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The adsorption and reaction of ethanol on the metal-free, pure silicon dioxide surface have been studied as
a model system to explore the chemical origin of the defects which are detrimental in the gate oxide exposed
to chemical vapors. In addition to molecular adsorption, ethanol decomposed to the extent that a variety of
species including ethyl, ethoxy, and hydroxyl were produced even at the surface temperature of 115 K. The
silicon dioxide surface was selective for the formation of acetaldehyde through cleavage oftthbddd.

The bare surface, however, was more selective for ethanol conversion to ethylene than the surface covered
by fragments and products. Comparison of static secondary ion mass spectra taken from the surface exposed
to deuterated and nondeuterated ethanol, respectively, showed that-theEE-OH, and EtG-H bonds

were disrupted during the surface decomposition of ethanol. Hydroxyl hydrogen of ethanol readily exchanged
with silanol hydrogen of the surface. The formation of-&i and SiO-H bonds suggests that hydrogen
concentration will increase on the metal-free silicon dioxide surface exposed to organic vapors. Its implication
to the generations of defects in the silicon dioxide framework and of the stress-induced leakage current will
be discussed.

1. Introduction present in the as-fabricated oxl@é*or induced when carriers
are injected from the contacts into the lay@t>-18 Degradation

Silicon dioxide, the native oxide of silicon, is the dielectric of silicon dioxide films mav thus primarily occur near the
of choice in present-day electronics devices. It constitutes the. y P y

insulating layer of the metal oxide semiconductor (MOS) field |nterface§ With CO“taC””Q metals or semiconductérs.

effect transistors found in the integrated cirduithe silicon In particular, degradation of the MOS structure has been
dioxide layer, as the narrowest feature on chips, is believed to attributed to the presence of dangling-bond deféctsin the

be one of the key limiting factors for fabricating increasingly Interfaces to which hydrogen diffusé:®222%Hydrogen is an
smaller silicon-based transistdrélt has been shown that a four-  impurity commonly found in silicon oxide films, with its
atom layer is the fundamental physical limit for silicon dioxide concentration and distribution depending strongly on the growth
based insulatorsWith the past success in surmounting all the condition?* It may be released from its bonding site by hot
challenges from the limitations for the progress of microelec- €lectron>°or holes®27"28when they cross the oxide. Defects
tronics, such as those related to architecture, process technologycontaining ill-coordinated atoms as well as in the forms=of
and materiaf, scaling of CMOS down beyond the target vafies Si—H and=Si—OH are generated near or in the gate electrode

of 35 nm after the year of 2014 is thought to be feagibking or the channel?™*216222% ow-field leakage currents are also
very thin silicon substrates on insulator and with two gates for 9enerated by exposure of the MOS structure to atomic hydro-
the control of the charge carriers. gen?3 In this case, a defect structure in the form of the neutral

As indicated in the latest International Technology Roadmap hydrogen bridge is produced in which the hydrogen atom
for Semiconductors (ITRS), bulk CMOS may run into perfor- replaces an oxygen atom and forms a complex with an oxygen
mance constraints at 70 nm, below which thin films of silicon Vacancy:? This atomic-hydrogen-induced defect has a higher
on insulator and fully depleted channels will have to be resorted concentration in the interface than the hydrogen-dangling bond
to5 The properties of the silicon dioxide layer in these films defect!®29.30First-principles calculations also showed that the
and of its interface with silicon will then critically affect the Neutral hydrogen bridge is the trap mainly responsible for stress-
performance of the new-generation MOS transistors before aninduced leakage current through gate oxitfes. .
alternative gate dielectric, such as zirconium okialed hafnium Hydrogen and other products generated from chemical
oxide? are employed. They will determine if the thickness of reactions may also degrade the performance of silicon MOS
the oxide layer in silicon MOS transistors can ever approach integrated circuits. The increase in the number of charge traps
its fundamental physical limit. observed in a humid atmosph&rénas already implied that

A complete understanding about the chemical properties of hydrogen yielded from the reaction of water vapor with the
the silicon dioxide thin layer in the vicinity of the interface is ~ silicon MOS structure may be part of the defect structure leading
thus imperative. It is suggested that a forerunner and possibleto device failure. Kinetics studies of the drain current generated
cause of ultimate dielectric breakdown is the charge trapping from the combined action of ethanol vapor and drain voltage,
and buildup on defect sites in the silicon dioxide lajfei? in a without-gate n-channel MOS field effect transistor structure,
The buildup results in a tunneling current, the stress-induced showed that the magnitude of the current was determined by
leakage current, flowing through the oxide which becomes two processes of different time constants, both of which were
greater during device operation. These defect sites are either@ unique function of the reaction between ethanol molecules
and the oxidé2 Under the action of ethanol, changes appeared
* Address correspondence to this author. E-mail: cchang@ccms.ntu.edu.tw.in the structure, in which defects were introduced, at certain
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drain voltage$? The defects became a source of electrically produced from ethanol reactions on silicon dioxide? (5) Are
active centers. The numerical analy$isf the measured low  Si—H and Si-OH surface species, which may be related closely
voltage static +V curve showed that these defects caused a to the charge buildup observed in the gate oxfié?6formed
significant increase in the total charge in the structure, with a in the reaction and does their surface population increase with
positive net density high enough to cause an inversion channel.the ethanol exposure? Implications of the results obtained in
It was proposed, on the basis of the reversibility of the observed this study will be discussed in the context of the role of surface
change in the drain current, that the charge induced in the reaction products on the stress-induced leakage current.
structure was perhaps located mainly on the surface of the
ox@de,32 although the charge increase in the fixed states in the 5 gyperimental Section
oxide provoked by the diffusion of ethanol molecules or the
products of their surface reactions cannot be completely ruled Experiments were performed in a stainless steel ultrahigh
out10.12.16,32 vacuum system with a background pressure typically of 2
Results of these studies reveal that the action of chemical 10 *° Torr. The details of the system design are described
vapors during fabrication of MOS structures as well as the elsewheré’ Briefly, the system is pumped by a 500 L/s
chemical properties of the silicon dioxide interfaces may be vital turbomolecular pump and equipped for temperature-programmed
to the ultimate downscaling of the silicon-based CMOS technol- desorption (TPD), static secondary ion mass spectrometry
ogy. At the fundamental physical limit for silicon dioxide based (SSIMS), Auger electron spectroscopy (AES), and low-energy
insulators of about four atoms across, two of them will be at electron diffraction (LEED).
the interfaced. The surface/interface will thus constitute a The silicon dioxide samples employed in this work were
significant fraction of the dielectric layer. If the silicon MOS  prepared using n-type (Sh-dopgd= 0.0001-0.02Q-cm) Si-
technology can evolve to this stage, the impacts of the surface/(100) wafers acquired from International Wafer Service. After
interface characteristics to the MOS performance will be cleavage into approximately 12 mm 8 mm x 0.5 mm
determinant. rectangles, they were subjected to a wet-chemical cleaning
This work was conducted in an attempt to contribute to the proces®’ to remove grease left on the sample. Silicon dioxide
body of the knowledge in demand for the continuous down- was then grown on the Si(100) surface by thermal oxidation in
scaling of the silicon CMOS technology by exploring the an oven at an elevated temperature~dfo00 K in air for 6 h.
microscopic origin of defects related to the hydrogen species The thickness of the silicon dioxide layer formed was00 A,
generated on the metal-free, pure silicon dioxide surface from as revealed from the depth profiling of the sample surface using
its reactions with chemical vapors. Ethanol was chosen as theX-ray photoelectron spectroscopy. After the growth, the sample
model molecule for the reaction so as to capitalize on the was placed in a pocket of thin tantalum sheet, which provided
existing knowledg® and to provide some chemical insights on the thermal and electrical contacts as well as the mechanical
the buildup of defects on the silicon dioxide surface that may support for the sample, and was mounted to a manipulator using
lead to the destructive breakdown of the gate oxide. The use oftantalum clamps. A pair of ChromeAlumel thermocouples
silicon dioxide samples of high purity is critical to this study. was spot-welded to the pocket for monitoring the sample
Even though silicon dioxide is generally considered for hetero- temperature. Once under ultrahigh vacuum, the sample surface
geneous cataly<i§334as one of the more innocuous supp@fts, was cleaned by cycles of Arion sputtering (2 keV, 0.6:A
traces of metal impurities exhibit noticeable effects on the beam current, (32) x 1076 Torr, 10 min) and annealing (950
chemical properties of the sam@f?” They act as reactive K, 1 min). Surface cleanliness of the sample was checked by
centers in the silicon dioxide network, displaying high reactivity AES and SSIMS.
toward catalytic reactions of organic compoufs. Ethanol (99.5%) was purchased from Acros and deuterated
The silicon dioxide films used in most of the studies reported ethanol (GDsOD, >99%) from CIL. Prior to dosing, these
in the literature were prepared by deposition from suspension chemicals were degassed by several fregmenp-thaw cycles.

