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New semiconducting materials, such as state-of-the-art alloys, engineered composites and allotropes of
well-established materials can demonstrate unique physical properties and generate wide possibilities for
a vast range of applications. Here we demonstrate, for the first time, the fabrication of a metastable allo-
trope of Ge, tetragonal germanium (ST12-Ge), in nanowire form. Nanowires were grown in a solvo-
thermal-like single-pot method using supercritical toluene as a solvent, at moderate temperatures
(290-330 °C) and a pressure of ~48 bar. One-dimensional (1D) nanostructures of ST12-Ge were achieved
via a self-seeded vapour-liquid—solid (VLS)-like paradigm, with the aid of an in situ formed amorphous
carbonaceous layer. The ST12 phase of Ge nanowires is governed by the formation of this carbonaceous
structure on the surface of the nanowires and the creation of Ge—C bonds. The crystalline phase and
structure of the ST12-Ge nanowires were confirmed by X-ray diffraction (XRD), high-resolution trans-
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mission electron microscopy (HRTEM) and Raman spectroscopy. The nanowires produced displayed a
high aspect ratio, with a very narrow mean diameter of 9.0 + 1.4 nm, and lengths beyond 4 pm. The ST12-
Ge nanowire allotrope was found to have a profound effect on the intensity of the light emission and the
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Introduction

Group IV elements such as carbon, silicon, germanium and
tin can present extensive polymorphism to form many uncom-
mon allotropes, even in nanostructure forms, besides graphite
and diamond cubic (dc) crystallographic structures.'® These
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directness of the bandgap, as confirmed by a temperature-dependent photoluminescence study.

allotropes have drawn great attention because of their interest-
ing characteristics, e.g. high packing densities,” insulator/semi-
conductor behaviour,® metallicity’ and superconductivity,®°
and their wide range of potential applications, such as in solar
cells,"®'" gate-all-around transistors,"> and superconducting
devices'”'*' In particular, germanium polymorphs exhibit
attractive electronic and optical properties, especially good elec-
trical conductivity” and a direct and narrow bandgap.®’
Considerable effort has been made to synthesise and
characterise different polymorphs of Ge, some of which are
predicted to possess better energetic stabilities in comparison
with the diamond cubic Ge (dc-Ge) phase.">*'>™'” To date,
allotropes of Ge have typically been obtained and characterised
at very high pressures (in the range of from 100 to 1600 bar),
both upon compression and decompression.”® When amor-
phous or dc-Ge is placed under high pressure (above 10 GPa in
bulk, and 17 GPa for nanoscale), a new metallic f-Sn structure
(I4,/amd) is formed due to a phase transformation."® However,
upon release of the pressure at room temperature, f-Sn Ge
does not reverse to dc-Ge form, but transforms to different
metastable phases, such as the tetragonal phase (ST12-Ge or
Ge-1III), the body centred-cubic structure (BC8) or the rhombo-
hedral R8 phase, and sometimes metastable phases mixed
with de-Ge.”*° Recently, bulk crystalline ST12-Ge was obtained

This journal is © The Royal Society of Chemistry 2022
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after slow decompression from 14 GPa to atmospheric
pressure.

Among all the possible crystalline Ge allotropes, most of
them are thermodynamically unstable at room temperature
and ambient pressure. However, ST12-Ge has become the most
commonly studied Ge allotrope because of its kinetical stabi-
lity at ambient conditions.”* ST12-Ge is based on a tetrahedral
structure with 12 atoms per unit cell arranged to form fivefold,
sixfold and sevenfold rings. Hence, ST12-Ge is expected to be
semiconducting and has attracted special attention due to its
potential use in electronic and energy storage applications.**?
Also, comparisons with theoretical calculations carried out for
ST12-silicon suggest that doped ST12-Ge may act as a super-
conductor at low temperatures.’® The initial characterisation
of the optical properties of ST12-Ge, primarily theoretical, have
produced contradictory results, especially in regards to its elec-
tronic band structure.”"****> Recent density-functional theory
(DFT)-based calculations reported an indirect fundamental
bandgap of 0.54 eV ® and 0.70 eV’ for the ST12-Ge structure,
with a direct non-fundamental bandgap of 0.56 eV® and
0.72 eV.” A very small separation (~20 meV compared to
140 meV for dec-cubic Ge) between the indirect (L) and direct
() valleys potentially permits a direct bandgap transition
in ST12-Ge through the application of external strain.
Experimental reports on determining the bandgap of single-
crystalline ST12-Ge are limited. A bandgap of 1.5 eV has been
reported for nanocrystalline grains (3-4 nm) of ST12-Ge de-
posited via cluster-beam evaporation.”® Very recently, Zhao
et al.” reported an indirect bandgap of 0.59 eV and a direct
optical transition of 0.74 eV for single-crystalline bulk ST12-Ge
via optical absorbance and Tauc plot analysis.

