-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

REAFEEBUKNSFY

Tohoku University Repository

Effect of S and O on the growth of
chemical-vapor deposition diamond (100)

surfaces

0ad Tamura Hiroyuki, Zhou Hui, Takami Seiichi,
Kubo Momoji, Miyamoto Akira, N.-Gamo Mikka,
Ando Toshihiro

journal or Journal of Chemical physics

publication title

volume 115

number 11

page range 5284-5291

year 2001

URL http://hdl_handle.net/10097/52426

doi: 10.1063/1.1396816


https://core.ac.uk/display/235872591?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

JOURNAL OF CHEMICAL PHYSICS VOLUME 115, NUMBER 11 15 SEPTEMBER 2001

Effect of S and O on the growth of chemical-vapor deposition diamond
(100) surfaces

Hiroyuki Tamura, Hui Zhou, Seiichi Takami, Momoji Kubo, and Akira Miyamoto®
Department of Materials Chemistry, Graduate School of Engineering, Tohoku University, Aoba-yama 07,
Sendai 980-8579, Japan

Mikka N.-Gamo and Toshihiro Ando
National Institute for Research in Inorganic Materials, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

(Received 28 March 2001; accepted 3 July 2001

Sulfur and oxygen are known to improve the crystal quality of the chemical vapor depd§iti@
diamond. In the CVD process, the sulfur is incorporated into the diamond crystal, while the oxygen
is not incorporated. In the present study, first-principle calculations have been performed to
investigate the effect of sulfur and oxygen on the growth mechanisms of CVD diad®ad
surfaces. The S and O atoms in the vapor are spontaneously inserted into the dimer bond on the
diamond(100. The S and O insertions induce a compressive stress along the dimer bond and
enhance the Cbridging across the trough. In the case of oxygen, the on-tegOCstructure is
spontaneously formed and it is considered to be desorbed from the surface during the CVD process.
The S atom is considered to be incorporated into the diant@@6@) lattice via the formation of

3-and 4-coordinated S on the surface. 2001 American Institute of Physics.

[DOI: 10.1063/1.1396816

I. INTRODUCTION the ion-implantatiort® Diamond crystals have been success-
fully produced by the CVD using organic compourjésg.,
Diamond is a potentially useful electronic device mate-CH,OH,C,HsOH,CH,COCH;,C,HsOC,Hs,(CH3)sN],X° and
rial due to its extreme properties, e.g., the highest hardnesgas mixtures of Ckl/H,/0,**? CH,/H,/H,0,** and
high thermal conductivity, wide band gap, and high carrierco/O,/H,.1* The oxygen atom is believed to etch nondia-
mobility of p-type diamond. The p-type semiconducting dia-mond carbon species during the CVD process.
mond is obtained by boron doping, which is expected to  From the previous first-principle calculatiotsthe do-
realize high speed and high power devices due to its highor level of the S-substituted diamond is shallower than
carrier mobility™* However, an n-type semiconducting dia- those of the O-and N-substituted diamond, in agreement with
mond is difficult to obtain regardless of the many attemptshe experiments. These calculations also revealed that
using donor dopants:® For example, nitrogen is incorpo- O-substituted diamond is more stable than S-substituted dia-
rated into the diamond crystal; however, the donor level is S¢gnond due to the smaller lattice distortibhalthough oxygen
deep that the N-doped diamond is an insula®hosphorus-  cannot be incorporated into the diamond crystal during the
doped diamond has also been produced, however, a highyp process.
electron mobility and high crystal quality have never been |5 the typical diamond CVD, methane and a large
achieved’™® Therefore, the development of the n-type dia- amount of hydrogen are supplied in the source ga@The
mond is crucial to realize diamond devices. CVD diamond(100) surfaces are known to be terminated by
Recently, Sakaguctit al. have produced the n-type dia- the 2x 1 monohydridé’~*°The structures and energetics of
mond by chemical-vapor depositialtVD) growth of the  the hydrogenated diamori@00) surfaces have been exhaus-
(100 plane using a Cl¥H,/H,S gas mixturd:® The sulfur  tvely studied using various theoretical meth&d2® due to
is considered to be incorporated into the diamond lattice as geijr importance in the CVD growth. The reactions of dia-
donor dopant, where the concentration of S is very I@ie  mond (100 surfaces with hydrocarbon species have also
S-doped diamond exhibits a high electron mobility and highpeen investigated to elucidate the growth mechani€nfs.
crystal quality and thus is expected to realize a practicallyyarris and Goodwin investigated the growth mechanisms of
useful n-type semiconductor. Hasegaeteal. have also pro-  giamond (100 with CH; and H radicals using molecular
duced the n-type diamond by sulfur-ion implantatfon. mechanics calculation¥.They reported that a CHnsertion
Oxygen is known to improve the crystal quality of the jhto the 2¢1 dimer bond on a terrac@imer mechanisin
CVvD diamo!fld similar.to sulfur, aIthough'oxygen ﬁ not in- and a CH bridging across a trough at a step edgeugh
corporated into the diamond crystal during C¥D™The  echanism are considered to occur via several reaction
oxygen doping into the diamond crystal is possible only bysieps. Kaukonert al. investigated effects of nitrogen and
boron on the CHinsertion into the dimer using the density-
dElectronic mail: miyamoto@aki.che.tohoku.ac.jp functional (DFT) calculationg'®
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TABLE |. Structural parameters of molecules from calculations and experi-
<ITo> mental valueglength[A], angle[degred).
Calc. Expt.
<110> [100] S, S-S 1.89 1.89
CsS C-S 1.52 1.53
Dimer  Trough CsS, Cc-S 1.54 1.55
H,S H-S 1.35 1.34
/HSH 92 92
CH;SH C-S 1.80 1.82
S-H 1.35 1.34
C-H 1.09 1.09
/CSH 97 97
[o11) (CHy),S C-S 1.78 181
£CSC 99 99
FIG. 1. Slab model of the hydrogenatetk2 diamond(100) surface rep- C,H,S (ethylene sulfide
resented by the % 2 supercell, where the fixed carbon atoms are marked in c-C 1.47 1.48
black. c-S 1.80 1.82
/CSC 48 48

