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Photoabsorption and photoluminescence properties of single and double oxygen vacancy (OV and DOV)
defects in quartz-like germanium oxide have been investigated by high-level ab initio calculations. It has
been found that photoabsorption for these systems occurs at lower energies as compared to the analogous
defects in SiO2. For OV, the lowest electronic excitations with high oscillator strengths have energies of
6.7-7.0 eV, whereas for DOV, the lowest-energy photoabsorption band is calculated to be in the range of
5.5-5.9 eV. Significant geometry relaxation and large Stokes shift are inherent for these excited states and,
as a result, their photoluminescence bands are predicted to peak at 3.1-3.3 eV for OV and at 2.6 eV for
DOV. The double oxygen vacancy is suggested to be the most suitable candidate for generating bright blue
photoluminescence observed experimentally for substoichiometric quartz-like GeO2 nanowires, as the calculated
optical properties of DOV are in close agreement with the features found in experiment.

Introduction

Several years ago, bulk-quantity GeO2 nanowires with a
diameter of about 50-120 nm with remarkable photolumines-
cence (PL) properties were synthesized.1 The chemical com-
position of these nano-objects is close to GeO1.75 (substoichi-
ometric GeO2) with a quartz-like structure. The most significant
characteristic of these nanowires is that, under photoexcitation
(PE) at 5.6 eV, they emit stable and high-brightness blue light
in the energy range between 2 and 3 eV with the peak position
at 2.56 eV. The PL intensity for nanowires1 was found to be
more than an order of magnitude higher than for GeO2

nanopowders.2,3 The PL was speculated to originate from
singlet-singlet transitions (S0-S1, S0-S2 or higher) at one or
more point defects; however, the nature of the emitting centers
is still unknown. It was proposed1 that PL is related to electronic
transitions at oxygen vacancies, but the observed PL band is
rather broad and may have a multisource origin; at least several
defects possessing photoabsorption (PA) near 5.5 eV can
contribute to its formation if they have suitable PL properties.

PA properties of point defects in germanosilicate glasses and
in pure SiO2 and GeO2 have attracted significant attention in
recent years because of their potential applications in combined
GeO2/SiO2 systems, such as optical fibers, second harmonic
generation, and Bragg phase-grating formation, or interconnects
and functional components of prospective mesoscopic electronic-
optical devices.4-11 The broad multisource PA band near 5 eV
has drawn a special interest because it is likely to be associated
with photostructural transformations and photosensitive grating
effects.4,11-19

To date, PA properties of various point defects in SiO2 have
been systematically investigated using quantum chemical

calculations,4,20-30 which allowed a detailed and substantiated
interpretation of available experimental data. On the other hand,
analogous calculations of PA properties for GeO2 defects are
still scarce, but because of the similarity in the characteristics
of point defects in SiO2 and GeO2, one can deduce reasonable
estimates for the missing data. On this basis, we could gather
that in quartz-like GeO2 at least several point defects, :Ge<
and OdGe< groups, oxygen vacancy and divacancy (OV,
DOV), peroxide radical-O-O-Get, and surface E′-center-
Get, are able to contribute into the PA band near 5 eV. In
addition to the requirement to absorb around 5 eV, in order to
be considered as candidates to contribute to the bright blue
luminescence in GeO2 nanowires,1 the defects should be able
to produce PL in the appropriate energy range, near 2.5 eV,
and have substantial oscillator strengths both for PA and PL
transitions. Up to now, PL properties of both GeO2 and SiO2

point defects are much less understood, as theoretical calcula-
tions of these properties remain rather limited, mainly due to
the difficulties with geometry optimization for excited electronic
states in model clusters simulating point defects. Recently,20,26,30,31

emission energies for some GeO2 defects including :Ge<, Od
Ge<, -O-O-Get, -Get, and a combination of OV with
-Get were calculated, but none of them were found to have
the suitable combination of the PA and PL properties.

