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Layer-by-layer oxidation of Si(001) surfaces has been studied by scanning reflection electron
microscopy (SREM). The oxidation kinetics of the top and second layers were independently
investigated from the change in oxygen Auger peak intensity calibrated from the SREM observation.
A barrierless oxidation of the first subsurface layer, as well as oxygen chemisorption onto the top
layer, occurs at room temperature. The energy barrier of the second-layer oxidation was found
to be 0.3 eV. The initial oxidation kinetics are discussed based on first-principles calculations.
[S0031-9007(97)04959-4]

PACS numbers: 81.65.Mq, 61.16.–d, 68.35.–p, 82.65.– i
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Oxidation of Si surfaces is important for technologic
application of electronic devices [1–3]. Although ma
kinds of surface analyses have been used to study oxy
adsorption kinetics onto Si surfaces [4–9], the oxidat
kinetics of subsurface layers, which determine oxide fi
growth, have not been studied in detail. This is beca
of the difficulty of experimentally and independently an
lyzing the oxidation processes of specific subsurface
ers. In this Letter we used scanning reflection elect
microscopy (SREM [10]) combined with Auger electro
and x-ray photoelectron spectroscopy (AES and XPS
investigate the initial oxidation of Si(001) surfaces. O
combined analysis has a great advantage for obser
layer-by-layer oxidation of subsurface layers, as well
the step and terrace configurations buried with ox
layers. We report, for the first time, reaction barrie
of the uppermost and second layer oxidations, and
cuss our experimental results based on first-princip
calculations.

Our experiments were carried out using an ultrahig
vacuum surface analysis system that performs SRE
AES, and XPS [11]. This system is equipped with a th
mal field emission electron gun, a precision energy a
lyzer (a spherical capacitor analyzer), and a conventio
x-ray source (MgKa excitation). A 30-keV electron beam
with a 2-nm diameter was used for the SREM with a lo
incident angle of about 2± to the surface. The AES mea
surement could be performed simultaneously by using
electron gun for SREM at an incident angle and detect
angle of about 2± and 73± to the sample surface, respe
tively. The XPS was performed with a 60± takeoff angle
with respect to the normal to the surface. A Si(001
s2 3 1d surface was prepared by flash heating with a
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rect current. Oxidation of the surfaces was carried out
introducing molecular oxygen into the analysis chambe
Since the electron gun and the energy analyzer were in
pendently evacuated, the AES measurement could be p
formed under oxygen pressure on the order of1026 Torr.

As we previously reported, since SREM images
SiO2ySi systems are obtained by recording the intens
change in reflection spots from a crystal Si substrate co
ered with an amorphous oxide layer, the interfacial stru
ture can be observed without the need to remove t
SiO2 overlayer [12–14]. Figures 1(a)–1(d) show SREM
images of Si(001) surfaces before and after oxidatio
When we used a specular reflection spot, thes1 3 2d
terraces on Si(001)-s2 3 1d surfaces, which had dimer
rows perpendicular to the incident electron beam, show
bright contrast compared to the alternatings2 3 1d terraces
[Fig. 1(a)] [15]. This surface was oxidized under variou
conditions, and SREM images were recorded at each o
dation step after oxygen evacuation. Figures 1(b)–1(
are typical results taken from the same area, where
can still observe the terrace contrast. Oxidation conditio
of these figures are Fig. 1(b) 3 min of oxidation at roo
temperature under2 3 1026 Torr oxygen gas pressure
Fig. 1(c) 17 min of oxidation at 635±C following 15 min
of oxidation at room temperature under2 3 1026 Torr,
and Fig. 1(d) a further 65 min of oxidation at 700±C un-
der 2 3 1025 Torr. After oxygen exposure, thes2 3 1d
reflection high-energy electron diffraction (RHEED) pa
tern disappeared and onlys1 3 1d spots from the substrate
remained. Also, in our previous scanning tunneling m
croscopy study, no ordered structure was recognized on
surface [16]. Note that the contrast of the initials1 3 2d
ands2 3 1d terraces was reversed in each oxidation ste
© 1998 The American Physical Society 345
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FIG. 1. SREM images of the Si(001) surfaces before a
after oxidation. (a) Initial Si(001)-s2 3 1d surface. The dimer
direction is shown in the image. Oxidation conditions a
shown in the figures. The first contrast reversal (b) correspo
to the oxidation of uppermost dangling bonds and the fi
subsurface layer as shown in the illustration. (c) and (d) c
respond, respectively, to second and third subsurface la
oxidation.