Sulfur and oxygen are considered to affect the growth
reactions during the CVD growth. A comparison between thd!l- RESULTS AND DISCUSSION
effects of oxygen and those of sulfur on the growth mechaa_ Effect of sulfur
nisms is also interesting, because their behaviors during the

CVD process are expected to be different, though both of Considering the plasma CVD of the d_iamoﬁtDO) us-
them are group VI elements. Their numbers of valence elecN9 the CH,/H,/H,S gas mixture, the reactions with the ¢H

trons are equal, while the electron—ion interactions and théad'cal' H radical, and atomic S were investigated. The cal-

core radii are different. The bond length of C-S is generall)f:u'ated equ!llbrlqm Qeome”'es and reaction gnergﬂeE)(
longer than that of C—0. In the present study, the effects of'® summar!zed in Fig. 2 and Ta_ble i, res_pecpvely. 'Nt'e
sulfur and oxygen on the growth reactions of the diamond?f the insertion of the atomic S into the dimigtig. 2b)] is
(100 have been investigated using DFT calculations. TherdPund to be exothermic with the value f70 kcal/mol(the

are several possible sulfur speciesy., HS, HS, and atomic  €nergy of atomic S was calculated in the triplet stat@ere-

S) in the plasma CVD using the GHH,/H,S gas mixture. fore, this strugture is considered to be stgble in the .CVD
In the present study, the atomic S is assumed to react witRrocess: In this structure, the charge density of the highest
the diamond surface. As for the CVD using g, /0, gas occupied level is localized at the inserted S atom likp a

mixture, the atomic O was considered as a reactive specieQ'Pital- TheAE of the S insertion into C—C bonds from the
second and third layers are found to be 37 and 125 kcal/mol,

respectively. The S insertions into the lower layers are con-
sidered to be unfavorable due to the large lattice distortions.
Il. METHODS A similar tendency was found in the previous DFT calcula-
tions of the oxidations of the diamond00).%® The AE of
The DFT calculations with a generalized gradient ap-the CH; adsorption on the inserted S atojfiig. 2(i)] is
proximation (GGA), norm-conserving nonlocal pseudopo- found to be endothermiq27 kcal/mo). Therefore, the
tentials, and a plane-wave basis set were performed using thecoordinated S cannot be formed by the direct;@Hdsorp-
casTepcode’® The plane-wave cutoff energy was set at 600tion on the S atom. The growth reactions are expected to
eV. The terrace of the hydrogenateck 2 diamond (100 preferentially proceed on the surrounded area.