The PL properties of oxygen vacancies (OV) and double
vacancies (DOV), which are probable candidates to contribute
to the PL band observed in nanowires,1 have not been
investigated in detail as of yet. Only photoabsorption energies
were studied theoretically both for SiO2 and GeO2-related
OVs.21-24 For OV in SiO2, the calculated vertical S0-S1

excitation energy, 7.0-7.5 eV, was in reasonable agreement
with the experimental value of∼7.6 eV, but for GeO2 OV,
approximately the same energy was obtained,21 and the result
seems to be overestimated. A possible reason for this overes-
timation is the use of the 6-31G* basis set in the calculations
both for Si and Ge. The quality of this basis set is not uniform,
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being quite suitable for Si, it is insufficient for Ge, as it contains
only two contracted Gaussians for the valence orbitals. On the
other hand, the 5.06 eV absorption band assigned to GeO2-
OV13 seems to have too low energy as compared to the
corresponding value for SiO2-OV. Obviously, this question
requires a more careful investigation.

It was pointed out24 that the S0-S1 excitation energies for
SiO2-related OV and the Si2H6 molecule are similar. As we have
not found the respective experimental value for the Ge2H6

molecule, we calculated it here at the EOM-CCSD level with
Dunning’s aug-cc-pVTZ basis set (Table 1). The excitation
energy for Si2H6 computed using this approach is in good
agreement with the experimental value, 7.7 vs 7.6 eV, respec-
tively, so we expect the accuracy for Ge2H6 to be similar. The
calculated energy of the S0-S1 transition is∼0.5 eV lower for
the Ge-Ge bond as compared to the Si-Si bond; thus, it is
reasonable to expect a similar difference for excitation energies
in GeO2 and SiO2 OVs. The S0-S1 transition energy for OV in
GeO2 can then be estimated as 7-6.5 eV, which is significantly
higher than the PE energy used for the activation of PL in GeO2

nanowires.1 If this estimate is accurate, one has to invoke a
two-photon process for the OV excitation, leading to highly
excited Rydberg states with the potential energy properties
similar to the positively charged oxygen vacancy, OV+. It was
pointed out23 that OV+ has two geometrical configurations with
close energy values, a regular structure with an elongated A-A
distance (A) Si or Ge) in place of the A-O-A bridge and an
inverted (“puckered”) configuration with the broken A-A bond
and a three-coordinated O atom (see Figure 1). According to
the model calculations,22 potential energy curves of excited
singlet states of SiO2-OV exhibit similar behavior; after gradual
de-excitation of Rydberg states, the system descends to either
of two different local minima on the S1 singlet excited-state
surface, which can generate two PL bands. The calculated S1-
S0 emission energies for SiO2-OV are ∼4.3 and 3.3 eV for
the regular and inverted forms, respectively.22 Unfortunately,
the inverted structure in that work22 was simulated by a small
model cluster, (OH)3Si-Si(OH)3*OH2, without geometry op-
timization. Nevertheless, these results indicated that the inverted
OV is a potential candidate to serve as a source of the blue PL
band in GeO2 and should be investigated more carefully.

Another possibility is presented by the double oxygen
vacancy. According to the calculations by Pacchioni and
Ierano,24 the S0-S1 excitation energy for DOV in SiO2 is ∼1
eV lower than that for OV, and hence we can expect the energy
value∼5.5-6 eV for GeO2. In such a case, the PE energy used
to excite luminescence in GeO2 nanowires1 would be sufficient
for single-photon excitation of the observed PL.1

All these findings indicate that OV and especially DOV in
quartz-like GeO2 are possible candidates for the formation of
the bright-blue PL band.1 Therefore, the goal of the present work
is to investigate the photoabsorption and photoluminescence

properties of these defects in quartz-like GeO2 by means of
quantum chemical modeling.

Calculation Details

In quartz-like GeO2, as in SiO2, the bonding has a local
character, and the influence of a point defect on the electronic
distribution is limited to its nearest neighborhood. In the adjacent
layers around the defect, the perturbation of electronic density
is usually small. This allows one to treat electronic transitions
in such defects using cluster models, which were discussed and
widely used earlier.20-32 A model cluster usually includes the
atoms directly involved in the electronic redistribution (the active
region) and their nearest neighborhood. To avoid the appearance
of artificial transitions originating from broken boundary bonds
connecting the cluster with the rest of the bulk, hydrogen atoms
areusuallyaddedtoterminatethesebonds.Itwasdemonstrated20,24,27-30

that to properly reproduce the electronic structure and relative
energies of excited states, it is sufficient to take into account
the defect itself and the oxygen atoms linked to it, for instance,
the O-AO3, O ) AO2, or AO2 fragments for the O-A, O )
A<, or A< point defects, respectively. Normally, surface point
defects, such as the nonbridging oxygen (NBO), peroxy radical,
surface E′-center, or two-coordinated Si or Ge, do not cause
substantial distortion of the network. For model clusters
simulating such systems, full geometry optimization is usually
carried out and symmetric structures corresponding to the local
symmetry of the defects are used in most cases.

