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Homogeneous Silica Formed by the Oxidation of Si(100)
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We review and summarize all of our microstructural comparisons of the silica and Si/SiO, interface created by
the oxidation of Si(100) in atomic oxygen and molecular oxygen, using primarily electron microscopy techniques.
A laser detonation source was used to produce atomic oxygen with kinetic energy 5.1 eV, whereas a conventional
furnace was used to expose Si single crystal to thermal molecular oxygen. The silica formed on Si(100) by atomic
oxygen is thicker, more homogeneous, and less amorphous (similar to alpha-quartz), as compared to the oxide
layer created by molecular oxygen. High-angle annular dark field imaging and high-spatial-resolution electron
energy loss spectroscopy confirmed that the Si/SiO, interface created by atomic oxygen is abrupt, containing no
suboxides, as opposed to the broad interface with transitional states formed by molecular oxygen. Preliminary
fluctuation electron microscopy results confirmed increased medium-range ordering in SiO, formed by atomic
oxygen compared to the nonregular arrangement present in the amorphous oxide formed by the oxidation of
Si(100) in molecular oxygen. Differences in the oxide films grown by exposure to atomic and molecular oxygen are
discussed in the context of the thermionic emission model of silicon oxidation.

I. Introduction

TOMIC oxygen (AO) is the most corrosive element in low

earth orbit (LEO), causing rapid degradation of spacecraft
materials exposed to this harsh environment. Spacecraft that travel
through the residual atmosphere at LEO altitudes (200-700 km)
have velocities of ~7.8 km s~! and undergo impacts with atomic
oxygen that are equivalent to O atoms with ~4.5 eV of trans-
lational energy striking the leading edge (or ram surface) of the
spacecraft.! The flux of these energetic O-atom collisions may be
~10" O atoms cm~2 s~!. Polymers are the materials that erode most
rapidly in the LEO environment. Thin films of metals, such as Al,
or semiconductor oxides, such as silica, can protect polymer mate-
rials and limit their erosion rate. Current approaches to protecting
polymers from erosion in LEO include coating the polymer with
SiO, (1.9 <x <2.0) (Refs. 2 and 3) or incorporating Si into a poly-
mer structure so that a passivating SiO, layer will be formed upon
atomic-oxygen exposure.* Adhesion to the polymer, uniformity of
the coating, and small number of imperfections, such as pinholes, are
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desired qualities for the coatings.>® Characterizing the microstruc-
ture of these coatings, including film thickness and uniformity, is
needed to elucidate the pathways through which atomic oxygen can
penetrate and cause undercutting of the underlying polymer.

In this paper, we review our results on the oxide thickness and
the Si/SiO, interface formed by the exposure of Si(100) samples to
atomic oxygen as well as our recent investigations of the amorphous
structure of the oxide film. This study illustrates the striking differ-
ences in the chemistry and structure of the oxide films when they are
formed on Si(100) surfaces by different reagent oxygen species at
relatively low temperatures. We suggest that differences in the oxide
films are due, in part, to enhanced thermionic emission of electrons
when the surface is bombarded by energetic oxygen atoms.

II. Experimental

Boron-doped single-crystal silicon wafers, double-side polished,
with a resistivity of 10-50 € cm, and average surface roughness
of 1 nm were obtained from MTI Corporation.” The silicon sam-
ples were cleaned with the use of an HF dip before exposure to
atomic oxygen.®~!2 Before oxidation by molecular oxygen, the sam-
ples were cleaned using a Radio Corp. of America (RCA) cleaning
procedure.'® In both HF and RCA cleaning procedures, rinsing in
deionized water was performed to remove organics and residual
fluorine on the silicon surface. After cleaning, the samples were
immediately mounted in a vacuum chamber for atomic oxygen ex-
posure or placed inside a furnace for molecular oxygen exposure.
A laser detonation source, based on the breakdown of oxygen gas
by a CO, transversely excited atmosphere (TEA) laser pulsed at
2 Hz, was utilized to produce atomic oxygen with 5.1 eV kinetic
energy.'#~1® The beam contained atomic and molecular oxygen in a
ratio of 70:30. The nominal translational energy of the atomic oxy-
gen in the beam was 5.1 eV. The silicon samples were mounted on
a temperature-controlled sample holder that was held at 493 K dur-
ing exposure to the beam. The orientation of the samples was such
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that the angle of incidence of the beam was within a few degrees
of the surface normal. Four samples were exposed in the reaction
chamber for 50,000 beam pulses, which corresponds to an atomic
oxygen fluence of 8 x 10" atoms cm~2, as verified by the use of a
Kapton witness sample. After exposure to the AO beam, the samples
were allowed to cool to room temperature in the vacuum chamber.
Oxidation with molecular oxygen was performed in a conventional
clamshell one-zone Leybold furnace with a mulite tube controlled by
a Eurotherm proportional integral derivative (PID) controller. The
temperature was ramped to 493 K, and the oxygen pressure was
set to 1 atm. The exposure period of 48 h produced a completely
passivating silica layer that did not change upon further exposure to
air.

