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A B S T R A C T

The ultra-wide bandgap semiconductor rutile germanium oxide (r-GeO2, Eg ≈ 4.6 eV) is gaining momentum in 
the quest for novel materials for power electronics. In this work, we experimentally and theoretically investigate 
the physical mechanisms behind the nucleation and growth of epitaxial (001) r-GeO2 on isostructural r-TiO2 
substrates via metalorganic vapor phase epitaxy (MOVPE) using isobutylgermane and O2 precursors. In the 
identified deposition window, the thin film growth seems to be affected by partial GeO suboxide desorption, and 
we observe that the layers are always composed of r-GeO2 islands embedded and/or surrounded by amorphous 
material. Ge/Ti interdiffusion at the epilayer-substrate interface is found at the base of each r-GeO2 island; 
combining experimental analysis and multiscale theoretical simulations we discuss how such a process is 
fundamental to achieve partial strain mitigation allowing for the nucleation of epitaxial r-GeO2 and suggest in 
this regard a limiting threshold to avoid the formation of amorphous material. Moreover, we shed light on the 
formation of different facets in r-GeO2 at early stages of growth and after merging of islands.

1. Introduction

The ultra-wide bandgap semiconductor rutile-type germanium oxide 
(Eg ≈ 4.6 eV) has the potential to rapidly become the new big actor in the 
field of power electronics.[1] In fact, in comparison to the widely 
investigated β-Ga2O3, [2] r-GeO2 is suggested to present significant 
advantages, like a better thermal transport, potential ambipolarity and 
demonstrated lower temperature of bulk growth. [1,3–5] Nonetheless, 
being at its early stages of research, the disclosure of the full potential of 
r-GeO2 must rely on the optimization of its epitaxial growth. At present, 
single crystalline r-GeO2 substrates are not commercially available, 

therefore the race to optimize its heteroepitaxy has started. In this re
gard, two major challenges should be faced: (i) the two-step growth 
kinetics involving the preliminary formation of its volatile suboxide GeO 
and (ii) the high competition in terms of formation energy between the 
amorphous and crystalline rutile-type phase. [6,7] Regarding point (i), 
ultra-high vacuum based deposition techniques, like molecular beam 
epitaxy (MBE), already showed that the deposition of crystalline layers 
might be limited to rather low substrate growth temperatures (Tg) in the 
range of 400–500 ◦C, with a chamber pressure of 10-5 / 10-6 mbar, on R- 
plane sapphire substrates. [6] In the framework of MBE, the use of an 
oxide source and the employment of a catalyst might mitigate such an 
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issue. [8] Indeed, chemical vapor deposition (CVD) techniques like 
metalorganic vapor phase epitaxy (MOVPE) and mist-CVD operate at 
significantly higher background pressures (100 mbar range and 1 bar, 
respectively) and the successful deposition of crystalline r-GeO2 on 
(001) r-TiO2 substrates has been reported up to the 800–900 ◦C Tg range. 
[9–11] As for point (ii), different works suggest that the epilayer- 
substrate strain can favour the formation of the energetically competi
tive glass phase of GeO2 in place of the rutile-type one. [6,10,12] For this 
reason, the possibility to tune the unit cell parameters of r-GeO2 through 
alloying [13] is a great asset. Particularly, in the case of the isostructural 
r-TiO2 in the (001) orientation, an isotropic in-plane mismatch of about 
4.2 % is expected. In this framework, Shimazoe et al. demonstrated that 
a graded r-GexSn1-xO2 nucleation epilayer can effectively mitigate that 
strain, allowing for an increase in the crystallinity and homogeneity of 
deposited r-GeO2 epilayers, as well as to widen its Tg window. [10,12] In 
fact, different research groups reported that the direct deposition of 
GeO2 on the bare (001) r-TiO2 substrate surface results in inhomoge
neous nucleation of faceted r-GeO2 islands surrounded by amorphous 
material. [9,10,14–16] Both the physical reason for the inhomogeneous 
nucleation of r-GeO2 and the clear identification of the island faceting 
has not been thoroughly discussed so far, even though it may obviously 
have important implications for the development of the epitaxy of this 
material system.

In this work we aim to bridge this gap by investigating the MOVPE r- 
GeO2 epitaxy on (001) r-TiO2 substrates with isobutylgermane (iBuGe) 
as metalorganic precursor. iBuGe was originally developed as an alter
native germanium precursor for III-V and SiGe compounds; [17] 
compared to the gaseous germane, it is liquid with an appreciable vapor 
pressure and considerably less hazardous. Its decomposition begins from 
300-350 ◦C and it was used to deposit thin germanium films onto Ge and 
GaAs substrates, [18–20] as dopant, [21,22] and for the synthesis of Ge 
nanowires using Au colloid catalysts. [23] At the best of our knowledge, 
it has never been tested as precursor for oxide deposition or with O2 as 
an oxidant precursor. Indeed, the previous MOVPE reports on GeO2 
deposition used a different metalorganic precursor (tetrame
thylgermane). [24] Our data suggest that the MOVPE layer growth with 
iBuGe might be influenced by partial GeO desorption at Tg ≥ 800 ◦C. 
Coupling a plethora of different experimental techniques and supporting 
the resulting data with ab-initio theoretical calculations, we present a 
nucleation and growth mechanism for the epilayers deposited on (001) 
r-TiO2 substrates, where a strong competition between the rutile-type 
and the amorphous GeO2 material is observed. We demonstrate that 
the initial nucleation of r-GeO2 islands on (001) r-TiO2 is strictly con
nected to a Ge-Ti interdiffusion at the substrate–layer interface that al
lows to locally reduce the nominal in-plane strain of ≈ 4.2 %. In this 
framework, by combining experimental data and theoretical calcula
tions, we suggest that the misfit threshold to obtain crystalline r-GeO2 
material in heteroepitaxy should be ≤ 4 %. Therefore, if no Ge / Ti 
interdiffusion takes place at the interface between the (001) r-TiO2 
substrate and the layer, the GeO2 material grows amorphous. While 
growth advances, we suggest the possibility to expand the size of the 
crystalline r-GeO2 islands at the cost of the surrounding amorphous 
material, eventually resulting in the coalescence of different islands. In 
this framework, we highlight that different facets dominate the (001) r- 
GeO2 material: while top {111} faceting dominates the initial stages of 
island nucleation, top {101} faceting dominates the coalesced crystal
line material. This work supports the fundamental importance of 
adequate strain-mitigation to overcome the competitive energetics of 
amorphous and crystalline r-GeO2 in heteroepitaxy and suggests that r- 
GeO2 faceting should be carefully considered to obtain smooth 
epilayers.

