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Kinetics of oxidation on hydrogen-terminated Si(100) and (111) surfaces
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(Received 30 August 1995; accepted for publication 18 December) 1995

We have investigated the oxidation of hydrogen-terminatétl$i and(100) surfaces stored in air,

using synchrotron radiation photoemission spectroscopy and infrared absorption spectroscopy in the
multiple internal reflection geometry. We demonstrate that water present in air is predominantly
involved in the oxidation of surface Si—H bonds, and that native oxide starts to grow when the
surface hydrogen coverage is decreased. In order to explain the latter phenomenon, we propose a
kinetic model of oxidation which considers the manner in which native oxide formation
preferentially occurs on those portions of the surface where the Si—H bonds are oxidized. We
suggest that the oxidation of surface Si—H bonds, the rate of which is strongly dependent on the
humidity of air, is a rate-limiting step in the native oxide formation on hydrogen-terminated Si
surfaces. ©1996 American Institute of Physids$S0021-897606)03507-4

I. INTRODUCTION processes leading to the formation of native oxide have not
yet been fully elucidated.

It is well established that treatment in dilute hydrofluoric The main purpose of this study is to elucidate how the
acid (HF) solution produces a hydrogen-terminated, clean Soxidation of surface Si—H bonds is correlated with the native
surface!~* This treatment is widely used in the fabrication of oxide formation. Synchrotron radiation photoemission spec-
semiconductor devices such as metal—oxide—semiconducttnoscopy (SR-PES is utilized to follow oxidation-induced
(MOS) devices. The hydrogen-terminated Si surface ischemical changes of hydrogen-terminated Si surfaces and to
chemically inert, but, when exposed to air for a long term, ismonitor the evolution in the native oxide thickness caused by
oxidized by oxidants present in air to generate the so-calle@xposure of the surface to room air. SR-PES, in which soft x
native oxide film. Since native oxide most probably degrade$ays with a variable photon energy are used as the exciting
the quality of Si epitaxial film or thin gate oxide film which Photon source, is quite surface sensitive, and therefore is
is grown on the HF-treated Si surface, the undesirable forPeneficial to the investigation of initial stages of oxidation of
mation of native oxide film must be suppressed. In order to>! Surfaces. As in our previous w_or?(?sl,zwe also use IRAS
fabricate high-reliable ultra-large-scale integratiéliLSI) to follow oxidation-induced chemical changes in the surface

devices, therefore, we need an understanding of the mechg! NYdride species. In order to interpret PES and IRAS data,
gwe propose a kinetic model of oxidation in which the forma-

nism of oxidation of hydrogen-terminated Si surfaces in the’. ) o e
; ; tion of native oxide is supposed to follow the oxidation of
atmospheric environment. ) . :
surface Si—H bonds. We are able to explain the evolution of

A number of studies have so far been carried out t X :
. . . oth the surface hydrogen coverage and the native oxide
investigate the chemical and structural natures of HF-treated, . . I

hickness in terms of the proposed oxidation model.

hydrogen-terminated Si surface$Interestingly, x-ray pho-
toemission spectroscopXPS) studie® revealed that oxi-
dation proceeds layer by layer on HF-treated surfaces stored
in water or exposed to room air; that is, the native oxidell- EXPERIMENT
thickness increases step by step. An important point about Samples used here were obtained frortype P-doped
this phenomenon is that the native oxide thickness exhipits 8i(100 and (111) wafers. The samples were treated in dilute
steep increase and then saturates. In our previous s&ﬂ&es, hydrofluoric acidHF) following the RCA cleaning. After the
we have investigated the early stages of oxidation oftace treatment, the samples were stored in room air with
hydrogen-terminated @i11) and(100) surfaces stored in air, jfferent humidities and in a desiccator in which the relative
using infrared absorption spectroscofRAS) in the mul-  pymidity was set at 10%.
tiple internal reflection geometry. We demonstrated that the  The oxidation of hydrogen-terminated Si surfaces caused
oxidation of the outermost Si atom proceeds through the sugyy exposure to air was monitored by IRAS and SR-PES.
cessive conversion of both Si-H and Si-Si backbond$RAS measurements were performed using the multiple in-
around the Si atom into the Si—O bohdnd that moisture in  terpal reflection(MIR) geometry:®> MIR-IRAS is quite sur-
air plays a crucial role in the oxidation of the topmost layerface sensitive and is a powerful tool for investigating chemi-
of hydrogen-terminated Si surfacEsHowever, the atomic cal states of Si surfacéd. The samples used for the
measurements were 0.880x50 mn? with 45° bevels on
3Author to whom correspondence should be addressed. Electronic maif@Ch of the short edges. The infrared radiation exiting an
niwano@riec.tohoku.ac.jp interferometer(BOMEM MB-100) was focused at normal
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FIG. 1. Si—H stretching vibration spectra of the hydrogen-terminated
Si(100 surface exposed to room air with 10% relative humidity for different
exposure times. The figure attached to each spectrum indicates the exposure
time (in hours.