Besides the traditional high-pressure laboratory synthesis, a
few techniques at ambient pressure, like plasma-enhanced
severe plastic deformation (SPD)*’ and indentation tech-
niques®® have also been utilised to obtain ST12-Ge in bulk
form. Although there have been attempts to grow ST12-Ge in
bulk form, there have been no reports on synthesising one
dimensional tetragonal Ge nanostructures, to keep track of the
miniaturisation of Si-based nanoelectronics and to take advan-
tage of their 1D geometry for new age field-effect transistor
(FET) devices, e.g. finFET, gate-all-around (GAA) FET etc.
Additionally, nanostructures of tetragonal Ge could be highly
advantageous for solar power conversion and in energy storage
devices such as Li-ion batteries.''*> Although different depo-
sition-based techniques, such as chemical vapour deposition
(CvD),*® nanoindentation®®?%*' and ionised cluster beam
deposition,**** have been useful in obtaining ST12-Ge crystals
with small nanograins, true nanocrystalline samples (nano-
particles of diameter ~6 nm) have only been obtained by
thermal annealing of amorphous nanophase Ge by the
naphthalide-mediated reduction of GeCl,.** Subsequent
research has also been directed towards the thermal
stability***> of the nanograin allotrope, with little consensus
on the results obtained.

Here we report the synthesis of single-crystalline ST12-Ge
1D nanostructures using a simple bottom-up synthetic method

This journal is © The Royal Society of Chemistry 2022
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at mild growth temperature (290-330 °C) and moderate
pressure (4.8 MPa or 48 bar). The ST12-Ge nanowires were
grown using a single-step batch synthesis method, without the
addition of a metal or metalloid growth catalyst. In situ formed
Ge nanoparticles and carbonaceous compounds aided the
growth of ST12-Ge nanowires. The crystalline phase of the
ST12-Ge nanowires was analysed by X-ray diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM)
and Raman spectroscopy. Photoluminescence (PL) was
observed for the first time from the ST12-Ge structures, and a
direct bandgap transition at low temperatures was confirmed
for the ST12-Ge nanowires.

Results and discussion

Tetragonal (ST12) Ge nanowires were grown at relatively mild
temperatures, between 290-330 °C, in a batch reactor using
low boiling point solvents, e.g. toluene and the commercially
available Ge precursor, diphenylgermane (DPG) (see ESI for
detail synthesis methodt). The in situ generated pressure in
the batch reaction chamber is around ~48 bar. The supercriti-
cal toluene environment created in the closed-cell reactors pro-
vided ideal conditions for fast precursor decomposition and
in situ formation of a carbonaceous layer on the surface of the
nanowires, which was crucial for the self-seeded growth of the
ST12-Ge nanowires. Fig. 1a and b show SEM images of ST12-
Ge nanowires grown on a Si (100) substrate at a reaction temp-
erature of 330 °C from a 40 and 60 mM solution of DPG in
toluene, respectively. Fig. 1a shows the formation of a three-
dimension (3D) sponge-like porous structure (primarily con-
sisting of carbon as indicated in energy dispersive X-ray (EDX)
analysis in Fig. S17), like a matrix, from the micron long reticu-
lated nanowires. The Ge nanowires assemble together to form
a uniform Ge film over the Si substrates. The SEM images (see
Fig. 1b and Fig. S1 in the ESI}) clearly show the formation of a
3D porous network from the interweaving nanowires, consist-
ing of bundles of individual nanowires. Significantly, nanowire
growth was also achieved at a temperature as low as 290 °C
(see Fig. S1 in ESIt). The yield of nanowires varied from 0.36 to
0.51 pg mm >, depending on the growth temperature and pre-
cursor concentration.

Crystalline phase and structural analysis of Ge nanowires

As the primary objective of this work was to fabricate the crystal-
line tetragonal ST12-Ge nanowire, XRD analysis on the as-grown
samples was used to determine the phase purity and crystal
structure of the nanowires. Fig. 1c shows the XRD profile from a
nanowire sample grown from a 60 mM DPG/toluene solution at
a reaction temperature of 330 °C. After subtracting the reflection
peaks from the Si substrate (see the raw XRD patterns for ST12-
Ge nanowires grown under different conditions in Fig. S2 in the
ESIYT), the nanowire sample exhibited a sharp peak at 33.29
which is characteristics of the {112} planes of ST12-Ge (JCPDS
No. 72-1425, a = 5.93 A and ¢ = 6.98 A)."'®*”*° All the as-grown
nanowire samples presented the characteristic XRD peak at
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(a) and (b) SEM micrographs of Ge nanowires grown at a temperature of 330 °C from a 40 and 60 mM DPG/toluene solution, respectively. (c)

XRD pattern of a nanowire sample showing the formation of ST12-Ge crystal structure. Inset shows 2D image plate obtained from the Ge nanowires
with a Co micro-source. XRD-2D detector reveals the presence of highly textured {112} ST12-Ge film. (d) Raman spectrum of ST12-Ge nanowires
showing Raman modes corresponding to ST12-Ge (P432,). Inset shows peaks corresponding to C—C Raman modes.

