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a b s t r a c t

Germanium oxide (GeOx) films were grown on (100) Si substrates by reactive Direct-Current (DC)
magnetron sputter-deposition using an elemental Ge target. The effects of oxygen gas fraction, U = O2/
(Ar + O2), on the deposition rate, structure, chemical composition and optical properties of GeOx films
have been investigated. The chemistry of the films exhibits an evolution from pure Ge to mixed
Ge + GeO + GeO2 and then finally to GeO2 upon increasing U from 0.00 to 1.00. Grazing incidence X-ray
analysis indicates that the GeOx films grown were amorphous. The optical properties probed by spectro-
scopic ellipsometry indicate that the effect of U is significant on the optical constants of the GeOx films.
The measured index of refraction (n) at a wavelength (k) of 550 nm is 4.67 for films grown without any
oxygen, indicating behavior characteristic of semiconducting Ge. The transition from germanium to
mixed Ge + GeO + GeO2 composition is associated with a characteristic decrease in n (k = 550 nm) to
2.62 and occurs at U = 0.25. Finally n drops to 1.60 for U = 0.50–1.00, where the films become GeO2. A
detailed correlation between U, n, k and stoichiometry in DC sputtered GeOx films is presented and
discussed.

Published by Elsevier B.V.
1. Introduction

Germanium dioxide (GeO2) is a versatile, wide band gap mate-
rial that has been explored in depth due to its promising thermal,
optical and electrical properties. Specifically, GeO2 is thermally
stable, has a high dielectric constant, and exhibits a refractive in-
dex that is slightly higher than that of SiO2 [1–8]. Applications of
thin GeO2 films include usage in optical waveguides [1,3,7,9,10],
dielectric layers in capacitors [7,11,12], microbolometers [13],
and optical filter elements [14–16]. In addition, sub-stoichiometric
GeO2, or GeOx, has been studied in depth due to its tendency to
form a passivating inter-layer within Ge-based Metal–Oxide–
Semiconductor (MOS) devices [17,18], and for its potential in
electronic memory storage devices [2,19].

Several methods of depositing GeO2 films have been explored
previously, including Radio Frequency (RF) magnetron sputtering
[1,3,7,8,11,13,20–22], laser ablation [14], sol–gel deposition
[2,9,10], reactive thermal evaporation [12,15,23], e-beam evapora-
tion [24], Plasma Enhanced Chemical Vapor Deposition (PECVD)
[25], and reactive DC magnetron sputtering [4,14,16,26,27]. Previ-
ous works performing in-depth analyses on the chemical, optical
and electrical properties of GeO2 films were conducted using films
with thicknesses ranging from roughly 300 nm to 1.4 lm. Excep-
tions include experiments by Krupanidhi et al., measuring the elec-
trical properties of 100 nm thick, e-beam deposited GeO2 [24], as
well as electrical characterization of 3 nm thick GeO2 interfacial
layers by Murad et al. [12]. Lange et al. and Vega et al. have per-
formed studies concerning the deposition and characterization of
GeOx (0 � x � 2) films deposited by DC magnetron sputtering.
Analyses conducted by Lange et al. have probed the optical and
structural properties of GeOx thin films [4], while studies by Vega
et al. were mainly focused on optical characterization [14].

The present work focuses on performing comprehensive optical,
chemical and structural characterization of GeOx (0 � x � 2) films,
approximately 100 nm thick, grown by DC magnetron sputter-
deposition on single crystal (100), n-type silicon wafers. Studies
were made to understand the effect of the oxygen gas fraction on
the deposition rate, structure, chemistry and optical constants of
these very thin GeOx films. The results obtained are presented
and discussed in this paper.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2014.02.023&domain=pdf
http://dx.doi.org/10.1016/j.optmat.2014.02.023
mailto:neil.murphy.1@us.af.mil
http://dx.doi.org/10.1016/j.optmat.2014.02.023
http://www.sciencedirect.com/science/journal/09253467
http://www.elsevier.com/locate/optmat
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2. Experimental

