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Control of the fundamental absorption edge of GeO, thin films

by thermal annealing
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This paper presents the results on the modification of the optical properties of GeO, thin films subjected to
thermal annealing in the temperature range of 280—400 °C in air. The GeO, films were deposited by thermal
evaporation of germanium monoxide granules in vacuum and subsequent vapor condensation onto unheated glass
substrates. Raman spectroscopy data reveal that annealing the germanium monoxide films up to 280 °C leads
to the formation of amorphous Ge nanoparticles, while heating to 380 °C initiates their crystallization. From the
measured transmittance and reflectance spectra of the GeOy thin films before and after annealing, the dispersion
curves of the refractive and absorption indices were calculated. Furthermore, analysis of the spectral dependence
of the absorption coefficient in Tauc coordinates allowed us to determine the optical band gap of the GeO, films.
It was found that by varying the annealing temperature, the fundamental absorption edge of the GeO, thin films

can be effectively tuned.
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1. Introduction

Germanium oxides are widely used in practice for
manufacture of the infrared transparent lenses, waveguides,
photodetectors and glasses, as these oxides are featuring
a beneficial combination of optical and mechanical charac-
teristics [1,2]. In addition to crystalline and amorphous
modifications of germanium dioxide in the solid state,
amorphous germanium monoxide is also known. Some
studies show that GeO, may be well used in the anti-
reflective coatings in solar cells [3], as well as part of the
multilayer interference filters [4,5]. The effect of photo-
induced variations in the refractive index and thickness
was found in GeO, films (Nazarov et al.), which makes
it possible to obtain holographic gratings on their basis [6).

Of particular interest is the metastability of germanium
monoxide. Films of amorphous germanium monoxide,
when heated above 200 °C, undergo a disproportionation in
reaction 2GeO, — (1 —x/2)Ge + x/2GeO,. Germanium
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clusters released in the oxide matrix can be electroactive,
acting as deep traps for the charge carriers. Due to
this, photo- and cathodoluminescence signals at room
temperature in the visible and IR ranges can occur in GeO,
films after annealing [7,8]. By heating, it is possible to
control the concentration, size, and phase of Ge clusters
in GeO, films (the depth of disproportionation). Such
structural modifications should lead to a change in their
optical characteristics. This work is focused on studying the
evolution of optical transmission and reflection spectra in
thin GeO, films on glass during annealing, calculating their
optical constants using modeling, and determining the edge
of intrinsic absorption using Tauc model.

2. Experimental procedure

Germanium monoxide films were obtained by thermal
sublimation in vacuum (~ 1073 Pa) of GeO granules heated
in a conical crucible made of tungsten wire to a temperature
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of ~2400K for 1.5min [9]. The substrates were placed
on the stage right beneath the evaporator at a distance
of 9cm. The cover glasses (Minimed) with a size of
25%25%0.17mm, which were ultrasonic cleaned in soap
solution and hydrogen peroxide, served as substrates for
deposition. The obtained GeO, films were ~ 150—200 nm
thick. According to X-ray photoelectron spectroscopy data,
the stoichiometric parameter x in the studied GeO, films
was 1.04 [9].

The samples with GeO, films were annealed in the
temperature range 280—400 °C for 2 min in air. The heating
was carried out by applying a controlled alternating voltage
to a ceramic heater. An aluminum plate was placed on top
of the heater, on which the samples were annealed.

Raman spectra (RS) were recorded using a T64000
Horiba Jobin Yvon spectrometer at room temperature in a
backscattering geometry. The 514.5nm optical fiber laser
was used as the source of the exciting radiation. The
spectral resolution was at least 2cm~!. The diameter of
the laser spot on the surface of the sample was ~ 30um,
and the beam power was 1 mW. No any significant local
heating of the sample under the laser spot occurred and no
disproportionation of GeO, films during the measurement
process was observed. The transmittance spectra of GeO,
films were registered using spectrophotometer SF-56 within
the wavelengths from 0.19 to 1.1um with a step of
0.001 um. Spectral resolution was 0.002um. To register
the specular reflection spectra, PZO-9 appliance with the
light incidence angle to normal 9° was used. A polished
Si plate served as a reference mirror. The measured
spectrum was normalized to the reflection spectrum of the
reference mirror. The approximation of the experimental
transmittance and reflection spectra of GeO, films and the
analysis of the real and imaginary parts of the refractive
index were carried out using software No. 2022668094
of 04.10.2022: Egorov D.A., Azarov I.A., Volodin VA.
»Modeling of transmittance and reflection spectra of layered
structures on a thick substrate allowing for the intra-layer
interference®.

