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Amorphous germania (a-GeO2) is an excellent glass former of great industrial and scientific importance. Howev-
er, in comparisonwith a-SiO2, its structure and fundamental propertieswere lesswell studied. Using a large near-
perfect continuous random network (CRN) model with 1296 atoms and no over- or under-coordinated atoms,
we have investigated the structural, electronic, and optical properties of a-GeO2 glass. Our results show that
the bond length and bond angle distributions in a-GeO2 are larger than in a-SiO2. The gross features of the elec-
tronic density of states in a-GeO2 are similar to a-SiO2, but the Ge\\O bonds are weaker than Si\\O bonds as
reflected in the lower calculated total bond order density. The average tetrahedral angle (θ) and bridging angle
(φ) are smaller in a-GeO2 than in a-SiO2. The calculated optical absorption spectrum shows two distinctive
peaks in excellent agreement with experiment. The calculated refractive index of a-GeO2 (n = 1.69) is also in
close agreement with the measured value. In contrast to a-SiO2, there is no clear evidence of excitonic peak in
a-GeO2. These a-GeO2 and a-SiO2 models could be used as a prototype for other investigations of these glasses
or their mixtures containing defects, substitutional impurities and in the form of vitreous nano-particles.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Amorphous GeO2 (germania or a-GeO2) is a very good glass former,
similar to silica (a-SiO2) and amorphous boron oxides [1]. It is structur-
ally analogous to silica which has SiO4 tetrahedral units connected with
bridging O at the corners. In other words, the short range order (SRO) in
a-GeO2 and a-SiO2 is the same as in their crystalline counterparts [1].
Good glass formers have vast technological applications in optics,
semiconductors, and many other areas. The application of Germania
especially in fiber optic has been fairly well-known. A more recent
account is given by Dianov and Mashinsky [b2] and the references
cited therein. Recently, its utilization as a photoluminescent biomimetic
composite glass has been demonstrated [3]. Germania glass exhibits a
lower glass transition temperature Tg (~790 K) than SiO2 based glasses
[4]. a-GeO2 is transparent in the near infrared region and its high refrac-
tive index (n) allows for the fabrication of highly photorefractive planar
waveguides which has smaller absorption losses in the middle IR range
when compared to silica glass [5,6]. Therefore, understanding the elec-
tronic structure and optical properties of a-GeO2 is of paramount impor-
tance for furthering its use in advanced applications.

It is well-known that the structure of a-SiO2 or a-GeO2 consists of a
continuous random network (CRN) of rigid (AO1/2)4 (A= Ge, Si) tetra-
hedral units connected through flexible, bridging A\\O\\A bonds [1].
The local SRO is usually characterized by the tetrahedral O\\A\\O
angle (θ) and the A\\O\\A bridging angle (φ). Despite the similarities
between CRNs of a-SiO2 and a-GeO2, the structure of the latter is
much less studied experimentally and theoretically. To investigate the
structural details and to simulate different experimental conditions, re-
alistic atomistic models are necessary. Because amorphous glasses have
no long range order (LRO), such models must use periodic boundary
conditions with a sufficiently large cell to simulate an infinite random
network. However, imposing periodic boundary conditions on a
directionally bonded network while maintaining the approximate SRO
is not an easy task. Most structural models for a-SiO2 are either in the
form of large clusters, or they are generated by using classical molecular
dynamics (MD) orMonte Carlo (MC) techniques [1]. The clustermodels
suffer from the presence of free surfaces which complicates the analysis
[7,8]. Conversely, MD/MCmodels always contain defective structures of
under-coordinated or over-coordinated Si and O atoms and have much
larger bond length and bond angle distortions [9]. The presence of such
defect structures could result in the presence of undesirable states in the
band gapmaking interpretation of experimental datamore challenging.
Previously, we have constructed a nearly perfect CRN model of a-SiO2

with a 1296-atom periodic cell and have investigated its electronic,
vibrational, optical and mechanical properties including the effect of
densification [9–12]. Here, we adopt this model as a starting point and
used it to investigate the electronic structure and optical properties of
a-GeO2.

