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Simulation of wet oxidation of silicon based on the interfacial silicon
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Silicon oxidation in wet ambients is simulated based on the interfacial silicon emission model and
is compared with dry oxidation in terms of the silicon-atom emission. The silicon emission model
enables the simulation of wet oxidation to be done using the oxidant self-diffusivity in the oxide
with a single activation energy. The amount of silicon emission from the interface during wet
oxidation is smaller than that during dry oxidation. The small emission rate for wet oxidation is
responsible for the insignificant initial oxidation enhancement and the linear pressure dependence of
the oxidation rate observed in wet oxidation. Using a unified set of parameters, the whole range of
oxide thickness is fitted for bottil00 and (111) substrates in a wide range of oxidation
temperature$800 °C—1200 °Cand pressure€l—20 atm. © 2001 American Institute of Physics.
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I. INTRODUCTION tion of both wet and dry oxidation using a consistent set of

N — ) parameters.
Wet oxidation and dry oxidation have been widely used

as silicon oxidation process&<€ Wet and dry oxidation dif-
fer from one another in several points) wet oxidation is
faster than dry oxidatioh(2) there is less significant initial !l- MODELS
oxidation enhancement for wet oxidatidhand (3) the oxi-

dation rate has a linear pressure dependence for wi
oxidatior? but a sublinear dependence for dry oxidation.
The first point has been explained by the difference in th
properties of oxidants based on the Deal-Grdize-G)

theory; the solubility of watefthe oxidant for wet oxidation

in the oxide is about three orders of magnitude larger tha

We have proposed the basic model based on the follow-
g conceptd®-1216A large number of Si atomé~1% of
the oxidized Si atomsare emitted from the interface and
$nost of them diffuse into the oxide. The emitted Si atoms in
the oxide govern the oxidation rate because the existence of
high-concentration Si atoms should prevent the emission of
3 hew Si atoms at the interface. These concepts lead to the
that of oxygen(that for dry' oxidation. However, there point that the oxidation reaction in the oxide, which absorbs
;eems to have been no stuc.il'es that explain p()B)tand(S?) the emitted Si atoms, controls, or modulates, the oxidation
n a unlfled_ manner. In addition, the D-G t_heory FEQUITES Jate at the interface. The oxidation models that consider the
double activation energy for the parabolic rate constantg; 4tom emission in oxide have been proposed in Refs. 7 and
WhiCh corresponds to the oxida_nt tsself-diffusivity in the ox- 8, however, they did not include that the emitted Si atoms
ide, for both dry and wet oxidatioh? affect the oxidation rate at the interface. In contrast, our

¢ .Tlhse. k?y to so_lvmg thetse probletmlst may Ill)i to takﬁl'rltgrhodel takes into account the concept that the emitted Si
acial si-atom emission into account. Ttis well Knownthat Sl oi6m¢ i the oxide govern the oxidation rate.

atoms are emitted from the silicon/oxide interface during 115 si emission model described above leads to the fol-
oxidation/~*? The Si-atom emission should occur during not lowing set of coupled partial differential equatiols:

only dry oxidation but also wet oxidation because the forma- g ped p g '

tion of oxidation-induced stacking fault§OSP and dCsi dCsi
oxidation-enhanced diffusion(OED) are observed for ot x| USUax
both}*~1*We have proposed a basic model in which the Si

atoms emitted to the oxide govern the oxidation rate at the &3: i( ‘?_CO
interface due to their high concentratitii->1°Based on this gt ox| 9 ox

model, weﬁ lzhave explained ~ the inﬂigal oxidation \yhereR,, R,, andR; are the reaction terms that represent
enhancement“and the sublinear dependentir dry oxi- b oxidation at the oxide surface, that in the oxide, and the
dation using a single activation energy for the oxidant Self'oxidant transfer from the gas to the oxide surface, respec-
diffusivity. In this article, we apply our model to the simu- tively, such that

