °C for~30 s. The sample was
allowed to cool for~15 min before a background scan set
was collected. At this point-7 L (1 L =1.0x10° Torr 9) of
HgSigO;, clusters was introduced into the chamber at a dos-
ing pressure of 58108 torr. Hydridosilsesquioxane clus-
ters, such as §BigO;,°>*"3" are convenient precursors for

hydrogen containing ultrathin silicon oxide films because © OSENSY
they are volatile and form a monolayer onXi0-2X1 at
~22°C13138 The clusters also have(Si—H) and §(H-
SiO;) vibrational modes with a fairly intense, very distinct
infrared signaturé¢Fig. 2(a)].

Ultrathin (<1 nm thick a-SiO, results when the mono- Fig. 2. (a) Reflection-absorption infrare?’50-3000 cm?) spectrum of a
layer of H;SigO;,/Si(100)-2x< 1 is heated to>300 °C(Fig.  chemisorbed layer of §5igO;, on S(100-2x1. (b) Reflection-absorption
1)_39 The seven specific cluster features in the valence baniifrared spectrum of the §$igO,,/Si Ia_yer after the sample was heated to
~700 °C for 5 s. Both(a) and(b) consist of three scan sets referenced to a

region disappear upon heating the layer, yielding an amorélean Si background(c) Overall change in the chemisorbed layer after

phOU&} oxide layer. In fact, bOt_h thg valence band region anfeating. These data are representative of three scan sets referenced to a
the Si 2 core levels become identical to those observed fokhemisorbed layer of §$ig0;/Si.
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the sample. The specific exposure times for the hydrogen and @ T - o00s5%
deuterium radical experiments may be found in the appropri-
ate figure captions. o /

% v(Si-H) /

= v, (Si-O-Si)
RESULTS AND DISCUSSION 2 .0

=

The formation of a model, hydrogen-containirgl nm 2 (

thick oxide was just described. A monolayer ofS#0,, on ZZ’
Si(100-2x1 has the infrared signature illustrated in Fig.
2(a). After heating the layer te-700 °C for 5 s, the oxide ©
layer changes significantfyFig. 2(b)]. This spectrum, refer- . . . ‘
enced to a clean @i00-2x1 surface, was taken after the 3000 2500 2000 1500 1000
sample was allowed to cool for15 min. The intensity of Wavenumber (cm'!)

v(H-Si0y) at 2271 cm?! decreases by-15% [Fig. 2(b)].
The 6(HSi03) features at 858, 888, and 905 thof the FIG. 3. (a) RAIRS (750—-3000 cm?) spectrum of a Sig0,,/Si layer after
o L the sample is heated te-700 °C for 5 s.(b) RAIRS spectrum of the
initial cluster layer are more Slgrllflclantly aIterBEig. Z(b)] HgSigO,/Si-based oxide layer after being further heated to 700 and 850 °C
For example, the peak at 858 Chis no longer observed in5 sintervals. Bott{a) and(b) are illustrative of three scan sets referenced
after heating. Only two smalf(H—SiO;) features, of nearly to a clean Si backgroun¢t) Difference spectrum that illustrates the changes
identical intensity, are detected at 905 and 888%r[rFig. within the oxide layer after being heated to 700 and 850(?6 s ir_tervals.
2(b)]. Changes are also detected for ﬂ/’@(Si—O—S) and This spectrum reprgsents three scan sets referenced g{)Sl@Oll-ySh.based,
) o thermally grown oxide layer after @5 s anneal at 700 °{Bhown in(a)].

v4(Si—O-S) regions as well. Specifically, the frequency of
the most intense,(Si—O-S) feature at 1177 cit for the ~ Si—H bonds:* While most of the hydrogen would be ex-
initial monolayefFig. 2a)] shifts to 1154 cm® after heating  pected to escape, a few H atoms may remain trapped in the
whereas the/(Si-O-S) peak at 820 cm' disappear§Fig.  oxide. As the sample cools, the trapped H atoms could react
2(b)]. An increase in intensity in the 1100—1140 chregion  with unpassivated Si atoms and form new Si—H bonds. Re-
is also detected while a prominent negative peak is observeghardless of the mechanism, Si—H bonds are still present in
at 1181 cm* [Fig. 2c)]. A shoulder, clearly resolved in Fig. the cooled, ultrathin oxide until the film is heated to
2(a) to be centered at1090 cm'?, is hardly distinguishable ~850 °C (vide infra), the temperature at which the oxide
from the major peak after heatifdrig. 2b)]. No further layer evaporates, as monitored by RAIRSg. 3) as well as
changes are detected after heating the sample for three addly the Siz and O Is core levels.
tiond 5 s intervals at 700 °C. Structural changes within the oxide also accompany the

