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1 Introduction

Evaluation of lattice dynamics, infrared optical
properties and visible emissions of hexagonal
GeO, films prepared by liquid phase deposition

Yabin Sun,® Weili Xu,? Xiaohong Fu,? Zihan Sun,® Junyong Wang,®
Jinzhong Zhang, (2 **° Daniel Rosenbach, Ruijuan Qi,? Kai Jiang,?
Chengbin Jing,**® Zhigao Hu, 22 Xueming Ma® and Junhao Chu?®

GeO; films with thicknesses from 10 to 22 um have been deposited on polished Si(100) substrates using
liquid phase deposition. The effects of deposition time on the thickness, crystallographic and vibrational
properties, as well as optical characteristics have been investigated by X-ray diffraction (XRD), scanning
electron microscopy, Raman scattering and infrared (IR) reflectance/transmittance. The XRD analysis
indicates the presence of the pure hexagonal GeO, phase, and the space group P3;21, in the films,
which is confirmed by the frequencies and intensities of the Raman- and IR-active phonon modes.
Furthermore, the optical constants n and k in the mid- and far-IR regions for the a-GeO, films have
been extracted using IR variable angle spectroscopic ellipsometry. Interestingly, we observe that the
refractive index n in certain mid- and far-IR regions is below unity (n < 1), which explains the abnormal
phenomena observed in the IR transmittance spectra. Based on this unique characteristic, the GeO,
films can be used as attenuated total reflection mid- and far-infrared hollow waveguides for infrared
waves. In addition, the photoluminescence spectra were collected in the visible range to investigate the
related defects in the GeO, films. The emission band near 2.1 eV originates from the X3:Ge-GeX; related
defects, while the bands located at around 2.4 and 2.8 eV are related to the Ge-O related defects,
which are dominant in the as-deposited GeO, films. These findings provide further information for
developing GeO,-based optical devices.

optical application, GeO, can be applied to infrared light
transmission since its refractive index n in some infrared
regions is below unity (n < 1), and this can be used in total

Germanium dioxide (GeO,), which is a wide band gap (~5.2 eV
for o phase’ and ~5.7 eV for B phase®) material, exhibits
exceptional physical and chemical properties such as a high
refractive index (1.6-1.7), excellent optical transmittance in the
mid- and far-infrared (IR) regions, and a high dielectric con-
stant in combination with thermal and mechanical strength.*™°
Therefore, GeO, is widely used as a pure or mixed oxide for
optical waveguides, nanoconnections in optoelectronic com-
munications, transport layers in solar sells, etc.>”” As a potential
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reflection infrared hollow fibers.*'® In addition, it has
attracted attention as a functional dielectric material with small
Ge-O bond formation energy and high defect densities (oxygen
vacancies) formed by Ar' ion bombardment or the interaction
of GeO, with Ge at a very low temperature for resistive random
access memory (RRAM) based on the resistance switching
effect.'" Recently, GeO, nanoparticles have been considered
aspromising candidates for high-capacity anodes in lithium
batteries since germanium has a relatively high theoretical
capacity (~1600 mA h g ', 4.4 Li" ions per Ge atom), high
electrical conductivity (104 times higher than that of silicon),
and good lithium diffusivity (400 times faster than that in
silicon), even though it shows a fast capacity fade during
cycling due to the large volume change between Ge and Li, 4Ge,
which causes particle cracking and pulverization.>***?

