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SURFACE STRESSES AT THE INITIAL STEPS

PACS 62.40.+1

OF THE Ge,Si;_,/Si(001) SURFACE OXIDATION

Elastic stresses arising at the clean GeySi— /Si(001) surface, as well as at the initial stages of
its oxidation, are considered qualitatively by analyzing the changes of unit cell dimensions oc-
curring owing to the ad-dimer formation or the atomic or molecular adsorption on the unit cell
surfaces. The stress character is found to be almost identical for the clean GeySii—y/Si(001)
surface and the GeySii—5/Si(001) surface with adsorbed oxygen molecules or one to three ad-
sorbed oxygen atoms. In addition, the surface stresses revealed a significant anisotropy: they
turned out compressive along the dimer rows and three times as large as tensile stresses in the
perpendicular direction (along the interdimer bonds).
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1. Introduction

Large attention in modern nanoelectronics is paid to
the heteroepitaxial growing of Ge on Si, since the
hole mobility in the SiGe layer is higher than that
in Si, the latter being mainly used in metal-oxide-
semiconductor (MOS) devices [1]. In the manufacture
of MOS facilities, an important role is also played
by the oxide layer SiO,. Therefore, the formation
of an atomically controlled thin SiO4 layer on silicon
surfaces and the process of oxidation of stressed SiGe
structures are important for the development and the
functioning of modern nanoelectronic circuits.

In works [2-5], the oxidation process was consid-
ered for Si(001) surfaces with one or two monolayers
of Ge atoms. It was shown that the coefficients of oxy-
gen sticking to a clean Si(001) surface is by an order
of magnitude higher than in the cases of Ge/Si(001)
surface with one or two monolayers of Ge adatoms
fabricated at 350 °C. If the same surfaces were fab-
ricated at 600 °C, the sticking coefficient increased,
but remained still lower than the coefficient of stick-
ing to the clean Si(001) surface [3]. A reduction of
the coverage degree of Si(001) surface by Ge atoms
to a submonolayer (fge < 1) gave rise to the increase
of the oxygen sticking coeflicient to this surface [5].
In the opinion of the authors of work [5], this fact can
result from the presence of additional surface stresses
because of the lattice constant mismatch between Si
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and Ge. The influence of surface stresses and their
anisotropy on the surface structure was established in
work [6]. Surface stresses turned out to strongly affect
the reconstruction of surface structures [7]. However,
neither the character of those stresses nor their mag-
nitude at complicated semiconductor surfaces after
the oxygen adsorption has been determined till now.
Therefore, to make the growth of thin oxide layers on
the Ge,Siy_,/Si(001) surface more controllable, it is
necessary to consider the character of stresses at the
clean surface and at the initial stages of its oxidation.
This task was the aim of this work.

2. Methods
2.1. Calculation routine

The surface stresses induced by the formation of ad-
dimers on the Ge,Si;_,/Si(001) surface followed by
the adsorption of Oy molecules or individual O atoms
on them were analyzed with the help of the ratios
Aa/c and Ab/c between the deformations of lateral
dimensions in a unit cell, Aa and Ab, and the cor-
responding quantities in the bulk Si(001), which are
equal in this case and amount to ¢. The electron and
geometry structures of the Ge,Si;_,/Si(001) surface
were analyzed by carrying out ab initio calculations
with periodic boundary conditions [8] in the den-
sity functional theory (DFT) approximation [9]. For
the description of the exchange-correlation interac-
tion, the generalized gradient approximation (GGA)
[8] was used. The interaction between the core and
valence electrons was described with the use of the
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Fig. 1. Unit cell (views from both sides and a perspective one) chosen for simulating

the GezSii—4/Si1(001) surface (a) and its characteristic dimensions used while analyzing
the surface stresses (b). Grey, large black, and small black beads denote Si, ad-dimer,

and H atoms, respectively

norm-conserving pseudo-potential [8]. The calcula-
tions were carried out with the help of the software
package Abinit [10].