The outline of this paper is as follows. We first describe the method
of calculation and model construction for a-GeO2 in the following
section. The main results on the structure, electronic and optical
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Fig. 1. Ball & stick figure of a continuous random network (CRN) model of a-GeO2 glass
with 432 GeO2 tetrahedral units (1296 atoms) (purple = Ge, red = O).
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properties are presented and discussed in Section 3. In particular, we
discuss the simulation of the presence of the excitonic peak in the
optical spectra for a-SiO2 and show that its inclusion can improve the
calculated refractive index n. The paper ends with a brief conclusion
and the vision for further study on a-GeO2 and a-SiO2 glasses using
this large CRN model.

2. Computational method and model construction for a-GeO2

The calculations in the present work used a two-step process. The
previously used 1296-atom periodic model for a-SiO2 is converted to
an a-GeO2 model by replacing Si with Ge and then fully optimizing
the model without any constraints on cell shape or volume by using
the highly accurate Vienna Ab initio Simulation Package (VASP), a den-
sity functional theory (DFT)-basedmethod [13,14]. The electronic struc-
ture, bonding and optical properties are investigated by using the
orthogonalized linear combination of atomic orbitals (OLCAO) method
[15,16] using the VASP-relaxed structure. The combination of the
OLCAO and VASP has proved to be very efficient for complex materials
as demonstrated inmany published papers [16,17]. The specific conver-
gence criteria used in VASP relaxation are as follows: (1) the PAW-PBE
potentials [18,19] with the generalized gradient approximation (GGA)
is used. (2) The electronic convergence criterion is set at 10−5 eV.
(3) The force convergence criterion is set at 10−3 eV/Å for ionic relaxa-
tion. (4) A high energy cutoff of 600 eV is adopted and (5) considering
the large size of the cell and number of atoms it contains, only one
K-point at Γ (0, 0, 0) is used for Brillouin-Zone (BZ) integration.

OLCAO is an all-electron method that uses atomic orbitals expanded
in terms of contracted Gaussian-type orbitals (GTOs). The economic use
of localized atomic orbitals and efficient evaluation of all multi-center
integrals make it especially suitable for complex materials, balancing
the size of the system being treated and the required accuracy needed
[16]. The local density approximations (LDA) is used for the exchange-
correlation potential. The basic electronic structure properties such as
total density of state (TDOS), atom- and orbital-resolved partial density
of states (PDOS) can be easily obtained. An important parameter in this
study is the evaluation of bond order (BO) value or the overlap popula-
tion (ραβ) between any pair of atoms (α, β), based upon the Mulliken
population analysis scheme [20]:
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where i, j label the orbital quantum number and n the band index, Cjβn

are the eigenvector coefficients of the wave function and Siα,jβ is the
overlap matrix between atoms α and β [16]. BO calculation uses a min-
imal basis (MB) set which consists of only occupied atomic orbital shell
and provides a more localized basis for such analysis.

The self-consistent field (SCF) portion of the OLCAO calculation uses
a full basis (FB) set which consists of the MB plus an additional unoccu-
pied shell of orbitals. The optical properties of a-GeO2 are calculated in
the form of the frequency-dependent complex dielectric function and
the refractive index nwhich are important properties of glassymaterials
[16]. An extended basis (EB) set is usually adopted which an additional
shell of unoccupied atomic orbitals in the basis has set beyond the FB.
For the calculation of interband optical properties, the imaginary part
of the dielectric function ε2 is evaluated first, using [16]:
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where E = ħω is the photon energy, l and n label the occupied and un-

occupied states respectively.ψnð k
!
; r!Þ is the Blochwave function for the

nth band with energy Enð k
!Þ at Brillouin zone point k; f ð k!Þ is the Fermi
distribution function. The momentum matrix elements (MME) hψnð k
!
;

r!Þj P!jψlð k
!
; r!Þi are explicitly calculated from the ab initio wave func-

tions. In the present study of a large glass model, only the k = (0, 0,
0) is used. The real part of the dielectric function ε1 is obtained from
the imaginary part ε2 via Kramers–Kronig transformation [21]:
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π
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From the complex dielectric function, n can be estimated from the
square root of ε1 at zero frequency, or n ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

ε1ð0Þ
p

.