lation of wet oxidation and show that it enables us to do the ’ os

simulation using the oxidant self-diffusivity in the oxide with R1=k'C3Cs;, (3.9

a single activation energy. We describe the unified simula-

)_R1_R2, 1

—R;—R,—Ras, (2

_ 2
Rz— KlCOCSi+ KZ(CO) CSi! (32)
— S *
¥Electronic mail: uematsu@aecl.ntt.co.jp Rs= h(Co_ o)- 3.3
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TABLE I. Parameters used in the simulation of dry oxidation. 10° S | — e
F 50 74
Parameter Valugdry oxidation Reference [ presfer.'nt |Inode| PR
--------- empirica & 3
c, 3.60x 10?* exp(~1.07 eVkgT) cm 3 18 and 19 _ N g o L P
(03 5.5x10%cm2 3 £ & experimental 5 A A ¢ 2
DEP 1.3x 10" exp(—4.5 eVkgT) cnis ™t 20 % 107! o data oAy .
DEP 3.20x 10 8 exp(~1.64 eVkgT) cnis t 12 @ o g o 7
v 9.44x 10" exp(—1.76 eVkgT) [T<1000 °CQ 12 £ 2 1
2.78x 107 exp(—1.12 eVkgT) [T=1000 °Q ::_, A e .
K1 1.46x 10" “exp(~1.55 eVkgT) cnis ! 12 and 16 = dry - o @
Ky 1.46x 10 3t exp(—1.55 eVkgT) cmPs ™t 12 and 16 § (100) I 2 ez
X 102 1 atm = & ¥ i
o L X o 2 ]
r , rd ~ 1. 800 °C 1
A ol 2. 900 °C ]
o 40 R 3. 1000 °C ]
In these Eqs(3.1-3.3, Cs; andCg, are the concentration of o A A 2 1300 S |
Si interstitials and the oxidanD)s; andD g are the diffusion 5 e e o . .
coefficients of Si interstitials and the oxidant in the oxikle, 10 10° 10" 102 10° 10° 10°

is the oxidation rate of Si atoms at the oxide surfaceand
K, are the rates of Si atoms in the oxideis the gas phase
mass-transfer coefficient, ai@f; is the solubility of the oxi- i

dant in the oxide CS, and C3 are the concentration of Si 1oty oXdation of 4100 substes wih he oxyger pressure of 1 aim
atoms and the oxidant at the oxide surface. In order to exéngles, 22(circles, and 23(squares Calculated results using the empirical
press the reduction of the oxidation rate with the increase ofquation and the parameter values givenTier1000 °C in Ref. 24 are also
the interfacial concentration of the Si atoms, we describe thehown(dashed lines

oxidation reaction rate constant at the oxide/silicon interface,

k, by the decreasing function @%; as
k=ko(1—CL/C2), (4

where Cg; is the Si interstitial concentration in the oxide
around the interfaceC; is the maximum concentration of Si slightly with the variation ok, In addition, the values d¢’

interstitials in the oxide, an#ly is the maximum interfacial- .
. " . _andh are large enough, and the calculated results are quite
reaction-rate constant. The boundary conditions for the inter:-

. . . . insensitive to their variations.
stitials and the oxidant at the interface=0) are given by The oxide thickness simulated based on our megtalld

lines) and that from experimenisymbolg®?'-*are shown
in Fig. 1 for dry oxidation of Si(100 substrates with the
oxygen pressure of 1 atm at 800 °C—-1200 °C. For compari-
where v is the emission rate of Si atoms from the interfaceson, the calculated results using the empirical equation
and C'O is the concentration of the oxidant at the interface.[dX/dt=B/(A+2X)+C,exp(—X/L,)] and the parameter
The oxide growth rate is described as values(B/A, B, C,, andL,) given for T<1000°C in Ref.
dXx 24 are includeddashed lines The empirical model could

NOE:kC'O, not fit the thin film regime for 800 °C and 900 °C, and the
second exponential terng; exp(—X/L,), in Ref. 24 is nec-
essary for the fittings. In contrast, we have fit the whole
range of the oxide thickness, including the thin film regime,
in a wide range of oxidation temperatures. In the thin film
equation solveromsig,!’ and the oxide thicknes¥, at each  regime, the emitted Si atoms can rapidly leave the interface,
time step is obtained from E@6). and hence the oxidation rate is normal, or not reduced. As