surface was represented by the slab model in the2 4u- The CVD growth of diamond is considered to proceed
percell(Fig. 1). The details of }Qe calculations are similar to \ith the H abstraction from the diamond surface by the va-
those of the previous studié’ por H radicaf”3®4"48The previous DFT calculations re-

The rellablllty of this method for the reaction of the dia- vealed that the H abstractions fror@ gep edges at the (2
mond ésurface with oxygen has been proved in the previous 1)/(1x 2) domain boundaries of the diamoKito0) sur-
study>® The accuracy for S-containing compounds was alsace are easier than those from the flat terrd8eghere the

proved by comparing the calculated equilibrium geometries\ E of the H abstractions from the;Step edge and that from
and reaction energiesAE) with the experimental values.

The calculated structural parameters of the S-containing

Compounds genera"y agree W|th the experimental Va|ue§ABLE Il. Reaction .energiesmE) Of the vapor reaction of organic mol-
(Table D-50 The binding energies of S tend to be Systema,[i_ecules from calculations and experimental val(ezal/mo).

cally overestimated in the calculatiofEable Il), where the Ccalc. Expt.

total energies of the S and O atom were calculated in the -

triplet state(total spin=2). This method is generally consid- EZHJFE;EZCSH SH :;g :gi

ered to be reliable for investigating the effect of sulfur and ¢ s—(cry),s 60 s
oxygen on the CVD reactions.
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@]

FIG. 3. Equilibrium geometrieéin A) of the (a) ethylene sulfide structure;
(a') epoxy structurefb) on-top C-S; (b) on-top C=0; (c) on-top C-S
and (¢) C=0 adjacent to dihydride.

FIG. 2. Reactions of the diamor{@d00 surface with H, CH, and S. Equi-

librium geometriegin A) of the (a) 2x 1 monohydride dimer(b) S-inserted  enhances the H desorptions from the dimer up to that from

?(;’)“grl?_ldang””g kt)otrl:l]d aSt_th@) tsgr‘;_e”eé)dg'er and (¢ ";‘dtjﬁcegt_dim‘:”d the step edge. The distance between the H atoms from the

roup a e S-Inserte Ime roup a e S-Inserte . . . .

dimer; (3f)gdanZIing bond at the adjacent dimeg2) gHz Eridging across the dimers I_S decrea_sed_ by the_S msert[ﬂg' Z(b)]; therefore,

trough: (h) C,Hs group at the S-inserted dimer; afid CH, adsorption on  the steric repulsion is considered to enhance the H desorp-

the S atom. tions. The dangling bond at the S-inserted difitég. 2(c)] is
more stable than that at the adjacent diffég. 2(c’)] due to

the flat terrace were-9 and 1 kcal/mol, respectively. In the the larger relaxation toward the plane structure.
present study, the calculatetE of the H abstraction from After the second H desorption from the S-inserted dimer,
the S-inserted dimdiFig. 2(c)] is found to be—11 kcal/mol. the C-C length decreases and the equilibrium geometry,
Therefore, the S insertion into the dimer on the terracenamely an ethylene—sulfide structure, is fornigay. 3(a)].

The AE of the second H abstractiga-45 kcal/mo) is more
TABLE IIl. Reaction energies4E) of the reaction of diamondl00 with ~ €xothermic than that of the first one due to the pairing of the
CHj radical, H radical, and S atom as shown in Fig(R.S insertion into  dangling bonds. ThE of the second H abstraction from
the dimer, H abstraction from th€) S-inserted dimer and3) adjacent  the dimer is also known to be more exothermic than the first

dimer; (4) CH; adsorption at S-inserted dime§) H abstraction from the . 17,2648
CHj; group at S-inserted dime(6) H abstraction from the adjacent dimer, one due to ther bond formatior Figure 3b) shows

CH, bridging with the(7) two-step H abstraction an() one-step K de-  the eqU”ibrium ‘geometry after the Secqnd S adsorption on
sorption;(9) C,Hs formation at the S-inserted dimer, afth) CH; adsorp-  the dimer(AE is —80 kcal/mo). The dimer bond is not
tion on the S atom. dissociated by the second S adsorption in contrast to the

oxidation of the dimer, in which on-top ketone £€0D)

