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Kentaro Takai,! Kenji Shiraishi,* and Atsushi Oshiyama'?3
\Graduate School of Pure and Applied Sciences, University of Tsukuba, Tennodai, Tsukuba 305-8571, Japan
2Center for Computational Sciences, University of Tsukuba, Tennodai, Tsukuba 305-8577, Japan
3CREST, Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan
(Received 11 December 2006; revised manuscript received 30 August 2007; published 9 January 2008)

We have performed first-principles total-energy electronic-structure calculations based on the density-
functional theory to clarify energetics and electron states of the Ge vacancies in strained Ge layers on the
Si(001) surface. We find that pairing distortion is a principal relaxation pattern around the vacancies. The
pairing of the two atoms located on either (110) or (110) plane is remarkably enhanced due to compressed
strain in the lateral plane. It is found that the enhanced pairing causes reduction of formation energies,
disappearance of deep levels in the monovacancy, deep-level crossing in the divacancy, and arrangement of the
trivacancy on the (110) or the (110) plane. We have also found that the vacancy at the very interface layer
facing the Si substrate is energetically unfavorable due to the larger energy cost to generate Si dangling bonds

compared with Ge dangling bonds upon removal of atoms.
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I. INTRODUCTION

Heterostructures consisting of Si and Ge have been at-
tracting great attention from both science and technology
viewpoints. Two decades ago, two-dimensional hole gas and
electron gas were observed in SiGe heterostructures,' lead-
ing to the first demonstration of bipolar and field-effect tran-
sistors made of the material in late 1980s.3~ Since then, a lot
of research activities have been done regarding growth tech-
nique of lower-defect-density thin films and design of opti-
mum structures for transistors.® Now, the observed enhanced
mobility in strained Si, strained Ge, or strained Si Ge;_, is
regarded as one of the promising boosters for postscaling Si
technology.®

The strain that plays a key role in current technology
comes from a 4% lattice mismatch between Si and Ge. The
lattice mismatch itself is decisive in the growth mode of
SiGe films. Ge growth on Si, for instance, exhibits a Stran-
ski-Krastanov mode in which a few layers of Ge grow layer
by layer (wetting), followed by three-dimensional islanding
usually with stress releasing dislocations.” Yet, relations of
thin-film morphology and growth conditions are less clarified
for islanding processes. Several forms of strained pseudo-
morphic Ge thin films have been indeed observed at the early
stage of island formation, depending on growth conditions.®”

In spite of expanding knowledge of SiGe heterostructures,
little is known, to our surprise, about atom-scale structures,
particularly structures and energetics of point defects at the
lattice mismatched strained interface. Point defects, though
they belong to a minority, are generally known to play a
decisive role in electronic properties of their mother materi-
als and also nanoscale morphology of thin films. In a Ge film
on Si, the most abundant and important point defect is ex-
pected to be Ge vacancy since Ge is larger than Si by 4% in
lattice constant. Further, atomic structures and, therefore,
electron states of vacancies should be sensitive to local
strain. It is thus of fundamental importance to clarify behav-
iors of vacancies at SiGe stressed interfaces, which we dis-
cuss in this paper.
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A monovacancy V; in covalent group IV semiconductors
generally induces deep levels in the energy gap: In the ideal
(i.e., unrelaxed) monovacancy with T, symmetry, a triply
degenerate t, level appears in the energy gap, whereas an a;
state resonates near the valence-band top.'%"!? The 1, level is
partially occupied, depending on the charge state, i.e.,
Vitial, Viiaity, VW:aits, and Vi:alt;, so that a symmetry-
lowering lattice relaxation takes place (Jahn-Teller effect).
Many of the experimental data on the Si monovacancy have
been explained in terms of electron-state theory including
Jahn-Teller pairing distortion.!>»'* As for Ge monovacancy,
though less experimental data are available, similar pictures
on deep levels seem to be valid, relying on the calculations.'?