Alternatively, defects involving oxygen vacancy are able to
deform the network, mainly because of mechanical distortions
of the defect itself and its surrounding fragments. In order to
simulate both network relaxation caused by the defect and its
incorporation into the bulk in such systems, one needs to use
larger model clusters, which include at least one additional layer
of bonds around the defect. The atomic coordinates inside the
model cluster should be optimized to simulate the network
relaxation, whereas the positions of the boundary atoms should
be kept frozen in order to mimic the situation in which the defect
is embedded into the bulk. The positions of boundary atom are
usually determined from larger defect-less clusters or are taken
from the crystallographic data. The large model clusters usually
do not exhibit any symmetry higher than C1.

Our theoretical approach to model OV and DOV in GeO2 is
similar to that employed earlier to simulate point defects in SiO2

of the same type,22-24 except that we used larger clusters, which
included a point defect itself and one or two-O-Ge layers
with boundary Ge atoms around them. The oxygen vacancy
itself causes relatively moderate distortion only in the nearest
vicinity affecting mainly the Ge-O-Ge bond angles around
OV. Therefore, for the regular ground state structure it will be
possible to use the X3Ge-GeX3 (OV) or X3Ge-GeX2-GeX3

(DOV) clusters, where X) OGeH3. However, the inverted
configurations and excited states of OV and DOV can cause
more substantial reconstruction of the network, and therefore,
the ground state optimization was performed with much larger
clusters, including an additional layer around the active region
(Figure 1). The OV and DOV model clusters were designed to
simulate the ground singlet and the lowest triplet states for single
and double oxygen vacancies, whereas the OV′ cluster was
constructed to model the inverted OV. The coordinates of
boundary atoms were fixed at the crystalline positions and the
boundary Ge- bonds connecting the defect vicinity with the
rest of the bulk were terminated by H atoms. Smaller model
clusters were used for calculations of excitation energies for
photoabsorption (Figure 2), where the atomic coordinates were

TABLE 1: Excitation Energies (eV) for the Transitions to
Excited Singlet Electronic States of the Si2H6 and Ge2H6
Molecules (geometry optimization has been carried out at
the B3LYP/6-311G* level; the B1 basis set is LanL2DZ+
0.246(d)+ 0.03, 0.01(sp) for Ge Atoms and 6-31G* for O
and H)

system, method 21Ag 11Bu 11Au, 21Bu

Si2H6, EOM-CCSD/6-311+G* 7.72a 7.99 8.16
Ge2H6, EOM-CCSD/aug-cc-pVTZ 7.24 7.46 7.72
Ge2H6, EOM-CCSD/B1 7.25 7.56 8.09

a The experimental value is 7.6 eV, from ref 33.
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taken from the large clusters (OV and DOV in Figure 1)
simulating the ground states of the defects. The same models
were used to optimize excited-state geometries, except the
positions of boundary atoms were taken from the optimized
geometries of the larger clusters in the lowest triplet state,
because the structures of the triplet and lowest excited singlet
states are expected to be similar in these systems.

Geometry optimization for the ground states of model clusters
was carried out at the hybrid density functional (DFT)

B3LYP34-36 level of theory with the LANL2-DZ basis set
augmented by polarization d-functions with the corresponding
effective core potential36,37 for Ge atoms and the 6-31G* basis
set for O and H. We demonstrated earlier31 that this approach
reproduces geometric parameters in GeO2-related systems
reasonably well. For calculations of excited states, this basis
set was augmented with a d polarization function (0.246) and
two diffuse s- and p-functions (0.03, 0.01) on Ge atoms in the
active region of the cluster. For boundary Ge atoms, we used

Figure 1. Model clusters used for simulation of the ground singlet and triplet states of single and double oxygen vacancies (OV and DOV) in
quartz-like GeO2. Terminal hydrogen atoms are not plotted.

