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First-Principles Study of Oxide Growth on Si(100) Surfaces and a8i0,/Si(100) Interfaces

Hiroyuki Kageshima and Kenji Shiraishi

NTT Basic Research Laboratories, 3-1 Morinosato-Wakamiya, Atsugi, Kanagawa, 243-0198, Japan
(Received 8 July 1998

The energetics of the atomic process of Si-oxide growth on Si(100) surfaces and,ASi&l00)
interfaces are theoretically studied by first-principles calculation. It is found that the stress induced
during the growth plays a crucial role in the growth procedure itself. The preferential growth direction
of the oxide nucleus on the surfaces is vertical to the substrate, whereas that at the interfaces is lateral.
Moreover, Si atoms are inevitably emitted from the interface to release the stress induced during Si
oxide growth. [S0031-9007(98)08059-4]

PACS numbers: 81.65.Mq, 68.35.—p, 71.15.Hx, 81.05.Cy

The oxidation of Si has been a general problemwere used for the bases. Eightpoints in thel X 1
for researchers in both engineering and scientific fieldslateral unit cell were used for the Brillouin zone integrals.
Recent radical advances in the down scaling of Si deviceBreedom of spin was not considered. The lateral sizes
have led to the need for fine control techniques to formof the unit cells werec(4 X 4) for the investigation of
oxide layers as thin as 1 nm or less. Therefore, an atomidhe growth direction on the surfaces an@® X 2) for
scale understanding of Si oxidation is strongly demandethe investigation of the growth direction at the interfaces
by industry as well as in materials science. Although theand the release of the stress. We used the repeated slab
Si oxidation process has been intensively investigated [1-geometry with a thick enough vacuum region. Surfaces
7], this level of understanding has not yet been reached. of no interest on the slab were simply terminated by H
During oxidation, the size of the Si region decreasesatoms. The initial slab for the surface model typically
as the size of the oxide region increases. This featurkas five and nine Si atomic layers for thét X 4) and
is quite striking compared with ordinary epitaxial growth ¢(2 X 2) unit cells, respectively. The initial slabs for
processes where only the size of the newly formed regiothe interface model consist of two Si@nolecule layers
increases, or ordinary etching processes, where only thend seven Si atomic layers [12]. The most stable atomic
size of the substrate region decreases. Furthermore, sinstuctures and their total energies were calculated with the
the volume of the increased oxide region is larger thadateral unit cell size kept constant. In the optimization,
that of the decreased Si region, the total volume increasese fixed only Si atoms on the other side of the slab and
as oxidation proceeds. The volume per Si atom in thenade no assumptions about structural symmetry. After
SiO, crystal is about twice that in the Si crystal. Becauseoptimization, the force on any atom was smaller than
the reaction of Si to oxide is thought to occur at the Si-3 X 1073 HR/a.u.
oxide/Si interface, this expanded volume should result in  First, we studied the growth directions of an oxide
high stress there. However, this stress has been offeradicleus on Si surfaces and at Si-oxi8eé interfaces.
only as the reason for the creation of Si self-interstitialsWe investigated the growth direction on clean surfaces
at the oxidéSi interfaces in explaining oxidation-induced using the Si(100) surface model with buckled dimers
stacking faults (OSF) [8], oxidation-enhanced diffusionas the initial surface. For this surface, the most stable
(OED), and oxidation-reduced diffusion (ORD) [9]. adsorption site of the initial O atom is the backbond
This study aims to theoretically clarify the energeticsof the lower dimer atom [7]. We placed the first O
of the atomic process of Si oxide growth on Si(100)atom at that site and added another one between the Si-
surfaces and at S¥PSi(100) interfaces by first-principles Si bonds neighboring the first Si-O-Si bond. Second,
calculation, and to further our understanding of thewe ascertained the most stable adsorption site for the
effect of the stress induced during the oxidation processecond O atom. The candidates are shown in Fig. 1(a).
While dynamical effects, such as adsorption, dissociationThe calculated total energies afe10, 0.02, —0.33,
and diffusion of the oxidant, are also important in theand —0.61 eV/unit cell, for the sitesB, C, D, and E,
oxidation process, they are beyond the scope of thisespectively, relative to the total energy of the site
paper. First, we will show how the stress induced by thdJsing the dihydride Si(100) surface model [13] as the
oxidation is related to the growth direction. Second, weinitial surface, we also investigated the growth direction
will show how the accumulated stress is released. for a H-terminated surface. The most stable adsorption
The calculations were done according to the Vanderbilsite for the initial O atom is the outermost Si-Si bond.
ultrasoft pseudopotential method [10]. The exchangeWe placed the first O atom at that site and added another
correlation potential was treated within the ordinary localone between the Si-Si bonds neighboring the first Si-O-
density approximation [11]. Plane waves up to 20.25 RySi bond. Then, we calculated the most stable adsorption
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while it is not easy for the bonds to expand laterally.
Thus, the initial oxide nucleus on the surface should grow
vertically in order to minimize the stress. In the case
of the interface, the vertical expansion of Si-O-Si bonds
is not easy because their movement is restricted by the
covered oxide layer. Therefore, the energy gain due to
the stress release by vertical growth is quite restricted.
On the other hand, to minimize the interface energy, the
initial oxide nucleus at the interface should grow laterally.
We have confirmed these results by examining the stress
FIG. 1. Atomic structures for studying the oxide nucleus distribution of the calculated atomic structures estimated
growth. (a) Top view for the clean surface, (b) top view for the fom the shortening of the Si-Si bond lengths. These