3. Results and discussion

The periodic CRN model for a-GeO2 contains 1296 atoms or 432
GeO2 molecules without any broken bonds or over/under-coordinated
Ge or O atoms (Fig. 1). The genesis of this GeO2 model dates back to
the nearly-perfect a-SiO2 model of the same size that was constructed
20 years ago [9]. This model was obtained from a smaller seed model
(162 atoms) that was created even earlier [22] by inserting oxygen
atoms in between the Si\\Si bonds of a hand-built amorphous Si
model followed by rescaling and relaxing using Keating type potentials
[22]. Over the last 20 years, this 1296-atom model was systematically
improved, refined, and used to study a range of structural and electronic
properties of a-SiO2 as an example of a near-perfect CRN structure for
non-crystalline solids [9–12]. Here, we use this model for studying the
structure and properties of a-GeO2 by replacing Si atoms with Ge
atoms and fully optimizing the geometry via VASP. We discuss the
results below and also compare them with those of the a-SiO2 model.

3.1. Atomic structure and network bonding

Table 1 lists the final relaxed cell parameters for a-GeO2 and a-SiO2

together with the average values of the bond length (BL) and bond an-
gles (BA). The experimental data for a-SiO2 is from Mozzi and Warren
which agrees well with our simulated data for the averaged Si\\O\\Si
bridging angle which may be a little lower than from later measure-
ments. The simulated a-GeO2 model has a density of 3.351 g/cm3

which is close to the experimental value of 3.69 ± 0.02 g/cm3 [23].
The calculated pair distribution function (PDF) g(r) for this model is
shown in Fig. 2 together with that of a-SiO2. It also shows the measured
X-ray diffraction data from Salmon et al. [24] for a-GeO2 and that there



Table 1
Physical characteristics of the CRN models for a-AO2 (A= Ge, Si). Available experimental
values are given in parenthesis.

Characteristic a-GeO2 a-SiO2

No. of atoms 1296 1296
a (Å) 28.73 27.44
b (Å) 26.35 25.37
c (Å) 29.65 28.31
α0 91.07 91.03
β0 93.99 93.63ɣ0 89.66 90.04
Volume (Å3) 22,387.45 19,692.16
Density (g/cm3) 3.351 (3.69c) 2.202 (2.20a)
Average BL (Å) 1.790 (1.73d) 1.631 (1.639b)
Average O\\A\\O (θ) 108.71 (109d) 109.09 (109.47b)
Average A\\O\\A (φ) 131.84 (132d) 145.31 (145.00b)

Ref. (a) = [48], Ref. (b) = [49], Ref. (c) = [23], Ref. (d) = [24].
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is reasonably good agreement with our model. However, our a-GeO2

model shows a slightly larger BL than the experiment as indicated by
the positions of the first peaks in the Ge\\O, Ge\\Ge, and O\\O partial
PDF. This could partly be due to the GGA exchange-correlation function-
al. Many past studies show that GGA overestimates the lattice parame-
ters, volumes, and bond lengths [25].

The SRO in the CRN model is best described by the BL and BA distri-
butions. In Fig. 3(a)–(c), we display the histogram plots for the BL, tet-
rahedral BA (θ) and bridging BA (φ). The left column is for a-GeO2 and
the right column is for a-SiO2. They all exhibit an approximate Gaussian
distribution but with considerable differences in the mean values and
standard root-mean square deviations (σ). The mean Ge\\O BL is
1.790 Å with a σ of 0.121 Å compared to the mean Si\\O BL of 1.631 Å
with a σ=0.118 Å in a-SiO2. This is consistent with the fact that the re-
laxed volume of a-GeO2 (22,387.45 Å3) is much larger than the volume
for a-SiO2 (19,668.17 Å3). The distributions for the BA θ and φ show
much larger differences between the two phases. The mean BA and σ
values for θ and φ in a-GeO2 are (108.77°, 10.19°) and (130.99° and
17.05°) respectively. The corresponding values for a-SiO2 are (109.12°,
9.17°) and (145.26°, 26.89°) respectively. Thus the tetrahedral angle in
a-SiO2 is closer to the perfect tetrahedral angle than in a-GeO2. These
values are listed in Table 1 together with the reported experimental
values for comparison [1].
Fig. 2. Radial pair distributions of: (a) a-GeO2 the (dotted lines are res
3.2. Electronic structure

