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Geometric and electronic structures of SiO2 ÕSi„001… interfaces
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Interface structures of SiO2 /Si(001) are studied by using the first-principles molecular-dynamics method.
Three crystalline phases of the SiO2, cristobalite, quartz, and tridymite, are stacked on the Si~001! substrate and
are fully relaxed. When the SiO2 layer is very thin~;7 Å!, the lowest-energy structure is the tridymite,
followed by the quartz phase. As the SiO2 layer becomes thicker~;15 Å!, the quartz phase has lower energy
than the tridymite phase. The cristobalite phase on Si~001! 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 the SiO2 side, resulting in
an effective decrease of the oxide thickness by 2–5 Å.
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I. INTRODUCTION

Today’s VLSI ~very large scale integration! technology is
in need of an atomic scale understanding of issues ari
from the miniaturization of silicon devices. Among these, t
understanding and control of structural and electronic pr
erties of the SiO2 /Si interface are the key subjects. Intensi
studies have been made both experimentally and theo
cally, and yet we are far from the final goal. Although SiO2
insulating films on a Si~001! wafer are amorphous as
whole, several experimental reports1–4 suggested that som
crystalline phases exist at a certain ratio in the dioxide reg
near the interface. Shimuraet al.1 proposed a structure mode
of pseudocristobalite, which explained well their speci
features of x-ray diffraction. Ourmazdet al.3 observed the
interfaces using high-resolution transmission electron
croscopy, and proposed a tridymite model from an analy
of their microscopy images. The fraction of these kinds
crystalline phases, incorporated into an amorphous ox
layer, is expected to increase with decreasing oxide th
ness. In this paper, we calculate the atomic and electr
structures of crystalline SiO2 and Si~001! interfaces by the
first-principles molecular-dynamics method, using thr
crystalline phases, namely, pseudocristobalite, quartz,
tridymite stacked on the Si~001! surface, with special empha
sis on the relative stability against oxide thickness. Sim
crystalline interfacial models were already studied theor
cally. For example, Carniatoet al.5 simulated the
Si(001)/SiO2 ~tridymite! interface using the Monte Carl
method. Pasquarelloet al.6 studied tridymite models by us
ing the first-principles molecular-dynamics metho
Kageshima and Shiraishi7 also simulated oxidation process
using the first-principles calculation, and found that a qua
structure can be obtained if Si atoms are removed from
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interface during oxidation. However, there have been no
culations for the thickness dependence of the relative sta
ity of these three kinds of crystalline oxide phases. Ve
recently, Buckzo et al.8 performed calculations for
Si-SiO2-Si superstructures using the same three crystal
SiO2 phases as ours. However, the SiO2 layers are not thick
enough to reveal variations of the oxide properties with
creasing thickness.

In the present paper we aim to calculate how t
conduction- and valence-band edges change at the inter
which is very important in estimating the dependence
leakage currents on the oxide thickness and on the app
gate voltages of metal-oxide-semiconductor~MOS! devices.

II. METHODOLOGY

The present calculation is based on the density-functio
theory~DFT!, and employs pseudopotentials~PP’s! @a norm-
conserving PP for Si and ultrasoft Vanderbilt PP’s~Ref. 9!
for O and H# and the plane-wave basis. The cutoff energ
of the plane-wave expansion for wave functions and cha
densities are 25 and 144 Ry, respectively. We add the g
eralized gradient correction10 to the local-density approxima
tion for the exchange-correlation potential. Our optimiz
lattice constants ofa quartz are larger than the experimen
values by 2.3%, and the band gap is obtained to be 5.8
which is the same as that in Ref. 11. The lattice constan
bulk Si in the diamond phase is obtained to be 5.46 Å, wh
is larger than the experimental value by 0.63%. Unit cells
our interface models contain a silicon substrate of 7 ML
SiO2 region ranging from 2 to 5 ML, and a vacuum regio
The interface unit cell is Si(001)-(232) (a57.72 Å! for the
tridymite models, and Si(001)-(A23A2) (a55.46 Å! for
other models. Thec axis length of the unit cells is 29.95 Å in
common. Surface and back surface dangling bonds are
©2001 The American Physical Society14-1
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FIG. 1. ~Color! ~a! Optimized
4-ML type-C SiO2 /Si(001) struc-
ture. Red, yellow, and blue balls
are oxygen, silicon, and hydroge
atoms, respectively.~b! Distribu-
tions of Si-O bond lengths~upper!
and O-Si-O bond angles~lower!
for the type-C structure. In the
histogram of the Si-O bond
length, black parts are contribu
tions from the Si-O bonds whos
Si atoms belong to the substrat
~c! and ~d! and ~e! and ~f! show
4.5-ML type-Q and the 5-ML
type-T structures, respectively.
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minated with H atoms. In the structure optimization pr
cesses, two bottom Si layers and H atoms stuck to the S
fixed at equilibrium positions for a system composed of
Si layers and surface termination H atoms. Four samplink
points are taken in the Brillouin zone for the smaller u
cell, and twok points for the larger one, to assure the sa
accuracy.

