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Abstract

Ge1-xSnx alloys with substantial incorporation of Sn show promise as direct bandgap group IV
semiconductors. This article reports the influence of growth kinetics on Sn inclusion in Ge1-xSnx alloy
nanowires through manipulation of the growth constraints, i.e. temperature, precursor type and catalyst.
Ge1-xSnx nanowire growth kinetics were manipulated in a vapour-liquid-solid (VLS) growth process by
varying the growth temperature between 425 and 470 °C, using Au and Ag alloy as growth catalysts and
different tin precursors such as allyltributytin, tertaethyltin and tetraallyltin. The profound impact of
growth kinetics on the incorporation of Sn; from 7 to 9 at. %; in Ge1-xSnx nanowires was clearly apparent,
with the fastest growing nanowires (of comparable diameter) containing a higher amount of Sn. A
kinetically dependent “solute trapping” process was assigned as the primary inclusion mechanism for Sn
incorporation in the Ge1-xSnx nanowires. The participation of a kinetic dependent, continuous Sn
incorporation process in the single-step VLS nanowire growth resulted in improved ordering of the Ge1xSnx

alloy lattice; as opposed to a randomly ordered alloy. The amount of Sn inclusion and the Sn impurity

ordering in Ge1-xSnx nanowires has a profound effect on the quality of the light emission and on the
directness of the band gap as confirmed by temperature dependent photoluminescence study and electron
energy loss spectroscopy.

2

Introduction
A major hindrance to the integration of group IV materials in optoelectronic devices is the lack of a direct
bandgap in both Si and Ge.1 A direct bandgap group IV semiconductor would be beneficial for efficient
band-to-band tunnelling devices, such as a tunnelling field effect transistor (TFET),2,3 for lasing
platforms4,5 and for the development of mid-IR photonic devices such as waveguide amplifiers and multiwavelength light sources.6 A number of researchers have reported both theoretically and experimentally
that a direct bandgap can be achieved in Ge by alloying the semiconductor with Sn,7,8 lowering the
separation between indirect (L) and direct (Γ) valleys (140 meV in bulk Ge) in the conduction band of
Ge.9

The fabrication of direct bandgap Ge1-xSnx alloys in 1D nanoforms is imperative for the manufacturing of
nanoelectronic devices, such as TFETs and gate-all-around FETs2,3,10 as the 1D morphology provides
excellent electrostatic control over the channel. Unlike Si and SiGe nanosystems, where an external
perturbation such as strain is necessary to obtain a direct bandgap transition,10 a direct bandgap transition
in Ge1-xSnx nanowires can be obtained through band mixing and deformation.11,12 The generation of Ge1xSnx
17

nanowires have been previously reported via both top-down fabrication13,14 and bottom-up growth.15–

However, the etch chemistry required to fabricate highly crystalline, uniform top-down Ge1-xSnx

nanowires is, as of yet, still in its infancy, and bottom-up grown nanowires often exhibit low aspect ratios
and non-uniform morphologies, with bending and kinking, thus restricting efficient light emission from
these materials.15 Taking account of the lack of optically efficient group IV alloy nanomaterials, we have
recently reported the fabrication of direct bandgap Ge1-xSnx nanowires with up to 9.2 at. % Sn via a twostep catalytic bottom up growth.12 In this approach, Sn was incorporated into the Ge nanowire at the
growth temperature during VLS growth18,19 and an additional after-growth dissolution process at the GeSn eutectic temperature, resulting high incorporation of Sn in Ge where Sn atoms are randomly ordered
in the Ge1-xSnx lattice. Impurity ordering in semiconductor alloys provide an additional engineering of
3

freedom as the ordering is associated with the electronic band structure such as reduction of band gap,
degeneracy at the valence band, emission width and lifetime.20,21 In case of Ge1-xSnx nanowire, a randomly
ordered alloy resulted in luminescence with broad line-widths which are not ideal for photonic devices.12

Therefore, incorporation of a substantial amount (x > 0.09 is desired for direct band gap) of Sn into a 1D
Ge host lattice during VLS growth process, where the impurity atoms are assimilated directly and in a
more ordered way during the three phase growth via solute-trapping, is imperative for further engineering
of the band structure and emission characteristics of Ge1-xSnx nanowires. A perfectly binary/ternary alloy
would produce a completely random distribution in terms of atomic ordering of impurities. A deviation
from this random distribution can generate “short-range ordering”20 of at least one of the atomic
constituents of the alloy with an impact on the basic properties of the alloyed semiconductors.22,23 The
uniform and relatively ordered distribution of Sn impurities in a 1-D alloy lattice during the VLS nanowire
growth can be achieved via the “solute trapping” process, where the impurities are incorporated by solute
redistribution at the catalyst-nanowire interface via an increase of chemical potential and deviation of the
partition coefficient.12,18,19,24 As a kinetic dependent incorporation model, solute trapping of foreign
adatoms, i.e. the incorporation of Sn impurities, can be altered/controlled by influencing the kinetics of
the growth system. Manipulation of the rate determining steps in VLS growth allows the velocity at which
nanowires grow to be controlled thus giving an opportunity to engineer impurity incorporation. Growth
kinetics of semiconductor nanowires can be modified by influencing the concentration of the growth
species in the vapour phase, by using high temperatures to induce faster cracking of precursors or by using
precursors with higher catalytic decomposition rates.

These growth parameters directly influence

supersaturation; Δμ; to manipulate the growth rate of nanowires by altering the partial pressure of the
vapour source. Increased supersaturation and hence the nanowire growth rate can also be achieved by
lowering the equilibrium concentration (Ce) of the growth species in the liquid seeds in the VLS growth,
with the use of bi-metallic growth catalysts.24
4

This article describes how growth parameters such as temperature, precursor and catalyst composition
influence Ge1-xSnx nanowire growth kinetics. We demonstrate the influence of nanowire growth kinetics
on the subsequent solute trapping and incorporation of Sn in the Ge1-xSnx nanowires. The quantitative
(amount of Sn) and qualitative (homogeneity and ordering of Sn) characteristics of Sn incorporation in
Ge1-xSnx is verified through elemental microscopic analysis, high resolution microscopy and Raman
spectroscopy. Influence of Sn concentration and ordering on the nature of the light emission (band gap
transition, emission widths, band gap etc.) from the Ge1-xSnx alloy nanowires are also explored via
temperature dependent photoluminescence and electron energy loss spectroscopy.

Experimental
For the growth of Ge1-xSnx nanowires dodecanethiol-stabilised, phase pure, Au and AuAg alloy
nanoparticles were used as growth seeds. Colloidal nanoparticles were synthesised by co-reducing a
mixture of chloroauric acid (HAuCl4) and silver nitrate (AgNO3) in a chloroform/water biphasic
solution.12,25–27 These metal nanoparticles were spin-coated onto a Si (001) substrate with native oxide.
The substrate was loaded into a metal reaction vessel which was then left under vacuum at 180 °C
overnight to ensure a moisture free growth atmosphere and the desorption of the surfactant molecules.