2.1. Fabrication

Germanium oxide (GeOx) thin films were deposited within a
stainless steel vacuum chamber that was evacuated to a pressure
of 4 � 10�7 Torr or below. Pumping was accomplished using a tur-
bo-molecular pump in conjunction with a mechanical roughing
pump. After reaching the required pressure, research grade O2

(99.995%) and Ar (99.999%) were introduced into the chamber
using MKS mass flow controllers. The working pressure, controlled
via an automated gate valve assembly, was maintained at 5 mTorr.
The O2 flow rate was varied between 0.0 and 20.0 sccm at incre-
ments of 5.0 sccm, and the argon flow rate was adjusted to keep
the net flow rate constant at 20.0 sccm. This means that the oxygen
gas fraction (C), which is defined as the ratio of the O2 gas flow rate
to the total (O2 + Ar) flow rate, was varied from 0.00 to 1.00 in
order to understand its effect on the deposition rate, structure,
chemistry and optical properties of the resulting films. The plasma
was generated using an Advanced Energy MDX power supply at a
power of 50 W DC. A shutter was used to shield the substrate from
any spurious droplets caused by arcing at the onset of plasma igni-
tion. The shutter was opened upon achieving a steady-state plas-
ma. A 50 mm germanium sputter target (Plasmaterials, 99.999%
purity), attached to a Meivac MAK magnetron sputtering gun,
was used as the source material. All films were deposited on prime
grade, n-type (100) Si wafers (University Wafer LLC). Wafers
were placed on a rotating sample holder (7.7 rpm) located at a
distance of 90 mm from the surface of the sputtering target. The
substrate temperature was held constant at 100 �C throughout all
depositions.
Fig. 1. The dependence of deposition rate of GeOx films with the oxygen gas
fraction, U. Data are plotted from results using Spectroscopic Ellipsometry (SE),
green squares; X-ray Reflectivity (XRR), blue circles; and Rutherford Backscattering
Spectrometry (RBS), red triangles. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
2.2. Characterization

GeOx films were characterized by performing structural, chem-
ical and optical measurements. Grazing Incidence X-ray Diffraction
(GIXRD) and X-ray Reflectivity (XRR) measurements were obtained
using a Rigaku SmartLab X-ray diffractometer (see Supplemental
Figs. S1 and S2 for information pertaining to XRR density measure-
ment). The GIXRD and XRR measurements were made using Cu Ka
radiation at room temperature.

Ion beam analysis of the GeOx films was performed in order to
determine the chemical composition, thickness and elemental
depth distribution. Rutherford Backscattering Spectrometry (RBS)
experiments were carried out in the accelerator facility at the Envi-
ronmental Molecular Sciences Laboratory (EMSL) within the Pacific
Northwest National Laboratory (PNNL). The RBS experiments were
performed at the National Electrostatic Corporation (NEC) RC43
end station. A 2 MeV He+ ion beam with a 7� angle of incidence
measured from the sample normal was used. The backscattered
ions were collected using a silicon barrier detector at a scattering
angle of 150�. Composition profiles were determined by comparing
SIMNRA [28] computer simulations with the experimental data.
The detailed procedure on using this simulation to obtain the
stoichiometry and atomic concentration of the films has been
discussed elsewhere [29]. In addition to RBS measurements, the
chemical valence states of elements, and subsequent stoichiome-
tries, within the films were analyzed using X-ray Photoelectron
Spectroscopy (XPS). Most of the XPS measurements were made
in a Kratos AXIS Ultra XPS, but a Surface Science Instruments’
M-Probe and a Physical Electronics 5700 were used for inert gas
sputtering measurements on the films (the ion gun on the Kratos
instrument was not operational). All these instruments were
equipped with a monochromatic Al Ka (1486.6 eV) X-ray source,
which was used to generate the spectra from all of the deposited
2
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samples. Survey scans were obtained with a high analyzer pass-en-
ergy, while high energy resolution spectra, to study the chemical
states of Ge, were obtained with a low analyzer pass energy. All
high energy resolution spectra were fit using Gaussian–Lorentzian
lineshapes, following Shirley background subtraction.