0.5

incidence onto one of the two bevels of the sample, and

propagated through the wafer, internally reflecting about 100

times. The radiation that exited the sample through the other

bevel, was focused onto a liquid—dooled HgCdTe detec- [ . ‘o, Orf]

tor. The reflection spectra measured for chemically oxidized - DEP “'~©@@H

Si surfaces were used as the background reference spectra. 0'—5'

The chemical oxidation was performed by immersing the , el

samples into a 1:1 boiled solution 0£,80,:H,0, for 5 min. 100 107 102 10°
SR-PES measurements were carried out on beam line \

BL-2 at the Synchrotron Radiation Laborato{$RL), Uni- Exposure time (h)

versity of Tokyo. The synchrotron radiation emerging from a

400-MeV storage ring(INS-SOR was monochromatized FIG. 2. SiH, intensity and oxide thickness as a function of exposure time,

with a grazing incidence monochromator and then irradiatedollected for(a) 10% and(b) 40% humidity.

onto the sample in a ultrahigh vacuuitdHV) chamber, the

base pressure of which was in the range of #0rorr. The

photoelectrons were detected with a double-pass cylindricalangling bonds per Si atom, and hydrogen termination of

mirror analyzeDCMA). To monitor the formation of native those dangling bonds produces the dihydride Si. When the

oxide, the samples stored in room air for different durationssurface was exposed to air for several hours, new peaks ap-

were transferred into the UHV chamber, and valence bangeared at 2200 and 2250 ch which are attributed to inter-

and Si D core-level photoemission spectra were measuregnediates  oxidation states S, and SiHOy),

for each sample with photon energies of 90 and 130 eWespectively?®?SiH,(O,) and SiHO,) refer to atomic con-

respectively. figurations in which, besides hydrogen atoms, two and three
oxygen atoms are bound to the surface Si atom, respectively.

11l. RESULTS AND DISCUSSION As shown in Fig. 1, the hydride modes, SiH and Silde-

A. Si(100) creased in intensity with exposure time. This clearly indi-

cates that surface Si atoms previously having Si—H bonds
Figure 1 depicts typical Si—H stretching vibration spec-were oxidized by exposing the surface to room air. On the
tra of the HF-treated §100) surface exposed to room air other hand, the intensities of SiD,) and SiHO;) initially
with 10% relative humidity, collected for different exposure increased and then dropped. We have previously interpreted
times. As is shown in the top spectrum of the figure, thethe observed evolution in intensity of the hydrides and inter-
surface immediately after HF treatment exhibits two peaks amediate oxidation states as being due to the oxidation pro-
2080 and 2110 cit which are due to the monohydride Si cess in which four bonds around the surface Si atom, which
(SiH) and dihydride Si(SiH,), respectively®> The Si—H initially were the Si—Si backbond and the Si—H bond, are
stretching vibration spectrum for the HF-treate@l8D sur-  converted to the Si—O bond in successidrater, we dem-
face is characterized by an intense g$pdak. This is simply onstrated that the rate of the oxidation of surface Si atoms
due to the fact that the ideal, bare(Hl0) surface has two strongly depends on the humidity of air, rather than the sur-
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T — 7 up. This clearly shows that the hydrogen-terminated surface
i becomes increasingly oxidized by exposure to air. In the Si
(a) Valence SI (1 OO) 2p core-level spectra shown in Fig(8, a broad peak which
02p is located at binding energies approximately 4 eV higher than
Bulk Si the bulk Si peak is due to SYO The oxide peak intensity
3hrs increases with increase of exposure time, indicating the for-
mation of native oxide on the surface exposed to air. We can
10 ' determine the oxide thickness from the $i @hotoemission
intensity ratio between the bulk Si and Sif@eaks, according
70 to the formula given by Himpsedt al® We plot in Fig. 2 the
180 ‘ oxide thickness thus determined as a function of exposure
time, together with the normalized intensities of Siahd
SiH(Oy). Figure 2 indicates three important points: First, the
oxide formation is significantly retarded when the humidity
of air is reduced. This gives further evidence to our conclu-