Figure 2. Model clusters used for simulation of excited singlet states of single and double oxygen vacancies (OV and DOV) in quartz-like GeO2.
Terminal hydrogen atoms are not plotted.
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the LANL2-DZ basis set and the overall basis is designated
below as B1. This B1 basis set was tested for several excited
states of the Ge2H6 system, where the lowest excitations are of
similar type as those in OV or DOV: from the Ge-Ge bond to
antibonding MOs with substantial contributions from Ge diffuse
functions. The aug-cc-pVTZ basis set was used for comparison;
for Si2H6 the basis set of such quality provides an agreement
between the calculated and experimental excitation energy for
the first excited-state within∼0.1 eV. (Table 1). According to
the calculated results, the energies for the two lowest states
computed with the augmented LANL2-DZ (B1) and aug-cc-
pVTZ basis sets are in close agreement. Only for the third and
fourth excited states does B1 lead to overestimation of the
excitation energies by∼0.4 eV (Table 1). Hence, as will be
discussed below, in some cases, we also tested basis sets with
additional diffuse functions on Ge and O atoms.

Geometry optimization for excited electronic states was
performed at the complete active space self-consistent field level
(CASSCF or MCSCF38,39) with active spaces normally covering
molecular orbitals (MO) with occupation numbers from 1.98
to 0.02. Further details will be discussed in consequent sections.
As only few valence orbitals are included into the active space,
the multireference configuration interaction (MRCI) approach
is not very suitable for calculations of transition energies in the
systems under investigation because the results are sensitive to
the active space. Hence, we employed the closed-shell equation-
of-motion coupled clusters EOM-CCSD38,40method. In addition,
the less sophisticated and less memory- and time-consuming
CIS(D)36,41 approach was also tested. The calculations were
carried out using the MOLPRO 2002 and GAUSSIAN 03
program packages.36,38

Results and Discussion

1. Ground-State Oxygen Vacancies.Interatomic Ge-Ge
and Ge-O distances in Ge-O-Ge bridges calculated for model
cluster simulating defectless quartz-like GeO2 are 3.19-3.21
and 1.74-1.79 Å.31 In the ground singlet state (S0) of an oxygen
vacancy, the lack of the bridging O atom in one of such links
causes significant shortening of the corresponding Ge-Ge
distance and leads to the appearance of the direct Ge-Ge
interaction with the bond length, which is only 0.1 Å longer as
compared to R(Ge-Ge) in Ge2H6. The distances calculated in
the OV and OV′ clusters are similar; the Ge-Ge bond length
is slightly shorter in the larger system, apparently because the
OV model cluster is more flexible in comparison with OV′.
Ge-O bond lengths are approximately the same in Ge-O-Ge
bridges around OV, whereas deviations in Ge-Ge distances
are larger, up to 0.1 Å (see Table 2 and Figure 1). Thus, the
shift of the vacancy-related Ge atoms is compensated mainly
by variations of torsion angles and Ge-O-Ge bond angles.
Similar results can be seen also for DOV, but in this case, the
Ge-Ge bonds are slightly longer (Table 3). It is worth noting

that DOV plus an isolated O2 molecule lie 6.78 eV higher in
energy than the defectless cluster; the relative energy of a cluster
with two OV + O2 is only slightly higher, 6.84 eV. Therefore,
the thermodynamic stability of DOV is approximately the same
as that of two OV, and both defects should be able to coexist.

In the lowest triplet state (T1), the Ge-Ge bond is broken
and the corresponding Ge-Ge distance is approximately the
same as for a regular Ge-O-Ge bridge. This distance is slightly
longer in the OV cluster than in OV’ (Figure 1, Table 2). In
the triplet state, the repulsive Ge-Ge interaction additionally
causes some reorientation of the GeO3 fragments, and the axes
of the Ge1O′3 and Ge2O′′3 pyramids joined together ap-
proximately along the Ge1-Ge2 direction are slightly rotated
with respect to this line (Figure 1). If the Ge2 atom continues
to move in the direction from its position in S0 to that in T1,
the inverted structure with a three-coordinated O atom (Figure
1) is eventually formed.

