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Layer-resolved kinetics of Si oxidation investigated using the reflectance
difference oscillation method
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Dry oxidation kinetics of the $001) surface has been investigated using reflectance difference oscillation to
resolve atomic-scale phenomena. The activation energy for oxidation has been found to increase as the
oxide-Si interface moves in the depth direction, reaching the value for bulk oxidation, 2.0 eV, at the third layer
from the surface. The nonlinear dependence of the oxidation rate on,thee€sure, which was reported for
bulk oxidation, has also been observed in the second- and third-layer oxidation. Chemical reaction and mass
transport mechanisms for this initial oxidation regime are discussed.
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. INTRODUCTION the activation energy and,Qressure dependence of the oxi-
dation process for each of the second, third, and fourth layers
The importance of surface oxidation to a broad range ofrom the surface. Variation of the activation energy with oxi-

technologies has motivated fundamental studies to ascertadation depth is observed for the first time, to our knowledge.

the mechanisms by which oxidation proceéddxidation of ~ Surprisingly, some of the major features of the bulk oxida-

Si has received particular attention in recent decades becautien kinetics appear in the very early stages of oxidation.

of its importance to semiconductor device fabricatidn.

Present-day metal-oxide-semiconductor devices now require

gate insulator films thinner than 2 nm, making it imperative . EXPERIMENT

to understand the chemical reactions and mass transport pro- A. Surface preparation and oxidation procedures

cesses in the ultrathin regime. While the classical model de- . . .
: - Experiments were performed in an ultrahigh-vacuum

veloped by Deal and Grove accurately predicts the oxidation . . . . .

rate in the relatively thick regim&pxidation is much faster chamber equipped with & strain-free window for optical ac-

. X ) . - cess. The initial $001) surface was reconstructed into the
than their formullat|on when the th|ckne_ss Is under 39 . .singledomain X 1 structure in order to obtain a nonzero RD
number of studies were therefore carried out to bridge th'%mplitude on(001).1° To prepare the single-domain surface,
gf"‘p?_g resulting5igl {?Odiﬁe‘j kinetic models for this thin re- ;e \;sed 4001) wafer with an intentional miscut of 4° in the
gime (2-30 nm.>"*"However, research in the ultrathin re- (130, girection. The wafer was flashed in ultrahigh vacuum
gime (<2 nm) has not yet reached the same level of matuyt 1470 K for 10 s to form the single-domain surface with the
rity, due to the difficulty in acquiring an unambiguous dimer bonds perpendicular to the miscut direction. Sample
thickness measurement of ultrathin oxide layers. heating was carried out by flowing a dc current through the

This paper addresses the kinetics and mechanisms of Sji sample. As oxidation proceeds, reconstruction of the ini-
oxidation in the ultrathin regime. The accuracy of the oxidetial surface vanishes but the step structure created by the
thickness measurements is critically important to charactemiscut is preservefsee Fig. 1b)].
ize the kinetics in this regime. We employ the reflectance Two protocols were used to oxidize the Si samples that
difference (RD) oscillation metho? to meet this had been flashed and cooled. In the first protocol, hereafter
requirement®'* An atomically flat oxide-3D0Y) interface, referred to as one-step oxidation, @as was introduced into
which appears upon complete oxidation of each atomic layethe chamber, and its pressumm;,, was set to the intended
of Si,*® induces anisotropy in the dielectric response of the Sjeye| ysing capacitance manometers. Two capacitance ma-
crystal. Due to the twofold symmetry of the Si layer at the,ometers of different full scales were used to accurately

interface, this anisotropy changes its sign each time oxidameasurep,,_ in a wide range from 0.010 to 200 Pa. The first
tion proceeds by one atomic layer. Our previous study 2

