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Raman study of a-quartz-type Ge; , Si,0, (0 < x < 0.067)
single crystals for piezoelectric applications
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ABSTRACT: As potential candidates for high temperature piezoelectric materials, a~quartz-type Ge,_,Si,0, (0 <x < 0.067)
single crystals grown by the flux method were structurally and thermally characterized. When compared to pure a-GeO,,
room temperature polarized Raman spectra pointed out additional lines which have been assigned from density functional
theory on a a-Geg33S1) 1670, solid solution. The results highlight that Si-O-Ge bridges were involved. Moreover, a linear
relationship between the wavenumber position of the main A; Raman lines and the SiO, substitution rate x was also
observed. The analysis of the temperature dependence of unpolarized Raman of a a-Ge;_Si,O, phase with x=0.067 pointed
out the high-thermal stability up to 1000 °C of the a-quartz-like structure related to the lack of a libration mode and to the

absence of a softening mode with temperature.

Introduction

Piezoelectric single crystals with thermal stability up to
1000°C can be achieved in the o-quartz family (P3,21
space group) with GeO, composition [1-4]. Therefore, as
the a-quartz-like structure of GeO, is the metastable phase
at room-conditions, unseeded flux-growth experiments of
GeO, single crystals can give rise to a mixing of single
crystals with a-quartz-like- and rutile-like structure, this
later being the GeO, room-conditions stable phase [1].
Then, the experimental growth conditions have to be
carefully controlled with a low temperature cooling rate
[1]. Furthermore, unseeded flux-grown GeO, single
crystals with the a-quartz-like structure (a-GeO,) do not
present the well-known hexagonal prismatic morphology
which unambiguously allows identifying the natural
crystallographic axes and faces [1].

In order to favor the crystallization of the metastable o-
quartz-like structure of GeO,, low-content-SiO,-substituted
a-GeO, single crystals were grown by the unseeded flux
method [1, 5]. Compared to pure a-GeO,, mixed a-Ge;.
31,0, single crystals (0 <x < 0.067) present the hexagonal
prismatic morphology and a crystal volume augmentation
is obtained at identical cooling rate [1, 5]. Thus, as
potential candidates for high temperature piezoelectric
materials, the structural modulations with composition in
the as-grown o-Ge,,Si,O, solid solution (0 < x < 0.067)
synthesized by high-temperature flux-growth technique
have to be characterized as well as their thermal stability.
Few characterizations studies have been published on
single crystals grown in the GeO,-rich part of the GeO,-
Si0, system [1, 5-8]. The Ge**/Si*" substitution in a-GeO,
hydrothermally-grown single crystals lead to additional

infrared bands when compared to pure a-GeO, attributed to
oscillations of Ge-O-Si bridges [7, 8]. However, no specific
Raman signature of mixed Ge-O-Si vibrational modes was,
to our knowledge, reported in the literature concerning the
a-Ge.,,S1,0, solid solution. In this regards, the phonon
properties of single crystals from the GeO,-SiO, solid
solution are of interest and still not fully characterized.

In this paper, room temperature polarized Raman
spectroscopy was undertaken on as-grown o-Ge;..Si,O,
solid solution with 0 < x < 0.067. In an attempt to assign
the observed additional Raman lines when compared to
pure a-GeO,, calculations based on density functional
theory (DFT) of a-Gejg33Sig 1670, was considered and
compared to our experimental results. To approach the
thermal stability of the o-quartz-like structure of flux-
grown -Ge;,Si,O, solid solutions, a temperature
dependence Raman spectroscopy investigation was also
undertaken on a—Geo‘933Si0,06702.

Experimental details

Flux-grown a-GeO,-based single crystals were synthesized
by spontanecous nucleation. Detailed information about the
growth conditions can be found elsewhere [1, 5].

Different starting chemical compositions (Si:Ge ratios)
were used to perform high-temperature synthesis giving o-
Ge;.,Si,0, as-grown crystals with substitution rates x
comprised between 0.018+0.005 and 0.067+0.005. The
chemical compositions were measured by the means of
Silicon Drift Detector Energy Dispersive X-rays
spectroscopy with an accuracy of 0.5 at. % of Si using Co
as standard.
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Two different Raman spectrometers were used depending
on the desired experimental conditions. Room-temperature
polarized Raman spectra were measured in a back-
scattering geometry with a Jobin-Yvon T64000
spectrometer using an argon laser (A = 488 nm) and a CCD
cooled by nitrogen. The incident and scattered laser beams
were polarized by a half-wave retardation plate. The non-
polarized Raman measurements were performed on the
most convenient crystallographic orientation of the as-
grown crystals.

