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Abstract

We report experimental evidence for a spontaneous shape transition, from regular islands to elongated nanowires, upon high-tem-
perature annealing of a thin Mn wetting layer evaporated on Ge(111). We demonstrate that 4.5 monolayers is the critical thickness
of the Mn layer, governing the shape transition to wires. A small change around this value modulates the geometry of the nano-
structures. The Mn—Ge alloy nanowires are single-crystalline structures with homogeneous composition and uniform width along
their length. The shape evolution towards nanowires occurs for islands with a mean size of ~170 nm. The wires, up to ~1.1 um
long, asymptotically tend to =80 nm of width. We found that tuning the annealing process allows one to extend the wire length up
to ~1.5 um with a minor rise of the lateral size to ~100 nm. The elongation process of the nanostructures is in agreement with a
strain-driven shape transition mechanism proposed in the literature for other heteroepitaxial systems. Our study gives experimental
evidence for the spontaneous formation of spatially uniform and compositionally homogeneous Mn-rich GeMn nanowires on
Ge(111). The reliable and simple synthesis approach allows one to exploit the room-temperature ferromagnetic properties of the
Mn-Ge alloy to design and fabricate novel nanodevices.
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Introduction

Metallic and semimetallic nanowires (NWs) have attracted vast
interest in nanoscale electronic and spintronic systems due to
their thermal [1], electrical [2], and magnetic [3] properties.
Low-dimensional materials have unique electronic properties
that can be tuned via geometrical or structural modifications
[4-8]. Also, the tunability of the spin degrees of freedom in
semiconducting materials offers a great potential for future
spintronic applications. However, to achieve a reliable injection
and detection of spin-polarized electrons in spintronic devices,
appropriate heterostructures between semiconductors and mag-
netic alloys [9,10] need to be formed. Hence, a tailored growth
process that preserves the injection efficiency and high Curie

temperature is necessary.

Mn-Ge alloys epitaxially grown on Ge substrates have been
shown to be promising candidates for such spintronic systems
[11-13]. Transition metal germanides that have sharp interfaces
and a tunable Schottky barrier, in particular, can advantageous-
ly replace silicides as an indispensable part of microelectronics
[14,15]. In particular, the manganese germanide phase MnsGes
is a semimetallic compound that has attracted attention due to
its giant magnetoresistance and large spin polarization, which
make it a proper candidate for spintronics applications [16,17].
The growth of Mn,Ge;_, alloys on Ge wafers, and in particular
of MnsGes, has been studied extensively in recent years [18-
24]. The high Curie temperature of MnsGes (=296 K), in partic-
ular, can make it suitable to exploit ferromagnetic properties in
everyday applications [25,26].

Several studies have been published on manganese germanide
systems, from deposited films to free-standing nanoclusters and
Mn embedded in a Ge matrix, but only few works have been
devoted to one-dimensional Mn—Ge systems [11-13,20-23,27].
Semiconducting and alloyed nanowires can be obtained via
chemical methods [28,29] or via vapor—solid—liquid (VLS) and,
less frequently, vapor—solid—solid (VSS) mechanisms. A
metallic droplet (liquid or solid) acts as a catalyst, in chemical
vapor deposition (CVD), or as a seed, in molecular beam epi-
taxy (MBE), for the NW growth [7,30,31]. By using these tech-
niques, NWs are grown away from the substrate, usually in a
tilted direction, and size distribution and geometry strongly de-
pend on the growth dynamics [32,33]. Furthermore, it is known
that the catalyst introduces uncontrolled and unwanted contami-
nation inside the crystal lattice of the wires. For instance, Au,
generally used as catalyst for the growth of various semicon-
ductor NWs, acts as a deep-level trap in germanium bulk and
NWs, modifying the electronic transport properties [5].

Strain-induced elongation is a mechanism [34] that can lead to

either epitaxial or endotaxial formation of quantum wires [35].

Beilstein J. Nanotechnol. 2021, 12, 366-374.

In this method, wires are obtained via epitaxial growth of a
strained wetting layer followed by annealing at high tempera-
ture. However, only few studies have been dedicated to
strain-induced elongation mechanisms leading to the formation
of semiconducting nanowires, such as Ge on Si substrates, or
the endotaxial growth of transitional metal silicides (e.g.,
CoSip) [34,36]. In these studies, the NWs exhibit a narrow
diameter distribution, in contrast to those obtained by VLS,
which commonly have wider range due to the droplet size dis-
tribution.

