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ABSTRACT: In the past decades, group IV nanowires and
nanoparticles have been the subject of extensive research. Beside
tremendous progress in morphological control and integration in
advanced device architectures, research on allotropes and
metastable compositions has gained considerable interest. Several
new approaches now allow the controlled formation of specific
allotropes in the nanostructured form as well as chemical
compositions not attainable by traditional synthesis protocols.
The conditions applied to form these metastable solid solutions
and allotropes are usually far from thermodynamic equilibrium or
rely on unconventional templates. The increased interest in the
field of metastable group IV nanostructures arises from their
altered physical properties, including tunable, direct bandgaps with

metastable
|

energies equivalent to the near- to mid-infrared spectral region as described for materials such as Ge,_,Sn, and hexagonal Si;_,Ge,.
The implementation of these material characteristics in complementary metal oxide semiconductor (CMOS) processes are desirable
for applications in electronics, optoelectronics, sensors, optics, etc. but also their use as nonsurface bound nanoparticles in sensing,
nanobiotechnology and nanomedicine can offer additional opportunities. This review article highlights both the important
advancements and still open questions for the continued development of these nanoscaled materials for next-generation device

concepts.

1. INTRODUCTION

Group IV elements, especially carbon and silicon, are essential
for society and modern standards of life. Many present-day
consumables and devices would not be possible without the
science and technology based on group IV elements. Besides
desirable properties, their natural abundance is an important
factor from a future-oriented perspective. However, even in
pure elemental forms, group IV allotropes require further
understanding to exploit their full potential.

Carbon is a widely investigated group IV element with a
large number of allotropes. The unique physical properties of
the allotropes result in a wide range of applications including
electronics, optoelectronics, photovoltaics, sensing, energy
conversion, energy storage, etc.' ™ The layered structure of
graphite represents the thermodynamically most stable
modification of carbon at standard temperature and pressure
(STP). Graphite is a semimetal with anisotropic conductivity
due to delocalization of electrons across the plane of carbon
sheets. In contrast, the diamond cubic (dc) carbon allotrope is
an insulator with a bandgap of 5.47 eV. Although diamond is
slightly less stable than graphite by ~2 kJ-mol™"* a large high
kinetic barrier prevents interconversion of diamond into
graphite at STP. Diamond is the paragon for a metastable
phase that is kinetically stable at ambient conditions. Another
metastable carbon allotrope is lonsdaleite, which has a

© 2020 American Chemical Society

\ 4 ACS Publications 2703

diamond hexagonal (dh) crystal structure and can only be
obtained under extreme reaction conditions.” Allotropes of
carbon in the nanometer regime include fallerenes,®” carbon
89 10-12 13-15 o 14-16
nanotubes,”” graphene, graphyne, graphdiyne,

. 17,18 )
nanodiamonds, molecular polyyne rings, = efc. and are
actively considered for a wide range of applications. Since the
field of nanoscale carbon allotropes is quite mature and diverse
we refer to recent reviews summarizing the state-of-the-art of

. . 1-3,6-10,12,14,15
research on this topic.

This text excludes carbon for the reasons stated above and
lead, the heaviest group IV element. No metastable allotrope
or solid solution containing lead has been observed at the
nanoscale. This text instead highlights advances in realizing
unusual crystal phases and properties of nanoscaled silicon,
germanium, tin, and their binary solid solutions. Specifically,
dimensionally confined morphologies such as nanoparticles
(NPs) and nanowires (NWs) of structurally metastable phases
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as well as unusual, metastable compositions are in the focus.
For binary systems, only materials where element concen-
trations exceed the maximum solid solubility and metastable
polymorphs are discussed. This text documents and details
hyperdoped group IV materials. Hyperdoping results in
metastable solid solutions but the content of the solute in
the solvent matrix is limited. For clarity, the term “hyper-
doping” refers to incorporation of solute in the range of <5%
without the formation of a new crystal phase. Hyperdoping
also requires that the solute atoms possess a significant activity.
That is, physical properties of the base material are altered by
hyperdoping. Hence, hyperdoped materials are also metastable
solid solutions, but the content of the solute in the solvent
matrix is limited. Planar thin films as well as two-dimensional
allotropes are not accounted for in this review due to the
abundance of reviews focusing on these specific morpholo-
gies.zo_24 Moreover, ion implantation is not considered due to
the inherent concentration gradient of elements typically
observed during implantation and thus inhomogeneous
composition within the individual nanostructures.”

The experimental conditions for NW or NP synthesis of
metastable materials often require extreme or delicate growth
conditions and sometimes structure directing templates. Thus,
a detailed discussion is required to illustrate the specific
conditions for their formation and the altered physical
properties. The most intriguing changes in the materials
properties are related to semiconductor—metal transitions
associated with an increased number of charge carriers,
alteration of the electronic band structure and structural as
well as compositional changes leading to the formation of low
bandgap direct semiconductor behavior. Therefore, further
introduction of the known allotropes and important binary
solid solutions is provided vide infra.

1.1. Silicon Allotropes. Si is the next lightest homologue
of carbon. The thermodynamically most stable allotrope of Si
at STP possesses the dc lattice structure. The dc-Si is an
indirect bandgap semiconductor with a bandgap energy of 1.12
eV and can possess an electron mobility of 1400 cm*V~'-s™!
and a hole mobility of 450 cm*V~'s7'*® Nowadays, the
overwhelming majority of fabrication processes in the
semiconductor industry are designed for dc-Si, and thus
implementation of new materials should be compatible with
technologies based on it. Specifically, complementary metal—
oxide—semiconductor (CMOS) technology is the dominant
device structure and relies heavily on dc-Si.

The synthesis of various Si allotropes has proven to be very
challenging. Despite demanding synthesis protocols, allotropes
of Si can be accessed using hi§h—pressure conditions,””~**
kinetically controlled synthesis,””~*" precursors with pre-
formed Si networks,** ™" and templates.”> "¢’

In this context, high-pressure synthesis using diamond anvil
cells is a conventional method to form metastable phases
including a high number of Si allotropes.””~** The dc-Si (3C,
space group Fd3m, Si-I) phase is the most stable allotrope at
STP, but at pressures up to 250 GPa (-Sn)-Si (3-Sn structure,
space group I4,/amd, Si-I1),”>~% sh-Si (simple hexagonal,
space group P6/mmm, Si-V),"*"% hcp-Si (hexagonal close
packed, space group P6s/mmc, Si-VII),**® fec-Si (face-
centered cubic, space group Fm3m, Si-X)*’ and Imma-Si
(body-centered orthorhombic, space group Imma, Si-XI)°>°®
can be obtained.”” While the transformation upon pressure
variation is generally reversible for metals, the decompression
of (f-Sn)-Si leads to additional metastable phases including
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be8-Si (body-centered cubic, space group Ia3, Si-IIT),**%7°

dh-Si (lonsdaleite structure, typically 2H-Si, space group P6,/
mme, or Si-IV),**”' Si-VIII (tetragonal, space group
P4,2,),>"7% Si-IX (tetragonal, space group P4,2),*" and r8-Si
(rhombohedral/trigonal, space group R3, Si-XII).>"”* Among
these phases, only bc8-Si and dh-Si can be stabilized at ambient
conditions. Accordingly, these two phases are potential
candidates for device applications.”" In general, dh-Si is simply
being considered as a structural analogue of lonsdaleite with
the 2H polytype structure, thus also referred to 2H-Si. For dh-
Si the differences in the sequence of the layers can result in 2H
(AB), 4H (ABCB), and 6H (ABCACB) polytypes of Si, which
have been predicted by theoretical calculations.””””® Recent
results demonstrate that the high pressure synthesis of the
lonsdaleite phase can also result in the 4H polytype.”®

Nonequilibrium reaction conditions can also be obtained via
shock waves induced by femtosecond lasers. This tactic has
yielded new Si allotropes including bt8-Si (body-centered
tetragonal, space group I4,/a) and st12-Si (body-centered
tetragonal, space group P4;2,2)."” Another nonequilibrium
based method to synthesize metastable Si allotropes is the use
of high-energetic Si-containing precursor compounds. A
topochemical approach of removing metals from silicide
precursors can be used to obtain metastable phases such as
allo-Si.** Among silicides, a large variety of Si clathrates are
predicted to be suitable starting compounds’” but to date only
a small number of Si allotropes have been synthesized from
Zintl salts.*” ™"

Additionally, silicene, the Si analogue of graphene, has been
synthesized via the egitaxial growth on various surfaces
including Ag(111),>7°° Ag(110),"** Au(110),*® Ir(111),%
and ZrB,"' showing high potential in tuning electronic states
by chemical functionalization.”””® Detailed overviews con-
cerning the realization of different Si allotropes have been
published in recent literature.””?~*"

1.2. Germanium Allotropes. The third lightest group IV
element is Ge. The assortment of Ge allotropes mirrors the
case of Si; e.g, the thermodynamically favored allotrope is
diamond cubic at STP and it is also an indirect semiconductor.
The semiconductor industry is based on dc-Si predominantly
because the chemistry of its oxide is more favorable than the
corresponding oxide on dc-Ge. Nevertheless, dc-Ge has some
significant advantages. dc-Ge has higher ceilings on the
attainable electron and hole mobilities of 3900 and 1900
cm*V~"s7!) respectively, and the indirect bandgap energy of
the L-point (0.66 eV) is only 140 meV smaller than the direct
at the I'-point.**

In addition to dc-Ge (a-Ge, diamond cubic, 3C, space group
Fd3m, Ge-I), several high-pressure allotropes of Ge are known
and can be realized via compression and and subsequent
decompression of dc-Ge.®**>** Compression with pressures up
to 190 GPa results in (f-Sn)-Ge (f3-Sn structure, space group
14,/amd, Ge-11),** Imma-Ge (body-centered orthorhombic,
space group Imma),” sh-Ge (simple hexagonal, space group
P6/mmm),”** Cmca-Ge (base-centered orthorhombic, space
group Cmca),” and hcp-Ge (hexagonal close packed, space
group P6,/mmc).*> After decompression, the (f-Sn)-Ge either
yields st12-Ge (simple tetragonal, space group P4;2,2, Ge-
III)G:2 or bc8-Ge (body-centered cubic, space group Ia3, Ge-
v).

Furthermore, allo-Ge and (nearly) guest-free clathrates
of Ge**™” have been synthesized using germanides as high-
energetic precursor compounds. Microcrystalline allo-Ge
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prepared by topotactic deintercalation can be converted to 4H-
Ge (Ge-V) via subsequent annealing.**~*’

Germanene, the atomically thin Ge analogue of graphene,
has recently been prepared on Au(111),>" Pt(111),”"
Al(111),” and hexagonal-AIN,”® as well as MoS,”* and
demonstrates a buckled structure like silicene.”

1.3. Tin Allotropes. Sn is the heaviest group IV element
considered in this review. The thermodynamically most stable
allotrope at STP is f-Sn (f-Sn structure, tetragonal, space
group I4,/amd, Sn-I). However, below approximately 13 °C
and atmospheric pressure a-Sn (diamond cubic, space group
Fd3m, Sn-I1) is thermodynamically favored.”® With the change
in crystal structure, the physical properties change from
metallic f-Sn to @-Sn being a semimetal due to its inverted
bands separated by a bandgap.”””® The transition of @-Sn to f3-
Sn is accompanied by a decrease in volume; thus, the transition
can also be initiated at lower temperatures by applying
pressure.”” ' Interestingly, the total energies of a-Sn and f-
Sn are very similar over a wide temperature range, and the a—f
transition is driven by the more rapidly increasing entropy
term for the $-Sn allotrope caused by a softer average phonon
mode of $-Sn.'”>7'%* The appearance/formation of the a-Sn
phase beyond 13 °C strongly depends on crystal growth
kinetics but also on thermodynamic influences have to be
considered. The small Gibbs free energy difference between
the a- and the f-phase (see Supporting Information) can be
overcompensated by slight alterations of the conditions (e.g,
pressure, template, doping, alloying, particle size, etc.) leading
to a favored formation of the a-Sn phase. Furthermore, high-
pressure phases of Sn are known and can be realized in a
diamond anvil cell”’~*" At approximately 9.2 GPa S-Sn
transforms into bct-Sn (body-centered tetragonal, space group
14/mmm, Sn-I)'*° which converts into a bee-Sn (body-
centered cubic, space group Im3m, Sn-IV)'% at pressures
between 40 and 50 GPa.*®

Finally, stanene is the Sn version of graphene. Stanene has
been preg)ared via the epitaxial growth on Bi,Te,(111),'"”
Cu(111),'*® Ag(lll),109 and Au(111)""° surfaces.

1.4. Binary Group IV Solid Solutions. The most
prominent representatives of group IV alloys are Ge,_Si,
Ge,_,Sn,, and Ge,_, ,Si,Sn,, which all crystallize in the dc
crystal structure. All these solid solutions/alloys are isostruc-
tural with Si and thus compatible with CMOS processing.
While the Si—Ge system reveals miscibility over the whole
composition range,''' the Ge—Sn binary phase diagram shows
phase separation with a maximum solid solubility of
approximately 1 atom % Sn in dc-Ge.''” Similarly, the Si—Sn
phase diagram contains a miscibility gap.'"> Therefore, the
ternary group IV compound Ge,;_,_,Si,Sn, reveals only a small
composition range where separation can be prevented.

The physical properties of dc-Si and dc-Ge can be altered by
alloying. However, there are significant challenges that have to
be overcome to achieve good to excellent crystal quality. High-
quality Ge can be epitaxially grown on a Si substrate; however,
due to the large lattice mismatch of approximately 4.2%''* a
Ge,_,Si, buffer layer can be used to avoid an accumulation of
defects and strain resulting in high quality Ge films."">~"'® In
this respect, epitaxial Ge films on Si with low defect
concentration have also been obtained by other approaches
such as sequential growth strategies using different temperature
profiles for the growth of individual Ge layers combined with
specific annealing protocols."'”'*° In addition, Ge,_,Si, alloys
show distinct differences in carrier mobilities, bandgap

2705

energies, efc. dependent on their composition and are widely
investigated for electronic and optoelectronic purposes'”' by
either directly using Ge,_,Si, as active material *>'** or as
buffer layer to implement high-quality Ge layers on a Si
substrate.'** Furthermore, Ge,_,Si, can be used as a buffer
layer acting as a substrate to grow a pseudomorphic film of
tensile-strained Si.'>*'*® The tensile strain in the Si layer leads
to an increased carrier mobility for both electrons and holes
which is caused by breaking the degeneracy of the valence
bands and other effects.'””~'*° These altered physical
properties are key to performance enhancements of devices,
and therefore this technology has been adopted by the
semiconductor industry."*>'*!

