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ABSTRACT: Germanium oxide (GeO2) exhibits two poly-
morphs, namely, α-quartz and rutile, which belongs to the
ultrawide band gap (UWBG) semiconductor group. With
exceptional thermal conductivity and ambipolar capability by
doping, GeO2 has tremendous prospects for next-generation
semiconductor electronics and other multifunctional device
applications. However, the primary bottleneck for GeO2 utilization
in advanced applications is the complexity in selectively synthesiz-
ing the desired polymorph with a controlled phase and properties.
Free formation energies of these polymorphs are relatively close to
each other and prone to stabilize in various metastable states or a
complex mixture of respective phases. In this context, we present
an approach to successfully demonstrate nanotextured hexagonal
(h) and tetragonal (t) phases of GeO2 on Si and quartz substrates through a hybrid synthesis route, which involves film deposition
by magnetron sputtering followed by postdeposition thermal oxidation. The resulting GeO2 thin films exhibit exceptional optical
behavior with a high band gap at 6.21 eV for the α-quartz phase and 5.29 eV for the rutile phase. Precise control over the deposition
and annealing conditions under oxygen atmosphere results in the formation of amorphous (a) and crystalline phases of GeO2 films.
The evolution of h-GeO2 and t-GeO2 phases is further analyzed using a variety of analytical methods selectively determining the
crystal structure, surface morphology, and optical properties. The findings of the current study can be further endorsed while
fabricating phase-pure bulk and nanostructured GeO2 on numerous platforms as a potential candidate for UWBG semiconductors
for advanced technological applications.
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■ INTRODUCTION

By virtue of excellent properties coupled with exceptional
thermal and chemical stability, ultrawide band gap (UWBG)
semiconductors are receiving significant attention by the
research community for their utilization in a multitude of
scientific and technological applications.1−3 These UWBG
semiconductors hold promise to meet the emerging needs and
demands of the current and future technologies.1−9 Germa-
nium dioxide (GeO2), which is one among the UWBG oxide
semiconductors, has steadily gained attention recently in the
landscape of high-power electronics, deep-UV optoelectronics/
photonics, and energy storage applications because of its
versatile properties.10,11 Because of the prodigious thermal,
electronic, and optical properties of the different phases, GeO2
is considered to hold immense application potential in
semiconductor electronics, energy storage, and optical wave-
guide technologies.11−13

GeO2 exists primarily in two phases, that is, α-quartz
(hexagonal structure) and rutile (tetragonal) phases.14−16 Both
the polymorphs of GeO2 fall into the class of UWBG
semiconductors with a band gap significantly higher than 4

eV, while conventional semiconductors are in the range of
0.5−4.0 eV.17 With higher carrier mobility and better
ambipolar dopability, GeO2 can be a perfect material of choice
for homoepitaxially grown p-n junction-based next-generation
efficient electronic and optoelectronic devices.18,19 GeO2 is
theoretically anticipated to have a higher intrinsic phonon-
limited thermal conductivity (37 W m−1 K−1 along the a
direction and 58 W m−1 K−1 along the c direction at 300 K)
than others which belong to the same class of UWBG
semiconductors.17 Previous reports have theoretically pre-
dicted a high p and n Baliga Figure of Merit for the GeO2 rutile
phase, which can be beneficial while designing power devices
with higher block-in voltage with improved on-set carrier
conductivity.18,20 Despite the ideal properties for various
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applications, GeO2 suffers from the lack in ability to
conveniently synthesize nanostructured thin films with a
controlled microstructure and crystal phase. This scientific
challenge stems from the fact that GeO2 exhibits poly-
morphism. Because the free energy of formation of these
polymorphs is relatively close, it increases the possibility of
forming deep metastable states.19,21 This makes attaining and
fine-tuning of the synthesis conditions for a specific crystal
phase with controlled morphology and texturing at the
nanoscale dimensions challenging. The glassy phase of GeO2
is the easiest to form at close to room-temperature conditions.
The h-GeO2 unit cell has a volume ≈40% less than the t-GeO2
phase which creates more complications in processing the
material with a stabilized phase.22 Furthermore, because of the
aforementioned reasons, complex or elevated processing
conditions, such as high-pressure (>100 MPa) conditions
during synthesis or phase conversion, are desired to obtain
specific GeO2 polymorphs.22,23 Thus, phase stabilization with a
controlled structure and properties of GeO2 is a continuing
problem for both experimental and theoretical studies.
To address the fundamental scientific challenge of phase