2. Methods

The GeO2 layers were grown in a vertical showerhead MOVPE 
reactor manufactured by SMI Inc. (USA) using isobutylgermane (iBuGe) 

and O2 as precursors, and Ar as gas carrier. In this study, c-plane sap
phire substrates (2″ and 10×10 mm2 size) were used as a first test to 
determine the growth rate of GeO2 with iBuGe at different synthesis 
conditions. Moreover, for the epitaxial growth of r-GeO2, 10x10 mm2 

(001) TiO2 substrates (CrysTec GmbH) were used. For this purpose, two 
different susceptors were employed, i.e., one with 2″ and the other with 
10x10 mm2 pockets, respectively. The investigated deposition temper
atures were in the range of Tg = 500–900 ◦C, with heating and cooling 
ramps of 0.2 ◦C/sec. The iBuGe was kept in a stainless-steel bubbler at 
8 ◦C. The depositions were performed in excess of oxygen, with nominal 
O2/iBuGe ratios varied between 1500 and 6000 (O2 flow range =
1250–2500 standard cubic centimetres per minute − sccm). The Ar 
pushing gas flow was varied between 1500 and 4000 sccm. The tested 
deposition pressures were 140 and 240 mbar, while the susceptor 
rotation speed was kept at 300 rotations per minute. When using r-TiO2 
substrates, the oxygen flow was provided also during the heating ramp 
starting from 350 ◦C to preserve the substrate surface. [25] After the 
layer growth, the O2 flow was also kept constant during the cooling 
process down to 350 ◦C.

The thickness of the deposited GeO2 layers was measured via spec
ular reflectance measurements at normal incidence (220 – 1000 nm 
range) using Jasco V-770 and Shimadzu UV-3600i Plus spectropho
tometers. Interference fringes maxima and minima were extracted from 
the spectra and the thickness was obtained using the formula t =

λ1λ2
2(n2λ1 − n1λ2)

, where λ1 and λ2 are the position of two adjacent minima / 
maxima and n1, n2 the corresponding refractive index, obtained from an 
interpolation of the graphs both for the amorphous and the crystalline 
material as reported in the literature. [7,26] According to the different 
experimental findings, the reported error bars in the growth rates of the 
deposited layers are accounting for the presence of a mixed amorphous- 
rutile phase in the layers deposited on r-TiO2 substrates, and thickness 
variations on the sample surface (when different reflectivity measure
ments could be performed, i.e., whether the layer surface was smooth 
enough so to result in detectable interference fringes). Ex-situ H2O 
etching experiments (ultrasonic bath for 20 min at T = 55 ◦C) were 
performed on GeO2 layers grown on r-TiO2 substrates to selectively 
remove the amorphous fraction while maintaining the water insoluble r- 
GeO2 crystalline material. [10] Since amorphous GeO2 could be sensi
tive to moisture and atmospheric humidity, all the as deposited layers 
were kept in a dry chamber in mild vacuum when not analysed.

The crystallinity of the samples was characterized by X-ray diffrac
tion (XRD) using a Rigaku Smartlab Multipurpose XE diffractometer, 
with a CuKα source. Measurements were performed in a Parallel Beam 
(PB) geometry, with a GeGe (220) two-bounces monochromator, 
Eulerian cradle and a 2 mm incident slit. The unit cell parameters pro
vided in Section 3.2 were determined using a custom computational 
methodology tailored for sparse, high-precision XRD data. The proced
ure begins with a set of d-spacings and their associated experimental 
uncertainties, extracted from reciprocal space maps of key reflections. A 
numerical routine then identifies the statistically most likely unit cell 
and, crucially, propagates the error. The set of peaks used for compu
tation was the same for the isostructural r-TiO2 and r-GeO2 crystals, 
namely the (213), (013), and (112) reflections, with 8, 4, and 4 
symmetry-equivalent peaks, respectively. Further structural character
ization has been performed through Raman spectroscopy with two 
different experimental setups: two Horiba LabRAM HR Evolution 
confocal spectrometers (focal length 800 mm), respectively with an 
excitation laser line at λ = 633 nm and an UV laser (λ = 244 nm, SHG-Ar- 
ion laser) were employed to limit the penetration depth with respect to 
visible excitation (i.e., higher surface sensitivity).

The surface of the GeO2 layer was analysed using scanning electron 
microscopy (SEM) in a Zeiss Auriga Compact system with a GEMINI 
Field-Emission column, operating at an accelerating voltage of 5 kV. 
Additionally, secondary electron SEM images were also acquired by 
ThermoFisher Scios 2 Dual Beam microscope (Eindhoven, The 
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Netherlands) operating at 5 kV accelerating voltage with current of 0.2 
nA. Electron backscatter diffraction (EBSD) measurements were carried 
out using an Edax Hikari Super detector mounted to a Zeiss Ultra55 
SEM, which was operated at an acceleration voltage of 15 kV with a 
beam current of 6 nA.

Hard X-ray photoelectron spectroscopy (HAXPES) was performed at 
beamline I09 at the Diamond Light Source, Harwell, UK. [27] The 
measurements used a photon energy of 5.927 keV, which will be 
referred to as 5.9 keV in the remaining manuscript for simplicity. A 
double crystal Si 111 monochromator in conjunction with a Si 004 
channel-cut post-monochromator was used, providing a total room 
temperature energy resolution of 243 meV as determined from the 16/ 
84 % width of the Fermi edge of a scraped gold reference foil. The end 
station is equipped with a VG Scienta EW4000 electron analyser with a 
±28◦ angular acceptance. All measurements were performed in near- 
grazing incidence geometry and normal emission. A pass energy of 
200 eV was used for spectral collection. All spectra were normalised to 
the total Ge 2p3/2 area and spectra were aligned to adventitious carbon 
at 284.8 eV.

Cross-sectional transmission electron microscopy (TEM) experi
mental data were collected in a spherical aberration corrected Titan 
Themis G2 200 (Thermo Fisher Scientific) (S)TEM equipped with an X- 
field emission gun (FEG) operating at 200 keV and 4 k × 4 k CETA16 
CMOS camera (Thermo Fisher Scientific). TEM lamellae were prepared 
by focused ion-beam (FIB) technique using a ThermoFisher Scios 2 Dual 
Beam microscope (Eindhoven, The Netherlands) with EasyLiftTM 
nanomanipulator. Energy dispersive X-ray spectrometry (EDS) 
elemental maps were acquired with a “Super-X” detector system built 
into the microscope column. The obtained high resolution transmission 
electron microscopy (HRTEM) images were analyzed by geometric 
phase analysis (GPA) [c1, c2] to quantitatively determine the strain. 
Phase images were calculated from the raw HRTEM image using re
flections on the fast Fourier-transform (FFT) image referring to an area 
in the TiO2 substrate, i.e., the deformation values are always referred to 
the substrate. Thus, we can follow the deformation changes inside the 
layer as it progresses parallel to the growth direction at a nanometric 
scale, referred to an inert standard substrate.