The most dramatic changes are observed for alloying the dc
allotropes of Si as well as Ge with Sn. In their pure form dc-Si
and dc-Ge are indirect bandgap semiconductors and thus
limited in optoelectronic devices. In contrast to direct bandgap
semiconductors, radiative electron—hole recombination is very
inefficient for indirect bandgap semiconductors due to the
necessity of momentum change required for a photon emission
(Figure 1ab)."*” However, Ge,_,Sn, and the ternary
Ge,_,,Si,Sn, alloys are of great interest due to their direct
bandgap energy in the near- to mid-IR range, when the
incorporation of Sn exceeds the thermodynamic solid solubility
by a large margin.*'” The incorporation of Sn in a Ge crystal
lattice leads to changes in the band structure of the material
causing the I'-bandgap energy to decrease more significantly
than the L-gap, which is illustrated in Figure 1¢,d, showing the
electronic band structure for different Ge,_,Sn, composi-
tions."*® For pure dc-Ge and low concentrations of Sn in
Geg95Sng s, the materials show an indirect bandgap with Ey- >
Ey (Figure 1c). However, higher Sn content leads to an
inversion of the effective energy gap values. Figure 1d
illustrates this premise for GeggsSng;s with Egr < Eg being a
direct bandgap semiconductor. The transition into a direct
bandgap is observed for relaxed Ge;_,Sn, thin films with a Sn
content in the range of ~85—11 atom % located at
substitutional sites of the Ge host lattice (Figure 2a).'**~'%*
Thus, a significant increase in photoluminescence (PL)
intensity can be observed when the Sn threshold in the
metastable Ge,_,Sn, is reached (Figure 2b). The direct
transition recorded in the PL spectra thus shifts toward
lower energies with increasing Sn content in Ge,_,Sn, due to
further decrease of the composition dependent bandgap energy
(Figure 2b). Moreover, strain engineering of group IV
semiconductors is part of the used methodology to tailor
their physical properties.”” Specifically the influence of
compressive strain on the band structure of the here discussed
Ge,_,Sn, should be considered because Si as well as Ge
possess significantly smaller lattice constants. Compressive
strain leads to the opposing effect as the Sn incorporation on
the electronic band structure, which means that higher
compressive strain causes increased bandgap values for a
given Sn concentration and can lead to the necessity of higher
Sn contents for the indirect—direct transition."*" In addition,
applying strain causes the degenerate valence band at I' to split,
and the compressive strain shifts the heavy holes up in energy
(vice versa, tensile strain shifts the light holes up in energy)
which can be also visible in the emission spectra when the
emission shows split signals."*" Similarly, theoretical predic-
tions indicate the indirect—direct bandgap semiconductor
transition for relaxed Ge,_,_,Si,Sn, alloys is reached when y >

- y
1.364x + 0.107."** In general, the synthesis of these materials
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Figure 1. (a) In a direct bandgap semiconductor, the electron—hole
recombination occurs in the T-point."** (b) Electrons occupy the
states in the L-valley of the conduction band in an indirect bandgap
semiconductor and thus require a change of momentum for radiative
electron—hole recombination.'** Reprinted from ref 132 by Geiger et
al, licensed under CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/). Published 2015 by Frontiers Media SA. The
electronic band structures of (c) GeggsSngos and (d) GeggsSng s
reveal significant alteration of the direct bandgap energy upon alloying
Ge with Sn with a transition from indirect (c) to direct (d) bandgap
material. The inset in (c) represents the electronic band structure of
pure dc-Ge and reveals the energy difference between I'- and L-valley
minima.'*® The red lines have been added to guide the eye, and the
inset is added from another image of the same reference. Adapted
from ref 133 with the permission. Copyright 2013 AIP Publishing.

requires kinetically controlled growth processes to overcome
the thermodynamic limits of solid solubility. The challenges
associated with precisely controlling synthetic conditions and
crystal quality are most likely reasons for slow progress over
three and a half decades between the theoretical prediction of
materials properties'** and the first report on the micrometer
scale'™ and the realization of optically pumped lasing from
Ge,_,Sn, being achieved."” In addition to potential optical
applications, a strong increase in carrier mobilities can be
expected for Ge;_,Sn, high-speed electronics.”*"**™'* The
altered physical properties make this material a very promising
candidate for optoelectronics and optical devices operating in
the infrared spectral region, such as lasers (Figure
2b), 1451807152 photodetectors,153’154 light emitting di-
odes," ™7 or biological sensors.”>® Thin film growth of
Ge,_,Sn, by different strategies has been demonstrated on
single crystals'**"**'* as well as amorphous insulators,"®!
with the most popular being epitaxial growth on group IV
substrates.””

Theoretically, the incorporation of approximately 3.4 atom
% Pb in Ge would be required for an indirect-direct
semiconductor transition,'®> but is even harder to achieve
due to the large difference in atomic radii.'®® Similarly, a
transition of Si to a direct bandgap semiconductor material
upon alloying with Sn has been predicted,'**'*® while different
theoretical approaches exclude the presence of such a
transition.'*® Experimentally, significant Sn incorporation in
Si has been described and will be discussed below, but a
transition to a direct bandgap material has not been
observed."**~'"!

1.5. Nanostructure Synthesis. Control over the materi-
al’s morphology is a highly desirable synthetic goal. Scaling
down the dimensions of a material to the nanometer regime
can result in very high surface-to-volume ratios. Therefore,
surface effects are highly pronounced in these structures
making them prime building blocks for applications in, e.g.,
catalysis and sensing.'’> Moreover, downscaling their size
below their respective Bohr exciton radius leads to quantum
confinement effects, which may lead to further new
functionality and novel device concepts.'”>'”* In this section
we will briefly describe fundamental but simplified models for
the formation of NPs and NWs.
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Figure 2. (a) Calculated bandgap energies of X, L, and I'-point for various Sn compositions in Ge,_,Sn,. The bandgap energies of L and I"-point
agree with experimental data. According to this study an indirect to direct bandgap material transition is expected for Sn contents of 11 atom %."”
Reprinted from ref 137 with permission. Copyright 2012 AIP Publishing. Room temperature photoluminescence (PL) spectra for thick Ge,_,Sn,
layers (750—1000 nm) with Sn contents between 8.5 and 14 atom % Sn. The inset illustrates the room temperature PL peak positions showing a

shift toward smaller energies with increasing Sn content.*!
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1.5.1. Nucleation Theory for Particle Formation. The
crucial steps for the formation of a crystal can be divided into
nucleation and crystal growth. In classical nucleation theory,
the initial formation of a nucleus is described via thermody-
namics and reaction kinetics. For a cluster or nucleus to
separate/form, there must be a driving force for the formation
of a new thermodynamic phase. Initially, a solute must be
supersaturated, i.e., dissolved at a level beyond the thermody-
namic solubility, to initiate the formation of a new “solid”
phase according to classical nucleation process. The nucleus is
stable when the decrease in free energy that results from
forming the new phase offsets the increased interfacial free
energies at the phase boundaries with the solution. Since both
effects are competing, stable nuclei only form above a critical
size, which defines the free energy barrier for nucleation, for
the supersaturation of the system. The maximum of the red
curve highlighted in Figure 3 is the total free energy barrier and

AG
60n?/3

-nAp

Figure 3. Critical thermodynamic effects observed during crystal
growth allow the determination of a critical number of atoms forming
the nucleus n*. Stable nuclei are observed beyond this threshold. The
Gibbs free energy AG is plotted versus the number of atoms of the
particle n whereby the supersaturation of the solution Ay and the
surface free energy @ are important parameters. The critical Gibbs free
energy AG* equals the energy barrier which has to be overcome for
the formation of a stable nucleus and is an important parameter for
kinetic considerations.'”® Reprinted with permission from ref 176.
Copyright 2010 American Chemical Society.

an important parameter for the crystal nucleation. Further-
more, the rate of nucleation also depends on the density of
species in the solution or gas phase, the rate of the attachment
of species/monomers to the nucleus, etc."”>~'”” Once a stable
nucleus is formed, supersaturation, which is equal to a higher
chemical potential of the species in the vapor/liquid phase

than in the solid, enables the growth of the stable nuclei in the
crystallization step.'”®™'®* This simple model can describe
some nucleation processes quite well but with limitations as
demonstrated for allo?f crystal formation'® or nucleation of
hydrocarbon droplets.**

Nonclassical descriptions for the initial stages of crystal
growth have also been proposed. The prenucleation cluster
pathway is a viewpoint not based on critical nucleus sizes but
rather on dynamics. Besides thermodynamic considerations,
this model argues kinetics play a major role and that dynamic
processes enable the reorganization of the preformed clusters.
A detailed discussion on nonclassical nucleation can be found
in the literature."**'® The potential involvement of ionic
cluster compounds with low molecularity was already
mentioned by LaMer'®” before recently the actual description
has been published.'®® In addition, a recent review on the often
referenced LaMer model is highly recommended highlighting
the shortcomings and well thought out ideas for the formation
of monodisperse particle systems, but also referring to state-of-
the-art models for crystal growth.'"®” The shape control of
nanoparticles is generally important and has been reviewed for
several elements and compounds.'”*™"*> However, alterations
concerning the surface energies at specific synthesis con-
ditions'” and preferential adsorption of surfactants are much
less pronounced for the synthesis of group IV elements and
alloys resulting in spherical or pseudospherical morphology.
Only a small number of reports exist on shape-controlled
synthesis protocols for tetrahedral,'”*'** cubic,'"”*™"*® and
cuboctahedral® group IV NPs, and often large particle
dimensions of ~100 nm can be encountered in these studies.

1.5.2. Metal-Assisted Nanowire Growth. NWs are
representatives of quasi-one-dimensional structures with just
one dimension exceeding the nanometer regime.”’’”>%
Among the vast number of different material compositions,
group IV . NWs are interesting building blocks for many
technologies including electronics,>*° optoelectronics,zm’208
sensors,””~*'® and batteries.?'*™>!®

Several methods have been established for the morpho-
logical control including top-down and bottom-up ap-
proaches.”***'"* The most popular and often successful
technique is the metal-assisted NW growth enabling control
over the nucleation process as well as the NW’s diameter and
length as described in several review articles.”’°”** The
earliest process description was provided by Wagner and Ellis
considering a metal particle (Au) that enabled the formation of
a Si NW.>*° In this process, schematically illustrated in Figure

(a)

(b)
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1414 °C

Au1xSix (1)

AuxSix (I) + Si (s)

an -
363 °C
Au(s) + Si(s)
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Figure 4. (a) Schematic of VLS growth mechanism of Si NWs. A Au,_,Si, liquid alloy droplet is first formed above the eutectic temperature (363
°C) of the Au-Si system. The continued feeding of Si via the vapor phase into the liquid alloy causes its supersaturation, resulting in nucleation and
NW growth. (b) Schematic binary phase diagram for Au and Si illustrating the important sections for the VLS mechanism. (b) Schematic is

redrawn using ref 234 as reference.
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4a, the metal particle forms a low melting alloy with the
semiconductor and is eventually supersaturated causing the
nucleation of a semiconductor crystal at the interface between
the molten alloy and the supporting substrate. Supersaturation
of a liquid metal alloy droplet and subsequent nucleation of the
NW material can be easily understood by following the
isothermal line in the binary phase diagram of the Au—Si
system highlighted in Figure 4b. Since the crystal forms at the
solid—liquid interface, the molten alloy particle remains at the
tip region and enables further growth of the crystal underneath
the particle. Thus, the NW’s diameter is controlled by the size
of the initial metal particle and the length by the process
duration.??° 7% In reference to the state of the NW material,
this growth is referred to as the vapor—liquid—solid (VLS)
mechanism. Additionally, related but distinct growth modes
are now distinguished by the aggregate state of the surrounding
medium in which the process is carried out and the metal
particle under growth conditions. Different abbreviations such
as vapor—solid—solid (VSS),”*'7*** solution—liquid—solid
(SLS),***** solution—solid—solid (SSS),****” supercritical
fluid—liquid—solid (SFLS),”** *** and supercritical fluid—
solid—solid (SESS)**'™*** denote the phase state of the
reactant supply, crystal growing medium, and crystal.

Here, supersaturation relates to an accumulation of the
solute and subsequent crystal forming material in the liquid
metal droplet. Supersaturation levels can exceed the
thermodynamic solubility by orders of magnitude, which is
caused by a large nucleation barrier for initiation of the next
forming layer. The actual sequential growth of NWs has been
visualized by TEM, which illustrates the oscillating solute
content in the metallic growth seed upon layer forma-
tion.”*>**® These subtle but important facts show how
different aspects of even the “simple” VLS mechanism for
NW growth can influence the resultant nanostructure. In
addition, the speed of crystal growth can vary over several
orders of magnitude for the same material combinations,
greatly influenced by external parameters, such as precursor
concentration, pressure, temperature, etc.”?”® In the very
simple models additional contributions, such as surface
diffusion efc, are neglected. We refer to a recent review
focused on NW growth for specifics.””

The term self-seeding of NWs refers to a metallic particle
that acts as a seed both facilitating the nucleation and the
growth of the NW and at the same time the metal is part of the
NW material formed and was first described for III-V
semiconductor growth with group III metal seeds.”****° For
the successful incorporation of “impurity” atoms beyond the
thermodynamic limit some important aspects must be
considered which include growth rate, temperature, and
growth promoter. However, the temperature not only
influences the growth rate but also determines the mobility
of the trapped heteroatom. Therefore, the goal to achieve
efficient incorporation is to obtain high growth rates at low
temperatures.”*' The chosen temperature is typically limited
by the melting point of the growth promoter and
decomposition kinetics of the precursors. In general, at
elevated temperatures the mobility of the atoms is too high
which supports the formation of the thermodynamically stable
product. In conclusion, not every metal is suitable for classical
VLS or self-seeding of a metastable material.
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2. METASTABLE GROUP IV NANOSTRUCTURES

In this review, approaches to synthesize and stabilize zero- and
one-dimensional metastable Si-, Ge-, and Sn-based materials
are discussed in detail. This includes allotrope formation and
uncommon, metastable solid solutions associated with
incorporation heteroatoms beyond the thermodynamic limit.
Often kinetically controlled in situ processes and the use of
templates to enable the formation of a metastable phase are
required, while for NPs changes of surface termination or a
matrix can also support the formation of allotropes.

2.1. Si-Based Metastable Nanostructures. 2.1.7. Si
Nanopatrticles. 2.1.1.1. Si NPs: Allotropes. Among the large
number of Si allotropes, only the thermodynamically most
favorable dc-Si as well as the metastable phases fcc-Si, bc8-Si,
and r8-Si have been described being accessible as Si NPs that
are stable at room temperature and atmospheric pressure. The
interest in these phases is related to advantageous physical
properties and applications such as higher solar energy
conversion efficiency forecast by theoretical studies.”*”
However, the synthesis of these particles appears to be very
challenging.

The formation of fcc-Si NPs by plasma-enhanced CVD using
silane,*> laser ablation of Si*** magnetron sputtering of
silica,”** electron®*® or ion beam™*’ irradiation of SiO, films,
and rapid thermal annealing of SiC, layers**® has been
reported. While these examples show that an external energy
input is required for the formation of the predominantly
matrix-embedded fcc-Si NPs, additional effects including the
presence of concave surfaces”*” and increased pressure due to
synthesis conditions*>® have been suggested to contribute to
the crystallization of this allotrope. In addition, a chemical
solution-based approach can result in the formation of fcc-Si
NPs by the reaction of silicon tetrachloride with sodium
cyclopentadienide at room temperature leading to Si NP
formation most likely due to the instability of putative Si
cyclopentadienide.”®' Chemical stabilization was suggested as a
reason for the observed metastable fcc-Si allotrope. According
to a theoretical study on the properties of fcc-Si, metal-like
behavior is expected;252 however, PL emission in the blue*** or
green”®' region of the visible spectrum suggests semi-
conductor-like properties.

Similarly to the formation of NPs in the matrices described
above, the rapid thermal annealing of layered amorphous Si/
SiO, heterostructures is described to form bc8-Si NPs
embedded in an amorphous matrix. The formation of the
metastable Si allotrope NPs in this particular case can be
caused by a large compressive strain within the formed
heterophased system.”>” Furthermore, the pressure-induced
formation of bc8-Si and r8-Si nanocrystal mixtures in a Si-
based matrix has been observed during doping of Si with
femtosecond laser irradiation sending shock waves through the
material”** as mentioned before and face grinding carried out
on a Si(100) surface using diamonds.”>> While there is no
report on phase pure r8-Si NP synthesis or its separation from
matrices, nonstrain related synthesis of matrix-free, colloidal
bc8-Si NPs has been realized via the reduction of Sil, with n-
butyllithium and annealing at 280 °C.>*° The initial chemical
reaction should lead to the alkylsilane, which is converted to
the metastable material at higher temperatures under the
applied conditions. The average NP size is determined to be
5.5 + 1.1 nm by XRD and TEM analyses, and the formation of
the metastable bc8-Si phase is confirmed. Even though the
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authors refer to an oxide bond on the surface having an impact
on the formation for the stabilization of the phase, these
alkoxide groups terminating the NPs should not have any
impact on the bc8-Si crystal being formed. Although it is well-
known that energetic considerations as illustrated in Figure 5

nanoclusters I nanoparticles

critical nucleus or cluster

metastable polymorph

Free energy

AG

species in solution or melt

stable polymorph

|
Particle radius

Figure 5. Schematic presentation of the free energy for different
polymorphs plotted versus the particle radius (both axes do not have
numerical values) illustrates differences in the critical nucleus size and
the activation energy as well as a potential crossover in stability of the
phases. Schematic is redrawn using ref 257 as reference.

and the growth mechanism are crucial issues for the successful
synthesis of metastable phases via colloidal synthesis, the actual
cause for the formation of the bc8-Si NPs is still unknown.*’
In Figure S the free energy for different polymorphs has been
plotted versus the particle radius and shows schematically
differences in the critical nucleus size and the activation energy
as well as a potential crossover in stability of the phases. In case
a metastable phase forms smaller stable nuclei with lower free
energy required, this phase will be formed preferentially and
can still exist for bigger particle sizes even though it would be
energetically less favorable as a bulk material. This graph
clearly points out the importance of both thermodynamics and
kinetics for the formation of a metastable phase.