stabilization, in this work, we have adopted a hybrid approach,
which is based on sputtering of Ge under partial Ar/O2
pressure followed by thermal oxidation at elevated temper-
ature. With preoptimized sputtering of Ge-GeO2 nano-
composite thin films, followed by precisely controlled thermal
oxidation, we have successfully demonstrated tailoring of
nanotextured GeO2 between h- and t- phases. A schematic of
the hybrid synthesis process employed in this work to realize
phase-controlled GeO2 is schematically presented in Figure 1,

where the evolution of the as-deposited a-phase Ge-GeO2 thin
film into temperature-induced nanocrystalline h-GeO2 and t-
GeO2 phase formation is evident. Detailed structural, topo-
graphical, and optical investigations illuminate the evolution of
GeO2 from h- to t-phase with corresponding modulation of its
primitive material characteristics. These findings can provide a
roadmap to further tune the conditions so as to design phase-
selective multifunctional GeO2 films or nanostructures for
advanced scientific or technological applications.

■ MATERIALS AND METHODS
Synthesis of Nanostructured GeO2 Thin Films. We adopted a

hybrid synthesis route to fabricate nanostructured GeO2 films with in

situ phase controllability. Initial deposition was performed under
precisely controlled Ar/O2 plasma followed by postdeposition
processing under a controlled thermo-chemical atmosphere. The
purpose of the postdeposition processing is simply the thermal
oxidation and crystallization at different temperatures.

GeO2 films were deposited onto silicon (100) and quartz substrates
using radio-frequency magnetron sputtering. Excel instruments radio-
frequency magnetron sputter model−DCSS12 is used to deposit the
thin films. A schematic diagram of the deposition system employed to
fabricate GeO2 films is presented in Figure S1. The substrates used
were thoroughly cleaned with acetone, methanol, and deionized water
sequentially, before introducing them into the sputter chamber. A 2″
99.999% pure Ge target (Plasmaterial Inc.) was used for deposition.
The sputter-deposition chamber was pumped down to a base pressure
of 1.5 × 10−7 Torr before deposition using a roughing pump and a
turbo pump. High-purity (99.999%) Ar and O2 gases were used in the
sputtering chamber for the deposition. The flow rate of gases was
controlled using MKS multigas controllers. The preoptimized ratio of
Ar/O2 (20 sccm/20 sccm) mixed with plasma was used to ablate the
Ge target and to deposit the Ge-GeO2 complex composite on the Si
substrate. The power of the plasma source was controlled at 100 W.
The pressure during deposition was optimized at 1 × 10−2 Torr, and
the substrate temperature was kept at 600 °C to provide an
amorphous SiO2 interface for initial nucleation. Also, the deposition
time was kept constant (2 h) to obtain a uniform thickness of the
samples. The subsequent steps involved postdeposition processing in
a furnace to allow for thermal-oxidation and thermally induced
crystallization. Under this step, the samples were heat-treated at
temperatures ranging from 800 to 1100 °C for 2 h. The samples were
set to the desired temperature by means of a heating rate of 10 °C/
min, and the samples were cooled down, after the completion of the
process, at a cooling rate of 5 °C/min.

Characterization. X-ray Diffraction (XRD). XRD measurements
on the GeO2 thin films were conducted using a Malvern Panalytical
Empyrean Nano edition multipurpose X-ray diffractometer. The X-ray
diffractometer was used in Bragg−Brentano reflection geometry. To
resolve each peak from the diffraction pattern clearly, θ/2θ scans with
a step size of 0.01° and an integration time of 0.6 s/step were
conducted on the thin films at room temperature. A Cu Kα X-ray
source with a wavelength of 0.154 nm was used to acquire the
measurements. Strong peaks from the silicon substrate were observed
but are not included in the figures for convenience. Rietveld
refinement in Xpert highscore software was used to understand
precise changes in lattice parameters with respect to standard powder
diffraction data. The Scherrer relationship was used to calculate the
crystalline size and strain from the peak broadening in the XRD scans.
The Scherrer equation is defined by:24

D
K
coshkl

λ=
β θ (1)

where Dhkl is the crystallite size, λ is the wavelength of the, K is the
shape factor with a value close to unity ≈0.9, β is the full width half
maximum, and θ is the Bragg angle or angle of the peak.