III. RESULTS AND DISCUSSION

We first examine the stability of the pseudocristoba
structure proposed by Shimuraet al.,1 with 4 ML stacked on
the Si~001! surface. The unit cell contains 22 Si, 19 O, a
six H atoms. The pseudocristobalite structure is compres
in lateral directions to match its lattice constant with that
Si~001!, and is expanded along the normal direction to adj
the density. This structure is unstable because of largely
torted bond angles of O-Si-O. We found that it transfor
into a completely different structure through a structure
timization process, where Si-O bond breaking and rebond
frequently take place, resulting in a tetrahedral Si-O netw
with no broken bonds both in the SiO2 layers and at the
interface. The final configuration is energetically more sta
than the initial one by more than 6 eV per one SiO2. Figure
1~a! shows the final optimized structure. Hereafter for co
venience we call this structure typeC in this paper. As
shown in Fig. 1~b!, Si-O bond lengths and O-Si-O bon
angles spread in the ranges of 1.63–1.69 Å and 98°– 1
respectively. The density of SiO2 is 93% of our calculated
value for the crystala quartz. The SiO2 part has fivefold,
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sixfold, sevenfold, and eightfold Si-O rings, while the orig
nal cristobalite, the tridymite, and thea-quartz structures
have only sixfold Si-O rings. Neglecting the distortions, t
SiO2 structure is considered to have a body-center
tetragonal Bravais lattice containing four SiO2 units in the
primitive lattice.12

We, next, examine a 4.5-ML-thick quartz model. Sin
the surface of 4-ML SiO2 in the quartz phase is rough, w
use 23 Si, 21 O, and six H atoms for construction of
smooth surface, which nominally corresponds to 4.5 M
Figures 1~c! and 1~d! show the optimized structure, which i
called typeQ for convenience, and the distributions of Si-
bond lengths and O-Si-O bond angles, respectively. T
structure is estimated to be more stable than the typC
structure by subtracting the energy of 0.5 SiO2 ML in the
crystallinea-quartz phase. We will make a more quantitati
comparison later by calculating the energies of thin Si2
models. The stability of the type-Q structure may be due to
the smaller stress. The Si-O bond lengths and the O-S
bond angles concentrate in the ranges of 1.63–1.67 Å
103°– 118°, respectively, which are narrower than those
the type-C structure. The density of this SiO2 region is 91%
of our quartz value.

Third, we examine the tridymite model~type-T structure!.
We stacked 5-ML SiO2 in the tridymite phase on the Si~001!
with the 232 interfacial unit area. We introduced extra
atoms into substrate surface Si dimers like Pasquarelloet al.6