It is well-known that GeO, can exist in three possible crystallo-
graphic modifications at ambient temperature and pressure.'*">
So far, the physicochemical properties and the corresponding
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potential applications of the three phases have been neither clear
nor systematic, even though there have been some studies
published.'®** The first form is the o-quartz type trigonal
(hexagonal) Dj structure (space group P3,21) with a tetrahedral
coordination of Ge'* ions. In particular, the GeO, tetrahedra are
distorted because of the greater variations of the O-Ge-O angles
in the range of 106.3°-113.1° than those in the the Ge-O-Ge
angle of 130.1°, which is similar to that in a-quartz (o-SiO,).
The second phase has the cassiterite (or rutile) tetragonal Djp
structure (space group P4,/mnm) with octahedral coordination.
It is similar to stishovite, which is an extremely hard dense
tetragonal polymorph of Si0,.>* The two axial bonds within the
GeOy octahedron (1.902 + 0.001) are longer than the four
equatorial Ge-O bonds (1.872 + 0.001).>* The rutile-type GeO,
polymorph can transform into o-quartz type GeO, at about
1300 K upon heating."” The last but not the least is the amor-
phous glassy state with a shortrange order of GeO, tetrahedra,
while it lacks any long-range correlation. In particular, the short-
range order closely resembles o-quartz configuration, while the
structural medium-range order is commonly described as an
open tetrahedral framework.>*® The pressure-dependent GeO,
glassy structure has been reported up to 64 GPa and there exists a
tetrahedral-octahedral transition at about 20 GPa detected by
X-ray absorption spectroscopy.>” Right now, the systematic ana-
lysis and comparison of different phases are still lacking. Inves-
tigations on the structure of GeO, continue to be of interest to
researchers and scientists working in physics and on glass, and
in materials and geological sciences due to the fact that it is
similar to SiO,.

With respect to optical properties, the quartz and rutile
forms are interesting from a device point of view because they
are hard, transparent and colorless. In addition, the a-quartz
type GeO, has a large enough birefringence to conduct phase-
matched nonlinear optical experiments.'> More recently, Hermet
et al. have calculated the infrared/Raman spectra of a-GeO, to
assign the corresponding experimental phonon modes, and then
predicted its second-order nonlinear susceptibility/electro-optic
coefficients for nonlinear optical applications."® After that, they
have predicted that the piezoelectric stress (eq;) of a-quartz type
GeO, is about 50% higher than that of a-quartz due to larger
tetrahedral distortions and/or the lower frequency of the polar
E-mode."” There are some differences between a-quartz and
rutile GeO,: (a) a-quartz type GeO, is an indirect band gap
material, while rutile GeO, has a direct optical band gap
detected in experiments;'®'® (b) hexagonal GeO, is slightly
soluble in water, while that in the tetragonal phase cannot
dissolve at all;**** (c) the six-coordinated rutile structure is a
stable form, while the quartz polymorph is metastable under
ambient pressure conditions. It undergoes a series of transi-
tions to rutile structure (~10 GPa) to octahedral coordination
(CaCl,-type phase Pnnm at ~20 GPa and o-PbO, phase Phcn at
~35 GPa) to a pyrite-type structure Pa3 at around 60 GPa;*’
(d) both phases exhibit different photoluminescence responses.
Shinde et al. found that a-quartz type GeO, exhibits strong
green luminescence, while rutile GeO, displays blue lumines-
cence when they are excited with ultra-violet light. A yellow-red
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luminescence is also detected when both phases are excited
by green light.>® For visible-light photodetection, the different
microstructure and surface morphology need to be measured
in order to control the emission energies and intensities in
various phases of GeO,.

In this study, GeO, films were deposited on Si(100) sub-
strates using liquid phase deposition. This fabrication proce-
dure attracts wide attention since it enables us to deposit thick
and uniform GeO, films on irregular-shaped substrates at low
temperature.® The as-deposited films have a pure hexagonal
structure according to the XRD and Raman spectra. The
infrared-region optical properties were investigated for applica-
tion in total reflection infrared hollow waveguides. Finally, the
photoluminescence spectra of the a-quartz type GeO, films
were studied and the physical mechanism of visible-light
emissions is discussed in detail.