The microstructure of the silica film and the oxide/metal interface
was characterized with high-resolution transmission electron mi-
croscopy (HRTEM), electron energy loss spectroscopy (EELS), and
selected area electron diffraction (SAED) in a JEM 2010F electron
microscope operated at 200 keV with a spatial resolution of 0.18 nm.
High-angle annular dark-field (HAADF) imaging and high-spatial-
resolution EELS data were acquired with a parallel electron energy
loss spectrometer attached to an aberration-corrected VG HB501
dedicated scanning transmission electron microscope (STEM), op-
erating at 100 kV. This microscope is capable of achieving an en-
ergy resolution better than 0.5 eV, with a spatial resolution below
0.1 nm. The methods used for the preparation of cross-sectional and
plan-view TEM samples are described elsewhere.!® Radial distribu-
tion function (RDF) analyses and fluctuation electron microscopy
(FEM) were also used to characterize the amorphous oxide.'” An
RDF analysis was performed on the SAED patterns of the oxide
using Gatan Digital Micrograph script. FEM data were taken on a

LEO 912 EFTEM, operating at 120 kV, with 16-A spatial resolution.

III. Results

The silica formed on Si(100) exposed to atomic oxygen is almost
two times thicker than the oxide formed on Si(100) oxidized in
molecular oxygen.'® Figure 1 shows cross-sectional HRTEM mi-
crographs of the silicon oxide layers formed by atomic oxygen
(Fig. 1a) and molecular oxygen (Fig. 1b). The SiL, 3 spectrum im-
ages across the Si/silica interface, taken from aberration-corrected
STEM with atomic-level spatial resolution, are shown in Fig. 2b.
Only Si’ (99.8 eV), in the Si, and Si** (103.5 eV) oxidation states,
in the oxide, were detected, where no additional peaks are noted
near the interface, or in the oxide, that would indicate the presence
of suboxide states. From a comparison with the results of Garvie
et al. on the various SiL, ; edges for various phases of silica, the ox-
ide formed by AO is most similar to that of alpha-quartz, as opposed
to the amorphous silica created by molecular oxygen.'®:!?

SAED patterns of Si(100) oxidized by atomic and molecular oxy-
gen species are shown in Figs. 3a and 3b. The SAED pattern of
the Si(100) oxidized by molecular oxygen (Fig. 3b) showed dif-
fused halo rings, characteristic of amorphous materials. Sharper
diffraction rings are present in the diffraction pattern of Si(100) ox-

Fig. 1 HRTEM micrograph acquired on JEM 2010F microscope of
cross-sectional TEM sample of Si(100) oxidized by a) atomic oxygen
and b) molecular oxygen.
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Fig. 2 Abrupt Si/SiO; interface formed on Si(100) oxidized by atomic
oxygen: a) HAADF image of cross-sectional TEM sample ([110] zone
axis) and b) background-subtracted SiL, 3 EELS spectrum acquired on
aberration-corrected VG HB501 STEM.

b)

Fig. 3 SAED pattern of Si(100) oxidized by a) atomic oxygen and
b) molecular oxygen.