showed that the RD between two orthogonal polarizations o\ay_er of the Si surface was pa.rt_lally Ox'd'?ed during s,
light indeed oscillates as oxidation proceeds in the dept@djustment. Aftepo, was stabilized, heating of the sample
direction on S{001), and that each local maximum or mini- was started to bring the sample to the target oxidation tem-
mum of the RD oscillation curve corresponds to the com-perature,T5. In the second protocol, hereafter referred to as
plete oxidation of one atomic lay&t.Thus, oxidation-rate two-step oxidation, the samples were exposed to aprés-
measurements with atomic-layer resolution are possible bgure of 0.060 Pa at 1023 K for 1 s, to completely convert the
the RD oscillation technique. first Si layer into an oxidé*'® The second and subsequent
Capitalizing on this layer-resolving power, we examinelayers were then oxidized using various combinatiorp@zf
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T Ill. RESULTS AND DISCUSSION
7 Heating ON (a) . o o
: A. Observation of layer-by-layer oxidation by RD oscillation
Typical examples of RD oscillation data at 414 nm are
shown in Fig. 1a). The RD amplitude exhibits oscillatory
changes once heating is started, and oscillation becomes
faster asl is increased. Data are presented on a logarithmic
time scale because the RD change becomes slower with the
oxidation time, making detection of the peaks harder on a
plot using a linear time scale. According to the spectral mea-
surement that we reported previou¥lycomplete oxidation
of the first layer of Si should produce a maximum in the RD
trace. However, this is not discernable in Figa)lbecause
the first-layer oxidation was completed in a very short time
P (<1 s) after the heating was started. The first observable
sl cesnl sl peak in the RD amplitude is a local minimum, shown at an
10 fog L0090 elapsed time of 15—-40 s in Fig(d. At this point, oxidation
Blapsed tme [<] of the second layer from the surface has just completed. The
FIG. 1. (8) Examples of RD oscillation curves measuiadsitu half periodts, as defined in th'e p!ot, is the .tim(.a requirgd to
during oxidationpo, was 0.60 Pa antl, was varied as noted in the complete the_ second-layer oxidation. As ox@atlon continues,
figure. Curves are shown with vertical offsets for clarity. The heat-the RD amplitude ngxt reaches a chal maximum, Wh'c,h in-
ing was started at 10 s. Definitionstf, t5, andt, are illustrated in d'.cates CPmp'et? Ox'dat'c_m of the third _quQ{, QS shpwn n
the plot. (b) A cross-section TEM image of a 4°-0f001) sample  Fi9- 1(a), is the time required to fully oxidize this third layer.
which was oxidized under 0.60 Pa at 1073 K for 120 s. The capping-Omplete oxidation of the fourth layer and beyond is deter-
layer on oxide is polycrystalline Si deposited by chemical vapormined similarly tot, andts.
deposition. Two parallel lines indicate the oxide interfaces. Figure 1b) shows a cross-section transmission electron
microscopy(TEM) image of the sample oxidized at 0.60 Pa

AT T t N d . and 1072 K for 120 s. According to Fig(d), three layers of
andls. lemperature measurements were made Using a P¥s; jyaye peen oxidized at this condition. Since approximately

rometer which we had calibrated by referring to the temperap 3 nm of oxide is formed by oxidation of one layer on
" ; 17 :

ture of 1X1—7X7 phase transition on @11, 1113 K" Ts  gj001),2 the expected thickness of oxide is 0.9 nm. As seen
was always set lower than the critical temperature for thery, Fig. 1(b), the thickness indeed measures approximately
mal etching of Si by @ (e.g., approximately 1100 K at 0.010 9.9 nm. The measurement error, however, may be as large as
Pa. The base pressure of the vacuum chamber was kept ifhe thickness of one monolayer of Si crystal due to ambigu-
the 10 ®-Pa range even when the sample was heated to 1408 in defining the oxide interfaces.
K. We observed that the RD amplitude oscillates more

clearly at higherpoz. For instance, an unambiguous mea-

surement o3 was often difficult wherpo, was lower than

0.060 Pa. On the other hand, an oscillation up to the sixth-
The RD amplitude of the sample was meastiresitu as layer oxidation was observed in some runs at 200 PaAt

the initial 2x 1 surface was oxidized. In this study, an RD @bove 20 Pa, however, the Ta electrodes for resistive heating

amplitude Ar/r is defined asAr/r=2(r,—rp)/(ro+r,), Were severely oxidized, so the reproducibility of the oscilla-

wherer, andr, are complex reflectances for polarization tion data was not satisfactory for detailed investigation of

parallel and perpendicular to the direction of the dimmer
bonds on the initial X1 surface, respectively. The optical
setup for the RD measurements follows the configuration B. Layer-resolved determination of the activation energy