~33° associated with the {112} crystallographic plane of the
ST12-Ge structure (see Fig. S2 in the ESIf). The single peak
observed in the XRD corresponds to the strongest (112) reflec-
tion from the ST12-Ge sample. Peaks corresponding to other
impurity phases such as dc-Ge, crystalline GeO, and any carbon
related peak (e.g. GeC, crystalline carbon) were not detected by
the XRD. Lack of presence of the other XRD peaks corres-
ponding to ST12-Ge could be due to the anisotropy of the nano-
wire crystal and low yield of the samples. The nanowire film
obtained is highly textured, as revealed by the fairly sharp diffr-
action peaks obtained on a 2D-detector (inset of Fig. 1c), while
polycrystalline films usually leads to diffraction rings. The
bright spots observed are characterised by a 26 angle of 38.8°
(with the Co micro source), corresponding with the (112) planes
of the Ge ST12 structure. Due to the parallel nature of the
microsource used, they could only be detected when the sample
was slightly tilted, revealing a highly texture films with a small
disorientation (~2°) compared with the Si substrate. Thus, a
single sharp XRD peak could arise from the highly-crystalline
nanowires lying flat (i.e. like a (112) directed thin film) on their

2032 | Nanoscale, 2022,14, 2030-2040

high surface area facet (i.e. (112) in our case) on the Si substrate.
To omit the possibility of influence from the substrate on the
XRD observations, ST12-Ge nanowires were also grown on
metallic Ti substrates (XRD pattern shown in Fig. S2 in ESIY).
These samples also showed a single characteristics peak ~33°
associated with ST12-Ge, without any peaks associated with dec-
Ge. Although phase pure tetragonal ST12-Ge nanowires were
achieved at temperatures of 330 and 290 °C, increasing the
growth temperatures to 380 and 440 °C resulted in the for-
mation of dc-Ge nanowires, as confirmed by the Raman spec-
troscopy and XRD (Fig. S3 in ESIt). Observation of two entirely
different phases of Ge at different growth temperature in the
supercritical fluid batch synthesis method with the same Ge
precursor (DPG) and solvent (toluene) nullify the participation
of any solvent or precursor impurities in the growth of the Ge
nanowires, and observation of the ST12-Ge phase.

Raman spectroscopy, a powerful and non-destructive tool,
was used to further confirm the ST12 phase of the Ge nano-
wires. Fig. 1d shows room temperature Raman spectrum
recorded from the ST12-Ge nanowires. The measurements

This journal is © The Royal Society of Chemistry 2022
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were performed at a low laser power (0.02 mW) to avoid laser-
induced heating. The ST12 phase of Ge has a P4;2,2 crystal
structure and group theory analysis suggests that this phase
has 4A1 + 5B1 + 4B2 + 8E Raman active optical phonon modes,
while the dc-Ge phase only has one Raman active mode (Eg);
which originates from a doubly degenerate LO-TO phonon.*°
The Raman spectrum, from ST12-Ge nanowires, synthesised
at 330 °C, displayed multiple peaks below 300 cm™', which
could be fitted with 10 Lorentzian line shapes. To obtain the
best fit each spectrum was fitted five times to minimize errors
in the peak positions. In comparison, dc-Ge nanowires of
similar diameter (grown at 440 °C) depicted only a single E,,
Raman mode near 300 cm™ ' (Fig. S3 in ESIf). The peaks
corresponding to the ST12-Ge nanowires are in general agree-
ment with the previously reported, both calculated and experi-
mental, Raman data for ST12-Ge.”*® The experimental Raman
modes match very well with DFT calculated Raman active
modes®' of ST12-Ge, with the clear appearance of peaks corres-
ponding to B;, A; and E Raman modes. No peaks corres-
ponding to dc-Ge further demonstrates the formation of
phase-pure ST12-Ge nanowires at a growth temperature of
330 °C . The broadness and shift in the position of the Raman
modes are possibly caused by phonon confinement in the very
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thin (~9 nm) nanowires and anisotropy in the one-dimen-
sional crystal. Additionally, sharp peaks corresponding to C-C
Raman modes, observed around 1500 cm™", indicate the pres-
ence of a carbonaceous structure in the nanowire sample
(inset of Fig. 1d). For example, the peak around 1580 cm™*
corresponds to the C-C G-band.