idized by hyperthermal atomic oxygen (Fig. 3a), where the diffrac-
tion rings were identified as polycrystalline alpha-quartz. The ob-
served lattice spacings for the oxide created by reactive atomic
oxygen, namely dago =2.070 A, dijp =1.783 A, dia =1.282 A,
and dyz3 = 1.085 A, correspond to those of alpha-quartz. The lat-
tice parameters for the oxide created by atomic oxygen were deter-
minedtobea =4.78 + 0.1 andc =5.13 £0.1 A, whereas they were
a=4.9134 and ¢ = 5.4052 A for alpha-quartz. Experimental lattice
parameters are smaller than those of alpha-quartz, suggesting that
the silica layer created by atomic oxygen is under compression.?*?!
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Fig. 4 Enhanced ordering in the silica formed by oxidation of Si(100)
in atomic as compared to molecular oxygen: a) reduced RDF plots
(short-range order) and b) variance V(k) plots (medium-range order).

This conclusion is in agreement with the previous Fourier trans-
form infrared spectroscopy results of Tagawa et al., which revealed
Si—O-Si bond angles in the oxide film created by atomic oxygen
smaller than those of alpha-quartz, indicating that the SiO, film is
under compression.??

A further analysis of SAED patterns is done by calculating
radial distribution functions.?> The reduced RDF’s, obtained di-
rectly by Fourier transformation of experimental data, are shown
in Fig. 4a. These functions oscillate about zero because the average
density background r, dependency of the radial distribution func-
tion has been removed.?* The peaks in the reduced RDF for the
sample oxidized by atomic oxygen are more intense than those for
the molecular-oxygen-oxidized sample. The reduced RDF for the
atomic-oxygen-oxidized sample shows more pronounced peaks at
larger r and suggests that the oxide formed by atomic oxygen is
more ordered than that created by molecular oxygen. The RDF cor-
responds to the average of the short-range order (SRO) and cannot
be used to obtain information on the medium-range order (MRO),
characteristic for larger length scales.”* Therefore, we employed
variable-coherence FEM to obtain a variance curve for both sam-
ples, as shown in Fig. 4b.!7-2* An average of 10 data sets from differ-
ent areas of the sample is used to obtain the variance curve, with the
error bars representing the standard deviation from the mean. The
positions of the peaks correspond to the internal structure or type of
MRO, whereas the intensity of the peaks reflects the degree of MRO
order in the material.”> The type of MRO (peak location) and degree
of MRO (peak magnitude) for Si(100) oxidized by atomic oxygen is
dramatically different from that oxidized in molecular oxygen. The
variance curve for the atomic-oxygen-oxidized sample shows two
distinct peak locations (type of MRO) with a higher magnitude (de-
gree of MRO) compared to any feature in the curve for the molecular-
oxygen-oxidized sample, demonstrating that the atomic-oxygen-
formed silica, though amorphous, has a more ordered arrangement
of Si and O atoms than the molecular-oxygen-formed oxide.

IV. Discussion

The silicon oxide created by atomic oxygen on Si(100) had an
average thickness of 5 nm, whereas the oxide layer formed by molec-

ular oxygen was only 3 nm thick.!® The increased oxide thick-
ness due to atomic oxygen species was also observed by Tagawa
et al., who examined the kinetics of oxide film growth by hyperther-
mal atomic oxygen on Si(100) by x-ray photoelectron spectroscopy
(XPS).% These investigators reported the formation of a 1.75-nm-
thick oxide layer, with a sample temperature of 493 K and fluence
of ~7 x 10'7 O atoms cm™2. The nominal kinetic energy of the O
atoms used was 4.6 eV. The reason that the thickness of the oxide
reported by Tagawa et al. is less than half of the silica thickness that
we observed may be related to the fluence, which was 100 times
lower in the Tagawa experiment than in ours; hence, the oxide may
not have reached its saturation thickness. We also suggested that
the slightly higher kinetic energy of the atomic oxygen used in our
experiments (5.1 vs 4.6 eV) may lead to a slightly thicker oxide.?!
Tagawa et al. also reported the formation of a 4.5-nm oxide scale on
asample held at 298 K following exposure of Si(100) to 5-eV atomic
oxygen with a fluence of 1 x 10" O atoms cm™2 (Refs. 13 and 22).
The kinetic energy and fluence were comparable to our experimental
conditions, but the oxidation temperature was lower, which could
explain the slightly thicker oxide observed in our experiment.