Thus the unit cell contains 48 Si, 46 O, and 12 H atoms.
the optimized structure@Fig. 1~e!#, although the Si-O net-
4-2
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FIG. 2. ~a! Optimized 2-ML type-C SiO2 /Si(001) structure. Larger black, larger gray, and small black balls are oxygen, silicon
hydrogen atoms, respectively.~b! Distributions of Si-O bond lengths~upper! and O-Si-O bond angles~lower! for the type-C 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 substrate.~c! and~d! and
~e! and ~f! show 2-ML type-Q and the 2-ML type-T structures, respectively.
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work geometry is the same as that of bulk tridymite, sixfo
rings of the Si-O network are remarkably distorted. In th
model the SiO2 region is compressed compared to oth
models, with the density of SiO2 being 95% of our quartz
value. The Si-O bond lengths and Si-O-Si bond angles@Fig.
1~f!# spread in wider ranges than those of type-Q and -C
structures, which means the thick type-T structure has large
stress than others. Nevertheless the energy of the typT
structure is estimated to be lower than that of the typeC
structure.

In order to investigate the relative stability of the SiO2
phases against the layer thickness, we also studied thin m
els with 2 ML. In these cases, the structures with equal S2
layers can be constructed for the three phases, which m
it easy to compare the relative stability directly. Thin typeC
and -Q structures have 18 Si, 11 O, and six H atoms in
unit cell, and a thin type-T structure has just doubled num
bers of components. Optimized structures are shown in F
2~a!, 2~c!, and 2~e!. In contrast to the thicker cases, the typ
T structure is the most stable among the three models~more
stable than typeQ by 0.24 eV/SiO2, and than typeC by
0.42 eV/SiO2). Distributions of Si-O bond lengths an
O-Si-O bond angles are also shown in Figs. 2~b!, 2~d!, and
11531
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2~f!. The O-Si-O bond angle in the type-C structure spreads
in a wider range than those of type-Q and -T structures, and
the average Si-O bond length of the type-C structure is
shifted to a larger value than those of the others by ab
0.01 Å, which may be the reason why the thin type-C struc-
ture is the most unstable among the three models. On
other hand, it is hard to find the difference between typeT
and -Q structures in the distributions of bond lengths a
bond angles. However, it should be noted that, the typT
structures, a thin structure has much narrower distributi
of bond lengths and angles than a thick one, while ot
structures have no such tendency.

To discuss the stability of three interfacial models in t
thick region, we introduce the normalized total energy p
interface Si(001)-(131) units relative to that of the bulk
quartz of the same thickness,Em,X (X5C, Q, or T), as
functions of the number of SiO2 layers (m). Assuming that
the energy varies linearly withm between 2 and 5, in Fig. 3
we plot the relative energies of type-C, -Q, and -T structures,
where the energy ofE2,Q is set to be zero. As is clear from
the figure, even if theEm,X has a slight nonlinearity upon
thickness, the crossover from a type-T structure to a type-Q
structure occurs at 3–4 ML. This observation does not n
4-3
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essarily claim that thick oxides take a type-Q structure.
Whether the type-T structure still remains near the interfac
or the phase changes completely to a type-Q structure is an
open question.

We simulated x-ray-diffraction patterns for the three thi
crystalline SiO2 structures. All of them could not reproduc
the specific~1 1 0.45! peak observed by Shimuraet al.1 The
type-Q structure has a strong intensity at an index of~1 1
0.62!. Thus the slight rearrangement of the Si-O network
the type-Q structure, to elongate the periodicity along t
direction normal to the interface, can possibly explain
peak intensity of the experimental value.

Our Si(001)/SiO2 interfacial models, which were pre
sented in this paper, have only one kind of suboxide of S21

at the interface, whereas multiple suboxide states of S11,
Si21, and Si31 are observed to coexist by photoemissi
spectroscopy.14–16As for the distribution of these suboxide
experimental results spread in a wide range from a
atomic layers to more than ten.14–16 However, when the ox-
ide films are grown on well-prepared atomically flat Si~001!
subsurfaces, most experimental results show that the su
ide region is confined within a few monolayers.16 Moreover,
a recent experiment17 demonstrated that the oxidation can
processed layer by layer without introducing addition
roughness via careful choices of oxidation conditions. Th
our abrupt interfacial model is an idealized one, but is
oversimplified from the real interface, considering the ev
effort toward the formation of smooth interface in the mo
ern Si technology.

