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n recent years, focused electron-beam-

induced deposition (FEBID) has shown

impressive development as a micro- and
nanofabrication tool. The proven applica-
tions range from photomask repair,’ single-
crystal nanowires,” and nanopores® to mag-
netic sensors*~® or tunable strain sensors.’
The maskless bottom-up technique can be
applied to nearly all surfaces and allows
for an easy downscaling of structures to
below 20 nm.

The structures prepared by the FEBID
process are for many cases and for a large
variety of the used precursors nanogranular.
They consist of metallic nanocrystallites
embedded in a carbon-rich dielectric ma-
trix. In general, granular metals are ideal
candidates for the study of fundamental
aspects such as cooperative effects in the
presence of disorder, electron correlations,
reduced dimensionality, and quantum size
effects.® Prominent fields of work using
granular metals address the correlation-
driven metal—insulator transition under varia-
tion of the intergrain coupling strength®~'*
or metallic volume fraction'® and the study
of cooperative ground states, such as super-
conductivity and magnetism.'® '8

For the FEBID process, typically a single
precursor gas is used in order to create a
solid deposit by dissociation of the precur-
sor molecules that are adsorbed on the
substrate. In this work, we expand the stan-
dard FEBID approach to binary systems. This
technique extends the base of accessible
materials to a large degree and in addition
offers a pathway for the formation of mate-
rials far away from thermal equilibrium con-
ditions, therefore enabling the formation of
metastable phases that are not accessible
by standard deposition techniques.

One particular interesting material class
of binary systems is the metal silicides,
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ABSTRACT Binary systems of Pt—Si are pre-
pared by electron-beam-induced deposition using
the two precursors, trimethyl(methylcyclopen-
tadienyl)platinum(lV) (MeCpPt(Me)s;) and neopen-
tasilane (Si(SiHs)4), simultaneously. By varying the
relative flux of the two precursors during deposi-
tion, we are able to study composites containing

platinum and silicon in different ratios by means of energy-dispersive X-ray spectroscopy,

atomic force microscopy, electrical transport measurements, and transmission electron

microscopy. The results show strong evidence for the formation of a binary, metastable

Pt,Si; phase, leading to a maximum in the conductivity for a Si/Pt ratio of 3:2.
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including platinum silicides. They are an
integral part of all microelectronic devices
and have been used for a long time in
integrated circuit (IC) processing.'®?° In
the present work, we simultaneously used
the widely known precursor trimethyl-
(methylcyclopentadienyl)platinum(lV) (Me-
CpPt(Me)3) and neopentasilane (Si(SiHs),), a
substance which has not been used for
FEBID yet. We systematically studied the
properties of deposits of different Pt—Si
composition formed under highly non-
equilibrium growth conditions as is typical
for FEBID. The deposits were measured by
atomic force microscopy (AFM) in order to
determine the growth rate for the different
Si/Pt ratios. We observe a nonmonotonic
growth rate with a maximum for a Si/Pt ratio
of 0.8:1. We also performed in situ and
temperature-dependent electrical transport
measurements. The latter indicate a Mott-
type variable range hopping (VRH) for sam-
ples with either high or low silicon content,
while samples with a Si/Pt ratio of 1:1 and
3:2 show correlated VRH. Microstructural
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analysis of the deposits using high-resolution cross-
section transmission electron microscopy (TEM) in
combination with diffraction measurements revealed
a decrease of crystallinity for the nanogranular plati-
num crystals with increasing silicon content in the
deposits. The decrease in crystallinity and the drop in
resistivity found for samples of 1:1 and 3:2 Si/Pt ratio
suggest that a major part of the platinum atoms
participates in the formation of a binary, amorphous
Pt—Si phase.