Using this model, we have simulated the whole range othe oxide becomes thick, the emitted Si atoms remain around
oxide thickness for dry oxidation in a wide range of oxida-the interface, and hence the oxidation rate is more likely to
tion temperatures and oxygen pressures, and have explained reduced. This is what we have claimed for the initial
the initial oxidation enhancemeént? and the sublinear oxidation enhancement;the initial oxide growth is normal
dependenc&® The essential parameters used in the simulaand the later growth is reduced.
tion are summarized in Table C2; was estimated from the We have also simulated high-pressure oxidation, where
product of the interstitial segregation coefficient for thethe rate shows sublinear dependence on the oxygen pressure.
oxide/silicon interfac¥ and the equilibrium self-interstitial The variation of oxygen pressure,(atm), is described only
concentration in silicod? We used theC§ value from Ref. 3 by multiplying the values o€} andDZP for 1 atm(Table )
and the experimentally obtained self-diffusivifDS® by a factor ofP; other parameters remain unchanged, be-
(=DsicgilN0) from Ref. 20. The oxidant self-diffusivity, cause oxygen pressure should change @flyin proportion
DIP(=DoCE/Ny), v, k1, andk,, were deduced from the to the pressure. Figure 2 shows the simulated oxide thickness
simulation to fit the experimental data. Note that the valuefor 1-20 atm at 900 °C and for 20 atm at 800 °C—-1000 °C.

Oxidation time (s)

FIG. 1. Simulatedsolid lineg and experimentalsymbolg oxide thickness

of kq for dry oxidation could not be accurately determined
because the amount of Si-atom emission in dry oxidation is
so high that the oxidation rate is primarily governed(bg
(and therebyv) and the calculated results change only

9Csi =—kvCy and D 9Co =kC|
ST ox Lo 0 ox B (o}
x=0 x=0

)

(6)
whereNg is the number of Si@molecules in a unit volume

of the oxide andX is the thickness of the oxide layer. Egs.
(1)—(5) were solved numerically by the partial differential
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] T ' ' around 1000 °C. Moreover, it is the Si emission ratethat
10 | — Simulation . exhibits a break point in its activation energy at around
t o ] 1000 °C. The break im is attributed to the viscoelastic prop-
'E; 5 experimental ] erties of the oxide because below 960 °C the oxide interface
> n ] should be subject to large stress due to a less significant
F . viscous flovt® and, in addition Si atoms are emitted to re-
£ 107" 1000 °C 20 atm 5 lease the accumulated stré8slthough the break iB was
£ j ] also attributed to the viscoelastic properties of the ofide,
3 900 °C 20 atm ] the interfacial Si emission is supposed to be more sensitive
g 10 atm ] to the stress than the transport process of the oxidant, and
102k 5 atm | hence the break im is more likely than that irB.
; ] 1atm” ] 800 °C 20 atm f
r ]
(130) ] I1l. SIMULATION OF WET OXIDATION
102 "1'63 0 "1'64 T As described above, a unified simulation of dry oxida-

tion has been done based on the interfacial Si emission
model using physically reasonable parameters. In this sec-
FIG. 2. Simulatedsolid lines and experimentalsymbol oxide thickness ~ tion, we simulate wet oxidation in a wide range of oxidation
for dry oxidation of S{100 substrates with the oxygen pressure of 1-20 conditions in the same way we did dry oxidation.
atm at 900 °C and of 20 atm at 800 °C—-1000 °C. Experimental data are from The Si atoms emitted to the substrates induce the forma-
Ref. 6. . o .

€ tion of OSF, and it is demonstrated later that the formation
for wet oxidation is slower than that for dry oxidation.

As oxygen pressure increases, a larger number of Si atomsTsherefore’ the emission rate of S' aFoms fr(.)m. the interface,
should be smaller for wet oxidation. This is reasonable

emitted from the interface, which reduces the oxidation ratt?yr’om the viewpoint of Si-atom emission, which releases the
constan{Eq. (4)]. Therefore, the proportionality of the oxi- accumulated stress during oxidatihdue to a more signifi-

dation rate to oxygen pressure to the powensfl (Ref. § cant viscous flow of the oxide grown by wet oxidatitfthe

is naturally explained by our model. In contrast, the fitting by ~~. = °. S )
y exp oY . g by xide interface for wet oxidation should be subject to smaller
the D—G theory requires a change of the linear rate constar(ﬁ[