2 Experimental section
2.1 Chemical reagents

Analytical grade germanium dioxide powder (GeO,, 99.99%),
sulphuric acid (H,SO,, 95.0-98.0%), and aqueous ammonia
(NH3-H,0, 25.0-28.0%) were bought from Sinopharm Chemical
Reagent Co., Ltd. Acetone (CH3COCHj3, 99.5%) and isopropanol
(CH3CH,OHCHg3, 99.5%) were purchased from Jiangsu Yonghua
Fine Chemical Reagent Co., Ltd. The electrical resistivity of
deionized water is above 18 MQ. All the chemicals were used as
received and without further purification. In addition, the double-
sided polished Si(100) wafers with the electrical resistivity of
3 £ 1 Q cm were purchased from Shanghai Guangwei Electronic
Material Co., Ltd.

2.2 Fabrication of GeO, films

The GeO, films on Si(100) were prepared by the liquid phase
deposition method. Initially, 200 ml deionized water was mixed
with 6 ml aqueous ammonia, followed by adding 10 g GeO,
solid powder and stirring at 70 °C for 15 minutes. Then,
sulphuric acid was added for adjusting the solution pH to a
value of 2. The double-sided polished Si(100) substrates were
cleaned in acetone, and then isopropanol within an ultrasonic
bath to remove organic residues on the substrate surface. Then,
the substrates were rinsed several times with deionized water
and dried in a pure nitrogen stream before placing them into
the as-prepared precursor. The liquid phase deposition process
takes place at room temperature and lasts 2, 3, 6, 9 and 12 days.
The as-deposited GeO, samples were therefore briefly labeled
D2, D3, D6, D9 and D12. Finally, the samples were dried in air
at 50 °C for 2 hours. The experimental details can be found
elsewhere.®’

2.3 Structural properties, lattice dynamics, and optical
characterization

The structural properties of the GeO, films were investigated by
X-ray diffraction (XRD) using a Ni-filtered Cu Ko radiation
source (D/MAX-2550V, Rigaku Co.). In the XRD measurements,
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a vertical goniometer (Model RINT2000) and continuous scanning
mode (0-20) were selected with a scanning rate of 10° min~" and
a step size of 0.02°. In addition, the film surface morphology and
thickness were detected by using a field emission scanning
electron microscope (FE-SEM: Hitachi S-4800). Then, the effects
of deposition time on Raman- and IR-active phonon modes
were characterized by a micro-Raman spectrometer (Jobin-Yvon
LabRAM HR 800 UV) with a 488 nm laser, and a Bruker Vertex
80V Fourier transform infrared spectrometer with a DTGS
detector and a 6 um-thick mylar beam splitter. Furthermore,
the ellipsometric spectra were recorded at room temperature by
using a vertical variable-angle infrared spectroscopic ellipso-
meter (IR-VASE, J. A. Woollam Co., Inc.) in the wavelength
range of 3-30 um at an incident angle of 70°. Finally, the PL
spectra in the photon energy range from 1.3 to 3.5 eV (354-
954 nm) were recorded by the same micro-Raman spectrometer
equipped with a 325 nm laser.

3 Results and discussion
3.1 Crystalline structure and microstructure analysis

The XRD patterns of the GeO, films, as shown in Fig. 1, indicate
that all the films are polycrystalline with the strongest (101)
diffraction peak at 20 = 26.1°. Besides this distinguishing
feature, there are several other strong diffraction peaks assigned
to the crystallographic planes (100), (110), (102), (111), (200),
(202), (211), etc. This indicates that all the as-deposited GeO,
films are of a hexagonal (a-quartz type) phase with the P3,21 (152)
space group and D3 symmetry according to the JCPDS card
(No. 65-6772, cell = 4.996 x 4.996 x 5.654 (90 x 90 x 120))."*?8
Based on the (100) and (101) diffraction peaks and the hexagonal
crystal texture, the lattice constants a(b) of GeO, films are varied
in the range of 4.947-4.976 A and c¢ is about 5.634 4 0.008 A
(Table 1). The deviations of the lattice constants suggest that there
exist different lattice distortions and defects in the GeO, films.
Moreover, the grain size D is obtained to be about 65-92 nm
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Fig. 1 XRD patterns of the a-GeO, films deposited on Si(100) substrates
for 2, 3, 6,9, and 12 days. Note that each spectrum is shifted in intensity for
clarity.
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Table 1 The (100) and (101) diffraction peak positions and FWHM deter-
mined from XRD patterns of a-GeO, films deposited for various times

