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ABSTRACT: Highly oriented Ge0.81Sn0.19 nanowires have
been synthesized by a low-temperature chemical vapor
deposition growth technique. The nanostructures form by a
self-seeded vapor−liquid−solid mechanism. In this process,
liquid metallic Sn seeds enable the anisotropic crystal growth
and act as a sole source of Sn for the formation of the
metastable Ge1−xSnx semiconductor material. The strain
relaxation for a lattice mismatch of ε = 2.94% between the
Ge (111) substrate and the constant Ge0.81Sn0.19 composition
of nanowires is confined to a transition zone of <100 nm. In
contrast, Ge1−xSnx structures with diameters in the micro-
meter range show a 5-fold longer compositional gradient very similar to epitaxial thin-film growth. Effects of the Sn
growth promoters’ dimensions on the morphological and compositional evolution of Ge1−xSnx are described. The
temperature- and laser power-dependent photoluminescence analyses verify the formation of a direct band gap material
with emission in the mid-infrared region and values expected for unstrained Ge0.81Sn0.19 (e.g., band gap of 0.3 eV at room
temperature). These materials hold promise in applications such as thermal imaging and photodetection as well as
building blocks for group IV-based mid- to near-IR photonics.
KEYWORDS: semiconductor, nanowires, epitaxy, direct band gap, germanium, tin

Monolithic integration of photonics and electronics
based on all-group IV semiconductors requires a
localized and efficient way of fabricating light

emitters being processed in established complementary
metal-oxide-semiconductor (CMOS) compatible processes.1

For this purpose, direct band gap Ge1−xSnx has recently
regained increased interest.2,3 Alloying germanium with tin
alters the characteristics of the semiconductor, tremendously
affecting electronic,4 optoelectronic,5 and optical6 properties.
However, a direct semiconductor material of this element
combination requires transcending the equilibrium solubility of
∼1 at%,7 and compositions of ⩾8 at% Sn8 are desired. The
efficient incorporation of high Sn contents in Ge can be
achieved by crystal growth under non-equilibrium conditions
ruled by kinetics. These metastable Ge1−xSnx materials are
candidates for infrared optoelectronics and optical devices,
such as lasers,8−12 photodetectors,13,14 or light-emitting
diodes15−17 due to their composition-dependent direct band
gaps.18

Despite significant progress in thin-film growth techniques,
there is a limited number of reports available for anisotropic
Ge1−xSnx crystal growth exceeding the Sn content needed to
obtain a direct band gap material. Ge1−xSnx nanowires (NWs)
have been prepared using Au growth seeds and simultaneous
decomposition of allyltributylstannane and diphenylgermane
leading to Ge0.91Sn0.09 with characteristics of a direct band gap
material.19,20 Higher Sn contents in the range of 17−28 at%
have been obtained in anisotropic Ge1−xSnx nanostructures by
applying a liquid-based approach.21−23 The material in this
composition range reveals high conductivity values and
semiconductor behavior.24

Low-temperature growth enabling the formation of meta-
stable phases can lead to extraordinary high doping levels in Ge
NWs while retaining excellent crystal quality. For instance,
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chemical vapor deposition (CVD) as well as electrochemical
approaches have the potential to incorporate very high
concentrations of the metal used to grow the Ge nanocryst-
als.25−28 The technique applied in the aforementioned growth
studies can be described as a low-temperature variation of the
self-seeded growth described for In or Ga metal of the
respective III−V NWs.29,30 In this context, Sn has been used in
prior studies for the growth of Si31,32 and Ge33,34 nanorods/
NWs and segmented Si/Ge heterostructures;35,36 however,
significant incorporation from a Sn reservoir in the growing Ge
NW crystal has only been achieved by low-temperature
microwave-based syntheses21−23 according to the solution-
liquid−solid mechanism and for in-plane migrating NWs37

using a solid−liquid−solid approach.
Thus far, only one study on metal-catalyzed growth of

Ge1−xSnx NWs with specific orientation on substrates has been
reported. Although the temperature used in the study is in the
regime (300−350 °C) where efficient Sn incorporation has
been demonstrated for layer growth, the Ge NWs contain only
the thermodynamically stable ∼1 at% Sn and reveal a Sn−O-
enriched shell.38 A successful strategy to prepare anisotropic
nanostructures has been the epitaxial growth of Ge1−xSnx shells
on pre-oriented Ge NWs as a substrate material.39,40 The most
efficient incorporation in these studies shows an epitaxial,
nonhomogeneous Ge0.87Sn0.13 shell growth with a significant
Sn gradient of 8−13 at%.39 The shell accommodates the strain
by the aforementioned Sn gradient and also by an
inhomogeneous distribution of Sn with radial “sunburst
stripes” of low (∼5 at%) and high Sn content (8−13 at%)
alternating segments.41