20 . 10 0 sion that water plays a crucial role in the oxidation of the
Bmd'ng energy (eV) hydrogen-terminated &i00) surface. Second, when the SiH
— 1 1t Tt T T T 1 1 intensity drops, the oxide thickness starts to increase. This
. Bulk Si strongly suggests that when the topmost layer of the
(b) S'2p hydrogen-terminated &i00 surface is oxidized, the surface

becomes easily attacked by, @nd HO, leading to a steep
increase in the oxide thickness. Third, the oxide thickness
saturates for a long-term exposure to air. The saturation
thickness was approximately 0.6 nm. We have previously
investigated the oxidation of hydrogen-terminated Si sur-
faces by ultraviolefUV) ozone, and revealed that when the
oxide thickness reaches about 0.5 nm, the oxidation rate be-
gins to level off!! Note that this thickness is close to the
saturation thickness mentioned above. We therefore consider
the oxide thickness of about 0.6 nm as a critical thickness at
770 which the structure of silicon oxide film changes and the
o T Y wnand W | * oxidation mechanism varies correspondingly.
.y 5 . 0 Another interesting point about Fig. 2 is that both the
Bmd'ng energy (relatlve to bUIk’ eV) oxide thickness and the S{B) intensity begin to increase
simultaneously. This implies that oxidation of Si—Si back-
FIG. 3. (a) Valence band antb) Si 2p core-level photoemission spectra of bonds of the _surface Si atom takes place as native oxide is
the hydrogen-terminated @D0) surface exposed to room air with 109 formed. This is reasonable because the backbonds must be
relative humidity for different exposure times. The figure attached to eactoxidized to form a silicon oxide film which is mainly com-
spectrum indicates the exposure tife hours. posed of $-O-Si bridging bonds. The SifD,) intensity
should decrease for a long-term exposure to air, because the
remaining Si—H bonds are finally oxidized by water o5.O
This is the case for 40% humidity, as shown in Figo)2For
10% humidity, however, the Sil@;) intensity does not drop
even for a 1000-h exposure to air. This suggests that surface
H bonds remain after such a prolonged exposure to air,

Photoemission intensity (arb. units)

380

face roughnes¥ In Fig. 2, we plot the Siklintensity as a
function of exposure time, taken for two different humidities:
10% and 40%. We have normalized the giHtensities to
the initial intensity, i.e., the Siflintensity measured for the =’
surface immediately after HF treatment. We see the oxidatior$'_ X . _ . e .
of surface Si atoms is significantly retarded for lower humid-and pr_owc_ies evidence th_at moisture is mainly involved in
ity. We therefore confirm that moisture in room air is crucial the axidation of surface Si—H bonds.

to the oxidation of the topmost layer of hydrogen-terminated

Si(100 surfaces. B. Si(111)