A similar result was obtained by a solution-based reduction
process using tetraethyl orthosilicate as precursor either in the
presence of molten Na or by addition of NaBH,.>** A small
fraction of the formed 2—6 nm Si NPs reveals interplanar
spacing expected for the bc8-Si allotrope.

Furthermore, the accessibility of high-pressure phases in Si
NPs is reported for Si NPs obtained after the dissociation of
silane via room temperature plasma synthesis. The alkane
functionalization Si NPs are dissolved in an organic solvent
and loaded into a diamond anvil cell under inert atmosphere.
By this approach sh-Si and hcp-Si are observed at higher
pressures but could not be stabilized at ambient pressure
resulting in amorphous material.**”

The limited number of reports on allotropes beyond dc-Si
illustrates an area of opportunity. Establishing a reliable process
for other matrix-free and phase-pure metastable Si allotrope
NPs is needed.

2.1.1.2. Si NPs: Solid Solutions. On another note, Si NPs
have been successfully hyperdoped with a wide range of
different elements including transitions metals,%o_263 Li,264
Au,*® and Er,”*°7*% as well as group III*7°7**" and group
V209,272,275 7278,280,2827387 lements. However, reports on
impurity concentrations exceeding the thermodynamic limit
in Si nanocrystals are very rare. In general, we refer to a binary,
metastable Si phase where the maximum solid solubility of the
specific element in Si is exceeded according to information
extracted from the bulk binary phase diagram. However,
elemental concentrations that are thermodynamically stable at
the synthesis/annealing temperature but not at room temper-
ature are not considered as hyperdoped due to the higher solid
solubility of a solute/impurity at elevated temperatures.
Therefore, metastable phases obtained by exceeding the overall
thermodynamic solubility limit during crystal growth or by
maintaining the composition at low temperatures that was
incurred during high temperature synthesis should be
distinguished. Table 1 illustrates the maximum solid solubility
and the maximum contents described to be incorporated in Si
NPs discussed in this section

2.1.1.2.1. Solid Solutions of Transition Metals in Si NPs.
Mn”* and Fe*! have been successfully incorporated in Si NPs
in a solution-based process using Zintl salts as single-source
precursors. For instance, Si,_ Mn, NPs form by addition of
NH,Br to NaSi,_,Mn,, in a polar solvent of low vapor pressure.
Stabilization of the NPs in solution is achieved by in situ
hydrosilylation with an alkene. Elemental analysis reveals a
maximum of S atom % Mn while a phase-pure product has
been observed by XRD analyses. However, an additional
amorphous phase is present in the XRD pattern and thus an
accumulation of Mn atoms in the noncrystalline part of the
sample cannot be ruled out. Thus, the Mn content in the Si

Table 1. Maximum Thermodynamic Limit of Element Incorporation in Si According to the Corresponding Binary Phase

Diagram and Observed Contents in Si NPs

maximum thermodynamic limit

content in Si NPg

element (atom %) (em™) ref (atom %)
As 3.5 1.75 x 10* 288 n-doped
Au 2% 1074 1 x 10 234 0.06
B 3 1.5 x 10! 289 ~1/42
Co 2.6 X 107° 1.3 x 10 291 0.10
Cu 1x107* 5% 10 292 0.7
Er 2 %X 107=2 x 107° 10"-10" 293 4
Fe 3%x107° 1.5 x 10'¢ 294 0.90
Li 0.14 67.0 x 10" 295 0.2-2
Mn up to 0.80 up to 4 X 10% 296 S
Ni 1.4 x 1073 7.0 X 10" 297 0.6/0.18
P 2.4 1.2 x 10! 298 ~5
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(em™) characterization technique ref

electrical and PL 287

3 x 107 controlled implantation and PL 265

~5 % 10%°/2.1 x 10% APT/ICP-OES 280, 290

5 x 10" ICP-OES 263

3.5 x 10%° EDX 262

2 % 10! EDX 269

4.5 x 10 ICP-MS 261

10%°—20*! NDP 264

2.5 x 10* elemental analysis 260

3 X 10*°/9 x 10" EDX/ICP-OES 262, 263

~2.5 x 10* EDX/ICP-AES 284, 299
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NPs might be overestimated by the simple elemental analysis.
Nevertheless, electron paramagnetic resonance (EPR) meas-
urements and transient absorption spectroscopgf confirm the
successful incorporation of Mn in the Si lattice.”’ An identical
approach can be used for Si;_Fe, NPs using an Fe-containing
Zintl salt.”*' The maximum Fe content of these small Si NPs
with diameters of ~3 nm has been determined by inductively
coupled plasma mass spectrometry (ICP-MS) to be 0.90 +
0.10 atom % and reveals a quantum yield of 10.0 + 1.5% as
determined by photoluminescence (PL) measurement. EPR
measurements as illustrated in Figure 6 and MoJssbauer
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Figure 6. (a) Relative quantum yield for the emission of amine-
terminated water-soluble Si and Fe doped Si NPs have been
determined.”®" (b) X-band EPR spectra of amine-terminated Si and
Fe doped Si NPs acquired at 10 K indicate the presence of isolated
high-spin Fe(III) centers under rhombic distortion in Fe containing
samples.”®" Adapted with permission from ref 261. Copyright 2012
American Chemical Society.

spectroscopy suggest the presence of Fe®* in the Si crystal
lattice while Fe clustering has been excluded.”®" For the sample
Sijg. with an Fe content of 0.60 + 0.20 atom % the quantum
yield is quite similar to that of undoped Si NPs. Higher Fe
contents result in a decrease in the quantum yield which has
been attributed to the presence of byproducts (Figure 6).
However, magnetic resonance imaging experiments using Si
NPs doped with 0.90 atom % Fe reveal a high contrast
confirming the alteration of magnetic properties by incorporat-
ing paramagnetic ions.”®’ The described methods to change
the magnetic properties of biocompatible Si NPs while at the
same time retaining a reasonable value of the PL quantum
yield are of great interest due to the possibility of combining
optical detection with magnetic resonance imaging or magnetic
separation.m’261

2.1.1.2.2. Solid Solutions of Lithium in Si NPs. Extensive Li
incorporation in Si NPs has been observed by an electro-
chemical approach.”** A brightly luminescent Si NP layer with
crystal sizes between 2.5 and 3 nm can be obtained by
electrochemical etching of a Si substrate. The 3—4 pm thick Si
NP layer is used as an electrode in combination with a Pt
counter electrode and a LiCl-based electrolyte. After the
electrochemical process the Si NP sample is characterized by
neutron depth profiling (NDP), X-ray diffraction (XRD), and
time-resolved PL. XRD shows an expansion of the Si lattice
due to Li insertion while retaining the crystal structure.
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Quantification by NDP reveals a Li content of 10*°—10*' cm™
(0.2—2 atom %) in the Si NP film. The PL spectra show a
blue-shifted emission, which can be attributed to tensile strain
caused by Li insertion, while the signal intensity for Li doped
Si NPs decreased slightly.”** In general, the incorporation of Li
in group IV elements is a highly interesting field of research
due to their high capacity qualifying them as efficient anode
materials for Li ion batteries.”'* However, the targeted
incorporation of high amounts of Li is accompanied by
changes in the crystallographic phase and is therefore not
further discussed.’”

2.1.1.2.3. Solid Solutions of Erbium in Si NPs. Rare earth
metals with large atomic radii can be incorporated in the
crystal matrix of Si NPs. Pyrolysis of disilane and volatile
metal—organic Er precursors in a gas-phase process at 1000 °C
yield Si NPs containing high Er concentrations.”****”**° While
Er beta-diketonates allow the incorporation of ~2 atom
%,°°**” Er amidinates enable higher hyperdoping levels of 4
atom % Er in the Si NPs most likely due to the energetically
favored cleavage of the Er—N bonds.”* Er hyperdoped Si NPs
exhibit excellent emission of light in the near-IR range due to
the presence of Er®* centers in the Si host lattice.*®" However,
quenching effects regarding the PL intensity have been
obtained for Er contents exceeding approximately 0.4 atom
% (2 X 10®° cm™) in the Si NPs.*’

2.1.1.2.4. Si NPs Containing Group Il or V. Nonmetal
hyperdoping of Si NPs by B or P beyond the thermodynamic
limit is of great interest to alter surface plasmon properties by
tuning the charge carrier concentration.””” In contrast to bulk
Si where B and P atoms reside typically at substitutional sites
in the Si host lattice, the heteroatoms in NPs should be
enriched on the surface.®” The importance to control
elemental distribution is pointed out in a theoretical study
on P doped Si NPs showing the dependence of the dopant
location on the optical properties of this nanomaterial.>*® A
growth of metastable materials by nonthermal plasma synthesis
has been suggested due to the selective heating of NPs up to
very high temperatures while the gas temperature remains
close to room temperature.*>> Si NPs with high B contents up
to 31 atom % have been reported in the literature, which is far
above the solid solubility.”””">7***" The electrically active B
concentration in Si NPs with incorporation of 31 atom % B is
estimated to be only 0.98 atom % (4.9 X 1020 cm™>) based on
Fourier transform infrared (FTIR) spectroscopy results that
are related to a shift of the localized surface plasmon resonance
(LSPR)-induced absorption.”®" The active B content is very
close to B doped Si NPs embedded in an oxide matrix
prepared by thermal annealing of a codeposited layer of Si,
silica, and boron oxide (B,0;).””#**° The B content in Si NPs
synthesized by this approach is determined by atom probe
tomography (APT) to be 1.0 atom %>** which is in good
agreement with the electrically active B concentration of 0.98
atom % observed for highly B doped Si NPs.”®' Therefore,
clustering of B can be mostly excluded in this latter case while
a potential limitation of electrically active B sites in Si NPs and
an accumulation/clustering of B at the NP’s surface must be
considered for high B contents. In this respect, there are
several studies on the preferred incorporation of B in the core
of Si NPs,””***” while other reports suggest accumulation on
the surface.’®* This raises the question whether B is clustering
in the Si NP lattice or is a homogeneous distribution and thus
a solid solution can be expected. Very recently, Si NPs with B
contents up to 42.5 atom % and an average diameter of
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Figure 7. (a) TEM images of a GaP/Si core—shell nanowire showing the conformal growth of Si on the GaP NW template. (b) The elemental
distribution of Ga, P, and Si across the core—shell NW is illustrated by an EDX line scan. (c¢) HR-HAADF STEM is used to image the GaP/Si
interface obtained in the [1120] zone axis. (d) The red box marked in (b) is magnified. (e) An atomic model of 2H-Si grown in the (0001)
direction and imaged in the [1120] zone axis is in good accordance with results from (c) showing the ABABAB... stacking sequence. Furthermore,
Si dumbbells from the atomic model shown on the bottom of (e) can, e.g, be found in the orange box in (d).*** Reprinted with permission from

ref 335. Copyright 2015 American Chemical Society.

approximately 25 nm were synthesized via laser-induced
pyrolysis of a silane/diborane mixture.””® The B distribution
and content are determined using several complementary
methods including energy dispersive X-ray spectroscopy
(EDX), electron energy loss spectroscopy (EELS), and ICP-
OES. EDX maps confirm the homogeneous distribution of B in
the Si NPs and EELS suggests the formation of Si—B bonds. In
addition, etching experiments in combination with ICP-OES
exclude the accumulation of B on the surface of the Si NPs by
this approach. Characterization via XRD reveals the presence
of dc-Si and absence of additional crystalline phases. Optical
characterization of the B hyperdoped Si NPs is performed via
Raman spectroscopy showing a clear redshift of the Si—Si
vibration peak for all B concentrations due to strain effects.
Furthermore, the presence of Si—B vibrational peaks is
reported which is in good agreement with the EELS
measurements. LSPR-induced absorbance is measured via
FTIR and suggests the formation of free holes in the Si matrix.
A blue shift of the LSPR peak upon increasing the B content is
observed. A free carrier concentration of approximately 4.3 X
10*° cm™ has been determined for hyperdoped Si NPs with
42.5 atom % B*° which agrees well with the limit of the
electrically active B concentration discussed before and
therefore suggests the presence of electrically neutral
interstitial clusters®” above this limit of ~1 atom %.

Similarly, nonthermal plasma synthesis allows the prepara-
tion of Si NPs with very high P contents.”””*”%*%%*% T a
preliminary study 5.6 atom % P, determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES), was
incorporated into Si NPs.””” X-ray photoelectron spectroscopy
(XPS) studies confirm the accumulation of P near/on the
surface of these Si NPs”’® which is in good agreement with
previous reports.299’306

In general, the main questions concerning highly doped Si
NPs include the spatial distribution of incorporated heter-
oatoms in the Si host lattice, the possibility of cluster
formation, the crystallinity, the size distribution, the oxide/
amorphous shell, the accumulation at the surface, and the
origin of the absorption/emission. Complementary analysis
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methods are required to clarify the remaining questions
enabling the controlled alteration of synthesis procedures to
obtain a more efficient incorporation of metal and nonmetal
atoms in the Si crystal lattice of NPs.

2.1.2. Si Nanowires. 2.1.2.1. 2H-5i NW Formation. Several
successful approaches to synthesize metastable Si NWs are
reported. It can be differentiated between methods based on
doping beyond the thermodynamic limit and metastable Si
obtained by a template-assisted or metal-induced growth
process.

In terms of Si allotropes, the most prominent phase
investigated is the 2H-Si which has been reported for NWs
and segmented heterostructures.’®”>*° According to theoreti-
cal studies, 2H-Si reveals advantageous optical and electronic
properties when compared to its dc-Si counterpart for
applications in photovoltaics, quantum photonics, and
optoelectronics.’*"*** However, the characterization of the
2H-Si phase is complicated due to the lack of appropriate
samples and difficulties to stabilize this Si allotrope once it is
synthesized. Therefore, it is very important to develop
synthesis strategies taking also stability issues of 2H-Si into
account. To date, physical properties are primarily known from
theoretical studies predicting an indirect bandgap for 2H-Si
with a lower bandgap energy than its dc counterpart.”>**"***
Furthermore, the transition into a direct bandgap semi-
conductor with a bandgap energy below 1 eV by applying
high biaxial tensile strain of ~4% is reported in the
literature.**" In addition, 2H-Si,_,Ge, solid solutions are direct
bandgap materials for x > 0.65 with a tunable bandgap
dependent on the composition as recently demonstrated and
discussed vide infra.”>> The majority of the literature reports
provide the evidence for the presence of the 2H phase in Si
NWs and heterostructures via high-resolution transmission
electron microscopy (HRTEM), electron diffraction, and
Raman analyses.’*>"?