18
reported by Aspnest al. We have acquired more than eighty traces of RD oscilla-
A GaN semiconductor lase#14 nm was used as the jon to measure; (i=2, 3, and 4 for various combinations

light source in our setul’ As we reported previously, the of T and Po,- Data fort; are plotted in the Arrhenius form
RD spectra of the oxidized surfaces show a main peak near Figs. 28)—2(d). The former two figures are fdg, and the

the E, transition energy of Si, 3'.4 eV at room tempera&i‘re. latter two are fort; andt,. The following regression line is
When the sample temperature is elevated for oxidation, thlﬁt to each data set acquired at constpgt:
L

peak is supposed to redshift by approximately 0.3%The
photon energy of the GaN laser is therefore suitable to moni-

tor the RD change near the main peak position. Preliminary 1/t;=C;-exp(—AE; /kTy), 1)
experiments changing the laser output power from 0.05 to

0.5 mW showed that oxidation enhancement by laser irradiawherek is the Boltzman constanA E; is the energy barrier
tion is negligible. for the rate-governing process for thth layer oxidation.

2x 10"

:

1028

Ar/r at 414 nm

1062

1100]

B. RD measurements

kinetics.
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The pre-exponential facto€; , is a function ofpg_, butits  higherpg.. As shown in Fig. &), AE, is estimated to be
p p i 5 5

explicit expression is open at present. 2.2+0.2 eV, which is essentially equal to the value for the
Data and regression lines for the second-layer oxidationhird-layer oxidation.
using the one-step protocol is given in FigaRfor six dif- AE; values determined from Fig. 2 are tabulated in Table

ferentp02 conditions. As the figure shows, the slopes of thel along with the activation energies reported in the literature.

regression lines are identical, indicating thdt, is indepen- An examination oAE; values for the first, second, and third

dent ofpg_. AE, is estimated to be 140.2 eV. layers shows thadE; monotonically increases as oxidation
2

- . proceeds in the depth direction, reaching to 2.0 eV at the
When Po, Was higher than 0.6 Pa, we noticed that thethird layer. Katoet al. revealed by arab initio calculation

first—laygr oxidation was nearly completg a.t room tempera—that the first layer of the 1 Si(001) surface is oxidized
ture during thepo, adjustment at the beginning of an oxida- oyt any energy barrier as oxygen atoms in the chemi-

tion run. In order to investigate whetheris affected by the  sorbed state migrate into the backbond center positiéh.

condition of the first-layer oxidation, we carried out oxida- For the second layer oxidation, Watanatel. reportedA E,

tion using the two-step protocol. The Arrhenius plot for theof 0.3 eV® This value is much smaller than those deter-

two-step runs is shown in Fig.(d. A comparison between mined in Figs. 2a) and Zb). In their experiments, the rate of

the 2.0 Pa data in Figs(@ and 2b) shows that, becomes the second-layer oxidation was estimated by measuring the

longer (approximatelyx 4 as shown by dotted extension of initial increase of the CKLL Auger electron intensity with

the regression lingsf the first-layer oxidation has been com- time. Therefore, the\E, value in Ref. 15 is for thenitial

pleted at an elevated temperature by the two-step processtage of the second-layer oxidation. On the other hatg,

AE, for Fig. 2(b) is 1.3+0.2 eV, which is only slightly

larger than that for Fig.(2). This aftereffectof the first-layer TABLE . Variation of AE; with progression of oxidation in the

oxidation temperature on the second-layer oxidation rate wilblepth direction.

be discussed in the last part of this article.
Figures 2c) and 2d) show the data and regression lines Layer to be oxidized AE; (eV) Po, (Pa Ref.

for the third-layer oxidation using the one- and two-step pro-

tocols, respectivelYAE; is again independent cpf02, and is i:;a 003 104 fsl

estimated to be 2:00.2 eV for both protocols. Compared to 5 1 20 3 0020 this work
the second-layer oxidatiortg is less sensitive to whether 3 2'0+0'2 0'0&20 this work
oxidation was performed in one or two steps. 4 29+ 0.2 20 this work

