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Geometric and electronic structures of SiQ/Si(001) interfaces
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Interface structures of SidSi(001) are studied by using the first-principles molecular-dynamics method.
Three crystalline phases of the Si@ristobalite, quartz, and tridymite, are stacked on tti@®) substrate and
are fully relaxed. When the SiOlayer is very thin(~7 A), the lowest-energy structure is the tridymite,
followed by the quartz phase. As the Si@yer becomes thicker~15 A), the quartz phase has lower energy
than the tridymite phase. The cristobalite phase di®@) is unstable due to large lattice mismatch, and
transforms into a different crystal structure. No defects appear at the interface after the successive bond
breaking and rebonding, but the energy of the resulting structure is the highest irrespective of the thickness.
Calculations of the local density of states show that the band-gap change occurs on,te&&i@esulting in
an effective decrease of the oxide thickness by 2-5 A.
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I. INTRODUCTION interface during oxidation. However, there have been no cal-
culations for the thickness dependence of the relative stabil-
Today’s VLSI (very large scale integratiomechnology is ity of these three kinds of crystalline oxide ph_ases. Very
in need of an atomic scale understanding of issues arisinggcently, Buckzo et al® performed calculations for
from the miniaturization of silicon devices. Among these, the>lSi0-Si superstructures using the same three crystalline
understanding and control of structural and electronic prop-SIO2 phases as ours. However, the Si@yers are not thick

erties of the SiQ/Si interface are the key subjects. Intensiveenough to _reveal variations of the oxide properties with in-
studies have been made both experimentally and theoret‘f—relas':}fJ th|cknes?. im t lculate h th
cally, and yet we are far from the final goal. Although $iO rc]j t'e Pres&en Ipape_rb w(ej aalm ohca cu ate;h (')V\t/ f e
insulating films on a $001) wafer are amorphous as a cohn #C. lon- and vaiénce-band dges ¢ ?]ngza gln er acf:e,
whole, several experimental repdrté suggested that some :N 'f IS very |mporta;]nt |n.est|rr?a|t(|ng the epenhence I(')
crystalline phases exist at a certain ratio in the dioxide regionea age currents on the Qx'de t ICKNESS and on t € app ied
near the interface. Shimue al! proposed a structure model gate voltages of metal-oxide-semiconduclOS) devices.

of pseudocristobali.te, w_hich explained vgell their specific Il. METHODOLOGY

features of x-ray diffraction. Ourmazet al.” observed the

interfaces using high-resolution transmission electron mi- The present calculation is based on the density-functional
croscopy, and proposed a tridymite model from an analysitheory(DFT), and employs pseudopotenti&3P’s [a horm-

of their microscopy images. The fraction of these kinds ofconserving PP for Si and ultrasoft Vanderbilt PPRef. 9
crystalline phases, incorporated into an amorphous oxidér O and H and the plane-wave basis. The cutoff energies
layer, is expected to increase with decreasing oxide thickef the plane-wave expansion for wave functions and charge
ness. In this paper, we calculate the atomic and electronidensities are 25 and 144 Ry, respectively. We add the gen-
structures of crystalline SiQand S{001) interfaces by the eralized gradient correctiéhto the local-density approxima-
first-principles molecular-dynamics method, using threetion for the exchange-correlation potential. Our optimized
crystalline phases, namely, pseudocristobalite, quartz, arldttice constants of quartz are larger than the experimental
tridymite stacked on the &l01) surface, with special empha- values by 2.3%, and the band gap is obtained to be 5.8 eV,
sis on the relative stability against oxide thickness. Similawhich is the same as that in Ref. 11. The lattice constant of
crystalline interfacial models were already studied theoretibulk Si in the diamond phase is obtained to be 5.46 A, which
cally. For example, Carniatoetal® simulated the is larger than the experimental value by 0.63%. Unit cells of
Si(001)/SiQ (tridymite) interface using the Monte Carlo our interface models contain a silicon substrate of 7 ML, a
method. Pasquarellet al® studied tridymite models by us- SiO, region ranging from 2 to 5 ML, and a vacuum region.
ing the first-principles molecular-dynamics method. The interface unit cell is Si(091(2x 2) (a=7.72 A) for the
Kageshima and Shiraishalso simulated oxidation processes tridymite models, and Si(001)y@x v2) (a=5.46 A) for
using the first-principles calculation, and found that a quartather models. The axis length of the unit cells is 29.95 A in
structure can be obtained if Si atoms are removed from theommon. Surface and back surface dangling bonds are ter-
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minated with H atoms. In the structure optimization pro-sixfold, sevenfold, and eightfold Si-O rings, while the origi-
cesses, two bottom Si layers and H atoms stuck to the Si amgal cristobalite, the tridymite, and the-quartz structures
fixed at equilibrium positions for a system composed of terhave only sixfold Si-O rings. Neglecting the distortions, the
Si layers and surface termination H atoms. Four sam@ting SiO, structure is considered to have a body-centered-
pOintS are taken in the Bri||0uin zone fOI‘ the Sma”er Unittetragona| Bravais lattice Containing four $|®n|ts in the
cell, and twok points for the larger one, to assure the sameyrimitive lattice2
accuracy. We, next, examine a 4.5-ML-thick quartz model. Since
the surface of 4-ML Si© in the quartz phase is rough, we
. RESULTS AND DISCUSSION use 23 Si, 21 O, and six H atoms for construction of a