Solutions of diphenylgermane (DPG) and Sn precursors in anhydrous toluene were prepared in an N2
filled glove box with a typical Ge and Sn precursor concentration of 0.025 mL and 0.0075 mL respectively
in 10 mL toluene. A solution containing both Ge and Sn precursors was loaded into a Hamilton samplelock syringe inside the nitrogen-filled glovebox. Prior to injection, the coated Si substrate was further
annealed for 15 min at 440 ºC under a flowing H 2/Ar atmosphere inside a tube furnace. The precursor
solution was then injected into the metal reaction vessel using a high-pressure syringe pump at a rate of
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0.025 mL min-1. A H2/Ar flow rate of 0.6 sccm was maintained during the entire growth period. A typical
nanowire growth time was 2 h.

To explore the limits of kinetic dependent solute trapping of Sn impurities in Ge nanowires, the following
parameters of the system were varied; temperature, catalyst and precursor. The growth temperature was
varied in 15 °C increments from 425 °C to 470 °C. Three different precursors, allyltributylstannane
(ATBS), tetraallyltin (TAT) and tetraethyltin (TET), were used as the Sn source. Also, phase pure Au and
AuAg alloy nanoparticles (Au0.90Ag0.10 and Au0.80Ag0.20 nanoparticles) of 4-5 nm diameter were explored
as catalysts (see Supporting Info Figure S1).

Characterisation
Bottom-up grown Ge1-xSnx nanowires were imaged on a FEI Helios NanoLab 600i scanning electron
microscope (SEM). All energy-dispersive X-ray (EDX) measurements were recorded in high-angle
annular dark-field mode in the FEI Helios NanoLab 600i operating at 30 kV and 0.69 nA with an attached
Oxford X-Max 80 detector. Error in the EDX measurements indicates a standard error of 0.5 at. %.
Nanowire length and diameter measurements were determined using SEM images on ImageJ, in which
the nanowires were clearly visible from end to end. Mean values for the length and diameter of the
nanowires were determined from a minimum of 50 nanowires. Helium Ion Microscope (HIM) images
were obtained using a Zeiss ORION Nanofab. TEM analysis was performed on a JEOL JEM-2100
operating at 200 kV in bright-field condition for imaging. High-resolution STEM imaging and EELS
mapping was performed using a Nion UltraSTEM100 microscope, operated at 100 kV. Probe-forming
optics were adjusted to deliver a 0.9 Å probe, with 120 pA beam current and 31 mrad convergence semiangle. EELS data were acquired on a Gatan Enfina spectrometer, at 1 eV per channel to capture both the
Sn and Ge edges simultaneously. As a result, the effective energy resolution was limited to 2.5 eV by the
detector point spread function (B3 pixels), even though the cold field emission gun of the instrument had
6

a native energy width of 0.35 eV in the operating conditions. Raman scattering measurements were
performed in a backscattering geometry using a micro-Raman setup consisting of a spectrometer (model
LabRAM HR, Jobin Yvon) and a Peltier-cooled charge-coupled device detector. An air cooled He-Ne
laser of wavelength 488 nm with intensity of 1.77x107 W/m2 was used as an excitation source. PL data
was obtained using a Ti:Sa pulsed laser as the excitation source, tuned to 950 nm with 80 MHz repetition
rate, 300 fs pulse width and 0.2 W average power. The laser spot was focused to a 9 μm spot, providing
200 kW/cm2 of pump power density. Samples were chilled in liquid nitrogen cryostat down to 80 K. PL
was detected by a liquid nitrogen chilled InAs detector with a sensitivity range from 0.9 μm to 3 μm
(~0.41-1.338 eV). Thermogravimetric Analysis (TGA) was carried out on a Mettler Toledo TGA/DSC 1
Star System using a 20 °C/min ramp rate from 25 to 600 °C under a flow of nitrogen gas.

Results and Discussion
The growth kinetics of the Ge1-xSnx nanowires can be influenced through the manipulation of the growth
parameters of the system. Increased growth kinetics should result in a faster growth rate, and therefore
longer nanowires. Solute trapping, a kinetically dependent trapping model,18,19 directly links nanowire
growth rate to impurity incorporation. Any impurity, such as Sn, incorporation through solute trapping
should increase with increasing nanowire growth kinetics. Therefore, controlling the Ge1-xSnx nanowire
growth parameters should allow optimisation of Sn incorporation into the nanostructures. The growth
kinetics of nanowires fabricated via VLS growth are dependent on the following: (i) the incorporation of
the growth species from the vapour phase to the liquid growth promoter, (ii) the diffusion of the growth
species inside the liquid melt and (iii) crystallisation of the growth material at the liquid-solid interface.28
In a supersaturation limited process, the rate determining steps for VLS growth are believed to be steps
(i)29,30 and (iii).28 The supersaturation, Δµ, is the chemical potential difference between adatoms of the
Δ𝜇 2

growth species in the vapour phase and the solid crystal phase26 with 𝜈 ∝ [ 𝑘𝑇 ] , where v is the growth
velocity of a crystal. Supersaturation directly influences nanowire growth kinetics and can be manipulated
7

via the use of catalysts with different equilibrium concentration of growth species31 (Supporting Info,
Equation S1). Incorporation of the growth species into the liquid seed can also be manipulated to promote
faster growth kinetics by employing higher temperatures32 and precursors with high catalytic
decomposition rates.

To understand the influence temperature had on the growth kinetics and on Sn incorporation in the
nanowires, and to determine the optimum growth temperature, the temperature was varied from 425 to
470 °C in increments of 15 °C. Growth kinetics have previously been shown to heavily influence the Sn
incorporation in GeSn films33,34 where the Sn incorporation decreases with increasing temperature, while
growth rate increases. However as of yet there has been no such verification on the influences of
temperature on Sn incorporation in GeSn nanowires. We have limited the temperature range deliberately
between 425 and 470 °C as; (i) below 425 °C the nanowire yield becomes poor due to poor decomposition
of Ge precursor (DPG) and (ii) above 470 °C due to fast decomposition of low boiling point Sn precursors,
homogenous nucleation of Sn dominates resulting in spherical Sn clusters and a possible decrease in Sn
content in the nanowires. The other experimental parameters (Au0.90Ag0.10 nanoparticle catalyst and Ge:Sn
initial molar ratio of 85:15) were kept constant, based on prior Ge1-xSnx nanowire growth experience12
using DPG and ATBS as Ge and Sn precursors respectively. Figure 1 shows SEM images of Ge1-xSnx
nanowires grown at temperatures ranging from 425 to 455 °C. Distribution of nanowire lengths for each
temperature is depicted in Figure 1(d) and shows the growth of the longest nanowires at 440 °C. The
mean Sn content in the nanowires grown at different temperature is provided in Figure 1(e). The
nanowires grown at 440 °C, with a mean length of 2.21 ± 1.35 µm, contained the highest Sn content (6.5
at. %). Also, the formation of spherical Sn clusters was minimal for nanowires grown at 440 °C, as shown
in Figure 1(b).