The optical properties of GeO2 films were evaluated using Spec-
troscopic Ellipsometry (SE). Raw data was captured using a J.A.
Woollam M2000VI spectroscopic ellipsometer capable of measur-
ing the magnitude (w) and phase difference (D) of polarized light
after interaction with the specimen. Data was processed within
the CompleteEASE v. 4.7 software package. Raw data was fit with
a Cauchy oscillator model in order to estimate the refractive index
(n), extinction coefficient (k), and thickness. However, films with
low oxygen content were fit using a general oscillator model with
two Tauc–Lorentz oscillators, accounting for the free-carrier
absorption associated with amorphous germanium.
3. Results and discussion

3.1. Deposition rate

The variation of deposition rate with C is shown in Fig. 1. The
film thickness was determined by three independent methods,
SE, XRR and RBS, and was divided by the respective deposition time
in order to determine the deposition rate for the various oxygen
gas fractions. For RBS, it was assumed that the Ge (C = 0.00) and
GeO2 (C = 0.5–1.00) film densities were the same as bulk Ge and
GeO2; a thickness for C = 0.25 is not included since the density
for this film is unknown. As shown in Fig. 1, the deposition rate
from both ellipsometry and XRR data is 23 nm/min when
C = 0.00. The value obtained from RBS was somewhat lower, most
likely due to a lower film density than the bulk value used in the
calculation (see Section 3.3). Upon increasing the oxygen gas frac-
tion to 0.25, the deposition rate rose to 47 nm/min. This increased
rate is directly related to the larger ion-induced secondary electron
emission coefficient of oxide compounds on the surface of the
germanium sputter target [30]. The deposition rate remained rela-
tively constant for C = 0.50, but dropped precipitously to a value of
7 nm/min for C = 0.75 (15 sccm O2, 5 sccm Ar), and remained low
(5 nm/min) for C = 1.00. This reduction in deposition rate is the
result of the formation of higher order germanium-oxide
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compounds on the surface of the target. At a working pressure of
5 mTorr and an oxygen gas fraction of 0.75 and above, the plasma
flux can no longer react with the amount of oxygen present within
the chamber, leading to oxygen adsorption onto the target surface.
The reduction of the deposition rate associated with the formation
of germanium-oxide is believed to be a direct result of the
decreased sputter yield associated with the covalently bonded
compound. The agreement between the deposition rates using
the different techniques is remarkably good. The measured film
thicknesses and deposition rates using SE, XRR and RBS are listed
in Tables I and II, respectively, in the Supplemental Material. Note
that the behavior of the deposition rate of GeOx as a function of
oxygen partial pressure is similar to those measured in studies
conducted by Lange et al. [4] and Vega et al. [14]. However, the
maximum deposition rates for stoichiometric GeO2, calculated by
Lange et al. and Vega et al., indicate growth rates of 180 nm/min
[4] and 15 nm/min [14], respectively, and these largely disparate
values are likely the result of their differences in chamber configu-
ration, cathode size, applied power, and working distance.

3.2. Crystal structure and morphology

The X-ray diffraction patterns from the GeOx films grown as a
function of C did not show any features attributable to the films,
showing that the GeOx films are all amorphous. The amorphous
nature of the films is expected since the substrate temperature
during growth is 100 �C. When the substrate temperature is this
low, the period of the atomic jump process of adatoms on the
substrate surface is very large, and the adsorbed species are unable
to diffuse into energetically favorable positions characteristic of a
crystalline lattice.

3.3. Chemical composition and Ge-valence state

The chemical valence state and surface chemistry of the grown
GeOx films was analyzed by XPS. XPS survey spectra from three
surfaces are shown in Fig. 2. The survey spectrum from a film
grown with C = 1.00 shows contamination from carbon after
exposure to the environment (Fig. 2a) as well as the expected
oxygen and germanium transitions. The spectrum after removing
carbon by sputtering with 2 keV Ne+ ions is shown in Fig. 2b, and
a spectrum from a sputtered Ge reference sample is shown in
Fig. 2c. The effect of sputtering on the Ge chemistry was studied
Fig. 2. XPS survey scans of (a) as-received GeO2 grown at U = 1.00, (b) the same film
after sputtering with Ne+ at 2 keV to remove surface contaminants and (c) a Ge
reference sample after sputtering with Ne+ at 2 keV to remove surface contami-
nants. These spectra were taken in the PHI 5700 XPS using an analyzer pass energy
of 188 eV.