We first examine the stability of the pseudocristobaliteSMO0th surface, which nominally corresponds to 4.5 ML.
structure proposed by Shimueaal,! with 4 ML stacked on ~ Figures 1c) and Xd) show the optimized structure, which is
the S{001) surface. The unit cell contains 22 Si, 19 O, andcalled typeQ for convenience, and the distributions of Si-O
six H atoms. The pseudocristobalite structure is compresseePnd lengths and O-Si-O bond angles, respectively. This
in lateral directions to match its lattice constant with that ofstructure is estimated to be more stable than the Gpe-
Si(001), and is expanded along the normal direction to adjusstructure by subtracting the energy of 0.5 SiKAL in the
the density. This structure is unstable because of largely dissrystalline«-quartz phase. We will make a more quantitative
torted bond angles of O-Si-O. We found that it transformscomparison later by calculating the energies of thin ;SiO
into a completely different structure through a structure op-models. The stability of the typ@- structure may be due to
timization process, where Si-O bond breaking and rebondinghe smaller stress. The Si-O bond lengths and the O-Si-O
frequently take place, resulting in a tetrahedral Si-O networkbond angles concentrate in the ranges of 1.63-1.67 A and
with no broken bonds both in the SjQayers and at the 103°-118°, respectively, which are narrower than those of
interface. The final configuration is energetically more stablehe type€ structure. The density of this SjQegion is 91%
than the initial one by more than 6 eV per one giBigure  of our quartz value.

1(a) shows the final optimized structure. Hereafter for con- Third, we examine the tridymite modéype-T structure.
venience we call this structure typ@ in this paper. As We stacked 5-ML Si@in the tridymite phase on the ®801)
shown in Fig. 1b), Si-O bond lengths and O-Si-O bond with the 2x 2 interfacial unit area. We introduced extra O
angles spread in the ranges of 1.63—1.69 A and 98°—124%toms into substrate surface Si dimers like Pasquaeei®
respectively. The density of Sjds 93% of our calculated Thus the unit cell contains 48 Si, 46 O, and 12 H atoms. In
value for the crystakv quartz. The Si@ part has fivefold, the optimized structur¢Fig. 1(e)], although the Si-O net-
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FIG. 2. (a) Optimized 2-ML type€ SiO,/Si(001) structure. Larger black, larger gray, and small black balls are oxygen, silicon, and
hydrogen atoms, respectivelyp) Distributions of Si-O bond length@ppe) and O-Si-O bond angldsower) for the type€ structure. In the
histogram of the Si-O bond length, black parts are contributions from the Si-O bonds whose Si atoms belong to the &)latd(i. and
(e) and (f) show 2-ML type® and the 2-ML typeF structures, respectively.