The model of repeated plates was applied to sim-
ulate the surface. The plates had pure (Si-Si and
Ge-Ge) or mixed (Si-Ge) ad-dimers (black beads in
Fig. 1, a) adsorbed on the dimers of the Si(001) sur-
face on one of the plate sides and H atoms, which
saturated the dangling bonds on the other side. The
number of atomic Si layers in the plate was deter-
mined by calculating the ratios Aa/c and Ab/c. For
unit cells with the number of atomic Si layers larger
than 5, the corresponding values changed by no more
than 10~3. Therefore, to reduce the required calcu-
lation resource, we selected a unit cell that contained
5 atomic Si layers. Hence, a unit cell which could
reproduce a layer contained 30 atoms (Fig. 1). To
exclude the interaction between atoms belonging to
different plates, the thickness of the vacuum gap be-
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tween the latter was selected to equal 15 A. The lo-
cations of atoms in five near-surface layers were iter-
atively optimized until the forces acting on the atoms
became less than 0.03 eV /A. The improvement of con-
ditions for the convergence of the iterative procedure
did not change the calculated values of energies for
the systems under investigation and their geometri-
cal parameters. The integration over the Brillouin
zone was carried out with the help of a 2 x 1 x 1-grid
of special points and following the Monkhorst—Pack
scheme [11]. In order to determine the cut-off energy,
we calculated the binding energy between Ge atoms
and the Si surface. For the cut-off energy equal or
larger than 217.7 eV, this quantity was found not to
change; therefore, all calculations were carried out for
the indicated value.

The quantities Aa/c = a/c—1 and Ab/c=b/c—1
evaluate a variation of unit cell dimensions a and b
(Fig. 1, b) reckoned from the corresponding values for
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the crystalline Si, in which both those distances are
equal to ¢. The relative surface deformations Ab/c
and Aa/c were considered (see Fig. 1, b) along the
dimer rows on the studied surface and in the direc-
tion perpendicular to them, i.e. along the bonds be-
tween the dimers, respectively. In the interval of elas-
tic deformations, in accordance with the Hooke law,
Aa/c and Ab/c are proportional to the corresponding
stresses. The sign “—” or “+” before the magnitudes
of Aa/c and Ab/c means that the stress is tensile
or compressive, respectively. The changes of charac-
teristic dimensions, Aa/c and Ab/¢, induced by the
following factors were considered: (i) the formation
of ad-dimers on the surface (Aaqq/c and Abgg/c),
(ii) adsorption of O3 molecules (Aaps/c and Abpa/c),
(iil) adsorption of one, two, or three O atoms (Aagp/c
and Abp/c); and (iv) diffusion of a single O atom
into the near-surface layers of the specimen (Aag/c
and Abg/c).

The energy values per unit cell calculated for vari-
ous cell types (without O atoms, with an O3 molecule,
and with one to three O atoms) were compared with
the use of the difference AE = E — FEy. Here, E
is the energy of the examined structure, and FEjy is
the energy of the same structure in the most energet-
ically favorable configuration. The comparison was
made only for cells with the identical number of Ge
atoms, because Ge atoms have more electrons than
Si ones, so that the energy of a cell with Si atoms
is lower than that, in which two Si atoms are substi-
tuted with Ge ones.

2.2. Substantiation of the approach
chosen to analyze stresses

A method of surface stress calculation was described
in the literature; it was successfully applied to the
analysis of stresses in the systems Si(001)-2x1 and
Si(001)—4x2 [12], as well as Sb/Si(001), Sb/Ge(001),
and As/Si(001) [13-15]. The equilibrium positions
of atoms in the unit cell and the translation vectors
in the analyzed system were determined by minimiz-
ing the system energy. The position of atoms in the
unit cell could change in all directions, but provided
that the magnitudes of two translation vectors in the
surface plane remained constant. These constant val-
ues were selected to equal the relevant values in crys-
talline Si. The positions of atoms in the unit cell and
the length of the third translation vector directed per-
pendicularly to the surface were optimized until the
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corresponding diagonal component in the stress ten-
sor vanished.