However, several studies describe the data from electron
diffraction patterns that were initially assigned to 2H-Si as a
double diffraction of superposed twinned crystals.”**~>*
Moreover, the Raman peak shifts toward the expected value
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for the 2H-Si can be caused by defects and therefore are not
necessarily a clear evidence for the presence of the metastable
Si allotrope.””® Nevertheless, several reports describe the
presence of 2H-Si using characterization methods capable of
an unequivocal identification.’’”**° For instance, it is highly
recommended /vital to use the [110];./[1210],y zone axis to
distinguish between double diffraction caused by twins and
2H-Si when using HRTEM/electron diffraction for the
characterization.>'? In addition, atomic resolution high-angle
annular dark-field scanning transmission electron microscopy
(HAADF STEM) imaging along the [1210] zone axis can be
used to confirm the presence of 2H-Si by interpretation of the
Si dumbbells expected in this orientation.”*

The diffusionless shear (martensitic) transformation by
microindentation in the temperature range 400—500 °C is
well-known to transform dc-Si into 2H-Si.*°7* Similarly,
epitaxial 2H-Si nanoribbons are obtained from dc-Si fin
structures.””” Gaps in between the initially etched dc-Si fins
are filled with SiO,, while high temperature annealing and the
associated densification leads to mechanical stress with the
highest values close to the fin—substrate interface. In this
highly strained region, a martensitic phase transformation to
the 2H-Si phase can be observed which is confirmed by HR-
HAADF STEM analyses. Similarly, segmented dc-Si/2H-Si
NW heterostructures can be prepared by the shear stress in the
radial direction by densification of a SiO, matrix embedding
the Si NWs.>**

Furthermore, pure and stable 2H-Si has been realized by the
epitaxial growth on wurtzite GaP NWs acting as templates.”*
The GaP NW substrate’s crystal structure is transferred to the
Si layer crystallizing at the sidewalls of the III/V template
forming a conformal shell as illustrated in Figure 7a. The
expected elemental distribution for a GaP/Si core—shell NW is
confirmed by an EDX line scan in the radial direction (Figure
7b). The crystal structure of the Si shell is determined by HR-
HAADF STEM (Figure 7c,d) and Raman spectroscopy
analyses confirming the presence of the metastable 2H-Si
phase. The simulated atomic model of the 2H-Si phase in the
imaged zone axis (Fisgure 7e) perfectly agrees with the
observed TEM data.>*> Recently, tetrasilane has been used
for the epitaxial growth of 2H-Si on the sidewalls of GaP NWs
at moderate temperatures, which is vital to gain control over
the thickness and uniformity of the 2H-Si shell and to prevent
incorporation of Ga and P impurities by diffusion processes at
high synthesis temperatures of 900 °C when monosilane is
used as precursor.”*® This approach paves the way to grow
hexagonal diamond 2H-Si;,_,Ge, and 2H-Ge which are
expected to be direct bandgap semiconductors®’ and will be
discussed vide infra.

Moreover, the formation of the 2H-Si in VLS grown NWs
has been observed and attributed to the small diameter, the Sn
growth promoter, and the plasma-assisted CVD process for
their synthesis.”’® The metastable 2H-Si allotrope in NWs is
stable at ambient conditions and withstands thermal annealing
at 700 °C. In contrast to this highly selective template
synthesis, the formation of the 2H phase in the kinked part of
the Si NWs can be traced back to high defect densities in these
regions.””® More detailed investigations are required to
elucidate the diameter dependence of the 2H-Si NW growth
and a potential role of the Sn growth promoter.

Studies concerning the impact of doping on 2H-Si NWs
reveal a higher stability upon B doping, while P doping leads to
a higher portion of dc-Si NWs.*'7'®%%% An optical bandgap of
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1.5 eV is determined for B doped Si NWs which is attributed
to the 2H-Si phase.’’”*'® In addition, a theoretical study
supports the energetically preferred incorporation of group III
dopants in 2H-Si due to a stronger tendency to stabilize a 3-
fold coordination around the heteroatom.’® Clear evidence
for the formation of 2H-Si as proposed vide supra is missing in
these studies, and therefore the origin of the results obtained
via optical and optoelectronic measurements are vague.
However, XRD data support the assignment to the 2H-Si
phase at least for a portion of the material.

2.1.2.2. Hyperdoping of Si NWs. The metal-supported
growth of Si NWs is an approach suitable for the in situ
incorporation of heteroatoms in the Si host lattice. Therefore,
it must be distinguished between a self-seeding process, where
the metal growth promoter is consumed during the growth due
to incorporation in the growing crystal lattice, and processes
where the metal particle merely mediates the incorporation of
dopants and anisotropic crystal growth. Au-assisted formation
of Si NWs is a popular technique and widely investigated in
literature.”*>******°% Ay is mostly regarded as an inert VLS
growth promoter in terms of oxidation under ambient
conditions and formation of stable binary compounds, thus
enabling the growth of NWs with various compositions.**' The
incorporation of ~1 X 10" cm™ Au atoms during the Au-
supported VLS growth of Si NWs** is a minor effect for the
hyperdoped samples which usually contain orders of
magnitude higher dopant levels. The direct incorporation of
the seed material will be discussed in more detail vide infra.
Significant B**7**® and P**"7*** doping of Si NWs grown
from Au is achieved by separate gaseous precursors. This is an
important strategy to achieve a very desirable p- and n—tyge
doping for the realization of NW-based electronic devices.””

At low growth temperatures and low partial pressures Si
NWs reveal an incorporation-limited growth regime, while at
high temperatures and partial pressures a crystallization-limited
growth regime is observed. Further, the diameter of the Si
NWs has a strong impact on the growth rate.*>” The targeted
control over the doping concentration and profile has
stimulated several studies on the limits of dopant incorporation
and the importance of kinetics for such a process.>*’ 2331352
Moreover, several methods have been presented to accurately
determine dopant concentration, distribution, and enrichment
including electrical measurement on single NW devices,***>*
Kelvin probe force microscopy,”” scanning photocurrent
microscopy,348’355 nanoprobe scanning Auger microscopy,348
APT,241’356 EDX,357’358 EELS,358 secondary ion mass spec-
trometry (SIMS),**” electron microscopy,z‘”"”60 and associated
morphological effects such as encoded NW growth and
appearance through VLS and etching.**!

2.1.2.2.1. Incorporation of Groups lll and V in Si NWs. To
date, despite extensive understanding of the kinetics of
incorporation, adding B and P beyond the maximum
thermodynamic solid solubility limit has not been reported.
The Au-assisted VLS growth of Si NWs reveals maximum B
contents of approximately 10* cm™ (0.2 atom %), which
show the highest electrically active doping level of 4.5 X 10"
em™ (9.0 X 1072 atom %).*** Incorporation of B beyond the
thermodynamic limit at this synthesis temperature is attributed
to solute trapping in combination with a substantially lower
barrier for B incorporation into the liquid Au catalyst
compared to Si.>** Furthermore, doping VLS-grown Si NWs
with up to 5.0 X 10 cm™ (1.0 atom %) P by the supply of
phosphine during growth has been observed by EDX analyses.
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The determined value is far beyond the thermodynamic
limit*”® at the chosen growth temperature of 480 °C but below
the overall solubility limit.*** In a previous study, an electrically
active P concentration of 1.5 X 10** cm™ (0.3 atom %) in Si
NWs produced by a similar attempt has been determined by
electrical characterization of a single NW device.>*” These Si
NWs reveal extremely low resistivity values down to 6 X 107*
Q-cm, but the actual chemical composition has not been
determined by any other analysis technique. However, a much
higher P content is considered for those Si NWs due to the
well-known partial 1ncor17)orat10n of electrically inactive P
species in the Si crystal.’

2.1.2.2.2. Incorporation of the Seed Material in Si NWs. In
a typical VLS growth of NWs, the transport of atomic species
plays a crucial role highlighting the importance of kinetics
beside thermodynamic considerations. A schematic presenta-
tion of some essential processes during the VLS growth of Si
NWs is shown in Figure 8a. According to reports in literature,

@@ (b)

SiH,(g)
incorporation

evaporation
SiH,(g)

* crystallization

Figure 8. (a) The schematic illustration highlights crucial processes
during the VLS growth of Si NWs including incorporation,
evaporation, and crystallization.>> Reprinted with permission from
ref 353. Copyright 2014 American Chemical Society. (b) Step-flow
growth is also observed in GaAs NWs using in situ TEM, and the
propagation of the GaAs monolayer is schematlcally reproduced to
illustrate the layer-by-layer growth of a NW.*? Reprinted with
permission from ref 362 Copyright 2018 by the American Physical
Society.

the crystallization of group IV****** but also of II-V
compound®®®> NWs by the VLS mechanism proceeds by the
nucleation of individual (bi)layers and subsequent step-flow

growth (see Figure 8b). During this (bi)layer formation, atoms
of the growth promoter can be 1ncorp0rated in the Si host
lattice by an in situ solute tra 6pprng > at edges, which is well-
described in the literature.****”*> The lateral velocity of the
step propagation is a critical parameter for solute trapping and
strongly depends on thermodynamics and kinetics of the given
binary system.’’" A tapered morphology of a NW grown via
the VLS mechanism can hint toward incorporation of metallic
atoms from the seed or being a combination between the axial
extension of the NW and radial growth via a layer deposition
by vapor—solid (VS) growth. While this layer growth is a
coating process typically not including any doping via a
gaseous source, dopant diffusion on the sidewalls of the NW>"*
and unstable growth conditions leading to surface diffusion 373
have to be taken into account. Thus, an accurate character-
ization of the material is essential to gain information
concerning the growth mechanism. Furthermore, segregation
of heteroatoms at grain/twin boundaries®”* and incorporation
of clusters in the Si NW matrix’’**’® must be excluded to
confirm the formation of a solid solution. Several metal seeds

have been applied as growth g)romoter for Si NWs 1nclud1n§
Ag 377378 AL 3797384 5y 220,385-387 g 307,388,389 0 39

)

310,386,391 392 392,393 394-397 "398

D Fe Ga, Gd,
380,394,399,400 ’308 320,378,401,402 374,378 363

In, Mn, Nj, Pb, Pd,
'375,403 166,404-406 407,408 409,410

Pt, Sn, Ti, Zn,

241,388,411 —414 347

and binary
alloys of these elements. Among these metal
seeds, only a few examples exist that facilitate the VLS/SLS
growth of Si NWs and simultaneously lead to hyperdoping of
the Si crystal (Table 2). Furthermore, information on the
maximum (electrically active) dopant level achieved for each
system is listed. According to the data collected in Table 2, the
efficient incorporation of heteroatoms beyond their maximum
solid solubility via the growth promoter in a self-seeding
process has been achieved for a rare number of systems.
Reports describing surface accumulation and clustering
without any sign of homogeneous incorporation or proper
determination of heteroatomic species in the Si lattice are
omitted, even though conductivities and electrical properties
have been determined.’”* In other studies the incorporation of
high amounts of metal atoms from the seed in the Si NW host
lattice can be expected on the basis of follow-up papers
describing successful incorporation, but metal incorporation

Table 2. Summary of Metal Facilitating Si NW Growth via the VLS/SLS Mechanism

maximum electrically active

maximum solid solubility maximum element incorporation doping level
resistivity
metal (atom %) (ecm™) ref (atom %) (em™) method ref (atom %) (em™) (Q-cm) ref
Al 1.6 x 107> 8 x 10" 415 4.5 2.3 x 10* EDX 371 48 %1072 24 x10Y 1.6x 1072 416
Au 2x 107" 1 x 10V 234 ~1.0 X 1073=  ~50x 10— MS 417 - - 0.02/2.6 X 418/
3.0x 1073 1.5 x 10" 1073 419
Bi 18X 107 9.0 x 107 420 - - - - level unknown/n-doped 307,
389
Cu 1x107* 5x 10 292 - - - - - - 0.1 391
Ga 0.2 10% 421 - - - - level unknown/p-doped 389
In 8 x 107™* 4 x 107 422, 543 x 1072 2.72 % 10¥ APT 241 - - - -
423
Sn 0.1 5 % 10Y 111 212 % 107 1.06 x 10*° APT 241 - - - -
Zn 12x 107 6 x 10" 421 - - - - - - 31.9 419
Au + 3 1.5 x 10 289 ~0.2 ~10% EELS and 424 90X 1072  45x 10 208X 107 424
B,Hj XPS
Au + 2.4 1.2 x 10 298 1.0 5% 10% EDX 352 030 1.5 x 10°  6x107* 347
PH,
2713 https://dx.doi.org/10.1021/acs.chemmater.9b04471
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Figure 9. (a) Si NWs grown via an in-plane solid—liquid—solid mechanism using an In—Sn alloy as a seed reveal a homogeneous distribution of
both species according to APT measurements.”*" Reprinted with permission from ref 241. Copyright 2014 Springer Nature. (b) A Z-contrast

STEM image along the Si NW axis reveals the enrichment of Au at planar defects in Au-seeded Si NWs.

Copyright 2012 American Chemical Society.

360 Reprinted with permission from ref 360.

has not been discussed and direct proof via quantitative
characterization methods is missing in these re-
ports.379,389,396,397,416425

The incorporation of Au in Si from the seed is also not
mentioned in most reports, even though Au concentrations in
Si NWs can be in the range of the solid solubility of ~1 X 10"
em™ (~2 X 107 atom %)*** which is significant for the
electronic performance since Au introduces deep-level traps.***
A report on doping of Si NWs with Au slightly beyond the
expected thermodynamic limit via self-seeding can be found in
literature.*'” In addition to the VLS growth with homogeneous
distribution, higher concentrations can be found when Au is
trapped at defects along the Si NW axis**>*'” and when surface
diffusion/wetting can lead to incorporation of Au in the shell
region of core—shell NWs. #2678 Fyrthermore, it has to be
differentiated between metal seed incorporation in the NW
body and metal spreading by surface wetting and subsequent
diffusion which can give the impression of incorporation in the
Si host lattice. For instance, during shell formation in Si/Ge
core—shell NW growth, surface/interface accumulation of Au
occurs without the determination of where the Au is actually
located.**® The spreading can be assigned to surface wetting of
Au on the Ge NW core and subsequent Si shell growth.
However, this effect can be prevented by controlling the
surface termination and thus wettability for Au by the growth
of a Si segment terminated by Cl.**%**’

2.1.2.2.2.1. Direct Al Hyperdoping of Si NWs. Nevertheless,
incorporation of heteroatoms far beyond the thermodynamic
solubility limits is reported for Al-seeded Si NWs.*7"3%173%3
For instance, conductive atomic force measurements provide a
clear evidence for p-doping of these structures and thus suggest
successful incorporation of Al in the Si lattice.’®> An
electrically active dopant concentration of 6 X 10" cm™
(1.2 X 1072 atom %) has been observed for self-seeded Si NWs
using Al growth promoters.”®' However, incorporation of Al
far beyond the thermodynamic solubility limit is reported in
subsequent studies.’”"*****3 In a vapor-phase process
performed far below the eutectic temperature of the Al—Si
system, monosilane is used as the precursor, and incorporation
of up to 4.5 atom % (2.3 X 10! cm™) Al in the Si host lattice
is reported.””" Although the growth rate of these NWs is quite
moderate, which would in theory counteract solute trapping of
such high amounts of heteroatoms, the authors suggest a large
incubation time required for the nucleation of a new bilayer.
Once a nucleus is formed, the step-flow growth of the bilayer
can proceed quite quickly across the whole NW diameter
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enabling efficient Al incorporation via solute trapping.
Furthermore, a strong dependence of the Al incorporation
on the growth temperature is reported leading to a decrease
from 4.5 atom % to 0.4 atom % (2.0 X 10*° cm™) when the
temperature is decreased from 470 to 410 °C. Therefore, many
parameters including the activation energy of atomic jumps,
the required time for the formation of a bilayer, efc. must be
considered when targeting the efficient incorporation of
heteroatoms via a metal growth seed.*®® However, a further
study on the Al-assisted Si NW growth confirms the
incorporation of a high amount of Al in the Si host lattice
but also reveals a strong accumulation of Al at twin
domains,** which are natural sinks for the enrichment of
impurities.“l’360

2.1.2.2.2.2. Incorporation of Sn in Si NWs. According to
the binary phase diagram, the solid solubility of Sn in Si is very
low (0.10 atom %; 5.1 X 10" cm™).""" The first strong hint
toward successful Sn incorporation in the Si nanowire host
lattice via self-seeding was reported for Si NWs in a plasma-
enhanced CVD process including the in situ reduction of SnO,
to form metallic Sn seeds."®® The produced Si NWs reveal a
strong lattice expansion of 1.6% according to XRD and 2% in
HRTEM analyses. However, no specific Sn content has been
determined in this study, and the density and morphology of
the Si NWs material is rather poor.'®® Therefore, additional
characterization would be required to provide more insight and
the actual reason for the lattice expansion. An even higher
incorporation of 2.15 atom % (1.08 X 10*! cm™) Sn in the Si
NW lattice is reported for SFLS growth at 490 °C, which is
well above the eutectic temperature.'®® This value is boosted
to 10 atom % (5.01 X 10*' cm™) as determined by STEM-
EDX by an exchange of the Si precursor from mono-
phenylsilane to the more thermolabile trisilane.'” The higher
Sn incorporation/trapping efficiency could be explained by the
increased thermal decomposition rate of the Si precursor, thus
resulting in a higher growth rate and more efficient solute
trapping. In situ TEM studies using these Si NWs with high Sn
content reveal increased lithiation rates when compared to
intrinsic Si NWs."° However, the difference in atomic size
equals an increase of 25.2% from the Si covalent atomic radius
to Sn'®® and makes an efficient alloying in the aforementioned
concentrations unlikely. Hence, more detailed analyses would
be required to validate the homogeneous composition and
crystal quality of the obtained Si NW material. Indeed, in the
solution-based synthesis, strong hints can be observed that the
determined amount of Sn is not homogeneously incorporated

https://dx.doi.org/10.1021/acs.chemmater.9b04471
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in the Si crystal lattice but rather segregation/cluster formation
has been initiated during or after the growth.'®”'%43°