8

High growth temperatures can influence the precursor decomposition and partial precursor pressure and
hence the incorporation of growth species into the catalyst during VLS growth, thus increasing the
nanowire growth velocity. Also, in contrary, considering the nanowire growth as a crystallisation limited
process, longer nanowires at lower growth temperatures could be justified from classical crystal growth
∆𝜇 2

theory,26,28 as growth velocity (v) is proportional to (𝑘𝑇 ) , where T is the synthesis temperature and Δμ is
supersaturation. However, in our atmospheric pressure VLS experiments the effect of temperature on the
growth kinetics is influenced by both the kinetic driven precursor decomposition at elevated temperature
and crystallisation at the triple-phase interface. The change in the growth temperature was minimal
(between 425 to 470 °C) to negate heavily influencing the decomposition of DPG and ATBS to affect the
partial precursor pressure and incorporation of Ge and Sn in the catalysts, with both catalysts decomposing
below 425 °C. Whereas the crystallisation at the triple phase interface at different temperatures can play
a defining role in determining the overall rate of nanowire growth and thus the extent of Sn incorporation.
Competitive kinetics between these two temperature dependent processes determine the nanowire growth
kinetics. At high growth temperatures (455 and 470 °C), the lower Sn content in the nanowires compared
to the nanowires grown at 440 °C (Figure 1(e)) could be a direct result of the slower growth kinetics
(mean nanowire length of 2.21 μm at 440 °C compared to 1.55 µm at 455 °C) resulted from slow
crystallisation at triple phase boundary at elevated temperature.

To further investigate suitable Sn impurity precursors for improving Sn incorporation in the Ge1-xSnx
nanowires, alternative Sn sources to ATBS were utilised, i.e. tetraallyltin (TAT, boiling point of 269 °C)
and tetraethyltin (TET, boiling point of 181 °C). Precursors whose boiling points were much lower than
ATBS (353 °C) were chosen in an effort to promote faster decomposition and higher Sn incorporation.
The optimal growth temperature was held at 440 °C with other precursors, as higher growth temperature
would result in rather fast precursor decomposition and homogenous Sn nucleation. In each of these
compounds, the Sn molecule is bonded to four carbon atoms by single bonds. ATBS, as previously shown
9

in Figure 1, is a suitable precursor for incorporating large amounts (6.5 at. %) of Sn into the Ge lattice
while keeping the structural and morphological quality intact. High Sn incorporation and controlled
nanowire morphology with ATBS as a Sn precursor is due to the similar decomposition kinetics and
boiling points of ATBS and diphenyl germane (DPG), 353 and 325 °C respectively at atmospheric
pressure. Using TAT as a Sn source resulted in Ge1-xSnx nanowires with an overall lower Sn content of <
2 at. % with an Au0.90Ag0.10 catalyst (Supporting Info, Figure S2). Significant Sn segregation and spherical
clustering was apparent when TAT was used as the Sn source (Supporting Info, Figure S2), compared with
ATBS or TET. This clustering, and low Sn incorporation, may be due to the instability of TAT under the
reaction conditions due to the presence of four carbon-carbon double bonds35. Thermogravimetric
analysis (TGA) of the Sn precursors revealed that their decomposition temperatures related directly to
their boiling points (Supporting Info, Figure S3).

The third Sn precursor of choice, TET, produced long Ge1-xSnx nanowires with a high Sn content,
negligible Sn clustering and uniform diameter (57.4 ± 15.2 nm) with the Au0.90Ag0.10 nanoparticle catalyst
(Figure 2). An initial Ge:Sn molar ratio of 77:23 was determined as optimal for the growth of Ge1-xSnx
nanowires; a Ge:Sn molar ratio of 85:15, which was used with ATBS as the Sn source, resulted in
‘branched’ nanowires consisting of a large nanowire “trunk” with smaller nanowire “branches”
(Supporting Info, Figure S4). An SEM image of the nanowires grown at 440 °C using TET with an
Au0.90Ag0.10 catalyst is shown in Figure 2(a). A mean Sn concentration of 8.7 % ± 0.7 % was determined
via EDX analysis of the nanowires grown with TET as a precursor, an increase of 2.2 at. % when compared
to nanowires grown under the same conditions using ATBS (6.5 at. % Sn). To ensure that the Sn in these
Ge1-xSnx nanowires was homogeneously distributed in the nanowire, i.e. without Sn segregation in the
bulk or surface of the nanowire or a gradual decrease in the Sn content from the seed to the end of a
nanowire, EDX maps (Figure 2(b)) and linescans (Supporting Info, Figure S5) were obtained for
individual nanowires. The lack of Sn segregation is verified by the absence of bright red spots
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(corresponding to Sn) in the elemental map shown in Figure 2(b). Precursor choice had a clear impact on
the Sn incorporation of the Ge1-xSnx nanowires, with TET producing nanowires with the highest Sn
content while maintaining uniform diameter and negligible tapering. As encouraging results in terms of
morphology and Sn content was obtained with TET at 440 °C, an experiment was carried out at 470 °C
using TET as the Sn source to verify the influence of temperature with TET as Sn precursor. This elevated
temperature resulted in a lower yield of nanowires, numerous spherical Sn clusters and erratic Sn content
(between 4 – 8 at.%) in the nanowires (Supporting Information, Figure S6). Though decreasing the
temperature may have positive influence on triple phase crystallisation (independent of precursor
characteristics) we did not observe increase in growth rate at 425 °C with ATBS. Thus we have restricted
experiments with TET between 440 and 470 °C.

An alternative method to increase the growth rate and thus potentially the Sn incorporation in Ge1-xSnx
nanowires is to increase the supersaturation Δµ; chemical potential difference between adatoms of growth
species in the vapor phase and the solid crystal phase; as per classical crystal growth theory.28 A higher
Δμ promotes a faster crystallisation rate, thus increasing the growth velocity of the nanowire. In our
previous work, we demonstrated an effective way to increase the supersaturation for the group IV
nanowires by lowering the equilibrium concentration (Ce) of the growth material in a liquid metastable
𝐶

alloy, e.g. Au-Ge, as Δ𝜇 = 𝑘𝑇 ln (𝐶 ) where C is the concentration of the growth species. To lower the Ce
𝑒

of a growth species, a foreign species can be added to the metal seed particle which will shift the liquidus
phase boundary of the growth species towards a lower solute concentration. For a nanoscopic system
having high surface-to-volume ratio, the contribution of the surface energy to the thermodynamics is
prominent, resulting in a diameter dependent growth rate. Nanowire growth and the expression ( ∆𝜇 =
∆𝜇0 −