(B/A) in proportion to oxygen pressure to the powerrof stress, and therefore a smaller number of Si atoms would be
with 0.7<n<0.8° emitted from the interface in wet oxidation. In addition, the

sD . . concentration of the emitted Si atoms in the oxide around the
The parameter® 3"~ and v deduced from the simulation . | o .
in Fig. 1 are shown in Fig. 3. For comparisd/2 corre- interface, Cg;, governs th_e omdaﬂ_on rate at the mten_‘ace
sponding taD S is also shown, wherB is the parabolic rate [Eg. (4)]. Therefore, the difference inaccounts for the dif-

constant and the values were obtained from the fitihgs ferent features of wet and dry oxidatigmitial oxidation

based on the D—G theory. THES" in our simulation shows enhancement and pressure dependence
i o . . In order to simulate the substrate orientation dependence
a single activation energy, while that obtained from the D—

. S L (100 or (111)] of the oxidation with other conditions being
theory exhibits a break point in the activation energy afixed, the only change made is that the interfacial values,

such asv, are varied according to the orientation. This is
quite reasonable because the transport process and the oxi-
dation in the oxide should be independent of the orientation
----- e dry oxidation of underlying substrates. Similarly to Ref. 27 for dry oxida-
tion, the v values are deduced from this simulation to fit the
4107 experimental data for wet oxidation ¢£00) or (111) sub-
strates. To simulate high-pressure oxidation, the variation of
pressureP (atm), is described only by multiplying the values
1402 »  Of C& andD for 1 atm by a factor oP, as has been done
] for dry oxidation.
The essential parameters used in the simulation are sum-
marized in Table Il. As mentioned in Sec. Il, thg values
for dry oxidation could not be accurately determined because
the amount of Si-atom emission in dry oxidation is so high
that the oxidation rate is primarily governed Qléi and the
1077 10 calculated results change only slightly with the variation of
0.6 0.7 0.8 0.9 1 LS .
ko. For wet oxidation, in contrast, the amount of Si-atom
10°/T (1/K) emission is smaller an@y; is not large enough to signifi-
FIG. 3. Arrhenius plot oDZP and » deduced from the simulation in Fig. 1. cantly reduce the oxidation rate froiky. Therefore, the

Lines are fittings of the data by the formulas listed in Table I. The values ofSimulated results critically depend on thg values, espe-
B/2 (B from Ref. 21, which corresponds tBZ°, are also shown. cially at short oxidation times, wher€y; is still not large

Oxidation time (s)

10" e ————— 10°

10 L

1015 L

D°P, (cm®/s)

1078 | 410°
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TABLE Il. Parameters used in the simulation of wet oxidation. 10" _ o ,
Parameter Valuéwet oxidation I wet
c, 1.8x10% exp(—1.07 eVkgT) cm ™3 -
(033 3.4x10%cm  [Ref. 3 E
DEP 6.5X 10" exp(—4.5 eVkgT) cnés* - 10° L 4
DEP 5.35< 10" % exp(—0.78 eVkgT) cnis™* H : :
Ko ko(100)=6.38x 10° exp(—2.05 eVkgT) cm st %
ko(111)=1.7xko(100) r
v v(wet,100)= 0.2X v(dry,100) [»(dry,100); see Table]l P
v(wet,111)=0.5X »(wet,100) 2
P 6.43< 10 “exp(~0.71 eVkgT) cnfs 6 107 F sam Y AT simulation (100) 7
1 atm simulation (111)
O exp. data (100)
enough. We mention that, in contrastkg, v at high tem- 0 exp. data (111)

peratures for wet oxidation could not be as accurately deter- ‘0'2102 — 1'03 — 164 T 08

mined as for dry oxidation due to the small amount of emis- Oxidation time (s)

sion; multiplying v by a factor of 1.5 leads to the decrease of

X by a few percent at 1100°C and by less than 1% akg, 5. Simulateddashed and solid lingsnd experimentalsymbolg ox-

1200 °C. Concerning the oxidation of Si atoms in the oxideide thickness for wet oxidation of @00 and (111 substrates with the