A divacancy V, in the bulk is also a usual point defect.
The ideal divacancy has a D;; symmetry and induces two
doubly degenerate deep levels, ¢, and e,, in the energy gap,
again being partially occupied depending on the charge state
(ie., Viiel, V9:e% and V;:e3). The symmetry-lowering lat-
tice relaxation thus takes place. Actually, the pioneering elec-
tron spin resonance (EPR) experiments'> performed for Si
have revealed that V, with either positive or negative charge
has the lower symmetry of C,;,. As for the actual relaxation
pattern of surrounding atoms, two possibilities have been
proposed: The pairing distortion proposed on the basis of the
EPR data'> and the resonant bond distortion proposed from
the density-functional theory.'® A lot of efforts, mainly from
the theoretical side, to clarify the relaxation pattern have
been done.'”"2* Yet, it is still controversial.

The SiGe interface offers a new stage for lattice relaxation
around the vacancy. Stress inherent in the interface, as well
as difference in chemical elements, is likely to affect atom-
scale relaxation patterns and, therefore, electron states near
the energy gap. It is thus of importance to clarify salient
features of vacancies near the SiGe interface.

In the present paper, we have performed total-energy
electronic-structure calculations based on the density-func-
tional theory for neutral as well as charged vacancies in Ge
pseudomorphic thin films on Si(001) substrates. We focus on
Ge monovacancy, divacancy, and trivacancy in laterally
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compressed Ge thin films. We have found that the particular
pairing distortion, where two neighboring atoms located on

either (110) or (110) plane are rebonded, plays principal
roles in atom-scale relaxation patterns in the vacancies. This
is due to the compressive lateral strain inherent in the Ge
film on Si. In the case of Ge monovacancy, the lengths of the
rebonds are longer than the ideal bond length in the Ge crys-
tal only by 12-14%, implying that no deep level is induced
by the monovacancy. For the Ge divacancy, the large pairing
distortion where deep levels cross due to the pairing is found
to be realized, shedding light on the controversy about the
structure of V, in the bulk Si and Ge. The most stable triva-

cancy is found to be arranged on the (110) or the (110)
plane, which is again due to the lateral strain in the Ge film.
Effects of chemical difference between Si and Ge are also
clarified.

The organization of the paper is as follows. In Sec. II, our
calculational method is briefly described. In Sec. III, calcu-
lated results for the Ge monovacancy, divacancy, and triva-
cancy are presented. Section IV concludes the paper.

II. CALCULATIONS

Total-energy electronic-structure calculations have been
performed based on the density-functional theory.>>?% The
local density approximation (LDA) based on the diffusion
Monte Carlo calculations for the electron gas?’ is used, as is
parametrized by Perdew and Zunger,”® for exchange-
correlation energy. To examine the validity of LDA, we have
also performed the calculations using generalized gradient
approximation (GGA)? for the monovacancy.

Nuclei and core electrons are simulated by norm-
conserving pseudopotentials generated by the Troullier-
Martins scheme.*® We regard 3s and 3p orbitals of Si and 4s
and 4p orbitals of Ge as valence states. Nonlocality for both
s and p potentials is considered. We have examined transfer-
ability of the pseudopotentials by changing core radii r,, and
compare structural and vibrational properties of SiH, and
GeH, molecules as well as Si and Ge crystals, as described
below. We use r.=1.8ay, for s and p orbitals of Si, r,
=1.9q for s and p of Ge, where q is a Bohr radius. We have
also prepared the pseudopotential for hydrogen for our slab
model, where we take r.=1.5a, for 1s orbital of H.