4𝛺𝛼
𝑑

) for radial dependent chemical potential and hence supersaturation clearly indicate a growth

rate increment with a decrease in equilibrium concentration of Ge in the metastable phase, as ∆μ ∝
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𝐶

𝑙𝑛 (𝐶 ) for a certain diameter range. For Ge nanowires, alloying Au catalyst seeds with Ag (up to a certain
𝑒

limit of Au0.80Ag0.20) promotes growth rates of up to 5 times as fast when compared to the growth with
pure Au.26 AuAg metal alloy catalysts trigger faster growth rates for the same diameter (d) nanowires
when compared to those grown from a pure Au catalyst, due to the change in equilibrium concentration
of Ge and thus supersaturation in the metastable liquid alloy. Taking account of this influence of alloy
seeds on the nanowire growth, phase pure Au and three AuAg alloy nanoparticles (Au0.90Ag0.10,
Au0.80Ag0.20 and Au0.70Ag0.30) were explored as catalysts for Ge1-xSnx growth. All of the nanoparticle
catalysts had diameters between 4-5 nm (Supporting Info, Figure S1). TET, which was determined as an
ideal Sn precursor for large Sn incorporation, was used as the precursor with all three catalysts. An
increase in the length, as well as Sn content, of the nanowires was observed in correspondence with
increasing Ag in the nanoparticle alloys (Figure 3). Au seeded nanowires grown at 440 °C with TET as a
tin source contained 7.4 at. % Sn, whereas those seeded with Au0.90Ag0.10 and Au0.80Ag0.20 seed under the
same growth conditions contained 8.7 at. % and 9.1 at. % respectively. With a further increase in the
amount of Ag in the AuAg seed, the nanowires catalysed by Au0.70Ag0.30 contained large amounts of Sn
(~10.9 at. % Sn) however the resulting nanowires were low in yield, had irregular morphologies and were
highly tapered (Supporting Info, Figure S7). The tin distribution in Au0.70Ag0.30 catalysed Ge1-xSnx
nanowires was also not uniform as depicted by EDX analysis (see EDX linescan in Supporting Info,
Figure S7(b)). As such, Au0.80Ag0.20 nanoparticles were found to be the optimal catalyst for Ge1-xSnx
nanowire growth with TET as the Sn precursor, giving a high Sn content, uniform diameter nanowires (~
60 nm), with no apparent evidence of nanowire tapering. An SEM image of Ge1-xSnx nanowires grown
with an Au0.80Ag0.20 catalyst and TET as the precursor at 440 °C can be seen in Figure 3(a). EDX point
analysis on 50 nanowires provided an average Sn content of 9.1 ± 1.3 at. % Sn in these Ge1-xSnx nanowires.
EDX maps and linescans were generated to confirm the homogenous distribution of Sn in the nanowires
(Supporting Info, Figure S8). The lack of bright red spots in the body of the nanowires in the elemental
map (Supporting Info, Figure S8(b)) further suggests the lack of Sn clustering and segregation in the bulk
12

or on the surface of the nanowires. Figure 3(c) summarises the variation in the amount of Sn in the Ge1xSnx

nanowires with increasing Ag in the nanoparticle catalyst. To verify the increased growth rate of

these Ge1-xSnx nanowires with increasing Ag content in the nanoparticle, the lengths of these nanowires
were compared for similar diameters across the samples. As the nanowires catalysed by Au0.70Ag0.30 were
irregular in both diameter and length and highly tapered, they were not included in the length comparison.
The mean diameter of the nanowires catalysed with Au, Au0.90Ag0.10 and Au0.80Ag0.20 were in a similar
size range; 63.5 ± 17.4 nm, 57.4 ± 15.2 nm and 65.5 ± 16.8 nm respectively. This similarity in diameter
excludes the influence of diameter on the growth kinetics (Gibbs-Thompson effect) which allows a direct
comparison between the mean lengths of the Ge1-xSnx nanowires grown from different seeds. The
histogram shown in Figure 3(d) depicts the increasing mean nanowire length (2.44 ± 1.54 µm, 2.63 ± 1.63
µm and 3.6 ± 1.51 µm with Au, Au0.90Ag0.10 and Au0.80Ag0.20 catalysts respectively) with increasing Ag
content in the nanoparticle catalyst. Thus the growth kinetics of Ge1-xSnx nanowires have been increased
by increasing the Ag content of the AuxAg1-x catalysts. This increase in the growth kinetics manifests
itself in increased Sn incorporation in the Ge nanowires with the Au0.80Ag0.20 growth promoter (Figure
3(c)). During the nanowire growth process, with uptake of Sn from the vapour phase, the nanoparticle
catalyst becomes largely Sn rich (Supporting Info, Figure S8). However, the initial composition of the
AuAg nanoparticle catalyst influences the supersaturation of the system, which in turn impacts the
nucleation and growth rate,36 which is apparent from Figure 3(d).

Through the manipulation of the growth limiting factors of the Ge1-xSnx nanowire system the growth
kinetics have been influenced. This influence manifests itself in the increased growth rates and thus
increased lengths of the nanowires. A distribution of the lengths of Ge1-xSnx nanowires with 6.5, 7.4, 8.7
and 9.1 at. % Sn (Supporting Info, Figure S9(a)) details the relationship between the length and the Sn
content. By influencing the growth kinetics to increase the growth rate of the Ge1-xSnx nanowires, the Sn
incorporation of the nanowires has been positively impacted. A comparison of the mean Sn content
13

relative to the mean nanowire length of the Ge1-xSnx nanowires (Supporting Info, Figure S9(b)) confirms
the correlation between the growth kinetics of the system and the incorporation of Sn impurities. The
increased growth kinetics of the Ge1-xSnx nanowires, obtained by manipulating the growth limiting factors
of the system, has resulted in nanowires with 9.1 at. % Sn through conventional VLS growth.

In the case of Ge1-xSnx nanowires, due to the dependence of the Sn incorporation on the nanowire growth
kinetics, we assert that Sn is incorporated via the solute trapping mechanism, a kinetically driven
process,12,37 as indicated by the increasing Sn inclusion with increasing length (Figure 3(d)). In the case
of nanowires, solute trapping has already been suggested as the method of incorporation of Al, from the
catalyst, into Si nanowires24 where increased temperature resulted in faster growth kinetics of nanowire
and higher Sn incorporation. Assuming layer by layer growth of the nanowires,38,39 the step flow kinetics
can result in solute trapping of Sn by each succeeding layer of the nanowire. Solute trapping describes
the incorporation of impurities by solute redistribution at the catalyst-nanowire interface; there is an
increase of chemical potential and deviation of the partition coefficient.18,19,40 At this liquid-solid
(catalyst-nanowire) interface, the difference in atomic concentration in the different phases is
characterised by the equilibrium coefficient of the atomic distribution between phases, ke.