3 
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by comparing high energy resolution 3d spectra from the sputtered
samples with the sputtered Ge reference sample. The 3d spectra
from a sputtered film grown with C = 1.00 and the sputtered Ge
reference sample are compared in Fig. 3, where the chemical shift
between Ge and GeO2 can be seen, and also the fact that the GeO2

is not reduced on sputtering with 2 keV Ne+ ions. This lack of any
preferential sputtering means that the composition can also be
determined by quantifying the XPS spectrum of the sputtered
GeO2 film, where it was found that the Ge:O atomic ratio was
0.50 confirming that the film was indeed stoichiometric GeO2.

High resolution XPS spectra were also taken at three different
places on all films without any sputtering using the Kratos XPS.
(Surface compositions obtained from all the measurements in the
Kratos Ultra are compared in Table IV in the Supplemental Mate-
rial). The energy scale was calibrated using Au and Cu, according
to the procedures outlined by the ISO Standard, ISO 15472. Since
C was present on the surface of these samples, all of these spectra
could be calibrated with respect to the C 1s peak of adventitious
carbon at reference energy of 284.6 eV (±0.1 eV). Detailed analysis
of the Ge 3d spectra from the sample grown at C = 0.25, showed
the presence of GeO2, GeO and elemental Ge at the surface,
Fig. 4b. Measured binding energies attributed to Ge(0), GeO(II),
and GeO2(IV) were 29.0, 30.9, and 32.7 eV, respectively, and agree
well with those reported by others using synchrotron radiation
[31–33] and traditional XPS [31,33–35]. Some authors [31,34,32]
have claimed that Ge(I) and Ge(III) states also exist in oxide films
but peaks from these possible states were not needed and have
not been included in the peak fits in this work.

Further XPS analysis shows that films deposited for C = 0.00
were predominantly elemental germanium (29.0 eV) with a small
amount of GeO2 (32.7 eV) present as a surface oxide layer
(Fig. 4a), due to environmental exposure before XPS analysis. This
oxide layer was estimated to be about 0.8 nm thick (Fig. S3 and
Table III in the Supplemental Material). As mentioned above, at a
low oxygen flow, C = 0.25, films were comprised of elemental Ge,
GeO and a GeO2 surface oxide layer (Fig. 4b). Films deposited at
higher O2 gas fractions (C P 0.50) showed the presence of fully
stoichiometric GeO2, without the presence of any reduced germa-
nium-oxide species (Fig. 4c). Note the obvious presence of the O
2s peak in Fig. 4b and c.

The RBS spectra of three GeOx films are shown in Fig. 5. The
backscattered ions observed are due to scattering by Ge (and O)
in the film and Si from the substrate. The scattering from Ge, the
Fig. 3. Ge 3d XPS spectra from a Ge reference sample (solid line) and a film grown
at U = 1.00 (dashed line), after sputtering with Ne+ at 2 keV to remove surface
contaminants. These spectra were taken in the SSI M-Probe using an analyzer pass
energy of 100 eV.
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Fig. 4. High energy resolution Ge 3d XPS spectra of GeOx films grown at (a) U = 0.00, (b) U = 0.25 and (c) U = 0.50. These spectra were acquired in the Kratos Ultra using an
analyzer pass energy of 40 eV.
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heaviest among the elements present, occurs at the highest back-
scattered energies as shown in the RBS spectra (Fig. 5). The mea-
sured height and width of this peak is related to the
concentration and thickness distribution of Ge atoms in the (oxide)
film and serves as a check since known Rutherford scattering cross
section and experimental parameters can be used to calculate the
composition and areal density of the films [28,29]. The experimen-
tal spectra along with the simulated spectra calculated using SIM-
NRA code are shown in Fig. 5, and it can be seen that the simulated
spectra calculated using the experimental parameters are in good
agreement with the measured RBS spectra. The film thicknesses
can be calculated from the aerial densities if known. Here the Ge
and GeO2 bulk densities were used to calculate the deposition rate
(Fig. 1), except for C = 0.25 where the film density is not known.