Transition energies for the lowest electronic excitations at
the ground state (S0) geometry were computed employing the
EOM-CCSD and CIS(D) approaches (Table 4). The calculated
energies are similar, with CIS(D) values being slightly lower.
According to our results, the excitation energy to the lowest
excited singlet state in OV is in the range of 6.7-6.8 eV and
this transition exhibits a significant oscillator strength (f); the
next two transitions are 0.1-0.3 eV higher in energy and have
similar f values. As one can see, the first vertical excitation
energy in this case is∼1 eV higher than the PE energy used
for PL activation of nanowires,1 and so excitation of OV is
possible only through an indirect non-Frank-Condon transition
with low probability or by means of a double-photon process.

In accord with the data reported for SiO2,24 in quartz-like
GeO2, the excitation of DOV requires∼1 eV lower energy as
compared with that for OV. However, in this case the transition
to the second excited-state has the largest oscillator strength,
whereas for the third excitation thef value is significantly lower
(Table 4). Because the model cluster simulating DOV (Figure
1) is too big for EOM-CCSD calculations, we tested smaller
systems, in which some of the terminal OGeH3 groups were
replaced by OH (model clusters denoted as C2-C5; see caption
in Table 4 for their chemical composition). This replacement
has caused moderate variation of calculated energies, but
changes inf values for the S1 and S3 states calculated for the
smaller C3 and C4 clusters were substantial. Therefore, we
utilized the C2 cluster, which includes 8 Ge atoms, for EOM-
CCSD calculations. For this model, the influence of the cluster
size on the calculated results is small; deviations from the
excitation energies calculated for the largest C1 cluster are only
about 0.05 eV and the oscillator strengths are similar. The
extension of the basis set by adding diffuse functions at Ge (s,
0.10) and O (6-31+G*) atoms leads to a small decrease in
excitation energies by about 0.1 eV (Table 4).

Using the approximations and models described above,
our calculations demonstrate that the PE band at 5.6 eV1 is
able to activate at least two excited states in the DOV defect
and that the transition to the S2 state has a large oscillator
strength and therefore is highly probable. Both for S1 and S2

excited states in DOV and OV, an electron is transferred from
molecular orbitals corresponding to the Ge-Ge bonds to
Rydberg-type orbitals with an antibonding Ge-Ge character.
As a result, the excitation to these electronic states should lead
to the destruction of the Ge-Ge bonds, similarly to the triplet
states, with substantial geometry relaxation and large Stokes
shifts.

2. Inverted Structure. To obtain preliminary estimates of

TABLE 2: Optimized Interatomic Distances for the Clusters
Simulating a Single Oxygen Vacancy (OV) in Quartz-Like
GeO2

Ge1-O′ Ge1-Ge′ Ge1-Ge2 Ge2-O′′ Ge2-Ge′′ Ge2-O

OV′, S0 1.76-1.77 3.18-3.27 2.53 1.77-1.78 3.04-3.19 3.86
OV, S0 1.75-1.77 3.06-3.22 2.48 1.75-1.77 3.15-3.23
OV′, T1 1.86 3.11-3.36 3.14 1.77-1.78 2.91-3.16 3.37
OV, T1 1.76-1.79 3.03-3.15 3.27 1.77-1.79 3.09-3.18
OV′, inv. 1.75-1.76 3.02-3.21 4.34 1.69-1.72 3.05-3.25 2.0a

OV, S1 1.75-1.84 3.07-3.20 3.71 1.66-1.72 3.00-3.13
OV, S2 1.75-1.83 3.09-3.19 3.78 1.67-1.70 2.98-3.16

a Parameter frozen during the geometry optimization.
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the S0-Si energy differences for the inverted OV structure, we
scanned the potential energy surface (PES) of the inverted OV
model cluster in the vicinity of a possible local minimum.
According to the results by Pacchioni and Ierano for SiO2,22