This

equilibrium partition coefficient is related to the chemical potential difference, i.e. supersaturation Δμ; by
𝛥𝜇

𝑘𝑒 ∝ exp (− 𝑅𝑇). During nanowire growth, the large interface velocity at the liquid-solid interface relaxes
the local chemical equilibrium which results in kinetic interface undercooling.41 Impurity adatoms can
be trapped on the high energy sites of the crystal lattice at a high solidification rate which can lead to the
formation of metastable solids (Ge1-xSnx with x > 0.01) at the growth front.12 This deviation of the
chemical equilibrium at the interface is influenced by the interfacial diffusion speed, VDI, a kinetic
𝐷

parameter where 𝑉𝐷𝐼 = − 𝜆𝐼. VDI is a ratio of the diffusion coefficient at the interface (DI) and the
characteristic distance for the diffusion jump (λ) which is equal to the width of the solid-liquid interface.18
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For a given system with an equilibrium partition coefficient ke and an interfacial diffusion VDI, the amount
of impurity trapped in the nanowire is governed by equation 118:
2
𝑉
(1 − 𝑉 ⁄ 2 ) 𝑘𝑒 + 𝑉
𝑉𝐷
𝐷𝐼
𝑘(𝑉) =
… (𝐸𝑞. 1)
2
𝑉
1−𝑉 ⁄ 2+𝑉
𝑉𝐷
𝐷𝐼

Hence, as V, the interface velocity approaches infinity, k(V), the solute partitioning function, approaches
1. Therefore, when the interfacial velocity is much greater than the diffusion speed (VD, the characteristic
bulk speed) solute trapping will increase with complete solute trapping at 𝑘(𝑉) = 1, 𝑉 ≥ 𝑉𝐷 . As such,
impurity incorporation is primarily dependent on the interfacial velocity. In the case of Ge1-xSnx nanowire,
very slow bulk diffusion velocity of Sn in Ge42 allows for the solute trapping of Sn to occur at the relatively
slow interfacial growth velocity of the Ge1-xSnx nanowires.

Hence, a variation in the interfacial velocity and nanowire growth kinetics during bottom-up VLS growth
will influence the solute partitioning function and thus the “solute trapping” of an impurity into a
nanowire. Also, by manipulating the supersaturation of the growth system, the equilibrium coefficient ke
and thus the solute partitioning function is affected to further influence the solute trapping as per 𝑘𝑒 ∝
𝛥𝜇

exp (− 𝑅𝑇) seen above. Thus, the solute trapping of Sn in GeSn can be readily influenced by altering the
kinetics of the growth system with the varied catalysts and precursors (as seen from the variation in Sn
incorporation in Figure 3(c)).

Other than the kinetic factors such as interfacial velocity and

supersaturation, particularly for the Ge-Sn system, the incorporation of Sn is also aided by Sn’s negligible
diffusion in Ge at the growth conditions, the epitaxial mismatch between Sn and Ge, the resulting elastic
strain at the interface and the lack of truncating side facets at the seed-nanowire interface (which can act
as attractive sites for Sn aggregation).12
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Raman Spectroscopy, a powerful and non-destructive tool, was used for the quantitative and qualitative
assessment of the alloy nanowires. Figure 4(a) shows the Raman spectra of bulk Ge, pure Ge nanowire
and the Ge1-xSnx nanowires incorporated with different concentrations of Sn. The measurements have
been done on single nanowires and a very low laser power was used to avoid laser induced heating. For
all of the samples the diameter of each measured nanowire is the same. The spectra are fitted with
Lorentzian functions. In bulk, the Ge-Ge LO vibration is observed at 303.3 cm-1 whereas for the Ge NW
this vibration shifts to 302.7 cm-1, which is due to the phonon confinement effect. In GeSn alloy the GeGe mode monotonically moves towards lower frequency (see Figure 4(b)) and shows asymmetry in the
lower energy side of the spectrum due to the development of a Ge-Sn coupled vibrational mode43 with
increasing Sn concentration (as determined by EDX measurements). With Sn incorporation in the Ge
lattice, both compositional variations and strain cause a shift of Ge-Ge LO mode compared to bulk Ge as
well as from phase pure Ge nanowire. The shift coefficient of the Ge-Ge mode can be written as
   ( SnGe)   (Ge)   composition   strain .44 The compositional dependence of Ge-Ge Raman modes can

be understood by the combined effect of mass disorder and bond distortion. Participation of compressive
and tensile strain towards the Raman shift is not justified for nanowire samples, as due to the large surface
area, strain can be effectively released for these nanostructures. Compressive strain may originate from
the surface oxides in nanowires. But this strain shifts the Ge-Ge Raman mode of the Ge nanowire towards
higher frequency compared to unstrained Ge, whereas in our Ge nanowire, we have observed only red
shift in phase pure as well as Sn incorporated Ge nanowire with respect to the highly pure bulk Ge. This
result exhibits that the oxide layer induced strain effect is non-significant for our Ge nanowire samples.
Therefore, the total shift of Ge-Ge frequency is mainly attributed to the alloy disorder. We have fitted the
Raman peak shift (  ) against Sn composition (x), as determined through EDX analysis, with a linear
expression  = ax, where a is a constant termed the alloy disorder coefficient.44 For a fully relaxed Ge1xSnx

alloy the theoretical value for the alloy disorder coefficient is calculated as 95 cm-1.45 From the linear

shift of experimental data presented in Figure 4(b) the value obtained for the alloy disorder coefficient
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was 75.63 cm-1 for the relaxed alloy nanowires. This is higher than the earlier report for Ge1-xSnx
nanowires,12 where a smaller value (64.3 cm-1) is attributed to a random alloying effect primarily in the
nanowire sample with > 9 at.% Sn content. Apart from the Raman shift of the Ge-Ge mode a distinct
increase in the half width at half maximum (HWHM) of Ge-Ge LO mode on the low energy side was
observed with increasing Sn concertation as shown in Figure 4(c).