As was shown in work [16], O adatoms on the
GeySip—,/Si(001) surface shift the core levels 2p and
3d of those atoms at the surface which are located at
a distance of about 4 A from them. This fact points
to a capability of oxygen to interact with the surface
and change the positions of atoms at the distance
that almost coincides with the magnitudes of trans-
lation vectors for the unit cell (5 A). Hence, if the
magnitudes of translation vectors are fixed, as it was
done in works [12-15], it can induce substantial er-
rors in the determination of system energies and, as a
consequence, can result in an incorrect estimation of
stresses. In this connection, we regard the calculation
technique used in works [12-15] as not completely ad-
equate for the determination of stresses at the initial
stages of the Ge,Si;_,/Si(001) surface oxidation.

Within the Hooke law limits, the result of surface
stress action is the variation of atomic positions on
the surface. Therefore, the latter can be analyzed
with the use of the relative variations in the char-
acteristic unit cell dimensions, Aa/c and Ab/c (the
relative deformations), which emerge under the ac-
tion of ad-dimers on the surface and the adsorption
of O atoms and oxygen molecules on them.

3. Results of Calculations
and Their Discussion

3.1. Stresses at the Ge,Si;_,/Si(001)
surface and the Ge,Sii_,/Si(001) surface
with an adsorbed Oz molecule

The most probable adsorption configurations for pure
(Si-Si and Ge-Ge) and mixed (Si-Ge) ad-dimers on
the Ge,Si;—,/Si(001) surface were found by us in

Table 1. AE for structures in Fig. 2

and the corresponding variations of characteristic
unit cell dimensions Aagq/c and Ab,q/c after
the dimer formation on the GezSi;_,/Si(001)
and Si(001) (4 X 2) surfaces

Aagg/c x 1072 | Abgg/c x 1072 | AE

Ge Ge (Fig. 2, a) —0.71 2.67 0.0
Ge-Si (Fig. 2, b) —0.75 3.12 0.96
Ge-Si (Fig. 2, ¢) —0.74 3.12 1.02
Si-Si (Fig. 2, ¢) —0.77 2.89 —
Si(001)(4 x 2) —1.21 2.56 -
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Fig. 2. P0551ble configurations of pure (Si-Si and Ge-Ge) and mixed (Si-Ge) ad- dlmers on the
Ge,Si1—,/Si(001) surface [17] (a to d) and the corresponding stable adsorptlon configurations with an
adsorbed O2 molecule [18] (e to h). Large and small black circles denote Ge and O atoms, respectively;
and large and small hollow circles correspond to Si atoms in the second or third near-surface layer,

respectively

work [17]. They are exhibited in Fig. 2 (panels a
to ¢). The calculated values of AE, Aayq/c, and
Abgq/c for the Ge,Sij;_,/Si(001) and Si(001)(4x2)
surfaces with the most probable ad-dimer configura-
tions for the structures depicted in Fig. 2 are quoted
in Table 1. In analogy with the results of work [17],
the configuration with pure Ge-Ge ad-dimers turned
out the most beneficial energetically (AE = 0) on the
Ge,Sii—,/Si(001) surface.

The data in Table 1 show that there arise
anisotropic (Aagq/c # Abgq/c) surface stresses on the
surface of Ge,Sij_,/Si(001) systems with pure (Si—Si
and Ge-Ge) and mixed (Si-Ge) ad-dimers: they are
compressive (Abgq/c > 0) along the dimer rows and
tensile (Aagqq/c < 0) in the perpendicular direction
(along the interdimer bonds). In the latter case, the
stress magnitude is one third as large as in the former
one. These data qualitatively agree with the experi-
mental one obtained in work [19], where the stresses
on the Si(001) surface with various coverage degrees
(0 to 2 Ge monolayers) were studied.