3. Results and discussion

Figure 1 shows the RS spectra of GeO, films before and
after a series of annealing in different temperatures. No any
singularities were found on the glass in RS spectrum of the
initial GeO, film (Figure 1, spectrum /). After the film had
been annealed at 7 = 280°C for 2minutes a weak wide
band near 275—280 cm™! appeared in the spectrum. There
is no any translational symmetry in amorphous materials
and, consequently, the quasi-momentum conservation law is
not fulfilled, therefore, the Raman spectrum is determined
by the effective (adjusted for Bose-Einstein factor) density
of vibrational states. As a result, RS spectrum of amorphous
germanium contains a band corresponding to the maximum
density of states at frequencies 275—280cm™!, which is
associated with inelastic light scattering by local TO-shaped
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Figure 1. RS spectra of GeO, films before (/) and after a series
of 2 min annealings at a temperature of T, °C: 2 — 280, 3 — 300,
4 — 320, 5 — 340, 6 — 360, 7 — 380, 8 — 390, 9 — 400.

oscillations of Ge—Ge bonds (Figure 1, spectrum 2) [10].
Thus, GeO film, is transformed into a composite system
with Ge nanoclusters in a germanium oxide matrix at the
beginning of disproportionation. There is also a background
in the spectrum 2 that increases in the low frequency
range. This is probably due to the wide bosonic peak,
which is often present in RS spectra of glassy materials
at frequencies < 100cm~! [11,12]. The annealing of
GeO, film at higher temperatures lead to emergence in
RS spectrum a singularity (shoulder) near 180 cm ™! related
to the inelastic light scattering on LO-like vibrations of
Ge—Ge bonds (Figure 1, spectrum 3). The intensity of
this band is much lower than the intensity of the band at
275—-280cm™!, so it appears when RS intensity becomes
noticeably high from the clusters of amorphous germanium.
At the same time, the intensity of main RS band grows near
280cm™!, as the depth of disproportionation of GeO, film
rises with increasing annealing temperature (higher amount
of released germanium). It should be noted that annealing
of GeO, films at temperatures of 380—400 °C during 2 min
results in a partial crystallization of Ge clusters which is
evidenced by an emerged shoulder of 300.2cm~! (Figure 1,
spectrum 7) and narrow peaks near 301cm~! (Figure 1,
spectra 8 and 9). In crystalline germanium, the quasi-
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momentum conservation law is fulfilled, and since the pho-

100 ton momentum is very small, photons are inelastic scattered
only by the long-wavelength phonons. The frequency of

20 F these phonons are ~ 301.5cm~! [13]. The frequency shift

of phonons is due to their localization in Ge nanocrystals.

NS Before Using the improved model of phonon localization in Ge
g 60 anneghng nanocrystals [14], it can be determined from the position
g — 280 OC of RS spectrum narrow peak that their average diameter is
‘é — 300 OC ~ 6—7nm (after annealing of GeO, film at temperatures
Z2 40 — 320 OC of 380°C) and ~ 9—10nm (at annealing temperatures of
E - 228 Og 390 and 400 °C). The onset temperature (7;) of germanium
i o clusters crystallization in the studied GeO, films (380°C)

20 : 380 OC turned out to be much lower than 7. in GeO, films with
2(9)8 O(é another composition (500—550°C) [15-17]. This effect was

0 2 ! . ! . ! . | first observed during annealing of GeOj 7 films with a
0.2 0.4 0.6 0.8 1.0 thickness of ~ 15nm [18]. This effect is still unclear and

Wavelength, pm

is the subject of further investigations.

Figure 2. Transmittance spectra of GeOy films before and after a
series of 2 min annealings.
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Figure 3. Reflection spectra of GeO, films before and after a series of 2 min annealings.
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Figure 4. Example of modeling the transmittance (@) and reflection (b) spectra of GeO, films after annealing at 280 °C: black curves —
experimental data, blue curves — simulation data and calculation of dispersion curves for refractive index n(c) and absorption index k(d).
The blue crosses were set manually so as to achieve the best match between the experimental and calculated transmittance and reflection
spectra, while the values of n and k between the crosses were approximated linearly by the program.