which is consistent with our preliminary results [14], an
we also confirmed that the contrast disappeared betw
these oxidation steps. To clarify the origin of this terrac
contrast in the SREM images, we calculated the spe
lar spot intensity from the bulk-terminated Si(001) su
face based on the multiple scattering theory of electr
diffraction. Details of the calculation method are describ
elsewhere [17]. Here, we considered two types of bu
terminated surfaces with uppermost dangling bonds p
pendicular (type A) and parallel (type B) to the inciden
electron beam. The specular spot intensity from the typ
B surface was found to be more than 4 times larger th
that from the type-A surface under the used glancing ang
By treating the SiO2ySi system as an interface betwee
the amorphous oxide layer and the bulk-terminated Si s
face, we can explain the terrace contrast. Therefore,
periodic reversal of SREM contrast implies layer-by-lay
oxidation of the Si(001) surface. It is also notable that t
atomic step at the interface did not move laterally and lar
two-dimensional oxide islands (over 10 nm in diamete
were not observed in any stages, which is consistent w
previous TEM [18,19] and our SREM [13] observation
of SiO2ySis111d interfaces. Thus, we ruled out step-flow
oxidation and nucleation of large oxide islands. We co
sider the most likely layer-by-layer oxidation mechanis
346
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to be random nucleation of nanometer-scale oxide islan
and subsequent lateral growth [13].

The changes in the terrace contrast in the SREM ima
were then numerically analyzed and we plotted the diffe
ence in spot intensity [D  I132 2 I231, I132 and I231

are the specular spot intensities at the initials1 3 2d and
s2 3 1d terraces] in Fig. 2(a). This SREM contrast oscilla
tion (SREM oscillation) reveals how many layers were ox
dized, just like a RHEED intensity oscillation does durin
the layer-by-layer film growth [20]. We also performe
an AES analysis on the same surface at each oxida
step. Figure 2(b) shows the increase in the oxygen Au
peak intensitysO-KLLd normalized by the silicon peak
sSi-LVV d. We can see the staircase increase in the o
gen peak intensity, especially for the first- and second-la
oxidation (oxidation time: 0–18 min and 18–35 min
which also indicates layer-by-layer oxidation. In the S
2p core-level spectrum taken after the final oxidation st
[indicated by the XPS arrow in Fig. 2(b)], a chemical shi
component from the oxide layersSi41d was identified and
a small amount of peak intensity from the intermediate o
dation states suggested the presence of an abrupt SiO2ySi
interface [3,21]. Assuming the escape depth of the ph
toelectron through the oxide layer to be 3.5 nm [13,22
the film thickness was estimated to be 0.63 nm. This e
mation means that oxidation of the fourth layer had beg
[23], which coincides with the phase of the SREM oscilla
tion [Fig. 2(a)].

FIG. 2. The change in SREM contrast (a), and the increa
in the oxygen Auger peak intensity (b), during oxidation
Oxidation conditions are shown at the top of the figures. T
difference in the specular spot intensities between the init
s1 3 2d and s2 3 1d terraces is shown in (a). Oxygen Auge
peak intensity normalized by the silicon peak is plotted in (b
At the final oxidation step, the oxide thickness was estimat
by XPS to be 0.63 nm. Points “a” to “ d” in (a) correspond to
the conditions in Fig. 1.
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Comparing the change in the Auger peak intensity w
the SREM oscillation [Figs. 2(a) and 2(b)], we can i
dependently investigate the oxidation of a specific lay
Here, we focus our efforts on the first- and second-la
oxidations (see Fig. 3). Note that, since the SREM co
trast reversed after oxidation at room temperature for 3 m
[Fig. 1(b)], oxygen atom insertion into the back bond,
well as oxygen adsorption onto the uppermost layer, m
occur even at low temperatures. The second-layer ox
tion requires a much higher temperature. The calibrat
between the Auger peak intensity and the SREM osci
tion shows that the first- and second-layer oxidations w
completed at aroundfO-KLLgyfSi-LVV g  0.2 and 0.45,
respectively [Fig. 2(b)].

To investigate the oxidation kinetics, we measur
the time dependence of the oxygen Auger peak inten
during oxidation at temperatures ranging from roo
temperature to 635±C. Typical results are shown in
Figs. 4(a)–4(d), where Fig. 4(a) and Figs. 4(b)–4(d),
spectively, were obtained at1 3 1027 and2 3 1026 Torr
oxygen gas pressures. At room temperature [Fig. 4(a)],
oxygen peak intensities were saturated at aboutfO-KLLgy
fSi-LVV g  0.2. This indicates the completion of th
first-layer oxidation and that it takes much longer f
second-layer oxidation to occur under these conditio
According to a recent real-time ultraviolet photoelectr
spectroscopy study [7], although it was not clear ho
many layers were oxidized, the initial oxidation charact
istics within a wide temperature range below 600±C were
reported to fit well with Langmuir-type behavior. Fo
the first-layer oxidation, since the slight decrease of
Si-LVV peak can be neglected, the normalized oxyg
peak intensitysfO-KLLgyfSi-LVV gd is proportional to
the total oxygen amount on the first layer. As show
in Fig. 4(a), our AES data are also consistent with t