Transmission Electron Microscopy (TEM). The TEM character-
ization of GeO2 films was carried out on a Thermo Scientific
(formerly FEI) Titan Themis 200 G2 probe aberration-corrected
system equipped with a SuperX energy-dispersive X-ray spectrometer
(EDS). The TEM was operated at 200 kV. Our previously established
procedures for wide band-gap oxides, especially for sample
preparation as well as detailed characterization, were employed in
this work for GeO2 films.25,26 For TEM analyses, the GeO2 specimens
were prepared using a FEI Scios focused ion beam (FIB) and a
scanning electron microscope (SEM) dual beam system following a
standard protocol for TEM specimen preparation. First, using an
electron beam at 5 kV 1.6 nA a thin carbon protection layer of 15 μm
× 2 μm was deposited on the Ga2O3 film grown on a Si substrate, and
then using a Ga ion beam a 15 μm × 2 μm × 2 μm Pt protection film
was deposited on top of the carbon protection layer at 30 kV 300 pA
followed by rough cutting, cleaning cut, J-cut, and lamellae transfer

Figure 1. Schematic of the hybrid synthesis process (sputter
deposition followed by thermal oxidation) to stabilize nanocrystalline
h-GeO2 and t-GeO2 phases on Si and quartz.
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out of the substrate to a TEM grid.25 The final thinned specimen of
about 80 nm was further FIB cleaned at 5 kV 48 pA and 2 kV 27 pA,
respectively, to remove excess amorphotized and contaminated layers.
TEM data processing, if any, was carried out using the relevant offline
data processing software from Thermo Scientific. Fiji ImageJ was also
employed to run radial profile analysis using selective area electron
diffraction (SAED).25

Chemical analysis and homogeneity analysis of the GeO2 films
were performed using high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM), which is quite useful
in evaluating the nanocrystalline materials.27 Elemental mapping was
carried out with a SuperX X-ray energy-dispersive spectrometer
(EDS) on a Thermo Scientific Titan Themis G2 200 Probe Cs-
corrected transmission electron microscope in scanning transmission
mode (STEM) with an HAADF detector. The camera length was 110
mm and the collection angle was 46−220 mrad. Elemental maps were
acquired with a nanoprobe of 20 pixels and a beam current of 100 pA
at 512 × 512 pixels and 20 us dwell time.
Atomic Force Microscopy (AFM). The surface topography

measurements were performed using the Nanosurf Naio AFM. The
conical AFM tips used were from Nanoscience Instruments with a
spring constant of 0.1 N/m and a radius of curvature of 8 nm. Other
important parameters of the AFM tip include a resonant frequency of
28 kHz, length of 225 μm, a width of 42 μm, and a thickness of 0.9
μm. The AFM tips have a 30 nm aluminum reflex coating on the
detector side of the cantilever for better reflectance of the laser beam,
as this AFM works using the beam bounce method of detection. All
the scans are performed in contact mode with a set point of 10 nN,
which was optimized to reveal clear surface morphologies of crystal
growth in the thin film. The scans were acquired under a constant
feedback method to control the perpendicular motion of the tip from
the thin film surface. Multiple scans for each thin film contributed to a
conclusive roughness analysis. 5 × 5 μm and 1 × 1 μm scans are
acquired with 300 points/line and a time per line of 4 s. The
proportionality gain and integral gain were set at 10000 and 1000,
respectively. WSXM and Gwyddion software were used to analyze the
roughness properties and to remove surface artifacts in the AFM
scans. The 2D AFM scan were parabolically flattened and
smoothened using the Gaussian fit to level and remove noise in the
scan.
Spectroscopic Ellipsometry (SE). SE was performed on the as-

deposited and heat-treated films using the Semilab SE-2000

spectroscopic ellipsometer. The scans were performed in multiple
regions of the film to validate the data received. The wavelength range
over which the optical parameters were obtained is 200−2000 nm
with a step size of 1 nm, three angles of incidence (65,70, and 75°)
were chosen around the principle angle of reflectance to validate and
receive accurate chi and delta values. Sam Suite V1.3.1.4 and
Spectroscopic Ellipsometry Analyzer v1.6.6.2 software were used for
spectroscopic ellipsometry data acquisition and modeling, respec-
tively.

Optical Spectroscopy (UV−vis−NIR). Optical properties of GeO2
films were measured in the wavelength range of 200−2500 nm.
Spectral characteristics of the films were measured in the broad
ultraviolet(UV), visible, and near infrared (NIR) regions. This range
of the electromagnetic spectrum falls well within the excitation zones
of the possible crystal structures in the GeO2 system. A Jasco V-770
UV−vis spectrophotometer, equipped with an integrating sphere, was
used for data acquisition.

