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Kinetics of Initial Layer-by-Layer Oxidation of Si(001) Surfaces
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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

Oxidation of Si surfaces is important for technologicalrect current. Oxidation of the surfaces was carried out by
application of electronic devices [1-3]. Although manyintroducing molecular oxygen into the analysis chamber.
kinds of surface analyses have been used to study oxygeince the electron gun and the energy analyzer were inde-
adsorption kinetics onto Si surfaces [4—9], the oxidationpendently evacuated, the AES measurement could be per-
kinetics of subsurface layers, which determine oxide filmformed under oxygen pressure on the ordet®f® Torr.
growth, have not been studied in detail. This is because As we previously reported, since SREM images of
of the difficulty of experimentally and independently ana-SiO,/Si systems are obtained by recording the intensity
lyzing the oxidation processes of specific subsurface layehange in reflection spots from a crystal Si substrate cov-
ers. In this Letter we used scanning reflection electrorered with an amorphous oxide layer, the interfacial struc-
microscopy (SREM [10]) combined with Auger electron ture can be observed without the need to remove the
and x-ray photoelectron spectroscopy (AES and XPS) t&iO, overlayer [12—14]. Figures 1(a)—1(d) show SREM
investigate the initial oxidation of Si(001) surfaces. Ourimages of Si(001) surfaces before and after oxidation.
combined analysis has a great advantage for observind/dhen we used a specular reflection spot, thex 2)
layer-by-layer oxidation of subsurface layers, as well agerraces on Si(001(2 X 1) surfaces, which had dimer
the step and terrace configurations buried with oxideows perpendicular to the incident electron beam, showed
layers. We report, for the first time, reaction barriersbright contrast compared to the alternatidgx 1) terraces
of the uppermost and second layer oxidations, and digFig. 1(a)] [15]. This surface was oxidized under various
cuss our experimental results based on first-principlesonditions, and SREM images were recorded at each oxi-
calculations. dation step after oxygen evacuation. Figures 1(b)—1(d)

Our experiments were carried out using an ultrahigh-are typical results taken from the same area, where we
vacuum surface analysis system that performs SREM;an still observe the terrace contrast. Oxidation conditions
AES, and XPS [11]. This system is equipped with a ther-of these figures are Fig. 1(b) 3 min of oxidation at room
mal field emission electron gun, a precision energy anatemperature unde2 X 107° Torr oxygen gas pressure,
lyzer (a spherical capacitor analyzer), and a conventiondtig. 1(c) 17 min of oxidation at 635 following 15 min
x-ray source (MK « excitation). A 30-keV electron beam of oxidation at room temperature undzrx 10~° Torr,
with a 2-nm diameter was used for the SREM with a lowand Fig. 1(d) a further 65 min of oxidation at 78D un-
incident angle of about®2o the surface. The AES mea- der2 X 107> Torr. After oxygen exposure, th@ X 1)
surement could be performed simultaneously by using theeflection high-energy electron diffraction (RHEED) pat-
electron gun for SREM at an incident angle and detectioriern disappeared and only X 1) spots from the substrate
angle of about 2and 73 to the sample surface, respec-remained. Also, in our previous scanning tunneling mi-
tively. The XPS was performed with a 6@akeoff angle croscopy study, no ordered structure was recognized on the
with respect to the normal to the surface. A Si(001)-surface [16]. Note that the contrast of the initjal X 2)

(2 X 1) surface was prepared by flash heating with a di-and(2 X 1) terraces was reversed in each oxidation step,
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) to be random nucleation of nanometer-scale oxide islands
Si(got)-2x1 and subsequent lateral growth [13].
The changes in the terrace contrast in the SREM images
were then numerically analyzed and we plotted the differ-
ence in spot intensityl} = I x> — Ix1, Iixz and I
are the specular spot intensities at the initialx 2) and
1 ML oxide (2 X 1)terraces]in Fig. 2(a). This SREM contrast oscilla-
tion (SREM oscillation) reveals how many layers were oxi-
dized, just like a RHEED intensity oscillation does during
the layer-by-layer film growth [20]. We also performed
an AES analysis on the same surface at each oxidation
step. Figure 2(b) shows the increase in the oxygen Auger
+R.T. 15min + 635C 17 min 2 ML oxide peak intensity(O-KLL) normalized by the silicon peak

e

7z 22

212N ) § A ,@\ ,E\ (Si-LVV). We can see the staircase increase in the oxy-

iy Tl S 3 gen peak intensity, especially for the first- and second-layer
("“. o ; oxidation (oxidation time: 0—18 min and 18-35 min),
f’ff!{; ! which also indicates layer-by-layer oxidation. In the Si