The nature of the oxidizing species can affect many parameters
that will alter oxidation kinetics, including structure, defects, and
stress. The thermionic emission model, proposed by Irene, assumes
that the rate-limiting step is the emission of electrons from Si to
Si0,.?"-28 Electrons can traverse the oxide film either by thermionic
emission from the substrate to the conduction levels of the oxide
or by tunneling through the oxide. Consequently, an electric po-
tential is established between the substrate and oxygen adsorbed
on the oxide surface, which causes the ions to diffuse across the
oxide to form new oxide. In the case of silicon, oxygen ions dif-
fuse inward to the Si substrate to create new silica. The primary
effect of hyperthermal atomic oxygen could be increasing the num-
ber of electrons available to chemisorb the oxygen via thermionic
emission.”! Thermionic emission of electrons is not easy at low
substrate temperatures. However, the high kinetic energy (~5 eV)
of the atomic oxygen could provide local heating of the silicon,
which would increase the number of charge carriers by enabling the
electrons to overcome the energy barrier and consequently continue
the oxidation reaction. Hence, as the kinetic energy increases, the
limiting thickness should increase as well. Tagawa et al. showed
that the limiting thickness of the silica layer increases with the ki-
netic energy of atomic oxygen, thus supporting our speculation that
5-eV atomic oxygen could enhance the thermionic electron flux
and consequently lead to the observed increase in the oxide layer
thickness.?®

HAADEF results confirm the Si/SiO, interface abruptness for the
Si(100) surface oxidized in atomic oxygen. Previous investigators
demonstrated that the Si/SiO, interface produced in ozone is also
abrupt.?®* Ttoh et al. noted that a smooth interface remained af-
ter they etched off the oxide created by ozone, and the measured
the root-mean-square surface roughness, by scanning tunneling
microscopy, was found to be less than 0.2 nm.*® Uchiyama and
Tsukada?! and Itoh et al.*® discovered that adsorption of ozone was
not affected by the defect sites which are favorable locations for the
initial adsorption of oxygen molecules. Hence, we further propose
that atomic oxygen can be inserted directly into the back bonds, lead-
ing to the observed abrupt interface. The initial steps for the Si(100)
oxidation by molecular oxygen are given on the left-hand side of
Fig. 5, as originally proposed by Watanabe et al.3?> The first layer
back bonds are available via O migration through the metastable
surface state that provides the energy (2.96 eV for the top site, po-
sition 1, or 5.99 eV for the bridge site, position 2) for the O atom to
insert itself into the Si back bonds (position 3, 4, 5, or 6), whereas
direct O insertion into first- or second-layer back bond positions 5
or 6 requires energies of 1.0 or 2.4 eV, respectively. The possible
steps for the Si(100) oxidation by atomic oxygen are represented on
the right-hand side in Fig. 3. The atomic oxygen has 5.1-eV energy
(with no bonds that need to be broken), so it can directly attack back
bonds in the first and even second subsurface layer of Si. Three
monolayers can thus be oxidized by atomic oxygen in the initial
step, instead of only one by molecular oxygen. Hence, the initial
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Si(100)

Fig. 5 Comparison of the initial steps of Si(100) surface oxidation by
atomic and molecular oxygen.

rate of oxidation would be increased, resulting in an abrupt inter-
face, with fewer transitional states for atomic oxygen as compared
to molecular oxygen.

The interface abruptness and suppression of suboxide states could
be explained by the ability of energetic atomic oxygen atoms to
attack uppermost and first and second back bond layers.?!3 Three
monolayers can thus be oxidized by atomic oxygen in the initial step,
instead of only one by molecular oxygen. Therefore, the initial rate
of oxidation would be increased, resulting in an abrupt interface,
with fewer transitional states for atomic oxygen as compared to
molecular oxygen. Typically, interfacial abruptness may worsen the
interfacial adhesion, but no differences in the interfacial adhesion
or spallation were noted either after the oxidation or due to cross-
sectional TEM sample preparation, indicating a reasonably adherent
scale.