To further evaluate impurity ordering in the Ge1-xSnx (x > 0.09) alloy nanowires, we compared the Raman
signal from 9.14 at.% Sn incorporated alloy nanowires with Ge1-xSnx nanowires where Sn is incorporated
via a “two step” solute trapping and precipitation dissolution process.12 As all of the nanowire samples
are similar in diameter and exhibit a standard deviation of approximately ± 1 at. % Sn from their mean Sn
contents, the Ge1-xSnx nanowires presented in this work can be compared to those in ref. 12. Both the
Raman shift and the HWHM of the Ge-Ge phonon mode from the alloy nanowire in ref. 12 are included
in Figure 4 (b) and (c) respectively. A clear downshift in the Raman frequency was observed for the alloy
nanowire grown in this work compared with the nanowire grown via two-step process. The calculated
alloy disorder coefficient for the particular nanowire (x = 0.091) sample grown in this work is also much
larger (93.2 ± 4.1 cm-1) than the alloy nanowire (x = 0.092) grown in ref. 12 (62.4 cm-1). In fact, the alloy
disorder coefficient for the nanowire with 9.1 at. % Sn; grown in this work is very near to the theoretical
value for a perfectly relaxed Ge1-xSnx alloy. Another interesting observation (Figure 4 (c)) is the much
smaller low energy HWHM in case of alloy nanowires (9.2 at. % Sn) grown in ref. 12. A nanowire sample
consisting of a mixture of partially ordered phase can lead to an apparent broadening of the low-energy
half width of the Raman spectrum due to the appearance of additional Raman intensity at lower energies.
The observation of large composition dependent Raman shift, high alloy disorder coefficient and a broad
low-energy half width for the Ge1-xSnx (x = 0.091) nanowire implies an improvement in ordering of Sn
via a single step inclusion process through trapping mechanism43,45 when compared to previous work12
where a two-step process was availed to encourage around 9 at.% Sn incorporation. Deviation from a
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perfectly random distribution and observation of short range ordering was previously observed through
atom probe tomography in SiGeSn ternary alloy with > 4 at.% Sn content.20

The induction of impurity atoms into the nanowire lattice can induce defects at which impurities
subsequently accumulate.46 As such, it is imperative to determine the structural quality of the Ge1-xSnx
nanowires with large (> 9 at. %) Sn content. The dark field STEM images shown in Figure 5(a) display
the single crystalline nature of the Ge1-xSnx nanowires with the highest Sn incorporation (9.1 at. %). A
high resolution STEM image recorded in HAADF mode from a particular area of the nanowire,
highlighted with the blue coloured box, depicts the high crystallinity of the nanowire. Generally, the
crystal structure of the Ge1-xSnx alloy nanowires, with various Sn incorporations, exhibited a 3C lattice
arrangement without any stacking faults and twin boundaries. Measuring the spacing between 50
successive layers of the nanowire, recorded with <110> zone axis alignment, confirmed small fluctuation
in the interplanar distance (Figure S10). This observation is in contrast with the large fluctuation in the
interplanar spacing observed (Figure S10) for the Ge1-xSnx nanowires; grown with two step process; with
9.2 at. % Sn incorporation, where a post-growth eutectic dissolution aided large Sn incorporation.12
Relative order of atomic-scale randomness in Ge1-xSnx alloy can generate varied local lattice distortion
and spacing at an Ǻngström-level scale. Thus, small fluctuation of the interpalanar spacing in the line
profiles of the nanowires (Figure S10) suggests an improvement over the atomic ordering of Sn impurities
in Ge1-xSnx alloy lattice where Sn is incorporated via a single solute trapping mechanism rather than via a
eutectic diffusion and solubility process. The mean interplanar spacing of 0.34 nm between {111} planes
is observed from Fast Fourier Transform (FFT) analysis of the HR STEM, which agrees well with the d
value for bulk diamond Ge crystal of 0.326 nm (JCPDS 04–0545). This slight increase in the d spacing
is to be expected upon the incorporation of Sn into the Ge host lattice due to the difference in the lattice
constants of Ge and Sn which can instigate a lattice expansion. The nanowires predominantly displayed
<111> as the growth direction which is the most common growth orientation for Ge nanowires with mean
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diameter above 50 nm.12,26 Further TEM (Supporting Info, Figure S11) studies on Ge1-xSnx verified that
the nanowires were defect free with <111> as the dominant growth direction.

To confirm the sparse and uniform distribution of Sn in the Ge lattice of the nanowires, we probed the
spatial arrangement of Sn through energy electron loss spectroscopy (EELS). EELS mapping was carried
out in low resolution HAADF STEM mode. HAADF and the corresponding EELS chemical profile
recorded from the rectangular box region are depicted in Figure 5(b). EELS spectral images are recorded
for Sn M4,5 (red) and Ge L2,3 (green) edges and highlight the incorporation of Sn in the Ge nanowire core.
The sharp contrast between the Sn rich seed and the nanowire body is visible in the HAADF image and
in the EELS spectral images for Ge and Sn. No Sn clustering and segregation in the bulk of the nanowire,
or sidewall precipitation of metallic Sn, was observed from the EELS spectral images. A deformed
catalyst, a phase segregated largely amorphous “bulb” around a highly contrasted metallic seed, at the tip
of the nanowire was also observed via TEM (see Supporting Info, Figure S11) and HADDF STEM
analysis (Figure 5(b)). EDX elemental mapping on this “bulb” region revealed that the composition of
this amorphous region was less Sn rich than the seed it surrounded (40-50 at. % Sn in the amorphous
region compared to ~80 at. % in the actual hemispherical catalyst).

The EELS spectral image

corresponding to Sn also confirmed the phase segregated amorphous region to be less Sn rich than the
actual growth seed (Figure 5(b)). Although EELS, EDX and Raman analysis verify the quality
(uniformity, ordering etc.) of Sn distribution in the Ge lattice, atomic scale study such as atom probe
tomography20 is required to provide deeper insights into the distribution of Sn in non- equilibrium Ge1xSnx.

Ge is a good candidate for achieving a direct bandgap by alloying with Sn as there is only a small energy
separation of 140 meV between the indirect (L) and direct (Γ) valleys in the conduction band.
Photoluminescence (PL) is a primary technique to determine the nature of the bandgap in nanoscale alloy
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systems.11,47–50 The linewidths of the PL spectra, as well as peak position, give invaluable insight into the
nature of the electronic transition. To examine the nature of the band transition of Ge1-xSnx nanowires,
low temperature PL studies were carried out using a liquid nitrogen cryostat. A PL spectrum taken at 80
K using a Ti:Sa laser with 950 nm wavelength was obtained for the nanowires with 9.1 at. % Sn (Figure
6(a) black line). The PL spectrum for the 9.1 at. % Sn incorporated alloy nanowire shows a single peak
centred at 2046 nm, which equates to a band gap energy of 0.61 eV. By fitting the spectra to a GaussAmp
function, the full width half maximum (FWHM) was obtained. The emission has a relatively narrow
linewidth of 220 nm. A PL spectrum recorded at 80 K for the Ge1-xSnx nanowire with x = 0.07 also
displayed a red-shifted single peak which was centred at 1875 nm, or 0.66 eV (Figure 6(a) red line).
Comparatively, this peak had a notably broad linewidth of 617 nm. This broad linewidth could be due to
the indirect nature of the band transition. At this Sn content separate peaks due to direct and indirect
transition cannot be identified due to the reduced energy difference between direct and indirect bandgap,
resulting in a single peak with a broad linewidth.