Ab-initio calculations were performed within the density functional 
theory framework (DFT), through the VASP software, [28–30] using 
PBEsol exchange–correlation functional and with Ge and Ti atomic 
pseudopotentials including the 3d and 3p orbitals to valence states, 
respectively. [31] The plane-waves cutoff was generally set to 400 eV, 
enlarged to 800 eV only for the calculation of the strain-free bulk unit 
cell of rutile TiO2 and GeO2 and their elastic constants. The reciprocal 
space was sampled through a regular 6x6x10 grid of k-points. The ob
tained lattice parameters are for r-GeO2: (a = b = 4.424 Å, c = 2.887 Å) 
and for r-TiO2: (a = b = 4.600 Å, c = 2.944 Å); such values are in 
qualitative agreement with the experimental values for r-GeO2 [a = b =
4.3966(5) Å, c = 2.8612(5) Å, at room temperature] [5] and r-TiO2 [a =
b = 4.58666(4) Å – 4.59308(4) Å, c = 2.95407(3) Å – 2.95889(3) Å, at T 
= 15 K and 295 K, respectively], [32] respectively. The elastic param
eters, which are fully reported in Table S1, were calculated with four 
displacement per degree of freedom and are in agreement with those 
available in the literature. [26,33].

The calculations to obtain surface and interface energies, and to 
simulate the adsorption of iBuGe and O2 molecules and/or their frag
ments on the surfaces, were performed in the slab configuration, with 
the inclusion of a vacuum region of at least 15 Å and a 6x6x1 k-point 
grid, to minimize the spurious interaction with the periodic replicas. The 
surface energies for each termination were calculated using two slabs of 
different thickness, and exploiting the linear relationship between the 
volume and surface terms in the total energy of the system. [34] The 
actual number of layers (consisting of a bilayer of the cation and O 
atoms) included in the thin/thick slabs is 6/7 for the (111) surface, 8/10 
for the (101) surface, 18/20 for the (001) surface, 8/10 for the (100) 
surface and 9/10 for the (110) surface. The corresponding surface 

energies were calculated, both strained and relaxed, and are reported in 
Table S2. The optimized geometries are similar to those reported in the 
literature for a different exchange–correlation functional, [35] except 
for the (111) surface; in this case a different termination without the 
outermost O atoms (although still being stoichiometric) was studied 
(reported in Fig. S1). The values of the other surface energies γi reported 
in Ref. [35] have been scaled by a factor given by the ratio between the 
γ101 calculated in this work and the one reported in the same work. The 
interface energies were calculated using a slab made of 18 layers of r- 
GeO2, stacked on top of 18 layers of r-TiO2, continuing the stacking 
order to the latter, as shown in Fig. S2. We used an open-cell configu
ration and the interface energy was obtained as γint =

Eslab
GeO2+TiO2 − NGeO2μGeO2 − NTiO2μTiO2

Area − γ001
GeO2 − γ001

TiO2, where Eslab
GeO2+TiO2 is the total 

energy of the slab and μi is the chemical potential of the bulk of the two 
materials. For the study of the adsorbed molecules only, the Van der 
Waals forces were also included through the Grimme-D3 correction. 
[36] In these cases, the in-plane r-GeO2 supercell had to be enlarged to 
accommodate more than one unit cell, to separate each molecule by at 
least 6 Å from its periodic replicas; the k-point grid was reduced 
accordingly. Also, the thickness of the r-TiO2 substrate was reduced to 
three layers. The adsorption energy was calculated as Eads =

Etot − Esurf − Emol, where Etot is the total energy of the supercell including 
both the substrate and the molecule, Esurf is the energy of the optimized 
pristine substrate slab and Emol is the total energy of the optimized iso
lated molecule. To provide qualitative observations on the reactivity of 
the different surfaces for any molecule, several geometries were opti
mized, differing for the orientation of the molecule and its relative po
sition with respect to the surface. Also, the possibility of the formation of 
fragments of the molecules or their deprotonation was considered. The 
simulation of the elastic relaxation in macroscopic structures (i.e., three- 
dimensional islands with and without the intermixing regions) was 
performed within the finite elements methods (FEM) framework 
through the software COMSOL Multiphysics ©, using a non-uniform 
mesh ensuring at least four nodes per edge. The residual elastic energy 
was calculated for the islands, including the contribution of the 
deformed substrate (and then divided by the volume of the islands 
themselves), with respect to the elastic energy density calculated for a 
thick two-dimensional film.

3. Results and discussion

3.1. GeO2 deposition by MOVPE with iBuGe metalorganic precursor and 
O2

With the aim of assessing the efficiency and effectiveness of using 
iBuGe and O2 gases as precursors for GeO2 growth in MOVPE, we first 
performed a series of growth runs on c-plane sapphire substrates at 
different conditions monitoring the growth rate (GR). In Table S3 we 
report the different synthesis conditions investigated; based on XRD data 
(not shown), all these samples were amorphous. Focusing on a set of 
samples where just the growth temperature (Tg) was varied, Fig. 1 (a) 
highlights a significant GR increase going from 500 ◦C to 700 ◦C. A 
further increase of the Tg to 800 ◦C shows a reduction of the GR of about 
1/3. Halving the flow of iBuGe at Tg = 700 ◦C consistently resulted in a 
two-fold reduction of the GR, while at Tg = 800 ◦C the GR reduction is of 
greater magnitude with respect to the higher metalorganic flow, quali
tatively confirming the previously highlighted decreasing trend. More
over, a reduction of the reactor pressure from 240 to 140 mbar at Tg =

800 ◦C resulted in an about two-fold decrease of the growth rate (see 
Table S3). This suggests (i) a more efficient cracking of the metalorganic 
precursor in the 600–700 ◦C range and (ii) a GR limitation for Tg >

700 ◦C probably due to partial GeO suboxide desorption. [6,7].
Regarding point (i), even if the cracking temperature of iBuGe was 

identified as low as 350 ◦C, [17] a similar qualitative behaviour of the 
GR with increasing Tg was reported for the growth of metallic Ge layers. 

G. Cicconi et al.                                                                                                                                                                                                                                 Applied Surface Science 725 (2026) 165788 

3 



[20] The point (ii) is further strengthened when considering the GR 
trend as a function of the Tg and the O2/iBuGe ratio for the GeO2 samples 
deposited on (001) r-TiO2 substrates [see Fig. 1 (b), (c)]. In this frame
work, it is important to highlight that, despite being partially affected by 
the GeO desorption, the deposition window of GeO2 in the case of 
MOVPE is significantly wider with respect to ultra-high vacuum-based 
deposition techniques like MBE. [6,7,24].