In the present work, we report a spontaneous morphology modi-
fication, from islands to nanowires, in Mn-rich GeMn nanopar-
ticles. The growth is initiated via reaction of a thin Mn wetting
layer, evaporated by MBE, with a Ge(111) substrate. Morpholo-
gy and microstructure of the NWs have been studied by scan-
ning electron microscopy (SEM), X-ray diffraction (XRD), and
high-resolution transmission electron microscopy (HRTEM).
We demonstrate that the thickness of the Mn layer and the
annealing conditions finely control the shape transition, result-
ing in NWs up to ~1.5 pm length with uniform width and ho-

mogeneous composition.

Experimental

Samples were grown in a MBE chamber with a base pressure of
3 x 107! Torr. Ge(111) wafers were ultrasonically cleaned in
methanol and trichloroethylene, followed by removal of the
native oxide using sulfuric acid and formation of a volatile
oxide by dipping in HyO,/NH30H/H,O. Prior to Mn deposi-
tion, Ge wafers were annealed at 400 °C for 30 min to remove
the overgrown oxide. Then, a Ge buffer layer of 80 nm was
deposited at 350 °C, using a Knudsen cell, and let to cool down
to 60 °C for Mn deposition. Two to nine monolayers of Mn
were deposited at 60 °C. The films were annealed immediately
after deposition (in the same chamber) at 650 °C for 15-30 min
and then cooled down rapidly to room temperature (RT). Sam-
ples were studied using SEM, XRD, and HRTEM. XRD data
were collected by means of a PW 1830 diffractometer in
Bragg—Brentano geometry. A long fine-focus Cu tube was oper-
ated at 40 kV and 25 mA with a graphite monochromator. Step-
scan diffractograms were collected in the 20 range of 3-70°
with 0.02° step and 3 s/step counting time. For HRTEM analy-
sis, focused ion beam (FIB) lamellae were prepared using a
dual-beam FIB. The lamellae were oriented along the elonga-
tion direction. The lamellas were ultimately thinned during a
last step using a FIB based on an inert-gas source working at
low energy to prevent sample amorphization. HRTEM investi-
gations were performed at the CP2M microanalysis center
(Marseille, France) on a JEOL JEM 2010 F URP22 instrument

using a 200 keV primary energy electron beam.

367



Results and Discussion

High-temperature annealing of the evaporated Mn thin films on
Ge(111) results in a significant change of the film morphology
with the appearance of nanostructures onto the surface. The fea-
tures of the structures are related to the Mn layer thickness and
the duration of the thermal annealing. Annealing of 2.2 ML of
thickness of Mn at 650 °C for 15 min produces both round
islands, with a mean diameter of 139 nm (Figure 1a), and wide-
spread milky and irregularly shaped regions. These regions
contain few large islands on the border area surrounded by
small islands. This distribution of islands suggests an incom-
plete ripening process of the small islands. The ripening cannot
take place completely due to the low density of small islands as
a consequence of the reduced thickness of the Mn layer. A
sparse but uniform distribution of bigger islands and milky
regions has been found everywhere on the sample surface.

A thicker Mn layer (6.7 ML), under the same annealing condi-
tions, yields larger islands with a mean lateral size of ~400 nm
and a homogeneous distribution on the surface area (Figure 1b).
Their irregular shape is the result of a coalescence process of
smaller nanoparticles (NPs). Further increase of the Mn layer
thickness to 9 ML results in a closely packed film of agglomer-
ated islands with a relatively uniform size distribution
(=100 nm) completely filling the surface (see Figure 1c).
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XRD in Bragg-Brentano geometry has been carried out on
these islands on the annealed 9 ML thick Mn film. The detected
signal combines information from the nanoparticles present on
the surface and the underlying Ge(111) substrate. The XRD
pattern exhibits two main peaks related to the (111) and (222)
crystallographic planes of Ge (Figure 2). The spectrum shows
two less intense peaks corresponding to d values of 3.61 and
3.40 A which are related to the (110) plane of MnsGes and the
(240) plane of Mnj;Geg, respectively. Finally, a small compo-
nent corresponding to a d value of 2.51 A assigned to MnsGes
with the ¢ axis out of plane of the substrate could be observed.
Despite representing much less than 1% of the intensity of the
Ge(111) peaks, they can be clearly discerned. Although the NPs
are small, the full width at half maximum (FWHM) of the
diffraction peaks is as low as 0.05°, which is indicative of a
good crystallinity of the grown Mn,Ge|_, NPs. The absence of
the other characteristic peaks of MnsGes and Mn;{Geg can be
due to the perfect iso-orientation of all the NPs present on the
film surface (Figure 1c). Similar results have been observed on
thinner samples, even if the detected signal has been less
intense due to the reduced thickness of the Mn layer.