Finally, we investigate the effective band-gap variation
the vicinity of the interface by using the local density
states ~LDOS’s!. We divide the unit cell into 1.0 a.u
~50.529 Å! thick slices parallel to the interface, and spec
each slice as a local (mth) region Vm , and then define a
local density of statesDm(e) of the mth region as

Dm~e!5
1

VBZ
(

n
E vkn

m d~e2ekn!dk, ~1!

vkn
m 5E

Vm

rkn~r!dr, ~2!

FIG. 3. Relative energies of type-C, -T, and -Q structures,
where the energy of the 2-ML type-Q structure is set to be a basi
Small circles plotted on lines are the points where we have
actual total energies.
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wherek denotes a point in the Brillouin zone,n is a band
index,VBZ is the volume of the Brillouin zone, andrkn(r) is
a partial electron density contributed from an eigenwa
function labeled byk andn. The integration with respect tok
in Eq. ~1! is evaluated with a tetrahedron method using 2k
points in the Brillouin zone. Figure 4 shows several rep
sentative LDOS’s for the thick type-Q model. LDOS’s in the
substrate Si region commonly show that the band gap is
small as about 1 eV.18 In deep SiO2 regions ~.5 Å!, the
LDOS’s show wide band gaps comparable to that of b
quartz of 5.8 eV. We define the conduction-band minimu
~CBM! and the valence-band maximum~VBM ! by using the
criteria

E
VBM

EF
Dm~e!de5E

EF

CBM

Dm~e!de5DE
2`

EF
Dm~e!de, ~3!

with D50.001. The values of the CBM and VBM depend o
the choice ofD. However, as demonstrated in Fig. 4, th
CBM and VBM marked by arrows clearly correspond to t
effective edges of the LDOS.

In Fig. 5 we plot the CBM and VBM along the norma
direction for a type-Q structure. Other structures show sim
lar behaviors. An energy-gap change occurs in the S2
layer, and is almost complete at about 5 Å deep from the
interface.19 The CBM and VBM variations along the norma
direction of the interface models have specific features. T
CBM varies rather gradually in the transition region. T
variation of the VBM is different from that of the CBM. The
VBM in a SiO2 region between the interface and a po
about 2 Å deep from the interface retain almost the sa
values as those in the Si substrate. From this point, the V
starts to decrease rapidly, and almost saturates at 5 Å. T

e

FIG. 4. LDOS’s for three representative local regions; name
deep substrate, the vicinity of the interface, and deep SiO2, in the
4.5-ML type-Q structure. Black and shaded arrows denote the
ergies of the valence-band maxima and conduction-band min
respectively. On the right-hand side, we show the geometric st
ture, with local sliced regions corresponding to LDOS graphs on
left-hand side. Black and gray balls are oxygen and silicon ato
respectively.
4-4
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is 2 – 5-Å-thick transition region on the SiO2 side. These
features are common in other interfacial structures of typeT
and C. Muller et al.20 observed ultrathin gate oxides wit
atomic-scale electron-energy-loss spectroscopy, and fo
that the two interface systems ofc-Si/SiO2 /a-Si have
4.5– 7.5-Å-thick transition regions. They also observed t
the ellipsometric thickness of the SiO2 region is thinner by

FIG. 5. Variation of the VBM and CBM along the normal d
rection to the interface for the 4.5-ML type-Q structure. The posi-
tion of the topmost silicon of the substrate is set to be the origin
the distance.
11531
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3–6 Å than the geometric one. These experimental featu
are consistent with our theoretical results. These features
the transition region should be taken into account for desig
ing MOS devices, especially when holes are used as carri

IV. SUMMARY

We examined the stability of the three interface structu
models for thin~2 ML! and thick~4–5 ML! cases. When the
oxide layers are thinner than;3 ML, the tridymite structure
is the most stable. When the oxide layers exceeds;4 ML,
the most stable structure is the quartz type. The pseudoc
tobalite structure is unfavorable for all range of thickne
because of the large lattice mismatch. The local density
states shows that an effective band-gap change occurs on
SiO2 side within 5 Å from the interface.
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