Kohn-Sham states and, therefore, electron densities are
expanded in terms of a plane-wave basis set. Kohn-Sham
states are obtained by minimization of the Kohn-Sham or-
bital energies with a conjugate-gradient technique.'* The cut-
off energy E. of the plane-wave basis set is determined by
calculating total energies of several prototype materials with
changing E. from 7 to 30 Ry. We have found that E.
=9 Ry is enough to assure the convergence within 1% in the
relative total energies. Calculated bond lengths of SiH,,
GeH,, Si crystal, and Ge crystal using the calculational pa-
rameters r, and E, agree with the experimental values within
1.0%, 2.0%, 0.1%, and 0.2%, respectively. Calculated vibra-
tional frequencies and bulk modulus of these materials are
also in agreement with the experimental values within sev-
eral percent.
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We use a repeating slab model that contains five Si and
nine Ge atomic layers plus a vacuum region of 8.1 A thick-
ness in a unit cell. Convergence with respect to the slab
thickness has been examined by using thicker slabs contain-
ing up to six Si layers and ten Ge layers. It is found that
calculated defect formation energies converge within less
than 0.1 eV. The outermost atomic layers are terminated by
hydrogen atoms. The unit cell size in the lateral plane is
taken as c(6 X 6). The lateral cell size has been also exam-
ined by changing the size from c(4X4) to ¢(8X8). It is
found that the formation energies of monovacancy, diva-
cancy, and trivacancy converge within less than 0.1, 0.2, and
0.2 eV with ¢(6 X 6), respectively. The lattice constants in
lateral directions are fixed to the theoretical lattice constants
of Si, which mimics the Ge thin film on the Si substrate. The
I'-point sampling for the two-dimensional Brillouin-zone
summation is found to be enough after examination of con-
vergence in total-energy differences.

The atomic positions of the bottom-most Si atoms as well
as the H atoms attached are fixed to their ideal positions. The
atomic positions of the uppermost Ge atoms and the H atoms
attached are allowed to relax only in [001] directions. Posi-
tions of other atoms are fully relaxed by the conjugate-
gradient minimization technique using calculated Helmann-
Feynman forces. Forces acting on atoms in optimized
geometries are less than 5.1 X 1072 eV/A.

In our slab model, the calculated lattice mismatch be-
tween Si and Ge is 4.1%, which nicely reproduces the ex-
perimental value of 4.2%. Further, the calculated valence-
band offset is 0.7 eV, which quantitatively agrees with the
experimental and theoretical values.’!™3

III. RESULTS AND DISCUSSION

In this section, we present atomic structures and energet-
ics for Ge monovacancies, divacancies, and trivacancies at
the Ge/Si interface obtained by our LDA calculations. In
addition, we discuss electron states for monovacancies and
divacancies. Strained pseudomorphic Ge thin films on
Si(001) are simulated by Ge/Si slabs, with the lateral lattice
constant being fixed to the theoretical value for bulk Si,
5.43 A. Geometry optimization for the slab without the va-
cancy leads to atomic relaxation along the [001] direction in
Ge regions. As a result, the Ge atomic-layer distance along
[001] becomes 1.45 A, which is larger than the correspond-
ing value of 1.41 A in bulk strain-free Ge. This is obviously
due to compressive strain in the lateral plane.

We consider how the formation energy of the vacancy
depends on the atomic layers where the vacant sites are gen-
erated. We thus examine the four monovacancies, i.e., the
monovacancy at the first Ge interface layer VU, at the sec-
ond Ge interface layer V(z), at the third Ge interface layer
Vf), and at the fourth Ge interface layer V(4), as is illustrated
in Fig. 1(a). Similar for the divacancy, we examine three
possibilities: The divacancy at the first and second layers
V“z) at the second and third layers V( 3) , and at the third and
fourth layers V(34) [Fig. 1(b)]. As for the trivacancy, we ex-
amine seven poss1b111t1es When we use the symbol V(”k)
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FIG. 1. Schematic view of several (a) monovacancies V;, (b)
divacancies V,, and (c) trivacancies V3, in the slab model. Gray and
black balls represent Si and Ge atoms, respectively. Vacant sites are
depicted by crosses.