High-temperature Raman spectra were recorded on a
LabRam Aramis (Horiba Jobin-Yvon) spectrometer with a
blue diode laser (A = 473 nm, laser spot of approximately 1
pm in diameter). The sample was first placed in a Linkam
TS1500 oven and positioned under microscope (Olympus)
with a long focal length objective (50x). The temperature
was measured at the bottom of the heating stage, close to
the sample, by a thermocouple. Raman spectra were
recorded by step of 100 °C. The applied heating rate was
20 °C/min and the temperature was stabilized during 300
seconds before each measurement (20 seconds of
acquisition per spectrum). The standard error on the
effective temperature applied was estimated to be +30 °C
up to 600 °C and £50 °C over this temperature.

To correct the experimental shift due to the equipment,
calibration was made on the two Raman spectrometers by
measuring pure silicon and a-GeO, commercial powder
(99.999 %, PPM Pure Metals).

The positions, full widths at half maximum (FWHM) and
intensities were extracted by deconvolution with pseudo-
Voigt functions using the PeakFit software [9] after a
background subtraction and a normalization based on the
intensity of the main vibration line around 443 cm™. The
baseline was described by a second-order polynomial
function to fit its thermal increase coming from black-body
radiation.

Computational details

The a~Gey 83351916705 solid solution was built from a 1x1x2
supercell of a-GeO, where one Ge-atom was substituted by
one Si-atom. This solid solution is the only choice from a
1x1x2 supercell that allows combining a moderate
computational time and a close comparison with the o-
Gep 9338190670, experimental Raman spectrum. Lattice
parameters and atomic positions were relaxed until the
maximum stresses and residual forces were less than 2x10°°
GPa and 6x10” Ha/Bohr, respectively. Dynamical matrix
(yielding the phonon frequencies and eigenvectors) was
calculated within the density functional perturbation theory
framework and the local density approximation [10] as
implemented in the ABINIT package [11]. Convergence
was reached for a 70 Ha plane-wave kinetic energy cutoff
and an 8x8x8 mesh of special k-points. Raman intensities
were obtained as described in Ref. [12].

Results and discussion

A. Substitution effect
The unpolarized Raman spectra recorded at ambient

temperature of pure a-GeO, (x = 0) and mixed o-Ge,.
51,0, single crystals (with x = 0.018, 0.044, and 0.067) are

displayed in Figure 1. Despite minor differences on the
shape and intensity of the lines with respect to the
difference of polarization plane recorded (on rhombohedral
R, r, or prismatic m faces [1]), the Raman spectra of SiO,-
substituted a-GeO, single crystals are close to the pure -
GeO, spectrum. This latter corresponds to the assignment
proposed by Fraysse et al. [2]. No signature of some
additional phases, like -GeO, (the rutile-like form) or a-
Si0,, is visible on Figure 1. Moreover, the line at 760 cm’!
reported by Kaindl ez al. and assigned to Ge-OH bonds or
water-distorted GeO, entities [13] is also missing,
indicating a lack of water or hydroxyl group inclusions in
these flux-grown single crystals.
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Figure 1. Raman spectra of o-GeO, and three SiO>-
substituted o-GeO, single crystals (x = 0.018, 0.044, and
0.067) grown by spontaneous nucleation. For comparison,
the assignments of o-GeQ,, (black bars), r-GeO, (wine
bars), and o-SiO, (green bars) are added [2, 13, 15].
Additional Raman lines to the pure GeO-SiO, end-
members are marked by an asterisk in the enlarged graph.

