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Ytterbium silicide nanoobjects were synthetized using pulsed laser ablation in an oven at temperatures of
800 and 1000 �C. Ablation of divided target Si/Yb in a flow of Ar resulted in deposits which contained
mostly ytterbium silicide nanowires, nanorods and nanoparticles. Single nanoparticles (800 �C) are iden-
tical with Yb3Si5 alloy; nanorods possess both a monoclinic phase not corresponding to any known struc-
ture in the phase diagram Yb-Si and a face-centered cubic structure close to the pure Yb but with a high Si
content. At the temperature of 1000 �C, the studied nanorods and nanowires decorated by nanocrystals
are practically amorphous, whereas the structure of those nanocrystals is close to that of the nanorods
with the face-centered cubic structure prepared at 800 �C. Nanowire (1000 �C) is a semiconductor with
q = 132.9X.cm at room temperature, which is comparable to a heavily doped silicon.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Metal silicides are attractive materials due to their property tai-
loring. By changing the metal concentration and reducing dimen-
sions to nanoscale, the silicide behavior varies from that of a
semiconductor to metal, which is an interesting phenomenon for
advanced technologies. Silicide compatibility with the current sili-
con technology is also of advantage.

Ytterbium silicide is an alloy has not yet been studied exten-
sively [1] since scientific interest has focused on more earth abun-
dant metal elements. The thermal behavior of Yb-Si(1 1 1)
structure was studied in the temperature range of 300–1500 K
[2]. An YbSi2 film was formed at a relatively low temperature
despite the fact that the Si-Si bond in bulk silicon is stronger than
the Yb-Si bond. The mechanism of this phenomenon was provided.
YbSix was studied as a stabilizing alloy for NiSix metal contacts in
electronics [3]. The thermal instability of NiSix material at high
temperature was reduced in Ta/Ni/Yb stacked layer by the forma-
tion of ytterbium silicide which kept the NiSi phase stable in the
course of annealing. YbSi2 with a layered structure was also recog-
nized as a promising thermoelectric material with a high power
factor and figure of merit at room temperature (RT) [4]. By doping
Yb, Yb3Si5 inclusions developed in the thermoelectric material
Mg2Si resulting in the decreased bulk thermal conductivity [5].
2. Experimental

Ytterbium silicide deposits were prepared using pulsed laser
ablation setup furnished with an oven. First, the quartz tube in
the oven was pumped down to 10�3 Pa by a turbopump and heated
up to the temperature of 800 and 1000 �C. Then, an argon flux of 10
sccm was maintained over polycrystalline silicon substrates in the
tube at the pressure of 10 Pa. ArF excimer laser pulses (115 mJ,
10 Hz) were focused by a quartz lens at a two-halves-piece-
target made of a polycrystalline silicon sheet and ytterbium
(Aldrich, 99.9%) for 15 min.

The morphology of each sample was analysed by a scanning
electron microscopy (SEM) setup (TESCAN Vega 3) equipped with
an EDX spectrometer (Brukker Detector 5010) for the elemental
composition.

The high resolution TEM data collections for the structural
investigation and images of samples were recorded on a transmis-
sion electron microscope (TEM) with a LaB6 cathode operating at
120 kV. Themicroscopewas equippedwith a DigiStar (NanoMegas)
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precession device, a CCD Camera and EDAX energy dispersive X-ray
detector Apollo XLTW.

The diffraction data were collected by means of precession elec-
tron diffraction tomography (PEDT). The data were processed with
the program PETS [6]. The graphical interface for indexing available
in JANA2006 [7] was used to determine the lattice parameters.

For resistivity measurements, the nanowire transfer to the mea-
surement module (p-doped Si substrate with a 100 nm thick, ther-
mally grown SiO2 layer) was done by the drop-casting method. The
devices were prepared by electron beam lithography on a Raith e-
LiNE machine (10 kV, PMMA resist) contacting individual NWs.
This was followed by a 7 s BHF dip to remove the native oxide shell
around the NWs. The contacts were fabricated by the sputter depo-
sition of 7 nm Ti and 150 nm Au. The electrical measurements
were performed using a combination of an analyzer (HP 4156B)
and a probe station.
3. Results and discussion

Pulsed Laser Deposition (PLD) of an Yb/Si target resulted in the
formation of thick black deposits. SEM analysis revealed that the
deposits were composed of both nanocrystals/nanopilars/nanopla
telets and nanowires (NWs). For deposits prepared at 800 �C, the
nanoobjects were up to 2 lm long and several hundreds nm wide
(Fig. S1). The NWs were scarcely scattered among them (Fig. 1a).
The overall EDX concentration Si:Yb = 1:0.05 (at. %) was detected
in the distance of 4 cm from the target. The elemental mapping
(Fig. 1b,c) showed the presence of Si and Yb in the NW material.
Fig. 1. a) SEM photo of NWs showing a selected area where EDX elemental mapping was
SEM image of a NW deposit (1000 �C) with an indicated histogram of diameter distribu

Fig. 2. High Resolution TEM bright-field (BF) images of a sample (800 �C) – (a) cluster o
(1000 �C) – (d) nanorods.
Yb was inhomogeneously contained due to nanocrystals at the
NW surface (see below). Deposits prepared at 1000 �C consisted
of both nanocrystals/nanorods/nanoplatelets 4 cm far from the tar-
get (Fig. S2) and the NWs 8 cm from the target (Fig. 2d). The NW
diameter histogram inset is showed as a part of Fig. 1d. A column
represents a count of NWs with the diameter difference of max.
10 nm. The mean value of nanowire diameter was 116 ± 22 nm. A
minor maximum is seen for higher diameter values, which can
be explained by the formation of different cluster sizes both in sil-
icon and ytterbium plumes. The EDX analysis revealed the relative
concentration of Si:Yb = 1:2 and 1:2.25 in the distance of 4 and
8 cm from the target, respectively.