the distance between the three-coordinated O and inverted Si
atoms is close to 2 Å. Because the corresponding R(Ge2-O)
distances (Figure 1) should be longer (the Ge atom is larger
than Si) the calculations were carried out at the distances of
2.4, 2.2, and 2.0 Å. For each point on the PES, these values
were kept frozen, whereas all other geometric parameters were
optimized for the ground singlet state. Next, we calculated
relative energies of the lower excited singlet states using the
partially optimized geometries at the EOM-CCSD level (Table
5). We found that in this region of the surface, the ground state
energy E(S0) is much higher than that at the equilibrium
geometry and that the difference grows rapidly as the Ge2-
O< distance shortens. In contrast, the energies of the excited
S1 and S2 singlet states are lower than at the ground state
geometry (vertical excitation), so it is quite probable that some
excited states have a local minimum in this region. However,
the S0-S1 and S0-S2 energy differences calculated at these
geometries are rather low, below 1 eV for S1 and 1.8-2.7 eV
for S2; obviously, optimization of the excited-state geometries
will further reduce these value, and thus both S0-S1 and S0-
S2 emission (PL) energies in this region of the PES are expected

to be lower as compared to the observed PL band.1 Therefore,
the properties of the inverted OV were not investigated any
further.

3. Excited OV and DOV. As in the triplet state, the first
singlet excitations for OV and DOV lead to the cleavage of the
Ge-Ge bonds. Hence, we started geometry optimization for
the S1 and S2 states from the optimized T1 geometry using the
(H3Ge′O)3Ge-Ge(OGe′′3)3 and (H3Ge′O)3Ge-Ge(OGe′′H3)2-Ge-
(OGe′′′H3)3model clusters shown at Figure 2. The positions of
boundary atoms were taken from the optimized triplet structure
and were kept frozen. Optimization was performed at the
CASSCF level with (10,10) or (10,11) active spaces with 10
electrons on 10 or 11 MOs for the S1 or S2 states of OV, and
(12,11) active space for the S1 and S2 states of DOV. These
active spaces cover MOs with occupation numbers from 1.98
to 0.02. The active spaces used are rather far from being full
and include only MOs corresponding to the Ge-Ge bonds and
several lone pairs of the neighboring O atoms; a large portion
of valence electrons remains out of the active space. Therefore,
the CASSCF approach applied here is unable to take into
account a substantial part of electron correlation and to some
extent is similar to the HF method for the ground state; although
it is likely suitable for the geometry optimization, significant
errors can be anticipated for the calculated relative energies.

The first excited singlet state S1 for OV is formed by an
electron transfer from the orbital with the Ge-Ge bonding
character to a vacant MO with an antibonding Ge-Ge character
and substantial contributions from diffuse functions, mainly
s-AOs. Such MOs represent diffuse localized states, which to
some extent are similar to lowest Rydberg-type states in
molecular systems. At the optimized S1 geometric configuration,
one of the electrons involved in the excitation occupies an orbital
best described as a lone pair of the Ge1 atom, and the other is
located predominantly on the Ge2 atom. The repulsive Ge1-
Ge2 interaction in this case is more significant than for T1, and
the corresponding Ge-Ge distance is∼0.4 Å longer (Table 2,
Figure 1). In contrast, repulsive interactions of these electrons
with the Ge-O bonds in the S1 state are weaker than in T1; the
respective Ge-O distances for T1 are slightly longer (Table 2).
In the second excited singlet state S2 of OV, the electron-
donating MO is the same, but the accepting orbital has
substantial contributions of diffuse p-AOs from the Ge2 center.
The antibonding character of this orbital is stronger and the
Ge1-Ge2 distance in the S2 state is slightly longer. The other
bonds are similar in the S1 and S2 states (Table 2).

De-excitation (PL) energies at the optimized geometries of
the S1 and S2 excited states were calculated at the EOM-CCSD
and CIS(D) levels (Table 6); the CASSCF energies and oscillator
strengths are also shown in Table 6 for comparison. For these
structures, the discrepancies between the energies calculated by
different methods are not as small as for the ground state
structures. In some cases, the differences between the excitation
energies calculated at the CASSCF, CIS(D), and EOM-CCSD
levels reach 0.3-0.4 eV, where the CASSCF energies are higher
and the CIS(D) values are lower as compared to the EOM-
CCSD data. According to the CASSCF results, the wave