Figures 3a) and 3b) respectively show valence band
and Si 2 core-level photoemission spectra of the hydrogen-  Figure 4 shows typical Si—H stretching vibration spectra
terminated Si00 surface exposed to room air with 10% of the HF-treated $111) surface exposed to air with 40%
relative humidity, collected for different exposure times. Inrelative humidity, recorded at different exposure times. As is
the valence band photoemission spectra of Fig),& broad shown in the top spectrum of Fig. 4, the surface immediately
peak at 3-eV binding energy is attributed to photoemission ofollowing HF treatment exhibits two peaks at 2080 and 2130
the valence band electrons of the bulk Si crystal. A broaccm™* which are due to the monohydride Si and trihydride Si
peak observed at 7 eV is due to the @ Bne pair orbital of  (SiHs), respectively® The SiH peak is dominant since the
silicon oxide, SiQ. As the exposure time increases, the bulkideal, bare Sil11) surface has a dangling bond per Si atom.
Si peak decreases in intensity whereas the oxide peak grovtowever, other hydride modes, Sitdnd SiH;, showed up
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FIG. 4. Si—H stretching vibration spectra of a series of HF-treat€HlL Bi g (b) 40 /o 8
surfaces exposed to air with 10% humidity for different durations. The fig- 2 X
ure attached to each spectrum indicates the exposure(itinf®urs. 3 O
too. This implies that the HF-treated(811) surface is rough 0.5r b\ SiH
on the atomic scale, which is consistent with the IRAS re- L ‘\Q
sults of Chabakt al*>*" When the surface was exposed to | 0
air for a few hours, the SiH peak almost completely van- SiHO \c‘)
ished, indicating the oxidation of Si—H bonds protruding ol ('Dg)ffﬁ‘
from the surface. Figure 5 shows the evolution of the SiH L&
and SiHO,) peak intensities collected for two different hu- L
midities: 10% and 40%. We can clearly see that the oxidation L
of surface Si atoms is remarkably delayed when the humidity 10° 107 102 102
is reduced, which is the same trend as observed fd08i. Exposure time (h)

We plot in Fig. 6 representative valence band andsi 2
core-level photoemission spectra of the hydrogen-terminated
Si(111) surface exposed to air with 10% relative humidity, FIG. 5. SiH peak intensity and oxide thickness as a function of exposure
measured at different exposure times. In Fig. 6, we see thafne, measured for two different humiditie&) 10% and(b) 40%.
with increasing exposure time, the bulk Si peak decreases
whereas the oxide peak increases. This is the same trend as

was observed on the (300 surface, and indicates that na- . . . - .
tive oxide is generated on hydrogen-terminated B sur- native oxide formation was retarded Wheq the hgmldlty of air
as low. Also, we see that when the SiH intensity decreases,

faces during storage in room air. However, there is a marke . . :
. . . e oxide thickness starts to increase steeply. These are the
difference from the $100 case: At exposure times below .
same trends as was observed for th€l®) surface. It is

10 h the oxide-induced peak is quite weak, as is shown in the . . S .
topmost spectrum of F?g.(ﬁ). F?gure ab) shows that the Ihteresting to note that for higher humldlty,_$®§) does not
SiO, peak cannot be identified at exposure times below 50 grow, on the other _hand,_for Iowgr humidity _the bY)

Intensity and the oxide thickness increases simultaneously.

These observations suggest that oxidation of Si—Si back-, . A
bonds of the surface Si atom is significantly suppressed onhIS suggests that when the humidity is high, aimost all the

) . surface Si—H bonds are oxidized before the backbond oxida-
the hydrogen-terminated @il1) surface at the earliest stage . . . . .
7 . . tion occurs, and therefore confirms the idea that moisture is
of oxidation. In contrast to $111), the formation of a thin

native oxide was observed on the(I¥0) surface even at gallrjllyblnvotlalved In ;he o;adatm;}n of s;m‘ace Si atoms having

exposure times below 10 h, as shown in Fig. 3. The oxide I=H bonds protruding from the surface.

thickness at these exposure times was approximately 0.2 nm.