Fig. 5a shows that films grown at C = 0.00 produce only a Ge
peak (and Si from the substrate). No signal due to oxygen is de-
tected, indicating that the film consists entirely of Ge on the Si
(100) substrate. The thickness of this Ge film is 63 nm assuming
the density of the film is the same as that for bulk Ge. As discussed
earlier, the actual thickness of the film is probably larger than this
due to loss of density in the film (higher film volume), and this
would produce a higher deposition rate than reported in Fig. 1
for the RBS measurement.

For films grown with oxygen, theoretical stoichiometries of ger-
manium compounds namely GeO [Ge(II)] and GeO2 [Ge(IV)] were
considered. Stoichiometries of GeO and GeO2 correspond to an O/
Ge atomic ratio of 1 and 2, respectively. The O/Ge atomic ratios
calculated from the RBS spectra are 1.04, 2.10, 2.16 and 2.20 for
C = 0.25, 0.50, 0.75 and 1.00, respectively. This shows that the film
grown at C = 0.25 has a significant contribution of GeO (or other
reduced species). The values for C = 0.50, 0.75 and 1.00 are
somewhat higher than the expected stoichiometry of the films.

Thus the RBS and XPS analyses together confirm that the films
formed at C = 0.00 are Ge, the transition to mixed oxide composi-
tion (Ge + GeO + GeO2) occurs at C = 0.25 (Figs. 4b and 5b), and fur-
ther increase in C to 0.50 and above results in the formation of
stoichiometric GeO2 films.

3.4. Optical constants

Optical constants were measured and calculated using a general
oscillator model consisting of two Tauc–Lorentz oscillators [36] as
well as the Cauchy dispersion equation [37], represented by Eqs.
(1)–(3):

�2ðEÞ ¼ 2nk ¼ AE0CðE� EgÞ2

E2 � E2
0 þ C2E2 �

1
E
½36� ð1Þ

nðkÞ ¼ Aþ B

k2 þ
C

k4 ½37� ð2Þ
4
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kðkÞ ¼ aexp b 12;400
1
k
� 1

c

� �� �� �
½37� ð3Þ

The latter model (Cauchy dispersion) was used for optically
transparent GeO2 on account of its negligible extinction coefficient
and its decaying refractive index associated with increasing wave-
length [37]. The former model (Tauc–Lorentz) was able to account
for the free carrier absorption associated with amorphous germa-
nium, allowing for the determination of optical constants for films
with minimal oxygen concentration [36]. Note that the GeOx layer
was considered to be uniform for all models.

The optical constants, namely index of refraction (n) and extinc-
tion coefficient (k), and their dispersion behavior are shown in
Fig. 6a and b, respectively. As expected, films deposited using
0.0 sccm of O2 (U = 0.00) have very high n throughout the measured
spectral region (Fig. 6a), reaching a maximum of 5.09 at 810 nm.
Additionally, this film is shown to be highly absorbing (k > 0)
(Fig. 6b), with the extinction coefficient decreasing as it approaches
the theoretical band edge of 0.67 eV (1850 nm). At a flow rate of
5 sccm O2 (U = 0.25), it can be noted that both n and k are lower
than for U = 0.00. The behavior of the optical dispersion indicates
that it consists of a mixture of elemental germanium as well as
GeO2 and/or GeO. The optical behavior of the film is consistent
with the transition regime between an elemental germanium
target and a target coated with an oxide compound, as discussed
earlier in Section 3.1. The optical properties of the as-deposited
GeOx films at U = 0.25 are indicative of phase separation between
oxygen rich GeOx and Ge phases [38]. These findings are further
corroborated by the results of the core-level binding energy analy-
sis (XPS), where the films were found to have a mixed composition
of Ge + GeO + GeO2.