Nonetheless, despite great similarities, slight distinctions
between the SiO,-substituted and the pure a-GeO, (x = 0)
Raman spectra can be found as four new weak lines around
380, 680, 910, and 1023 cm’ (marked by an asterisk in the
enlarged graph in Figure 1) are evidenced even for the low-
Si0,-content solid solution (x = 0.018). In addition, their
intensity increases with the silicon content x. These
additional lines are not related to a-GeO,, r-GeO, [2], or a-
SiO, [15] and are consistent with a direct structural effect
on the a-GeO, lattice of the presence of Si-atoms. In the
literature, Balitsky er al. have studied hydrothermally-
grown a-Ge,Si,0; (1.5 < x £ 14.0 mol. %) single crystals
using Fourier transform infrared spectroscopy at room
temperature [7, 8]. Similarly, they observed additional
bands compared to the pure a-GeO, with maxima close to
1040, 915, 665 and 400 cm’'. These weak infrared bands
were attributed to oscillations of Si-O-Ge bridges, while a
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maximum near 380 cm™ was identified as due to vibration
of Si-Ge pairs [7, 8].

To fully characterize our SiO,-substituted a-GeO, single
crystals, we have carried out polarized Raman experiment
combined with DFT based calculations. Experimentally,
we preferred working in the y(zz)y geometry (see Figure 2)
because (i) our flux-grown crystals have the naturally
occurring m prismatic faces corresponding to Y-faces [1],
and (ii) only the transverse optical phonon modes should be
active using this geometry. Theoretically, our calculations
give us to access to the atomic eigendisplacement vectors
obtained from the diagonalization of the dynamical matrix.
These vectors are especially relevant to identify the atoms
involved in a specific phonon mode.

Polarized y(zz)y Raman spectrum of flux-grown a-GeO,
single crystal (x = 0) is dominated by four intense lines
centered on 163, 261, 442, and 879 cm™, (Figure 2) and
assigned to transverse optical phonon modes with A,
symmetry [2]. Polarized y(zz)y Raman spectra of mixed
a-Ge,Si,0, single crystals (with x = 0.018, 0.044 and
0.067) present also the four A, lines, Figure 2. However,
four additional weaker lines, marked by an asterisk, are
also visible. The polarized spectrum of hydrothermally-
grown a-SiO, (x = 1) highlights that these weak lines do
not arise from Si-O-Si modes (see Figure 2).
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Figure 2. Polarized Raman spectra of a-GeO; (x = 0), o
SiO; (x = 1), and several substituted compounds (x =
0.018, 0.044, and 0.067) at room temperature. The
calculated Raman spectrum of Gey. 335091570, at 0 K in
the y(zz)y geometry is also indicated for comparison.
Additional lines to the pure a-GeO, and «-SiO, end-
members are marked by an asterisk.

The additional lines around 380, 680, 910, and 1023 cm’
were already observed for unpolarized Raman experiments
in solid solutions (Figure 1). The experimental polarized
Raman lines have been fitted and they are gathered in
Table 1 with their position and full width at half maximum
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(FWHM). The 676 cm™ lines being very weak and broad,
Figure 2, they were not fitted and so, only their positions
were reported in Table 1.

The theoretical Raman spectrum of a-Geg33Si)16702
reproduces all the experimental lines (position and relative
intensity) observed in the SiO,-substituted a~GeO, spectra
(Figure 2). To identify and to describe the additional
Raman lines in our mixed flux-grown single crystals, we
compared their position with those obtained by DFT (Table
1). The three observed lines centered around 380, 910, and
1023 cm™ can directly be assigned to the calculated lines at
379, 921, and 1025 Cl'n_1 in GCOAg33Si0A16702. For the
experimental lines around 680 cm™, two calculated modes
with close wavenumber values can be assigned at 672.78
and 677.05 cm™, see Table 1. The atomic motions of these
modes are displayed in Figure 3 and highlight that the Si-
O-Ge bridges are involved.

The slight deviation between the experimental (20 °C) and
the calculated (-273 °C) wavenumber positions, see Table
1, could indicate a weak anharmonic behavior in
temperature of the Si-substituted flux-grown single crystals
(as found in pure a-GeO, [2]), despite the Si-richer content
considered in the model.