Before we present the results on the electronic structure of a-GeO2,
we first show our calculation for the hexagonal crystalline quartz
phase (c-GeO2). The calculated band structure and total density of
state (TDOS) and its orbital components are shown in Fig. 4(a) and
(b). The result for the DOS is similar to that reported in [26], and differs
from that of crystalline SiO2 (c-SiO2) [27–30]. The calculated DOS and
PDOS for c-GeO2 are also consistent with the work of Carbret et al.
used for the interpretation of the XANES spectra for c-GeO2 [31]. The
TDOS and PDOS for a-GeO2 and a-SiO2 are shown in Fig. 5(a) and (b) re-
spectively. The DOS for a-GeO2 is more broadened than the c-GeO2 be-
cause of the variations in SRO and the lack of LRO in a-GeO2. A-GeO2

has a smaller band gap of (2.42 eV) compared to c-GeO2 (2.66 eV) and
also the a-SiO2 (5.37 eV). The calculated band gaps in both crystalline
and amorphous phases of GeO2 and SiO2 are underestimated mainly
due to the shortcoming of LDA in the DFT for the ground state calcula-
tions. However, there are other factors that also affect the comparison
between calculated and measured gap values such as the difference be-
tween the intrinsic gap from the calculation and extrapolated gap from
experiment; the possibility of symmetry restricted transition at the
band extremes in crystalline phases, the presence or absence of an exci-
tonic peak near the conduction band (CB) edge, the difference between
different methods of calculations, etc. The comparison of reported band
gap values of crystalline and amorphous phases for GeO2 and SiO2 is
shown in Table 2. Compared to the reported experimental values,
both c-GeO2 and c-SiO2 are underestimated roughly by about 2.9 eV.
The band gap of c-SiO2 is better represented mainly because Si does
not contain the occupied 3d orbitals whereas Ge has the 3d electrons
in the semi-core orbital [32]. Our calculated band gap for c-GeO2 is
somewhat different from other existing calculations. The calculations
reported by Broqvist et al. [26] using a hybrid functional PBE + HF
show a closer agreement with ours while Christie et al. [33], and others
[28,29,34] got closer values to the experimentally observed values
[34–36]. These calculations all used pseudopotential plane-wave
methods. However, it is interesting to note that although these previous
studies got closer agreement for c-GeO2, they still consistently
underestimated the band gap in c-SiO2 [29] compared to the experi-
ment [34]. This accentuates the fact that the interpretation of the calcu-
lated band gaps in both crystalline and amorphous phases of GeO2 and
SiO2 and their comparison with measured values can be very intricate
and need to be extremely cautious.
pective experimental RPDF from Ref. (a) = [24]) and (b) a-SiO2.



Fig. 3.Distribution of (a) Ge\\Obond length, (b) tetrahedral angle θ and (c) bridging angleφ for a-GeO2. Distribution of (d) Si\\Obond length, (e) tetrahedral angle θ and (f) bridging angle
φ for a-SiO2. The Gaussian fit for the distributions is given by dashed lines.
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The main features of the TDOS for a-GeO2 in Fig. 5(a) are the deeper
O-2s states (p1, p2) and various peak structures in the lower (p3–p5)
and upper (p6, p7) parts of the valence band (VB). These features are
quite similar to those in a-SiO2 (Fig. 5(b)). The main difference is that
the upper VB peaks (p6 and p7) are much more resolvable in a-SiO2

than in a-GeO2. The peak structures in the CB region of a-GeO2 and
a-SiO2 are also quite different which certainly leads to the difference
in the optical spectra to be discussed later.

The bond order (BO) value (in unit of electrons e−) is a measure of
the strength of a bond between atoms which in turn can be used to
characterize the degree of internal cohesion in a material [17].
Fig. 6(a) and (b) shows the histogram distribution of the BO values for
a-GeO2 and a-SiO2. They can be represented by a near-perfect Gaussian
distribution which is a manifestation of the near perfect bonding fea-
tures in the a-GeO2 CRN model. In a-GeO2, the BO distribution peaks
at 0.253 e− with a standard deviation of 0.019e−. The corresponding
values for a-SiO2 are 0.281 e−, 0.020 e−. Thus a-SiO2 has stronger bond-
ing and similar distributions as a-GeO2.
The total bond order density (TBOD) is obtained by summing all the
BO pairs and normalizing the cell volume. TBOD is a single parameter
from the electronic structure that reflects the internal cohesion of com-
plex materials [37]. The TBOD for a-GeO2 and a-SiO2 is 0.01949 e−/Å3

and 0.0247 e−/Å3 respectively. They are both smaller than the TBOD
of their crystalline counterparts of 0.02318 e−/Å3 and 0.02808 e−/Å3 in-
dicating the higher cohesion in crystalline phases than in the amor-
phous phase and the internal cohesion in silica is stronger than in
germania. This is another solid evidence in using TBOD as a single quan-
tummechanical metric in assessing material properties in both crystal-
line and non-crystalline solids.