denote the trivacancy in which the first atomic site at the ith
Ge layer, the second atomic site at the jth layer, and the third
atomic site at the kth layer are removed, we have V(m)
V(212) V(z%z) V(m V(m V(m) and V(234) [Fig. 1(c)]. These
seven conﬁguratlons cover all the p0551b111tles of arrange-
ments of adjacent three vacant sites. When the number of
vacant sites increases, the degree of freedom increases so
that some peculiar configurations, such as fourfold coordi-
nated geometries around the vacant sites,* may be possible.
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TABLE 1. Calculated interatomic distances among four nearest
neighbor atoms around V; at each atomic layer. The distances
around V; in strain-free Ge (sf Ge) and biaxially compressed Ge
(bc Ge) calculated using the 216-site supercell (V(]216 Stes)) in both
LDA and GGA are also shown. d,-j indicates the distance in A be-
tween ith and jth atoms labeled in Fig. 2(a). In the unrelaxed ge-
ometries, dj,=d33=3.84 A and dj3=d\y=dy3=d4=3.95 A for V\").
For unrelaxed V(2 V(S) and V(14), di3=di4=dy3=dr,=3.97 A
whereas d,z—d34—3 84 A

d12 d34 d13 d14 d23 d24

v 280 281 342 342 342 342

v‘” 285 281 348 348 348 348

v<13> 282 283 345 345 347 347

vy 281 283 348 349 348 348
In be Ge

VIO I DA 281 280 344 344 345 345
VOse) GGA 297 297 372 372 372 371

In sf Ge
V210 I DA 305 315 345 345 345 345
3.40° 3400 3.55% 3.54% 3550 3542
3.53> 353> 389> 389> 389> 389"

V205 GGA 329 329 359 360  3.60  3.60

4Reference 12.
PReference 21.

Yet, we restrict ourselves to the usual trivacancy and exam-
ine the relaxation pattern and energetics in this paper.

To discuss the stable forms of these vacancies, we calcu-
late the formation energy E{n). Here, E{n) for the vacancy,
which contains n-vacant sites, is expressed as

E/(n) = E(n) ~ Eg + njuce.

where E(n) and E, are the total energies of the corresponding
slabs with and without vacant sites, respectively, and ug, is
the chemical potential of Ge for which we take the value in
the Ge bulk crystal.

A. Monovacancy

We first discuss structural characteristics of Ge monova-
cancies at each atomic layer. Table I shows calculated inter-
atomic distances among four nearest neighbors of V| in the
total-energy minimized configurations along with corre-
sponding distances for V; in bulk strain-free Ge. We have
found that pairing distortion is a principal relaxation pattern
around the monovacancy. In particular, pairing of the two

atoms located on either the (110) or the (110) plane is re-
markably enhanced: As shown in Table I and Fig. 2(a), the
pairing between the two atoms 1 and 2, or 3 and 4, which are
located on the same Ge layer perpendicular to the [001] di-
rection, is enhanced so that the distances of the two atoms
are shorter than the pairing distance of V| in bulk strain-free
Ge by 10-13% (Table I). The lengths of these rebonds are
longer than the ideal Ge—Ge bond length in the Ge crystal
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FIG. 2. The atomic configurations of the ideal vacancies: (a)
monovacancy (V) with the four nearest neighbor atoms, (b) diva-
cancy (V,) with the six nearest neighbor atoms, and (c) trivacancies
with the eight nearest neighbor atoms. Black and white balls repre-
sent the nearest neighbor atoms and vacant sites, respectively.

only by 12-14%. This remarkable enhancement of the pair-
ing is due to the compressed strain in the lateral plane that is
inherent in the strained Ge thin film on the Si(001) substrate.

Calculated formation energies of monovacancies are
shown in Table II along with the formation energy of the
monovacancy in bulk strain-free Ge. We have found that the
formation energies in the present strained Ge, which range
from 1.4 to 2.2 eV, are substantially smaller than the corre-
sponding value (2.7 ¢V) in bulk Ge. The calculated forma-
tion energy for an ideal (unrelaxed) V(14) is 3.4 eV, which is
comparable with the formation energy of 3.5 eV for an ideal
V| in bulk strain-free Ge. This indicates that energy gain due
to pairing relaxation is surprisingly larger in strained Ge than
in bulk Ge: 2.0 eV for V(14), for instance. Lateral strain causes
this enhancement of the pairing and, thus, reduction of for-
mation energies.