Reliable data fott, were obtained at relatively higpo2
of 20 Pa, as the RD amplitude oscillated clearer and longer &tnitial stage.
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determined front, in Figs. 2a) and Zb) is for completion of 10° : : : : :
the second-layer oxidation. More specifically, because the
RD change becomes slower with progression of oxidation, 108 020"‘3 .
AE, determined from the RD oscillation is for thete stage
of the second-layer oxidation. Thus, these tWE, values 10" | © -
also indicate that the activation energy increases as oxidation o ¢
progresses. The oxidation of the second and subsequent lay- - 10" |- -
ers should be associated with structural changes in the al- O s O O
ready formed oxide network which are likely to cause an U“N 10" |- -
increase iNAE; .% .

A number of studies have reported activation energies for 107 - ]
the oxidation reaction at the oxide-Si interface when the ox- 10 p 0.79
ide thickness is greater than 2 ifReported energies range B 0 7
from 1.57%2*1.97 and 2.0 eV}***°to 2.4 eV’ It has also 1P T
been argued that the activation energy varies with the thick- 107 162 16" 1° 10' 10 10°

ness regimé?2>?’ Disagreement among the past studies is
mainly due to the fact that different values of the activation Po, [Pa]
energy may be deduced if different kinetic models are em-
ployed for data analysé$2 Another factor to be considered
in the thickness regime less than 10 nm is the error in th ; ) : i
ellipsometric thickness measuremefitén the present study, ?nd ZF@’ resDeCt'\éelﬁ Filled arlq olpen circles are fog obtained
AE; estimation does not suffer from either the model depen—rom 'gs. 2c) and 2d), respectively.
dence or the error in the thickness measurement, because . . .

AE; is estimated directly from the layer-resolved measure- Here it should be reminded that, in the one-step proce-
ments oft; . dure, the effec_tlve temperature for the_ first-layer oxidation
AE, andAE, values in Table | are near or slightly higher Was lower at highepo,, as mentioned in Sec. il A. When
than the median of the variation range mentioned abovethe first layer is oxidized at a lower temperature, the oxida-
1.5-2.4 eV. This suggests that the chemical process that gotion of the second layer becomes faster as shown in Figs.

erns the interface reaction in the thicker regime begins witt2(@ amd 2b). If we take this effect into account, the real

oxidation of the third layer from the surface. dependence o€, on po, is thought to be weaker than the
The reported activation energy has been often comparegpparent one in Fig. 3. In Fig. 3, the two data point€etoy

to the energy needed to break the Si-Si bond energy, 1.83 e¥he two-step oxidation indeed show a dependence weaker

Recent studies suggest that the rate-limiting step is not thghan p020-79, though the number of the data points is not

reaction between Oand Si-Si bonds, but the generation of g fficient to determine the exact order.

the so-called reactive sites. The layer-resolved activation en- opserved nonlinear dependenceGfon Po, provides us

ergies obtained in this study are expected to be the critical ith further insight into the microscopic mechanism of the

:ﬁztitr?tg; Tgy what process governs the oxidation reaction @xidation reaction. The observed nonlinear dependence is

We point out that, since reduceXE; only contributes to presumably related to the nature of the chemical reaction at
’ I

the first- and second-la S : tpe oxide-Si interface, rather than the mass transport process,
- -layer oxidation, the main cause for fast. ; . : )
oxidation from the third layer through the thi2—30 nm) §|nce the transport .rate is essentially linear mz' Thg
regime is not\ E; reduction near the surface. Instead, the fastinear Jate constant in the Deal-Grove model is proportional
oxidation should be ascribed mainly to the larger availability,!® Po, '~ Po, " at both reduced (f6-10° Pa) (Refs. 5 and
or chemical activity, of oxidants than those predicted by the31) and high (16-1C° Pa) (Ref. 32 pressures. In contrast,
conventional dissolution-diffusion mechaniémAs for the  the wet oxidation rate is linear with the,B pressuré? Re-
ultrathin regime, one of the possible mechanisms of the largeent Monte Carlo simulation showed that the oxidation rate
availability of O, is the ballistic transport through SjJOAc- by oxygenatomsis also linear with the chemical potential of
cording to the recent quantum molecular dynamicsthe oxygen atom&! Thus, the nonlinear dependence ),
calculation3® the ballistic path contributes to oxidation at js an essential character of the chemical interaction between
least when oxide thickness is 0.7 nm or less. 0, molecules and Si at the interface.
So far, only a few models have succeeded in simulating
the dependence of the linear rate constantpgy.*** In