Direct transmission spectroscopy was adopted for accurate
measurement of band edge absorption. Similar samples were prepared
on quartz substrates and characterized with XRD measurement, prior
to the optical spectroscopy, to confirm stabilization of equivalent
phases similar to the samples on Si/SiO2 substrates. The importance
of this step in characterization is to state a clear understanding of
GeO2 thin films in a more revealing transmission mode instead of the
standard reflectance mode (for Si/SiO2 substrates). Therefore,
because both quartz and silicon substrates are amorphous on the
surface of the substrates it is understood that there is no substrate-
related texturing of the thin film. This analysis was done with quartz
substrates only to understand the effect of phase transformation on
electronic transitions and band gap of GeO2 films.

■ RESULTS AND DISCUSSION

Crystal Structure and Phase. X-ray Diffraction. The
XRD patterns obtained from the GeO2 thin films as-deposited
and postdeposition thermal annealing at different temperatures
are shown in Figure 2a. The diffraction patterns (θ/2θ scans,
range 20−60°) reveal clear crystallization of two different
phases of GeO2 in the thin films thermally oxidized at higher
temperatures. While the diffraction pattern from the as-
deposited GeO2 thin film at 600 °C shows amorphous

Figure 2. (a) XRD spectra of the as deposited a-phase and the postdeposition thermally oxidized h-GeO2 and t-GeO2 thin films on silicon. (b) Peak
from the (101) plane of t-phase GeO2 after thermal oxidation at 1000 and 1100 °C. (c) Peak from the (110) plane of h-phase GeO2 after thermal
oxidation at 800 and 900 °C.
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characteristics, the thermally oxidized films (800−1100 °C)
revealed the presence of two distinct phases, namely, hexagonal
(with space group P 32 2 1 (#154)) and the tetragonal (space
group P41212 (#92)). The characteristic peaks are quantified
for each sample to determine the crystal structure and the
phase stabilization. Figure 2b,c shows the comparison of
absolute intensity and full width at half maximum (FWHM)
between the most dominated peaks in h- and t-GeO2 phases. A
summary of the crystallographic data, such as the diffraction
planes and their corresponding intensities along with the
standard intensities, is shown in the Supporting Information
(Tables S1 and S2).
The crystal structures of the films were refined on Xpert high

score using Rietveld refinement, and the goodness of fit is
below 5 for the acquired lattice parameters. We adopted the
refinement procedures and parameters, as described in ref 25.
applicable for intrinsic and doped wide band gap oxides. The
values of the refined lattice structures in GeO2 are shown in the
Supporting Information (Table S3).
The XRD patterns obtained for annealed films (Tann ≥ 800

°C) reveal the diffraction peaks indicating the crystallization of
GeO2. At 800 °C, the diffraction pattern shows properties of

partial crystallization in the h-phase, although the overall
crystallinity of the sample is still amorphous. The peak profile
for the most preferred plane (011) at 26.5° has a higher
relative FWHM and confirms higher density of defects and
dislocations. This partial crystallization is attributed to the
higher thermal energy required for atomic diffusion to enable
complete crystallization of GeO2. Though there is no evidence
of elemental Ge-related XRD peaks, optical transmission data
show evidence of absorption in the NIR region (discussed in a
later section). These lower energy transitions confirm the
existence of interstitial states related to Ge. For the film heat-
treated at 900 °C, the diffraction pattern reveals the presence
of other peaks from the h-phase, with higher intensity and
lower broadening of the plane (011) indicating higher
crystallinity. The texture analysis corroborates this observation.
The texture coefficients were calculated using the formula:25,28

T
I hkl I hkl

I hkl I hkl

( )/ ( )

( )/ ( )
n

nc
m o

1
1 m o

=
∑ (2)

Tc is the texture coefficient, Im is the reflected intensity from
the hkl crystallographic plane, Io is the standard intensity of the
(hkl) plane form powder diffraction file, and n is the total

Figure 3. (a−d) Texture coefficients of the critical planes from h-GeO2 and t-GeO2 phases at various temperatures of thermal oxidation. (e)
Variation of lattice parameters and volume of h-GeO2 and t-GeO2 phases with respect to thermal oxidation temperature.
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number of reflections measured. The variation of Tc with
temperature for various crystal planes is shown in Figure 3a−d.
On refinement of the films heat treated at 900 °C, the lattice

structure is observed to shift significantly along the a direction
from 0.488 to 0.494 nm, suggesting an increase in lattice
volume moving closer to the standard lattice structure of h-
GeO2. The films Tann ≥ 1000 °C do not have any characteristic
peaks from the h-GeO2 structure but fit well with the peaks
present in the t-phase of GeO2. This unequivocally states that
the films completely transform from h- to t-phase of GeO2.
The strong texturing in (100) plane for h- lattice and (101)
plane for t- lattice at the initial temperatures of crystallization is
due to the lower surface free energy of these planes, however at
higher temperatures other minor planes are revealed. Figure
3b,c indicates the most dominant peaks among both the
phases.
Similar to the GeO2 films processed at 800 °C (h-phase), the