2.1.2.2.2.3. Hyperdoping with Sn and In in Si NWs Using
Bimetallic Seeds. Self-seeding and an associated eflicient
catalyst trapping is also reported for In and Sn by using an In—
Sn alloy as the growth promoter for Si NW synthesis.”*" The
maximum In/Sn incorporation is 2.72 X 10" cm™ (5.43 X
1072 atom %)/1.06 X 10*° cm™ (2.12 X 107" atom %) for in-
plane solid—liquid—solid (IPSLS) grown Si NWs according to
the very accurate APT (Figure 9a). Interestingly, the
concentration of In is only slightly beyond the overall
thermodynamic limit, while for Sn the limit is not exceeded.
However, the incorporation of both metals in the Si crystal
should be considered as a specific case since both atomic
species are much larger than the Si atoms forming the host
lattice resulting in high amounts of strain upon incorporation.
The authors attribute the increased concentrations in the solid
solution to the high growth rates of Si NWs. It should be
mentioned that the solid solubility limits for In and Sn in the
ternary Si—In—Sn system are not described in the literature.
Nevertheless, the authors describe similar In and Sn
concentrations when using the pure metals as the growth
promoter, which confirms their achievement of heteroatom
incorporation beyond the thermodynamic solubility limit at
the growth temperature via a self-seeding process and high
growth rates. In addition to the incorporation in the crystal
lattice, enrichment of impurities on twin planes can be
observed. For instance, Si NWs grown via the IPSLS
mechanism and with high growth rate of 18 nm-s™' show
both the random/statistical incorporation of In and Sn in the
crystal lattice as well as enrichment of In at twin defects.”*" As
discussed before, similar results have been observed for Au-
seeded, VLS-grown Si NWs as illustrated by Z-contrast in
STEM perpendicular to and along the Si NW axis with the
accumulation of the larger Au atoms at the twin boundaries
(Figure 9b).3°

2.2. Ge-Based Nanostructures of Metastable Compo-
sition. 2.2.1. Ge-Based Nanoparticles. 2.2.1.1. Ge NPs:
Metastable Allotropes. Reports on the synthesis of metastable
allotropes of Ge are limited to the simple tetragonal st12-Ge
phase, which can be derived by annealing of sputtered ZnO/
Ge multilayer films,"*' cluster-beam gas-phase techniques,”*”
thermal evaporation under argon,*” laser ablation of Ge in
liquids,*** and naphthalide-mediated reduction of GeCl, at
ambient temperatures.”*> Moreover, stI2-Ge has been
observed during delithiation in batteries; however, the high
Li content in the material also suggests a layered structure of
Ge and Li and thus not an allotrope nor a solid solution in this
case.”*® An explanation for the formation of st12-Ge NPs has
been proposed based on theoretical calculations showing small
energetic differences when compared to the most stable dc-Ge
phase for nanocrystals, which can be overcompensated by the
NP morphology and surface termination while rendering the
st12 phase more favorable.*’’

Theoretical band structure studies predict st12-Ge is a direct
band semiconductor with a 1.47 eV energy gap, thus making it
an attractive material for optoelectronics applications.”*
However, more recent experimental data reveal an indirect
bandgap of ~0.6 eV and a direct bandgap of ~0.74 eV for st12-
Ge single crystals, which is quite similar to de-Ge.*™*

2.2.1.2. Ge Nanoparticle Solid Solutions. 2.2.1.2.1. Hyper-
doping of Ge NPs with Groups Ill and V. Incorporation of

group III and V atoms in a Ge nanocrystal can be achieved by a
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solution-based synthesis route.*” Todides of Ge and the
dopants have been mixed prior to initiating an in situ salt
elimination by adding butyllithium and subsequent ramping to
the growth temperature for thermal decomposition. The
synthesized products with diameters in the range of 3—5 nm
are characterized via TEM, and the elemental composition has
been quantified via elemental analysis using inductively
coupled plasma optical emission spectroscopy (ICP-OES) as
well as X-ray fluorescence (XRF) spectroscopy for the heavier
elements. According to the binary phase diagrams, the
maximum  solubility limits of Al (1.1 atom %),**° Ga (1.1
atom %),"' In (0.02 atom %),*** P (0.16 atom %),"** As
(0.18 atom %),"** and Sb (0.035 atom %) in Ge have been
reported in literature. The composition for the doped Ge NPs
with Al (0.51 atom %; 2.25 X 10** cm™) and Ga (0.46 atom
%; 2.03 X 10* cm™>) exceed the solid solubility at the
synthesis temperature of 300 °C but not the overall solid
solubility. All other compositions represent hyperdoping of Ge
with incorporation of In (1.1 atom %; 4.85 X 10*° cm™), P
(1.1 atom %; 4.85 x 10*° cm™), As (1.2 atom %, 5.3 X 10*
cm™?), and Sb (1.4 atom %; 6.18 X 10*° cm™>) exceeding the
maximum solid solubility.”*” However, no free charge carriers
are observed by optical absorption and EPR spectroscopy,
which could be expected by the doping with group III and V
atoms in Ge NPs as demonstrated in the literature for other
semiconductors.**>** The absence of the expected effects has
been attributed to a ligand bonding to the dopants at the
surface and surface/bulk defects according to the authors.
Another explanation of the absence of the aforementioned
effects could be a low effectiveness in the actual incorporation
in the Ge lattice and accumulation at the surface since no in
depth structural/chemical characterization has been carried
out.*” Nevertheless, superlattice films were cast from capped
NPs after an exchange of surfactants demonstrated improved
conductivities up to 107> S-cm™, illustrating suitability for
electronic devices.

Gas phase plasma synthesis of P hyperdoped Ge NPs by the
decomposition of PH; and germane precursors under a H,/Ar
atmosphere has been reported.*”’ According to ICP-MS
measurements, the determined P content of 0.9—4.8 atom %
(3.97 x 10* cm™-2.12 X 10*! cm™) is always exceeding the
maximum solid solubility of 0.16 atom % (7.06 X 10" cm™®) P
in Ge according to the phase diagram.**’ The dopant
activation efficiency is very low in the range of 4—6 X 107*
for activated dopants when relating the P content to the
electrical data from transfer measurements using NP-based
thin film samples. An additional protective AL,O; coating
applied by ALD in order to passivate surface defects improves
these values; however, the highest activation efficiency is still
very low at 2.7 X 107> and decreases for higher P levels.*"’

Ge nanocrystals in the size range 5—12 nm have been
hyperdoped with up to 2 atom % (8.83 X 10*° cm™) Bi in a
microwave-assisted solution-based approach,*** which signifi-
cantly exceeds the maximum solid solubility of 1.6 X 107*
atom % (7.06 X 10'® cm™) Biin Ge.** A strong indication for
the successful incorporation of Bi in the Ge lattice is the shift
of Ge reflections toward smaller 26 values in XRD analyses.
Additionally, resistance measurements on films obtained by Bi
hyperdoped Ge NPs show increased conductivity values, which
has been assigned to additional free charge carriers and
lowering of the bandgap energies by incorporation of Bi in the
Ge lattice.**®
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2.2.1.2.2. Solid Solutions of Transition Metals in Ge NPs.
The incorporation of transition metals in the Ge semi-
conductor to form Ge;_ M, has been predominantly an
attempt to prepare dilute magnetic semiconductors based on
group IV. DMS materials are interesting due to their
uniqueness in exhibiting spin-dependent magneto-electro-
optical properties includin§ an electric field control of the
ferromagnetic transition.”” The anticipated outcome of
preparing substitutional solid solutions is based on the fact
that the transition elements occupying substitutional sites help
to enhance the spin-dependent transport, which in turn
increase both the magnetization and the Curie temperature
of the semiconductor system.*"

The incorporation of germanide forming transition metals
including Ni, Co, Mn, and Cu has been described in a similar
solution-based study as the Bi incorporation using a
borohydride as the reducing agent and Ge halides as well as
transition metal halides as precursors.*”> The conductivities
increased the most for Ni doped Ge NPs, which showed the
largest measured conductivities of 2.98 X 10™® S-cm™' and
10.37 X 107% S-cm™" in the 2.05 atom % (9.05 X 10* cm™)
and 6.71 atom % (2.96 X 10*' cm™) Ni samples, while
annealing of the particle based films used for the electronic
measurements improved the overall conductivity. The
incorporation of the metallic transition metals evidently
affected the optical absorption and emission of the materials
showing red shifts in the Tauc plots and PL emission.
However, clustering and inhomogeneities should not be ruled
out when the elemental maps are considered even though no
indications are observed in the XRD pattern. In addition, the
successful formation of GeygsMnyo; NPs on single crystalline
Si substrates has been described via MBE synthesis at low
temperatures showing ferromagnetism at low temperatures
that cannot be attributed to other alloy phases; ****** however,
a large number of reports show rather a spinoidal
decomposition and the formation of defined Ge,Mn, alloy
phases.**>** Given the very low solid solubility of Mn in Ge
of ~107° atom %, these compositions are clearly metastable.*>
Similarly, GejogFeyo, NPs on Si surfaces have been prepared
showing ferromagnetism up to ~130 °C, while the synthesis
temperature during MBE growth is reported to be 450 °C. ¢

2.2.1.2.3. NPs of Ge,_,Sn, Solid Solutions. The formation
of solid solutions of Ge with high amounts of Sn to alter the
materials properties is an interesting field of research as
described above. In order to achieve this goal of preparing the
metastable composition required to obtain a direct bandgap
material, vapor- and solution-based approaches have been
applied. Due to the direct bandgap nature of the binary
semiconductor, theoretical studies predicted efficient nanoscale
light sources from epitaxially grown Ge,_,Sn, NPs on Ge or Si
substrates.””**® The growth of Ge,_,Sn, NPs with sizes below
10 nm and Sn contents close of 12—15 atom % on thin silica/
Si layers by MBE containing a Ge NP seed layer has been
described.*” The noteworthy pseudomorphic growth on Si
leads to strain relaxation in upper layers and an absence of
misfit dislocations, which indicates efficient dilatation in the
small Ge,_,Sn, NPs, while the contact to the Si substrate is
enabled through pinholes in the silica layer. Besides the lattice
spacing in the TEM images, no distinct determination of the
Sn content or physical properties has been presented. These
structures have been investigated by scanning tunneling
spectroscopy (STM) and size-dependent separation between
the valence and the conduction bands has been observed for
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particles in the range of 5—35 nm.*®° The larger Ge,_,Sn, NPs
exhibit a band offset of ~0.56 eV, which is close to an expected
bulk value for this material composition. In addition, STM-
photoabsorption spectroscopy on single NPs confirms the data
obtained from STM.*" The influence of Sn composition in
such Ge;_,Sn, NPs covered with a protective Si layer on the
PL is negligible in terms of the peak shift upon higher alloying
levels since all spectra show peak values at ~0.8 eV.*** The
study demonstrated that radiative defects in the Si layer are
responsible for the PL signals in these structures with no/
minor effect of the Ge,_,Sn, material. The latest results on the
direct growth of Ge; . Sn, NPs on single crystal surfaces
demonstrated a successful conversion of Sn particles to form
epitaxially grown Ge,_Sn, NPs.*> However, no further
physical properties of these structures are reported to date.

Another strategy is the formation of Ge,_,Sn, NPs in a Ge-
based matrix by thermal annealing of Ge,  Sn, thin films
leadin§ to phase segregation which yields Sn-rich precip-
itates. " **> The resulting Ge;_,Sn, NPs are described to
exhibit a Sn content of up to 50—80 atom % according to TEM
analysis and the corresponding FFTs.*** In addition, a
diffusion of excess Sn in a thin amorphous GeggSny g, layer
forming NPs of ~5 nm with 13.6 atom % Sn according to
TEM and Raman spectroscopy has been reported.**® The
nucleation of the Geyg,Sn;;; NPs from the amorphous
GegogSng g, layer is attributed to lowering of the overall
Gibbs free energy upon incorporation of Sn in a forming
crystal.

Alternatively, the bottom-up direct growth of big Ge,_,Sn,
NPs on the tips of Si nanorods has been described.**’~**”
However, high temperature annealing leads to Sn segregation
on the surface and generally a low Sn content in the crystal.**’”
A slight increase in Sn content to 1.4 atom % shifts the PL
signal of the direct transition from 0.8 eV for pure Ge to 0.72
eV.* Sn enrichment in the top layer by segregation was
capped by another Ge coating leading to the observation of a
low energy emission at ~0.55 eV at low temperatures.%8 It
should be noted that the Si nanopillars are also emitting close
to this value due to radiative defects in Si, and therefore
assigning this emission to Ge;_,Sn, is not possible beyond a
doubt.

Pure Ge;_,Sn, NPs are produced by the laser-induced
reaction of tetramethyl germanium and tetramethyl tin
resulting in Sn contents up to 40 atom 9%." For higher Sn
contents the forming Ge; ,Sn, NPs are accompanied by
metallic -Sn according to XRD data. These Sn/Ge,_Sn,
heterostructures have shown some promise for Li ion battery
anodes in terms of cycle stability and capacity retention, but a
determination of their semiconducting properties has not been
reported.