Positions (°)

(100) (101) (101)

FWHM (°) Lattice constants
ab) () c(®)  0(%) d(m)

D2 20.68 26.10 0.103 4.954 5.627 0.25 10
D3 22.70  26.10 0.099 4.951 5.631 0.23 13
D6 20.65 26.05 0.112 4.963 5.634 0.26 19
D9  20.59 26.00 0.135 4.976 5.641 0.33 22
D12 20.72 26.12 0.098 4.947 5.626 0.24 21

according to the well-known Debye-Scherrer equation: D = KA/
(B cos 0). Here, K ~ 1 is the shape factor, / = 1.54178 A is the X-ray
wavelength of Cu Ko radiation, f is the line broadening of full
width at half-maximum (FWHM) in degrees, and 0 is the Bragg
diffraction angle.”>*° Based on the definition of a crystal lattice
distortion rate (0 = f3/4 tan 0), the broadening  and the position 0
of the (100) diffraction peak, the effects of deposition time on the
crystal lattice distortions of GeO, films have been evaluated and
the values are listed in Table 1. This indicates that the lattice
distortion is related to the film thickness and deposition time.

In addition, the surface morphology and inner texture of the
deposited GeO, thick films are shown in Fig. 2. With increasing
the deposition time, the film thicknesses d are about 10, 13, 19,
22, and 21 pm for the samples D2, D3, D6, D9, and D12,
respectively. It increases and then slightly decreases, which means
it reaches the chemical reaction equilibrium. The thickness,
lattice distortion and grain size affect the lattice vibrations
and optical properties, which will be discussed in detail in the
following sections.

3.2 Lattice vibrations

Generally, a-quartz type GeO, belongs to the hexagonal struc-
ture (P3,21 space group, or D3 symmetry) with three units and
the corresponding zone-center optical phonon modes are
4A4(R) + 9E(R,IR) + 5A,(IR) according to group theory.”" Here,
R and IR stand for the Raman- and infrared-active modes,
respectively. The E and A, modes are uniform translational
modes. In the case of the E and A, modes, longitudinal optical

Fig. 2 Plane-view and the corresponding cross-sectional SEM images of
the GeO; thick films (a) D2, (b) D6, (c) D9, and (d) D12 on polished Si(100)
substrates.
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(LO) and transversal optical (TO) phonon splitting occurs. The
results are a total of twenty Raman- and twenty-four IR-active
phonon modes.*®*'? On the other hand, for the rutile GeO,
with the P4,/mnm space group or Dji symmetry, there are a
total of eighteen modes at the I' point of the Brillouin zone (BZ)
as the following: I'yip = A1(R) + Agg(S) + Au(IR) + B1y(R) + Bg(R)
+ 2B1y(S) + E4(R) + 3E4(IR), here S stands for silent modes. The
A,, and E, modes are double degenerated, and each A,,/E,
mode is purely translational. Therefore, there are four Raman-
and eight IR-active phonon modes.*® It should be emphasized
that IR and Raman spectra are independent because of the
absence of the double-active mode. It should be pointed that
some second-order or multiple phonon modes related to amor-
phous glassy GeO, are possible in the Raman and IR spectra,
which can be evaluated by the pressure-induced coordination
change in GeO, glass.?®