GeO2 films at 1000 °C shows low crystallinity of the t-phase. In
both cases, the texture coefficient (Figure 3) of corresponding
crystal orientations ((011) in the h-phase and (101) in t-phase
is relatively low along with a broader FWHM of respective
peaks. The absence of remnant peaks of the previous hexagonal
phase confirms recrystallization of GeO2 from h- to a t-
structure. The (101) of the t-phase at this temperature is the
most prominent diffraction peak with a slight shift to the left,
indicating a higher lattice constant with a d-spacing of 0.405
nm relative to a d-spacing of 0.399 nm (Figure 3e) of the more
stable and crystalline phase obtained at higher temperatures of
heat treatment. This increase in the interplanar spacing of the

(101) plane in the GeO2 films annealed at 1000 °C indicates
its effect via lattice refinement with a significantly higher lattice
constant in the c-direction and hence a higher volume of the
crystal lattice (see, Figure 3e). This meta-stable state at 1000
°C of increased lattice volume of the t-phase is owed to higher
lattice strain and dislocation density in the film, which is clear
from the higher peak broadening (FWHM) in the diffraction
pattern. The diffraction patterns from the GeO2 films annealed
at 1100 °C form a more stable t-phase, as they exhibit higher
crystallinity with lower lattice strain and higher crystallite size.
The peaks appear due to (112), (113), and (004) planes for
GeO2 films at 1100 °C which fit well to the t-lattice system of
GeO2. It is important to note that the phase transformation
from h- to t- also changes the coordination number of the Ge
cation from 4 to 3 and Oxygen anion from 2 to 3, this moves
the Ge ions from the t- sites into the (90, 90, and 180°)
trigonal planar sites. This change of atomic positions in the
lattice structure results in the shift of the electron cloud overlap
and therefore, the electron energy degeneracies in the crystal
field. Thus, the detailed structural characterization reveals the
evolution of different polymorphs, starting from a complex a-
GeO2 phase and then pure h- and t- phase stabilization with
increasing thermal oxidation temperature. Comprehensive
refinement of XRD peaks along with texture coefficient
conveys the presence of multidirectional crystal orientation
of corresponding phases depending on suitable formation
energy provided during the postdeposition thermal oxidation
synthesis process.

Figure 4. TEM data of GeO2 films deposited on Si substrates. (a) Schematic of the nanotextured GeO2 thin film on the Si substrate. (b) Cross-
sectional TEM image of the GeO2/SiO2/Si interface. The regions of the GeO2 film, SiO2 interfacial layer, and Si substrate are as marked in the
image. (c) SAED pattern of the silicon substrate. (d) SAED of as-deposited GeO2 films. The nature of the electron diffraction pattern confirms the
amorphous nature of the GeO2 films. (e) SAED of GeO2 films annealed at 900 °C. Formation of the h-phase GeO2 films is evident. (f) SAED of
GeO2 films annealed at 1100 °C. Further structural transformation of GeO2 films and stabilized t-phase is evident. (g, h) HAADF STEM image (g)
and EDS map (h) of the GeO2 films. These images indicate both the Si/SiO2 interface and SiO2/GeO2 interface regions, which confirm the
structural integrity of the GeO2 films deposited. The two chemically well-defined Si/SiO2 and SiO2/GeO2 interfaces are evident in these data.
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Transmission Electron Microscopy. The TEM data (Figure
4) of GeO2 films also provided a clear difference between the
phases formed. The kinematic amplitudes of the electron
diffraction from key reflecting planes in the phases present
define the atomic positions of Ge and O atoms and provide
insight into the progress of crystallinity with an increase in
annealing temperature. Because TEM acquires data from
higher energy electrons relative to the X-rays from XRD, the
scans obtained are of significantly higher resolution and can
resolve planes with much lower interplanar spacing.
Cross-sectional TEM images shown in Figure 4 indicate the