The most prominent synthesis methods for Ge;_ Sn, NPs
are solution-based.**>*’** The presence of the reducing
agent which includes primary amine functions on the high-
boiling solvent as well as Li-organyles or hydrides and surface-
active agents stabilizing the nanocrystals is vital for a successful
synthesis. In a typical approach, Ge and Sn precursors,
including group IV amides and/or halides, are mixed with
high-boiling solvents at temperatures of approximately 300 °C
to initiate a batch reaction that is often supported by a
metathesis reaction using butyllithium.*”"*”> The obtained
Ge,_,Sn, NP sizes depend on the growth duration, temper-
ature, and concentration of the precursors. Thus, very small
NPs in the range 1.5-2.2 nm*”® or 3.3—5.9 nm*”* have been
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prepared with different compositions and Sn contents up to
23.6 atom %."”> Slightly bigger Ge;_,Sn, NPs have been
described to contain up to 42 atom % Sn,*’' while a very
recent report illustrates the accessibility of the whole
com})osition range x = 0—0.95 for 7—16 nm NPs (Figure
10)."° The incorporation of Sn in the Ge crystal lattice has
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Figure 10. (a) XRD patterns of Ge,_,Sn, NCs with x between 0.10
and 0.95. The red and black dotted lines correspond to the positions
of reflections related to pure de-Ge and @-Sn.*”® Reproduced from ref
470 with permission. Copyright 2019 The Royal Society of
Chemistry. (b) PL and corresponding absorption spectra (normalized
linear scales) of 10 nm Ge,_,Sn, NCs.*”" Reprinted with permission
from ref 471. Copyright 2015 American Chemical Society.

been confirmed by complementary methods including XRD,
Raman spectroscopy, and scanning transmission electron
microscopy energy-dispersive X-ray analysis (STEM-EDX).
Especially XRD is a simple but yet powerful analysis method,
because Vegard’s law can be applied to the unstrained
Ge,_,Sn, system without requiring correction with a bowing
factor.*”®

Another intriguing synthesis is based on the conversion of
presynthesized $-Sn NPs reacting with Ge halogenides.**® The
pB-Sn particle can be converted to Ge,_,Sn, NPs with x
0.18—0.62. Rising reaction temperature and time of annealing
increases the Ge content in the binary alloy. Phase pure
Ge,_,Sn, has been observed for Sn contents below 27 atom %
with this methodology. The retention of the NP diameter and
changes in chemical composition are indications of a
reduction—oxidation reaction leading to the formation of
Ge,_,Sn, NPs via diffusion, which is a thermodynamically
ruled process and should in theory not lead to the metastable
Ge,_,Sn, alloy. This is a strong indication that this process is
not as simple as it appears at first glance. Moreover, the
indirect nature of the bandgap and the location of the
absorption does not support the formation of high quality
Ge,_,Sn, crystals. Similarly, the conversion of pure Sn to form
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Ge,_,Sn, nanorods with Sn contents in the range of 15-28
atom % has also been reported in a solution-based process.*””
In contrast, a similar procedure using Sn NPs as the source and
thermal decomposition of Ge silylamide as the precursor leads
to heterodimers with merely 4.3 atom % Sn incorporated in the
Ge segment.474

Considering calculated bandgaps and thin film data for
Ge,_,Sn,, most of the bandgaps of the respective NP systems
determined from absorption data are quite high. To date, no
report has described bulk values, which could be expected for
the emission of Ge,_ Sn, NPs with particle sizes > 10 nm
(Table 3). Since quantum effects are dominating the

Table 3. Comparison of Published Absorption and Emission
Energies Related to Size and Sn Content in Ge,_,Sn, and
Data Reported for Pure Ge NPs for Comparison

absorption onset/

composition optical bandgap (A =
(atom % Snin  particle absorption; T = Tauc emission

Ge,_,Sn,) size [nm] plots) [eV] [eV] ref
27-18 114 0.51-0.72 (T; indirect) 466
42-10 9 0.77—0.84 (T; indirect) 04506 471
10 116-77  072-0.93 (Tj indirect) (proaq, 471
38-36 weak) 471
11.6-3.3 46-4.1 0.95-1.53 (T; direct)/ 472

0.75—1.23 (T;
indirect)
23.6—18 3-2 1.56—-2.05 (A) 1.72—2.00 478
23.6—5.5 3-1 1.7-1.9 475
20.6—1.5 6—3 473
9.1-1.5 0.84—1.72 473
5.6—1.5 1.32—-1.62 473
GegogeSboos 3.7 1.3 (T; indirect) 439
GegoggAsoory 3.7 1.3 (T; indirect) 439
Gegosolngory 4.1 1.3 (T; indirect) 439
dc-Ge 3.8 1.3 (T; indirect) ~1.03 439
broad,
weak)
dc-Ge S4-1.1 2.5-3.7 479
dc-Ge 11.3-2.3 0.7-1.6 480
de-Ge 10.2; 6.8; 0.77; 0.93; 481
4.8 1.03

dc-Ge 5.3; 0.9 0.88; 1.54 482

theoretical values for small NPs with increasing importance
of the actual NP’s diameter in the sub S nm regime on the
calculated bandgap. In addition, values for the Ge,_,Sn, NPs
are always doubtful when no pure Ge reference can be
provided with the same surface functionalization and particle
sizes.

Surface related factors, e.g., defects, should be considered for
the interpretation of the optical properties for hyperdoped and
metastable Ge-based NPs. For instance, considering the
diminishing direct bandgap values upon increasing Sn content
in Ge;_,Sn,, very small bandgap values should be expected for
Ge,_,Sn, NP compositions sufficient for a transition to a direct
band§ap behavior in bulk film samples (>~8.5—11 atom %
Sn)."** 71319 Thys far, only one report on Ge,;_,Sn, describes
the emission spectra reasonably close to an expected range
<~0.55 eV, but with weak intensity and blue-shifted by >~0.2
eV to emissions expected for this composition (Figure 10b).*"!
Other reports present mostly absorption data indicative of
indirect bandgaps above 0.55 eV, which in turn points toward
an indirect bandgap material even though their nominal

https://dx.doi.org/10.1021/acs.chemmater.9b04471
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composition is far beyond the critical Sn content.****’* In

addition, high energy PL emission or absorption features are
most certainly a recombination mechanism related to the
influence of higher energy states being populated and/or
defect/surface related emission.”**** As illustrated in Table 3,
also data from pure dc-Ge show a broad range of reported
emission energies; however, studies on Ge NPs excluding
surface effects or ligand exchange on the surface demonstrate
only a smaller effect on the bandgap, and size-related bandgap
broadening does not exceed 1.6 eV, 80481485486

2.2.2. Ge Nanowires of Metastable Composition/Phase.
2.2.2.1. Stress Induced Phase Transformations for Seg-
mented Allotropes in Ge NWSs. The alteration of physical
properties by the formation of anisotropic, metastable Ge-
based structures can be divided into three categories, including
template-assisted growth, the metal-supported formation by
the simultaneous supply of atoms resulting in the metastable
alloy, and the self-seeding, as general topics.

In order to synthesize hexagonal 2H-Ge NWs, a few
successful approaches have been described in the literature
resulting in segmented NWs containing cubic and hexagonal
allotropes. Segments of hexagonal 2H-Ge have been obtained
by a strain-induced martensitic phase transformation in Ge
NWs under external shear stresses leading to %uasi—periodic
NW heterostructures of Ge polymorphs."*”**® The strain
applied perpendicular to the growth direction of the NWs
causes sliding of lattice planes and forms sawtooth
morphologies from former straight NWs (Figure 11a). The
NWs are imaged in the [110]3c/[1210],; zone axis to
illustrate the formation of the heterostructure beyond any
doubts of formation of potential twinning superstructures.
Both the dc-Ge (3C) and 2H-Ge are identified in high
resolution STEM images (Figure 11b—d). The 2H-Ge phase
does not convert back to the dc allotrope at temperatures
below 500 °C, which simplifies the structural investigations
where energy input has to be considered.*” According to
theoretical calculations the 2H-Ge should reveal a band offset
of 0.32 eV while being a direct bandgap material."* For a
Sip¢Geg4 which is close to the transition from the indirect to
the direct semiconductor material by increasing the Ge
content, a bandgap of 0.52 eV has been calculated, which is
important since 2H-Si is an indirect bandgap material.*’
Unfortunately, no experimental evidence of a direct bandgap
semiconductor behavior for these 2H-Ge segments formed by
this strain related mechanism has been observed to date.

2.2.2.2. Template Assisted Growth. 2.2.2.2.1. 2H-Ge NWs
on IllI-V Templates. A popular strategy for the growth of
anisotropic nanostructures is the use of nanoscale templates
such as GaP NWs as described above for the synthesis of GaP/
2H-Si core—shell NWs.*** These core—shell structures can be
used for additional layer growth to create GaP/2H-Si/2H-
Si;_,Ge,.*”" The maximum stoichiometry achieved for defect-
free smooth layer thin film growth on NW substrates was at 77
atom % Ge, significantly above the predicted direct bandgap
transition at 65 atom % Ge.*”" Bandgaps can be probed by PL
and absorption studies; however, these analyses have proven to
be nontrivial in terms of experiment and interpretation in NWs
involving crystal structures not existing in the bulk.*”> The
determination of bandgaps in 2H-Ge, 2H-Si, and 2H-Si,_,Ge,
appear to be particularly challenging, because merely
theoretical optical studies are reported despite the availability
of high quality NW samples.*”' Very recently these materials
have been realized with compositions of the 2H-Si,_,Ge, alloy
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Figure 11. (a) TEM micrograph of a heterostructured Ge NW in a
SiO, matrix showing a sawtooth shape with almost periodic steps. (b)
High resolution bright-field STEM image of the heterostructured Ge
NWs. The image is taken along a [110];; zone axis. Allotrope
domains are located at each alternating section. Fast Fourier
transforms (FFT) are related to the micrograph subsections. New
Bragg spots (on the right) with respect to the cubic matrix (on the
left) are associated with the 2H phase. The individual FFT evidence
the following relation between both phases: [110],.//[2110],; and
(110)5¢//(0001),y. (c) Enlarged views of nanodomains shown in (d)
(with the same orientations evidenced by the orthogonal spatial
system) and the sketch of the stacking sequence respectively for 3C
(dc) and 2H polytypes. (d) HAADF-STEM image of one nano-
domain showing the 2H phase with an ABABA stacking sequence.**’
Reprinted with permission from ref 487. Copyright 2014 American
Chemical Society.

in the range x = 0.65—1.0. The first PL signals have been
recorded for GaAs/2H-Si,_,Ge, and GaAs/2H-Ge core/shell
NWs****3 revealing tunable, direct bandgap materials in the
energy range 0.3—0.7 eV. This is a very significant finding since
the optical properties are comparable with III/V semi-
conductors, and thus applications including optical intercon-
nect in computing,"”* optical sensing,*”> and silicon-based
quantum photonic circuits**® can be envisioned.*"”

2.2.2.2.2. NWs of Ge,_,Sn, Solid Solutions via Templates.
Besides the growth of the 2H-Ge allotrope, template
approaches can be used for the growth of Ge/Ge,_.Sn,
core—shell NWs (Figure 12a,b).*”**” In these processes, the
simultaneous supply of Ge and Sn by the decomposition of
precursors in a metal organic CVD process results in the
epitaxial growth of Ge,_,Sn, on the sidewalls of preformed dc-
Ge NW templates with diameters of 20—50 nm. The obtained
core—shell Ge/Ge;_,Sn, NWs exhibit Sn contents up to 13
atom % Sn in a composition gradient along the layer (112)-
oriented facets, while the (110)-oriented sections contain
merely <5 atom % Sn (Figure 12¢,d).*® These resulting star-
striped patterns in NW cross sections have also been observed
for core—shell structures containing lower Sn contents.*”” An

https://dx.doi.org/10.1021/acs.chemmater.9b04471
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Figure 12. SEM picture of (a) the dc-Ge NW template and (b) Ge/
Gegs75n,,3 core/shell NW arrays (tilting angle 30°). Cross-sectional
EDX compositional maps showing an ~120 nm thick Ge;_,Sn, shell,
with enhanced Sn incorporation on the {112} side -facets compared
to {110}. (c) The integrated tangential composition profile in the
yellow rectangle provides an average Sn content of 13 + 1 atom %,
while the radial line profile (white dashed arrow) is shown in (d). (e)
PL spectra of Ge/Geyg;Sng,; core/shell NWs in the temperature
range 4—300 K. Measurements are performed using an excitation
power density of 8 W/ cm>*® (a—e) Reprinted with permission from
ref 498. Copyright 2017 American Chemical Society. (f) PL peak
fitting and deconvolution for core—shell Ge/Geg¢sSng o, NWs at 60.0
kW cm™ pump fluence showing signals from the Ge substrate and
GegosSngos shell.*”” Reprinted with permission from ref 499.
Copyright 2016 American Chemical Society.
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explanation for the strain-related formation of the star—stripe
pattern and straining of the dc-Ge NW core has been provided
by theoretical calculations, which also consider changes in shell
formation upon increases in Ge NW diameter.”’%"!
Synthesized Ge/Ge(g,Sng 3 heterostructures show emission
with direct bandgap characteristics at room temperature and a
strong enhancement of light absorption. The reported
emission maximum of 0.46 eV (Figure 12e) is in good
agreement with theoretical and experimental results for Ge/
Geyg,Sng 15 thin films and illustrates the formation of a direct
bandgap material.****?> Sn contents below the concentration
for a direct—indirect transition show multiple transitions in the
PL spectra, which can be related to the direct and indirect
bandgaps in the shell material as well as a strained Ge NW core
(Figure 12).%%° Changes in the precursor ratio has a large
effect on the growth kinetics and affect the composition and
morphology of the Ge,_,Sn, shell.>> Under a higher precursor
concentration a transition from the prior described hexagonal
cross section to a dodecahedral morphology can be observed
with the (112)-oriented facets revealing still a higher Sn
content than the (110)-oriented surfaces. However, assigning
the surfaces to the described growth directions from the cross
sections is based on simplifications since pronounced faceting
of these surfaces along the NW axis can be observed in the
SEM images. The shells grown with the highest Sn precursor
ratio do not show any PL signals, which could be related to a
decrease in crystal quality and/or the presence of segregated,
metallic Sn. The location of emission maxima can be related to
strain effects and increased Sn content with counteracting
effects, while significant quenching has been observed when
the temperature for the PL acquisition is raised to 100 K. This
effect indcates the limited optical properties of these core/shell
NWs when compared to the previously described core—shell
NWs on thin Ge NWs and lower Sn content.*”**%

2.2.2.3. In Situ Impurity Incorporation via Inert Growth
Promoter. 2.2.2.3.1. Ge NW Hyperdoped with Groups Ill and
V and Mn via Inert Seeds. As already mentioned before,
metal-supported growth of anisotropic nanostructures is a
viable approach. Potential metallic growth promoters for
metastable Ge NWs must show a binary phase diagram with
the absence of germanides at the chosen synthesis temperature
and melt at moderate temperature. In this subsection, the
formation of binary alloy NWs via a classic VLS mechanism
based on an inert growth seed acting as a collector, growth
promoter, and nucleation vessel is described.

Manganese incorporation in the Ge semiconductor to form
Ge,_,Mn, is an approach to prepare dilute magnetic
semiconductor based Ge as shortly described vide supra.”**
The incorporation of significant Mn contents of up to 1 atom
% in the Ge lattice without the formation of generally known
Ge,Mn, alloy phases has been demonstrated using Au growth
promoters in SFLS synthesis.’>> Both precursors have been
supplied in a constant precursor feed solution for the
simultaneous thermal decomposition allowing the incorpo-
ration between 0.3 and 1 atom % Mn in the Ge,_ Mn,>*°%
and thus exceeding the solubility limit of ~107° atom % by
several orders of magnitude.*>> These nanostructures showed
ferromagnetic behavior above room temperature as desired for
a dilute magnetic semiconductor for electronics and
spintronics applications. Similarly, the evaporation of the
metallic constituents is described to form such Gegg,Mn g
NWs 5g\;ithout the formation of another phase using Au
seeds.
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Hyperdoping with nonmetallic elements has been demon-
strated using Au-seeded Ge NW growth using diborane and
phosphine as additional gaseous sources.””” The concentration
of heteroatoms has been determined by SIMS revealing the
incorporation of 0.45 atom % (2 X 10 cm™) P and 0.52
atom % (2.3 X 10* cm™) B. Even though signatures for a
successful incorporation on substitutional sites, such as a shift
in the Raman signal and a shift in the XRD pattern, have been
observed, no data on the electronic properties of the
hyperdoped Ge NWs have been reported. Therefore, no
indication of the electrically active dopant concentration exists
for such high dopant levels.

2.2.2.3.2. NWs of Ge,_Sn, Solid Solutions Using Inert
Seeds. Initial experiments showing the CVD synthesis of
Ge,_,Sn, alloy NWs using an inert growth promoter by the
VLS mechanism is based on Au as well as AuggAg 10 NPs.>%
The simultaneous decomposition of Ge and Sn precursors
provides the components for the binary semiconductor similar
to thin film CVD approaches. Ge,_,Sn, NWs with Sn contents
up to 9.2 atom % have been grown at temperatures of 440 °C
and an additional postgrowth annealing at 230 °C was
described to provide the best results and highest Sn contents.
However, thermodynamic considerations and experimental
results showing metal-induced degradation of Ge;_ . Sn,
dependent on composition and temperature should not lead
to the incorporation of hi§her Sn contents upon annealing of a
crystalline Ge,_Sn, NW."”” The Sn incorporation is ascribed
to the high step velocity and thus impurity/heteroatom
trapping during the crystal growth. The growth seed
composition has been described to influence the Sn
incorporation with a maximum of 9.2 atom % Sn in the Ge
crystal lattice for AuggoAg,,, growth seeds.>” A follow-up
study demonstrates that the Au,_ Ag, alloy seeds also allow the
direct formation of Gejq;Sng 0o NWs, which has been ascribed
to accelerated growth rates.””” The use of an alternative Sn
precursor with higher decomposition rate can lead to branched
Ge,_,Sn, NWs with larger diameter stems growing from
AuggoAgy,o and branches forming by self-seeding from Sn
particles.”'” Interestingly, the thicker stems contain only 4
atom % Sn, while the thin self-seeded branches incorporated 8
atom %. A definite explanation for the Sn NP formation on the
sidewalls has not been provided, but accumulation/precip-
itation and migration of Sn droplets from the Au,_ Ag, seed
was suggested to be the most likely mechanism. The material
revealed similar capacities and cyclability to dc-Ge NWs when
used as anodes in Li-ion batteries.”'°~>'* Unfortunately, no
optical data are described in the literature for these branched
Ge,_,Sn, NWs.