work geometry is the same as that of bulk tridymite, sixfold2(f). The O-Si-O bond angle in the tyg@-structure spreads
rings of the Si-O network are remarkably distorted. In thisin a wider range than those of tyg@@-and T structures, and
model the SiQ region is compressed compared to otherthe average Si-O bond length of the ty@estructure is
models, with the density of SiObeing 95% of our quartz shifted to a larger value than those of the others by about
value. The Si-O bond lengths and Si-O-Si bond anffiég.  0.01 A, which may be the reason why the thin tyPestruc-
1(f)] spread in wider ranges than those of typeand C  ture is the most unstable among the three models. On the
structures, which means the thick typestructure has larger other hand, it is hard to find the difference between type-
stress than others. Nevertheless the energy of the Type-and Q structures in the distributions of bond lengths and
structure is estimated to be lower than that of the t¢pe- bond angles. However, it should be noted that, the fiype-
structure. structures, a thin structure has much narrower distributions
In order to investigate the relative stability of the $iO of bond lengths and angles than a thick one, while other
phases against the layer thickness, we also studied thin modtructures have no such tendency.
els with 2 ML. In these cases, the structures with equabSiO  To discuss the stability of three interfacial models in the
layers can be constructed for the three phases, which mak#sick region, we introduce the normalized total energy per
it easy to compare the relative stability directly. Thin type- interface Si(00}-(1x1) units relative to that of the bulk
and -Q structures have 18 Si, 11 O, and six H atoms in thequartz of the same thicknesg,,x (X=C, Q, or T), as
unit cell, and a thin typ&F structure has just doubled num- functions of the number of SiQOlayers m). Assuming that
bers of components. Optimized structures are shown in Figshe energy varies linearly witi between 2 and 5, in Fig. 3,
2(a), 2(c), and Ze). In contrast to the thicker cases, the type-we plot the relative energies of tyga--Q, and T structures,
T structure is the most stable among the three mo@etse  where the energy dE,q is set to be zero. As is clear from
stable than typeQ by 0.24 eV/SiQ, and than typeC by the figure, even if theE, x has a slight nonlinearity upon
0.42 eV/SiQ). Distributions of Si-O bond lengths and thickness, the crossover from a typestructure to a typ&
O-Si-O bond angles are also shown in Fig&)22(d), and  structure occurs at 3—4 ML. This observation does not nec-
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essarily claim that thick oxides take a ty@e-structure. FIG. 4. LDOS'’s for three representative local regions; namely,

Whether the typéF structure still remains near the interface deep substrate, the vicinity of the interface, and deep, SiOthe
open question. ergies of the valence-band maxima and conduction-band minima,

We simulated x-ray-diffraction patterns for the three thickrespec_tively. On_the righ_t-hand side, we_show the geometric struc-
crystalline SiQ structures. All of them could not reproduce ture, with local sliced regions corresponding to LDOS graphs on the
the specifiq1 1 0.45 peak observed by Shimue al 1 The left-hand side. Black and gray balls are oxygen and silicon atoms,
type-Q structure has a strong intensity at an index(bfl respectively.

0.62. Thus the slight rearrangement of the Si-O network N herek denotes a point in the Brillouin zone, is a band

the typeQ structure, to elongate the periodicity along the. . A .
direction normal to the interface, can possibly explain the::de;(r’t?g?ze'fethreoxogjgzi?f tggﬂiggt’g&‘ ??onrﬁ, :r?d(é}i(r()eé?/vave
peak intensity of the experimental value. P y 9

: L . : _ function labeled bk andv. The integration with respect to

sergg:j iilif?igl){’flgr 'Q;iga:r']?l é?%dzlﬁa (\;\;hslﬁzov)\(l%rs Egrsei in Eqg. (1) is evaluated with a tetrahedron method usingk25

. Paper, y . . points in the Brillouin zone. Figure 4 shows several repre-
at the interface, whereas multiple suboxide states &f,Si sentative LDOS's for the thick typ@ model. LDOS’s in the
Si*, and St _1%re observeq tq CO.EX'St by phmoem'.SS'onsubstrate Si region commonly show that the band gap is as
spectroscopy?~1® As for the distribution of these suboxides, small as about 1 e¥ In deep SiQ regions(>5 A), the
Zi(g)neq?cn;:nfs :gsrl:]l(';srestﬁraena(tjéf{PlGaH(\;v\;vdee;/er?rwﬁerf]r?rr]r; gXTeV\LDOS’s show wide Band gaps comparable to thai of bulk
e y : ! ' quartz of 5.8 eV. We define the conduction-band minimum
ide films are grown on well-prepared atomically flat(®i1)

subsurfaces, most experimental results show that the suboggBM) and the valence-band maximuiBM) by using the