High-spatial-resolution EELS results confirmed previous XPS
measurements of the presence of only Si® and Si** valence states
for the Si(100) surface oxidized in atomic oxygen.'®?! Tagawa et al.
reported that the oxide scale formed by 5-eV O atoms on a room-
temperature sample consisted mainly of Si** with only 6% subox-
ides, based on an analysis of XPS spectra.?? The presence of only
the Si** valence state for Si(100) oxidized by ozone was noted by
Ichimura et al., who used XPS, second harmonic generation, and
medium ion-scattering spectroscopy.”’ These EELS line spectra re-
vealed the nanoscale uniformity of the oxide formed by atomic
oxygen, showing that the Si oxidation state does not change from
the Si/SiO; interface to the oxide surface, because no change in the
position or shape of the SiL, 3 edge was noted.

The lattice parameters determined from SAED patterns for the
oxide created by atomic oxygen were found to be close to those of
alpha-quartz. Tagawa et al. reported smaller Si—-O-Si bond angles
in the oxide film created by atomic oxygen, as compared to those of
alpha-quartz, indicating that the SiO, film is under compression.??
The electron loss near edge fine structures of SiL, ; edges also sup-
ports the finding that the oxide formed by atomic oxygen is similar
to alpha-quartz. These spectra were carefully compared with the
results of Garvie and Buseck for various forms of silica, including
alpha-quartz, amorphous quartz (electron beam damaged quartz),
opal A (SiO,-nH,0), and SiO, glass.!® This comparison suggests
that the oxidation of Si(100) by hyperthermal atomic oxygen pro-
duces a more ordered silica structure, similar to that of alpha-quartz,
whereas Si(100) oxidized by molecular oxygen forms an amorphous
oxide. A high energy of reactive atomic oxygen can account for the
formation of more thermodynamically stable structures. The SiO,
formed by atomic oxygen is found to be more ordered and more
homogeneous than silica formed in molecular oxygen, as deter-
mined by RDF. This result is in good agreement with results of
Ichimura et al.,>> who concluded that the oxide produced by ozone
has an almost homogeneous structure, as implied by the constant
etching rate through the oxide layer using HF. In their study of
the oxidation of a different substrate, Kuznetsova et al. noted that
ozone-passivated Al formed a denser and more ordered alumina

as compared to molecular-oxygen-passivated AL3 FEM was used
to further understand the differences in the structure of the oxides
formed by atomic and molecular oxygen. Si(100) oxidized in atomic
oxygen showed more pronounced features in the variance curve,
indicating a higher degree and different type of medium-range or-
der (MRO). The increased ordering of SiO, due to atomic oxygen
was expected, because the high energy of the oxidizing species can
contribute to the formation of a more thermodynamically favorable
silica structure.

V. Conclusions

The microstructure of the oxide and Si/SiO, interface formed on
Si(100) at 493 K by 5.1-eV hyperthermal atomic oxygen and ther-
mal molecular oxygen were compared by a variety of experimen-
tal techniques including HRTEM, SAED, high-spatial-resolution
EELS, HAADF, RDF, and FEM. The continual production of avail-
able electrons due to thermionic emission, facilitated by the 5.1 eV
of O-atom kinetic energy, may enhance the oxidation rate of Si(100),
leading to enhanced growth and thicker oxide as compared to the
growth kinetics for molecular oxygen, indicating that the thickness
of the silica can be controlled by the kinetic energy of the incoming
oxygen species. The Si/SiO, interface abruptness due to atomic oxy-
gen was confirmed at the atomic level by HAADF technique. The
presence of only Si” and Si** oxidation states across the Si/SiO, in-
terface formed by atomic oxygen was confirmed with high-spatial-
resolution EELS. The ability for hyperthermal atomic oxygen to
attack equally the uppermost, first, and second backbond layers in
silicon could explain the initial increased linear oxide kinetics, ho-
mogeneity of the oxide, and interface abruptness with no detected
presence of suboxides near the interface. RDF analyses and FEM
results suggest that the oxide produced by 5-eV atomic oxygen has a
more ordered arrangement of O and Si atoms than the silica created
by molecular oxygen.
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