Table 1. Positions and FWHM (between parenthesis) of
Raman lines (both in cm™) of &-Ge,.,Si, 0, single crystals
(x =10, 0.018, 0.044, 0.067, and 1) observed in the y(zz)y
geometry, along with calculated line positions of the o-
GCOAg33Si0A16702 solid solution.

x =
X = X = X =
x=0 0.167 | x=1
0.018 | 0044 | 0.067 | o7
1632 | 1638 | 1652 | 1700 | o o0 | 2042
G1) | 60 | 65 | (120 801 24.6)
2611 | 2617 | 2625 | 2650 | . | 3536
(11.0) | (132) | (16.3) | 21.4) 1152
380.0 | 379.8 | 380.0
ol aza | a3y | azsy | 3R
4422 | 4423 | 4426 | 4434 | o | 4636
(15.7) | (146) | (16.7) | (16.1) 93187
672.77+
/6174 | sl | esas |SETE |
8792 | 879.1 | 8793 | 8792 [ (oo, [ 10813
©0) | 5.7 | ©66) | (8.0 S2 1 (7.6)
907.7 | 908.1 | 911.0
Pl ®oy | @ | iz | 22000 |/
1022.6 | 1023.1 | 10245
ol 58 | 06 | sy | 10240/
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Figure 3. Selected normal modes of a-Ge 335191670,
Arrows are proportional to the amplitude of the atomic
motion. Color of Ge, Si and O atoms is purple, cyan and
red respectively.

Except for the modes centered on 261 and 1022 cm™ that
broaden the most with the silicon content x, the FWHM of
the Raman lines given in Table 1 does not significantly
progress as a function of x in a-Ge;,Si,O, crystals. This
behavior is consistent with a good structural and chemical
homogeneity in these low-SiO,-substituted a-GeO, crystals
as already pointed out by an X-ray single crystal diffraction
investigation [6].

The substitution of a part of the Ge*" cations by Si*" cations
in the a~quartz-like network of GeO, is accompanied by a
frequency-upshift of the most intense Raman line around
442 cm’, Figure 4a and Table 1. The two pure end-
members a-GeO, (x = 0) and a-SiO, (x = 1) recorded in the
same experimental conditions are also presented, Figure 4a
and Table 1.

The position of the most intense Raman line is plotted on
Figure 4b as a function of the substitution rate x. The line
on Figure 4b corresponds to the linear interpolation of the
experimental points (black marks only):

v=442210-0.218 (xg) (1

where the frequency v and the Si-substitution rate xg; are
given in em™ and % respectively.

Red marks on Figure 4b are the reported positions of the
most intense Raman line of highly a-SiO,-substituted GeO,

hydrothermally-grown single crystals measured by Ranieri
et al. [15]. Thus, it appears that the chemical composition
of a a-Ge,Si,O, solid solution could be directly
extrapolated from a simple measurement of the position of
its most intense Raman line.
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Figure 4. (a) Frequency dependence of the 442 cm’
Raman line of o-Ge,,Si O, single crystals (x = 0, 0.018,
0.044, 0.067, and 1) with the Si-substitution rate x. (b)
Positions of the most intense A; line in polarized Raman
spectra of a-Ge, Si,O; crystals (x = 0, 0.018, 0.044, 0.067,
and 1) with the linear interpolation. Positions of the main
Raman lines of several highly SiOj-substituted GeQO,
compositions measured by Ranieri et al. [15] are also
plotted in red.

B. Thermal stability
The thermal dependence of the unpolarized Raman
spectrum of a flux-grown a-Gey 9335190670, single crystal is
reported in Figure 5.
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Figure 5. Raman spectra of a-Ge 335190570 flux-grown
single crystal as a function of temperature. The
normalization is based on the most intense intensity.

At ambient temperature, fifteen Raman lines are counted in
the a-Geyg33Sig 0670, spectrum. Set apart the four
additional lines at 380, 683, 911, and 1024.5 cm’! discussed
previously, the overall Raman spectrum recorded at
ambient temperature is similar to those of compounds
crystallized in the a~quartz-like structure (a-SiO,, a-GeO,)
[2, 14, 15].

During the heat treatment of this a-Ge;.,Si,O, mixed single
crystal, no new Raman line was observed characterizing a
high thermal stability of the a~quartz-like structure of the
flux-grown solid solution. On the contrary, hydrothermally-
grown a-Ge;,SiyO, solid solutions transform into the
tetragonal phase around 200-300 °C depending on the Si-
substitution rate [7, 8].