The results of SEM and XRD investigations are in agreement
with previous studies that have proved the formation of Mn-rich
GeMn phases (e.g., islands) during the co-epitaxial growth of

Figure 1: SEM images of the morphological evolution of strained Mn wetting layers with different thickness after annealing at 650 °C for 15 min:

(a) 2.2 ML, (b) 6.7 ML, and (c) 9 ML.

Log Int (a.u.)

40 50 60
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Figure 2: X-ray diffraction pattern of the 9 ML thick Mn wetting layer, upon annealing at 650 °C for 15 min. Both Mn5Ges and Mn4{Geg phases have

been detected, the former being dominant.

368



Mn and Ge by MBE on Ge substrates [19-24,27,37]. Even at
low substrate temperatures and low Mn contents in the
Ge,Mn;_, alloy (x < 5%), the formation of Mn;;Geg and
MnsGes phases is energetically favoured with a preference for
the latter [19-24,27,37]. Under the same annealing conditions,
for a Mn film thickness of 4.5 ML a drastic change of the result-
ing morphology is observed with the spontaneous formation of
elongated nanostructures, dispersed among smaller islands simi-
lar to those observed in the 2.2 ML sample (Figure 1a). Their
length spreads from few hundred nanometers to ~1.1 pm, with a

Beilstein J. Nanotechnol. 2021, 12, 366-374.

mean value of =700 nm (Figure 3a,b). Hereafter, we will refer
to these objects as nanowires. Despite the relatively wide range
of length, these NWs exhibit a narrow distribution in the lateral

size, with a mean value of (80 = 10) nm (Figure 3c).

The EDX analysis of a NW in plane-view configuration
(Figure 4a) exhibits both Mn and Ge with a homogeneous
distribution along the NW length (Figure 4b). When
approaching the extremities of the NW, the concentration of Mn

tends to decrease linearly with the distance before attaining a
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Figure 3: SEM images of the surface after deposition of 4.5 ML Mn on Ge(111) wafer and annealing at 650 °C for 15 min at (a) higher and (b) lower
magnification. The two populations of 3D islands can be clearly distinguished with several small round islands and some long and short NWs.

c¢) Length and diameter distribution of the NWs. The whiskers define minimum and maximum value of each dimension, while the boxes show the 25th
and 75th percentile of the distribution with the middle line representing the average value of =700 nm for the length and =80 nm for the diameter.
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Figure 4: (a) SEM image of a typical NW, =700 nm long, obtained by deposition of a 4.5 ML thick Mn film followed by annealing at 650 °C for 15 min.

(b) Mn and Ge EDX line profiles along the yellow line drawn in (a).
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constant value, with a specular behaviour for the Ge content
(Figure 4b).

This linear decrease is in agreement with the faceted shape of
the NWs. The facet formation at the extremities of the nano-
wires is in agreement with previously observed results in the
case of silicides [2]. Here, it is explained by the progressive
reduction of the NW thickness, which consequently contributes
less and less the closer you get to the edges (while the contribu-
tion from Ge substrate increases proportionally). We conclude
that the NW composition is homogeneous throughout the total
volume of the NW from the elemental map recorded on a cross-
section of a NW of the same sample showing uniform distribu-
tion of Ge and Mn in the whole NW volume (Figure 5). Here,
the Mn signal appears stronger than that of Ge, confirming the

formation of a Mn-rich Ge-Mn alloy.

These results raise two important issues: First, the NW growth
is not driven by a VLS-type mechanism since, under our condi-
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tions, the Mn concentration is constant throughout the volume
of the NWs. In contrast, a growth driven via Mn seeds would
have induced a Mn gradient with a higher concentration close to
the Mn droplet, which in our case was not detected [7,30,31].
Second, the width of the NWs is remarkably constant with a
very narrow size distribution. In addition, a cross-section
HRTEM image along the [110] zone axis (Figure 6) reveals
three different areas, that is, the Ge substrate where the Ge(100)
planes can be seen, the interfacial layer with variable thickness
(around 5 nm), where intermixing between Ge and Mn takes
place, and the monocrystalline GeMn top layer. Identification of
the GeMn phase in the top layer (NW) by SAED or by infer-
ring from the interplanar distance was not possible because of
the complexity of the Ge/Mn phase diagram. These results show
that the NW is monocrystalline and epitaxially grown on
the substrate [38]. The question is to understand how these
Mn-rich Ge-Mn NWs are formed under our experimental
conditions (i.e., high-temperature annealing of Mn wetting

layers).