Reactions in Fig. 2 AE (kcal/mo) . o )
structures are formed and the dimer bond is dissocidted
(@+S=(b) —70 @ 3(b)]. The on-top C-S structure as shown in Fi(r)3s less
Egimz;g)ﬂj 7_11 g stable than th€—S—Cstructure[Fig. 2(b)] by 21 kcal/mol,
(©+CH,-=(d) 2 35 4 where the stoichiometry is equal. The on-top C-S length is
(d)+H-=(e)+H, -23 (5) shorter than that of the single bonded one; however, it is too
(D+H-=(f)+H, -16 (6 long to be stabilized by ther bond. In the case of oxygen,
(d)+2H-=(g)+2H, -116 () the on-top =0 structure[Fig. 3(c’)] is less stable than the
(d)z(g)“jz —13 ® C-0-C structure [Fig. 3(b’)] by 5 kcal/mol. The C-O
(6)+CHz-=(n) -55 ) X
(b)+CHy-=(i) 27 (10) length is shorter than the C-S length, thus, thbond for-

mation is more favorable.
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FIG. 4. Stress tensdin GPa along the dimer bond ofa) 2X 1 monohy-
dride dimer;(b) CH, bridging at the step edgéc) S- (O-) inserted dimer;

and(d) CH, bridging at the S{O-) inserted dimer, where the negative and
positive values denote the tensile and compressive stresses, respectively.

In the growth process at the step edge, they @dical is
adsorbed on the dangling bond at the step edge, then the CH
group bridges across the trough with H desorptithfS.
Similar growth reactions are considered to proceed at the @ SorO
S-inserted dimer. ThAE of the CH; adsorption on the dan- @ C
gling bonds at the S-inserted dimer is found to-b&5 kcal/
mol, which is less exothermic than that at the dimer on the °© H
flat terrace(—84 kcal/mof®) due to the steric repulsion be- FiG. 5. Reaction path of the formation of 3-coordinated S and O on the
tween the CH group and adjacent H atoiffrig. 2(d)]. A diamond(100) surface. Equilibrium geometrigén A) of the (a)(&') dihy-
similar tendency is found in the previous calculation of thedcr}Lde ?:daig”;;ic‘esn;Eéb)sdaggg:gc?;’g‘;:géﬁetg tﬁo_sc_cé é‘dfg;bed
CHs adsorp_tlon at i[he step edé%The _Cl_b bridging across (d Zgjacepnt t((:iS—C, and (0 aajacent t(i:J—O—C, vhere thé stru?:turep'of
the trough is considered to occur with two-step H abstrace surrounded area is shown ina
tions or one-step kdesorptiorf® At the S-inserted dimer,
the H desorptions from the GHyroup[Fig. 2(e)] and adja-
cent dimer[Fig. 2f)] are enhanced by the steric repulsion. kcal/mol). Therefore, the gHs group at the S-inserted dimer
The CH group spontaneously bridges across the trd#t  is |ess stable than that on the flat terrace due to the steric
2(g)] with the H desorptions. ThaE of all the reactions repu|si0n similar to that at the step edge_
from the S insertion to the CHbridging [Figs. 2a)—-2(g)] The effects of the S insertion on the stress tensor were
are found to be exothermic; therefore, these reactions cafyestigated(Fig. 4). In the case of the dimer arrays on the
proceed during the CVD growth. These reactions are similafiat terrace[Fig. 4(a)], the calculated stress tensors parallel
to the CH bridging across the trough at the step edgeugh  and perpendicular to the dimer bond ard4.5 and—0.8
mechanism®"*® In the case of the reactions on the terraceGpa, respectively. This means that there is a significant ten-
without the S insertion, the CHinsertion into the dimer sile stress a|ong the dimer bond. FIgU(b)‘BhOWS the equi_
bond(dimer mechanisinis considered to proce€d*®The S |ibrium geometry of the step edge bridged by the,CEThe
insertion into the dimer bond on the terrace is considered t@H, bridging at the step edge significantly increases the ten-
induce the CH bridging across the trough rather than thesjle stress along the dimer bond. The S insertion is found to
CH, insertion into the dimer bond. decrease the tensile stress along the dimer §Biwl 4(c)];