For the monovacancies at several Ge interface layers, we
have found that the monovacancy, which has the two nearest
neighbor Si atoms around the vacant site, has the maximum
formation energy of 2.2 eV (Table II). This is a consequence
of larger energy cost to generate Si dangling bonds compared
with Ge dangling bonds: Even though dangling bonds are
partly connected after the pairing relaxation, their original
orbital energies affect the formation energies of the vacan-
cies. The dangling bond energy &4, defined as e4,=(g;
+3s,,)/ 4, where g, and €, are s and p, respectively, orbital
energies, is —5.84 eV for Si and -5.96 eV for Ge.

It is occasionally found that LDA overestimates the bind-
ing energy compared with GGA. In order to examine the
validity of LDA, we have also performed the GGA calcula-
tions for V; in bulk strain-free Ge and in biaxially com-
pressed Ge by 4.1%. The calculated results are tabulated in
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TABLE II. Calculated formation energies E(1) of monovacan-
cies, E/2) of divacancies, and E43) of trivacancies in units of eV
with the number of the nearest neighbor Si atoms Ng;. Formation
energies of monovacancies in both biaxially compressed Ge (bc Ge)
and in strain-free Ge (sf Ge) obtained by 216-site supercell calcu-
lations (V(IZI6 Sites)) are also shown (Ref. 35).

wwow W W

E1) 22 1.6 1.5 1.4

Ng; 2 0 0 0

v, V(212) V(223) V<234)

EA2) 35 3.0 2.8

N 2 0 0
V, Group T Vngl) nglz) ng32) Vg323) Vg343)

Ef(3) 4.8 4.4 3.9 3.9 3.6
V3 Group 11 ng ) V(3234)

E/3) 4.9 4.3

Ne; 4 2 0 0 0

V(l216 sites) In bc Ge In sf Ge
LDA GGA LDA GGA
EA1) 1.6 1.6 2.7 2.9

Tables I and II. We have found that the pairing distances in
biaxially compressed Ge and in strain-free Ge are 2.97 and
3.29 A, respectively in GGA. The corresponding LDA val-
ues are 2.81 and 3.15 A, respectively. Hence, we can con-
clude that the enhanced pairing obtained by LDA is valid
even if we use GGA, although the rebond length has an
ambiguity of 0.1 A. As for the formation energies, the calcu-
lated values for the monovacancy in the compressed Ge are
1.6 eV in both LDA and in GGA, whereas the corresponding
values in strain-free Ge are 2.7 eV in LDA and 2.9 eV in
GGA. Again, it is found that GGA gives essentially the same
results as LDA does.

The large pairing distortion that we have found causes
unusual electron states. In the neutral monovacancy in bulk
Ge, the pairing distortion takes place so that the 7,; symmetry
is lowered to the D,,; symmetry, and the deep-level ¢, splits
into b, and doubly degenerate e states. The amount of the
splitting is a few tenths of eV.!? In the neutral state, two
electrons are accommodated in the b, state, whereas the e
state is empty. In the Ge/Si(001) system, a chemical differ-
ence between Ge and Si, as well as a lateral strain, lowers the
symmetry to C,, even in the unrelaxed monovacancy, where
b, and b, states corresponding to e in the D,,; symmetry are
almost degenerate and the a; state corresponding to b, in the
D,,; symmetry appears at about 0.3 eV below the b and b,
states; the three levels are located in the energy gap. The
large pairing distortion enhanced by the compressive lateral
strain makes the three levels split significantly so that the a|
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FIG. 3. Calculated energy levels induced by the monovacancy at
each atomic layer with respect to the valence band edges in units of
eV. The level occupation is given by the number of filled circles.
The a{ states are resonant in the valence bands, showing less local-
ized characters compared with b; and b, states.