dihydride surface, and (c) side view for the oxi&e interface - . . o
with the less-stressed quartzlike oxide. The filled circles are ¢INdiNgs show the importance of the stress in determining

atoms, the empty circles are Si atoms, and the small hatche@rowth direction. _ _
circles are H atoms. Our calculations agree with the experimental results

fairly well. A previous measurement, using scanning

tunneling microscopy (STM), of the oxide growth on a
site of the second O atom. The calculated total energieslean Si(111) surface [3] showed that oxide islands are
are —0.12, —0.22, and —0.59 eV/unit cell, for the sites formed in the initial stage at 60C. The depth of the
B, C, and D, respectively, relative to the total energy of islands reaches several atomic layers at the very initial
the siteA [Fig. 1(b)]. These calculations indicate that the stage. Furthermore, recent experiments clearly show that
oxide nucleus on thé€100) surface preferentially grows the oxide grows atomically layer by layer at the Si-
vertically into the substrate, being independent of theoxide/Si(100) and (111) interfaces [4—6]. These are
surface reconstruction. consistent with our results.

For the investigation of the growth direction for in-  Our results indicate that a uniform oxide layer can be
terfaces, we used the quaf®&(100) interface model as obtained with any thickness by thermal oxidation once
the initial interface [Fig. 1(c)] [14]. While the real ox- a uniform surface oxide layer is formed. Therefore, the
ide layer formed by oxidation is amorphous, we modeledreparation of the initial surface oxide is crucial for ob-
the oxide by a crystal SiObecause amorphous interfacestaining a uniform oxide layer with atomically controlled
cannot be calculated with our first-principles approachthickness. Although our results also indicate that the ini-
However, our model certainly has a perfect bond networkial growth direction of the oxide nucleus on the surfaces
without large stress, which is an important feature of thds vertical into the substrate, this is true only when the en-
real amorphous oxide interface. We first introduced onergetics govern the oxidation process. Actually, the STM
O atom to the interface and ascertained the stable strucreasurement showed that oxidation does not form islands,
ture. Then, we introduced the second and third O atombut instead forms an atomically thin surface oxide layer
to the interface, assuming that all of the formed Si-O-from the very initial stage at room temperature, where the
Si bonds are connected. The calculations show that thexidant cannot diffuse into the substrate easily [3]. It has
structure, in which the second O atom is inserted into théeen reported that the,Gdsorption in the second layer
site A, is energetically more stable (by 0.29 awit cell)  of the clean Si(100) surface has a nonzero barrier of about
than the structure in which the second one is inserted int0.3 eV, while the adsorption in the outermost layer is bar-
the siteB. Moreover, the structure in which the secondrierless [6]. Therefore, thermal oxidation at a lower ox-
and third O atoms are inserted into the siteend C is  idant pressure and lower temperature could result in the
more stable (by 0.05 eMinit cell) than the structure in formation of a well-controlled atomically thin uniform ox-
which the second and third ones are inserted into the siteéde layer. The efficiency of these oxidation processes is
A andB. These results indicate that the oxide nucleus asupported by recent experiments [5,6].
the Si-oxidgSi(100) interface preferentially grows later-  Next we studied how the accumulated stress during ox-
ally, parallel to the interface [15]. idation is released. Stress release was investigated using