Figure 5: EDX elemental map (Ka line), carried out on a cross-section of a NW on the surface of the 4.5 ML thick Mn film showing the distribution of
Mn, Ge, and Ge + Mn in the NW and in the buffer layer. In all panels the dashed lines highlight the NW region.

Figure 6: Cross-section image of the NW along its length. (a) TEM image of a 1.15 ym long NW capped with a Pt layer. (b) HRTEM image along [110]

zone axis. The dashed lines highlight the height of the NW of ~36 nm.
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While several works have been published so far on the seeded
VLS growth of Mn-rich Ge-Mn NWs [7,39,40] or on the eutec-
toid growth of Mn-rich Mn,Ge;_, nanocolumns with strongly
inhomogeneous Mn distribution [25], to best of our knowledge,
this is the first report on the spontaneous growth of Mn,Ge_,
NWs that do not result from seeded growth and/or phase trans-
formation. Considering all the features of the NWs observed
here, we suggest that they are formed by a two-step process.
First, the growth of 3D islands to relieve the epitaxial strain be-
tween the 2D Mn layer and the substrate occurs (significantly
increasing the critical thickness for crystallographic defects nu-
cleation). Second, there is the spontaneous elongation of 3D
islands also induced by strain relaxation, which is the driving
force leading to the final growth of the NWs, considering that
strained heteroepitaxial layers are inherently unstable [33].
During the heteroepitaxial growth of GeMn alloys, Mn-rich pre-
cipitates have been detected in Mn,Ge|—, DMS films on moder-
ately heated Ge wafers [19,21,23,25,27,37,41]. However,
islands of Mn-rich Ge-Mn phases could easily nucleate on the
surface upon high-temperature annealing of the Mn wetting
layer. At low Mn thicknesses, small islands are expected to be
strained and their nucleation onto the film surface occurs during
the early stage of the annealing process, driven by strain be-
tween the epilayer and the substrate as detected in several
heteroepitaxial systems, such as Ge on Si [42-44], InAs on
GaAs [45], Co silicide [36], and silicides with different metals
[35]. Such a mechanism is expected to occur in our Mn layers
deposited on Ge(111) substrates, due to the large lattice
mismatch between Mn and Ge.

Moreover, it has been predicted and experimentally confirmed
that these small strained islands grow linearly in width and
length, up to a critical size related to the maximum deformation
and shape energy that the islands can build up. The rapid
increase of this energy cannot be sustained by the islands
keeping a regular symmetric shape [34,36]. In fact, passing a
critical point, the islands grow asymmetrically. The width will
gradually reduce, approaching an asymptotic value, while the
length will further increase. As a consequence, the aspect ratio
will rise. Within this framework, the effect of the Mn wetting
layer can also be explained as the reservoir of adatoms required
to reach and pass the critical point while not influencing the
mechanism of island formation. Based on the simplistic model
proposed by Tersoff and Trump [34], shape and dimensions of
the islands are controlled by the interplay between contribu-
tions from the relevant surface and interface energies, Eg, and
the energy variations due to the elastic relaxation, E; [34]. The
sum of these two energy terms, E = Eg + E|, represents the total
increment of the island energy. In this scenario, the transition
from larger islands to elongated wires occurs due to the elastic

relaxation of the strained islands. Assuming, for simplicity, a
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rectangular island [34] for which s, ¢, and & are the width,
length, and height, respectively, the minimization of the island

energy requires the fulfilment of the condition s = 7 = o), with:

og =edphexp(I'/ch), (1)

where e is the Neper number, ¢ = e 32cot(0), with 6
the contact angle of the island facet with the substrate.
I' = yecsc(0) — yscot(0) with ye and yg are the surface energy per
unit area of the edge facet and the substrate, respectively.
c= 012,(1—\/)/2np, where 0p, v and u are the stress tensor in
the plane, the Poisson ratio, and the shear modulus of the sub-
strate, respectively [34]. The value of I'/ch controls the final
distribution and size of the islands. In particular, if T'/ch > 1,
then ap becomes too large to reduce the edge-to-area ratio.
While the mechanism described here applies to the heteroepi-
taxial growth, it may be considered valid also for solid-phase
epitaxy, which occurs in our system (Mn wetting layer on Ge),
since the key role in the process is the mechanism of diffusion
of adatoms (i.e., Mn) occurring also during the annealing
process. According to this model, the optimal island shape that
minimizes the island energy is a squared one (i.e., s = f)
until the condition s = ¢ < eqy is fulfilled. On the contrary, for
dimensions s = ¢ = eaq the squared shape is unstable and a
transition to a rectangular shape will result. As the island grows,
the aspect ratio (i.e., t/s) becomes larger, finally resulting in
the formation of a NW. The elongation in one direction,
while achieving the optimal dimension in the perpendicular
direction, enables islands to release half of their relaxation
energy [34].