To study the optical absorption edge, the transmittance
and reflection spectra of GeO, films were recorded before
and after annealing (Figures 2 and 3). Interference is
observed in all spectra in the wavelength region where
absorption is weak. The drastic drop in transmittance
at wavelengths less than 0.3um is explained by the
light absorption in the glass substrate. The presence of
interference makes it impossible to accurately determine the
absorption edge in GeO, films. To quantify the absorption
and refractive index, the transmission and reflection spectra
of GeO, films were approximated using the program
mentioned in ,,Experimental method“ section.

Figure 4 shows an example of approximated experimental
transmittance and reflection spectra of GeO, films after an-
nealing at a temperature of 280 °C. In the modeling process,
the refractive index (n) and absorption coefficient (k), as
well as the film thickness were selected so as to achieve the
coincidence of experimental and calculated transmittance
and reflection spectra. As a result, dispersion curves were
obtained for the optical constants n and k.

From the dependence of the absorption index (k)
on the wavelength (1), the spectral dependence of the
absorption coefficient (@) can be found using formula
a(em™!) =4 - 10* - k/A (um). The data were later used
to calculate the optical gap using Tauc model. There is no
translational symmetry in amorphous materials, which is

why energy regions with high and low density of states
appear. Intrinsic absorption is determined by the density of
states, and the absorption edge is determined by a dip in the
density of states. The absorption process does not require
the participation of phonons, because the quasi-momentum
conservation law does not apply here. To find the absorption
edge, we may use the equation [19,20]:

a=28B- (Eph - Eopt)z/Eph,

where B — is a constant, E,, — is a photon energy,
Eo — is an optical gap. If we plot (aEy)'/? versus
photon energy, then by extrapolating the linear part of
the graph to the abscissa axis, we obtain the optical gap
(Eopt) of GeO, film. The dotted line in Figure 5 shows
an example of graph extrapolation for the original GeO,
film. The intrinsic absorption edge of the germanium
monoxide film before annealing was 2.7 eV. Similarly, Eopy
was determined at different annealing temperatures of the
film. It can be seen from Figure 5 that absorption is also
present when the photon energy is less than Eyy, which
is due to the presence of so-called Urbach ,tails* at the
edge of the density of states gap [21]. As the annealing
temperature rises, E,p; shifts towards lower energies (up to
1.23¢V). This is because of the non-oxygen-bound Ge in
the film volume in the form of nanoclusters formed due
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Figure 5. Evolution of the intrinsic absorption edge of GeO, film
before and after a series of annealing for 2 min.
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Figure 6. Change in the size of the optical gap (Eop) of GeO ,
film depending on the annealing temperature (7).

to the disproportionation of GeOy, as well as their growth,
which is proved by RS spectroscopy data. It should be
stressed that if the GeO, film had been oxidized during
annealing, then E,y, on the contrary, would have shifted
towards higher energies [22]. The optical gap for GeOj o4
film turned out to be somewhat larger that described
in the literature (2.4—2.5eV) [6,9,23]. Obviously, this
value depends on the composition, thickness, and structure
of germanium monoxide film. Figure 6 shows that the
optical gap (Eopt) for GeOj g4 film declines exponentially
depending on the annealing temperature (7n,). Thus,
using annealing, it is possible to control the edge of the
intrinsic absorption of GeO, films by varying the depth
of disproportionation and obtaining structures with the
required optical characteristics.
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4. Conclusion

According to RS spectroscopy data, the disproportion-
ation process begins in GeOj g4 film with a thickness of
~ 150—200nm at an annealing temperature of 280°C. It
was found that the onset temperature of crystallization
process of Ge clusters (380°C) in the studied film is
lower than described in the literature. The dispersion
dependences for the refractive and absorption indexes of
GeO, films before and after a series of annealing are found
from the analysis of transmittance and absorption spectra in
the spectral range 0.19—1.1um. The intrinsic absorption
edge for GeO;g4 film was found equal 2.7eV. It has
been established that annealing leads to a long-wavelength
shift of the absorption edge, which is associated with the
appearance and increase in the size of Ge nanoclusters.
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