Chemical analysis of ST12-Ge nanowires

The chemical purity of the Ge nanowires was further character-
ised by EDX analysis, which confirmed that the bulk of the
nanowires was solely comprised of Ge atoms (see Fig. S4 in
ESIT). The pure Ge composition was consistent throughout the
nanowire body; as verified by EDX elemental mapping. The
chemical nature of the ST12-Ge nanowires and the nanowire
surface was further analysed by Fourier transform infrared
(FTIR) absorption spectroscopy and X-ray photoemission spec-
troscopy (XPS). Characterisation of the ST12-Ge nanowire
samples via FTIR spectroscopy revealed the presence and inter-
action between the Ge nanowires and certain carbonaceous
structures. FTIR spectra taken from ST12 nanowires samples
showed absorption bands at ~2350, ~970, ~890 and
~819 cm™" (see Fig. 2a). These bands have previously been
reported and, ~2350 and 890 cm ™" in particular, correspond to
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(a) FT-IR spectrum of representative ST12-Ge (grown at 330 °C) and dc-Ge (grown at 440 °C) nanowires deposited on a Si substrate. XPS

spectrum of C 1s peaks from nanowires grown at (b) a reaction temperature of 330 °C and DPG concentration of 60 mM (ST12-Ge nanowires) and
(c) at a reaction temperature of 440 °C and a DPG concentration of 60 mM (dc-Ge nanowires). C—Si peaks in the spectrum (b) results from the inter-

action of bare Si substrate with carbonaceous compounds.
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the vibration modes of C=C bonds.*>” The other bands, ~970
and ~819 cm™" are consistent with CO, vibration and Ge-CH,
rocking vibrations, respectively.*® FTIR analysis, therefore, con-
firms the formation of a carbonaceous material in the nano-
wire samples. Absorption bands at ~560, and ~740 cm™" were
also observed in the FTIR spectra which can be assigned to the
stretching modes of Ge-C*”*° bonds and a Ge-H wagging
mode,® respectively. Significantly, FTIR spectra recorded from
dc-Ge nanowires grown at 440 °C depicts no peak corres-
ponding to stretching modes of Ge-C bonds (Fig. 2a). These
data not only confirm the presence of a carbonaceous matrix
within the Ge nanowire sample but also suggest the inter-
action of this layer with the surface of the ST12-Ge nanowires.
XPS analysis was also performed on a representative nano-
wire sample grown at 330 °C and a DPG concentration of
60 mM, to further study the interaction between the Ge nano-
wires and the as described carbonaceous structure. XPS
spectra of the tetragonal ST12-Ge nanowires was compared
with XPS data obtained from dc-Ge nanowires grown under
similar growth condition but at the higher growth temperature
of 440 °C (see Fig. 2b and c). The C 1s peak of the XPS spec-
trum (see Fig. 2b) of ST12-Ge and dc-Ge nanowires highlights
a different interaction between the carbonaceous structures
and the Ge nanowire in the two different crystal phases. The
peak at ~283.9 eV was only present in the XPS spectrum of
ST12-Ge nanowires and can be assigned to a strong interaction
(covalent bonding) between carbon and the surface of the
ST12-Ge nanowires, i.e. Ge-C bonds (see Fig. 2b). This obser-
vation validates the FTIR data which suggests that an inter-
action exists between the carbonaceous matrix and the ST12-
Ge nanowires (see Fig. 2a). No analogous peak was found in
the XPS spectrum of dc-Ge nanowires (see Fig. 2¢). C-C, C=C,
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C-O and CO; bonds were present in the C 1s spectrum for
both samples. Germanium oxide formation was also found
(see Fig. S5 in ESIt) in both samples upon exposure of the
samples to air when stored in an ambient atmosphere. Thus,
the carbonaceous compounds bonded to the nanowire surface
could be discrete and do not act as a passivation layer to
protect the Ge nanowires from oxidation. Both FTIR and XPS
evaluations confirm carbonaceous compound formation in the
samples and interactions between this carbonaceous matrix
with the surface of the ST12-Ge nanowires.

Structural and crystal quality analysis of ST12-Ge nanowires

The surface interaction of the Ge nanowires with the carbon-
aceous matrix can potentially induce strain and crystal defor-
mation, such as the formation of twins and stacking faults.
HAADF-STEM, HRTEM and selected area electron diffraction
(SAED) were used to further confirm the formation of the ST12-
Ge crystalline phase and structural quality of the nanowires.
Fig. 3a and b show HAADF-STEM data from an ST12-Ge nano-
wire sample grown at 330 °C from a 60 mM DPG/toluene solu-
tion. The nanowire exhibited uniform structural quality and a
crystalline nature, analogous to other nanowires formed under
similar growth conditions. The ST12-Ge structure had a dis-
torted tetrahedral arrangement with a packing density about
11% greater than that of de-Ge.>' HAADF-STEM of the Ge nano-
wires showed the stacking of {110} planes along the nanowire
growth direction (see Fig. 3a). A more detailed examination of
the nanowire crystal is depicted in the high-resolution STEM
(HRSTEM) image (see Fig. 3b), oriented along the (110) zone
axis, and recorded from the core of a crystalline ST12-Ge nano-
wire. HRSTEM imaging reveals an interplanar spacing (d) of
0.21 nm along with the nanowire growth axis, corresponding to