in solutions3®4% chemical vapor depositiott;*? or by thermal A stainless steel gas doser of 2-mm i.d. was used to introduce
oxidation of silicor*344The films produced through deposition  them onto the sample in the UHV chamber through a precision
from suspension usually contain metal impuritte€hemical leak valve. The purity of the ethanol vapor was checked in situ

vapor deposition may incorporate oxidants into the silicon by mass spectrometry. All doses reported in this study are
dioxide structuré! The first study® aimed to understand the calibrated back to the background exposure and are expressed
reactions over pure silicon dioxide samples of hydrogen- inlangmuirs (1 L= 1 x 10 ® Torr-s) of exposure at the sample
containing compounds was conducted on a dried silica gel surface. The reading of the gauge was uncorrected for the
prepared by hydrolysis of ethyl orthosilicate in nitric acid, with corresponding sensitivity.
impurity levels in the sample of 4 ppm in nickel and 4 ppmin  SSIMS measurements were performed using a primary beam
sodium. No studies were reported about the details of hydro- of Ar* ions of 2 keV energy to bombard the sample, with the
carbon reactions on metal-free, high-purity silicon dioxide films angle between the ion gun and the mass spectrometer fixed at
prepared by thermal oxidation. 45 degrees. The ion gun was differentially pumped and operated
This paper presents results from experiments on ethanolat a pressure of3 x 1072 Torr when SSIMS spectra were
reactions on the metal-free, high-purity silicon dioxide surface recorded. The count rate of secondary ions was maximized by
to elaborate upon the following questions: (1) Does ethanol varying the polar angle of ion incidence and by applying a bias
decompose on the metal-free silicon dioxide surface? (2) If it voltage (~20 V) on the sample. The spectra presented in the
does, to what extent do ethanol molecules decompose and whahext section show the typical variation, as a function of the
are the identities of their decomposition products? (3) How are ethanol exposure, in the SSIMS intensities obtained at different
some of these products formed during the ethanol reaction onm/e in repeated experiments. Except for very small count rates,
silicon dioxide (i.e., which chemical bonds in ethanol are the measurements taken in these experiments had a repeatability
disrupted during the reaction and which new bonds are formed of £10% in the signal intensity relative to tinge 28 intensity.
on the surface)? (4) What are the hydrogen-containing speciesData collection was accomplished using an interface system
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As shown in Figure 1, the sputter intensity measureavat
44 did not increase with the ethanol dose in the low-exposure
regime. Instead, its peak area remained at about a constant ratio
(19 & 2%) of the one obtained at'e 28. Them/e 44 peak thus
reflects the characteristics of the sample surface, not of the
ethanol reaction on silicon dioxide. It was assigned as due to
SiO* ions sputtered from the surface. The absence of SSIMS
peaks in Figure 1 from sputtering of low-ionization-potential
elements, such as Na and K, indicates that the impurity level
of metals in the sample prepared was below the detection limit
of SSIMS, which was in the ppb range under the experimental
condition of this study.

3.1. Silanols.The presence of theve 45 peak in Figure 1
was due to the sputter desorption of SiOidns52531t indicated
that the sample surface prepared in this study contained some
amount of hydroxyl species. They were formed on silicon
dioxide as a result of dissociative adsorption of watébduring
sample preparation and in the course of surface cleaning and
cooling in the analysis chamber. Similar to the observations

made in other studie®,the amount of hydroxyl species formed,
as reflected from theve 45 SSIMS intensity obtained, depended
strongly on the thermal treatment of the sample. Since dehy-
droxylation through condensatithof geminal and vicinal
silanol groups of silicon dioxide proceeds with less energy
expenditure required to form siloxane bridge20Q kJ/ mol for
designed by VG Microtech. Spectra were taken within 3 min geminal groups and-110 kJ/mol for vicinal group$y->8than
of exposure. The typical data collection time wa$ min/ that provided in this study during the sample cleaning process
spectrum. (annealing at 950 K), the peak observearét 45 in Figure 1
TPD experiments were conducted with the sample in line of may be mostly associated with the free silanol groups present
sight of the mass spectrometer (nondifferentially pumped). To on the sample surface prepared.
preferentially admit gases desorbing directly from the sample  XPS and SSIMS studies performed by D'Souza € aln
surface to the ionizer, this spectrometer was fitted with a the silica surface on which the silanol groups were derivatized
stainless steel skimmer with a 0.3-cm diameter opening. Forto produce cyano groups have shown that there is a linear
TPD measurements, the sample was plaeéd. in. away from  correlation between the surface silanol concentrationfgragh/
the skimmer. Measurements of the intensities of desorbing Ag;, the area ratio of the SSIMS peak for Si®kbns to the
species were controlled by interfacing the spectrometer control peak for St. They also calculated silanol concentrations on
unit to a personal computer. During each TPD measurement, asilica surfaces on the basis of the intensity of the FTIR
linear temperature ramp was applied to the sample and theabsorbance band using the Bekambert lawg® According to
spectrometer was set to monitor several masses. A heating rateheir calibration table and th&sion+/Asi+ ratio obtained in the
of ~3 K/s was used in all TPD experiments. SSIMS spectra taken in this study from the clean surface, the
silanol concentration on the silicon dioxide surface prepared in
this study was 2.6: 0.5 OH/nn?. In comparison, the surface
densities of hydroxyl groups for fully hydroxylated silié&silica
eated at 500C in air silica heated at 508C in a vacuun??
and silica calcined in air at 110T5° were reported to be 4.9,
2.7, 1.8, and 0.7 OH/nfn respectively. The relatively high
silanol concentration obtained in this study may be due to the
reactio®>56:61 of a small amount of water adsorbed on the
silicon dioxide surface during cooling to 115 K after sample

m/e

Figure 1. SSIMS spectra of a silicon dioxide surface exposed to the
indicated doses of EtOH. All spectra were recorded at 115 K. The
spectra were normalized to a constant peak heighvaf8.