state, which has a bonding character of paired atoms, is lo-
cated in valence bands. The states b, and b,, which have
antibonding characters, on the other hand, shift upward sub-
stantially. We have analyzed Kohn-Sham orbitals carefully to
identify characters of obtained electron states. Figure 3
shows the calculated energy levels ay, by, and b,. It is sur-
prising that the splitting due to the pairing is about 1 eV.
This large splitting gives the b, and b, states located near the
conduction band bottom,3® leading to a possibility that deep
levels can be erased in strained thin films. Yet, more elabo-
rate calculations beyond LDA are necessary to obtain a defi-
nite conclusion as to the level positions of the two states.
The large splitting due to the enhanced pairing substan-
tially affects the energetics among different charge states.
Figure 4 shows calculated formation energies as a function
of the Fermi-level position for various charge states of the
monovacancy placed at the fourth Ge layer V(14)- It is found
that the neutral charge state (0) is most stable for a wide
range of the Fermi-level position in the band gap. The occu-
pancy level between the neutral (0) and negatively charged
(—) states is located near the conduction-band bottom: i.e.,
(0/=)=0.63 eV. The doubly negatively charged state (2—) is
found to be metastable for any position of the Fermi level.
These energetics in strained Ge are in sharp contrast with the

3.0
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2
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<

S

g isp O

S 0"
1.0 1 1 1 1 1 1

0.0 0.2 0.4 0.6
Fermi Level (eV)

FIG. 4. Formation energies of monovacancy at the fourth Ge
layer V(14) for the different charge states as a function of the Fermi-
level position in the energy gap. The Fermi level is measured from
the top of the valence bands. The arrow indicates the (0/—) ioniza-
tion energy.
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TABLE III. Calculated interatomic distances among six nearest
neighbor atoms around V), at each atomic layer. d;; indicates the
distance in A between ith and jth atoms labeled in Fig. 2(b). In the
ideal geometries, dj,=d45=3.84 A and dj3=dy=dsg=dss=3.98 A
in VI and VY, whereas dy3=d»3=3.95 A and dyg=dse=3.98 A in
V(212 , with other distances being the same.

diy di3 dy dys dys dse

Vi 2.70 3.31 3.31 2.75 3.42 3.42
@23) 2.79 3.42 3.42 278 3.40 3.40
v 2.74 3.37 3.40 2.76 3.39 3.40

corresponding energetics in bulk strain-free Ge where a va-
riety of charge states from (2+) to (2—) are most stable
depending on the Fermi-level position.'> This significant
modification in strained Ge is due to the large splitting be-
tween the a; state and the b, and b, states owing to the
enhanced pairing, as discussed above.

There are no experimental data available that directly sup-
port the enhanced pairing and the reduced formation energy
of the vacancy. However, Rutherford backscattering experi-
ments performed for strained Si on Sij 3Ge,, (Ref. 37) imply
the decrease of the vacancy formation energy. In this experi-
mental situation, strained Si is contracted along the direction
perpendicular to the interface, and pairing enhancement may
be possible in the direction. Strain-induced enhancement of
the pairing relaxation that we have found may be consistent
with this experiment, although detailed analysis is required.

B. Divacancy

Table III shows calculated interatomic distances among
six nearest neighbors of V, in the total-energy minimized
configurations. We have found that pairing distortion is a
principal relaxation pattern around the divacancy, similar to
the monovacancy case. The pairing of the two atoms located

on either the (110) or the (110) plane is remarkably en-
hanced: As shown in Table III and Fig. 2(b), the pairing
between the two atoms 1 and 2, or 4 and 5, which are located
on the same Ge layer perpendicular to the [001] direction, is
enhanced. The lengths of such enhanced rebonds are
2.70-2.79 A, which are shorter than the corresponding value
in Ge bulk, 3.60 A,2! by almost 30%. We have also exam-
ined the possibility of the resonant bond configuration: We
start with the resonant bond geometry and fully relaxed it;
the final geometry we have obtained is the pairing geometry.
Hence, it is concluded that the resonant bond configuration is
highly unlikely in the strained Ge films due to lateral strain.