TABLE 3: Optimized Interatomic Distances for Clusters Simulating a Double Oxygen Vacancy (DOV) in Quartz-Like GeO2

Ge1-O′ Ge1-Ge′ Ge1-Ge2 Ge2-O′′ Ge2-Ge′′ Ge2-Ge3 Ge3-O′′′ Ge3-Ge′′′
S0 1.76-1.78 3.09-3.24 2.49 1.77-1.78 3.19-3.29 2.51 1.77 3.12-3.21
T1 1.75-1.79 3.05-3.18 3.12 1.80 3.12-3.30 2.56 1.76-1.77 3.11-3.18
S1

a 1.72-1.74 3.13-3.15 3.69 1.75-1.76 3.21-3.29 2.66 1.71-1.77 2.99-3.22
S2 1.74-1.82 3.10-3.24 3.51 1.71-1.73 3.23-3.29 2.46 1.70-1.73 3.04-3.15

a In the region where the S1 potential energy surface crosses with the S0 PES.

TABLE 4: Calculated Excitation Energies (E, eV) and
Oscillator Strengths (f, given in italics) for the Lowest
Singlet States of the OV and DOV Defects at the Ground
State Geometry (calculations are performed with the B1
basis set, unless mentioned otherwise)a

S1: E, f S2: E, f S3: E, f

OV, C, CIS(D) 6.73,0.347 6.85,0.392 6.96,0.241
OV, C, EOM-CCSD 6.81 6.94 7.03
DOV, C1, CIS(D)b 5.39,0.317 5.72,0.534 6.03,0.094
DOV, C1, CIS(D) 5.54,0.390 5.84,0.526 6.17,0.072
DOV, C2, CIS(D) 5.58,0.303 5.87,0.516 6.21,0.113
DOV, C2, EOM-CCSD 5.60 5.90
DOV, C3, CIS(D) 5.48,0.162 5.87,0.680 6.17,0.100
DOV, C4, CIS(D) 5.61,0.397 5.80,0.460 5.99,0.203
DOV, C5, CIS(D) 5.56,0.027 5.74,0.564 6.07,0.311

a The notation for model clusters is the following: C, (H3Ge′O)3Ge-
Ge(OGe′′3)3; C1, (H3Ge′O)3Ge-Ge(OGe′′H3)2-Ge(OGe′′H3)3; C2,
(H3Ge′O)3Ge-Ge(OGe′′H3)2-Ge(OH); C3, (HO)3Ge-Ge(OGe′′H3)2-
Ge(OGe′′H3)3;C4,(H3Ge′O)3Ge-Ge(OH)2-Ge(OGe′′H3)3;C5,(HO)3Ge-
Ge(OGe′′H3)2-Ge(OH)3. b Calculated with the B1a basis set, which is
obtained from the B1 basis set by adding an s-function on Ge (0.10)
and using the 6-31+G* basis set on O atoms.

TABLE 5: EOM-CCSD/B1 Calculated Relative Energies
(RE, in eV) for the Lowest Singlet States of the Inverted OV
Defect at Different Ge2-O Distances

R(Ge2-O) (Å)

2.4 2.2 2.0

RE(S0) 2.49 2.99 3.22
RE(S1) 3.36 3.85 3.90
RE(S2) 5.20 5.58 5.01
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functions for the investigated excited states are mainly single-
determinant; the coefficients for other determinants do not
exceed 0.07-0.05. Nevertheless, the account of electron cor-
relation is very limited in CASSCF, and the CIS(D) and EOM-
CCSD methods seem to be more preferable for these states.
Also, within the CIS(D) approach, the account of very significant
contributions from double excitations is rather approximate and
it is not very appropriate for the structures with broken bonds.
In our opinion, the EOM-CCSD method with more reliable
treatment of double excitations should be the most suitable for
the systems we consider here.