Here, we report an efficient CVD growth method of
anisotropic Ge1−xSnx structures on Ge (111) substrates.
Epitaxial, vertically grown Ge1−xSnx (x = 0.15−0.19) structures
are demonstrated over a large diameter range of ∼50−1100
nm. The initial Sn particle acts as both nucleation seed as well
as Sn source for the formation of the binary semiconductor,
and thus the growth mechanism can be described as a self-
seeding vapor-liquid-solid (VLS) mechanism. Short growth
cycles have been intentionally chosen to prevent potential
thermal degradation of the material, which we investigated
prior to this study.23 Our results demonstrate a diameter-
dependent gradient/transition zone between substrate and
Ge1−xSnx material with very efficient strain relaxation for
nanostructures. The obtained Ge0.81Sn0.19 NWs exhibit photo-
luminescence (PL) showing a low-temperature band gap at the
expected energy of 0.37 eV for unstrained material.42 Although
the effective areal Ge0.81Sn0.19 volume of the NWs is small
when compared to thin films, strong luminescence is recorded
in the whole temperature regime from 4 to 320 K, indicating
the high crystal quality of the material. The emission energy
remains constant for material investigated at different locations
on the Ge substrate, illustrating the reliable growth of
Ge0.81Sn0.19 nanostructures. The characteristics of the PL
describe the formation of a direct band gap material. Moreover,
the PL data illustrate the high crystal quality of the NW
material prepared in this study, matching the optical properties
of Ge1−xSnx films.

RESULTS AND DISCUSSION
The growth of Ge1−xSnx nanostructures has been realized in a
two-step CVD approach. First, the Sn growth seeds are
deposited by low-pressure CVD on single crystal Ge (111)
substrates using Sn(N(CH3)2)2 at substrate temperatures of

548−573 K. The in situ formation of the Sn growth seeds
prevents oxidation that could be caused by a substrate transfer
from separate growth chambers. Subsequently, the temperature
is adjusted to the desired deposition conditions for the tert-
butylgermane precursor as Ge source. Key to the successful
formation of Ge1−xSnx NWs using Sn is a high supersaturation
of the Ge-source to enable a high growth rate at low
temperatures of 523−623 K. The high growth rate is important
to prevent the degradation of the Ge1−xSnx by diffusion of
metallic Sn through the crystal,23 but causes the simultaneous
formation of a parasitic Ge film that can be easily removed via
reactive ion etching as described in literature.43 A typical to
view scanning electron microscopy (SEM) image reveals
almost exclusively circular features and a small number of
elongated structures formed off-axis, as shown in Figure 1a.

The actual morphology of the NWs and their orientation can
be visualized either in cross section geometry (Figure 1b) or
simply by tilting the substrate off the ⟨111⟩-viewing direction,
as demonstrated for fully terminated Ge1−xSnx NWs in Figure
1c. The highest yield of ⟨111⟩-oriented NWs (>97%) has been
observed for samples where the bottom diameter of the grown
NWs is in the range of 30−130 nm (mean value 81 ± 22 nm;
1σ), as illustrated in Figure S1. Transmission electron
microscopy (TEM) is used to study microstructural properties
of the Ge1−xSnx NWs. For that purpose, Ge1−xSnx NWs are
deposited onto lacey carbon grids by drop casting of NWs
which have been mechanically removed from the surface. The
TEM image in Figure 1d reveals a smooth surface of the NW
and shows the partially consumed hemispherical Sn growth
seed with different diffraction contrast. The single crystal
nature of the Ge1−xSnx material grown from the Sn seeds is
shown by high-resolution TEM (Figure 1e). The fast Fourier