) o . s Criteria
ide region is confined within a few monolayéfaVioreover,

a recent experimehtdemonstrated that the oxidation can be Er CBM Er
f D, (e)de= fEF DM(e)de=Af_ D,(e)de, (3

[’

processed layer by layer without introducing additional
roughness via careful choices of oxidation conditions. Thus
our abrupt interfacial model is an idealized one, but is Not, 41 A = 0.001. The values of the CBM and VBM depend on
oversimplified from the real interface, considering the every,

Hort t d the f i f i interf in th d the choice ofA. However, as demonstrated in Fig. 4, the
etiort toward the formation of sSmooth Interface in the Mod- cpy and vBM marked by arrows clearly correspond to the

em .S' technol_ogy. . . ... effective edges of the LDOS.

Finally, we investigate the effective band-gap variation in In Fig. 5 we plot the CBM and VBM along the normal
the vicinity of the interfa_ce by using the chal density of direction for a typeQ structure. Other structures show simi-
states (LDOS.S)' We divide the unlt' cell into 1.0 aU. 3¢ pehaviors. An energy-gap change occurs in the,SiO
(=0.529 A thick slices paraIIeI_ to the interface, and §peC|fy layer, and is almost complete at abdiiA deep from the
each slice as a localuth) region(),,, and then define a 0 20619 The CBM and VBM variations along the normal
local density of stateB ,(e) of the uth region as direction of the interface models have specific features. The

1 CBM varies rather gradually in the transition region. The
=V 2 wl, 6(e—¢,)dKk, (1)  variation of the VBM is different from that of the CBM. The

BZ v VBM in a SiO, region between the interface and a point

abou 2 A deep from the interface retain almost the same

ol = f pro(ndr, (2)  values as those in the Si substrate. From this point, the VBM
Q, starts to decrease rapidly, and almost saturates at 5 A. There

VBM

D.(e)
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3-6 A than the geometric one. These experimental features

6.0 |- Agad - . ; .

50l .““ “ ‘““‘“‘““j are consistent with our theoretical results. These features of
%4'0 Jasat CBM | the transition region should be taken into account for design-
‘és'o AkARZ&LAND | ing MOS devices, especially when holes are used as carriers.
aéz,o_""'"" [Vev, VBM |
w

ol ", o ] IV. SUMMARY

. v . o .
00| Substrate Siog YVVTVVVYVYVVVVYvyyvvs We examined the stability of the three interface structure
-5.0 0.0 5.0 10.0 2(a)150 models for thin(2 ML) and thick(4—5 ML) cases. When the

oxide layers are thinner than3 ML, the tridymite structure
FIG. 5. Variation of the VBM and CBM along the normal di- is the most stable. When the oxide layers exceedsML,
rection to the interface for the 4.5-ML tyg@-structure. The posi- the most stable structure is the quartz type. The pseudocris-
tion of the topmost silicon of the substrate is set to be the origin oftobalite structure is unfavorable for all range of thickness
the distance. because of the large lattice mismatch. The local density of
states shows that an effective band-gap change occurs on the

is 2—5-A-thick transition region on the SjGside. These Si0; side withi 5 A from the interface.

features are common in other interfacial structures of types
and C. Muller et al?° observed ultrathin gate oxides with
atomic-scale electron-energy-loss spectroscopy, and found We thank Dr. Awaji for giving us an x-ray simulation
that the two interface systems af-Si/SiO,/a-Si have program. We also acknowledge NEDO, who provided us a
4.5-7.5-A-thick transition regions. They also observed thathance to use a vector parallel computer VPP500 and
the ellipsometric thickness of the Si®egion is thinner by VPP700 introduced into JRCAT.
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