(a) HRSTEM image of ST12-Ge nanowires with the stacking of (110) plane along the nanowire growth axis. (b) Latticed-resolved HRSTEM

image of an ST12-Ge nanowire. (c) FFT pattern recorded from the representative ST12-Ge nanowire (part (a)) which confirms the ST12 structure and
nanowire growth direction. (d) Diameter distributions of Ge nanowires obtained at 330 °C from a 60 mM DPG/toluene solution. (¢) HRTEM image of
a Ge seed and nanowire interface (shown by the red box on the top-left inset) confirms the self-seeded growth. Top-right inset shows an FFT of the

seed area.
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the {220} plane of an ST12-Ge crystal. All the interplanar spa-
cings for other crystal planes match well with ST12-Ge (JCPDS
072-1425). Fast Fourier transformation (FFT) of the HRSTEM on
the single nanowire could only be indexed to the ST12-Ge struc-
ture (see Fig. 3c) and the reflections were assigned to the high-
order Laue zone diffraction of {002}, {111} and {220} planes of
ST12-Ge (JCPDS 072-1425). Additionally, the interplanar angles
of ~31°, ~59° and ~90° were measured between (111) and
(220), (002) and (111), and (002) and (220), respectively. These
interplanar angles match well with the tetragonal Ge crystal and
are particularly useful in assigning the lattices with closely
matched spacings. FFT pattern recorded from the nanowire also
confirms the single-crystalline nature of the nanowires.

The presence of the amorphous carbon on the surface of
the nanowires was observed by TEM to be a discontinuous and
uneven coating along the length of the nanowires (see Fig. S6
in ESIf). Thus the carbonaceous coating on the nanowires
does not protect the nanowires from surface oxidation, as seen
from the XPS spectra (Fig. S5 in the ESIT). ST12-Ge nanowires
are very thin with a narrow diameter distribution, mean dia-
meter of 9.0 (+ 1.4) nm (Fig. 3d). The mean diameter of the Ge
nanowires was found to be uniform for all growth conditions
and much below the Bohr radius (~24.3 nm) of Ge. Most of
the nanowires exceeded a measurable length over 4 pm and
very few displayed kinking at the growth temperatures
employed. Tapered nanowires were also not observed under
any growth conditions investigated. The presence of the hemi-
spherical seed and the seed-nanowire interface was examined
by HRTEM (see Fig. 3e). A low-magnification TEM image of a
Ge nanowire with a dark contrasted growth seed can be seen
in the inset of Fig. 3e (additional TEM and STEM images of
nanowires with Ge seeds are shown in Fig. S7 in ESIT). Fig. 3e
shows an HRTEM image recorded with (110) zone axis align-
ment, from the same nanowire. Fast Fourier Transform (FFT),
in the top-right inset of Fig. 3e, of the seed region also con-
firms the formation of crystalline ST12-Ge. The crystal struc-
ture in both the nanoparticle and the nanowire segments
correspond to ST12-Ge, which confirms the participation of a
self-seeded, bottom-up growth with the ST12-Ge nanoparticle
seed.”’™** Self-seeding growth of nanowires was further con-
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firmed with EDX analysis from the nanowire tips (Fig. S7a in
the ESIT), showing only the presence of Ge.

Growth mechanism of ST12-Ge nanowires

The growth of the self-seeded ST12-Ge nanowires likely occurs
via a triple-phase (source-seed-nanowire) bottom-up growth
which is aided by the formation of the carbonaceous matrix (a
schematic of the growth is shown in Fig. 4). The formation of
Ge seeds and their participation in nanowire growth (self-
seeded) is evident from the presence of Ge nanoparticles at
the tips of the nanowires (see Fig. 3e and S77). In self-catalytic
growth, temperature and pressure are key factors associated
with the Ge precursor decomposition and nanowire growth. In
our experiments, ST12-Ge nanowires were only synthesised
under certain temperatures (290 and 330 °C) and pressure (an
in situ generated pressure of ~48 bar) conditions, close to the
critical point of pure toluene (318.6 °C and 41.3 bar). These
reaction conditions give the necessary environment to generate
ST12-Ge nanoparticles which act as the catalytic seed for ST12-
Ge nanowire growth (Fig. S7c in the ESIf). The formation of
the nanoparticle phase takes place when the Ge precursor
(DPG) decomposes to form Ge adatoms, liberating very reactive
phenyl groups.** GC-MS analysis (see Fig. S7d in ESI{) of the
reactant solution revealed the by-products of the reaction as
diphenylmethane and derivatives, e.g. 2,3"-dimethyl-1,1"-byphe-
nyl, bybenzyl or 1-methyl(4-phenylmethyl)benzene, along with
toluene (and derivatives), and tetraphenylgermane. Under
supercritical conditions in a closed cell, the phenyl-based
long-chain molecules, e.g. diphenylmethane and derivatives,
start polymerising® and precipitate over the available surfaces
(sample substrate and reactor’s walls). Of note, self-seeded
nanowire growth was not observed under flow-through super-
critical fluid reaction conditions. Instead, large spherical par-
ticles of Ge via homogeneous nucleation and Ostwald ripening
were observed. This could be due to the large localised concen-
tration of diphenylmethane and derivatives, in respect to the
Ge adatom concentration, in the batch reaction process com-
pared to a flow-through reaction.*®*’