The preferential growth direction of the oxide nucleusa dihydride Si(100) surface as the initial surface. We se-
for the (100) substrate is, thus, different between “on quentially inserted O atoms between Si-Si bonds from the
the surface” and “at the interface.” Since the verticalsurface, assuming atomical layer-by-layer oxide growth.
oxide growth on the surfaces is independent of the surfac&his assumption simplifies the analysis of the accumu-
reconstruction, stress (rather than the bonding nature dated stress, as will be shown below. When eight O atoms
the charge transfer) seems to govern the growth directiomper unit cell are introduced [Fig. 2(a)], the formed oxide
Actually, it is easy for Si-O-Si bonds on the surfaceshas a Si-O-Si network similar to that of the cristobalite
to expand vertically because the surface atoms in thef crystal SiQ [16]. However, the structure is highly
Si region can move upwards with almost total freedomcompressed compared to that of the cristobalite. @he
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(a) (b)
corresponding axis of th@-quartz. Theb and ¢ axes
(d) (e) (f) are only 1% and 0.2% shorter, respectively, than the

FIG. 2. Side views of the atomic structures for studying thecorresponding axes of thg-quartz. Thus, the volume

accumulation and the release of the stress. (a) The structuef the structure is expanded by only 8%. In addition, this
after sequential oxidation by two Si atomic layers; (b),(c) the8% expansion is due to the small size of the unit cell of
structures before and after the Si emission on the dihydride),, models. The remaining stress in the formed oxide

surface; (d) the structure with the Si emission after oxidatio . e
by two Si atomic layers; (e),(f) the structures before and afte ould be completely released after the Si emission if we

the emission at the oxid&i interface with the less-stressed could use alarger unit cell. Siemission is thus significant
quartzlike oxide. The broken circles indicate the position wherefor releasing the induced stress during oxide growth.
the Si atom is emitted. Silicon emission also occurs at the Si-oxi& inter-
faces. We investigated Si emission from the interfaces
using the quartzSi(100) interface model. The total en-
and b axes of the obtained oxidized region, which areergy of the emitting structure [Fig. 2(f)] is more stable
parallel to the interface, are 23% shorter than the corretby 0.41 eV unit cell) than that of the nonemitting struc-
sponding axes of ther-cristobalite. Despite the elastic ture [Fig. 2(e)]. This means that, even at the oxiglie
theory, thec axis, which is perpendicular to the interface, interfaces, Si atoms are preferentially emitted during ox-
is only 20% longer than the corresponding axis of theide growth. Moreover, although we assumed layer-by-
a-cristobalite. Thus, the structure is largely compressedhyer oxidation above, further calculations show that the
to about3/4 the volume of that of thex-cristobalite. This Si emission is independent of the oxide growth mode.
suggests some mechanism for reducing the accumulatét’en after the initial vertical oxide growth on the sur-
stress during the oxide growth. One possibility is thefaces, the emission can occur again when the oxide islands
breaking, deformation, and rebonding of the formed Si-O-connect with each other. Since stress accumulation is in-
Si network, which would correspond to the viscous flowevitable in the Si oxidation process, the release of this
of oxide. However, bond breaking and deformation afterstress by Si emission should be essential and universal.
oxide formation require a lot of energy. Therefore, there
must be some other mechanisms that work to release the
stress before the compressed oxide is formed. i i i . i : :
We found that the atomic structure, when three O atoms
per unit cell are introduced, is the key to the stress releas