2p core-level spectrum taken after the final oxidation step
3 ML oxide [indicated by the XPS arrow in Fig. 2(b)], a chemical shift
component from the oxide layé8i**) was identified and
a small amount of peak intensity from the intermediate oxi-
- W dation states suggested the presence of an abrupfSiO
interface [3,21]. Assuming the escape depth of the pho-
toelectron through the oxide layer to be 3.5 nm [13,22],

+700%C 65 min|

4
Sty

FIG. 1. SREM images of the Si(001) surfaces before anqne fjlm thickness was estimated to be 0.63 nm. This esti-

after oxidation. (a) Initial Si(001)2 X 1) surface. The dimer . -
direction is shosvrz in the i(magye. Ogddation conditions arematlon means that oxidation of the fourth layer had begun

shown in the figures. The first contrast reversal (b) correspond&3], Which coincides with the phase of the SREM oscilla-
to the oxidation of uppermost dangling bonds and the firstion [Fig. 2(a)].

subsurface layer as shown in the illustration. (c) and (d) cor-
respond, respectively, to second and third subsurface layer

oxidation. RT.635C_ 700C
. 2x10%Ton, 2x10%Tor

which is consistent with our preliminary results [14], and z 4a (a)
we also confirmed that the contrast disappeared between @ 2.0

. . . .. . (53 -
these oxidation steps. To clarify the origin of this terrace S c
contrast in the SREM images, we calculated the specu- 3 ok F
lar spot intensity from the bulk-terminated Si(001) sur- S |

i i I

face based on the multiple scattering theory of electron g of
diffraction. Details of the calculation method are described £ | *———¢d
elsewhere [17]. Here, we considered two types of bulk- P : : '

. . . 1.5 b (b)
terminated surfaces with uppermost dangling bonds per- Ar
pendicular (type A) and parallel (type B) to the incident §
electron beam. The specular spot intensity from the type- Z 1.0 ‘;')‘239:‘)’"
B surface was found to be more than 4 times larger than =
that from the type-A surface under the used glancing angle. 3 0.5} 0,45
By treating the Si@/Si system as an interface between ) ’
the amorphous oxide layer and the bulk-terminated Si sur- =02 |
face, we can explain the terrace contrast. Therefore, the 0 30 60 90 120
periodic reversal of SREM contrast implies layer-by-layer Oxidation time (min)

oxida_tion of the Si_(OOl) surche. Itis also notable thatthe-; s 5 The change in SREM contrast (a), and the increase
atomic step at the interface did not move laterally and largéh the oxygen Auger peak intensity (b), during oxidation.

two-dimensional oxide islands (over 10 nm in diameter)Oxidation conditions are shown at the top of the figures. The
were not observed in any stages, which is consistent witHifference in the specular spot intensities between the initial

: ; (1 X 2) and(2 X 1) terraces is shown in (a). Oxygen Auger
previous TEM [18,19] and our SREM [13] observations peak intensity normalized by the silicon peak is plotted in (b).

of _SiO?/Si(lll) interches. Thus, we ru!ed out step-flow At the final oxidation step, the oxide thickness was estimated
oxidation and nucleation of large oxide islands. We conty XPS to be 0.63 nm. Points* to “d” in (a) correspond to