The oxide thickness did not increase notably until the hydro-

gen coverage was reduced. We therefore speculate thatpad KINETICS OF OXIDATION

small amount of native oxide is formed on the hydrogen-

terminated Sil00) surface immediately after HF treatment The experimental results presented above suggest that

and it may have a stabilizing effect on the surface. water present in air is crucial to the oxidation of surface
We plot in Fig. 5 the native oxide thickness collected for Si—H bonds. We understand that,® much more readily

two different humidities, as a function of exposure time. Thereacts with the surface Si—H bond than.@xidation in-

4376 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996 Miura et al.
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(b) Si2p Bulk Si
The oxidation model proposed is schematically illus-

trated in Fig. 7. We assume that the oxidation is a two-step,
first-order process. At the first step of the oxidation, surface
Si—H bonds are oxidized to produce an oxidized surface, as

— 3h shown in Fig. Tb). We here consider thexidizedsurface as
| one on which surface Si—H bonds were converted to oxygen-

[~ 20_| related bonds, such as Si—OH arid S—Sibonds. This oxi-

73 | dation process most likely occurs on the entire surface, irre-
-..__/\-/\_129_‘ spective of whether steps and kinks are present ot%remgd
M could be strongly influenced by the concentration of water

Sio, 770 | present in air, i.e., the humidity of air. The rate equation for
B L 6 this oxidation process can be simply given by
Binding energy (relative to bulk, eV) d6,
4~ k(1= 6y, 3

?G-hfia(ra) V?]"i”rcn?‘_gat”dd ?;ﬁ)) Si2p Core"eve'dp?°t°$miif]i°1%;pfcl”";‘_ of where ¢, is the coverage of the oxidized surface, dqdis
huemigi/ityc:‘g?dif?erelntaeiposure fi?neasc.eTﬁzpﬁc;Slfre ;;t:(lzhgtli to eagh zp?el(\:/t?urﬁh,e OXIdatIQn ratg. The SiH pe.ak intensity or(131) or the
indicates the exposure tin{& hours. SiH, peak intensity on $100 gives the measure of the hy-
drogen coverage and therefore should be proportional to the
value (1-6,). At the second step of the oxidation, native
_ oxide formation favorably proceeds on the oxidized surface,
duced by water most probably generates the Si-OH and thgs is depicted in Fig.(¢). Based on the finding that the oxide
Si—O-Sibridge bonds on the surface through reactions aghjckness reached the saturation value of about 0.6 nm for a
follows: prolonged exposure to air, we assume the lateral growth of a
Si—H+H,0—Si—OH+H,, (1)  native oxide layer with approximately 0.6 nm thick. Then the
rate equation for this process can be given by
Si—H+Si—-OH—Si—O-SitH,.
As a consequence of these reactions, the surface which ini- %—k 0.— 0 (4
tially was hydrophobi¢c becomeshydrophilic When the sur- dt 201 62),
face turns hydrophilic, then it will more readily react with O
and HO compared to the hydrogen-terminated, hydrophobiavhere 6, is the surface coverage of a 0.6-nm-thick native
surface. This would lead to an enhancement in the oxidatiooxide layer andk, is the rate of native oxide formation. In
rate. Indeed, the present experimental results clearly shothis model, when the entire surface is covered with a 0.6-nm-
that when the surface hydride species diminish, native oxidéhick native oxide layerg,=1. We can obtain the hydrogen
starts to grow. Based on these arguments, we propose a ldeverage(1—6,) and the oxide coveragé, by integrating
netic model of oxidation which considers the manner inEgs.(3) and (4) with the initial condition of8;,=6,=0. We
which native oxide formation preferentially occur on thoseplot in Fig. 8 the calculated values ¢1—6;) and 6, as a
portions of the surface where surface Si atoms are oxidizedunction of exposure time, fdg; = 0.5 h ! andk,=0.5, 0.05,

J. Appl. Phys., Vol. 79, No. 8, 15 April 1996 Miura et al. 4377
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with k;=0.5 h'%, andk,=0.5, 0.05, 0.005, and 0.0005* ‘é’
@ 10°':
]
£
0.005, and 0.0005 H. An important point about Fig. 8 is o
that when the hydrogen termination persists, the rate of in- D
crease of the oxide coverage; i.e., the slope of the curve is N 10°"
enhanced compared to the case where the hydrogen coverage E
is low, as depicted by two dashed triangles. A simple calcu- E
lation predicts that when the surface is almost completely 5
terminated with hydrogen, the oxide thickness increases in Z )
proportion to the square of the exposure timethat is, 10_,*.’,..