3.2.1 Raman-active modes. The unpolarized Raman spectra
of the GeO, films deposited on Si(100) substrates are shown in
Fig. 3. There are three main first-order Raman-active modes
located at about 123, 166, and 443 cm™ %, and some other weaker
ones near 212, 264, 590, and 880 cm™'. Note that the peak at
around 520 cm™ " originates from the Si(100) substrate. All mode
frequencies and broadenings do not show remarkable change.
There is a good overall agreement between the experimental
results and theoretical predictions for the a-quartz GeO,.'®>
Theoretically, the Raman-active modes such as E (~122 and
212 em™ ') and A; (~166 and 264 cm ') in the region of
100-350 cm ' are assigned to the O-Ge-O bending vibrations.
The A; (~443 cm ') and E (~590 cm ') modes come from
the Ge-O-Ge bending vibrations. Moreover, the A; mode near
880 cm ' is clearly caused by the stretching vibrations of O-Ge
units.*! It should be emphasized that the mode near 775 cm™*
labeled by an asterisk (*) is not a first-order Raman-active
mode, and arises from the Ge-O stretching vibrations of
a water-distorted GeO, tetrahedral building block. This can
be verified by mid-IR absorption spectra in the range of 3200-
3400 cm ™ '.2»%!

Intensity (a.u.)

WP,

200 400 600 800
Raman shift (cm™)

Fig. 3 Raman spectra and mode assignments of the a-GeO, films
deposited for various days. Note that each spectrum is shifted in intensity
for clarity.
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Fig. 4 Decomposed Raman spectra of the a-GeO, films (a) D2, (b) D6,
and (c) D12 deposited on Si(100) wafers. (d) Peak locations, (e) broad-
enings, and (f) intensities of the first-order Raman mode A; near 444 cm™*
as a function of deposition time.

In order to ascertain the frequencies, broadenings, and
intensities of phonon modes, the Raman spectra were decom-
posed into a series of bands with the assumption of a multi-
Lorentzian approximation. For example, the decomposed
Raman spectra of samples D2, D6, and D12 are plotted in
Fig. 4a—c, respectively. The fitting curves are in good agreement
with the corresponding experimental spectra. In particular, the
effects of deposition time on the frequency, broadening, and
intensity of the A; mode near 444 cm ™" are evident in Fig. 4d-f.
This suggests that they display similar line shapes, which
is consistent with a ‘“back-~" trend of lattice distortion.
In contrast, the grain size has a “~” trend with increasing
the deposition time. Therefore, the Raman mode frequency
has a shift towards lower wave numbers and the broadening/
intensity decreases with increasing the grain size or/and
decreasing the lattice distortion rate.

3.2.2 IR-active modes. Infrared reflectance measurements
of the a-quartz type GeO, films on double-sided polished Si(100)
substrates were carried out at room temperature, as shown in
Fig. 5a. This indicates that the assigned IR-active modes have no
obvious change, even though the line shapes are affected by the
film thickness, surface morphology, microstructure, packing
density, etc. Based on the theoretical predictions, the IR-active
TO modes E2 (~47.62 um), Ay/E3 (~40 pm), E4 (~30.49 pm),
and A, (~28.99 um) are related to O-Ge-O bending vibrations.
The TO modes E5 (~19.53 um) and E6 (~17.24 pym) come from
the bending modes of Ge-O-Ge units. In addition, the modes
A,/E7 (~11.49 pm) and E8 (~10.35 pum) arise from O-Ge or/and
Ge-O-Ge stretching vibrations.*" Unfortunately, the other first-
order modes are not detected due to the range limitations of
measurements or/and weak intensity.

Frequencies of the IR-active TO modes E and A, for a-quartz
type GeO, films can be extracted according to the peak positions in

J. Mater. Chem. C, 2017, 5, 1279212799 | 12795
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Fig. 5 Infrared (a) reflectance and (b) transmittance spectra of the o-
GeO; films deposited for various days. The reflectance of a double-sided
polished Si(100) substrate is plotted as a reference. The shadow curve in (b)
is the corresponding normalized absorption coefficient of sample D3. The
dashed lines suggest positions of the IR-active TO phonon modes E and
Az, and each spectrum is shifted in intensity for clarity.