3.2. r-GeO2 deposition window on (001) r-TiO2 substrates

The XRD characterization of the samples deposited on (001) r-TiO2 
substrates allows to macroscopically define the stability window of the 
rutile phase of GeO2. In good accordance with previous MOVPE and 
mist-CVD reports on layers deposited on bare (001) TiO2, [9,10] the 

narrow Tg window at which it is possible to detect epitaxial (001)-ori
ented r-GeO2 layers is in the 850 ◦C − 900 ◦C range. For the represen
tative sample #212, in Fig. 2 (a) and (c) we show the overlapping peaks 
of the (103) reflection for both r-TiO2 substrate and r-GeO2 layer in a φ 
scan (full set of collected data reported in Table S4 and Fig. S3). The 
different tested O2/iBuGe ratios did not affect the possibility to detect 
the crystalline rutile-type phase [tested at fixed Tg, see Fig. 2 (a)]. 
Particularly, the epilayer with the highest crystallinity was deposited at 
875 ◦C introducing a nucleation layer of GeO2 richer in O2 (sample 
#212, see Table S4 for details) and has a rocking curve for the (002) 
reflection of about 0.247◦ [Fig. 2 (b), (d)]. This value is in good accor
dance with past literature on (001) r-TiO2, even though it should be 
pointed out that for mist-CVD good crystalline values could be reported 
just by employing a graded r-SnxGe1-xO2 alloy interlayer, which could 

Fig. 1. (a) Growth rate (GR) as a function of the deposition temperature (Tg) for a set of amorphous GeO2 layers deposited on c-plane sapphire at otherwise fixed 
deposition conditions (O2 flow = 2500 sccm, O2/iBuGe flows ratio = 1626 – see Table S3). (b) Trend of the GR following the Tg variation between 800 ◦C and 900 ◦C 
considering growths on (001) r-TiO2 substrates; all non-diversely specified parameters are kept fixed. (c) Shows the GR dependence upon O2/iBuGe variation on 
(001) r-TiO2 substrates.

Fig. 2. (a) Graph depicting the growth of GeO2 on (001) r-TiO2. The diameter of the orange circles (crystalline r-GeO2 epilayers) is proportional to the FWHM of the 
corresponding rocking curves for the (002) reflection (see Table S4 for full set of data). (b) Rocking curve for the best quality sample (sample#212 in Table S4). (c) 
Superimposed φ-scans for the (103) reflection of both the substrate and the same layer as in (b) (red and blue, respectively) to highlight the epitaxial relationship. 
Reciprocal space maps of the (002) (d), (103) (e) and (112) (f) reflections for the very same sample.
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partially mitigate the nominal substrate/epilayer strain. [9,10,12,16] 
Several reflections of the r-GeO2 layer and r-TiO2 substrate were 
measured for the sample showing the best crystalline quality in order to 
properly determine the mean unit cell parameters of the deposited 
material (sample #212, see Table S4). Our analysis is explained in detail 
in the Methods section and results in a = b = 4.59685(14) Å, c = 2.95691 
(5) Å for r-TiO2 and a = b = 4.4045(6) Å, c = 2.8586(1) Å for r-GeO2. 
The values determined for r-GeO2 suggest that the epilayer might be 
fully relaxed, having lattice parameters values within the 0.2 % of the 
reference ones reported for bulk (relaxed) samples. [5] Qualitatively, 
this observation is also in line with the reciprocal space maps acquired 
for the symmetric (002) and asymmetric (103) and (112) reflections of 
the analysed layer, reported in Fig. 2 (e), (f), which show negligible 
displacements in the reciprocal space if compared with the expected 
positions of the work by Galazka et al. [5] Based on our collected 
experimental data, the misfit between substrate and epilayer is about 
4.18 % and 3.32 % in plane and out of plane, respectively.

3.3. Coexistence of amorphous and r-GeO2 in (001) epitaxy on r-TiO2

Despite the good crystalline quality discussed in section 3.2, previous 
works have reported the coexistence of amorphous and crystalline ma
terial for the case of (001) r-GeO2 heteroepitaxy on r-TiO2. 
[10,14,15,37] Since XRD measurements are capable to provide an in
formation which is averaged over a rather large volume of the sample, 
other experimental techniques with higher spatial resolution were here 
considered to locally address the crystallinity of the deposited epilayers. 
Indeed, bird’s-eye SEM combined with EBSD suggests that the surface of 
the MOVPE layers of the current study is composed of limited areas 
containing well-defined pyramidal-shaped r-GeO2 crystallites which 
emerge from an otherwise featureless and smooth amorphous layer (see 
Fig. S4).

Therefore, μ-Raman spectroscopy has been conducted on samples 
that showed good crystallinity from XRD [#194 and #212, see 
Table S4]. The rather deep penetration with conventionally employed 
visible lasers in Raman spectroscopy makes it difficult to distinguish the 
r-GeO2 signal from the substrate. [5,38,39] Indeed, the presence of a 
crystalline fraction in the investigated layer is almost hidden as even the 
most intense mode of r-GeO2 (A1g) is reduced to a weak shoulder of the 
dominating A1g mode of the r-TiO2 substrate [Fig. 3(a)]. [5,40–42] In 
order to properly characterize a r-GeO2 thin film on top of r-TiO2 with 
Raman spectroscopy, it is necessary to reduce the contribution of the 
substrate. For this reason, we employ a UV-laser (λ = 244 nm) reducing 
the penetration depth to a few tens of nm; [5,38,39] notably, this also 
reduces the scattering cross section of r-TiO2 [green line in Fig. 3 (b)]. In 

this configuration, the acquired spectra for the epilayers displays sharp 
signals associated with the first order modes of r-GeO2 [Fig. 3 (b)]. 
[5,40,43] Significantly, a 20x20 μm2 map resulted in the ubiquitous 
presence of r-GeO2 (Fig. S5). Furthermore, a broad band is observed for 
the as-deposited layer between 300 cm− 1 and 600 cm− 1 with a 
maximum of around 450 cm− 1. We assign this band to originate from an 
amorphous fraction of GeO2, as proven by Raman measurements on a 
sample grown at low substrate temperatures conditions providing a pure 
amorphous layer comparison [Fig. 3 (b), blue line]. [7,43].