sider the most likely layer-by-layer oxidation mechanismthe conditions in Fig. 1.
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Comparing the change in the Auger peak intensity withLangmuir-type reaction. The oxide coverage of the first
the SREM oscillation [Figs. 2(a) and 2(b)], we can in-layeré is given byf;, = 1 — exp(—Rst), whereR s
dependently investigate the oxidation of a specific layerand ¢ are the initial reaction rate of first-layer oxidation
Here, we focus our efforts on the first- and second-laye(ML /s) and oxidation time (s). The saturated oxide cov-
oxidations (see Fig. 3). Note that, since the SREM conerage(6;;; = 1) corresponds to the normalized oxygen
trast reversed after oxidation at room temperature for 3 mipeak intensity of[O-KLL]/[SI-LVV] = 0.2. At low
[Fig. 1(b)], oxygen atom insertion into the back bond, astemperatures below 20C, we could not observe any
well as oxygen adsorption onto the uppermost layer, mustignificant temperature dependence of the initial reaction
occur even at low temperatures. The second-layer oxidaate(Rs;). This implies a barrierless oxidation of the first
tion requires a much higher temperature. The calibratiosubsurface layer (back bond oxidation: case 3 in Fig. 3), as
between the Auger peak intensity and the SREM oscillawell as oxygen chemisorption onto the top layer (cases 1
tion shows that the first- and second-layer oxidations werand 2). The first-layer oxidation could be completed
completed at around-KLL]/[Si-LVV] = 0.2 and 0.45, within 2 min by raising the oxygen gas pressure, and
respectively [Fig. 2(b)]. the oxidation rate of the second layer (case 4 in Fig. 3)

To investigate the oxidation kinetics, we measuredobviously depends on the substrate temperature, as shown
the time dependence of the oxygen Auger peak intensitin Figs. 4(b)—4(d). The second-layer oxidation also fits
during oxidation at temperatures ranging from roomwell with the Langmuir-type reaction when the appropriate
temperature to 638C. Typical results are shown in initial oxidation rate is used for each temperatutg,{ =
Figs. 4(a)—4(d), where Fig. 4(a) and Figs. 4(b)—4(d), re-l — exp(—Ranqt), Where 6,4 = 1 corresponds to
spectively, were obtained atx 107 and2 x 107® Torr  [O-KLL]/[SLVV] = 0.25]. The initial sticking proba-
oxygen gas pressures. Atroom temperature [Fig. 4(a)], thiility S>nq [Sona = Rana/F, wWhere F is oxygen flux
oxygen peak intensities were saturated at aboukLL]/  (ML/s)] estimated from the curve fitting was plotted
[Si-LVV] = 0.2. This indicates the completion of the based on the Arrhenius equation in Fig. 5. The activation
first-layer oxidation and that it takes much longer forenergy for second-layer oxidation was found to be 0.3 eV.
second-layer oxidation to occur under these conditions. Next, we theoretically investigated the chemisorp-
According to a recent real-time ultraviolet photoelectrontion of oxygen molecules from the uppermost to the
spectroscopy study [7], although it was not clear howdeeper subsurface layers on the Si(001) surface based on
many layers were oxidized, the initial oxidation character-
istics within a wide temperature range below 6Q0were
reported to fit well with Langmuir-type behavior. For

the first-layer oxidation, since the slight decrease of the 0.4 @RT. First-layer oxidation
Si-kLVV peak can be neglected, the normalized oxygen 0.3f /
peak intensity((O-KLL]/[SI-LVV]) is proportional to 021 ; =

the total oxygen amount on the first layer. As shown

in Fig. 4(a), our AES data are also consistent with the 0.4l (6)370C
0' 3l Second-layer oxidation
O Silicon 0.2 /=
e Oxygen Ciase1 Case 2 0.1t ‘ Top layer
Vd 0
Case 3 0.4 (c) 485C
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FIG. 4. The normalized oxygen Auger peak intensity as a
FIG. 3. Schematic illustrations of the initial oxidation. Casesfunction of oxidation time at temperatures ranging from room
1 and 2 show chemisorption onto the uppermost layer situatettmperature to 63%C: (a) and (b)—(d) were taken, respectively,
at the top and bridge sites, respectively. Cases 3 and 4 shoat 1 X 1077 Torr and 2 X 107° Torr oxygen gas pressures.
oxygen atom insertion into the first and second subsurfac&@he solid lines show the results of curve fitting with an
layers. Cases 5 and 6 show oxygen atom migration from théndependent Langmuir-type reaction for the first- and second-

uppermost layer to the back bond.

layer oxidation.
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102 discrepancy between this value and the calculated value
suggests that interfacial stress plays a role in oxidation.
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FIG. 5. Arrhenius plots of the initial sticking probability of
the second-layer oxidation.
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