According to the results calculated at the EOM-CCSD level,
the PL energy from the S1 and S2 states of OV, 3.1 and 3.3 eV,
respectively, are higher than the observed PL band1 (Table 6).
Taking into account that the direct photoexcitation of OV
requires a higher energy than that used for the PL activation in
the experiment, we conclude that the optical properties of the
OV defect are not suitable to make it a proper candidate
responsible for the generation of the PL band observed in GeO2

nanowires.
In DOV, the first excited S1 state is formed in the same way

as in OV: an electron is removed from the Ge1-Ge2 bond and
placed to a diffuse antibonding Ge1-Ge2 MO with a contribu-
tion from diffuse s-orbitals. However, in this case, the accepting
MO additionally has an antibonding character for the Ge2-
Ge3 interaction, and geometry optimization for the S1 state of
the DOV model cluster leads not only to the rupture of the Ge1-
Ge2 bond but also to the elongation of the Ge2-Ge3 distance.
In this case, we were unable to locate a minimum on the PES;
in the process of geometry optimization, the systems approached
the region where the S1 and S0 surfaces cross (the energy
difference is only∼0.005 eV). In this region (see Figure 2 and
Table 3), the convergence of the CASSCF procedure becomes
very poor. Nevertheless, on the basis of such behavior of the
S1 and S0 PES, we can suppose that for the S1 state of DOV,
the de-excitation process proceeds via a radiationless transition
through the S1-S0 intersection.

For the S2 state of DOV, the electron accepting MO contains
large contributions of diffuse s- and p-AOs mainly from the
Ge2 center and includes antibonding Ge1-Ge2 and weak
bonding Ge2-Ge3 interactions. The optimized structure for this
state has geometric parameters similar to those found for the
triplet state, but with a longer Ge1-Ge2 distance and a shortened

Ge2-Ge3 bond (Figure 2, Table 3). The calculated relative
energies of S1 and S2 states at the S2 optimized geometry
together with the corresponding oscillator strength values are
presented in Table 6. Similarly to OV, the CASSCF method
overestimates and CIS(D) underestimates the energy difference
between the ground and excited states. At the most reliable
EOM-CCSD level, the PL energy for the S2 f S0 de-excitation
is ∼2.6 eV; this value is rather close to the peak position of the
PL band observed in GeO2 nanowires.1 The oscillator strength
for the S2 f S0 transition is large and the S2 f S0 de-excitation
channel should be highly probable. It is worth mentioning that
in the lowest excited states, the displaced electron remains
localized mainly around the Ge2 center, and variations in the
basis set and in the cluster size (with conservation of the nearest
neighborhood for the Ge1, Ge2, and Ge3 centers) do not cause
substantial changes in the calculated properties for this transition
(see Tables 4 and 6).

Thus, the optical properties of the DOV defect are in accord
with the features of the PL band in GeO2 nanowires: a double
oxygen vacancy in quartz-like GeO2 is able to adsorb radiation
at 5.5-5.7 eV with a high probability, and after geometry
relaxation in the excited S2 state, it can emit light with a large
Stokes shift in the energy range of about∼2.6 eV.

Conclusions

The lowest electronic transitions of the OV and DOV defects
in quartz-like GeO2 occur at the energies∼1 eV lower as
compared to those for analogous excitations in SiO2. In
particular, for OV in GeO2, the calculated lowest photoabsorp-
tion singlet-singlet transitions have energies of 6.8-7.0 eV and
large oscillator strengths, whereas for DOV, such excitations
occur in the range of 5.5-5.9 eV. In both systems the lowest
excited states are formed by electronic transition from the Ge-
Ge bond to Rydberg-type orbitals with an antibonding Ge-Ge
character. This leads to the destruction of the Ge-Ge bond and
significant geometry reorganization causing a large Stokes shift.
As a result, the PL from the first two excited states of OV should
take place at 3.1-3.3 eV. The inverted structures of OV, if they
exist, would have substantially lower emission energies.

For DOV, de-excitation of the first excited singlet state
proceeds in a radiationless manner, whereas the second excited
singlet state is calculated to have PL energy of∼2.6 eV and a
large value of the oscillator strength. Among all investigated
transitions in various point defects in GeO2, the S2 state in a
double oxygen vacancy seems to be the most suitable candidate
to generate bright-blue PL observed experimentally1 for subs-
toichiometric quartz-like GeO2: the formation of this state is
possible upon absorption of 5.7-5.9 eV photons and the
corresponding PL band should be peaked at 2.6 eV, whereas
both PA and PL show large oscillator strengths. These properties
are in good agreement with the PL features observed in GeO2

nanowires.
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