The formation of Ge nanoparticles seeds for nanowire
growth can be described as a spontaneous phenomenon. At

III. NW formation

Illustration of the proposed ‘self-seeded’ ST12-Ge nanowire growth mechanism. Stage | corresponds to precursor decomposition and poly-

merisation of the liberated phenyl groups. Stage Il consists of aggregation and nanoparticle formation from the available Ge adatoms. Eventually,
stage Il represent nucleation and growth of ST12-Ge nanowires from the outer disposed Ge nanoparticle seeds.

This journal is © The Royal Society of Chemistry 2022
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this point, available Ge adatoms, via the decomposition of
DPG, aggregates and dissolves into the carbonaceous matrix to
form the Ge nanoparticles. The as-formed organic structures
limit the capacity of aggregation and Ostwald ripening of the
Ge nanoparticles and thus the formation of larger spherical
particles. Ge nanoparticles placed at the outer surface of the
polymer are exposed for the attachment of Ge adatoms for the
growth of Ge nanowires. Self-seeded growth of Ge nanowires
from in situ generated nanoparticles has previously been pro-
posed via “pseudo” VLS-like growth.***> In our particular case,
the initial formation of Ge nanoparticles in the carbonaceous
template (see Fig. S7 in ESIT) and the presence of these nano-
particles at the tips of the nanowires, indicates the partici-
pation of nanoparticle seeds in the growth of the ST12-Ge
nanowires. Of note, the elemental, structural and chemical
analysis did not indicate any presence of metal (or semimetal)
impurities which can participate (in a three-phase growth para-
digm) in the seedless growth of Ge nanowires. Additionally,
solvents and precursors were also sourced from different sup-
pliers (Sigma-Aldrich, ABCR-GmbH, Flurochem, Merck) to
nullify any influence of impurities on the seedless nanowire
growth. Synthesis with precursors and solvents sourced from
different suppliers resulted in the growth of Ge nanowires with
similar morphologies and ST12 phase, also confirming the
reproducibility of the synthetic method.

The formation of the carbonaceous structure on the Ge
nanowires and its interaction with the Ge is likely to be key to
the observation of ST12-Ge over dc-Ge crystalline structure
under certain growth conditions. In nanowires, due to the
high surface to volume ratio, surface energy plays a crucial role
in the formation and stability of the metastable nanostructure,
particularly in the case of nanostructure with small radii. The
nanowire diameter and its specific sidewall facets have been
often pointed out as key factors determining the crystal phase
of nanowires.*® The energy difference between dc-Ge and ST12-
Ge structures gets significantly small for nanostructures.*>>
The energy difference between the two phases further
decreases with the change in the surface properties, e.g. recon-
structed surface, of the nanostructures.”® The chemical inter-
action at the surface plays a key role in the stability of the ST12
phase in nanostructures.>® The formation of metastable tetra-
gonal clusters is possible by trapping Ge nanoparticles with
carbon resulting in unsaturated and reconstructed surfaces at
low temperatures. Thus, along with the nanowire diameter
(diameter of ~9 nm for ST12-Ge nanowires), the formation of
singular carbonaceous-structure compositions and their inter-
action with the available Ge surface (FTIR and XPS analysis of
ST12-Ge nanowires, Fig. 2) could be crucial in determining the
phase and the stability of the ST12-Ge nanowire phase. As the
cubic and ST12-Ge nanostructures have comparable lattice
energies, their nucleation is likely dependent on local environ-
mental factors such as growth temperature and pressure.