Therefore, the combination of XRD, EBSD and Raman spectroscopy 
suggests the presence of both epitaxial rutile and amorphous GeO2 
fractions of material in the deposited layers. To better address this point, 
all the deposited (001) epilayers on r-TiO2 substrates were treated with 
H2O to selectively etch the GeO2 amorphous fraction. Differently to 
what has been reported by Shimazoe et al., [10] in our case, the crys
talline quality addressed by XRD did not significantly change when 
comparing the as deposited and the etched layers (see Table S4). 
Nonetheless, UV μ-Raman confirmed the disappearance of the amor
phous fraction of the material, leaving solely the clear signal of the 
crystalline r-GeO2 [red line in Fig. 3 (b)].

A similar conclusion can be drawn from analyzing the very same 
layer (sample #212 see Table S4) before and after H2O etching with 
HAXPES. Survey spectra (see Fig. S6 in the Supplementary Information) 
show all key core states spectra from GeO2. In addition, minor signals 
from the TiO2 substrate are observed after etching, as well as C and Si 
from contamination due to exposure to ambient conditions. The Ge 2p3/2 
spectra [Fig. 4 (a)] show considerably different peak positions. The 
sample after etching shows one symmetric peak at 1219.9 eV with a full 
width at half maximum (FWHM) of 1.5 eV. Whilst reports of photo
electron spectra of GeO2 are limited, this binding energy (BE) position is 
consistent with literature. [44,45] In contrast, before etching the main 
peak position is at a higher BE of 1220.8 eV and exhibits a shoulder on 
the lower BE side overlapping with the r-GeO2 peak present after 
etching. This is commensurate with the co-existence of amorphous and 
rutile GeO2 prior to etching with the amorphous phase removed after 
etching. The O 1s spectra [Fig. 4 (b)] further supports this conclusion. 
Prior to etching, a broad feature encompassing signal from amorphous 
and r-GeO2 as well as hydroxide is observed, which is dominated by a- 
GeO2. After etching, the main feature at 531.3 eV stems from the rutile 
phase. In addition, a shoulder on the low BE side originates from the 
TiO2 substrate. The structural and accompanying chemical changes are 
further reflected in the semi-core states [Fig. 4 (c)]. The Ge 3d line fol
lows the observations made for Ge 2p3/2, with the main peak position 
being lowered by approx. 1.1 eV post etching. The O 2s state is broad and 
its main BE position shifts by approx. 1.5 eV. Finally, commensurate 

Fig. 3. (a) Normalized Raman spectra acquired with λexc = 633 nm of a (001) r-TiO2 bare substrate (green) and an as-deposited GeO2 layer (black sample #194 see 
Table S4). (b) Normalized Raman spectra acquired with λexc = 244 nm of a similar GeO2 layer (sample #212 see Table S4) before and after the water etching process 
(black and red, respectively), alongside a reference spectrum of amorphous GeO2 (blue) and a r-TiO2 (001) substrate (green). To facilitate comparison of the spectra 
vertical lines and a transparent rectangle have been included, the color coding follows the corresponding spectra. Asterisks mark peaks originated by higher order 
scattering processes.
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with the observation of O states from TiO2 in the O 1s spectra, the Ti 3p 
state is observed post etching. The HAXPES data supports the effec
tiveness of the selective H2O etching of amorphous GeO2 in favor of the 
rutile phase.

Cross sectional TEM performed on the same as-deposited sample 
(#212 see Table S4) confirmed the presence of the amorphous material 
next to the epitaxial r-GeO2 (Fig. S7). Moreover, an EDS map collected in 
cross section in the TEM from a r-GeO2 crystal surrounded by amor
phous GeO2 material suggests the oxygen enrichment of the amorphous 
layer fraction (Fig. S8), in line to what has been previously observed by 
Rahaman et al.. [15] Thanks to cross-sectional EDS elemental maps we 
were also capable to exclude a large incorporation of C in the MOVPE 
deposited GeO2 layers (C amount around or below the detection limit, 
see Fig. S9).

3.4. Growth mechanism and faceting in (001) r-GeO2 epitaxy on r-TiO2

A comparison of the top-view and cross-sectional SEM images before 

and after H2O etching and cross-sectional TEM images of the same as- 
deposited layer (Fig. 5 and Fig. 6, respectively both referred to the 
same sample #212) shows indeed the coexistence of both the amor
phous and rutile phase of GeO2. Nonetheless, large areas of the substrate 
can still be observed after the etching with H2O alongside pyramid-like 
three-dimensional structures of r-GeO2 in top view SEM images (Fig. 5).

This observation suggests that the growth of the epilayer proceeds 
through the simultaneous nucleation of regularly shaped squared based 
r-GeO2 islands with an initial lateral size of about tens of nanometers 
surrounded by amorphous material. A comparison of in-plane oriented 
SEM and TEM images allows to assign the top faceting of such regular r- 
GeO2 islands to {111} top planes (red arrows in Fig. 5 and Fig. 6), while 
the lateral sides of such columns to {110} planes; this can be understood 
through the edges of the facets oriented along the [100] and [010] di
rections of the crystal (Fig. 5) and by the ≈ 43◦ inclination angle of the 
facet extrapolated from TEM images in [110] projection [Fig. 6 (b), (c)]. 
During growth, such squared islands would further increase their size at 
the cost of the surrounding amorphous fraction; this is independently 

Fig. 4. Hard X-ray Photoelectron Spectra (HAXPES) collected with a photon energy, hν, of 5.9 keV of a GeO2 layer (sample #212 see Table S4) before and after the 
water etching process. Positions of key spectral features are indicated with vertical lines. All spectra are normalized to the respective total Ge 2p3/2 area.

Fig. 5. Top view and cross-sectional SEM images before and after selective H2O etching for a GeO2 epilayer (#212 see Table S4). The orange and red arrows indicate 
the {101} and {111} r-GeO2 top faceting, respectively.
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supported by (i) cross sectional TEM images of such squared-base 
islands, and (ii) in-situ epitaxial crystallization in the TEM microscope 
of amorphous GeO2 under higher dose e- beam right at the interface 
between amorphous/r-GeO2 (see supplementary material video and 
Fig. 7). As for (i) Fig. 6 (c) shows two merged r-GeO2 islands at the center 
of the image (identified by inverted pyramidal shapes that will be 
further discussed in Section 3.5), while a third one at their left side 
suggests its lateral crystallization advancement towards them; such 
process is driven by the Tg and the presence of crystalline r-GeO2 seeds 
surrounded by amorphous material. As for (ii), the reducing environ
ment of the e- beam with dose of ≈ 1000–1500 e-/Å2s in the TEM mi
croscope chamber (10-7-10-8 mbar vacuum) focused at the crystalline- 
amorphous material interface of the analyzed FIB lamellae represents 
the driving force of crystallization (in place of Tg during the layer growth 
in light of the relatively low thermal heating of the e- beam in such 
experiments, i.e., 60–150 ◦C). At the interface between amorphous/r- 
GeO2 (i.e., on the surface of the r-GeO2 crystals) there is an about 5–10 
nm thick transitional layer, that is also amorphous, however the FFT 
shows two additional very diffuse maxima around ~ 1.9 Å and ~ 3.4 Å 
[Fig. 7 (a)]. The material kept growing epitaxially with the r-GeO2 
crystal acting as a seed in a similar fashion to the solid phase epitaxy 
mechanism [see supplementary material video and Fig. 7 (b)]. 
Combining such result with the EDS data shown in Fig. S8, the crystal
lization of the material under the electron beam might be also related to 

the oxygen-poor environment in the microscope (vacuum of 10-7-10-8 

mbar with ~1000–1500 e-/Å2s). Indeed, it is conceivable that this could 
allow to slightly reduce the oxygen richer amorphous material in the FIB 
lamellae, in turn helping to allow its crystallization in r-GeO2.