With increasing temperature, the intensity of the Raman
lines was lowered in accordance with the weakening of the
atomic resonators involved. The intensity of the low-
frequency modes seems enhanced due to the normalization
based on the most intense line close to 442 cm™. Indeed,
with temperature, the intensity of this latter decrease faster
compared to the other lines, increasing their relative
intensity. Thus, no soft mode was present in this substituted
material, all the lines were conserved at high temperature.
We did not succeed to analyze the thermal evolution of the
whole Raman lines due to their broadening upon increasing
temperature. Only ten Raman lines out of fifteen were
fitted up to 1100 °C. Figure 6 shows that no strong
softening with temperature is observed for the o-
Gep.933519,0670, flux-grown single crystal. As observed in
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a-GeO,, the phonon modes are very stable over a large
temperature range [2], Figure 6. The slight thermal
variations can be described by linear interpolations giving
the frequency shift in temperature of a-Gego33Sig 06702
(Table 2). The dv/dT values of the substituted compound
are close to those reported for pure o-GeO,, showing a
similar weak anharmonicity [2]. The linear frequency-shift
coefficient values are quite low except for the frequency
shift of the mode centered at 593 cm'l, Table 2. However,
this different trend does not correspond to any physical
behavior, but is due to the fitting software. Even a careful
control of the fitting parameters does not prevent an
excessive broadening and shifting by the fitting software to
compensate the asymmetry of the most intense Raman line.
The low anharmonicity exhibited by this a-GeO,-based
material explains the good accordance between the
calculated and the experimental Raman spectra despite a
thermal difference of 300°C, Figure 2 and Table 1.

)
=
g
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©
8

Raman shift
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Temperature (°C)

Figure 6. Thermal dependence of Raman shifts with their
linear interpolation of a-Gey 9335599570, single crystal. The
error bars are smaller than the symbol size.

Ranieri et al. [15] have shown that, in addition to the
libration mode dampening, the o to p-quartz phase
transition can be evidenced by the evolution of the most
intense A; line (which exhibits an opposite thermal
evolution both in wavenumber and FWHM after the phase
transition). The linear shift of the most intense A; mode (»
444 cm™) for our mixed composition studied, Figure 6,
excludes a a- to f-quartz phase transition with temperature.
The absence of this phase transition was also supported by
previous calculations on pure a-GeO, [2].
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Table 2. Frequency shifts of a-Ge 9335190670, Raman lines
with temperature (from 28 °C to 1000 °C).

(8v/8T) (8v/8T)
v; (em™) (cm’'/°C) (cm’'/°C)
Symmetry
(T=28°C) x=0 x=0.067
(for a-GeO,)
x=6.7% from 28 to from 28 to
1100 °C* 1000 °C
121.8 E(TO1+LO1)  -0.011(1) -0.013(1)
173.4 A(TO1) -0.009(1) -0.015(2)
216.6 E(TO2+L02)  -0.010(1) -0.013(2)
257.6 E(TO3) -0.001(2) -0.005(8)
270.8 A(TO2) -0.011(2) -0.003(2)
443.6 A(TO3) -0.018(1) -0.018(1)
525.0 / / /
593.7 E(LO6) -0.017(3) -0.027(1)
672.8 / / -0.035(3)
860.1 E(TO7) -0.018(1) /
957.6 E(LO7) -0.015(1) -0.011(4)
1025.3 / / -0.011(1)

Thus, the substituted compound analyzed presents an
excellent thermal stability, in accordance with the absence
of libration mode, as in the pure a-GeO, end-member [2].
The a-quartz-like structure is conserved up to very high-
temperature, over 1000 °C. After heating, no macroscopic
change (color modification or cracks) was observed in the
mixed single crystal.

Conclusions

The Ge*'/Si*" substitution effect on the Raman spectrum of
a-GeO, was analyzed with the combination of
experimental and theoretical results. The formation of the
a-Ge,.,S1,0, solid solution conducts to the linear frequency
shift of the most intense A; Raman line with x and to the
apparition of four additional lines never reported. These
additional Raman lines were related to the deformation of
the a-GeO, lattice network due to the modification of the
surroundings of the GeO, tetrahedra by the presence of Si
atoms i.e. the presence of Ge-O-Si mixed vibrations.

The high-thermal stability of the a~quartz-like structure of
Ge.,Si,0, flux-grown phases was linked to the lack of a
libration mode and to the absence of a softening mode with
temperature. Such stability upon temperature reflects a very
low level of defects in the flux-grown o-Ge,,Si,O, single
crystals making them promising materials for high-
temperature piezoelectric devices. Nonetheless, further

experiments as resonance methods must be performed to
confirm this potential.
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