3. Results

The surface reaction of ethanol on the silicon dioxide surface
at low temperature was studied using static secondary ion mas
spectrometry. The substrate temperature for these SSIMS
experiments was maintained at 115 K. Figure 1 displays the
SSIMS spectra taken up to/e 55 by exposing several different
doses of EtOH to the silicon dioxide surface prepared. A typical
SSIMS spectrum measured from the surface after cycles of . . -
sample cleaning showed peaksvé 28, 40, 44, and 45. Their ~ cléaning and during data taking.
relative intensities varied with the preparation/pretreatment Hydroxyl groups are usually present on all the surface of solid
procedure of the Samp|e and with the vacuum condition of the oxides unless the surface is treated at elevated tempeﬁitures
analysis system. Thewe 28 peak arose from the sputter Or the dissociative adsorption of water on the oxide surface is
desorption of Sf ions from the surface, as supported by the @ kinetically hindered proce$3 These groups may behave as
presence in the spectrum of smafle 29 andnve 30 peaks due  hydrogen-bond donors or proton donors (Brgnsted acid),
to the presence of naturally occurring silicon isotopes. Since depending on their coordination symmetfyThey affect the
the sputter yield generally decreases drastically with the layer reactivity of the oxide sample significanffyas will be discussed
depth of atoms sputtered from the surf4&e! the large signal, later.
relative to other peaks in the spectrum, observed@8 before 3.2. GH3, CyHs, and SiH. The intensities of the peaks
EtOH exposure reveals that the Si atoms in the sample surfacedisplayed in Figure 1 are normalized to timée 28 intensity of
were not completely buried under oxygen atoms. The exposedeach spectrum. The normalization facilitates the deduction of
Si atoms on the surface may facilitate the reactions of ethanolthe surface chemistry of ethanol reactions by removing from
with silicon dioxide following ethanol adsorption, as will be display the complex effect of the surface work function, which
discussed later. is sensitive to adsorbate coverage, on the SSIMS ion yield. The
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TABLE 1: Assignments of SSIMS Signals Observed in the
Spectra Taken from the Silica Surface Exposed to EtOH and
d-EtOD, Respectively
m/ein d-EtOD correspondingn/e M
spectrum assignment in EtOH spectrum X1
28 Sif 28 >
30 CD,.CD" 27 B
C.Ds* 27 g
SiD* 29 £ [,
32 GDsH," 29 w
CD=CD;* 28 S 1 M
33 GD4H* 29 D X3 1872
CD,=OH* 31 e
34 CD,CD,* 29 2>
CD,~0D* 31 =
44 Sio" 44 E._ 28
45 CD~C—=OH* 43 }ij“
46 CD,—C=0" 43 X3
CD,=C=0D*" 43 ¥
SioD* 45 45
49 CDy—CD=0H* 45 2
50 CD;,—CD=0D" 45 10 20 30 40 50 60
CgDsOJr 45 ml/e
52 CD,CD;OH, 47 Figure 2. SSIMS spectra of a silicon dioxide surface exposed to the
53 CD,CD,ODH" a7 indicated doses of d-EtOD. All spectra were recorded at 115 K. The
CDsCD,OHD* a1 spectra were normalized to a constant peak heighva8.
54 CD;CD,0D,* 47

1, and thenve 34 peak with that of deuterated ethyl ions. The
sputter yield of ST (m/e 28) ions from a clean sample surface rise of small peaks atve 33 andm/e 32 in Figure 2 may be
was very small. Upon adsorption of ethanol, the signal intensities gscribed in part to isotope exchange of D from/CDs" with
of all positive ions, including Si, increased because of the H on the surface. The occurrence of the H/D exchange reaction
increase in the surface work functi&hThe Sit ion intensity on the surface at the low d-EtOD exposure of 0.12 L suggests
then decreased as the surface was covered by ethanol at higlthat a noticeable amount of hydrogen atoms was present on the

exposures. sample surface prepared in this study before ethanol exposure.
As shown in the figure, thewe 27, 29, and 45 signal In fact, the SSIMS intensity of theve 29 peaks shown in Figure
intensities increased substantially, in comparison tanfes28 2 exceeds the expected isotope abundancé@Sif supporting

intensity, when EtOH of as small as 0.07 L exposure was dosedthe presence of H on the silicon dioxide surface exposed to
to the silicon dioxide surface at 115 K. Further increasing the deuterated ethanol.
exposure to 0.38 L caused the rise of major SSIMS signals at New Si—H bonds were also formed when the sample was
m/e 43 and 47, in addition to the large increase in intensity exposed to EtOH. The presence of H atoms on the sample
observed af/e 27, 29, and 45 and to the growth of small peaks surface from EtOH dissociation may cause fifile 27 intensity
atmve 19 and 31. They indicated that ethanol may decompose in Figure 1 to bdower than thenve 29 intensity, whereas the
to a significant extent upon adsorption on the metal-free silicon presence of D atoms from d-EtOD dissociation may cause the
dioxide surface at a low substrate temperature of 115 K. m/e 30 intensity in Figure 2 to béigher than thenve 34
The increase in the SSIMS intensity rate 29 is attributed intensity. When EtOH was exposed, the sputtering of 'SiH
in part to the production of ethyl species from ethanol reactions augmented the peak signal atfe 29, to which ethyl ions
on the sample surface. Thae 27 peak may be associated with  contributed, and its resulting peak intensity was slightly higher
the further dehydrogenation of ethyl on the surface to form than the one measuredrate 27 (Figure 1). On the other hand,
CoHs*. In addition, it may be due to ethylene, which is formed when d-EtOD was exposed, H atoms originally present on the
on the surface from dehydroxylation of ethafb$/:68losing a sample surface were gradually consumed, such as by H/D
hydrogen atom during sputtering to yield gEH". exchange and protonation of decomposition products, at increas-
These peak assignments, summarized in Table 1, are suping doses. At the same time, the decomposition of d-EtOD on
ported by results obtained from studies on the deuterium-labeledsilicon dioxide and the isotope exchange process led to the
reactions of ethanol on silicon dioxide. As elaborated later, the accumulation of D atoms on the surface. It caused the sputter
details of the ethanol reaction processes on silicon dioxide mayyield of SiD" ions to increase, which contributed to the SSIMS
also be deduced from a cross examination of the spectra takerintensity measured at the samee as that for GD3™ ions,
from the sample surfaces exposed to deuterated and nondinstead of for ethyl ions. As shown in Figure 2, the additional
deuterated (normal) ethanols, respectively. Shown in Figure 2 contribution from the SiD ions to the peak intensity measured
are the SSIMS spectra taken from the silicon dioxide surface atm/e 30 and the decrease in contribution to ithfe 34 intensity
exposed at 115 K to the indicated doses of deuterated ethanoldue to H/D exchange may then causertfie 30 intensity to be
C,DsOD (d-EtOD). At the d-EtOD exposure of 0.12 L, there slightly higher than the intensity obtainedrate 34 in the low
was a substantial increase in the SSIMS intensity observed atd-EtOD exposure regime of below 0.76 L.
m/e 30, as compared to its intensity obtained before exposure. The reverse in relative sputter intensities measured at the

Major SSIMS signals were also detectedré¢ 34 andm/e 46. masses for Xz and GXs' ions (X = D or H) shown in
In comparison to the SSIMS spectra taken from the sample Figures 1 and 2 thus supports the argument that, in addition to
surface exposed to EtOH (Figure 1), it indicated that rite those already existing before exposure, new>Sbonds may

30 peak was related with the sputtering ofDg" ions, the be formed on the silicon dioxide surface exposed to ethanol.
deuterated counterpart of theéée 27 species appearing in Figure The sputtering of SiX (X = D or H) ions disclosed in these
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two figures, however, could result from the recombination
reactions, occurring in the space above the surface, of the
desorbed Si and X atoms which were emitted from the sample
surface via certain correlated collision sequertéé$To confirm

that the observed SiXion sputtering was mainly due to the
formation of Si-X bonds on the surface exposed to ethanol,
estimation of the contribution of SiXions to the intensities
measured atve 29 in Figure 1 and atve 30 in Figure 2 was

Chang and Shu

3.3. GHs0, C,H30, CH30, SiOH, and SiOEt. The increase
in the SSIMS intensity observed ate 45 in Figure 1 after
ethanol exposure may be attributed to the SiOH and EtO species
generated from ethanol reactions on the silicon dioxide surface.
In addition, abstraction of H by the surface from the adsorbed
ethanol may lead to the formation of a stable oxonium species,
CHz;—CH=O0HT,87 which may also contribute to the intensity
increase observed at/e 45. The abstraction of H by the

performed. The estimation was based on the assumption thatadsorbed ethanol molecule from the silicon dioxide surface

the m/e 32, m/e 33, andm/e 34 peaks observed in Figure 2
were contributed from ethyl ions alone and that the relative
abundance of €X3 and GXs remained about the same in the

during sputter desorption, on the other hand, facilitates the
detection of ethanol atve 47 as EtOH".