The GHs group is considered to be formed as a by-in other words, the S insertion induces a compressive stress.
product by the CHl adsorption on the CHgroup’® The  The tensile stress of the GHbridged structure at the
C,Hs formation during the dimer mechanism inhibits the S.inserted dimefFig. 4(d)] is found to be lower than that at
CH, insertion into the dimer bond, and that during the trOUghthe step edge due to the Compressive stress by the S inser-
mechanism inhibits the Ctbridging across the trough. The tjon. These results indicate that the compressive stress by the

previous DFT calculations revealed that thgHg formation s insertion stabilizes the Gbridged structure.
during the trough mechanism at the step edge is less favor-

able than that during the dimer mechanism on the terrace d
to the steric repulsioff The AE of the GHs formation at the
S-inserted dimefFig. 2(h)] is found to be—55 kcal/mol, Further reactions to incorporate sulfur into the diamond
which are less exothermic than that on the flat terac@é? lattice were investigatedFig. 5, 6, and Table IV, V. The

LE Sulfur incorporation
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TABLE IV. Reaction energiesE) of the formation of 3-coordinated S and
O on the diamond100 surface as shown in Fig. §1) H abstraction from
the dihydride;(2) CH; adsorption adjacent to tHe—S—C;(3) H abstraction
from the CH group adjacent t&€—S-C;(4) H abstraction from the CH
group adjacent t&€—-O-C.

Reactions in Fig. 5 AE (kcal/mo)

(@+H-=(b)+H, —26 (8]
(b)+CHjz-=(c) —43 (2
(©0)+H-=(d)+H, -17 ()]
(¢')+H-=(d")+H, -8 4

2-coordinated $Fig. 2(i)] is endothermic. Since the surface
dangling bond is localized at the 3-coordinated S atom
(total spin=1), it is more reactive than the 2-coordinated S
at which the lone pair is localized (total spi®). The CH
bridging between the 3-coordinated S and adjacent dimer
was investigatedFigs. 6a)—6(e)]. However, at this stage,
the CH, bridging is found to be unfavorable due to the long
C-S distancéFig. 6(e)]. Therefore, this 3-coordinated S re-
mains on the surface while the surrounded area is grown by
the CH, insertions into the dimer and the GHbridging
across the trough.

Then, we investigated the reactions after the growth of
surrounded area. After the GHnsertions at both sides of
3-coordinated S, the CHrow is formed, except a trough
remains at the $Fig. 6f)]. The 4-coordinated S is expected
to be formed by the Cklbridging across this trough. The H
abstraction from the edge of the Giserted dimerFig.
6(g)] is found to be much more exothermie 48 kcal/mo)
than those from the terrace due to the steric repulsion with
the S atom. The Cladsorption on this C atoffig. 6(h)] is
found to be endothermic due to the steric repulsion between
the CH; and S, whereas the Gradsorption on the S atom
[Fig. 6(i)] is found to be exothermic, because the steric re-
pulsion is small due to the large equilibrium S—£Cbbnd
length. Then, the Ckbridging spontaneously occurs via the
FIG. 6. Reaction path of the formation of 4-coordinated S on the diamondH abstraction from this Cklgroup. According to the above
(Clgc» ZUffageaEqUi“b”Udm G?Pme;fiégq /::)t;’f tg_e @ d3'CC°|3fdi“ated f‘iﬁz reactions, the S atom is spontaneously incorporated into the

adsorbed on S(C) danglin ond al e dime roup ai e : H : :
dimser; (e) CH, gri(uz) at giheg dimer;(f) CHz-insért)ed d3ir$1er F:'atdja(:ent second layer of the diamor(d00) surfgce[Flg. G(I)]' In this
to the 3-coordinated Sig) H abstraction from the Cpinserted Structure, the one C—S bond length is longer than the others.
dimer; (h) CH; group at the Chtinserted dimerfi) CH, group on S; and ~ The similar tendency was also found in the previous DFT
(j) 4-coordinated S. calculations of the S-substituted bulk diamdfidthe hydro-

. . . . TABLE V. Reaction energiesAE) of the formation of 4-coordinated S on
direct CH; adsorption on the S atoiiFig. 2(i)] is unfavor-  the diamond(100) surface as shown in Fig. 61) CH, adsorption on the
able and thus th€—-S—Cstructure is expected to remain on 3-coordinated S(2) H abstraction from the dimex3) CH; adsorption on
the surface while the grovvth reactions proceed on the suithe d_imer;(4) H' abstraction from thfe Cgrgroup;(S)_H abstra(?tion from the
rounded area. The surface is expected to be covered with tifgzinserted dimer(6) Chs adsorption on the Chinserted dimer(7) CHs