6,t%. On the other hand, if the hydrogen termination is
broken, the oxide thickness varies linearly with the exposure
time; that is,#,>t. This difference reflects the fact that na-
tive oxide growth is suppressed when the surface is covered
with a hydrogen monolayer which acts as a passivation layer 10°
for oxidation.

Figure 9 shows comparison of the calculated values of
(1—6,) and 6, with the normalized intensity of SiHand the
native oxide thickness collected for the hydrogen-terminated p
Si(100) surface exposed to air with three different humidi- 107 -
ties. The oxide thicknesses have been normalized to the satu- '
ration thickness. Agreement between the experiment and cal-
culation(solid curvegis good for 10% and 20% humidity. In
particular, the calculation reproduces the trend that the native Ll , L
oxide thickness exhibited a steep increase when the surface 10750 10! 107 10°
hydrogen coverage began to decrease. However, we notice :
that the calculation cannot explain the experiment at low EXpOSUfe time (h)
exposure times. We attribute this discrepancy to the forma-
tion of a thin native oxide which, as described above, occur$ic. 9. Normalized Sikintensity and oxide thickness for the(S00) sur-
immediately after HF treatment. Dashed curves in Fig. Yaces exposed to air witfa) 10%, (b) 20%, andc) 40% humidity, compared
represent the results of model calculation obtained on th%';hl};‘iet’;;!c#'lated values @1-6)) and6,. The values ok, andk; are in
assumption that the oxidation of surface Si—H bonds and the '
native oxide formation proceed independently of each other
and simultaneously; that is, the native oxide formation is a
single-step process. Under this assumption, the calculation
cannot explain the observed steep increase in the oxide thickaoisture in room air plays a crucial role in the oxidation of
ness. For 40% humidity, the evolution of the oxide thicknesssurface Si—H bonds and the formation of native oxide.
can be explained with a nonsimultaneous, single-step model. Figure 10 plots the results of model calculation com-
It seems that the oxidation process for higher humidity ispared with the normalized intensity of SiH and the normal-
different from lower humidity. The rate parametégsandk, ized oxide thickness obtained for thgHil) surface exposed
used in the calculations were approximately an order largeto air with three different humidities. Agreement between the
for 40% humidity than for 10% and 20%. This indicates thatexperiment and calculatiofsolid curves is fairly good. Es-

4378 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996 Miura et al.
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with the calculated values @¢fi—6;) and 6,. The values ok; andk, are in
the units of AL,

pecially for 10% and 20% humidity, the calculation ad-

equately reproduces the steep increase in the oxide thicknes?g'
which took place when the hydrogen coverage started to desy njwano, J. Kag

face Si—H bonds is predominantly caused by moisture in air,
while the formation of native oxide is mainly caused by the
attack of the oxygen molecule, which is the dominant oxi-
dant present in air.

V. SUMMARY

We have studied the kinetics of oxidation on the
hydrogen-terminated 8i11) and(100 surfaces stored in air,
using synchrotron radiation photoemission spectroscopy and
infrared absorption spectroscopy in the multiple internal re-
flection geometry. We confirmed that water present in air is
predominantly involved in the oxidation of surface Si atoms
having Si—H bonds, and native oxide starts to grow when
most of the surface Si atoms are oxidized. We interpreted the
latter phenomenon in terms of a kinetic model of oxidation
which considers the manner in which the native oxide for-
mation preferentially takes place on those portions of the
surface where the surface Si atoms are oxidized. It was sug-
gested that the oxidation of surface Si—H bonds, the rate of
which is strongly dependent on the humidity of air, is a rate-
limiting step in the native oxide formation.

The reason is not clear why water more readily reacts
with the surface Si—H bonds than the oxygen molecule. To
elucidate this difference in reactivity betweep@and Q,
we need further investigation; for exampddy initio molecu-
lar orbital calculations are necessary.
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