3.3. Optical properties

The most important application for germania is in optics especially
in fiber optics [2]. Knowledge of optical properties is important for
good glass formers such as germania and silica [1].We first show the re-
sults for c-GeO2 to facilitate discussion. Fig. 7 shows calculated ε2(ω) for



Fig. 4. Calculated (a) band structure and (b) TDOS and orbital resolved PDOS of c-GeO2.
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the c-GeO2 together with the measured spectra by Pajasova et al. [38].
Incidentally, a 1993 paper by Trukhin suggested the presence of the
peak at 6.6 eV based on luminescence data as the evidence of an exci-
tonic peak [39]. It is quite obvious that the observed peaks a, b, c and
d in Fig. 7 are faithfully reproduced by our calculation. It should be
noted that due to the underestimation of the band gap discussed earlier,
Fig. 5. Calculated TDOS and orbital resolve
the experimental spectrum in Fig. 7 is shifted to the left by 1.8 eV. The
minor difference in the relative intensities of the peaks could be due
to the surface effects of the samples used in the experiment. From
ε1(ω), we extracted the refractive index n to be 1.691 which is quite
close to the experimental value of 1.64 [40] for crystalline quartz-
GeO2. The experimental ε2(ω) spectra do not show an excitonic peak.
d PDOS of (a) a-GeO2 and (b) a-SiO2.



Table 2
Band-gap (eV) for crystalline and amorphous GeO2 and SiO2.

Present work Other calculations Experiments

c-GeO2 2.66 3.2a, 5b, 4.34c 5.81d, 5.6e

a-GeO2 2.42 2.8a, 4.33e 5.95f, 5.6e

c-SiO2 5.37g 5.6g, 5.78c 8.3–9.0e

a-SiO2 5.16g 5.69e 8.7–9.4e

Ref. (a): [26], Ref. (b): [33], Ref. (c): [29], Ref. (d): [35], Ref. (e): [34], Ref. (f): [36], Ref. (g):
[28].

Fig. 7. Calculated (red) and experimentally measured (blue, Ref. [37]) imaginary part of
the complex dielectric function for c-GeO2.
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It is conceivable that an exciton peak in c-GeO2 may exist but could be
merged with or masked by interband absorption peak in the relevant
energy range as argued by Trukhin [39].

Fig. 8(a) and (b) show the calculated real and imaginary parts of the
dielectric function (ε= ε1+ iε2) for a-GeO2 and a-SiO2 respectively. Our
calculation used an improved version of the program in the OLCAO
method related to optical transitions at higher energy ranges which is
more accurate than used in the previous calculations for the same a-
SiO2 model [11]. For a-GeO2 shown in Fig. 8(a), the blue dotted line is
experimental curve for ε2(ω) from [38]. It shows very good agreement
with our calculation. The experimental ε2 curve is also shifted by
1.8 eV to the left to align with the calculated peak I to account for the
gap underestimation. The ε2(ω) has a steep rise at the threshold
2.7 eV and two major peaks l (5.2 eV) and m (9.4 eV) matching well
with Pajasová's data [38,41]. The calculated spectrum also shows two
minor peak features n and o at 10.5 eV and 12.7 eV but they are not suf-
ficiently resolved in the experimental curve. Although the experimental
spectrum was known for some time, no interpretation has been given
[42]. Instead, comparison to the crystalline hexagonal GeO2 was given
by Pajasová [38]. The major ε2(ω) peaks for crystal and glass phases
shown in Figs. 7 and 8(b) are quite similar confirming the similarity in
the SRO in both phases as already discussed above. In c-GeO2, there
are more structures in the range near the first major peak. This is due
to the crystalline phase having LRO with sharper peak structures in
the DOS.