. . . . . adsorption on the S ato CH, bridging between the S and C atom.
2X1 monohydride dimer unless an odd dihydride remains P 8) CH bridging

adjacent taC—S—C[Fig. 5@’)]. The CH, bridging is consid- Reactions in Fig. 6 AE (kcal/mo))
ered to proceed at the S atom via the H abstraction from the (@+CH, —(b) 29 I
dihydride[Fig. 5(b)], CH; adsorption on this dangling bond (a)JrH,i(CHHZ 13 @)
[Fig. 5(c)], and H abstraction from this GHgroup [Fig. (€)+CHg- =(d) _59 ®3)
5(d)]. In this case, the CHgroup is restrained by the sur- ()+H-=(e)+H; —-14 @
rounded diamond lattice and thus the 3-coordinated S is (f)+H-=(@+H, —48 (5)
spontaneously formed. 29512:33? E; Eg;

The CH; adsorption on the 3-coordinated S atdRig. (%JFH;(J-HHZ _23 ®)

6(b)] is found to be exothermic, although that on the
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FIG. 7. Reactions of the diamor{d00) surface with H, CH, and O. Equi-
librium geometries(in A) of the (a) 2xX1 monohydride dimer;(b)
O-inserted dimer(c) dangling bond at the O-inserted dimer; @angling
bond adjacent to the=£O group;(d) CH; group at the O-inserted dimer;
(d") CH; group adjacent to the=2O group; CH bridging (e) adjacent to
the O-inserted dimer, and (leadjacent to the €O group; andf) dangling
bond at the adjacent dimer.

genated top layer is expected to react with the;@Hd H

radicals similar to the conventional CVD growth. Therefore,
the S atom is expected to be spontaneously incorporated in
the bulk diamond lattice; in other words, the S-substitute

diamond is obtained via the above reactions.

C. Effect of oxygen
During the CVD process using GiHH, /O, gas mixture,

Effect of S and O on growth of CVD diamond (100) surfaces 5289

TABLE VI. Reaction energiesAE) of the reaction of diamon@00 with
CHj radical, H radical, and O atom as shown in Fig(Z). O insertion into
the dimer bond(2) H abstraction from the O-inserted dimé8) H abstrac-
tion from the adjacent dimef4) CH; adsorption at the O-inserted dimer;
CH, bridging adjacent to th€—0-C with the(5) 2-step H abstraction; and
(6) one-step H desorption;(7) C=0 group formation{8) CH; adsorption
adjacent to €0, CH, bridging adjacent to the-£O with the(9) two-step
H abstraction and10) one-step H desorption.

Reaction in Fig. 7 AE (kcal/mo)

(@+0=(b) -115 @
(b)+H-=(0)+H, -7 @
(B)+H-=(H)+H, -1 ®3)
(0)+CHs-=(d) -58 (@
(d)+2H-=(e)+2H, -84 (5
(d)=(e)+H, 19 (6)
(©=(c) —4 @
(¢")+CHy =(d") —48 (®)
(d")+2H-=(e")+2H, -94 9)
(d)=(e)+H, 9 (10

The adsorption of the Ciradical on the inserted O atom is
found to be unstable; in this case, the equilibrium geometry
could not be found. The 3-coordinated S and O on the dia-
mond (100 surfaces cannot be formed by the direct £H
adsorption.

The AE of the H abstraction from the O-inserted dimer
(=7 kcal/mo) and adjacent dimef—1 kcal/mo) are more
exothermic than that from the dimer on the flat terréte
kcal/mo).*® The distance between the H atom from the
O-inserted dimer and that from the adjacent dimer decreases
to 1.90 A[Fig. 7(b)], which is larger than that in the case of
the S insertior(1.74 A). Therefore, the effect of steric repul-
sion due to the O insertion is smaller than that due to the S
insertion. After the second H abstraction from the O-inserted
dimer, the dimer bond length decreases and the equilibrium
geometry, namely an epoxy structure, is formiEdy. 3@’)].

The AH of the second H abstractidr-20 kcal/mol in Table

?) is more exothermic than that of the first ofe7 kcal/
mol) due to pairing of the dangling bonds similar to the case
of sulfur.