Therefore, the initially nucleated regular squared r-GeO2 islands can 
increase their size further crystallizing the surrounding amorphous 
material during the growth process. When they coalesce together, this 
results in the formation of macro-crystals which are though character
ized by a different {101} top faceting; this is addressed from the in plane 
orientation in the SEM images in combination with TEM in [100] pro
jection that shows a facet inclination of about 33◦ [orange arrows in 
Fig. 5 and Fig. 6 (a)]. The presence of squared islands and strong faceting 
have been previously reported in r-GeO2 epitaxy on (001) TiO2, but its 
identification / labelling was not so far thoroughly discussed. [10,14,15] 
Such aspects could play a fundamental role in the quest of the best 
growth orientation in r-GeO2 epitaxy, since it might significantly affect 
the overall epilayer growth as well as the design of multilayer hetero
structures that require a controlled surface roughness.

The experimental findings on the layer faceting are further discussed 
in light of ab-initio calculations. We directly compare the shape of the 
observed islands with that of the thermodynamic Wulff construction, 
[46] built using the values of γi calculated including also the contribu
tion of the misfit strain induced by the substrate (see Table S2). The 
result, reported in Fig. 8 (a), has the same pillar shape as the r-GeO2 

Fig. 6. Cross sectional TEM images of the same as-deposited sample showed in Fig. 5; bright field (BF) image (a) in [100] and (b) in [110] projection. (c) High angle 
annular dark field (HAADF) image in [110] projection showing two merged r-GeO2 crystals and a third one on its left side suggesting its lateral crystallization 
advancement; the dotted yellow lines beneath the r-GeO2 islands highlight an inverted pyramidal shape that is further discussed in Section 3.5. The red and orange 
arrows highlight the two different {111} and {101} top faceting encountered for short / small r-GeO2 islands and merged r-GeO2 material, respectively.

Fig. 7. Crystallization of amorphous GeO2 material in the rutile-type phase inside the TEM microscope by the e- beam at the interface with already crystalline r-GeO2 
islands. (a) HRTEM image from the top of a r-GeO2 crystal with corresponding FFTs from [010] projection. The amorphous GeO2 is beam sensitive: after a few 
seconds, crystallization starts at the interface between crystalline and amorphous GeO2. The FFT of this part (see FFT2) shows clearer rings at about 1.9Å and 3.4 Å. 
(b) BF TEM image from the overgrown epitaxial r-GeO2 crystals from amorphous Ge-oxide under the reducing e- beam from the same [010] projection.
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macro islands obtained after small island merging [orange arrows in 
Fig. 5 and Fig. 6 (a)] and agrees with the Wulff shape already reported in 
literature for the strain-free surfaces. [35] The contribution of the 
interface, evaluated through the Winterbottom approach[47] and using 
our calculated value γint = 13 meV/Å2, results in a theoretical Wulff 
shape cut with a smaller aspect ratio, hence with no contribution of the 
lateral surfaces of the pillar [black line in Fig. 8 (a)].

The top view of such theoretical construction, reported in Fig. 8 (b), 
has a resemblance with the smaller squared islands found in SEM and 
TEM images [Fig. 5 and Fig. 6 (b), (c)] even though the faceting is 
different; indeed, the top of the Wulff shape exposes {101} facets while 
the smaller islands of r-GeO2 expose the top {111} ones [red arrows in 
Fig. 5 and Fig. 6 (b), (c)]. The non-trivial relationship between the 
surfaces exposed in three-dimensional structures and the equilibrium 
Wulff construction is well known in the field of nanoparticles. [48,49] In 
this context, TiO2 nanoparticles have been frequently reported to show 
facets much different from those with the lowest γi depending on the 
growth conditions. [50–52] The top {101} faceting experimentally 
observed for larger islands [orange arrows in Fig. 5 and Fig. 6 (a)] is 
consistent with that predicted by our Wulff construction based on our 
atomistic data, which we label as “DFT Wulff”, hence related to a growth 
regime closer to the equilibrium [as indeed represented by the Wulff 
construction in Fig. 8 (a)]. Hence, the different top {111} faceting 
observed for smaller islands [red arrows in Fig. 5 and Fig. 6 (b), (c)] must 
be driven by kinetic processes. In order to replicate such experimentally 
observed faceting of the small r-GeO2 islands, the top {111} facets 
should become dominant; this requires a manual reduction of the γ111 to 
at least 0.9γ101, obtaining the three-dimensional “modified Wulff” model 
showed in Fig. 8(b). Such a growth regime is best modeled by the kinetic 
Wulff construction, built upon the growth speed of the different facets/ 
surfaces, rather than their surface energies. Indeed, such a quantity 
would include also the effect of the chemical reactions due to the 
decomposition of the precursors at the surface, but its calculation is not 
trivial. Nonetheless, it is still possible to devise a framework providing a 
more quantitative understanding of the relative growth speed of the 
different surfaces. The key idea behind this approach relies upon the fact 
that, despite the exact reaction pathway being unknown, the decom
position of the iBuGe must proceed through few local minima, which are 
characterized by the adsorption of molecular precursors or products. 
Such minima are expected to be separated by energy barriers, the height 
of which is correlated with the adsorption strength, in a similar fashion 
to an activation barrier. Since a molecule strongly/weakly interacting 
with the substrate must require a higher/lower barrier to cross, the 

overall reaction should proceed at a slower/faster rate. In this frame
work, we took into account not only iBuGe and O2, but also CO and CO2 
(formed upon the iBuGe decomposition and further reaction with O2) as 
these molecules are good candidates for the final products of the 
decomposition of the precursors; such molecules must be afterwards 
desorbed to maintain the reaction sites on the r-GeO2 surface free to 
interact with another iBuGe molecule. For all these molecules, we 
calculated the adsorption energy of different structural arrangements, 
trying to qualitatively sample different chemical environments (e.g., the 
formation of molecular fragments and/or deprotonated functional 
groups) as shown in Fig. S10. In this picture, considering our DFT result 
reported in Table S5, we find that on average the Eads values calculated 
for iBuGe adsorbed on the (101) surface are ≈ 2–3 times smaller in 
magnitude than those obtained at the (001) and (111) surfaces, while 
those calculated for the other molecules are rather similar. These find
ings support our hypothesis of faster-growing {101} facets, therefore 
expected to disappear from the growing r-GeO2 island shape possibly 
explaining the kinetically driven formation of the top {111} facets 
experimentally observed in the small islands.