Surface tension could also be a key contributor to the per-
sistence of the ST12 phase in Ge nanostructures. Kim et al.**
suggested that the addition of the sterically hindered organo-
metallic reagent -BuMgCl promotes the nucleation of ST12
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structures in Ge nanoparticles by imparting surface strain
onto nascent amorphous Ge nanoclusters which results in a
metastable surface with a high degree of unsaturation that
leads to an ST12-Ge structure. In our case, ST12-Ge nanowires
are only obtained at growth temperatures between 290 and
330 °C, whereas dc-Ge or a mixed phase was obtained at
higher temperatures. Also having DPG concentrations of 40
and 60 mM at this temperatures in the batch synthesis is criti-
cal to obtain the ST12 phase of Ge nanowires (Fig. S1}). An
interaction between the Ge and the carbonaceous compound
was only observed, with the formation of the Ge-C bond, for
the ST12-Ge nanowires (see Fig. 2a and b). Osten et al.*>' have
previously postulated that a small amount of isoelectronic
carbon (<2 at%) can induce strain in the SiGe lattice for a tetra-
gonal distortion. The formation of the Ge-C bond at the
surface of the Ge nanowires can therefore potentially induce
strain in the Ge lattice due to the change in the bonding
environment, the bond length of Ge-C 1.98 A and Ge-Ge
2.46 A. This strain can change the Ge-Ge bond length and
angular distortion in the lattice and create a tetragonal sym-
metry in the nanowires. Additionally, the surface stress, which
can be induced by the carbonaceous matrix, can act as the
driving force by creating a compressive strain in a certain
crystal direction, e.g. [001], for the phase transformation.>?
Thus, the presence of the carbonaceous matrix and the Ge-C
bond formation at the surface of the Ge nanowire plays a
crucial role in the formation of the ST12 phase. A detailed
exploration on the exact role of the carbon in the formation of
ST12-Ge by high resolution strain mapping and tomography is
delegated to a later study.

Photoluminescence of ST12-Ge nanowires

Photoluminescence (PL) is a primary technique to determine
the nature of the bandgap in nanoscale systems. PL peak posi-
tions, intensity and linewidths can be used to determine the
nature of an electronic band transition. Previous attempts
to obtain detectable PL signals in the near-infrared (NIR)
region of the spectrum from the ST12-Ge crystals were not
successful for both room temperature and low-temperature
measurements.>>”* To examine the nature of the band tran-
sition in ST12 nanowires, low-temperature PL studies were
carried out using a liquid helium cryostat using a Ti:Sa laser
with an excitation wavelength of 700 nm. A PL spectrum
recorded from ST12-Ge nanowires recorded at 10 K is depicted
in Fig. 5a. The PL spectrum shows an intense PL peak centred
at 1938 nm, which equates to bandgap energy of 0.64 eV. By
fitting the spectra to the Gauss function, the full width half
maximum (FWHM) of the peak was obtained. The primary
emission peak has a linewidth of 362 nm. The PL peak posi-
tion of the ST12-Ge (0.64 eV) reported here matches well with
the theoretically calculated bandgap for ST12-Ge.”** Zhao
et al” and Malone et al.® have calculated, by DFT using a
hybrid functional approach, the fundamental bandgap of bulk
ST12-Ge to be indirect with values of 0.70 and 0.54 eV respect-
ively. However, their calculation also predicted a relatively
“weak” indirect bandgap for ST12-Ge, in the sense that the

This journal is © The Royal Society of Chemistry 2022
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(a) PL spectra of ST12-Ge nanowires obtained at 10 K. (b) Temperature-dependent PL spectrum obtained from ST12-Ge nanowires at temp-

eratures between 10 to 300 K. (c) Lineal fit plot of the integral PL intensity vs. temperature of the peak at ~1940 nm from 10 to 100 K with the coeffi-
cient of determination close to unity (R? = 0.9908). (d) The Arrhenius relation of the integral PL intensity vs. temperature of the peak at ~1940 nm

from 10 to 100 K with the coefficient of determination close to unity (R?

= 0.9774). (e) Linear fit plot (black) of the PL peak position vs. temperature

of the peak at ~1940 nm from 10 to 100 K with the coefficient of determination close to unity (R? = 0.9936). Red dot plot corresponds to the PL

peak FWHM at the different temperatures.

direct bandgap is only ~20 meV (compared to 140 meV for dc-
Ge) larger than the indirect bandgap. Experimental determi-
nation of the bandgap of ST12-Ge is rarely reported. A
bandgap of 1.5 eV was reported for cluster beam deposited Ge
nanograins through optical absorption measurements,>®
whereas optical absorbance and reflectivity measurements of
bulk ST12-Ge and Tauc plot analysis showed a fundamental
indirect bandgap of 0.59 eV and a direct transition at 0.74 eV.”