In work [12], the stresses at the Si(001)(4x2) and
Si(001)(2x1) surfaces were calculated. Only tensile
surface stresses were revealed, both along the dimer
rows and in the perpendicular direction, which does
not coincide with our result. To elucidate the origin of
this discrepancy, we carried out auxiliary calculations
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of surface stresses at the Si(001)(2x1) surface in the
framework of our model with larger values of cut-off
energy and a larger number of points when integrat-
ing over the Brillouin zone. The surface stresses were
determined following the method described in works
[12-15]. The data obtained are quoted in Table 2,
with the signs “+” and “—” denoting the tensile and
compressive stresses, respectively.

From Table 2, one can see that the cut-off en-
ergy increases from 136 eV (this value was taken in

Table 2. Stresses along, o4, and perpendicularly to the
dimer row, op, on the Si(001)(2Xx1) surface reckoned
in terms of €V /(1X1-cell) units and their anisotropy
op — 0q calculated according to the surface model
[12] with various cut-off energies F and various num-
ber of k-points while integrating over the Brillouin
zone: (a) k = 6 and E = 136 eV, (b) k = 256 and
E = 218 eV, and (c) discretization of the Brillouin
zone according to the Monkhorst—Pack scheme with
the 2X1X1-grid and two layers of fixed atoms at the
cell middle

Tq Jp Oq — Op
a [12] 0.3 2.1 1.8
b 2.14 0.56 —1.58
c —0.86 0.11 0.97
Experiment [20] - — 1
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Fig. 3. Stable adsorption configurations of 1 (a), 2 (), and 3
(¢) O atoms and (d to e) the corresponding structures formed
after a single O atom transits into the gap between the atoms in
the second and third near-surface layers of GezSii—,/Si(001).
Grey and black circles denote Ge and O atoms, respectively;
large and small hollow circles correspond to Si atoms in the
second or third near-surface layer, respectively

work [12]) to 218 eV substantially changes the surface
stresses (0, and o,). This result allows us to assert
that the cut-off energy of 136 €V used in work [12]
turned out insufficient for the surface stresses to be
evaluated correctly. Moreover, the authors of work
[12] used a cell in the form of a plate with 12 lay-
ers of Si atoms, with the top and bottom surfaces
having undergone a 2 x 1-reconstruction, and the cal-
culation model supposed a complete optimization of
the atomic coordinates in the plate, which excluded
the influence of the reconstruction in either part of
the plate on its other part. In view of the litera-
ture data [21] testifying that the reconstruction of the
Si(001) surface changes the position of atoms even in
the eighth layer, it is possible to consider that a model
neglecting the influence of a reconstruction in either
of its part on the other part should give rise to wrong
predictions. In this connection, we recalculated the
surface stresses arising in this system with two fixed

Table 3. AEgp2-values and the changes

of the characteristic unit cell dimensions Aagz2/c
and Abgpz/c for the structures in Fig. 1 (panels d
to f) after the adsorption of an Oz molecule

on the Ge,Si;_,/Si(001) surface

Aapz/c x 1072 | Abos/c x 1072 | AEos
Ge-Ge (Fig. 2, €) —0.46 2.84 0.44
Ge-Si (Fig. 2, f) —0.40 3.23 1.26
Ge-Si (Fig. 2, g) —0.44 3.31 0.0
Si-Si (Fig. 2, h) —0.47 2.60 -
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atomic layers in the middle (see row iii in Table 2)
and found that the surface stresses became compres-
sive along the dimer rows and remained tensile in
the perpendicular direction. The anisotropy of those
stresses was determined to equal o,—0, = 0.97 eV per
1 x 1-cell, which agrees with experimental data [20].
We also used this model to evaluate stresses at the re-
constructed Si(001)(4x2) surface and also found that
they became compressive (o, < 0) along the dimer
rows and remained tensile (0, < 0) in the perpen-
dicular direction (Table 2). All that allows us to as-
sert that our model and the approximations made at
calculations were adequate and made it possible the
correctly evaluate the character of surface stresses in
the examined systems.