_ Emission Preferential _
[Fig. 2(b)] [17]. In this structure, an O atom is quite ' /\'

close to a surface Si atom, which has only one Si-O<3 "
bond. Thus, these two atoms can form a bond by breaking EB% -1 E E
the bonds with the second-layer Si atom. Moreover, the £~ -2 f No-Emission Preferential 3

second-layer Si atom, whose two bonds were broken ™ -3 E L : . . - . -
ld be emitted from the surface b f lateral ro2 3 4.5 6 7 8
cou e emitted from the surface because of laterally Number of O atoms
compressed stress on it [Fig. 2(c)]. We calculated the o
IG. 3. Energy advantage of the Si emitting structures com-

total energy of such a Si-emitting structure and foun . s ;

e . pared with the nonemitting structures as a function of the num-
that the to-tal energy of the emitting structure IS inyber of inserted O atoms per unit cell. The most stable structures
0.04 eV/unit cell higher than that of the nonemitting for each case are compared assuming the atomical layer-by-
structure, though there remain two dangling bonds. Thisayer oxide growth.

structure resembles the well-knowncenter (or the VO
center) in bulk Si crystal [18]. In addition, when we
sequentially insert O atoms, the total energies for all of
the emitting structures are more stable than those for
the corresponding nonemitting structures [Fig. 3]. The
energy advantage is up to 2 guhit cell. This is because
the two remaining dangling bonds first form a weak bond
by laterally compressed stress, and are finally terminated
by forming a Si-O-Si bond. This also indicates that the Si
emission scarcely results in the creation of the interfacial
gap states. Moreover, when six O atoms per unit cell
are introduced to the emitting structure [Fig. 2(d)], the
resulting bond network resembles the quartz structure of
crystal SiQ [16]. [This corresponds to the quaf&i(100)
interface model mentioned above.] Theaxis of the
obtained oxidized region is only 8% longer than the

dvantage
unit cell)

S = N W

5938



VOLUME 81, NUMBER 26 PHYSICAL REVIEW LETTERS 28 BCEMBER 1998

As discussed above, the emitted Si atoms should play Y. Miyamoto and A. Oshiyama, Phys. Rev.4, 12680
an important role in the oxidation process. Since the (1990); M. Suzukiet al., Appl. Phys. Lett.58, 2225
energy advantage of the Si emission (up to 2 eV) is  (1991); E.P. Guseet al., Phys. Rev. B52, 1759 (1995);
smaller than the formation energy of the Si interstitials _ H-. Ikedaet al., Appl. Surf. Sci.104/105 354 (1996).

(4.9 eV) [19], the Si atoms are thought to be trapped [2] '(Dl'sg'z)cah'" and Ph. Avouris, Appl. Phys. Let60, 326
by the k.mk at th_e mter_face, plle_up on th? surfacg, b_e [3] Y. Ono, M. Tabe, and H. Kageshima, Phys. Rev48
trappgd in the oxide region, c;omblne with Si vacancies in=" 14001 (1993),

the Si substrate, and be em|tt_ed fror_n the surface as Si 4] J.M. Gibson and M. Y. Lanzerotti, Nature (Londo@30,
molecules. However, the emitted Si atoms are still the " * 155 (1989): T. Komeda, K. Namba, and Y. Nishioka, Jpn.
source of Si interstitials, and could induce the OSF, the 3. Appl. Phys37, L214 (1998).

OED, and the ORD. Silicon emission is also suggested by[5] K. Ohishi and T. Hattori, Jpn. J. Appl. Phy83, L675

Si regrowth on the surface during the oxidation of clean (1994).

Si surfaces [2,3] as well as by an anomalous loss of Si[6] H. Watanabeet al., Phys. Rev. Lett80, 345 (1998).

atoms when Si nanocolumns are oxidized [20]. [7] T. Uchiyama and M. Tsukada, Phys. Rev.3, 7917

The stress has another role in Si emission. When (1996); K. Kato, T. Uda, and K. Terakura, Phys. Rev.
compressive stress remains in the grown oxide, the Si Lett. 80, 2000 (1998). .
emission is reduced. Silicon emission from the inter- [6] D-J:D. Thomas, Phys. Status Solgfi2261 (1963); K. V.

faces with stressed surface oxide was investigated using Eﬁvkznp? %’H]ysv?_r:g;’?‘]'lp‘egp(l'lg?gf , 263 (1974); S.-M.

a highl_y _c_onjpressed Siz(Z)S_i(Z_I.OO) interfa_ce of Fig' 2(a) [9] S. Mizuo and H. Higuchi, Jpn. J. Appl. Phy&0, 739
as the initial interface. A similar comparison to Figs. 2(e) (1981); T.Y. Tan and U. Gosele, Appl. Phys. 3V, 1

and 2(f) shows that the emitted structure is unstable (by  (1985).