Further dehydrogenation of EtO on the surface or during

ethanol exposure range between 0.38 L and 0.41 L. The areasyyttering may cause thale 43 peak to rise in Figure 1. The

of the m/e 27 andm/e 29 peaks obtained at 0.38 L EtOH
exposure (Figure 1) and of tma'e 30, me 32, m/e 33, andm/e

34 peaks measured at 0.41 L d-EtOD exposure (Figure 2) were

each calculated. The difference and reversal in the intensities
observed in Figures 1 and 2 betweeiXgand GXs were then
used to estimate their contributions from SiYon sputtering.

The results indicated that SiDlons sputtered from the surface
contributed significantly to theve 30 signal intensity {51%)
shown in Figure 2 at 0.41 L exposure, after the contribution
due to the presence of residud6iH species on the surface
was removed. A large contribution ef32% was obtained for
SiH* ions to thenm/e 29 SSIMS intensity shown in Figure 1 at
0.38 L exposure. Comparison with their corresponding Si
SSIMS intensities revealed that these calculated $itensities
were significantly higher than the predicted values for ion
formation via space recombinatiéh?Cif the ionization prob-
abilities of Si and SiH during sputtering were assumed similar.
Therefore, an appreciable number of-&i bonds were formed
on silicon dioxide during ethanol decomposition on the surface.
The observation of the formation of new-3# bonds from
hydrogen atoms produced during ethanol dissociation on silicon
dioxide is in agreement with conclusions from an earlier report
that hydrogen atoms are highly mobile in the oxide and diffuse
through it toward the siliconsilicon oxide interface where they
create defect¥!

The presence of hydrogen on the sample surface may also

facilitate the abstraction of H (or D) atoms by ethylene during
its surface ionization before sputter desorption. The H-ethylene
adduct contributes to the sputter yields measuredvat29
(CoH4HT) shown in Figure 1 and atVe 33 (GD4H™) and 34
(C.D4D7) in Figure 2. Its contribution was small, however, in
comparison to the contribution from ethyl species. It is expected
that at low exposures of d-EtOD, the surface is populated with
more hydrogen atoms than deuterium atoms. mfe33 peak
should then have a higher signal intensity thanrtie34 peak
observed in Figure 2 if the sputter desorption of ethylene via
hydrogen acquisition dominates the peak intensities obtained.
The fact that the SSIMS intensity measurednale 34 was
significantly higher than that obtained e 33 indicates that

it is the sputtering of ethyl species which dominates. Ethyl
species thus also dominates the contribution to riifie 29
intensity shown in Figure 1.

The results also confirm that on silicon dioxide, the-BEXH

m/e 43 species may also be brought about by the additional
loss of hydrogen from thenwe 45 oxonium species to form
C,H30". The signal observed atve 31 in Figure 1 may be
generated by elimination of GHria a-cleavage from ethanol,
forming another stable oxonium species S#DH' (m/e 31)
during sputtering? It is a mass signature of primary alcohdfs.

3.3.1. H Attachment to Ethandlhe attributions made above
are supported by the SSIMS spectra taken from the silicon
dioxide surface exposed to deuterated ethanol. At the d-EtOD
exposure of 0.12 L, the SSIMS spectrum obtained, shown in
Figure 2, exhibited a large increase in intensityrét 45 and
m/e 46, in addition to the rise of sputter intensitiesnale 49,

50, 52, 53, and 54. Theve 54 peak corresponds to the peak
observed atm/e 47 in Figure 1. It arose from the sputter
desorption of the d-EtOD molecule from the sample in the form
of d-EtOD,™ after acquiriig a D atom from the silicon dioxide
surface. Since at the low d-EtOD exposure of 0.12 L the sample
surface was populated with H species, as discussed above, the
d-EtOD molecule on the surface may aceguarH atom, instead,
from the surface during its sputter desorption. Thie 53 (d-
EtODH") peak was thus observed and its signal intensity at
low exposures was larger than the one measuredeb4.

3.3.2. SiG-H Bonding.The presence of a relatively large
peak atm/e 52, in comparison to theve 53 andm/e 54 peak
intensities, in Figure 2 is very interesting. The much smaller
signal intensity observed at/e 46 than atm/e 47 in Figure 1
excludes the possibility that deuterated ethanol was sputtered
mainly in the form of d-EtOD (m/e 52). The smaller peaks
observed at/e 33 and 32 than the one ate 34 in Figure 2
reveal that H/D exchange of adsorbed species with surface H
atoms is kinetically suppressed to some extent. Trife 52
species present in a relatively large amount were thus not
produced mainly from H/D exchange of th@e 54 or m/e 53
species. The relatively large SSIMS intensity observeavat
52 also does not warrant the formation of timée 52 species
via simultaneous acquisition of two H atoms from the sample
surface by then/e 50 species during sputter desorption either.
Therefore, a species in the form of[@GHO (i.e., d-EtOD with
one D being replaced by H) had to be present on the surface,
which then acquirg a H atom during sputtering from the surface
to desorb asn/e 52.

There are in total six deuterium atoms in ethanol which could

bond may be cleaved and ethanol may decompose to the extenundergo substitution reactions to forraBgHO. The similarities

that ethyl species are produced. As shown in Figures 1 and 2,
the abundance of £13 and GDj3 on the surfaces reacted with
EtOH and d-EtOD, respectively, reveals that thedXC(X = D

or H) bond in the ethyl group may be also disrupted during
ethanol reaction with silicon dioxide. The H (or D) atoms
produced from the disruption may then aid in the formation of
the Si-H bonds.

in chemical reactivity of the €D bonds in the ethoxy group

of deuterated ethanol and in thermodynamic and chemical
stability of the various deuterated forms of ethoxyPgH,O
(x=0-5 andy = 5 — x), would ensure the formation of various
deuterated ethoxy and have given rise to the appearance of a
few peaks in the SSIMS spectrumrate lower than 52, should
substitution reactions occur on ethoxy. The absence ofitbe
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d-Et d-Et placed in front of the quadrupole mass analyzer for ionizing
\o= - \0: e H particles which thermally desorbed from the sample surface.
[ | I~ N At 0.76 L d-EtOD exposuray/e 52 (d-EtOD) was observed to
D =(|)= D - O: desorb in the substrate temperature range between 175 and 250

. | K. Its desorption peaked at 211 K. The TPD profiles obtained
—Si— 05— Si>—0,— —S$i—0——Si—0—

TS0 T 77757 atm/e 51 resembled closely to the one obtainech&52. Since
d-EtOD has no fragments with the/e of 51, excluding the

l possibility of detecting the product from its dissociation in the
TPD ionizer atm/e 51, them/e 51 species observed must desorb
d-Et, from the sample surface. The larger area measured under the
\.d'—H m/e 51 TPD peak than that under theée 52 peak, as shown in
’ — o Figure 4, is in accord with the presence of more silanols (SiOH)

on the surface at low exposures. The TPD data thus support
Sl O S O that d-EtOH (/e 51) was produced on the sample surface
SIS S S S S sSS exposed to d-EtOD. The reactions of normal ethanol on the
sample should thus also involve the formation of the €D

Figure 3. lllustration of a possible substitution reaction via hydrogen and SiO-H bonds.

bonding between silanol on the surface and the hydroxyl group of

ethanol. 3.3.3. CH—CH=O0H". Just as the contribution of EtCto
the m/e 45 SSIMS intensity observed in Figure 1, both the
191K - d-EtOD and d-EtOH molecules present on the sample surface
contributed to the signal intensity observedrét 50 in Figure

2 after the exposed ethanol lost its hydroxyl hydrogen before

registering itself in the mass spectrometer as d*Et#@nother

species, SiOH, contributing to than/e 45 intensity observed

in Figure 1, had a corresponding contribution, when deuterated

ethanol was exposed, from SiOBo them/e 46 intensity shown

in Figure 2, as discussed above. The third contribution to the

m/e 45 signal intensity in Figure 1, assigned as due to the

production of a stable oxonium species, £HCH=0H", was

supported by the observation of an additional signavat49

in Figure 2. The deuterated counterpart of this stable oxonium

species takes the form of GBCD=0OD" and should contribute

to the me 50 SSIMS intensity observed in Figure 2. This
species is formed via disruption of a® bond in the adsorbed

48 ethanol. The presence of both d-EtOD and d-EtOH on the

700 200 300 200 surface, after the exposed deuterated ethanol undergoing

substitution reactions via hydrogen bonding, thus leads to the

formation of C—CD=0D" (m/e 50) and CQ—CD=0H"

Figure 4. TPD profiles for d-EtOD adsorbed on silicon dioxide at (e 49), respectively.