The CH; adsorption[Fig. 7(d)] and the CH bridging
[Fig. 7(e)] proceed at theC—O-C similar to the case of
C-S-C.Since the O insertion induces a compressive stress

the diamond (100 surface is considered to react with along the dimer bond, the tensile stress after the Bititig-
the CH; radical, H radical, and atomic O in the vapor ing (—15.9 GPais lower than that after the Gtbridging at

phase. Based on the previous experiméhtal and
theoretical*~36:53-%6studies, the cyclic ether structuf€—
0-0) is formed on the diamon@00) by the O insertion into

the step edgé—25.4 GPasimilar to the case of the S inser-
tion. TheAE of the GH5 group formation at the O-inserted
dimer is found to be-73 kcal/mol, which is less stable than

the dimer bond. The oxidations of lower layers of the dia-that at the flat terrace-77 kcal/mof® and more stable than
mond surfaces are unfavorable due to the large latticghat at the S-inserted dimér55 kcal/mo).

distortions®® Figure 7b) and Table VI show the calculated

equilibrium geometry of the O-inserted dimer, where e
of the insertion of the atomic O is found to bell5 kcal/
mol. Because the equilibrium length of the C-O bond

Both the S and O insertions into the dimer bond are
considered to induce the GhHbridging across the trough.
These reaction mechanisms are similar to that at the S

isstep®”*8In these cases, the H desorptions are more favorable

shorter than that of the C—S bond, the calculated C—C disand the adsorbed speci@sg., CH and GH;) is less stable

tance of the O-inserted dimé2.32 A) is shorter than that of
the S-inserted dimef2.54 A). The O insertion is found to
weaken the tensile stress along the dimer bdbefore:
—14.5, after:—13.5 GPg similar to the S insertiofFig. 4).

due to the steric repulsions.

The on-top =0 structure is known to be stable on the
diamond (100 surface®®°1°2 Therefore, the CH bridging
with the C=0 group formation was also investigated. The
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C=O0 structure[Fig. 7(c’)] is formed via the H abstraction nism(i.e., CH, insertion into the dimer bondThis tendency
from O-inserted dimer and C—O bond dissociation. e  makes the by-produci®.g., GHg group unstable.
of the C=0 formation by the C-O dissociation is exother- The significant difference between sulfur and oxygen is
mic, with the value of—4 kcal/mol. The CH radical is ad- the stabilities of the on-top and 3-coordinated structures on
sorbed at the dangling bond adjacent to the@ group[Fig. ~ the diamond surface. In the case of oxygen, the on-teglC
7(d")]. Then, the CH group is bridged across the trough via structure is spontaneously formed and it is considered to be
the H desorptiongFig. 7(€')]. The CH-bridged structure desorbed from the surface during the CVD process. More-
adjacent to the €O group[Fig. 7(€')] is more stable than over, the 3-coordinated O, which is an intermediate of the O
that adjacent to th€—O—-Cgroup[Fig. 7(e)] by 5 kcal/mol,  incorporation, is relatively unstable compared with sulfur.
where the stoichiometry is equal. The difference in energie3herefore, the oxygen incorporation into the CVD diamond
between the €-0 and C—O-Gstructures is not very large; is considered to be unfavorable as observed in the experi-
therefore, they are considered to coexist during the CVDments. In the case of sulfur, the on-top structure is relatively
process. unstable. The S atom is considered to be incorporated into

Pehrsson observed the thermal desorptions of théhe diamond lattice via the formation of 3- and 4-coordinated
oxygen-containing species from the diamofi®0 surface S on the surface. From the previous calculations for bulk
and revealed that the=€O group preferentially desorbs diamond!® the O substitution is more favorable than the S
while the C—O—C groups remain on the surfadkln the  substitution due to the smaller lattice distortion. In the case
present calculations, th&E of the C=0 desorption from of the CVD growth, however, the S incorporation is more
the diamond surface is found to be endotherti@ kcal/  favorable than the O incorporation due to the stability of the
mol). The AE of the CQ desorption with the vapor O atom intermediates on the surface.
is found to be more exothermic-90 kcal/mo). Therefore,
the atomic O in the vapor phase is considered to enhance thes. yamanakat al, Jpn. J. Appl. Phys37, L1129 (1998.
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