Figure 1. Top view (a) and cross section (b) of highly oriented
Ge1−xSnx nanostructures grown on Ge (111) substrates at 598 K
for 15 min and subsequent reactive ion etching. (c) The 30° tilted
view shows fully terminated Ge1−xSnx NWs grown perpendicular to
the Ge surface. (d) The TEM image of a NW scraped from the
surface clearly illustrates the shrinking diameter due to the
incorporation of Sn from the metallic hemispherical nucleation
seed and smooth surface of the Ge1−xSnx. (e) High-resolution
TEM image of a Ge1−xSnx NW reveals the single crystalline nature
of the material and the growth along the ⟨111⟩-axis, by the FFT
shown in the inset.
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transformation (FFT) pattern in the inset depicts the growth
direction of the Ge1−xSnx NW to be along the ⟨111⟩-axis,
which can be expected given their perpendicular orientation to
the Ge (111) substrate as illustrated in SEM images (Figure
1b).
Significant differences in morphology can be observed with

higher amounts of Sn deposited in the first step. Thick
micropillars of different height and diameter are obtained after
the Ge deposition and accompanied by micron-sized structures
migrating on the surface (Figure 2a). Micropillars are very

similar to the structures observed in Figure 1b, but with a
much larger diameter. The surface migrating in-plane micro/
nanowires, as highlighted by cycles in Figure 2a, do not contain
a significant Sn content (max. ∼4 at%). Therefore, more details
on the in-plane microwires are only provided in Figure S2 of
the Supporting Information, since their composition observed
in this study on Ge (111) single crystals is far from a desirable
content of ∼9 at% for a direct band gap material. The low Sn
content in the in-plane micro/nanowires is very similar to the
in-plane precipitates on Ge single crystals caused by Sn
diffusion through Ge1−xSnx epilayers in the temperature range
of 503−623 K.44

A schematic diagram derived from SEM images can be used
to discriminate between the three different morphologies
observed in the experiments. The starting point in the growth
description in Figure 2b is the size of the initial Sn particle.
Small Sn particles lift from the surface of the Ge substrate
easily, because the decomposing Ge can dissolve in the Sn
particle leading to supersaturation with Ge and subsequent
nucleation/film formation underneath the particle via layer-by-
layer growth, representing a typical VLS growth of group IV

NWs on (111)-oriented substrates of Si or Ge. The growth
proceeds as long as the liquid Sn particle can facilitate the VLS
growth of a single crystal, while the metal is consumed due to
its incorporation in the growing Ge1−xSnx NWs. Increase in
deposition duration for the Sn particles leads to larger base
diameters owning large diameter distribution. In this scenario,
either an identical Ge1−xSnx growth process perpendicular to
the substrate surface occurs and micropillars are formed
underneath the Sn particle or the nucleation event occurs at an
edge of the particle at the triple phase boundary, resulting in
in-plane migrating micro/nanowires.45 Extending the micro-
pillars has proven to be challenging, but higher temperatures
and prolonged growth duration enable the formation of longer
microwires. The as-grown microwires contain a thick Ge shell,
but the core reveals a constant composition along their length
(Figure S3). However, significant stability issues have been
observed for the majority of the microwires leading to Sn
segregation and secondary growth on the structures, as shown
in Figure S4.
Since both thick micropillars and NWs are growing

perpendicular to the Ge (111) substrate surface, the
composition of the Ge1−xSnx material at the interface region
to the Ge substrate has to be considered. For this purpose,
TEM lamellae have been prepared using focused ion beam
preparation methods for cutting and thinning of the sections.
Figure 3a shows the composition at different locations along a
scanning transmission electron microscopy-energy-dispersive
X-ray (STEM-EDX) map of the micropillars, as illustrated in
the inset. A clear trend is visible along the cross section starting
at the Ge substrate and a gradient with increasing Sn content
up to 15.4 at% over a length of 430 nm for a microwire of 1.1
μm base diameter. This is in good agreement with a recent
study on epitaxial thin-film growth of Ge1−xSnx with a Sn
content of ∼15 at% at a distance of ∼500 nm on a virtual Ge
substrate.46 In contrast, Figure 3b illustrates a NW with 95 nm
base diameter owning a transition length of merely 50 nm for a
15 at% Sn content and 80 nm to reach a composition limit of
∼19 at% Sn at the given synthesis temperature at 598 K. The
composition along a NW after the initial transition zone is
constant as shown in Figure 3c for a Ge0.81Sn0.19 NW (19.3 ±
0.9 at%) with the Sn particle at the growth front. The
composition along a fully terminated NW is also constant,
which is shown with the whole set of Ge and Sn maps and
their overlays related to Figure 3 in Figures S6−S8. A
deconvolution of the main parameter controlling the formation
of this specific composition is not trivial. At a constant
precursor ratio, a composition dependence in Ge1−xSnx on the
growth temperature in thin-film samples was reported in
literature for single layers18 as well as multilayer grown by a
step growth technique with associated sequential temperature
decrease. In addition, these layers typically show constant
composition after the strain effects are mostly compensated by
a defective layer.47,48 However, for NW growth, the influence
of different catalyst/nucleation seeds altering the rate of crystal
growth20 as well as potentially changing precursor decom-
position kinetics or efficiencies49 have to be considered. High
precursor concentration/vapor pressure relates to high super-
saturation in the metal particle and thus a high chemical
potential in the seed leading to high-growth rates during VLS
growth, as reported for Au-assisted Si NW growth.50