115 K. The profiles were taken at indicatere and doses. The heating As shown in Figure 2, the two pairs of SSIMS peaks, one

fate was about 3 Kis. present atm/e 49 andm/e 52 and the other atVe 50 andm/e
53, display similar intensity ratios at each ethanol dose in the
low-exposure regime. The peaks observedn& 49 and 52
may be mainly due to surface reactions originating from an

Intensity

225K

Temperature(K)

51 peak in the SSIMS spectra displayed in Figure 2 suggests
that it is the hydroxyl hydrogen which undergoes substitution.

Instead of H/D exchange between the surface H atoms and;, ‘.., compound, d-EtOH, and the peaksré 50 and 53

the ethanol D atoms on hydroxylsz which was Igne'ucally originating mainly from d-EtOD, as discussed above and
suppressed to some extent as pointed out earlier, such a

substitution reaction was facilitated by the presence of silanols depicted in the equations below.

on the sample surface. As discussed before, the presence of the " o

mle 45 peaks with distinctive intensities 8 L exposure in ~ d-EtOH," Hatachmentd-EtQH_CD bond disruption

Figures 1 and 2 indicates that a discernible amount of silanols nve 52 m/e 51

were present on the silicon dioxide surface prior to ethanol CD3—CD=OHJr
exposure. The substitution reaction may take place via hydrogen me 49
bonding between the silanol on the surface and the hydroxyl o

group of ethanol374as illustrated in Figure 3. It leads to the ~ d-EtODH" Hattachmentd-EtQD C~D bond distuption

production of GDsHO (d-EtOH) and deuterated silanol (SiOD). m/e 53 e 52 .
The production of SiOD contributes in part to the large increase CD,—CD=0D
in SSIMS intensity observed ate 46 in Figure 2 at increasing m/e 50

exposures.
To obtain spectral evidence supporting the argument aboutThe similarity thus supports that the/e 50 SSIMS intensity
the presence of d-EtOH on the sample surface exposed towas mainly contributed from CH-CD=O0OD" ions. The con-
d-EtOD, temperature-programmed desorption experiments weretribution of d-EtO" to the m/e 50 peak intensity shown in
conducted. Presented in Figure 4 are TPD spectra taken fromFigure 2, and thus of EtOto them/e 45 intensity in Figure 1,
the sample surface exposed to d-EtOD at 115 K. Theseis minor. This conclusion is in agreement with the results
experiments were performed with an electron impact device obtained from ab initio calculatior’§,which showed that out
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If both them/e 46 andm/e 47 peaks in Figure 1 result from
ethanol molecules adsorbed on the surface, one would expect
to observe similar dependence of their peak areas on the
exposure. The absence in Figure 5 of a continuous, large increase
in them/e 46 SSIMS peak area with the exposure indicates that
the m/e 46 peak observed in Figure 1 cannot be attributed to
ethanol present in the molecular form on the surface. It is thus
postulated that ethoxy groups were present on the sample surface
exposed to ethanol at 115 K and bonded to the silicon atoms
exposed to vacuum. lon bombardment initiated collision cas-
cades leading to the breakage of the E&) bond. The ethoxy
species produced was then protonated to contribute tothe
46 (EtOH") signal observed in Figure 1. The change in the
SSIMS peak area fom/e 46 with the exposure thus follows
the same pattern, as shown in Figure 5, as those displayed by
the surface species produced by ethanol reactions on silicon

0 1 2 3 4 5 6 7 dioxide.

Exposure (L) Once formed, the ethoxy groups on silicon atoms can interact
Figure 5. Ratios, displayed on the log scale, of peak areas obtained a_nd form a hydrogen bond through its oxygen f'ator_n, fixed at a
atmle 27, 29, 43, 45, 46, and 47 to the area of thie 28 peak in the distance close to the surface, with a neighboring isolated OH
SSIMS spectra of a silicon dioxide surface exposed to EtOH. All group, producing a stable associated spe€igsrared studies
measurements were taken at 115 K. Inset: Same ratios displayed orof the reaction of methanol on silica have also established such
the linear scale. interaction to be predominant between surface silanols and the
adsorbed speci€d Ethoxy may thus be present on the silicon

of the three stable isomers ofJ&O* (ie., EtO), the dioxide surface with a notable density following ethanol

i 7
1-hydroxylethyl (CHCHOHY) cation was more stable than the reactions? -
ethoxy and 2-hydroxyethyl (C#£H,OH™) cations. 3.3.5. Oxygen-Protonated Ketene and Acdtyladdition to

3.3.4. EtO-Si Bonding The minimal contribution of d-EtO© the contribution from SiOD, thenve 46 peak intensity observed
ions to therm/e 50 peak intensity shown in Figure 2 does not N Figure 2 is also ascribed to the sputtering of the deuterated
imply that the EtO population on the silicon dioxide surface ccr)]unter.par'.[s of the spemest\l/)hl;:h g'vﬁ“;'v,se to e 43 peak
exposed to ethanol at 115 K is negligible. On the contrary, it ShOWn in Figure 1. As stated before, thege 43 species were

may constitute one of the major products yielded from ethanol formed dby_therr;:e_4? o>;]on|um SPecies L03|hng t\_/l\_/o hy‘;'fog.zn
decomposition on the surface. Early studies of ethanol reactions®t0Ms during their further reaction with the silicon dioxide
occurring at different temperatures above P88%40670n the surface. For the reaction of d-EtOD on silicon dioxide, the loss

silica surface have found that ethoxy was formed on the surface,0f WO deuterium atoms from theve 50 deuterated oxonium
with a density as high as twice the hydroxyl surface derfdity. SPECIeS, C@,_CD_OD , yields them/e 46 SPecies, which may
lts decomposition was believed to produce ethylene detectedP® Present in two different forms, that is, oxygen-protonated

at high substrate temperatufég-or the methanol exposure to  Kétene and acetyl. Si+milarly, theje 49 deuterated oxonium
silica, methoxy groups were also formed on the surfdGhe species, Cp—CD=0OH", can forfeit two hydrogen or deuterium

lack of the Et0" contribution to SSIMS signals observed in atoms during its reactions with the silicon dioxide surface. As

Figures 1 and 2 may be due to the energetics associated withlISCussed below, it may give rise to the foLmzition of ketene
the homolysis of the EtOSi bond following ion irradiation. ~ (CDz—C=OH", m/e 45) and acetyl (CB-C=0", nve 46)

The energy of 1.712 e\ 78is released when an electron is added SPECI€S-

to ethoxy to form EtO, whereas the energy of 10.29 ®\is The presence of silanol groups on the bare sample surface,

required if the outermost electron is to be removed from ethoxy before the exposure of deuterated ethanol, resulted in a

to form EtO". The chance of detecting EtaOn the positive significant contribution of SiOH to the signal intensity

SSIMS is thus greatly reduced. measured atw/e 45 at low d-EtOD exposures. It caused the
Peak area analysis revealed that ethoxy was present on thdlVe 45 intensity to be higher than tig/e 46 intensity observed

Sample surface exposed to ethanol at 115 K. D|Sp|ayed in Figureat 0.12 L exposure in Figure 2. As the relative concentration of