Although significant diminutions in RAIRS intensity are changes in they(Si—-H) and &§(Si—H) regions. Features
detected for all of the cluster vibrational modésg. 2(c)],  within the v,(Si—-O-S) region at lower frequency suggest
the total integrated intensities of the G &nd Si 2 core  the formation of new Si—O bonds by a surface silicon atom
levels do not change after heating the initial monolayer tagenerating low oxidation state Si moieties during the decom-
700 °C. As previously mentioned, the Sp Zore-level and  position of HSIQ fragments. However, the most intense fea-
valence band data for the heated cluster layer are identical tore at 1154 cm?, shifted only 23 cm* from its position for
those observed for an ultrathin, thermally grown, annealedhe original cluster monolayer, implies there are still many
oxide using Q (Fig. 1). The net integrated intensity of all the Si—SiO; pieces present within the cooled oxiffeig. 2(b)].
core levels measured remains constant in this temperatut&ince the characteristic frequency range of Si@erlaps Si—
regime. SiO; and HSIQ, especially at~1 nm thickness, the forma-

The diminutions in RAIRS intensity at 2271, 905, and tion of some amorphous Si@without the addition of oxy-
888 cm! suggest the Si—H bonds of some of the HSIO gen upon heating also cannot be disregardfed.
vertices have broken and a hydrogen-containing Si$© These RAIRS data may also be interpreted in conjunc-
terface has formed. At 700 °C, these fragments may havéon with previously published Si2 core-level data for the
reacted with unpassivated atoms of the silicon surface. Alterformation of an ultrathin oxide using this precursor-based
natively, based on the RAIRS data alone, the original Si—Hnethod®®*! Soft x-ray photoemission spectra of the chemi-
bonds may have become reoriented in a way that reduced tls®rption of HSigO;, onto S{100)-2x1 followed by subse-
IR signal intensity. The gross intensity changes in thequent heating at 590 °C for2 min are illustrated in Fig. 1.
&(Si—H) region are consistent with the formation of an ul- The total intensity of the feature derived from H-§i€us-
trathin amorphous oxide layer upon heatifgg. 2b)]. The ter fragments, centered at—3.6 eV, loses over 50% of its
features of the heated oxide at 2271, 905, and 886'cm original intensity after heating*>=*°*A new feature, cen-
suggest the remaining Si—H bonds still consist of HSIO tered at~—2.7 eV, is also observed that-is60% as intense
fragments[Fig. 2(b)]. Since the adsorption frequencies areas the broad feature at3.6 eV. The ratio of oxidized silicon
identical, it is possible that a portion of the original clusterto bulk silicon remains constant and the total oxygerea-
vertices remain intact after heating, stabilized by the neighsured by the O & core leve] is the same before and after
boring oxide through reaction with the bulk silicon surface.heating. However, analysis of volatile products by mass
Hydrogen bonding and/or other intermolecular forces withinspectrometry shows hydrogen evolution at 590 °C that is
the oxide have been proposed to increase the stability afoncurrent with the appearance of the new feature- a7
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FIG. 4. (a) RAIRS (750—3000 cm?) spectrum of a KSig0,,/Si layer after FIG. 5. (a) RAIRS (750—3000 crn?) spectrum of a KSig0,/Si layer after

the sample is heated t6700 °C for 5 s. This spectrum illustrates three scan the sample is heated to700 °C for 5 s. This spectrum illustrates three scan
sets referenced to a clean Si backgroufiy). RAIRS spectrum of the sets referenced to a clean Si backgroufih RAIRS spectrum of a
HgSigO,/Si-based oxide layeta) after being exposed to hydrogdi.0 HgSigO,/Si-based oxide layefa) after being exposed to deuteriufi.O

X 1075 Torr) in the presence of a tungsten filaméa#00 °Q for 5 min. X 1075 Torr) in the presence of a tungsten filamémag00 °Q for 5 min.