Table II shows calculated formation energies of V(le),
V(223), and V(234) in Ge strained layers. We have found that the
formation energy is the highest when the divacancy has the
two nearest neighbor Si atoms around the vacant sites. This
is due to larger energy cost to generate Si dangling bonds
compared with Ge dangling bonds in the unrelaxed divacan-
cies. A comparison of the formation energies of mono- and
divacancies leads to a conclusion that the binding energies of
the two monovacancies are 0.1-0.3 eV in the laterally

045308-5



TAKAI, SHIRAISHI, AND OSHIYAMA

V2(1 2) V2(23) V2(34)

Conduction band

. 0.89 0.82 0.90
. 0.64
a; 28 o5 =
a, %20 0.16 ¥

. S ow )

Valence band

FIG. 5. Calculated energy levels of the divacancies at each
atomic layer with respect to the valence-band top in units of eV. The
level occupation is given by the number of filled circles.

strained Ge film. This binding energies are substantially
smaller than the corresponding value (almost 2 eV) in bulk
Gj 183839

The enhanced pairing distortion causes deep-level struc-
tures different from those in bulk strain-free Ge. Figure 5
shows an obtained electronic structure near the energy gap.
In the neutral divacancy in bulk Ge, the symmetry-lowering
lattice relaxation in which the D3,; symmetry is lowered to
the C,, symmetry takes place so that the deep-level e, splits
into b, and a, states and another deep-level e, splits into a,
and b, states. It has been proposed that the possible relax-
ation patterns are the pairing distortion and the resonant bond
distortion. In the neutral state, two electrons are accommo-
dated in the b, state in the pairing configuration, whereas two
electrons are accommodated in the a, state in the resonant
bond configuration.'®!%2! In the Ge/Si(001) system, the
chemical difference between Ge and Si, as well as lateral
strain, lowers the symmetry to C, even in the ideal diva-
cancy, where a| (a;) and da (a5) states located in the energy
gap correspond to e, (e,) in the D3, symmetry. The a; and a}
states are almost degenerate, and the a; and a/ states split by
0.1-0.2 eV in the ideal divacancy. We have found that the
pairing distortion makes a; and a} or a, and a; states split
substantially. The splitting is so large that the upper state (a})
from the lower pair (a; and af) is located above the lower
state (a5) from the upper pair (a; and d5), and the d} and @)
states, which have antibonding characters of paired atoms,
shift upward substantially. This deep-level crossing is not
realized in bulk strain-free Ge.?!

C. Trivacancy

For the trivacancy, we investigate seven possible configu-
rations of vacant sites [Fig. 1(c)]. The seven configurations

are classified into two groups One group consists of V(m)
sz) V(232 VBB) VO43 , which are arranged on the

(110) or the (110) plane (group I). The other group is V(m)
and V(ZM), where vacant sites are arranged on the (101)
(101), (011), or (011) plane (group II) [Fig. 2(c)].

Table IV shows calculated interatomic distances among
eight nearest neighbors of V3 in the total-energy minimized
configurations. Again, we have found that pairing distortion
is a principal relaxation pattern around the trivacancy, similar
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TABLE IV. Calculated interatomic distances among eight near-
est neighbor atoms around V3. d;; indicates the distance in A be-
tween ith and jth atoms labeled in Fig. 2(c). In the ideal geometries,
dy, and dg; are 3.84 A, dysis 3.84 or 3.98 A, and d 3, dy3, dgg, and
dsg are 3.95 or 3.98 A.

diy di3 dy dys de; des drg

Group I
qu 266 332 332 272 267 332 332
rﬂ212 273 342 342 268 273 342 342
\%232) 275 342 343 273 274 342 342
v“”) 274 339 339 274 274 339 340
vg343) 270 339 340 270 270 339 340

Group 1I
v 273 329 314 312 276 333 332
vm4 280 332 336 310 278 338 324

to the monovacancy and divacancy cases. The pairing of the

two atoms located on either the (110) or the (110) plane is
remarkably enhanced: As shown in Table IV and Fig. 2(c),
the three pairings between the two atoms 1 and 2, 4 and 5,
and 6 and 7 in the trivacancies in group I are enhanced,
whereas the two pairings between 1 and 2, and 6 and 7 are
enhanced in group II. The lengths of such enhanced rebonds
are 2.66—2.80 A. As in the mono- and divacancies, the com-
pressed strain in the lateral plane inherent in the Ge thin
films causes the enhanced pairing distortion.