In order to verify the compatibility of the model to our system,
we have measured the s and ¢ values of the islands observed for
the 4.5 ML thick Mn film (see Figure 3a,b) as a function of the
area. We have found that islands grow linearly up to the critical
size of s = ¢ ~ 170 nm, corresponding to a value of ay =~ 60 nm
(Figure 7a). Once the islands exceed this critical dimension, the
islands start to elongate rapidly and their width approaches the
optimal value of s = 80 nm (Figure 7a). We have calculated an
island aspect ratio as large as #/s = 17 in our sample. These
results confirm the compatibility of the nanowire growth with
the strain-induced elongation mechanism, also observed in
CoSi, and endotaxially grown Ge NWs [7,32,36]. However, the
specific parameters of the Mn/Ge system yield other sizes and
aspect ratios. We explain the higher aspect ratio and critical size
by the relatively high annealing temperature used in our experi-
ments. Furthermore, possible modulations of dimensions can be
attributed to the initial strain (i.e., lattice mismatch) between the

wetting and buffer layers.
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Figure 7: (a) Length () and width (s) of MnsGegs islands, formed on the sample surface of the 4.5 ML thick Mn layer upon annealing at 650 °C for

15 min, as functions of the island area. Deviation from a regular island shape (diverging branches) occurs at s =t = 170 nm. At area values of

~0.075 ym?2, the width approaches the optimal value of s ~ 80 nm (red line) while the length continues to grow (black line). Lines are guides to the
eyes. (b) SEM image of the typical morphology of a NW (after annealing for 30 min at 650 °C) to facilitate the comparison with experiment. (c) Diame-
ter and length distribution of NWs (conditions similar to that in (b)). The whiskers show the minimum and maximum value of NW dimensions, while the
colored boxes show the 25th and 75th percentile of the distribution with the middle line representing the average value.

For a longer annealing time (30 min) at the same temperature
and thickness, we observe a shift of s and ¢ to higher values
while the surface density significantly reduces. On average,
NWs are #900 nm long and =100 nm wide (see Figure 7c),
while the length can reach ~1.5 pm. This behaviour corre-
sponds to a ripening process as expected under these experi-
mental conditions. In the absence of a continuous supply of Mn
adatoms, the number of the adatoms available for the formation
of the elongated islands is limited, which restricts the ripening
process as well. However, the variation of the NW size distribu-
tion can also be attributed to the modulation of the surface
energies and to the value of the parameter I', which can
modify the aspect ratio of the wires and the critical value of ay.
A detailed analysis of the influence of growth and annealing
temperatures and annealing time on size and aspect ratio of the
NWs is in progress to quantify the formation mechanisms and
the driving forces at work in our experiments. However, the
effect of both temperature and lattice matrix properties (espe-
cially the latter) requires further detailed analysis and experi-
ments.

Conclusion

We have demonstrated that a thin Mn wetting layer, evaporated
at low temperature on Ge(111), can undergo a spontaneous
shape transition, from islands to nanowires, upon high-tempera-
ture annealing. We have shown that the Mn thickness is a

crucial parameter for the initiation of the shape transition. Ex-

perimental results demonstrate that 4.5 ML is the crucial thick-
ness of the Mn wetting layer. Our study has established that the
wires are monocrystalline, uniform in width and composition-
ally homogeneous, and made of a single Mn-rich Mn—-Ge alloy
phase. Such NWs cannot be formed by a VLS-type growth.
Based on our analysis, the best mechanism describing the solid-
phase growth of our NWs is a strain-driven energetic mecha-
nism, originally proposed in the literature for heteroepitaxial
growth [34]. Our experimental outcomes qualitatively fit with
the predictions of this theoretical model. The transition from
islands to wires takes place at a critical island size of =170 nm.
This critical dimension can be tuned by the experimental condi-
tions (e.g., a prolonged annealing). Further systematic experi-
ments are required to better quantify the morphological evolu-
tion as function of the experimental parameters. Nevertheless,
to the best of our knowledge, the present study is the first exper-
imental evidence for the spontaneous formation of monocrys-
talline Mn—Ge NWs on Ge(111), with constant lateral size and
uniform composition, up to =1.5 um in length. Considering that
several Mn-rich Ge—Mn phases are usually ferromagnetic at
room temperature, our results offer an alternative route to a
simple and fast fabrication process of novel nanodevices,
capable to exploit ferromagnetic properties.
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