These data are representative of five scan sets referenced to a clean Wiis spectrum represents five scan sets referenced to a clean Si background.
background.(c) Overall change in the oxide layer after being exposed to (c) Overall change in the oxide layer after being exposed to deuterium
hydrogen atoms. This spectrum represents five scan sets referenced toatbms. These data are representative of five scan sets referenced to a
HgSigO1,/Si-based, thermally grown oxide layshown in(a)]. HgSigO14/Si-based, thermally grown oxide layshown in(a)].

eV. Recall, the Si P core levels and the valence band of thelayer (Fig. 1). Upon exposure, the frequency of theSi—H)
heated HSi;O,,-based oxide are similar to those observedfeature shifts from 2274 to 2265 crhand decreases in in-
for ultrathin, thermally grown, @based oxide XPS data col- tensity. Oddly,8(Si—H) peaks have a higher integrated inten-
lected at 500—640 °CFig. 1).%° Heating for additional time  sity [Figs. 4b) and 4c)] after the hydrogen atoms are intro-
yielded no significant changes in the x-ray photoelectrorduced. The frequency of the most intensg(Si—O-S)
spectra at these temperatures. feature at 1154 cm also shifts to 1158 cmt with a small
These XPS observations are consistent with the previehange in intensityfFig. 4(c)]. No difference in the O &
ously discussed RAIRS data. The new photoemission featureore levels is observed. It appears the incoming hydrogen
at —2.7 eV that is observed upon heating combined with aatoms exchange with already present Si—H bonds and induce
>50% intensity loss in the-3.6 eV peak suggests that some another chemical change within the oxide that leads to the
of the Si—H bonds within the HSiQentities are broken. (Si—H) frequency shift. The differences in intensity likely
Further evidence of this stems from the observation pbyd  result from a net loss of hydrogen within the film and/or
mass spectrometry that is consistent with the recombinatioreorientation of the new, exchanged Si—H boriEfy. 4).
of H atoms, presumably from the scission of Si—H bondsRegardless, the exposure of hydrogen atoms does not return
However, the RAIRS data indicate many of the Si—H bondshe sample to the original §3ig0;,/Si(100)-2X 1 layer[Fig.
remain in the film simply by observation of thgSi—-H)  2(a)]. An amorphous, hydrogen-containing, ultrathin oxide
feature at 2271 cimt (Fig. 2). The intensity of the feature has still remains.
only decreased by-15% upon heating in comparison to the Hydrogen/deuterium atom exchange is also observed for
original layer of HSigO;, on silicon. A very broadened these ultrathin oxides. Upon exposure of deuterium atoms,
v,(Si—0-S) feature is detected by IR, consistent with the the Si—H bonds become Si—D bonds with 100% conversion
presence of the amorphous silicon oxide layer that thepSi 2 [Fig. 5a)]. Note the appearance ofSi—D) at 1645 cm* as
core level and valence band spectra also predict. This layer(Si—H) at 2274 cm?! and 6(Si—H) at 888 and 905 cm,
however, contains substantially more hydrogen than the oxrespectively, vanishd(Si—D) is expected between 710 and
ides that are thermally grown using, @nd annealed in & 620 cm ! and is out of the range for this experimental setup.
No additional changes are detected in the RAIRS data of his observation is consistent with some of the work of Ly-
O 1s core levels upon subsequent heating-&00, 750, and ding et al. in which D atoms were substituted for H atoms in
800 °C in 5 s intervals. These observations further indicatéhe thermal annealing processing of model metal-oxide—
silicon—hydrogen bonds are very robust in Hgiéntities, semiconductotMOS) devices!’*8 The exchange reaction is
consistent with the Guereviddt al. study of impurity evolu- completely reversible upon the introduction of hydrogen at-
tion in wet chemical oxide® However, upon heating to oms to the deuterated sampkg. 6b)]. Note the reappear-
850 °C, the integrated area of the @ dore levels decreases ance of the Si—H infrared features at 2265, 888, and 905
by ~40%. Upon subsequent heating at 850 °C for 5-10 sgm™?, similar to in the previously discussed hydrogen atom
the rest of the oxide is removed and clean silicon remains. exposed, SigO;,-based model oxide§-ig. 4). The peak at
Hydrogen atom exposure to the previously heatedl645 cm?, indicative of Si—D bonds, is no longer detected.
(700 °Q silicon oxide film[Fig. 4(a)] does not reverse the In conclusion, Si—H bonds are directly observed by
temperature induced changes in thgSHO;,/Si(100-2x1  RAIRS within model, ultrathin silicon oxide film after an-
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