Moreover, the higher the PH3 partial pressure, the higher the
P doping level in Au-seeded Si NWs, illustrating the effect of
the concentration of dopants in the seed particle on the

Figure 2. (a) SEM image (30° tilt angle) of structures obtained
with a higher amount of Sn deposition showing in-plane growth of
micro/nanowires and perpendicular growth of micropillars at
growth temperatures of 573 K. Examples of in-plane microwires
are circled to guide the eye. (b) A schematic illustration of the
formation mechanism of the different structures obtained in this
study including in-plane micro/nanowires and micropillars as well
as the formation of NWs in the lower sequence.

ACS Nano Article

DOI: 10.1021/acsnano.9b02843
ACS Nano 2019, 13, 8047−8054

8049

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02843/suppl_file/nn9b02843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02843/suppl_file/nn9b02843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02843/suppl_file/nn9b02843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02843/suppl_file/nn9b02843_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b02843


material composition.51 Thus, the incorporation of foreign
atoms in a crystal lattice via the VLS growth also depends on
the concentration of atoms in the growth promoter. Therefore,
Sn self-seeding can be considered being an extreme, and the
highest Sn content possible under the given growth parameters
should be incorporated in the NW crystal. In addition, a
diameter-independent composition is observed in the low
diameter regime of our growth study, and thus a similar growth
velocity can be assumed for the Ge1−xSnx growth. This
assumption is based on the fact that the growth rate can
influence the composition of group IV NWs dramatically with
an increased incorporation efficiency of the metallic seed
material in accelerated crystal growth of tens of nm per

second.52 The growth rate observed in this study on Ge1−xSnx
NW formation is in the range of ∼0.4 nm·s−1 and ∼1 nm·s−1

for the growth of Ge0.81Sn0.19 NWs at 598 K, and no significant
differences in composition could be observed. These values are
in good agreement with reported growth rates for VLS-grown
Ge1−xSnx NWs19 and other group IV NW materials with high
dopant incorporation efficiency.51 At the here applied very
high Ge precursor concentration/partial pressure range and
low temperature during Ge0.81Sn0.19 growth, contributions of
the Gibbs−Thomson effect are not expected to play a role in
the last stages of the crystal termination.53 However, the exact
contributions of the individual factors described vide supra on
the final composition of the Ge1−xSnx NWs will be evaluated in
a separate study.
The partial substitution of Ge by Sn owning a 15% larger

atomic size causes a lattice mismatch between the Ge substrate
and the Ge1−xSnx alloy. Therefore, a diameter dependence on
the transition zone in epitaxial growth of Ge1−xSnx micropillars
or NWs on Ge substrates can be explained by the relief of
strain which is counteracting the Sn incorporation. In epitaxial
thin-film growth, this strain can relax either by defect
formation or remains in compressively strained pseudomorphic
films; however, both effects are affecting the optical properties
of the material. The lattice mismatch is given by ε = (af − as)/
as, where af and as are the lattice constants of the film and the
substrate material, respectively. The lattice parameters of
unstrained Ge1−xSnx scale linear with changes in the atomic
ratio, and thus calculations of unit cell parameters according to
Vegard’s law can be used for the composition of interest. The
transition zone from pure Ge to Ge0.85Sn0.15 with ε = 2.20% for
a micropillar with a base diameter of 1.1 μm stretches 430 nm
(Figure 3a), which is in good agreement with gradients
observed in thin-film growth.46,54 The similarities are caused
by the large interface area of ∼9.5 × 105 nm2. In contrast, an
identical composition is observed for the 95 nm diameter NW
(interface area 7.0 × 103 nm2) within 50 nm from the interface.
The higher equilibrium composition of Ge0.81Sn0.19 with a
nominal lattice mismatch of ε = 2.94% to the Ge substrate is
reached after 80 nm, which relates to an effective strain
compensation by dilatation. Since the substrate and the
growing material are isomorphous, the strain can be gradually
compensated. Such gradients are not possible for two materials
with fixed composition and lattice parameters such as III−V
semiconductors grown on group IV substrates. However, these
literature reports demonstrate that NWs with small diameters
can efficiently compensate a large amount of strain by
dilatation, which is also observed here in the Ge0.81Sn0.19
NW growth with a very short transition zone.55