5 is the variation in the peak area of some major SSIMS peakssurface H atoms was decreased with increasing d-EtOD

obtained from increasing doses of EtOH. As shown in the figure, €xposures, less d-EtOH was produced. This in turn caused

the areas of all peaks increase rapidly with the ethanol coveragethe relative surface concentrations of d-EOHm/e 52),

in the low-exposure regime of less thar0.5 L. At higher CD;—CD=0H* (m/e 49), and CB=C=OH"* (m/e 45) to

exposures, the rate of increase diminishes in the log scale untildiminish, when they are compared to the concentrations of

the exposure of-2 L, after which the rates for all signals except d-EtOD;" (m/e 54), CD;—CD=0OD" (m/e 50), and CR=C=

mle 47 become similar and small. Thele 47 peak area, OD' (m/e 46), respectively. The fact that the ratiag/lss, of

however, continues to increase with the ethanol exposure. Thethe m/e 46 SSIMS intensity to then/e 45 intensity is higher

continuous, large increase in the SSIMS intensity rfde 47 than thelso/lsg and lsdls; ratios supports that there is an

(E[O|—|2+) at increasing ethanol exposures, Coup]ed with the shift additional contribution to theve 46 intenSity from SiOD ions.

of the TPD peak to lower temperatures observed in Figure 4 The production of SiOH species during EtOH reactions with

for mle 52 (d-EtOD), shows that at high exposures, ethanol silicon dioxide is again confirmed.

physisorbs in the molecular form on the silicon dioxide surface  The observation of two major peaks rate 45 andnm/e 46

at 115 K via hydrogen bonding. Similar observations were also and the alteration with d-EtOD exposure of their relative signal

obtained from FTIR studies of ethanol on the silica surf@ce. intensities shown in Figure 2 confirm the contributions of both

100 |

10 |

0.1k

0.01 |
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oxygen-protonated ketene and acetyl to the signal intensity m/e 48 peak cannot be attributed to the fragmentation of
observed ain/e 43 in Figure 1 when EtOH is exposed. Among deuterated ethanol in the TPD ionizer. In comparison to the
them, acetyl is thermodynamically favored by as much as 35 standard electron-impact mass spectrum of ethZnthe
kcal/mol8! although surface ionization during sputtering may observed larger peak intensity of desorption fde 48 than

not necessarily yield thermodynamically favored spe&idhe that for m'e 52, by about 10%, also excluded the possibility
above-mentioned observation also supports the contribution ofthat n/e 48 was mainly formed in the ionizer because of the
the oxonium species GHCH=O0OH" to the m/e 45 intensity, fragmentation ofr/e 52.

since both ketene and acetyl are produced fromrfie 45 The m/e 48 TPD spectrum taken from the sample surface
oxonium species. exposed to 9.5 L deuterated ethanol showed a desorption peak
3.3.6. CD=O0H". Elimination of methyl viao-cleavage from located at a considerably lower temperature (191 K) than the

deuterated ethanol yielded the deuterated counterparts of theone obtained at the exposure of 0.76 L. This desorption
species which contributed to tinge 31 signal shown in Figure  temperature, however, coincided with the one observed in the
1. The loss of Ck from d-EtOD yielded a stable oxonium, m/e52 TPD spectrum taken at the same ethanol exposure. As
CD,=0D", which, together with ethyl species, contributed to displayed in Figure 4, careful examination of the desorption
the signal intensity observedmite 34 in Figure 2. On the basis  behavior of me 52 showed that its peak temperature of
of the discussion above, d-EtOH was also present on the surfacadesorption shifted to the lower temperature with the exposure.
when d-EtOD was exposed to the sample. The breakage of theFurthermore, the peak intensity of desorption measuredvier
C—C bond from d-EtOH produced another oxonium, £D 48 at 9.5 L exposure was lower than that fole 52, and these
OH*, which contributed to the signal intensity observedn& two peaks showed similar desorption profiles on the low-
33. The elimination of methyl from ethanol also led to the temperature side of the peak. The desorption feature observed
presence of thene 15 (CH;*) peak in the SSIMS spectrum  at 191 K in then/e 48 TPD spectrum obtained at 9.5 L exposure
shown in Figure 1 and of theve 18 (CDs;") peak shown in was thus assigned as due to the fragmentatian/e2 in the
Figure 2 at high exposures. They all suggest that th€®ond TPD ionizer.

in ethanol may be disrupted. In addition to the desorption peak observed at 191 K, the
In contrast to the higher intensity for the low-mass partner m/e 48 TPD spectrum taken at 9.5 L exposure also showed a
observed at 0.12 L exposure of d-EtOD for the pairs of peaks shoulder on the high-temperature side of the peak. The tem-
(m/e 45 vsm/e 46, m/e 49 vsm/e 50, andnve 52 vs m/e 53) perature (225 K) at which the shoulder appeared was the same
shown in the high mass region in Figure 2, the SSIMS intensity as the peak temperature of desorption observed imthet8
obtained atm/e 33 was significantly smaller than that afe TPD spectrum obtained at 0.76 L exposure. The observation of
34. As discussed above, the high-mass partners of these pairglesorption signals at the same temperature imie48 TPD
of peaks may all originate from surface reactions of d-EtOD spectra taken from different exposures indicates that identical
and the low-mass one from that of d-EtOH. The previous species may desorb from the surface at these exposures. The
discussion also indicates that the surface concentration offact that a higher relative intensity of desorption was observed
d-EtOH is higher than d-EtOD at 0.12 L d-EtOD exposure. The at the lower exposure of 0.76 L far/e 48 than form/e 52
observation of a smaller peakmate 33 than the peak atve 34 reveals that the bare surface may facilitate the formatian/ef
thus indicates that, when d-EtOD is exposed, ethyl species and48 species, that is/e 48 is a product from the surface reaction
its product from H/D exchange contribute substantially more of ethanol on silicon dioxide. As shown in Figure 4, the
to the intensities measured afe 33 andnve 34 than the  conversion of ethanol tove 48 subsides at high exposures when
oxonium species. This conclusion is also consistent with the the surface active sites are occupied or consumed. Coupled with
intensity difference displayed in Figure 1 betweafe 29 and the SSIMS spectral analysis discussed aboventleset8 TPD
m/e 31. signal appearing at 225 K is assigned as due to the desorption
3.4. Formation of Acetaldehyde. The sputtering of  of acetaldehyde from the silicon dioxide surface. The SSIMS
CHz—CH=OH" ions, which contribute to thewe 45 peak peak observed atve 45 in Figure 1 may thus originate from
shown in Figure 1, is not mainly due to ethanol losing one of acetaldehyde on the surface acquiring hydrogen during sputter
its ethyl hydrogens during sputter desorption. Instead, ethanoldesorption. The presence of acetaldehyde on the surface before
undergoes a surface dehydrogenation reaction on the metal-fresputter desorption is consistent with the conclusion made earlier
silicon dioxide surface at 115 K to yield acetaldehyde before that CHs—CH=OH" is the major species of the three possible
acquiring hydrogen from the surface during ion bombardment forms of EtO" detected ate 45.
to desorb as Ck-CH=OH". As discussed before, the observa-  Early studie$583 have shown that in the presence of silica
tion of bothm/e 49 andm/e 50 peaks in Figure 2 suggests that samples preheated to above 820 K, ethanol can be dehydroge-
the ethyl C-D bond is disrupted when d-EtOD is exposed. The nated at reaction temperatures of above 570 K to yield
disruption occurring on the surface may induce a dehydroge- acetaldehyde and hydrogen. A series of experiments carried out
nation reaction to yield acetaldehyde (€BCD=0, n/e 48), by Matsumura et &8 in a pulse microcatalytic reactor showed
whereas that occurring via surface ionization during sputter that over the silica sample preheated at 1170 K in a vacuum
desorption does not lead to the formation of acetaldehyde onfor 30 min, as high as 100% selectivity may be achieved for
the sample surface. the conversion of ethanol to acetaldehyde when the reaction
TPD experiments were performed in which the desorption temperature was lower than 570 K, although the corresponding
of the m/e 48 species was monitored to ensure the occurrence conversion rate was as low as 4%d-he conversion rate dropped
of ethanol conversion to acetaldehyde on the sample surfaceto 0% at the reaction temperature of 520 K. It maximized at
The results are included in Figure 4. At d-EtOD exposure of 670 K at an expense of the selectivity, that is, ethylene and
0.76 L, thenVe 48 TPD spectrum exhibited a desorption feature carbon residues were also produced. This study, however,
peaking at the temperature of 225 K, which was 14 K higher showed that acetaldehyde can be formed at the reaction
than the peak temperature of desorption measured at the samé&mperature of as low as 115 K on the metal-free silicon dioxide
exposure for then/e 52 (d-EtOD) species. Thus, the rise of the sample prepared via thermal oxidation of silicon wafer and
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preheated to 950 K in a vacuum. The difference in the