FIG. 3. Schematic illustrations of the initial oxidation. Cas
1 and 2 show chemisorption onto the uppermost layer situa
at the top and bridge sites, respectively. Cases 3 and 4 s
oxygen atom insertion into the first and second subsurf
layers. Cases 5 and 6 show oxygen atom migration from
uppermost layer to the back bond.
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Langmuir-type reaction. The oxide coverage of the fir
layeru1st is given byu1st  1 2 exps2R1sttd, whereR1st
and t are the initial reaction rate of first-layer oxidatio
(MLys) and oxidation time (s). The saturated oxide co
eragesu1st  1d corresponds to the normalized oxyge
peak intensity of fO-KLLgyfSi-LVV g  0.2. At low
temperatures below 200±C, we could not observe any
significant temperature dependence of the initial react
ratesR1std. This implies a barrierless oxidation of the firs
subsurface layer (back bond oxidation: case 3 in Fig. 3),
well as oxygen chemisorption onto the top layer (case
and 2). The first-layer oxidation could be complete
within 2 min by raising the oxygen gas pressure, a
the oxidation rate of the second layer (case 4 in Fig.
obviously depends on the substrate temperature, as sh
in Figs. 4(b)–4(d). The second-layer oxidation also fi
well with the Langmuir-type reaction when the appropria
initial oxidation rate is used for each temperature [u2nd 
1 2 exps2R2ndtd, where u2nd  1 corresponds to
fO-KLLgyfSi-LVV g  0.25]. The initial sticking proba-
bility S2nd [S2nd  R2ndyF, where F is oxygen flux
(MLys)] estimated from the curve fitting was plotte
based on the Arrhenius equation in Fig. 5. The activati
energy for second-layer oxidation was found to be 0.3 e

Next, we theoretically investigated the chemisor
tion of oxygen molecules from the uppermost to th
deeper subsurface layers on the Si(001) surface base

FIG. 4. The normalized oxygen Auger peak intensity as
function of oxidation time at temperatures ranging from roo
temperature to 635±C: (a) and (b)–(d) were taken, respectively
at 1 3 1027 Torr and 2 3 1026 Torr oxygen gas pressures
The solid lines show the results of curve fitting with a
independent Langmuir-type reaction for the first- and secon
layer oxidation.
347
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FIG. 5. Arrhenius plots of the initial sticking probability of
the second-layer oxidation.

first-principles calculations. Details of the calculation
will be described elsewhere [24]. Here, we summarize t
calculated results to discuss the initial oxidation mech
nism. When the oxygen molecular axis was initially s
parallel to the Si(001)-s2 3 1d surface, we found narrow
barrierless reaction channels, which resulted in oxyg
chemisorption to the top (case 1 in Fig. 3) and bridge si
(case 2). The direct insertion of an oxygen atom into t
back bonds of the first (case 3) or second layers (case
has a much higher energy barrier of about 1.0 and 2.4 e
respectively. These calculations imply selective oxyg
adsorption onto the top layer. However, our experimen
revealed that the first-layer back bond oxidation is also
barrierless reaction. Thus, we considered the migrat
of oxygen atoms on the uppermost layer to the back bo
(cases 5 and 6). Although the energy gains of case
and 2 were, respectively, 2.96 and 5.99 eV, these confi
rations were found to be metastable and oxygen ato
on the uppermost layer can migrate to the more sta
lower-layer back bonds. These calculations explain t
rapid and selective oxidation of the first subsurface lay
at low temperatures [Fig. 1(b) and Fig. 2(a)]. Howeve
note that the experimentally obtained activation energy
the second-layer oxidation (0.3 eV) is much smaller th
the calculated result (2.4 eV, case 4). This is because
oxidized first layer was not considered in the calculation
As previously suggested [25], the mechanism that redu
the reaction barrier for second-layer oxidation could be t
effects of the interfacial stress. However, a very comp
cated model and many assumptions must be introduce
theoretically treat the second-layer oxidation.

In summary, we have investigated the layer-by-lay
oxidation kinetics of Si(001) surfaces. Our experimen
and calculations have shown that oxygen adsorption o
the uppermost layer and oxygen migration to the ba
bond are barrierless reactions. The activation energy
the second-layer oxidation was found to be 0.3 eV. T
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discrepancy between this value and the calculated va
suggests that interfacial stress plays a role in oxidation.
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