general, sublinear rate processes are explained by postulating
the reaction intermediates or inhibitors that are generated in

Figure 3 plots the dependence ©f andC3; on Po,- C2  the reaction system. Uematstial. reported that the dry oxi-
andC; were calculated according to E@. for each regres- dation rate at varioupo, can be well simulated by consid-
sion line in Fig. 2. For the one-step oxidation proce8s, ering emission of Si atoms from the interfateThey as-

and C; are proportional tgpo,” " andpo,**’ respectively. ~ sumed that the emitted Si atoms near the interface inhibit the

FIG. 3. Dependence of, and C; on Po,- Filled and open
Squares are fo€, obtained from the regression lines in Fig$a)2

C. Nonlinear dependence of the oxidation rate on oxygen
pressure
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oxidation reaction. Further examination is needed as taouble-domain surfaces for selected oxidation conditions.
whether a similar model can explain the oxidation rate in theAnalyses by Auger electron spectroscopy showed that the

ultrathin regime. oxidation rates are almost the same between the two kinds of
the surfaces. These observations imply that neither singular-

D. Effects of structures of the initial Si surface and oxide ity of the domain structure nor the terrace width affects the
layer on subsequent oxidation oxidation rate. Instead, we have found that hydrogen termi-

. — nation of the initial surface, which should lead to the incor-
Now we discuss the aftereffect observed in Figa) 2nd poration of Si-H and Si-OH bonds in the oxide layer and

2(b). As menuo_ned apove, the S‘?Cof‘d"?‘yef oxidation be’[hereby alter its network structure, significantly retards the
comes slower if the first-layer oxidation is executed at an

oxidation process. The effect of hydrogen termination on the
elevated temperature. The observed decréage a factor of .oxidation rate is an important issue from the application

4 at 2.0 Pas perhaps too large to be ascribed tq a change "E)oint of view and will be discussed in a separate report.
O, transport through only a single layer of oxide. Recent

studies suggest that the rate-limiting chemical process at the
oxide-Si interface is generation of the so-called reactive sites

or Si-containing entities to be oxidizé®>’ The observed Oxidation kinetics of the X 1-Si(001) surface was inves-
aftereffect may imply that such chemical processes are afigated with atomic layer resolution by utilizing reflectance-
fected by the structure and property of the oxide légehat  difference oscillation. We showed that the activation energy
had already been formed. increases as oxidation proceeds, converging to the value for
In general, the oxidation rate of thén Si layer may be the bulk oxidation at the third layer from the surface. The
affected by the structure of the< 1)th and preceding oxide sublinear dependence of the oxidation ratepey) was ob-
layers. However, for the; andt, data shown in Figs.(2)  seryed for the second- and third-layer oxidation. The condi-
and 2d), this effect is assumed to be minor. Compared to thg;jo, of the first-layer oxidation was found to affect the oxi-
750 K temperature difference in the first-layer oxidation be-yation rate of the second layer. It is our hope that the layer-

tween the one- and two-step protocols, fevariation for  o5qlved kinetic data presented in this paper will serve as a
the second- and third-layer oxidation is relatively small atpa5e 1o understand the mechanisms of interface evolution

only 130 K. ) ) and associated defect generation processes.
Related to the aftereffect discussed above, it was observed

that oscillation periods on the on-axi801) face, which was
made single domain by the electromigration technique, were
essentially the same as those shown in Fig+2.We also We thank Ronald Kuse for his assistance in finalizing the
compared the oxidation rates between the single- aneéhanuscript. This study was partly supported by NEDO.
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