stabilization of respective phases of GeO2 films. Figure 4a
shows the layout of the sample for all the deposition conditions
employed. The bright interface between the thin film and Si
substrate confirmed the existence of an interfacial SiO2 layer
(Figure 4b). The HAADF STEM cross section images, which
are also shown in Figure 4, indicate the SiO2 and Si substrate
interfacial regions of GeO2 film. The electron diffraction
pattern from Si (Figure 4c) confirms the structural/crystal
quality of the substrate. Two-step fabrication (sputtering and
thermal oxidation) of the GeO2 thin film on Si causes oxygen
diffusion into the substrate forming the SiO2 interfacial layer.
The electron diffraction patterns reconfirm the amorphous
nature of the as-deposited GeO2 films. The electron diffraction
patterns of annealed GeO2 films clearly indicate crystalline
nature (Figure 4e,f). The experimental electron diffraction
patterns have the combined effect of the Lorentz-type
geometric contributions, Debye−Waller radial dampening,
and dynamic behavior of reflections.29 Similar to the XRD
observations, in TEM, we observe that the electron diffraction
spots from the primary reflections in the 900 °C sample are
farther from the central transmission beam in reciprocal space
compared to the t-phase of the 1100 °C sample, where the
radial distance corresponds to the inverse of interplanar
spacing.

The primary reflections at two different annealing temper-
atures are indexed in Figure 4e,f. Because of the absence of
rings and presence of clearly resolved diffraction spots, the thin
films look well textured. Postdeposition thermal annealing
induces crystallization and formation/stabilization of h- and t-
phases of GeO2 films annealed at respective temperatures.
Perhaps, thermal energy provided under atmospheric pressure
facilitates the crystallization and respective phase formation of
GeO2 thin films.
The HAADF-STEM images (Figure 4) indicate the

chemically homogeneous and abrupt interfaces for GeO2

films on Si substrates. The composition imaging analyses
(Figure 4g,h) carried out by elemental mapping indicate that
the GeO2 is stoichiometric with a chemical composition well
maintained for both as-deposited and heat-treated samples.
Also, the images reveal that the chemical composition was
uniform with chemically well-defined interfaces across Si, SiO2,
and GeO2 film regions.

Surface Morphology. The AFM scans (Figure 5)
provided us with critical insights into the surface morphology
of the GeO2 films, especially as a function of phase
transformations noted. The surface morphology of the as-
deposited GeO2 films was characterized to be relatively flat
with no distinct grain presence; this is typical behavior of
amorphous surfaces.30 However, as the temperature of thermal
oxidation increases the AFM images start to reveal grain
growth and crystallization with circular to oval morphologies.
The average grain size, roughness average, and root mean
square (RMS) average for all the scans were analyzed to
quantify surface morphology of the thin films. The root mean
square roughness (Rq) and the roughness average (h̅) (Figure
5) describe the height variation on the surface. These two
characteristics related to surface morphology are calculated
using25,31

Figure 5. (a−d) AFM scans indicating surface morphology of GeO2 thin films at different thermal oxidation temperatures (800, 900, 1000, and
1100 °C) respectively. (e) Variation of RMS, roughness average, and average grain diameter of nanocrystalline GeO2 thin films with respect to
thermal oxidation temperatures.
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where h(xi, yj) is the surface height at a given point (x, y) and
N and M are the number of points in the x and y directions.
The root mean square roughness values of the films tend to

show a lower value for films at grain growth initiation and at
phase transition. As the annealing temperature increases, for h-
and t- phases of GeO2, the roughness values increase with the
increase in the crystallinity of the phase. This behavior of
increase in h̅ and Rq with the increase in heat treatment before
phase transition and after phase transition further substantiates
the effect of distinct crystal growth kinetics followed by the two
phases formed in the GeO2 thin films upon thermal treatment.
The RMS roughness values for the h-GeO2 films (86−97 nm)
are observed to be generally higher than those for the t-GeO2
films (43−64 nm). This switch of the surface morphology
toward reduced roughness and larger indistinct grains after
phase transition is attributed to the lower amount of intergrain
free energy. This is due to the considerable difference in the
texturing of the h- phase from the t- phase. The high texturing
of the t- phase along the [101] direction relative to the h-
phase with significantly dissimilar planes of orientation
perpendicular to the substrate causes lowering of the intergrain
free energy after phase transition.
The grain diameter analysis was performed using ImageJ,

and the values were averaged to calculate the average grain size
of the films.31,32 The average grain diameter shows an
increasing trend with an increase in crystallinity and
encounters an intermediate morphological condition at 1000
°C where it adopts a more amorphous grain morphology as
indicated in the XRD scans before completely crystallizing into
the t-GeO2 phase grains.
Optical Properties. Optical Absorption and Band Gap.

Because we established the crystallographic significance of
heat-treated GeO2 thin films, we now discuss the optical
characteristics and correlate the physical properties with the
optical properties of the films. The optical transmittance and
Tauc plots of GeO2 films are shown in Figure 6. The resultant
band gap values determined for the a-GeO2 films are similar to
earlier studies on GeO2.