[Eq. (3_2)], 0n|y the K, term is taken into account because Pressure of 1-20 atm at 900 °C. Experimental data are from Ref. 5.

two water molecules react with one Si atom for the oxidation

(and henceR, in Eq. (2) is doubled. We used theCg value

from Ref. 3, andD3P, «,, ko, andv were deduced from this

simulation to fit the experimental data. The maximum con-at 900 °C, and 20 atm at 800 °C—1000 °C. Concerning the

centration of Si interstitials in the oxid€2;, and the Si-atom ~ Values 0fko, ko(111)=1.7Xko(100) was used to fit the data

self-diffusivity, DSP, were also deduced. It should be noted,for wet oxidation. This factor of 1.7 is consistent with the

however, that these values are closely related'fcand the  ratio between the surface density of the Si—Si bondd.b1)

deducedc, andDEP values actually depend on thevalue and (100 substratgs gvailable for the ree}ctiqn with water

used in the simulatiofie.g., doubling both and C% (and ~ Molecules: The activation energy of the oxidation rate of Si

therebyDEP) leads to identical resulks atoms in the oxide £,) is 0.71 eV for wet oxidation, which

is substantially smaller than the 1.55 eV for dry oxidation

(Table ). This is attributable to the more significant viscous

flow of the wet-grown oxide and thereby to less accumulated
The oxide thickness simulated in this stu@ashed and stress induced by volume expansion during oxidation. The

solid lines and that from experimentésymbolg>*S are  values ofC% andDg’ used for the simulation of wet oxida-

shown in Figs. 4—6 for wet oxidation of @00 and(111) tion are five times those of dry oxidation. This is also attrib-

substrates with 1 atm pressure at 800 °C—-1200 °C, 1-20 atm

IV. RESULTS AND DISCUSSIONS

T LA | LA AL | T T 101 , , T . . T
--------- simulation (100) 5 X
simulation (111) ;voe;tm
0 -
g 10°F © E E
% exp. data E 10° | -
£ @ E 1000 °C
Q2 < [
£ °
P = 900 °C
210} 1 3 o
fe) F ] 5 w't O simulation (100) 1
1 800°C ] P800 °C | simulation (111)
3. 1000 °C 1 L O exp. data (100)
5. 1200 °C ]| | O exp. data (111)
102 ~i ey . RPN BT »
10° 10' 102 10° 10* 10° 10 e PV E—
10? 103 104 10%

Oxidation time (s)
Oxidation time (s)
FIG. 4. Simulateddashed and solid linggnd experimentalsymbolg ox-
ide thickness for wet oxidation of @00 and (111) substrates with the FIG. 6. Simulateddashed and solid lingsnd experimentalsymbolg ox-
pressure of 1 atm at 800 °C—1200 °C. Experimental data are from Refs. Rle thickness for wet oxidation of @00 and (111) substrates with the
(triangles, 4 (circles, and 5(squares pressure of 20 atm at 800 °C—-1000 °C. Experimental data are from Ref. 5.
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uted to a larger flexibility of the wet-grown oxide against the 102
local stress due to the existence of interstitial Si atoms in the
oxide.

Concerning the Si emission rate fdr00) substrates, the

LAAM1 T T T E 101

simulation gives close fits to the experimental oxide thick- 10°

ness using a value for wet oxidation that is less than that =
for dry oxidation by a factor of fivéTable Il). This value is E E
not inconsistent with the amount of the Si-atom emission to 3 10 F =<

the substrates estimated from OSF, as follows. In order to
compare the Si emission rate for wet oxidation with that for
dry oxidation, the OSF siz€L) normalized by the oxide 10°°
thickness K),L/X, is estimated. The data at only one oxida-
tion time are available for wet oxidation, and the OSF size is
about 13um atX~0.6,.m [for (100) at 1100 °C and 1 |*3 10 e .
leading toL/X~22. The time dependence has been reported 10° 10' 10? 10° 10°
for dry oxidatiort*>'# and the values of/X at 1100 °C are Time (s)

estlm_ated FO bev 67 at 1.h’~. 10Q at 3.h’ and- 117 at 16 FIG. 7. The time dependence kfand X deduced from the simulation for
h. ThIS_ Va”atlon ofL/X with time is attributed to the differ- ~ wet and dry oxidation 0f100) substrates with 1 and 20 atm at 900 °C.
ence in the time dependence between OSF and oxide