In contrast to a-GeO2, the optical absorption spectra of a-SiO2 have
been studied quite extensively both theoretically and experimentally
Fig. 6. Ge\\O bond order distribution of (a) a-GeO2 and (b) a-SiO2.
[11,28,30,43,44] but full interpretation of peak structures is still lacking
[11]. Here, we attempt to analyze the optical properties of SiO2 in-depth
so as to have a better understanding of the origin of the peak structures
in the absorption spectrum. The experimental data for a-SiO2 by Tarrio
et al. [45] shown in Fig. 8(b) agree with our calculation quite well
apart from the presence of an excitonic peak which cannot be obtained
by DFT calculation using the one-electron approach. The experimental
curve is shifted downward by 2.37 eV to match with calculated peaks
(see vertical dashed lines) for two reasons. First, the actual absorption
edge onset is marked by the excitonic peak q. Second, DFT calculations
underestimate the bandgap. With our recent effort to improve the
Fig. 8. Calculated real and imaginary parts of the dielectric function for (a) a-GeO2 and
(b) a-SiO2. The experimental data (dashed line) for ε2(ω) is from Ref. (a) [39] and Ref.
(b) [43].
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optical property calculation at higher frequency range, the agree-
ment of ε2 with experiment is better than our previously published
results [10,11]. This can be seen from the positions of three peaks r, s,
and t at energies 9 eV, 11.8 eV, and 14.8 eV respectively in Fig. 8(b).
The refractive index n of 1.455 obtained from ε1(0) for a-SiO2 without
the excitonic peak is very close to the generally acceptable value of
1.458 for amorphous silica [46]. However, the measured refractive
index value depends on experimental conditions and the frequency of
incident radiation. It can be in the range of 1.42 to 1.55 eV [47]. The re-
ported refractive index n for crystalline quartz SiO2 is 1.554 [46], which
is larger than a-SiO2.

The present calculation of optical properties using the OLCAOmeth-
od does not account for the presence of the excitonic peak which is ob-
served in both crystalline and amorphous SiO2. The refractive indexwill
be affected by the presence of the excitonic peak in ε2(ω) because ε1(ω)
is obtained from KKR conversion of ε2(ω). To ascertain the difference in
the refractive index due to the negligence of the excitonic peak, we
added a simulated Gaussian peak that has the same width and position
as the experimentally observed peak tomimic the effect of the excitonic
peak. This is shown as the shaded green peak in Fig. 8b. From this mod-
ified ε2(ω) and the subsequent ε1(ω) obtained using KK conversion, we
obtained a refractive index of 1.51. This still falls in the acceptable range
of n of a-SiO2. So far, the calculation does not account for the underesti-
mation of band gap. If this effect is also accounted for then the calculated
refractive index of 1.455 (1.51) with (without) the excitonic peak will
be slightly reduced, giving the latter a value that is closer to the experi-
mental value. Thus, it is possible to account for the excitonic effect by
adding a simulated peak to the results from a conventional one-
electron calculation without invoking much more complicated many
body corrections in systems such as a-SiO2.

4. Conclusion

In conclusion, we report the results of electronic structure and
optical property calculations for a large CRN model for a-GeO2 using
accurate ab initio methods. Similar results for the a-SiO2 model of the
same size and the crystalline GeO2 are used for comparison and
interpretation of the optical data. The BL and BO distributions have a
Gaussian type distribution reflecting the nearly-perfect coordinated
models. The a-GeO2 model has a broad θ distribution and a slightly
skewed symmetric Gaussian distribution for φ, which is narrower
than the respective distribution for a-SiO2. Also, a-GeO2 has a smaller
band gap compared to silica and a lower mean BO compared to a-SiO2

[11]. The difference in the electronic structure between a-GeO2 and
a-SiO2 is reflected in the calculated TDOS due to the different atomic
configurations and sizes of Ge and Si atoms. The calculated refractive
index for a-GeO2 is 1.691 which is close to the experimental value of
1.64 for quartz c-GeO2. By adding an ad hoc excitonic peak to the calcu-
lated absorption curve for a-SiO2, we show that the estimated refractive
index for a-SiO2 can be improved. The present study can be further
extended to other related glass models such as composite mixtures of
a-SiO2 and a-GeO2, models containing specific defects or intentional
doping in glasses, and even with vitreous nano-particles. It can also be
used for targeted study of specific defective structures or inclusion of
intentionally doped impurities. It is also important to perform further
experiments in elucidating the possible existence of exciton in both
c-GeO2 and a-GeO2.
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