experimental results obtained may be partly due to the poor 20 i + A2
sensitivity of gas chromatography used in the analysis of reaction 16 - a2 1
products in Matsumura’s experimeffsThe suppression in the <g - e 1%
acetaldehyde yield observed in this study at high ethanol =c 12 i 10
exposures can be ascribed to the coverage of the sample surface < o8l

at 115 K by ethanol fragments and products. o4 5

3.5. Formation of Ethylene.As discussed above, the surface
concentration of SiD increased quickly as the exposure of 0.0 [
d-EtOD was increased. It may account for more than 50% of t
the signal intensity measured ate 30. The higher surface

concentrations of D atoms at increasing d-EtOD exposures 0.3

should suppress the rate of H/D exchange and result in a

decrease in the yield afve 32 (GDsH,") species generated 3 02 -

from deuterated ethyl ({Ds™). Figure 2, however, shows that <

the ratio,Asy/Ags, of the SSIMS peak area measuredrég 32 }‘ [

(As2) to that atm/e 34 (Ass) does not vary substantially with 01r

the exposure, especially after initial exposures of ethanol. The i

ratio changes from 0.21 at 0.12 L exposure to 0.15 at 0.41 L, ool—t Lo 111l

t0 0.13 at 0.76 L, and to 0.10 at 3.5 L. In comparisoriig/ 0 2 E‘ 6 8 L“’ 1214

Ags, the magnitude of th@g,/Ags ratio also does not agree with xposure (L)

the kinetics of H/D exchange, which predicts a significantly Figure 6. (A) Ratios of peak areas obtainedrafe 32, 49, and 50 to
smaller rate for consecutive exchanges (i.e., five 34 to the area of then/e 28 peak in the SSIMS spectra of a silicon dioxide

. . surface exposed to d-EtOD. (B) Ratio of the area ofrifie 32 peak
generatan/e 32) than for single exchange (i.e., fove 34 to to the sum of the peak areas obtainedné 49 and 50 in the SSIMS

generatane 33). spectra of a silicon dioxide surface exposed to d-EtOD. All measure-
The observed variation @fs/Ags with the exposure and the ~ ments were taken at 115 K.

magnitude ofAs, thus indicates that in addition to the contribu-

tion from the H/D exchange of deuterated ethyl, the peak to produce acetaldehyde and dehydration to yield ethylene can

intensity obtained atve 32 in Figure 2 has to be attributed to thus take place on the surface at the low substrate temperature

other processes taking place on the sample surface. One of th@f 115 K.

possible processes is associated with the sputtering of ethylene The selectivity of the sample surface for these two reactions,

(CD,=CD,"). As reported in the literature, ethylene may be however, does not remain constant in the exposure range studied.

formed on the silica surface from dehydration of eth&6[.68 Figure 6B shows the ratio of the SSIMS peak area for ethylene

The sputtering of ethylene should also contribute to the SSIMS to that for acetaldehyde as a function of ethanol exposure. As

intensity measured ate 28, at which Sf ions contribute, when the exposure is increased, the ratio decreases rapidly from 0.35

in exposure does not cause the ratio to change drastically. The
figure shows that, for ethanol reactions on silicon dioxide at
115 K, more ethylene is produced on the bare surface than that
at high exposures, although the production of acetaldehyde is
favored over that of ethylene in the entire range of exposure
studied. The selectivity toward dehydrogenation of ethanol in
the presence of silicon dioxide increases with the exposure, with
the ethylene yield amounting te5% of the acetaldehyde yield

at high exposures.

Other studies performed on dehydrated silica also observed
reflect the produ_ction of ethylene on_the surface because of themzsgrggggggg szp@tf;ﬂzge@fr;m:?;zﬂé ;— gfrr:]noorgerglvellrr?gt(;)é
expected low yield from consecutive H/D exchanges. The °C before being exposed to ethanol showed the formation of
dependence on the exposure of ethanol conversion to ethylengyy,jene at 550C after ethanol was introduced. Analysis with
and acetaldehyde over silicon dioxide can then be investigatedgas chromatography of the products generated from ethanol
by assuming that th(_e ionization probabilities of ethylen_e and exposure to a silica sample pretreated at 1170 K showed no
acetaldehyde under ion bombardment for SSIMS detection are, o qyction of ethylene until the reaction temperature was raised
similar, since the ionization energy for acetaldehyde is 10.22 15 apove 620 K668 The selectivity for ethanol dehydration
eV®48and that for ethylene is 10.51 €¥%As shown in Figure  pecame greater, along with the total rate of conversion, at higher
6A, the sputter yields, relative to the'Siwe 28) yield, of both  reaction temperaturé88 In contrast, this study showed that
ethylene (Ve 32) and acetaldehydenfe 49 ande 50) increase  dehydration may take place on the bare silicon dioxide surface
rapidly with the ethanol exposure. Although the" Sield is at low reaction temperature of 115 K. Figures 1 and 2 show
expected to decrease with the exposure in the high-exposurethat its product, ethylene, however, accounts for a very small
regime because of the surface coverage, which may cause theyortion of the products yielded from ethanol reactions on silicon
relative yields to increase somewhat, the observed rapid increasealioxide. The selectivity for ethylene formation also drops rapidly
indicates that the silicon dioxide surface is reactive for ethanol with the ethanol dose. Not until at high substrate temperatures
conversion in the exposure range studied. Both dehydrogenationwould ethylene become the dominant product and was then

The relative selectivity of the sample surface for ethanol
conversion to produce ethylene and acetaldehyde at low
substrate temperature of 115 K can be roughly estimated. As
discussed before, the contribution of d-Etdns to them/e 50
peak intensity shown in Figure 2 is minimal. Instead, thle
50 peak originates mainly from the sputtering of £ECD=
OD™" ions. The sum of the peak areas measuredvat 49
(CD;—CD=0H") and m/e 50 may thus represent, to some
extent, the quantity of acetaldehyde produced on the surface.
In addition, the peak area obtainedrafe 32 (Figure 2) may
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detected by the analytical techniques employed in other stud-decomposition is accounted for by the presence of surface strains
ies39:40,46,67,68 and silanols on the surface.