the FIR reflectance spectra. On the other hand, the effects of
IR-active modes on optical behavior (absorption, dielectric constants,
etc.) can be investigated by analyzing the IR transmittance spectra
(Fig. 5b). The IR absorption coefficient « of the as-deposited GeO,
films was derived from the relationship: a(fw) = —d " In T'(hc).
Here, d and T are the thickness and transmittance of GeO, films,
respectively.***> For example, the absorption coefficient of the GeO,
film D3 is presented in Fig. 5b. This suggests that there exists some
strong absorption peaks in the regions where their IR-active phonon
modes appear and the transmittance is close to zero. Moreover, the
IR-active TO modes can affect the static dielectric constant % The
A,(TO) modes significantly contribute to the &) component, while
the E(TO) ones especially E3, E4 and E7 contribute to the &3
component.'®

3.3 IR optical constants

Spectroscopic ellipsometry is a non-destructive and sensitive
method, which is an effective tool to extract the optical con-
stants of bulk and film materials based on the reflectance
configuration. It measures the relative changes of the ampli-
tude ¥(4) and phase 4(4) of particular polarized lights upon
oblique reflection from the sample surface.**>® The experi-
mental parameters measured by ellipsometry are the complex
ratio p(4) in terms of ¥Y(1) and 4(4), which are defined as: p(4) =
Fo(A)/F(7) = tan P(2)e™™). Here, 7,(2) and 7,(2) are the complex
reflection coefficients of light polarized parallel and perpendi-
cular to the incidence plane, respectively.>’*° For example, the
experimental ellipsometric parameters ¥(1) and 4(4) recorded
at the incident angle of 70° for the a-qualtz GeO, film D6

12796 | J. Mater. Chem. C, 2017, 5, 12792-12799
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Fig. 6 Experimental ellipsometric spectra (a) ¥(4) and (b) 4(4) of the GeO,
film D6 without Si(100) substrates, and the corresponding (c) optical
dielectric functions (e, &) and (d) optical constants (n, k) in the infrared
region.

exfoliated from polished Si(100) substrates are plotted in Fig. 6a
and b, respectively. For single phase bulk or thick film materials
with a smooth surface, the optical dielectric constants ¢ at a given
light energy can be calculated directly from the relationship based
on the two-phase structure model (air/bulk):

E=g +ig=sin®0[1 +tan®0(1 — p)*/(1+p)] (1

here, p = tan¥e™ and 0 is the incident angle of light.*!
Correspondingly, the refractive index n(4) and extinction coeffi-
cient k(Z) can be obtained according to the formula N(2) = &(1)"?,
where the complex optical constants are N(1) = n(4) + ik(4).
Therefore, the calculated optical constants (e, ¢;) and (n, k) of
the GeO, film D6 in the IR region are shown in Fig. 6¢ and d,
respectively. By combining Raman scattering and infrared
spectra analysis, the peaks near 11.5 um are attributed to A,,
E7 or/and A, related lattice vibrations. Moreover, the platform
in the range of 16.5-20.5 pm arises from E5, A, and E6 related
phonon vibrations, and the E5 and A, modes contribute to the
optical constants at round 30 um. It should be emphasized that
the refractive index n is below unity in the wavelength ranges of
27.5-28.8 pm (347-364 cm ') and 9.9-11.5 pm (870-1010 cm Y).
Based on the total reflection principle, the as-deposited a-quartz
type GeO, can be applied to design mid- and far-infrared hollow
waveguides for infrared transmissions such as the 10.6 pm CO,
laser within these two regions.***

3.4 Photoluminescence emissions

Besides the crystallinity and microstructure, the surface and/or
lattice defects (surface states, oxygen vacancies, etc.) play an
important role in the electronic band structure and optical
behavior of the a-quartz type GeO, films. The PL technique can
supply information about surface/subsurface oxygen vacancies,
lattice defects as well as the separation/recombination of
photoinduced charge carriers.*® In the case of GeQ,, the visible
PL emissions are considered to be caused by surface/inner
defects, oxygen vacancies, Ge-GeO, interfaces such as the

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Room temperature PL spectra of the GeO, films deposited for
various days. The background signal (BS) is collected as a reference and
the dashed lines indicate the frequencies and intensities of the green-
yellow (~2.3 eV) and violet (~2.8 eV) emissions.