In our previous work [18], we identified the adsorp-
tion prestates of an O molecule, which are schemat-
ically depicted in Fig. 2 (panels d to g). The calcu-
lated values of the characteristic dimension variations
Aaops/c and Abps/c induced by the prestate forma-
tion and the relative energies A Fgs are listed in Ta-
ble 3. A comparison of those data with the data for
ad-dimers from Table 1 testifies that Oy admolecules
on pure (Si-Si and Ge-Ge) and mixed (Si-Ge) ad-
dimers almost do not change the values of Aapa/c
and Abpa/c, as well as the surface anisotropy with
respect to Aagq/c and Abgq/c, but affect the AEgo-
values, with AEg, = 0 for mixed Si—Ge ad-dimers.

Hence, the adsorption of an Os molecule onto ad-
dimers on the Ge,Si;_,/Si(001) surface keeps the
character of stresses at the clean surface almost in-
tact. The adsorption of an Oy molecule onto the
mixed Si-Ge ad-dimers in the configuration shown
in Fig. 2, f turns out the most beneficial energeti-
cally, which coincides with the results of our previous
work [18].

3.2. Stresses at the GeySii_,/Si(001) surface
with one, two, or three adsorbed O atoms

In our previous work [16], it was shown that, after
the bond between the O atoms in the Oy admolecule
has been broken, new stable adsorption configura-
tions composed of separate O atoms are formed on
the studied surface. Those stable adsorption con-
figurations for the cases of one, two, and three O
adatoms on the Ge,Si;_,/Si(001) surface are de-
picted in Fig. 3 (panels a to ¢). At the initial stages
of the Ge,Si;_,/Si(001) surface oxidation, some O
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atoms can also diffuse into the near-surface layers
[22]. The structures that are formed after one, two,
or three O adatoms diffuse beneath the second near-
surface layer of the specimen are exhibited in Fig. 3
(panels d to f, respectively). The arrow in every panel
denotes the direction of this diffusion. The changes in
the characteristic dimensions (Aa,/c and Ab,/c) of
a unit cell with O adatoms on the Ge,Si;_,/Si(001)
surface were calculated for all those structures. We
also calculated the relative variations of the charac-
teristic unit cell dimensions (Aagq/c and Abg/c) after
an O atom diffuses into the gap between the atoms in
the second and third near-surface layers in the cases
of one, two, and three O atoms adsorbed on the an-
alyzed surface. The results of calculations are pre-
sented in Table 4.

As one can see from Table 4, Aa,/c < 0 and
Abg/c > 0 for the Ge,Sij_,/Si(001) surface with one
to three O adatoms (Fig. 3, panels a to ¢, respec-
tively). Since Aa,/c < Ab,/c, we may assert that
the adsorption of up to three O atoms onto the sur-
face almost does not change the character of stresses
inherent to the clean Ge;Si;_,/Si(001) surface. The
values of quantities Aag/c and Abg/c quoted in Ta-
ble 4 testify that the diffusion transition of a single O

Table 4. Changes of the characteristic unit

cell dimensions (Aaa/c, Abg/c) and (Aaq/c, Aag/c)
for structures in Fig. 3 with an O adatom (panels a
to ¢) after its diffusion into the near-surface

region (panels d to f, respectively)