33 The GeO2 thin films in the visible
spectrum at the as-deposited condition look reddish brown

and are partly translucent, whereas on heat treatment of the
samples (800−1100 °C) they turn whitish yellow and opaque,
similar to the observations made by Nunley et al.12 An
integration sphere is used to conduct diffused reflectance
measurements in a UV−vis spectrophotometer.34 The as-
deposited film and the thermally oxidized film at 800 °C are
observed to have a transmittance of about 87% in the range of
1690−2240 and 1260−2270 nm, respectively, but show a
consistent decline in transmittance at higher energies. This
lower degree of transmittance at lower temperatures of heat
treatment is due to scattering of light by defects present in the
films. We believe that these defects may be due to the presence
of metallic Ge along with GeO2.
As the temperature increases, the defect density decreases

because the Ge fully reacts with the oxygen and forms single-
phase GeO2. The transmittance for the heat-treated films ≥900
°C show a high degree of transmittance throughout the
spectrum in the range of 74−95% up to the energy at 200 nm.
This high transmittance explains a much lower amount of
optical scattering within the films. The film heat-treated at
higher temperatures shows strong free exciton peaks at 243 nm
(5.1 eV), particularly at 1000 °C where the exciton peak is
pronounced. This observation of exciton in a thin film is
usually a strong indication of the high quality of the phase
formed in the film.
The optical absorption coefficient (α) was calculated from

the optical transmittance and the thickness of the films
using56,59:

T t( ) ln( / )α λ = − (5)

where T is transmittance, λ is wavelength, and t is the thickness
of the films. The absorption coefficient (α) relates to photon
energy (h) for direct band gap using the following relation:

h h E( ) ( )2
gα ν β ν= − (6)

where β is a constant called the band tailing parameter, Eg is
the energy of the optical band gap and the power of (αhν) is
determined by the transition mode.35 The optical band gap
was determined by plotting (αhν)2 against the incident photon
energy (hν) for the various films as shown in Figure 6 (Tauc
plots). The values were determined upon extrapolating the
linear portion of the Tauc plot.36,37

The bandgap determined for the as-deposited amorphous
GeO2 films is 5.21 eV, which is in good agreement with the
value reported in the literature.15,33 Upon thermal annealing,
the band gap value jumps to 6.09 eV. The band gap

Figure 6. (a) Transmittance plots from the GeO2/quartz thin films. (b−e) Tauc plots form transmission data thermally oxidized at different
temperatures. The intersects of the linear portion in the plots indicate the band gaps of the respective thin films.
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corroborated with structural studies, which indicates that the
crystallization of the GeO2 occurs with h-phase formation at
800 °C, the band gap increase to 6.09 eV is in accordance with
phase transformation in the GeO2 films as a function of heat
treatment. For GeO2 films thermally annealed at 900 °C, the
band gap determined from spectral data was 6.2 eV. However,
it is quite interesting to note that the band gap relative to the
film at 800 °C falls to 5.7 eV for 1000 °C for GeO2 films once
the t-phase emerges. The bandgap stabilizes at 5.23 eV for
GeO2 films thermally annealed at 1100 °C. This trend in the
behavior of GeO2 films is highly correlated with the phase and
the degree of disorder. The fundamental absorption edge also
known as the Urbach tail below the exponential increase in the
band gap energy can also quantify the degree of structural
disorder in the films. The reasons for the presence of the
Urbach tail in materials have been extensively investigated,
which could be due to photon−phonon interactions, excitons,
impurities, and structural disorders.38 The Urbach tails in the
films heat-treated ≤800 °C are more significant, correlating
with their higher amount of optical scattering and structural
disorder among other reasons. These Urbach tails for the heat-
treated films for temperatures ≥900 °C are not as pronounced.
Optical Constants (Refractive Index). The optical constants

(Figure 7) of the films were determined using the
spectroscopic ellipsometer at three different angles. The
ellipsometer measures the relative changes in amplitude and
phase of linearly polarized monochromatic light around the
principle angle of reflectance from the film surface (chosen
angles of incidence- 65, 70, 75°). The measured values from
ellipsometry are the Ψ (azimuth) and Δ (phase change), which
give an insight into the optical properties and microstructure of
the films.33,39 The relation between these values is as follows:

R

R
itan exp( )p

s
ρ = = Ψ Δ

(7)

where Rp and Rs are the complex reflection coefficients for light
polarized parallel and perpendicular to the films plane of
incidence. The above complex reflectance equation is used to
derive the film thickness and refractive index by employing
appropriate dispersion laws to model the acquired Ψ and Δ
values.
Ellipsometric analysis depends on the relation 2n ≥ z, where

n is the number of observations and z are the parameters that
need to be determined. This relation is used to validate the
parameters determined from the complex reflectance ratios.
Therefore, the observations are multiplied using various angles

of incidence over a wide spectrum of measurements. The
measured values were best modeled using the single oscillator
Sellmeier dispersion relation.40 The formula is as follows.

n B( ) 12
2

2
0
2λ λ

λ λ
= +

− (8)

where n is the refractive index, λ is the wavelength of the
incident light, B is a dimensionless parameter that defines the
profile of refractive index curvature in the visible spectrum, and
λ0 is the resonant wavelength. Here, it is important to
understand that the Sellmeier dispersion relation is not
consistent with Kramers−Kroning relation. Hence, the Sell-
meier parameters cannot have a physical meaning. All other
derivations need to be extracted from the refractive index.
Using the above relations, the n values are in a reasonable

range of 1.45−1.8 at 525−2000 nm, relative to the crystallinity
of individual GeO2 films (Figure 7). The behavior of refractive
index of the a-phase and the lower crystalline films at ≤800 °C
heat treatment show similar values of 1.6 which are in
agreement with the work published by other researchers.33 As
the temperature of thermal oxidation increases to 900 °C, the n
value for the crystalline h-phase GeO2 film increases to 1.67,
whereas the n value for the 1000 °C heat-treated film increases
to ≈1.8. This is a clear indication of the change in optical
properties with the increase in thermal oxidation temperature.
From the n values measured, a close correlation between the
crystalline phase formed and the refractive index is observed in
the GeO2 films (Figure 8). The refractive index of GeO2 is well
established (1.57), and our results are in agreement with those
observed in the literature.10,41

Considering aforementioned analyses, it is clear that the
proposed hybrid synthesis route successfully produced phase-
controlled nanocrystalline GeO2 films on Si with excellent
optical quality. Precise tailoring of h- and t-phases along with
nanotextured morphology elevates the importance of this
simple approach to synthesize GeO2 thin films for various
scientific and technological applications. Detailed structural
analysis revealed phase purity of the nanocrystalline films,
whereas optical investigation showed its potential in deep UV
region. To shed light on the usefulness of this work, we present
a phase diagram in Figure 8, where the modulation of the
optical band gap and refractive index (at 525 nm) of different
phases can be noted. Starting with a-phase Ge-GeO2 at 600 °C,
a gradual evolution into h- and t- phases depending on
postdeposition thermal oxidation conditions shows a clear
evolution and performance of GeO2 thin films at different

Figure 7. (a) Variation of the refractive index in GeO2 thin films with respect to the temperature of thermal oxidation over a range of wavelengths
(200−1700 nm). (b) Variation of the refractive index at 535 nm in GeO2 thin films thermally oxidized at different temperatures.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.2c00549
ACS Appl. Electron. Mater. 2022, 4, 3115−3124

3122

https://pubs.acs.org/doi/10.1021/acsaelm.2c00549?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00549?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00549?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00549?fig=fig7&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.2c00549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperatures. The most significant characteristic of the current
approach is preoptimized deposition of the Ge-GeO2 complex
composite and controlled oxidation-assisted in situ tailoring of
different GeO2 phases leading to desirable optical property
manipulation.

■ SUMMARY AND CONCLUSIONS

Summarizing the results, we have demonstrated nanocrystal-
line GeO2 thin films in pure α-quartz and rutile phases.
Precisely controlled synthesis parameters demonstrated pure
polymorphs of GeO2 on Si substrate. Structural and topo-
graphical characterization revealed gradual modulation of
GeO2 thin films from amorphous to phase pure tetragonal
and hexagonal forms with nanotextured surface morphology.
Cross-sectional TEM imaging and HAADF-STEM imaging
analyses indicate the chemically homogenous and chemically
well-defined abrupt GeO2/Si interface. SAED, collected from
various nanospots of the thin film, was in good agreement with
the structural characteristics and confirmed temperature-
dependent stabilization of h- and t- phases. Detailed optical
characterization portrayed band bag tailoring along with an
improved refractive index in the UV−vis region which is
common for such UWBG semiconductors. This hybrid
synthesis method with precisely controlled process parameters
has great potential to demonstrate phase-pure nanocrystalline
GeO2 thin films with nanotextured surface morphology and
reduced defect density. The current findings can be adopted
further to fabricate GeO2 as an alternative UWBG metal oxide
semiconductor for advanced scientific or technological
innovations.
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