Additionally, temperature dependent PL studies are also an invaluable data set in proving the nature of a
bandgap4,51. Temperature dependent PL studies have previously been used to prove the direct nature of
Ge1-xSnx materials4,12,52,53. The nature of the bandgap was verified by the temperature dependent studies
from 80 K – 300 K. PL temperature mapping contour plot of Ge1-xSnx (x = 0.074) nanowires showed a
decrease in PL intensity with decreasing the temperature up to 80K (Figure 6(b), further spectral plots in
Supporting Information, Figure S12). The room-temperature PL originating from electron−hole
recombination at the centre of the Brillouin zone (Γ-point) should decrease in intensity with decreasing
temperature for a typical indirect bandgap semiconductor.54,55 The increase in the PL intensity with
increasing temperature is due to the thermally activated electrong located in the L-valley populating the
Γ valley leading to increase in the PL intensity.55 An uncommon small blue shift of the PL emission with
increasing temperature (Figure 6(b)), which is untypical of semiconductors, was observed for 7.4 at. %
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Sn incorporated Ge1-xSnx nanowires. Ionization of deep impurity levels into the band gap could result in
a blue shift in the PL peak with increasing temperature.56 However blue-shift originating from this effect
usually occurs at low temperatures ( <100 K), as after the activation of deep impurity levels at higher
temperature the PL peak starts to red-shift as is the case with typical semiconductors. In Ge1-xSnx (x =
0.074) nanowires, due to the very small difference between the direct and indirect bandgap, the direct
transition becomes very close to the indirect and becomes dominant with increasing temperature due to
shorter charge carrier lifetimes. In indirect materials close to the indirect-to-direct crossover point, with
the rise of temperatures, transitions from both the L & Г valley can be observed.51 This explains the
uncommon blue shift of emission with increasing temperature (Figure 6(b) and Supporting Information,
Figure S12).53 The observation of broad PL emission at low temperature and an uncommon increase in
the bandgap energy with increasing temperature indicates that the Ge1-xSnx nanowires with 7.4 at. % Sn
incorporation is very close to the transition point where GeSn becomes a direct bandgap material. The
transition from indirect to direct bandgap could be gradual, due to a degree of band overlap resulting from
the narrow energy difference between the direct and indirect bands. Similar behaviour is reported for
GeSn thin films,57 as well as pure Ge films and nanowires.58–60

Temperature dependent PL studies were also carried out from 80 to 200 K on the Ge1-xSnx nanowires with
9.1 at. % Sn. The variation in the PL intensity with temperature is depicted in the temperature map in
Figure 6(c). PL spectra recorded at different temperatures can also be found in Supporting Information
(Figure S12). A comparison of integrated intensity and band energy as a function of temperature is
depicted in Figure S13 in Supporting Informaiton for further clarity. The PL intensity decreases with
increasing temperature, which can be attributed to a reduced transfer of electrons from the Γ to L valleys
by thermal activation.53 Thus the increase in the intensity of the PL peak with decreasing temperature for
Ge1-xSnx (x = 0.091) nanowires samples is attributed to the higher population of the Γ valley. With
increasing temperature the fast diffusion of photocarriers toward surfaces and interfaces leads to non21

radiative surface and interface recombination respectively, reducing the radiative transition rate with
activation energy EA. Non-radiative surface recombination generates a number of phonons and can occur
in both 7.4 and 9.1 at. % Sn content Ge1-xSnx nanowire. However, it has different effects on indirect and
direct band-gap materials. In the case of 7.4 at. % Sn incorporated nanowires, phonons are required for
recombination and its high concentration makes PL from phonon-assisted L-valley brighter at higher
temperatures. Whereas for Ge1-xSnx (x = 0.091) nanowires phonons do not participate in the radiative
recombination process and thus non-radiative channels result in the loss of electron-hole pairs on the
surface. The activation energy EA of non-radiative process at higher temperature was obtained as 16 meV
from an Arrhenius plot (Supporting Information, Figure S14) for the Ge1-xSnx nanowires with 9.1 at. %
Sn. Decrease in the PL intensity with increase in temperature; which is typical behaviour of a direct
bandgap III-V, dichalcogenides and IV-VI semiconductor,4,12,51,52,54 and the activation energy value
comparable to the direct band gap compressively strained GeSn alloys47 confirms the direct bandgap for
Ge1-xSnx nanowires with 9.1 at.% Sn incorporation. It is apparent that the nature of the bandgap in the
Ge1-xSnx nanowires has changed significantly, from near direct to direct, with the increase in amount of
Sn in the alloy by merely 1.6 at. %. Though the steady state PL measurements gave an indication on the
nature of the band gap for Ge1-xSnx alloy, direct measurements of the carrier lifetime are required in order
to precisely resolve the directness of the electronic band structure.

In order to explore the effect of alloy ordering on the band structure of Ge1-xSnx nanowires, it is important
to iterate the dependence of the photoluminescence on the alloy disorder. Optically, this change in the
fundamental bandgap and band structure can be observed through the photoluminescence line width.61,62
The electronic states near to the conduction band edge and the valence band edges could be strongly
affected by the alloy ordering which translates into an intrinsically higher inhomogeneous broadening of
PL emission.63,64 The consequence of short-range alloy ordering on the PL is apparent from the
observation of the narrow line-width for the emission (Figure 6 (a)) from spontaneously, comparatively
ordered Ge1-xSnx (x = 0.091) nanowires, as determined from Raman analysis. The emission from the alloy
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nanowires synthesised in this work with > 9 at.% Sn is significantly narrower than that from the randomly
ordered Ge1-xSnx nanowires.12 PL spectrum recorded at 80 K from the randomly ordered Ge1-xSnx
nanowires fabricated by a two-step process (Supporting Info., Figure S15) has a line-width of 761 nm.
This is significantly (3.5 times) broader than the PL emission from the more spontaneously ordered alloy
nanowire synthesized in this work; with a similar Sn incorporation grown via single step VLS process.
Apart from the PL line width, a significant increase in the activation energy (EA) for non-radiative process
is observed for the ordered Ge1-xSnx (x = 0.091) nanowires (16 meV) compared to Ge1-xSnx (x = 0.092)
nanowire (7 meV) with random Sn distribution.12 An increase in the activation energy with increasing
degree of ordering was also observed for III-V semiconductors.21,65 It has been suggested that as EA for
the non-radiative process represents the barrier between the ordered domains and disordered domain
containing the non-radiative centres, an increase in EA signifies higher degree of ordering in the
semiconductor.65,66 Although the current PL measurements indicate improved emission in terms of line
width from the alloy nanowire with enhanced short-range ordering of impurity, further confirmation
regarding the effect of alloy ordering on the bandgap and light emission is required, e.g. including
radiative rates and quantum efficiencies.