3.6. Surface Strain.The reactivity of the metal-free, pure As observed by Atanassova et #l.ethanol reactions with
silicon dioxide surface displayed in this study is very interesting. the silicon dioxide surface introduced defects in the silicon
In addition to silanols, the strain present on the sample surfacesilicon dioxide structure. The defects were a source of electri-
may aid in the dissociation of ethanol molecules. Extensive cally active centers, which may lead to an increase in the charge
infrared studie®®! have shown that when silica surfaces are density in the dielectric layer and at the interfaces under the
dehydroxylated in a vacuum above 63Q, highly reactive drain voltagel®1232 Their studie® showed that after the
surface sites are created. They are capable of chemisorbingnteraction of ethanol vapors with the silicon dioxide surface,
molecules such as wat&ammonia&® methanof® and etha- the charge density increased froni0° cm 2 to (1.5-1.7) x
nol.46.68.89 10" cm2 The surface charge on the oxide was mainly

The presence of surface strains on the sample surface wagesponsible for the ethanol-induced positive charge in the
supported by the relatively large SSIMS intensity observed at silicon—silicon dioxide structuré?32It was proposed that the
m/e 44 (SiO") in Figures 1 and 2. As mentioned above, the surface charge was produced as a result of molecular polarization
area of them/e 44 peak obtained from the clean surface due to ethanol adsorption on the surface and of the generation
amounted to~19% of the one measured mte 28. This value and diffusion of the products formed from ethanol surface
was higher than the expected one for the desorbed Si and Oreactions® The observation of the weak dependefa the
atoms which were ejected from the silicon dioxide surface via charge density on the level of surface saturation in ethanol vapor
certain correlated collision sequené@&° Thus, the formation ~ showed that the leakage current was limited mainly by the
of the SiO species during sputtering cannot be explained entirelysurface chemical reaction rather than the diffusion of the
by the recombination reactions above the surface. It is postulatedproducts and the possible chemical changes due to this diffusion.
that the strain developed in the siloxane bridges on the sample This study showed that ethanol molecules and products could
surface may facilitate sputtering of SiO from the sample. interact with siloxane and silanol bonds to various extents on
Quantum-chemical calculations of cluster models of silica the surface, which may contribute to the detrimental effects in
surfaces showed that condensation of silanol groups led to thethe gate oxide. New SiH, SiO—H, and Si-OEt bonds were
formation of strained siloxane bridges on the surf¥@trains formed on the surface, in addition to the chemical bonds to the
were developed in these bridges upon condensation because afurface of acetaldehyde, ethylene, and other products created
the distortion of the bridge bond angles away from tetrah&dral during ethanol surface reaction. Taking the formation of the
and to the restructuring of the silica matrix in the vicinity of Si—H bond as an example, the discussions presented earlier
these bridge®* 3 The silanol surface population of 246 0.5 showed that a substantial number of-8i bonds, accounted
OH/nn? obtained above thus implied that the sample surface for ~51% of thenve 30 peak intensity observed in Figure 2,
prepared in this study must contain strained siloxane bridges,was generated when hydrogen atoms broke away from ethanol
which were produced via condensation of silanols during sample molecules during their reactions on the sample surface. The
preparation and repeated annealing at 950 K. The presence o6i—H bond is known to act like an electron dorf8it weakens
strains and silanols on the sample surface, in turn, accounts forthe neighboring siloxane bonds. The weak siloxane bond may
the large reactivity of the bare, metal-free silicon dioxide surface be perturbed chemicafl§ by reaction or physicalk?1¢ by

observed in this study toward ethanol decomposition. ionizing radiation to produce trivalent silicon and nonbridging
. oxygen2021 Consequently, the surface reactivity and defect
4. Concluding Remarks density are changed. In addition to the presence of hydrogen as

To provide a more detail understanding of the detrimental _Si_H in si_Iipon dioxide?® it has bee_n reported that hydfoge”
cause of surface reactions on the gate oxide of silicon MOS In thg positive gharge state may bind to an oxygen br_|dge of
structures, studies on the model system of the adsorption anoIhe S|I|cop dGIOXIde frame\(vork and form a 3-fold coordinated
chemical reactions of ethanol on a metal-free, pure silicon oxygen site? .m the nggatlve charge state, hydrogen bonds on
dioxide sample have been performed. At the initial stage of a pentacoordinated silicon atdfilt can also occupy the centers

exposure, EtOH molecules decomposed extensively on theOf the cages in silica _in its neutral charge state and does not
sample surface via breakage of-8, Et—OH, and EtG-H form bonds to the Iattlc_%? ]
bonds even at temperatures as low as 115 K. The cleavage of Hydrogen molecules in the background of the UHV analysis
the C—H bond resulted in the production of acetaldehyde on System may also be adsorbed and diffuse readily in sifi€a.

the Surface, which dominated the Sputter desorptionn/ef45 They occupy at least three different interstitial Sites, which have
under energetic ion bombardment. The disruption of the Et the same deviation from centrosymmetry, of the silica net-
OH bond on the surface generated ethyl species, in which theWork.'® At elevated temperatures, hydrogen molecules in these
C—H bond may be further broken to yield ethylene. The Sites may dissociate to form hydrides (SiH) and hydroxyl groups
selectivity of the silicon dioxide sample surface for ethanol (SIOH)%Once formed, these groups can be quenched to low
conversion to acetaldehyde was higher than that to ethylene temperatures without changing their relative concentrations or
although relatively more ethylene was yielded on the bare resulting in release of hydrogéff. These hydrogen structures
surface than on the one covered by ethanol fragments andand those associated with different charge states of hydrogen
products. The presence of silanols, with a surface density of atom in the sample may affect the electrical properties and the
~2.6 OH/nM, on the sample surface prepared may promote reactivity of the silicon dioxide surfacg.®?

the breakage and formation of the Et@ bond, possibly with Similarly, new SiG-H bonds formed from ethanol reactions
the aid of hydrogen bonding between surface silanol groups on silicon dioxide provide a source of donorlike defééfShese

and hydroxyl groups in adsorbed molecules. Dehydrogenation defects can be electrically activated by energetic electrons when
of ethoxy, which was produced via disruption of the E® the oxide is placed under the influence of the gate electric field.
bond, took place on the surface to form stable oxonium species.The energetic electrons injected to #88iOH centers will cause
The high reactivity of the bare sample surface toward ethanol the cleavage of the ©H bond, yielding oxygen dangling
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bonds!®2! These nonbridging oxygen sites may undergo a
second-order reactidhwith hydrogen molecules impregnated

in the oxide to create more defects through the generation of

Chang and Shu

(31) Nicollian, E. H.; Berglund, C. N.; Schmidt, P. F.; Andrews, J. M.
J. Appl. Phys1971, 42, 5654.

(32) Atanassova, E.; Dimitrova, Bolid-State Electrorl993 36, 1711.

(33) Giorgi, J. B.; Schroeder, T.; Baumer, M.; Freund, HSUrf. Sci.

hydrogen radicals. Such a reaction is feasible since its activation2002 498 L71.

energy is as low as 1.07 €/ considerably lower than the bond
strength (4.52 eV} of the diatomic molecular hydrogen

(34) Schroeder, T.; Hammoudeh, A.; Pykavy, M.; Magg, N.; Adelt, M.;
Baumer, M.; Freund, H.-Bolid-State Electron2001, 45, 1471.
(35) Bond, G. C.Handbook of Heterogeneous CatalysErtl, G.,

because of the bond weakening due to valence electron screenin@nozinger, H., Weitkamp, J., Eds.; VCH Verlagsgesellschaft mbH: Wein-

by a factor roughly equivalent to the dielectric constant. The
formation of SiC-H1681 and oxygen dangling bontg also

enhances the reactivity of silicon oxide such that more electri-

cally active defect centers will be produced.

heim, Germany, 1997; pp 75270.

(36) Parmaliana, A.; Sokolovskii, V.; Micelli, D.; Arena, F.; Giordiano,
N. J. Catal. 1994 148 514.

(37) Schoderbock, P.; Lahaye,Ajppl. Surf. Sci1996 93, 109.

(38) zZhang, W.; Desikan, A.; Oyama, S. I.. Phys. Chem1995 99,

The above-mentioned H- and OH-induced structures as well 14468.

as the ones induced by the formation of-8IEt bonds and by

the presence of other ethanol products on the surface all give

(39) Crowell, J. E.; Tedder, L. L.; Cho, H.-C.; Cascarano, F. M.; Logan,
M. A. J. Vac. Sci. Technoll990Q A8, 1864.
(40) Tedder, L. L.; Lu, G.; Crowell, J. B. Appl. Phys1991, 69, 7037.

rise to defects when the gate oxide is exposed to ethanol vapor. (41) Pereyra, I.; Alayo, M. 1J. Non-Cryst. Solid4997 212, 225.

Consequently, the electronic properties of the tetrahedral

network of the dielectric layer are perturbed, which may result

in the stress-induced leakage current when the silicon MOS
structures exposed to chemical vapors are under biased véitage.
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