The optical properties have been investigated by PL. The
high compositional uniformity of the Sn concentration in the
Ge0.81Sn0.19 NWs over the full sample is shown by a positional
PL measurement at 4 K in which a constant emission energy is
observed (Figure 4a). Naturally, the PL intensity corresponds
to the areal density of NWs (Figure S9). A positional
invariance of emission energy with varying intensity also
illustrates that the Ge0.81Sn0.19 nanostructure composition is
only governed by crystal growth parameters and not by the Sn
particle density. Temperature-dependent normalized PL
spectra of the Ge0.81Sn0.19 NWs at an excitation density of
5.4 kW·cm−2 are illustrated in Figure 4b. The low-temperature
PL spectrum exhibits a peak centered around 0.35 eV
associated with the Ge0.81Sn0.19 nanostructure and a second
peak centered around 0.55 eV. This high-energy feature is

Figure 3. STEM-EDX maps showing the local Sn distribution in
the Ge1−xSnx structures on the Ge substrate using thin TEM
lamellae (a + b) prepared by FIB. Sn concentration profiles along
the growth axis for (a) a micropillar with a base diameter of 1100
nm at the interface to the the Ge substrate showing a gradual
increase of Sn composition over the whole length of the Ge1−xSnx
segment and (b) the interface region between Ge and the growing
Ge1−xSnx NW crystal with a base diameter of 95 nm, which reaches
a constant Sn content (∼19 at%) within a length of 80 nm. (c) The
homogeneous Sn distribution along a Ge1−xSnx NW (19.3 ± 0.9 at
%), which was mechanically removed from the substrate and
transferred to the TEM grid.
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linked with luminescence centers in the antimony doped Ge
substrates used in this study, as illustrated in Figure S10, and
was not further investigated. For the temperature range from 4
K up to 45 K, the luminescence shifts from 0.35 eV to a higher
energy of up to 0.37 eV and increases in intensity, as shown in
Figure 4c,d. This behavior is commonly observed in Ge1−xSnx
systems and is typically attributed to the detrapping of carriers
from band gap-related localized states due to compositional
fluctuations or defect states within the material.39,56 The
temperature-dependent emission energy shift occurs usually at
80−100 K, illustrating the excellent crystal quality observed in
the material presented here. For temperatures higher than 45
K, the emission is caused by band-to-band recombination, and
the emission energy upon temperature variation can be fitted
using Vina’s equation,57 which is a suitable function to describe
the band gap of Ge-like materials. Extrapolation of the model
data to 4 K provides a low-temperature band gap of 0.37 eV.
This result is in excellent agreement with the prediction of the
band gap for unstrained Ge0.81Sn0.19.

42 The previous claim that
the material is fully relaxed is further supported by the lack of
observing a heavy-hole/light-hole splitting,56,58 not even for
low excitation densities as shown in Figure S11. The evolution
of peak intensity in the temperature range of 4−320 K is
illustrated in Figure 4d. For temperatures above 45 K, the
intensity decays according to an Arrhenius function with a
single exponential term and an activation energy of 37 meV. A
monotonous decay of the intensity is a strong indication that
the luminescence is due to direct band gap recombination.8 To
further understand the origin of the PL at low temperatures, an
excitation density-dependent series was measured, as shown in
Figure S9. The low-energy onset of the PL signals is
independent of excitation density and marked with a dashed
line at 0.28 eV, while the peak maximum shifts to higher
energies by 33 meV when varying excitation density between