Furthermore, to confirm the nature of the bandgap in the alloy nanowires, EELS analysis was carried out
on Ge1-xSnx nanowires with 9 at. % Sn using a Nion UltraSTEM at high resolution. Background
subtraction (red line) of the EELS spectrum (blue line) was achieved by taking the zero loss peak, resulting
in a spectrum denoted by the green line seen shown in Figure 6(d).67,68 The onset (an enlarged view of
the sub 1.0 eV region can be found in Supporting Information (Figure S16)) of the spectrum (green line)
was used to determine the value of the bandgap energy (Eg). The EELS spectrum shows a transition at
0.61 – 0.62 eV, which agrees well with the bandgap energy determined from the PL study shown in Figure
6(a). The shape of the EELS curve also provides information about the nature of the transition. For a
direct transition, an (E – Eg)1/2 term is observed in the spectrum, an (E – Eg)3/2 term determines the shape
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of the spectrum for an indirect transition.69,70 Therefore, the nature of the transition can be easily
determined from the shape of the spectrum which is produced. The parabolic shape of the curve between
~0.58 eV and ~1.8 eV indicates a direct transition, while the hyperbolic curve which succeeds this is
typical of an indirect transition. These curves are indicated in Figure 6(d) with the turning point of the
curve denoted by the dark green dashed line.

Conclusion
Varying the growth parameters to influence the kinetics of the Ge1-xSnx system can dramatically impact
Sn uptake in the nanowires. By exploring the effects of temperature, precursor and catalyst an optimal
growth regime was explored to obtain high growth kinetics of Ge1-xSnx nanowires. By using tetraethyltin
as the Sn source and varying the composition of the AuAg alloy catalyst, morphologically uniform and
crystalline nanowires with homogeneous Sn incorporation of > 9 at. % were obtained with an Au0.80Ag0.20
catalyst. Longer Ge1-xSnx nanowires were more Sn rich than the shorter Ge1-xSnx nanowires, establishing
a relationship between growth kinetics and Sn incorporation. Faster growth rates resulted in nanowires
with higher Sn incorporation, confirming the participation of a kinetic dependence of the solute trapping
for Sn incorporation. The understanding of the role of the growth constraint and growth kinetics in the
VLS process in Sn impurity incorporation in GeSn nanowires could contribute towards the development
of group IV alloys with different stoichiometry and also other new functional alloy materials. For
example, a further manipulation in Sn content in Ge1-xSnx nanowires can be expected with the introduction
and variation of new parameters such as catalyst concentration or pressure.

The Ge1-xSnx nanowires with x = 0.09 were determined to be direct bandgap from both PL and EELS
analysis. An indirect to direct transition point was identified for the nanowires between 7 and 9 at. % of
Sn incorporation. Enhanced spontaneous ordering of Sn impurities, as detected via Raman spectroscopy,
resulted in a sharp direct band gap emission from the Ge1-xSnx nanowires with x = 0.09. More knowledge
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on the effect of qualitative distribution of the foreign atoms in the host semiconductor lattice via
complemented atomic scale mapping (e.g. atom probe tomography) and advance optical analysis will
allow exploration of novel properties such as nanoscale strain engineering, controlled defect formation,
band structure modulation in the existing nanoscale group IV alloy semiconductor architecture. The
fabrication of direct bandgap Ge1-xSnx nanowires with high Sn content (> 9 at. %) demonstrates a low
cost, silicon compatible solution to the ongoing demand for nanoscale group IV photonics via a
conventional catalytic approach. These direct bandgap Ge1-xSnx nanowires, with narrow emission widths,
a uniform morphology, high crystallinity and homogeneous Sn distribution, demonstrate themselves to be
suitable candidates for implementation in photonic and optoelectronic devices.
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Figure 1. SEM images of Ge1-xSnx nanowires grown using ATBS as the Sn source, catalysed by
Au0.90Ag0.10 nanoparticles at (a) 425 °C, (b) 440 °C and (c) 455 °C. (d) Nanowire length distributions for
each sample. Plot in part (e) displays the varying Sn incorporation with temperature. Error bars represent
the typical error of 0.5 at. % in EDX elemental measurements.
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Figure 2: (a) Helium ion microscope (HIM) image of Ge1-xSnx nanowires with average Sn content of 8.7
at. %, synthesised with TET with Au0.90Ag0.10 nanoparticles as growth promoters. Part shows a (b) single
nanowire EDX elemental map with corresponding spectra: Sn is denoted by red and Ge by green,
demonstrating the homogeneous distribution of Sn in the nanowire.
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Figure 3: (a) SEM image of Ge1-xSnx nanowires grown using TET as a Sn source, catalysed by Au0.80Ag0.20
nanoparticles. EDX analysis in (b) confirms the high Sn incorporation (x = 0.091). A graph demonstrating
the increase in the amount of Sn incorporated into the nanowires with increasing Ag in the nanoparticle
catalyst can be seen in (c). Error bars represent the typical error of 0.5 at. %. The length distributions of
these samples in (d) show the increase in the mean nanowire length with increasing Ag content in the
nanoparticle catalyst.
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Figure 4: (a) Room temperature Raman spectrum for the Ge–Ge mode in Ge1-xSnx alloy nanowires (where
x varies from 0.07 to 0.09). (b) The downshift of Ge-Ge LO mode and (c) the HWHM of the Raman peak
for the Ge–Ge mode of Ge-Sn alloy nanowires with Sn percentage variation. Experimental data are
represented with dots which fits (straight line) well with the linear expression,   ax . Black dots
represent the characteristics of Ge-Ge LO mode of present study; white dots represent the Ge–Ge mode
of Ge1-xSnx nanowire grown with a two step process12. Error bars indicate the error associated with the
instrumental resolution and fitting. The excitation wavelength is 488 nm.
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Figure 5: (a) High resolution STEM image of a Ge1-xSnx nanowire with an average 9.1 at. % Sn. FFT
confirms the formation for Ge-like diamond cubic Ge1-xSnx crystal. This is also verified by lattice
spacing measured for 50 successive planes. The nanowires are single crystalline with no apparent defects.
EELS mapping in (b) displays the sharp interface between the catalyst seed and the nanowire body. Sn is
denoted by red and Ge by green. Also a Sn rich GeSn phase segregated extension with “bulb” shape is
observed around the seed.
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Figure 6: (a) Photoluminescence spectra for Ge1-xSnx nanowires with 9.1 at. % Sn showing a narrow
emission at 2046 nm (0.61 eV) at 80 K (black line) and Ge1-xSnx nanowires with 7.4 at. % Sn showing
much broader emission at 1875 nm (0.66 eV). Temperature dependent studies in part (b) and (c) confirm
the bandgap transition for the indirect (x = 0.074) nanowires and direct bandgap transition of the Ge1-xSnx
nanowires with x = 0.091. The contour plot in (b) shows a direct relationship between temperature and
intensity, characteristic of an indirect bandgap material. Contrarily, (c) displays a decreasing intensity
with increasing temperature, indicative of a direct bandgap material. (d) EEL spectra of a Ge1-xSnx
nanowire with 9.1 at. % Sn. The green line begins to rise at approx. 0.6 eV, indicating a bandgap at that
energy. The parabolic nature of the green curve to the green dashed line is indicative of a direct transition.
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