Temperature-dependent PL studies are invaluable for
probing the nature of the fundamental bandgap of a
material.>**® Temperature-dependent PL studies have pre-
viously been used to probe the direct/indirect nature of the
fundamental gap in 1D nanoscale materials.>®™® PL spectra
recorded as a function of temperatures are plotted in Fig. 5b,
and to the best of our knowledge is the first reported experi-
mental observation of PL from any ST12-Ge structure. The
primary PL emission (~0.64 eV at 10 K) from ST12-Ge nano-
wires monotonously decreases in intensity with increasing
temperature (see Fig. 5b), which can be attributed to a reduced
transfer of electrons from the I' to L valleys by thermal acti-
vation, thus a higher electron population in the I' valley. A
monotonical decrease (see Fig. 5c) in the PL intensity is

This journal is © The Royal Society of Chemistry 2022

observed with increasing temperature, which is typical behav-
iour of a direct bandgap semiconductor.”***°" For a funda-
mentally indirect-bandgap semiconductor, the intensity of the
primary PL peak increases with temperature as excited carriers
which accumulate at the indirect band extreme at low tempera-
ture get thermally excited into the higher energy direct
minimum with the increase in temperature. They recombine
with a higher quantum efficiency and emit light with higher
intensity at higher temperatures. On the other hand, for a
direct bandgap semiconductor, with an increase in tempera-
ture the PL intensity decreases due to the increase of the non-
radiative electron-hole recombination process. This also
includes the fast diffusion of photocarriers toward surfaces
and interfaces leading to non-radiative surface and interface
recombination respectively. Thus the radiative transition rate
is reduced with the activation energy E,. An Arrhenius plot,
depicting integrated photoluminescence intensity as a func-
tion of inverted temperature is shown in Fig. 5d. Arrhenius
plots have been fitted with a single exponential function with
a coefficient of determination (R*) close to unity (R* = 0.9774).
The activation energy (E,) for the non-radiative processes from
the Arrhenius plots was calculated to be 59 meV. The high acti-
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vation energy for the non-radiative process at these tempera-
tures indicates towards a strong direct bandgap transition.
Furthermore, narrow linewidth deviation, determined by the
FWHM when fitted with a Gaussian function, of the PL emis-
sion at low temperatures (between 362 to 300 nm for tempera-
ture between 10 to 70 K) is indicative of a single channel of
recombination and thus also indicates a stronger direct
bandgap transition at these temperatures.*

The effect of temperature on the peak position is displayed
in Fig. 5e. The temperature dependence of the PL peak position
shows an increase in bandgap energy for a decrease in temp-
erature from 100 to 10 K. The bandgap is blue-shifted from
0.61 to 0.64 eV with the decrease in temperature. The tempera-
ture dependence of the PL peak energy can provide infor-
mation on the carrier distribution within electronic bands or
localised states. The monotonic decrease of the direct bandgap
energy with temperature follows the bandgap (Varshni law) and
carrier distribution variation in a semiconductor,®® similar to
previous observations for Ge and GeSn alloys.>*® A dominant
direct bandgap transition is observed at low temperatures
(below 100 K). On an important note, no emission was
observed from dc-Ge nanowires grown at 440 °C with the
InGaAs detector. ie. the detector used for ST12-Ge nanowires
(Fig. S8a in the ESIf). However a broad, low-intense PL spec-
trum centred at ~1500 nm (~0.80 eV) was observed from dc-Ge
nanowires with a highly-sensitive (but low detection range)
InAs detector. (Fig. S8b in the ESI}). Radically different PL
characteristics from ST12-Ge compared to dc-Ge nanowire (of
very similar morphology) provides further evidence of a
different carrier recombination pathway for these two types of
Ge nanowires. Although the steady-state PL measurements gave
an indication on the nature of the bandgap for ST12-Ge nano-
wires, direct measurements of the carrier lifetimes with time-
resolved photoluminescence are required in order to precisely
resolve the directness of the electronic band structure in ST12-
Ge nanowires, and delegated to a future study.

Conclusions

In summary, the growth of tetragonal Ge nanowires was
achieved via a supercrtical fluid-assisted solvothermal-like
process. ST12-Ge nanowire growth was achieved at moderate
temperatures and much lower pressure (~4 order of magni-
tude) compared to previously synthesised ST12-Ge bulk crys-
tals. The formation of carbonaceous compounds on the
surface of the nanowires and its interaction with the nanowire,
in a batch setup, leads to the growth of this novel allotrope
(ST12) of Ge in 1-D nanoform. Three-phase bottom-up growth,
via in situ formed Ge growth catalysts, is liable for the 1D
growth. This method opens a new window of fast, simple and
accessible procedures for obtaining crystalline 0D and 1D
nanostructures. Further engineering of the ST12 nano-
structures, e.g. through doping, heterostructure formation, to
tune the physical properties of this novel material could also
be achieved via this bottom-up growth approach. PL studies
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suggest that the ST12-Ge nanowires possess a bandgap with
direct character ~0.64 eV. Overall, we have demonstrated that
bottom-up grown ST12-Ge nanowires represent a low-cost
approach to meet the growing demand for efficient group-IvV
nano/optoelectronic materials suitable for monolithic inte-
gration on Si.
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