Table II shows calculated formation energies of trivacan-
cies in Ge strained layers. We have found that the formation
energies are larger when the vacancies have more nearest
neighbor Si atoms around the vacant sites: The formation
energy of V(m) which has the four nearest neighbor Si at-
oms around vacant sites, is the largest and that of ngm,
which has the two nearest neighbor Si atoms, is the second
largest in group I, whereas that of V(m) which has the two
nearest neighbor Si atoms, is the largest in group II. This is
due to larger energy cost to generate Si dangling bonds com-
pared with Ge dangling bonds in the unrelaxed vacancies.

Comparing the formation energies of trivacancies, which
have the same number of the nearest neighbor Si atoms
around vacant sites in groups I and II, we have found that the
formation energies for the former group are lower than those
for the latter group by 0.4-0.7 eV. This is due to the en-
hanced pairing of the neighboring atoms located on either the
(110) or the (110) plane: In group I, there are three enhanced
pairings, whereas there are two in group II.

Table V shows the energy gains AE associated with the
trivacancy formation processes, V;+V,— V3. It is found that
the energy gains are 0.6—0.9 eV for group I and that they are
less than 0.3 eV for group II. The result shows that triva-
cancy, which is arranged on the (110) or the (110) plane, is
energetically favorable. It is again due to the lateral strain in
the Ge film.

IV. CONCLUSION

We have performed the total-energy electronic-structure
calculations based on the density-functional theory that pro-
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TABLE V. Calculated energy gains AE of several trivacancy
formation processes, Vi+V,— V3, in units of eV. For the group II
case, there are two possible processes: (a) V(1’)+ng)ﬂ V(3” Y and (b)

YO LD i),

121) 212) 232) 323) 343)
Group [ Vg Vg V(3 Vg Vg
AE 0.9 0.7 0.7 0.6 0.6
Group 11 V(3123) V(3234)
AE (a) 0.3 0.1
AE (b) 0.1 0.1

vides a firm theoretical framework to discuss energetics and
electron states of the intrinsic defects in strained Ge layers at
the Ge/Si(001) interface.

For each Ge vacancy (monovacancy, divacancy, and triva-
cancy), we have found that pairing distortion is a principal
relaxation pattern around the vacancies. The pairing of the

two atoms located on either the (110) or the (110) plane is
remarkably enhanced. This is a consequence of the com-
pressed strain in the lateral plane that is inherent in the
strained Ge thin film on the Si(001) substrate. The enhanced
pairing causes a substantial reduction of the formation ener-
gies of the monovacancies in the strained Ge layer compared
with the corresponding value in bulk strain-free Ge. Further-
more, this enhancement of the pairing also renders a particu-
lar type of trivacancies energetically favorable. The calcu-
lated formation energies for trivacancies arranged on the
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(110) or the (110) plane are substantially smaller than those
of other trivacancies.

A detailed comparison of formation energies for vacancies
leads to a conclusion that the vacancy at the very interface
layer facing the Si substrate is energetically unfavorable due
to the larger energy cost to generate Si dangling bonds com-
pared with Ge dangling bonds upon removal of atoms.

We have also investigated the electronic structure for the
monovacancies and divacancies. It is found that the en-
hanced pairing substantially affects the electronic structure.
In the monovacancies, deep levels induced in unrelaxed ge-
ometry split by about 1 eV upon pairing, leading to disap-
pearance of the deep levels. As a consequence, the charged
monovacancy is found to be energetically unfavorable for
most values of the Fermi energy in the band gap. In the
divacancies, the enhanced pairing distortion causes the deep-
level crossing, which is not realized in bulk strain-free Ge.
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