0.34 eV/unit cell) compared with that of the nonemit- [10] D. Vanderbilt, Phys. Rev. B1, 7892 (1990); K. Laasonen
ted structure. This is consistent with the experimental et al., Phys. Rev. B47, 10142 (1993); J. Yamauchi
observation of the self-limiting of the oxidation for Si et al., Surf. Sci.341, L1037 (1995); H. Kageshima and
nanocolumns [20]. It is also consistent with the pattern K. Shiraishi, Phys. Rev. B6, 14 985 (1997).

dependent oxidation (PADOX) when nanoscale patternll] J.P. Perdew and A. Zunger, Phys. Re\2$ 5048 (1981).
are fabricated on SOI (silicon on insulator) substrates [21][12] For the atomic structures of Fig. 1(a), we examined the
Such self-reduction of the oxidation is also a result of the ~ clculational parameters by changing the cutoff energy of

stress. Thus, control of the stress is crucial in controllin the basis from 20.25 to 25 Ry, the number fofpoints
o . 9 from 8 to 32 in thel X 1 lateral unit cell, or the thickness
oxide formation.

. . . L of the slab model from five to seven Si atomic layers. The
In conclusion, the stress induced by the Si oxidation maximum change in the total energy difference between

process plays an important role in the oxidation procedure  the A case and th& case was within 0.01 HR (Hartree),

itself. Differences in the preferential growth directions which is smaller than the values we discuss in this paper.

of the oxide nucleus on the surfaces and at the interfacg$3] J.E. Northrup, Phys. Rev. B4, 1419 (1991).

can be explained by the stress. Furthermore, to releag&4] H. Kageshima and K. Shiraishi, Proceedings of the 23rd

the accumulated stress, Si is emitted from the interface  International Conference on the Physics of Semiconduc-

during the oxidation. Control of the stress is thus the  tors, edited by M. Scheffler and R. Zimmermann (World

key to controlling the growth of the Si oxide. Since we Scientific, Singapore, 1996), p. 3371.

studied only limited models of surfaces and interfaces!1>) The lateral short periodicity of our models ( X 2)]

not all of the details of the actual process are included does not change the discussion since it should only cause
' underestimation of the stability for the lateral growth.

Nonetheless, we believe that our findings accelerate thﬁ6] R.W.G. Wyckoff, Crystal Structure(Interscience, New
atomic-scale understanding of the oxidation process and ~ york 1963). ’ ’

that they offer a universal concept of the oxidation. [17] H. Kageshima and K. Shiraishi, Appl. Surf. S&B0-132

We thank Dr. Masao Nagase and Dr. Kazumi Wada for 176 (1998); H. Kageshima and K. Shiraishi, Micro-
helpful comments. We also thank Dr. Katsumi Murase scopic Simulation of Interfacial Phenomena in Solids and
and Dr. Takahiro Makino for their useful advice. This Liquids, edited by S. R. Phillpo¢t al. MRS Symposia Pro-
work was partly supported by JSPS Research for the ceedings No. 492 (Materials Research Society, Pittsburgh,
Future Programs in the Area of Atomic Scale Surface and _ 1997), p. 195. o , ,
Interface Dynamics. [18] B. P.ajot, in Oxygen in $|I|con,ed|teq by F. Shimura, .

Note added—Very recently, a dynamical study of the Semiconductors and Semimetals Series Vol. 42 (Academic

o P d Press, San Diego, 1994), p. 191; D.J. Chadi, Phys. Rev.
oxidation process at a Si@Si interface was carried out Lett. 77, 861 (1996).

by the first-principles molecular dynamics [22]. [19] R. Caret al., Phys. Rev. Lett52, 1814 (1984).
[20] H.I. Liu et al.,J. Vac. Sci. Technol. B1, 2532 (1993).
[21] Y. Takahashiet al., IEEE Trans. Electron Device43,
[1] F.J. Grunthaneet al., Phys. Rev. Lett43, 1683 (1979); 1213 (1996).

F.J. Himpselet al.,, Phys. Rev. B38, 6084 (1988); [22] A. Pasquarellet al., Nature (London)396, 58 (1998).

5939