To sum up the experimental findings reported in this section, it is 
conceivable that the growth of epitaxial (001) r-GeO2 on r-TiO2 is 
related to (i) the nucleation of tens nm wide islands composed of {110} 
lateral walls and {111} top faceting surrounded by amorphous material 
and (ii) the enlargement of such rutile highlands by recrystallization of 
amorphous material; such step (ii) results in the formation of micro
metric sized r-GeO2 islands with a different {101} faceting.

3.5. Strain-mitigation mechanism in r-GeO2 island nucleation on (001) r- 
TiO2

This section further investigates the physical reasons behind the 
observed competitive nucleation of rutile islands and amorphous ma
terial. Noteworthy, the cross-sectional TEM study consistently observed 
the presence of a region with the shape of an inverted pyramid in the r- 
TiO2 substrate beneath all nucleated r-GeO2 islands possibly terminated 
with (11–1)/(− 11–1)/(1–1–1)/(− 1–1–1) planes as suggested by the 
cross-sectional TEM images in [110] projection [Fig. 6 (c), Fig. 9 and 
Fig. 10]. Therefore, the inverted pyramid representing the substrate/ 
layer interface are suggested to be characterized by the same top {111} 
faceting observed in the smaller r-GeO2 islands [red arrows in Fig. 5 and 
Fig. 6]. An EDS analysis in the vicinity of such substrate/layer interface 
regions highlights an interdiffusion region of Ge and Ti atoms for at least 
10 nm in thickness above the bottom {11–1} interfaces (Fig. 9, Fig. 10).

Fig. 8. (a) rendering of the Wulff shape built from the strained surface energies, including the cutting plane calculated through the Winterbottom construction (black 
line). (b) comparison of the top view of our original “DFT” Wulff shape (top panel) with the “modified” one, obtained by manually changing the surface energy of the 
{111} facets. The colored arrows highlight the different orientation of the edges of the Wulff construction.

G. Cicconi et al.                                                                                                                                                                                                                                 Applied Surface Science 725 (2026) 165788 

8 



Geometric phase analysis (GPA) was performed from HRTEM images of the intermixing region, obtaining εxx, εyy deformation maps. The 

Fig. 9. HAADF image with corresponding EDS maps and integrated line profile showing the intermixing between Ge- and Ti-oxide in [110] projection beneath a r- 
GeO2 crystal at the interface with the r-TiO2 substrate (sample #212, see Table S4). The r-GeO2 crystal started to grow on a {11–1} terminated pyramidal root inside 
the r-TiO2 matrix of the substrate.

Fig. 10. HRTEM image with the corresponding FFT, ε strain/deformation maps and integrated EDS line-profiles of Ti and Ge signed on the HAADF image in [110] 
projection (sample #212). εxx and εyy strain/deformation maps were calculated using periodicities signed on the FFT. TiO2 was set to be the reference. The integrated 
and averaged deformation values inside the white rectangles are presented below the maps. The average out-of-plane deformation values calculated inside the blue 
rectangles are the following; r-TiO2: εyy = 0.0004(50), and r-GeO2: εyy = -0.027(14) in the mixing area at the interface, εyy = -0.040(7) and εyy = -0.040(7) above. εxx 
= -0.035(10) is more homogeneous in the root part of the r-GeO2 crystal and above.
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reference area was selected onto the pure r-TiO2 substrate matrix rep
resenting the 0 % strain. After 10–30 nm thickness the εxx and εyy reach 
about − 4% (Fig. 10), in good accordance to our experimentally 
measured misfit for relaxed r-GeO2 on r-TiO2 discussed in Section 3.2 (≈
4.18 % and 3.32 % for in plane and out of plane, respectively). The EDS 
map collected from the same region interested by the GPA analysis 
highlights the Ge/Ti interdiffusion at the interface region (Fig. 10). 
Therefore, the calculated εxx and εyy “deformation/strain” values 
correspond to both compositional changes and strain/deformation in 
the material. In this framework, it is conceivable that the interdiffusion 
of Ti+4 with larger ionic radius with respect to Ge+4 (and or vice-versa) 
might allow to gradually allocate the strain in a similar fashion with 
respect to what has been experimentally suggested in the case of the r- 
SnxGe1-xO2 alloy system. [6,10,12] Calculated ε maps show that 
“deformation” does not change continuously in the intermixing region; 
areas in which the ε is mostly homogeneous (highlighted by blue rect
angles in Fig. 10) are separated by each other through highly strained 
regions. Averaged εyy values calculated from such homogeneous areas (i. 
e., inside the blue rectangles in Fig. 10) qualitatively correlate with the 
semiquantitative Ge/Ti ratio estimated from EDS. These data suggest 
that Ge/Ti intermixing occurs homogeneously inside a few nm large 
regions that are connected to each other through larger deformation/ 
strain regions that seem to well correlate with the presence of extended 
defects (e.g., dislocations and/or faults). Due to the thickness of the 
analyzed FIB lamellae, the qualitatively homogeneous composition 
suggested by GPA in few nm large regions could not be directly sup
ported by EDS.

Extended defects (e.g., dislocations or other type of faults) from 
HRTEM images show higher density closer to the intermixing area than 
in the middle or upper part of the large r-GeO2 crystals. Some of them 
are parallel to the [001] direction and show only an in-plane shift 
component (see HRTEM and ε maps in Fig. 10); part of these vertical 
defects could be related to the coalescence of different r-GeO2 crystals 
during the growth process, as discussed in Section 3.4. In some of the 
analyzed areas, the inverted pyramids seem to be delimited by faults 
parallel to the bottom facets/planes of {101} (see Fig. S11).

To provide a deeper understanding about the role of the Ge/Ti 
interdiffusion for the epitaxial growth of r-GeO2 we performed a 
comparative analysis of FEM calculations by investigating the residual 
elastic energy (including the contribution of the substrate) in a three- 
dimensional island in presence of the intermixing region (IR).