20 and 6000 W/cm2. This suggests that we observe one or
several band gap-related localized states that can be filled easily
by increasing excitation power. A slope of m ∼ 1.1 is observed
for excitation densities above 100 W/cm2, suggesting band-to-
band recombination (Figure 4e). Similar behavior was also
modeled for Ge1−xSnx layers in literature showing an analogous
trend.56 In general, the PL data presented here agree well with
optical properties described for state of the art thin films59,60

and demonstrate excellent optical characteristics for Ge1−xSnx
semiconductor material formed in nanoscale dimensions by
the here described approach. For instance, only a factor of 2
lower integrated PL intensity at 300 K is observed when
compared to a thin-film sample containing 17.5 at% Sn,59 while
the excited Ge1−xSnx volume is <1/6 in the NW sample. This is
a significant improvement when compared to literature on
Ge1−xSnx NWs where a notable PL was merely observed at a
low temperature of 80 K,19 with exception of one report on
Ge/GeSn core−shell NWs showing PL at room temperature.39

Moreover, there are no reports on emission in the expected
energy range for nanoparticles with varying Ge1−xSnx
composition in the mid-IR range, but rather high-energy
emissions close to values reported for Ge nanoparticles.61,62

CONCLUSION
In conclusion, we present a viable approach for the preparation
of epitaxial Ge1−xSnx NWs with significant Sn incorporation (x
up to ∼0.19) on Ge(111) substrates. The compositional
gradient from the pure Ge substrate to the final composition of
the Ge0.81Sn0.19 NW material is confined to transition zones
shorter than 100 nm, which is very narrow compared to
transition zones for GeSn thin films. The growth relies on Sn
seeds acting as a nucleation promoter as well as a source of the
Sn component in the growing Ge1−xSnx crystal. Effects of the
Sn particle size on the microstructure forming under the

Figure 4. (a) The constant emission energy for different positions across a 10 × 10 mm substrate indicating the homogeneous Sn content of
the Ge0.81Sn0.19 NWs over the whole sample. Spectra of the temperature dependence of the PL emission at an excitation density of 5.4 kW/
cm2 are plotted in (b) where the peaks of the spectra are indicated with a black dot. Further deconvolution results are illustrated in (c) where
the peak energy is plotted. The measured data are well described with a Vina curve (ref 57). (d) The PL intensity as a function of
temperature that is well fitted with a single exponential Arrhenius plot, while deviations are observed for low temperatures. (e) Log−log plot
of the excitation density versus integrated PL intensity at different temperatures.
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applied growth conditions and the compositional evolution of
structures grown perpendicular to the substrate have been
evaluated. The optical properties reveal a typical and expected
behavior of a direct band gap material when intensities of the
PL signals are related to temperature as well as energy density
input changes. The emission peak for the Ge0.81Sn0.19 NWs
with an energy of ∼0.3 eV at room temperature is in the mid-
IR regime, and the absence of any sign of peak splitting
illustrates that the structures are not strained. Moreover, the
emission energy does not change upon varying the location on
substrates, with peak intensity being naturally dependent on
the density of Ge0.81Sn0.19 nanostructures. The optical
properties in combination with the structural characterization
illustrate the high crystal quality of the Ge0.81Sn0.19 material.

METHODS
All synthetic procedures and handling of the chemicals for the
nanostructure synthesis have been carried out using Schlenk
techniques or an argon-filled glovebox (MBraun). Solvents have
been dried over sodium and stored in a glovebox. The bis-
(dimethylamido)tin(II) precursor (Sn(N(CH3)2)2) was prepared by
salt elimination using SnCl2 and Li(N(CH3)2) in dry hexane/diethyl
ether according to literature.63 The Sn(N(CH3)2)2 was sublimed at
reduced pressure before use. All chemicals for the synthesis of the
amido precursor were purchased from Sigma-Aldrich. tert-Butylger-
mane (TBG; (C4H9)GeH3) was purchased from Gelest.
Nanostructure Synthesis. Epitaxially grown Ge1−xSnx alloy