Films deposited at oxygen flow rates of 20.0, 15.0 and 10.0 sccm
of O2 (C = 1.00, 0.75, 0.50) displayed optical properties that were
almost indistinguishable from one another. These films, all mod-
eled using the Cauchy dispersion layer, displayed a negligible
extinction coefficient throughout the measured wavelength region
as well as a refractive index that was shown to decrease as a func-
tion of increasing wavelength. These films display minimal disper-
sion, with their respective refractive indices varying from 1.66 to
1.60 within the wavelength region from 380 to 1700 nm. The
measured refractive index values for these films are consistent
with index values of 1.63–1.58, as reported by Vega et al. for wave-
lengths ranging from 270 to 870 nm [14].
3.5. Structure – optical property correlation

The effect of oxygen fraction during reactive deposition on the
chemistry and optical properties of GeOx films can be understood
and a processing parameter–chemistry-property relationship can
be derived from these results. The semiconducting, amorphous
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Fig. 5. RBS spectra of GeOx films grown at (a) U = 0.00, (b) U = 0.25 and (c) U = 1.00.
The experimental and simulated spectra are shown for each value of C. The energy
scale is 2 keV times the channel number.

Fig. 6. The dispersion profiles for (a) refractive index and (b) extinction coefficient,
for GeOx films grown at the different values of U.

Fig. 7. The dependence of refractive index (n) on oxygen gas fraction (U) at a
wavelength of 550 nm. The approximate regions for different film compositions are
shown by the dashed lines.

N.R. Murphy et al. / Optical Materials 36 (2014) 1177–1182 1181
Ge films, grown at C = 0.00, exhibit a high refractive index (n) and a
high extinction coefficient that decays as the wavelength
approaches the theoretical band-edge at 1850 nm. As oxygen is
introduced into the gas mixture, Ge–O phases begin to form.
Subsequently, oxide phases in the films induce changes in the
oxidation state of Ge, which are responsible for the observed
5 
Approved for public release;
decrease in the refractive index and extinction coefficient of the
films. A minimum O2 gas fraction of 0.50 is required to facilitate
the formation of fully oxidized (GeO2) films. Oxygen content
less than this value will result in the formation of absorbing, sub-
 distribution unlimited.
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stoichiometric GeOx, as corroborated by XPS and RBS analyses. Such
samples exhibit refractive indices between those reported for pure
Ge and GeO2 films. Furthermore, the Ge-to-GeO2 semiconductor-to-
insulator transition, shown to occur with increasing oxygen con-
tent, serves to further reduce the films’ refractive index. The pro-
posed mechanism and correlation between the processing
parameters, chemistry and optical behavior is presented in Fig. 7.
The aforementioned diagram indicates the three different zones
where pure Ge, mixed oxides, and GeO2 films can be obtained by
controlling the oxygen fraction during deposition. This proposed
structure–property correlation is expected to be quite useful for
tuning the process parameters to selectively control stoichiometry
and subsequent optical behavior of magnetron sputtered Ge–O
compounds.
4. Conclusions

Germanium oxide (GeOx) films were grown by Direct-Current
(DC) magnetron sputter-deposition over a wide range of oxygen
flow rates. The effect of oxygen gas fraction in the reactive gas mix-
ture significantly affects the chemical composition and optical
properties of GeOx films. Structural analysis using X-ray diffraction
confirms that all of the GeOx films were amorphous. The chemical
state of Ge and the overall stoichiometry of the films exhibit an
evolution from pure Ge to a Ge + GeO + GeO2 mixed phase and then
finally to GeO2 with increasing oxygen fraction from 0.00 to 1.00. U
values of 0.50–1.00 were necessary to obtain stoichiometric GeO2

films. Additionally, the effect of U is significant on the optical con-
stants of GeOx films. The transition from pure, semiconducting ger-
manium to mixed phase Ge + GeO + GeO2 composition was
associated with a characteristic decrease in refractive index
(k = 550 nm) from 4.67 to 2.62 at U = 0.25. Finally the refractive in-
dex drops to 1.60 for U = 0.50–1.00, for fully stoichiometric GeO2

films, corresponding to a valence state of IV. A correlation between
the O2 gas fraction (U), chemical composition (Ge chemical state)
and optical properties (n) of DC sputtered GeOx films has been
established (Fig. 7). Such a correlation should be useful to select
the processing conditions in order to tune the chemical composi-
tion, and hence, the optical constants of GeOx films.
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