We study the role of the faceting ({101} vs {111}) by modeling the 
island through both the DFT and the modified Wulff shape [see Fig. 8
(b)]. Since we are more interested in the early stages of the r-GeO2 
nucleation, we limit our study to shapes mimicking the Winterbottom 
construction (Fig. 8), therefore to those with the lowest aspect ratio (AR 
= 0.33), which are shown in Fig. 11 (a). In the case of the islands alone, 
our FEM calculations find that the DFT/modified Wulff shape retains the 
55.6 % / 39.8 % elastic energy density of the two-dimensional r-GeO2 
film with the same eigenstrain. In line with TEM observations that 
showed a reverse pyramidal shape similar to the island faceting (see 
Fig. 9 and Fig. 10), we model the IR accordingly as shown in Fig. 11 (a).

For the sake of simplicity, we assume a constant Ge concentration x 
within the IR and we provide an analysis of the trends of elastic relax
ation as a function of different compositions. The elastic constants of r- 
GexTi1-xO2 were calculated as a linear interpolation between those of the 
pure r-TiO2 and r-GeO2 materials. Moreover, we assume that for both the 
island and the IR, the eigenstrain (i.e., the deformation) imposed before 
the minimization of the forces is still the one imposed by the lattice 
mismatch versus the r-TiO2 substrate. The results, reported in Fig. 11 (a), 
show indeed that the Ge/Ti interdiffusion provides a valid strain miti
gation mechanism, in addition to the elastic relaxation by the free facets. 
Such a mechanism is similar to what has been previously observed in the 
case of SiGe island epitaxy on (001) Si substrates. [53,54] Our analysis 
shows that, under our assumptions, an average Ge concentration x be
tween 0.3–0.4 in the IR minimizes the overall elastic energy of the 

growing island. Interestingly, island/IR shape based on the modified 
Wulff construction seems slightly more efficient in releasing the elastic 
energy. Since this model was built to mimic the small islands observed 
for the early stages of the epitaxial growth of the r-GeO2 film, this 
analysis provides a complementary explanation for the {111} faceting 
discussed in the previous section.

In order to deepen the understanding of the competition between the 
rutile and the amorphous GeO2 material we can evaluate how much 
reduction in the misfit strain is necessary to allow the epitaxial growth of 
(001) r-GeO2 on the r-TiO2 substrate [and any other isomorphic sub
strate in the case of (001) r-GeO2 epitaxy]. To estimate such quantity, we 
compare the residual elastic energy density in presence of the IR (with 
the peculiar reversed pyramidal shape) with the one provided by an 
isolated island on a flat substrate with a lower lattice mismatch. We take 
the residual elastic energy density for the island + IR system from the 
previous FEM calculations [Fig. 11 (a)] referring to the optimal Ge 
concentration values in the IR [i.e., x = 0.3 and 0.4 for the different 
considered shapes of the islands, and reported in Fig. 11 (b) through 
horizontal lines]. Through FEM calculations, we evaluated the elastic 

Fig. 11. (a) Comparison of the reduction of the residual elastic energy ρ in a r- 
GeO2 island due to the presence of a Ge/Ti intermixing region (IR) between the 
DFT and the modified Wulff shape models, reported in the inset of the panel. 
The Ge concentration in the IR with the lowest ρ are marked with vertical lines. 
(b) Comparison between the ρ of a r-GeO2 island on r-TiO2, as a function of the 
misfit strain of r-GeO2 (blue line, the values obtained for DFT and modified 
Wulff shapes are the same) and the residual ρ of the island + IR system found 
reported in panel (a) (horizontal lines), taken at specific Ge concentrations. The 
lattice mismatch scale is calculated from the experimental lattice parameters. 
The blue-shaded region highlights the equivalent mismatch enabled by the 
presence of the IR below the island.
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relaxation of the islands when placed on a substrate with the same 
elastic properties of (001) r-TiO2 but characterized by different a = b 
lattice parameters, therefore imposing a different misfit strain condition. 
The resulting values of the residual elastic energies (equal for both the 
DFT and modified Wulff shape) are reported in Fig. 11 (b): the presence 
of the IR allows for an elastic relaxation effect equivalent to a substrate 
with a misfit strain reduced by ≈ 0.3 % with respect to the one imposed 
by r-TiO2, i.e., ≈ 3.9 – 4 % [using the experimental values for the unit 
cell parameters – from this work and literature, respectively –while it 
would fall around 3.7 % if using the DFT calculated values reported in 
Section 2].

This result also allows us to provide an alternative estimate for the 
energy difference between the formation of rutile and the amorphous 
GeO2. The only known reference to date is provided by the calorimetric 
measurement of an enthalpy difference of about 360 meV/f.u.. [55] 
Through the DFT calculation of a r-GeO2 bulk strained using our esti
mated reduced strain threshold (≈ 4 %), obtained through combined 
experimental and theoretical data, we find instead a difference of 
enthalpy from the fully strained crystal of about 70 meV/f.u.. Such 
value, significantly smaller with respect to the one already reported in 
literature, is consistent with the differences in cohesion energy per atom 
of the diverse polymorphs in other crystalline oxides, e.g., Ga2O3. [34].

4. Conclusions

In this work experiments and theory are employed to thoroughly 
characterize the MOVPE epitaxial growth of (001) r-GeO2 epilayers on r- 
TiO2 substrates with a particular focus on nucleation, faceting and 
related challenges. GeO2 layers were deposited by MOVPE using iBuGe 
and O2 precursors, demonstrating that GeO suboxide desorption might 
play a role also in this deposition technique, especially at Tg ≥ 800 ◦C. By 
combining different characterization techniques (XRD, Raman, 
HAXPES, TEM-EDS, SEM-EBSD) we demonstrate that (001) r-GeO2 
epitaxy on (001) r-TiO2 is always characterized by the coexistence of 
amorphous and crystalline islands. The r-GeO2 islands show a different 
faceting according to the different stages of growth: {111} faceting is 
characterizing the initial stages of nucleation, while after merging they 
tend to form {101} facets. This is explained in light of kinetics and 
thermodynamics through theoretical calculations.

Noteworthy, we identify that the nucleation of r-GeO2 islands is 
tightly bonded to the possibility to locally mitigate the nominal in-plane 
strain with the r-TiO2 substrate (≈ 4.2 %) via Ti / Ge interdiffusion at 
their interface. In this framework, this work suggests that the possibility 
to reduce the misfit with the r-TiO2 substrate through an intentional 
deposition of a r-TixGe1-xO2 nucleation layer should be further investi
gated. Generally, by considering the strain threshold to move from rutile 
to amorphous GeO2, we suggest the need to deposit r-GeO2 epilayers on 
isomorphic substrates that allow for a lattice misfit ≤ 4 %. The thorough 
understanding of such fundamental aspects will be crucial for the 
development of high crystalline quality and homogeneous r-GeO2 epi
layers with limited surface roughness.
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