surface E’ center, -GeX;, combined E’-center-oxygen vacancies,
X;Ge-GeX,, defects in substoichiometry, etc.>**** Fig. 7 pre-
sents the PL emissions of the as-deposited GeO, thick films and
a double-sided polished Si(100) substrate as a reference. There
exist three main peaks/shoulders in the photon energy range
from 1.3 to 3.4 eV. The first emission labeled by the asterisk
symbol (¥) near 1.6 eV comes from extrinsic factors such as the
measurement system or substrates because it is independent of
various deposition times of GeO, films. In addition, the back-
ground signal (BS) is confirmed by the PL spectrum of Si
substrates. In contrast, the other two visible PL emission bands
located at around 2.4 and 2.8 eV are sensitive to the deposition
conditions of the GeO, films. The PL intensity of the sample
D6 is the strongest, while that of sample D12 is the weakest.
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Fig. 8 Decomposed PL spectra of the GeO, films (a) D2, (b) D6, and
(c) D12 deposited on Si(100) wafers. Intensities of (d) violet and (e) green-
yellow emissions as well as (f) the intensity ratio of the two emissions near
2.4 and 2.1 eV as a function of deposition time.
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This indicates that the two emission bands arise from the
as-deposited a-quartz type GeO, films and the emission intensity
is related to the oxygen vacancies (i.e., O/Ge ratio).*®

To further investigate the deposition time dependent energies,
intensities, and broadenings of the emission bands, the PL
spectra were decomposed into a series of components under
assumption of a multi-Lorentzian approximation, as depicted
in Fig. 8a—c for the samples D2, D6, and D12, respectively. This
suggests that all fitting curves agree well with the experimental
spectra. The intensities of the PL emission bands located at
about 2.8 and 2.4 eV are shown in Fig. 8d and e, respectively, as
a function of deposition time. This indicates that the higher PL
emissions (2.8 and 2.4 eV) have a similar behavior compared to
that of the lowest one (2.1 eV). It can be concluded that the two
higher emissions originate from the same physical mechanism
and the lower PL one comes from another mechanism. In the
case of GeO,, the microstructure defects form three types of
energy levels (i.e. ground-state singlet levels Sy, excited singlet
levels S;, and triplet levels T;). Specifically, the PL bands
centering at about 2.8 and 2.4 eV are related to the Ge-O
defects such as the twofold-coordinated germanium O-Ge-O
from the triplet to singlet level transitions (T; — S,), while
another one near 2.1 eV comes from the X;Ge-GeX, related
defects from the singlet S; — S, transitions.”*” In addition, the
intensity ratio of the PL bands (2.4 and 2.1 eV) suggests that the
Ge-O related defects are dominant in the as-deposited GeO,
films (Fig. 8f).

4 Conclusion

In summary, high-quality a-quartz type GeO, films with different
thicknesses have been deposited on double-sided polished Si(100)
substrates by liquid phase deposition. The XRD analysis reveals
that they exhibit the pure hexagonal phase (space group P3;21)
with the lattice constants of a(b) ~ 4.96 A and ¢ ~ 5.63 A. The
Raman- and IR-active modes indicate the thickness dependence
of lattice dynamics and verify the hexagonal structure. Moreover,
the abnormal optical behavior of the IR transmittance in certain
regions near 11 and 28 pm is observed because the corresponding
refractive index is below unity (n < 1), which is confirmed by
analyzing the IR ellipsometric spectra. Therefore, the as-deposited
GeO, films can be used in total reflection infrared hollow wave-
guides for mid- and far-infrared (9.9-11.5 um and 27.5-28.8 pm)
light transmissions. Finally, we found that the visible PL emis-
sions of the a-GeO, films come from different physical mechan-
isms: the PL band near 2.1 eV originates from = Ge-Ge— related
defects, while the emissions located at around 2.4 and 2.8 eV
are related to Ge-O related defects, which are dominant in the
as-deposited GeO, films. The results will pave the way for developing
GeO, based optoelectronic devices.
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