Aag/e X | Abg/cx | Aag/ex | Abg/c X
x1072 | x1072 | x1072 | x1072

Ge-Ge (Fig. 2, a)
(0] —0.69 2.80 —0.61 3.45
20 —0.69 2.80 —0.64 3.74
30 —0.41 2.49 —0.49 4.66
Ge-Si (Fig. 2, b)
(0] —0.68 2.82 —0.23 3.34
20 —0.68 2.82 —0.52 3.94
30 —0.51 2.88 —0.27 3.18
Ge-Si (Fig. 2, ¢)
O —0.68 2.82 —0.58 3.61
20 —0.68 2.82 —0.58 3.70
30 —0.56 2.61 —0.51 4.50
Si-Si (Fig. 2, d)
(@] —-0.73 2.73 —0.62 3.56
20 —0.69 2.80 —0.54 3.74
30 —0.48 2.50 —0.19 3.26
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atom into the gap between the atoms in the second
and third near-surface layers also does not change the
character of stresses in the studied system in the cases
of one, two, and three adsorbed O atoms (Fig. 3, pan-
els d to f). Hence, the diffusion transition of an O
atom schematically depicted in Fig. 3 does not stim-
ulate the stress relaxation in the system, i.e. the dif-
fusion of O atoms into the near-surface layers of the
Ge,Siy—,/Si(001) surface at the initial stages of its
oxidation is not stimulated by the intrinsic stresses in
the system. Moreover, it is worth noting that, as was
shown earlier [22], this transition is also energetically
unprofitable [22]. Therefore, we may suppose that
the diffusion of O atoms into the near-surface layers
of Ge,Si;_,/Si(001) at the initial stages of oxidation
may most probably be associated with the developed
morphology of the surface.

4. Conclusions

It is shown that the analysis of variations in the
unit cell dimensions (the cell deformations Aa/c and
Ab/c) under the action of the atomic and molecular
adsorption and diffusion—in particular, oxygen atoms
and molecules—can be used to analyze the charac-
ter of surface stress changes in the Ge,Si;_,/Si(001)
systems in the interval of elastic deformations. The
anisotropy of surface stresses is revealed: the stress
along the dimer rows on the Ge,Si;—,/Si(001) sur-
face turned out compressive and approximately three
times as large as the tensile stress in the perpendic-
ular direction. The surface stresses weakly depend
on the action of oxygen adatoms or admolecules, be-
cause the adsorption of Oy molecules or up to three O
atoms on the Ge;Si;_,/Si(001) surface almost does
not affect the character of surface stresses. The diffu-
sion of an oxygen atom into the gap between atoms
in the second and third near-surface layers of the
Ge,Sij_,/Si(001) surface at the initial stages of its
oxidation does not change the character of its surface
stresses, i.e. does not stimulate the stress relaxation.
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O.A. I'punnyx, 111 Kosaav, M.I. Haxodkun

TTOBEPXHEBI HATIPY>KEHHSI HA TIOYATKOBUX
ETATIAX OKWCJIEHHSI Ge,Sii_,/Si(001)

Peszmowme

3a AonoMoroo aHasi3y 3MiH PO3MIpIB eJleMEeHTapHUX KOMIpPOK,
sIKe BigOyBa€TbCs BHACIIZOK YTBOPEHHS Ha IX ITOBEPXHAX [IH-
MepiB abo ajcopbuil aToMmiB 1 MOJIEKYJI, SKICHO PO3IVISIHYTO
PY?KHI HAIPyKeHHs 4ucTol noBepxHi GezSii—4/Si(001) Ta Ha
MMOYATKOBUX €Talmax 11 OKucjaeHHs. Bonn MaioTh Maiike omma-
KOBHil Xapakrep, sK s gucrol noBepxui GegSii—,/Si(001),
Tak 1 micas agcopbiii Ha Hel mosekysn Oz abo 1-ro, 2-x Ta 3-x
aromiB O. Hanpy:keHHsI BUSABWINCH aHI3OTPOINHUMU: B3IOBXK
JUMEpHUX PsIAiB BOHU OYJIM CTUCKAIOYUMM Ta IPUOJIU3HO Yy
3 pa3u OLIBIIMME BiJf PO3TArYIOYUX HAIPY2KEHb Yy HAIPSMKY,
[EPIIEHIUKYISPHOMY JO JUMEPHUX PsAAIB (B3JOBXK JUMEPHOTO
3B’SI3KY ).
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