nanostructures are synthesized in a cold-wall CVD reactor with
glass and quartz tubes and fittings in the main reactor. A similar basic
CVD assembly for one source has been described in literature.64 In a
typical process, the Ge (111) substrate is treated with concentrated
hydrobromic acid (HBr) for 15 min in an ultrasonic bath to remove
native oxides. Subsequently, the substrate is rinsed with distillated
water and isopropyl alcohol. The dried substrate is connected to a
graphite susceptor by silver paste. The CVD reactor is flushed with
pure nitrogen for 15 min before separate 10 mL vessels containing
finely ground 10 mg of bis(dimethylamido)tin (Sn(N(CH3)2)2) and
50−200 μL TBG are attached to the growth chamber under nitrogen
flow on separate lines with individual glass gauges. The CVD reactor
is evacuated (∼1 × 10−3 mbar) and dried under dynamic vacuum.
The Sn deposition is carried out at substrate temperatures of 573 K
and a temperature of 328 K of the oven containing the cold-wall
reactor including the precursor vessels to generate sufficient vapor
pressure of the metalorganic Sn precursor. After 10 min, the Sn
precursor supply is disconnected and the susceptor temperature
adjusted (523−623 K). At the desired susceptor temperature, the Ge
precursor, which is a colorless liquid at room temperature with a very
high vapor pressure, is frozen with liquid nitrogen. Cooling of the Ge
source was carried out to increase the precursor concentration with a
slight delay to account for the Sn particles incubation time before the
NW growth starts. Since the Ge precursor thermally decomposes
below the growth temperature, this procedure was used to offset the
potential influences of a Ge layer formation on the substrates
interfering with the nucleation of the NWs. A valve disconnecting the
growth chamber from the vacuum system is closed before the valve to
the Ge precursor is opened, and the previously condensed tBu-GeH3
is allowed to heat to room temperature. This procedure allows to
achieve a high vapor pressure in the growth chamber during the
decomposition of the Ge precursor (26−103 mbar calculated
assuming ideal gas behavior and 298 K). The Ge precursor heats
up to room temperature and thus filling the whole reaction vessel after
∼40 s. Ge is deposited for 15 min, and the growth is terminated by
opening the valve between the susceptor and the vacuum pump. The
reactor is cooled down to room temperature after the reactor pressure
is <10−3 mbar.
After the CVD process, the substrates are transferred into a RIE

etcher (Oxford Plasmalab 80 plus) to remove a parasitic, amorphous
Ge layer grown on the substrate and the Ge1−xSnx structures. A

mixture of 80% CF4 and 20% O2 is used as process gas. In a typical
process, the samples are etched with an RF power of 35 W at a
pressure of 700 mTorr. Depending on the expected thickness of the
Ge layer, the etching time is varied between 30 and 75 s. The thin
SnO2 layer formed during the etching is removed by treatment in 10%
HCl for 5 min. Dry etching using CF4 and subsequent treatment with
diluted HCl has been described in literature for the preparation of
Ge1−xSnx microdiscs, and no influence on the optical properties was
observed.43

Nanostructure Characterization. The Ge1−xSnx NWs were
analyzed using a FEI Quanta 250 field emission gun scanning electron
microscope (SEM). The Ge1−xSnx NWs were partially scraped off the
Ge substrate and deposited on lacey carbon copper grids by drop
casting of a toluene dispersion for transmission electron microscope
(TEM) characterization (Plano). For cross sections, the structures
were sputter-coated with carbon (100−500 nm), and Pt was
deposited before FIB sectioning and thinning using a FEI-Quanta
200 3D DualBeam-FIB. In this study, a FEI TECNAI F20 operated at
200 kV and equipped with high-angle annular dark-field (HAADF)
STEM and EDX detector was used. The elemental maps were
recorded and quantified using the AMETEK TEAM package. The
images were recorded and treated using Digital Micrograph software.

Optical Characterization. The samples have been illuminated
using a 976 nm CW-diode laser, which was focused down to a spot of
∼45 μm diameter onto the sample using an off-axis parabolic mirror.
Using the same off-axis parabolic mirror, the PL was collimated and
coupled into a Thermo Fischer IS50r FTIR equipped with an MCT
detector and operated in step-scan mode. To filter out the thermal
background, the laser was modulated at a frequency of ∼35 kHz,
which allowed the use of a lock-in technique. The samples were
mounted in a helium-flow cryostat with heating for accurate
temperature control, and the full setup was nitrogen purged to
avoid any absorption peaks in the measured spectra. Examples for
fitting the PL spectra are illustrated in Figure S12.
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Optical Transitions in Direct-Bandgap Ge1−xSnx Alloys. ACS Photonics
2015, 2, 1539−1545.
(57) Viña, L.; Logothetidis, S.; Cardona, M. Temperature Depend-
ence of the Dielectric Function of Germanium. Phys. Rev. B: Condens.
Matter Mater. Phys. 1984, 30, 1979−1991.
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