In addition, Au-catalyzed growth of Ge, ,Sn, NWs with
specific orientation on substrates has been reported.”"”
Although the temperature used in the first report 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 atom % Sn and reveal a
Sn—O-enriched shell>"? Alloying Sn with Au prior to NW
growth has been the latest development in the growth of
Ge,_,Sn, NWs using an inert growth promoter and simplified
process condition by using only one gaseous Ge source.” * The
Ge,_,Sn, NWs show Sn gradients along the Ge,_ Sn, NWs as
can be expected when large lattice mismatch between the
growing material and the substrate has to be overcome and the
forming crystal can accommodate stress by compositional
variation. However, the reported S atom % Sn is significantly
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below the indirect—direct bandgap semiconductor transition in
Ge,_,Sn,, but in the upmost region this value increases to 7.3
atom % for the most efficient parameters described in the
study.”'* According to the study, the Sn content is dependent
on the initial composition of the growth seeds increasing from
1.3 atom %, 2.2 atom %, and 5 atom % of Sn in Ge,_,Sn, NWs
by using 61 atom %, 76 atom %, and 86 atom % of Sn in the
binary Au/Sn seeding layer. In addition, the predominant
growth direction of the Ge,_,Sn, NWs changes from (111) to
(110) when the Sn content increases in the seeds.”'* This is
rather surprising since pure Sn as self-seeding NPs allows the
growth of Ge, . Sn, NWs with higher Sn content while
growing epitaxially along the (111) axis, which will be
discussed in more detail in the following section.”'” Tt is
clear that such trends require more validation and comparison
with studies showing different Sn contents and preferred
crystal orientation including the analysis of growth parameters,
precursor decomposition kinetics, etc.

2.2.2.4. Self-Seeding of Metastable Ge-Based NWs.
2.2.2.4.1. Approaches to Ge NWs Hyperdoped with In and
Ga. Self-seeding of NW growth refers to a metallic particle
acting as both a nucleation/crystal growth promoter, and at the
same time the metal is intentionally incorporated in the
forming NW to form a binary compound.”****° For the low
temperature formation of metastable, Ge-based NWs, the list
of potential growth promoters can be narrowed down to low
melting metals including Bi, Ga, Hg, In, Pb, and Sn as well as
alloys thereof to enable the VLS growth of the material at
moderate temperature.

An approach to grow Ge microwires and NWs at unusually
low temperatures (i.e, < 100 °C) involves the use of liquid
metals as electrodes. Low melting point metal nanodroplets
(e.g., Ga, In, and Bi) can perform two functions simultaneously
if they are connected to a current collector. As cathodes for
electrodeposition, they can supply electrons at the liquid
metal/liquid electrolyte interface to reduce a dissolved
oxidized precursor. For example, GeO, is moderately soluble
in alkaline solutions as a monomeric species’'® that can be
reduced to Ge.”'” However, unlike conventional solid
electrodes, such liquid metal nanodroplets can also serve as
solvent media for the dissolution and crystal growth of Ge
(Figure 13a).>'®7>** In this way, a hybrid process known as
electrochemical liquid—liquid—solid crystal growth (ec-LLS)
that conceptually merges electrodeposition and VLS together
is possible.””* The principal advantages afforded by ec-LLS are
the low temperature and the use of an electrochemical, rather
than thermal, stimulus to dictate crystal growth. Extraordinarily
high concentrations of the employed liquid metals, well
beyond thermodynamic solubilities and up to 10 atom %
(441 x 10*' cm™) Ga,”"? 6 atom % (2.65 X 10*' cm™3) In,***
and 3 atom % (1.32 X 10*' cm™) Bi*** are possible via the ec-
LLS strategy. For some liquid metals, the extensive
incorporation results in a shrinking liquid volume during
growth and imparts a noticeable taper (Figure 13b). For other
liquid metal alloys, the nanowire/microwire morphology shows
much less tapering (Figure 13b). Nevertheless, the prevailing
measurements suggest the amount of liquid metal atoms that
incorporate into the microwire and NWs grown by ec-LLS is
variable. Precisely how the metal incorporates in the as-grown
Ge, e.g,, in lattice sites as substitutional dopants, in nonregular
lattice sites, or as clusters/occlusions, depends strongly on the
synthetic conditions. The lowest resistivity values obtained
from two-contact measurements of numerous Ge microwires
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Figure 13. (a) Schematic depiction of the initial three-electrode
electrochemical cell setup used for Ge NW and microwire growth by
the ec-LLS method. The proposed ec-LLS growth mechanism
contains electrochemical reduction of dissolved HGeO; (aq) ions
to Ge(s), which dissolves in the liquid metal until supersaturation
induces nucleation and concomitant heterogeneous crystal growth.
(b) Tilted scanning electron micrographs of Ge microwires grown
from Ga,_Jn, (75% Ga and 25% In by weight) and pure Ga
electrodes. The scale bar represents 10 um.”'” Reprinted with
permission from ref 519. Copyright 2015 American Chemical Society.
(c) SEM image of Ge NWs grown by Ga seeding at 210 °C and
STEM-EDX mapping for Ga and Ge of a NW.*” Adapted from ref
357 by Seifner et al, licensed under CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/). Published 2018 by the
American Chemical Scoiety. (d) Resistivity changes with temperature
in the range 298—10 K for Ga-hyperdoped Ge NWs compared to
intrinsic Au-seeded Ge NWs and Geyg;Sng; NWs. While the
Gegg,Sn)19 NW shows semiconductor behavior, the hyperdoped Ge
reveals quasi-metallic transport characteristics.”>® Reprinted from ref
525 by Sistani et al., licensed under CC BY 3.0 (https://
creativecommons.org/licenses/by/3.0/). Published 2018 by The
Royal Society of Chemistry.

sampled across a dense film of microwires grown on
degenerately doped Si**' suggest Ga hyperdoping with an

active dopant concentration of ~6 X 10'® cm™ (~107% atom
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9%).atom %. In contrast, EDX and APT measurements on the
same materials suggest significant additional metal incorpo-
ration in the range of 8—10 atom %, implying a low efficiency
of incorporating the liquid metal as dopants during ec-LLS.”*!
Optical measurements on separate Ge NWs grown by ec-LLS
with In showed 0.14 atom % (~6.18 X 10 cm™),
corresponding to a notably higher level of active dopants.”"®
In these NWs, the resistivity and associated electrically active
In content was inferred not from direct electrical measure-
ments but rather from the blue-shift of optical absorbance. It is
presently unclear whether this discrepancy reflects a difference
in the growth mechanisms caused by the change from Ga to In,
the specific ec-LLS conditions that were employed (e.g.,
temperature), or the measurement technique. Still, the
cumulative data strongly hint that doping estimates from just
conductivity measurements could be biased by the crystallo-
graphic properties (e.g., twinning defects, grain boundaries) of
high aspect materials produced via the ec-LLS mechanism.>**
Accordingly, the utility of and possibilities for ec-LLS as a self-
seeding synthetic route for hyperdoped Ge and possibly Si*”’
NWs is still nascent.

Similarly, the incorporation of In can be achieved in a
solution-based process via the thermal decomposition of an
oligogermane precursor in the presence of In NPs at low
temperatures down to 180 °C.>* In this study up to 2 atom %
(8.83 x 10* cm™) In can be incorporated in the highly
curled/kinked Ge NWs, which is often a sign of an
accumulation of defects. Elemental mapping or APT has not
been reported, and therefore the distribution/localization of In
in the NWs remains unknown. Moreover, highly Ga doped Ge
nanorods have been grown in a batch reaction via the SLS
mechanism at temperatures down to 170 °C, illustrating the
catalytic activity of metallic Ga by lowering the decomposition
temperature of the Ge precursor by ~60 °C.”*” Ga NPs form
in situ by the thermal decomposition of a Ga precursor and are
subsequently supersaturated by Ge initiating the growth of the
Ge nanorods. STEM-EDX and laser-assisted inductively
coupled plasma mass spectrometry (LA-ICP-MS) have been
used as complementary methods to determine the Ga
incorporation efficiency in the Ge nanostructure to be ~2.3
et al. atom % (1.0 X 10*! em™3).%%’

Ga self-seeding by the VLS-based CVD approach can be
used for the synthesis of Ge NWs with an average Ga content
of ~3.5 atom % (1.55 X 10*! cm ™) according to STEM-EDX
analyses (Figure 13¢).>*” The increased Ga content could be
associated with an increased growth rate. A dense mesh of
highly crystalline NWs formed at low temperatures of 210—
230 °C, while containing a homogeneous distribution of Ga
within the Ge matrix. As expected for a metastable material,
thermal annealing at elevated temperatures results in the
formation of thermodynamically stable products and thus Ga
segregation has been observed after annealing at temperatures
of 400 °C. The electronic properties of the hyperdoped
material are determined by I—V measurements on single NW
devices showing resistivity of ~3 X 107* Q-cm representing an
eelectrically active dopant concentration of ~1.5 atom % (6.62
x 10 cm™) (Figure 13d). In addition, the Ga-hyperdoped
Ge NWs reveal metal-like behavior in temperature dependent
resistivity evolution. Two growth regimes in the Ga-seeded Ge
NW growth have been determined, changing the growth
temperature.””® The high efficiency of Ga incorporation has
been observed at temperatures below 350 °C with Ga contents
in the ~3.8 atom % range, while higher growth temperatures of
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Figure 14. Cross section (a) of highly oriented Ge,_,Sn, nanostructures grown on Ge(111) substrates and subsequent reactive ion etching. The
30° tilted view shows fully terminated Ge,_,Sn, NWs grown perpendicular to the Ge surface, while the perfect perpendicular orientation is
illustrated in the 90° view. (b) STEM-EDX maps showing the local Sn distribution without clustering. The graph illustrates the homogeneous Sn
distribution along a Ge,_,Sn, NW (19.3 & 0.9 atom %), which was mechanically removed from the substrate and transferred to the TEM grid. (c)
Spectra of the temperature dependence of the PL emission at an excitation density of 5.4 kW/cm® The peaks of the spectra are indicated with black
dots, and the feature at ~0.5 €V is an artifact of the Sb doped Ge substrate.’'® (a—c) Reprinted with permission from ref 515. Copyright 2019
American Chemical Society. (d) SEM image of Gego;Sngoo NWs grown using Augg0Agg,0 NPs. (e) Temperature dependent PL studies convey of
the Ge;_,Sn, NWs with 9.1 atom % Sn.*” (d, e) Reproduced from ref 509 with permission. Copyright 2018 the Royal Society of Chemistry.

390 °C lead to Ge NWs without Ga incorporation according to
STEM-EDX analyses. Small Ga concentrations below the
detection limit of STEM-EDX would result in p-type behavior
of the produced NWs, which has not been observed in the
electronic measurements using single NW devices. The high
temperature Ga-seeded Ge NWs showed a typical behavior of
intrinsic Ge, which cannot be fully explained yet. Models
describing the self-cleaning of semiconductor nanocrystals and
associated doping limits depending on the crystal size usually
refer to diameters below 5 nm and, thus, much smaller than the
NW diameter of ~20 nm.>**%

2.2.24.2. NWs of Ge;_,Sn, Solid Solutions by Self-
Seeding. Besides the self-seeding using group III metals
leading to hyperdoping, the formation of metastable Ge;_,Sn,
alloy NWs from Sn seeds is an elegant approach. Sn as a type B
growth promoter has been described for Ge NW>"%?
synthesis as well as axial Ge/Si heterostructures.”>™>*> The
incorporation efficiency described in these reports, if even
mentioned, is rather low, <~4 atom % Sn in Ge, but also
exceeds the solid solubility.”*"*** Indeed, the first report on
the bottom-up growth of metastable Ge,_,Sn, NWs with Sn
growth promoters contains 17—19 atom % Sn.**° Thus, self-
seeding by Sn particles results in Ge;_,Sn, exceeding the
indirect-to-direct semiconductor transition limit of ~8.5—11
atom % Sn.'*>7'**1%% The thermal decomposition of a mixture
of homo- and heterometallic imides by microwave synthesis
results in the formation of Ge,_ Sn, NWs with a Sn particle at
the growth front.*****” Lowering the synthesis temperature to
140 °C increases the Sn content up to 28 atom % in Ge;_,Sn,
nanorods.””” The crystal growth of these Gej;,Sn,5 nanorods
is also supported by a templating effect of a-Sn NP seeds
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identified at the initial nucleation site, while for Gegg;Sng o
NW growth at ~230 °C no @-Sn has been observed. The Sn
distribution and content determined by STEM-EDX confirm
the homogeneous distribution in the Ge,_,Sn, segment.”’” In
addition, Sn contents determined by the EDX analyses and
calculations based on the lattice expansion from XRD data
using Vegard’s law show excellent agreement. Thermal stability
of the Ge;_,Sn, NWs and nanorods has been investigated by in
situ XRD measurements showing an increase in thermal
stability with decreasing Sn content and destabilization in the
presence of metallic Sn. Most strikingly, the degradation of
Gey7,Sn, 4 starts already at temperatures far below the melting
point of Sn. In situ TEM investigations revealed the diffusion of
solid Sn within the boundaries of Gey;,Sny,s nanorods at
temperatures below 200 °C. The driving force of this process
has been assigned to a gain of lattice energy when metastable
Ge,_,Sn, dissolves in the diffusing solid Sn while subsequently
redeposition of metastable Ge,_,Sn, (x > y) occurs in the trace
of the Sn section.”’” Direct bandgaps of 0.29 eV for
Gey7,Sny,5 NRs and 0.40 eV for Gejg3Sn,;» NWs have been
determined from absorption measurements using Tauc plots,
showing the expected decrease in bandgap energy with higher
Sn content. In addition, the electronic properties have been
determined for Geyg,Sny ;9 NWs by performing I—V measure-
ments on single NW devices.”>” Compared to intrinsic, Au-
seeded Ge NWs, GeygSny;o NWs exhibited the typical
behavior of a semiconductor but with resistivity values in the
range of ~1 X 107* Q m. The associated conductivity was thus
several orders of magnitude higher than that of intrinsic Ge
NWs (Figure 13d). This change can be attributed to alteration
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of charge carrier mobilities upon Sn incorporation in the Ge
host lattice.>*®

Very recently, the Sn-supported formation of epitaxial
Gegy 10010 NWs by CVD synthesis has been reported (Figure
14a).>"® Prior to the Ge,_,Sn, nanostructure growth by a self-
seeded VLS mechanism at low temperatures of 300—350 °C
the Sn seeds were deposited via CVD. Liquid metallic Sn seeds
enabled the anisotropic crystal growth and acted as a sole
source of Sn for the metastable Ge;_,Sn, semiconductor
material. The thermal stability of the Geyg,Sny ;0 NWs at these
temperatures required short growth cycles.””” The lattice
mismatch between the Ge single crystal substrate and the
variability of the Ge,_,Sn, composition caused a short
compositional transition zone of <100 nm length between a
constant composition of the Ge,_,Sn, NW (Figure 14b) and
the Ge substrate. Efficient control over orientation and
composition has been achieved for small initial dimensions
of the Sn seeds with diameters in the range of ~100 nm.
Temperature- and laser power-dependent PL analyses verify
the formation of a direct bandgap material, while the emission
properties are constant at the whole substrate. The emission in
the mid-IR region is observed as expected for unstrained
Geg 4150y, 19 with a bandgap of 0.3 eV at room temperature and
0.37 eV at low temperatures.’’> The optical properties
including the temperature-dependent trends in bandgap ener:
are comparable with results of high quality thin films.*>"**'*
This is a significant step forward since Geyg,Sngg9 NWs of
prior studies showed only rather weak PL emission at low
temperature and essentially no emission above 180 K,>*” while
the epitaxially grown Gegg,Sng;9 NWs reveal a rather strong
PL signal even at 300 K> (Figure 14c,e).