Two different types of nanoobjects were found in the sample
synthetized at 800 �C: Clusters of nanoparticles (Fig. 2a) and
nanorods (Fig. 2b). PEDT datasets collected from single nanoparti-
cles (Fig. 2c) yielded a diffraction pattern with hexagonal unit cell
with unit cell parameters: a = 6.6 Å, c = 4.1 Å. These parameters
corresponded to the Yb3Si5 phase with the space group P-62m
(Fig S3) [1]. The EDS elemental analysis resulted in Si:
Yb = 64.4:35.7 and is close to theoretical values for Yb3Si5. The sub-
sequent ab initio structure determination confirmed this structure.

Two distinct phases were identified in the nanorods. One phase
was monoclinic with the unit cell parameters a = 9.1 Å, b = 9.0 Å,
c = 14.6 Å, c = 107�. This was identified in three nanorods. The
result of the EDS analysis yielded Si:Yb = 63.0:37.0. The lattice
parameters and chemical composition do not correspond to any
phase in the binary system Yb-Si published so far. Unfortunately,
the diffraction datasets were not suitable for the structure solution
and refinement.
performed and the elemental mapping of this area for b) silicon, c) ytterbium and d)
tion.

f nanoparticles, (b) nanorods, (c) isolated nanoparticle – and BF image of a sample



Fig. 3. The specific resistivity q of a NW from RT up to 473 K fitted with the
Arrhenius plot. An inset photo down left shows SEM image of the studied NW and
an inset upper right represents 2-point volt-ampere characteristics and resistivity
linear fits at selected temperatures.
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The second structure observed in the nanorods was the faced
centered cubic (fcc) structure with lattice parameter a = 5.2 Å. This
unit cell was not far from the parameters of pure Yb (a = 5.48 Å) [8]
with the space group Fm-3m. The shorter lattice parameters might
be the result of the partial substitution of Yb atoms by Si atoms.
However, the EDS analysis – Si:Yb = 39.0:61.0 – indicated a much
higher content of Si in that phase which is not in accordance with
the equilibrium phase diagram Yb-Si. We note that the sample was
prepared under non-equilibrium conditions.

The dominant morphology observed in the sample synthetized
at 1000 �C were nanorods covered with nanoparticles (Fig. 2d).
Electron diffraction patterns showed that the nanorods with com-
position Si:Yb = 43.6:56.4 were completely or almost completely
amorphous. It was not possible to receive good diffraction data
from the nanoparticles on the surface of nanorods. Fortunately,
one isolated nanoparticle could be found and measured. It
belonged to the same cubic phase as the one found and described
in the previous sample, i.e. a fcc phase with a = 5.2 Å resembling
pure Yb but with high Si contents (Si:Yb = 26.1:73.9).

Resistivity measurements were performed in the 2-point
assembly, as shown in Fig. 3 (inset photo) from RT up to 473 K.
The electrical resistance R was evaluated using the linear fit of
the Ohm law [9]. The resistivity q in [X.cm] of a NW is related to
the measured resistance R by the formula q ¼ R S

d where d is the

length, S ¼ p D
2

� �2the cross section and D the diameter of the NW.
Here we know that d ¼ 1:645lm and D ¼ 0:12lm.

Since the resistivity q was significantly higher than the
expected resistivity in metals (132.9X.cm at RT) and it decreased
with the increasing temperature T, as commonly observed in semi-
conductors, we evaluated the activation energy EA from the Arrhe-
nius plot q = c.exp(EA/kB*T), where kB is Boltzmann constant (Fig. 3).
From the Arrhenius plot it follows that the NW was a doped
semiconductor with activation energy 0.048 eV. The room temper-
ature specific resistivity of the intrinsic bulk silicon was about
100 kX.cm [10]. The resistivity of a semiconductor decreases with
the increasing temperature and it can be strongly reduced by many
orders of magnitude in the presence of impurities. For example, the
heavily doped silicon had the resistivity of about 1X.cm which
increased with temperature [11].

4. Conclusions

Using a laser as an instrument for material vaporization and an
oven providing a heated zone for better relaxation of ablated spe-
cies resulted in the synthesis of nanostructures partly of unknown
structure. Both monoclinic and fcc structures of nanorods did not
fit into the binary phase diagram Yb-Si. Moreover, the (almost)
amorphous ytterbium silicide nanowires with high metal content
possessed specific resistivity close to a heavily doped silicon. This
way, the experimental set-up was found to be useful for the syn-
thesis of unknown and advanced nanoscale alloys.
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