growth*and thel./X value cannot be determined. However,

it can be said thakL/X for dry oxidation is roughly several

times larger than that for wet oxidation, and hence it is N0ty gata for 1 atm to see the initial oxidation enhancement.
unreasonable that for wet oxidation is about one-fifth that The k value for dry oxidation significantly decreases as the

for dry oxidation. Although models to quantitatively explain . iqation proceeds an@l, increases. This is what we have
the time dependence of OSF growth and OED have beeBgimed for the mechanism of the initial oxidation

proposed;®'* further atomic-level studies with first- o nancementit2 Eor wet oxidation. in contrask is not re-
principles calculations are required. For the substrate orieny,ced as much as for dry oxidation due to the smaller
tation dependence, we usedvavalue for (111) substrates mnount of Si-atom emission. This is the reason the initial

that is less than that dfL00) by a factor of two(Table I). yigation enhancement for wet oxidation is not as significant

This value is consistent with the amount of the Si-atom emisxq for dry oxidation. In addition, Fig. 7 shows that tke
sion to the substrates estimated from OSF for wet OX|dat|on\;,a|ueS for wet oxidation are reduced only slightly at short

the size of OSF observed {400 substrates are about twice qyigation times and, therefore, the calculated results criti-

: 13
that in (111).~ cally depend on thi, values, as just described. We mention
As mentioned above, we usedwey=0.2Xw(dry).  hat the oxidation rate for wet oxidation is larger even though

This means thaw for wet oxidation also ex?ibits a break the K for wet oxidation is smaller because the solubility of
point in its activation energy at around 1000 °C as do&x \\ater in the oxide is about three orders of magnitude larger
dry oxidation (see Fig. 3 As in dry oxidation, the break ihan that of oxygen.

point in the activation energy of in wet oxidation is also Next, we discuss the oxidant pressure dependence of wet
attributed to the viscoelastic properties of the oxit@he g dry oxidation based on Fig. 7. As oxidant pressure in-
oxidant self-diffusivity in the oxideDgD, in our simulation creases, a larger number of Si atoms are emitted from the
shows a single activation energyable I)). In contrast,séhe interface. For dry oxidation, the amount of Si-atom emission
parabolic rate constarB, which corresponds 0 2Dg", s |arge enough so thdt is more likely to be reduced at
obtained based on the D—G theory exhibits a break point ifyigher pressures. Therefore, the oxidation rate for dry oxida-
the activation energy at around 950°Chis break was also tion is proportional to oxidant pressure to the powernof
attributed to the viscoelastic properties of the oxidéow- <1 (Ref. 6 as discussed in Sec. Il. In contraktfor wet
ever, the interfacial Si emission is supposed to be more senyyidation is not reduced as much as for dry oxidation and is
sitive to the stress than the transport process of the oxidankmost independent of the pressure at oxidation times longer
and hence the break inis more likely than that i, as has  {han about 2000 s, which the data for high-pressure oxidation
been discussed for dry oxidatidBec. ). cover. This is the reason the oxidation rate for wet oxidation
is proportional to oxidant pressute.

For the initial stage of wet oxidation, the D—G theory
underestimates the oxide thickness by about 20%14100 s
for 900 °C. The oxide thickness is more likely to be under-

Figure 7 shows the time dependencekdthe oxidation estimated for lower temperatures, as pointed out in Ref. 6. In
reaction rate constant at the interface; &j] andX deduced addition, the fitting by the D—G theory requires a double
from the simulation for wet and dry oxidation ¢£00 sub-  activation energy foB, as described above. Moreover, a
strates at 1 and 20 atm and 900 °C.tAt0, ko=1.0x10"° unified simulation of both wet and dry oxidation cannot be
for wet, andk,=1.4x10 3cm s'! for dry oxidation were made based on the D—G theory; some modifications are re-
used for both 1 and 20 atm. First, we compare the wet anduired for the initial oxidation and the pressure dependence

900 °C (100)

1

103

V. COMPARISON WITH DRY OXIDATION
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