Self-seeding of in-plane Ge;_,Sn, NWs on a substrate has
been successfully demonstrated to incorporate up to 22 atom
% Sn.>*" In this process, SnO, particles on a substrate are
partially reduced by a H, plasma to form SnO,/Sn
heterodimers. Subsequently, an amorphous Ge coating has
been applied, and the in-plane growth of Gey;5Sng,, NWs is
initiated by temperature increase above the melting temper-
ature of Sn. The presence of SnO, for the nucleation of the in-
plane nanostructure appears to be vital to prevent isotropic
diffusion of Sn in the amorphous layer. The driving force for
the solid—liquid—solid process is the gained lattice energy of
the crystalline Ge, . Sn, alloy. The high Sn content, when
compared to similar studies describing in-plane NW growth of
Ge,_,Sn, on Ge single crystals,”">>*’ can be assigned to a thin
SiO, layer on the Si substrate avoiding any epitaxial growth
and associated strain effects on the growing binary alloy.>*”

The PL emissions of NWs and core—shell NWs are
summarized in Table 4 depending on Ge allotrope and
composition of the dc-Ge,_,Sn,. Since 2H-Si is an indirect gap
semiconductor, alloying with large amounts of Ge will cause a
transition to a direct bandgap semiconductor material.*’!
However, only one group has reported the direct bandgap
transition in the range of 0.3—0.7 eV in 2H-Si,_,Ge, for x >
0.65 in very recent studies.”*****

Emission values for the thick Geyg,Sny 3 shell agree well
with thin film data with similar composition and slight
compressive strain including signal splitting at low temper-
atures due to the abrogation of de§eneracy between heavy and
light holes in the valence band."*”**® Lower Sn content Ge/
GegosSng o4 core—shell NWs show four transitions fitted in a
very broad emission, which are related to indirect and direct
transitions in the GeggsSn o4 shell and also the Ge core. Signals
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Table 4. Tabulated Emission Values for PL Studies on
Metastable Ge-Based NWs

PIY
emission
[eV]

0.66
(direct)
0.80
(indirect)
0.32
(direct)
0.3-0.7
(direct)
0.55 7
(direct)
0.30
(direct)
0.37
(direct)
0.47
(direct)
0.55
(indirect)
0.58
(direct)
0.63
(indirect)
0.70
(direct)
0.49
(direct)
0.46
(direct)
0.36
(direct)

tem;

K ref

541

material

dc-Ge

sample description

bulk

2H-Ge calculated 489
2H-Si,_,Ge, with
x = 1.0—-0.65

Gegg1Sng g9

2H-Si;_,Ge, shell on
GaAs NWs

NWs

298 323

Gegg,5ng 19 NWs 298 515

45

Ge/Gegg;Sn, 3 core—shell 298 498

Ge/Gej 551004 Geg 0651004 shell 298 499

strained Ge core

Gegg,Sng3 thin film  compressive strain 140

—0.41%
298

GeggSng 5 triple 298 160

layer film

compressive strain

—-1.3%

at higher energy of 0.63 and 0.70 eV have been assigned to the
Ge core material with a tensile strain of ~0.5%,*° as
determined by exhibiting an ~0.05 eV and ~0.1 eV decrease
in indirect-gap and direct-gap transition energies.””” Lower
energy features at 0.55 eV for the indirect and 0.58 eV for the
direct bandgap transitions in the GeygsSnggs shell can be
observed showing the typical decreased difference between L
and I" energy levels before a direct bandgap material is finally
obtained for higher Sn contents.*””*** Similar effects have
been predicted and are described in theoretical studies on
similar core—shell structures.’"*""

Au;_ Ag,-seeded GeygSng g9 NWs show PL emission, which
is limited to low temperature in the range of 7—180 K, with a
very low signal-to-noise ratio at the higher temperatures
considered (Figure 14e).°***% This could be indicative of a
higher number of defects in the crystals leading to high
recombination rates and thus quenching the radiative emission.
In addition, the composition is very close to the minimum Sn
content for the indirect—direct transition of the bandgap, and
thus, minor local fluctuations could affect the emission
properties significantly. In contrast, Geyg;Sny,9 NWs clearly
show significant PL at room temperature in the expected range
for a Ge,_,Sn, alloy with this composition.”'* No peak splitting
is observed, which would indicate strain effects. For instance,
strain effects could be related to the two emission maxima
described for thin films (overall thickness 380 nm) of
comparable Ge(g,Sn; 3 composition with compressive strain
of 1.3% prepared by sequential layer growth'® that could be a
result of heavy and light hole spitting.'*® Moreover,
compressive strain will shift the PL emission to higher energies
than expected for a relaxed material with the same
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composition. The room temperature emission maximum of
0.30 eV for Gejg;Sny 9 NWs is red-shifted when compared to
the one at 0.36 eV for the Geg,Sng g thin film, illustrating
further the effective strain relaxation in NWs. For increasing
low excitation power, the emission peak shifts in the PL spectra
indicating a band filling effect before band-to-band transition is
observed which is a typical observation for Ge,_.Sn,.
According to the PL data, only two reports (one core—shell
and one free NWs)****" describe crystal qualities comparable
to the state-of-the-art observed in thin film growth
studies. **'®°

2.3. Sn-Based Metastable Nanostructures. Theoretical
studies suggest nanostructured @-Sn as a potential candidate
for nanoelectronics®™>*" as well as optoelectronics®>' >
due to the possibility of altering the electronic band structure
of this zero-bandgap semiconductor via quantum confinement
effects. According to the literature, quantum confinement in a-
Sn nanostructures can be expected for structures below 10 nm,
and thus conversion to a material with semiconducting
behavior’*® and band%ap energies in the infrared region
could be anticipated.”>* Moreover, quantum confinement
effects strongly depend on the surface termination or
functionalization that alters band bending.>****’ Switching
between the semiconductor and the semimetal state ought to
be observable in a size regime that enables semiconductor—
semimetal junctions in a@-Sn NWs.>*® However, reports on the
synthesis of a-Sn nanostructures which can be stabilized at
ambient conditions and even higher temperatures are very
limited.

2.3.1. a-5n Nanoparticles. The synthesis of @-Sn NPs has
been realized by the intentional thermally induced phase
segregation using Si,_Sn, > and Sil_x_ySnnyssg’559 films
epitaxially grown on a Si substrate via molecular-beam epitaxy
(MBE). Detailed investigations on the enhanced stability and
the driving force of a-Sn formation beyond 13.2 °C are
performed on strained and partially relaxed epitaxial Sij¢5Sng s
thin films with subsequent thermal annealing in the range of
900—950 °C. During the cooling down step, segregated liquid
Sn solidifies to f-Sn or coexisting f-Sn and @-Sn, which is
confirmed by electron microscopy studies. The isotype
Si;_,Sn, matrix is attributed as the driving force of a-Sn
formation due to interface effects. However, the volume
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expansion during a-Sn crystallization leads to the pressure-
induced formation of $-Sn due to the lower density of -Sn
when compared to a-Sn.>*® The effect of the crystalline matrix
can be illustrated by the exclusive formation of #-Sn precipitate
when similar segregation experiments are performed using Sn-
rich SiO, as the starting material.*®® Moreover, the increased
thermal stability of the a-Sn phase up to temperatures of
approximately 200 °C has been attributed to tensile strain in
the NP inclusions.*>

Very recently a first report on the direct synthesis of @-Sn
NPs by microplasma synthesis evaporating material from a /-
Sn target has been published.**" The experimental parameters
allow the synthesis of different Sn NP sizes in the range
between 1.6 and 6.1 nm. For larger NPs with diameter of ~6.1
nm the f-Sn phase is observed, while the smallest 1.6 nm NPs
crystallize exclusively in the a-Sn phase. In the diameter range
of 2—3 nm both phases have been obtained. The optical
bandgap of 2.2 eV for 1.6 nm @-Sn NPs has been estimated by
using Tauc plots (Figure 15). This is in reasonable agreement
with theoretical works with calculated values for larger
diameters and extrapolated to lower diameters.”>” Further
investigations are required to confirm the proposed size-
dependent bandgap evolution of @-Sn upon downscaling to the
lower nanometer regime.’

In addition, @-Sn is a potential candidate to act as an anode
material for Li ion batteries due to the capability of storing
high amounts of Li.**~** The electrochemical reaction of the
monodisperse f-phase Sn NPs with Li and subsequent
delithiation reveals the transition to the a-phase.’®® a-Sn
NPs form crystalline intercalation compounds and retain their
crystalline nature over repeated cycles, while f-Sn leads to
predominantly amorphous alloys causing lower electrical
conductivity of the anode material. Therefore, future research
should focus on the prevention of Sn amorphization in Li ion
batteries based on the Sn anode material. A possible approach
to reach this goal is the controlled synthesis of Sn NPs with
diameters in the low nanometer regime which could help to
thermodynamically stabilize the a-Sn phase. Below the critical
particle diameter of 17 nm the formation of a-Sn after
extraction of Li at room temperature is favored.**® Therefore, a
synthesis route for the formation of monodisperse a-Sn NPs,
research on the stabilization of @-Sn, and the prevention of the
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formation of amorphous Sn would be of great interest for the
Li ion battery research community.

2.3.2. a-5n Nanowires. There are few reports of @-Sn NWs.
a-Sn/SnO, core—shell NWs have been successfully synthe-
sized by VLS using SnO as the precursor and Au as the growth
promoter.®®” XRD analyses confirm the presence of the a-Sn
phase and the rutile phase of SnO,. Disproportion of SnO
leads to metallic Sn, which can dissolve in Au and SnO, as a
shell material covering the Sn core. Information concerning the
aggregate state of the Sn core during growth is not provided in
this study.’®” The thermal stability of an @-Sn NW with a
diameter of 14 nm covered with an 8 nm thick SnO, shell has
been investigated up to 700 °C by in situ TEM and electron
diffraction. Degradation of the support at higher temperatures
does not allow the determination of the melting temperature.
The extraordinary high thermal stability of the a-Sn core has
been attributed to the well-defined epitaxial interface between
the Sn core and the SnO, shell, which has also been observed
with a less pronounced effect for epitaxial thin films.>**>%
Although a plausible explanation for a-Sn growth is provided
by the authors, the initiation of a-Sn growth and the
stabilization of this phase by SnO nuclei, which is reported
in an early study, has to be considered a factor.””’

3. SUMMARY

This review gives a comprehensive overview of the state-of-the-
art in research related to group IV nanostructures with
metastable composition or crystal structure. The increased
interest in this field of research is based on the possibility of
tailoring basic semiconducting properties such as a transition
from a direct to indirect semiconductor behavior through a
crystal phase change (e.g., dc-Ge/2H-Ge) or by compositional
tuning, (e.g, Ge;_,Sn, solid solutions). In addition, semi-
conductor-based plasmonics require a very high charge carrier
density sparking interest in hyperdoped group IV NWs and
NPs. Besides template effects enabling the growth of
metastable phases by epitaxy, new synthesis strategies under
conditions far from the thermodynamic equilibrium help to
stabilize these materials in excellent purity and also in a
controlled manner. For instance, a significant number of
different metastable compositions, including hyperdoped
materials/solid solutions, have been demonstrated for group
IV NPs and NWs by nonequilibrium processing at low
temperatures. However, the desired physical properties have
been observed only in a limited number of reports, illustrating
that significant improvement in the crystal quality and
efficiency of dopant distribution/activation is required to
harness the full potential of these nanomaterials. To date, the
number of group IV allotropes in NPs and NWs is limited to
2H-Si, bc8-Si, fec-Si, 18-Si, st12-Ge, 2H-Ge, and a-Sn. The
recent advancements provide the basis for future research on
this topic, and also potential use in new and transformative
device concepts can be considered.

3.1. Perspectives. Further progress in the synthesis
procedures and strategies for metastable materials in the NP
or NW forms will broaden the fields of applications since the
physical properties can be theoretically tailored for the
envisioned purpose by composition and phase tuning.
However, there is still significant progress required to
understand and control how surfaces and interfaces can be
produced in a pristine and reproducible manner. Similarly, the
determination of “impurity” localization at substitutional sites
or at interstitials is of outmost importance and will affect the
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properties and could be a reason for discrepancies in literature
reports on similar compositions of the metastable nanomaterial
in question.

Strategies to gain profound fundamental understanding of
nanoscale properties should be based on the synergy between
experiments and theory. For instance, recent discoveries on the
kinetics of crystal formation and the influence of process
parameters on crystal growth enabled by in situ methods®”' "
provide valuable new insight for the controlled growth of NWs.
However, detailed characterization of the physical and
structural properties using complementary methods®’* is vital
to evaluate all potential deviations from an existing model
describing the physical properties of a material. As a result, a
deeper understanding of nanoscale properties and a
minimization of misleading interpretations can be expected.

Unraveling some of the open questions will require the joint
interdisciplinary efforts by chemists, surface scientists,
physicists, and engineers to make progress on tuning the
materials properties as well as controlling the processes to
ensure knowledge transfer from a synthesis equipment on the
lab scale, which are often home-built, to commercial reactors.
Moreover, the understanding of processes and material
properties will require the support of theory. In this context,
the screening of extrinsic point defect properties in Si and Ge
shown in the literature is a good example for the prediction of
material properties, which helps to tailor a nanomaterial for a
certain application.””* Furthermore, a very powerful tool to
predict materials with interesting physical properties is
machine learning.>’*~*** However, big data are required to
get accurate extrapolations via machine learning, which again
points out the importance of a detailed characterization of
nanomaterials.

The most obvious field of applications of metastable group
IV NWs and NPs will take advantage of the altered physical
properties for electronic circuits or optoelectronic devices
including nanoemitters and detectors. We would expect a
significant impact of metastable materials in this area. Besides
the well-established strain relaxation in NPs and NWs, the
opportunities offered by metastable group IV NWs and NPs
should have significant technological impact.

From a technological view, the opportunities in the area of
bandgap engineering in semiconductors either by size or by
composition in direct bandgap semiconductors, e.g, in 2H-
Si;_,Ge, or Ge,_,Sn,, offer tremendous potential of metastable
group IV materials. In this respect, a combination of
nanoelectronics with photonics has been identified as bein% a
target for next generation of systems on a chip.>®">*
Therefore, nanoscale direct bandgap light emitter placement
on conventional substrates that are based on Si technology will
be required and should be achieved by progress in the direct
growth of metastable group IV NWs and NPs on those
substrates by combining different materials (composition or
phase) with site selective growth strategies.’”>>'>%%3%%
Furthermore, injection of a significant amount of charge
carriers in group IV NPs or NWs by the incorporation of
electrically active heteroatoms in the host lattice results in
accessibility of mid-IR localized surface plasmon resonance
effects,”***> which is also a promising ag)gproach to merge
photonics and electronics at the nanoscale.”*®

On another note, flexible and/or stretchable devices for
nanobio-applications, such as sensing, signal transducers,
imaging, and drug delivery, could be envisioned since the
group IV elements described herein have been described to
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impose low cytotoxicity.*” Thus, group IV NPs of metastable
composition could be used for imaging in an additional
biological window in the near-IR to mid-IR wavelength range.
Such biological imaging can take advantage of either the
specific transitions of the direct bandgap semiconductors****’
or the specific imaging contrast provided by the incorporation
of metals in the crystal structure.”®" A wide range of different
signals created by NPs can be used for imaging the human
body. Inherent flaws of the imaging methods such as low
penetration depth, limited resolution, sensitivity, efc. can
hinder accurate diagnostics and make the use of multimodal
agents very attractive.”””>”" Moreover, surface functionaliza-
tion of Si and Ge are well established and can be applied to
their hyperdoped counterparts, broadening the application
portfolio to drug delivery or site-selective binding in specific
locations of the body.”””

In addition, bio-related applications envisioned for semi-
conductor NWs span from miniaturized elements of devices
and circuits to ultrasensitive biosensors for diagnostics in
wearable and integrated sensors;>>> however, the pristine
properties of individual NW devices will have to be
preserved.”™* The use of semiconductor NWs to interact
with single cells while regulating and monitoring cellular
activities by the ability to create bioelectric and/or biophotonic
interfaces within cells may also suggest new avenues for
biomedical research.**>%
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