RESULTS

Characterization of Deposits. After the deposition by
FEBID as well as after the samples were exposed to air,
an energy-dispersive X-ray spectroscopy (EDX) analysis
was carried out for all samples in order to analyze the
composition of the different deposits. Figure 1 displays
the percentage of platinum, silicon, carbon, and oxy-
gen in atom % by sample number. The results are
summarized in Table 1. Sample 1 represents the Pt—C
reference that was deposited without Si(SiHs)4 precur-
sor flux. It contains 22% platinum and 78% carbon. For
all following samples (2—9), we simultaneously intro-
duced the precursors MeCpPt(Me); and Si(SiHs), into
the chamber and increased the Si(SiH3), precursor
flux for every new deposit. The MeCpPt(Me); pre-
cursor flux was kept fixed. This method allowed us to
precisely tune the silicon content in the samples.
Figure 1a displays the composition of the deposits
directly after deposition. With increasing Si(SiH3)4
precursor flux, we observe an increasing silicon con-
tent starting from 3.8% for sample 2 up to 35.6% for
sample 9, while the carbon and platinum content
continuously decrease to 47.2 and 12.7%, respec-
tively. Furthermore, in contrast to sample 1, all Pt—Si
deposits contain 3—5% oxygen, presumably due to
reactions with the residual gas, whose main contri-
bution is H,O as is typically the case under high-
vacuum conditions.

In Figure 1b, the composition of all samples after
exposure to air is shown. The samples show an in-
creased oxygen content reaching a maximum of 24.7%
for sample 5. This increase can be attributed to two
mechanisms: First, oxygen can be embedded into the
porous carbon matrix® of the silicon-free Pt—C deposit
(sample 1). This eventually leads to an oxygen content
of 12.4% even for the silicon-free sample 1. Second, the
oxidation of silicon preferentially leads to SiO or SiO,.
The greater relative amount of oxygen in the deposits
is achieved at the expense of carbon and silicon,
whereas the change of the platinum content with a
maximum difference of 3% compared to the composi-
tion directly after deposition is relatively small. Starting
from sample 1, the carbon content decreases to 43.7%
for sample 5 and remains constant for all samples with
higher silicon content.
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Figure 1. EDX measurements for all samples displaying the
composition of platinum (circles), silicon (squares), carbon
(diamonds), and oxygen (triangles) of all deposits (a) di-
rectly after the deposition and (b) after the electrical trans-
port measurements and exposure to air.

The resistivity was determined from /—V character-
istics taking into account the size of the deposits as
obtained from SEM inspection and AFM height mea-
surements. Figure 2 shows the measured heights for all
deposits having equal lateral dimensions (1 x 6 um?).
We observe a nonmonotonic growth rate as a function
of silicon content. Starting from the silicon-free deposit
(sample 1), the growth rate first increases with growing
silicon content. The growth rate exhibits a distinct
maximum for sample 4 corresponding to a Si/Pt ratio
of 0.8:1. Further increasing the silicon content leads to
a subsequent decrease in the deposits' height resulting
in a growth rate for sample 9 that is more than 30%
lower as compared to the Pt—C reference.

Figure 3 displays the resistivity directly after the
deposition as well as after the electrical transport mea-
surements and exposure of the samples to air. Starting
from the silicon-free Pt—C deposit (sample 1), the
resistivity decreases by almost 2 orders of magnitude,
leading to a distinct minimum for a silicon content of
25.3% (sample 6). This corresponds to a ratio of Si/Pt of
3:2. For larger silicon content, the resistivity increases
again. The resistivity curve progression of the air-ex-
posed deposits basically shows an analogous behavior
with a slight increase of resistivity for all samples due to
aging effects. The Pt—C reference (sample 1) displays a
much stronger aging effect under exposure to air,
leading to a decrease in resistivity. The aging process
of FEBID structures, in general, and the related reduction
of conductivity are well-known and were also found for
platinum- and tungsten-based deposits during expo-
sure to air.2"?? However, the exact mechanisms that are
responsible for the aging characteristics in the Pt—Si

VOL.5 = NO.12 = 9675-9681 =

2011 @%

I

N\

WWww.acsnano.org

9676


http://pubs.acs.org/action/showImage?doi=10.1021/nn203134a&iName=master.img-001.jpg&w=190&h=220

TABLE1. Composition of the Different Samples and Calculated Si/Pt Ratio Directly after the Deposition (Left Column) and

after Exposure to Air (Right Column) Measured with EDX?

after deposition

sample Si (atom %) Pt (atom %) C (atom %) 0 (atom %)
1 0.0 220 78.0 0.0
2 3.8 214 71.6 3.2
3 8.8 220 65.5 3.7
4 151 191 57.8 8.0
5 193 19.6 57.6 3.5
6 253 16.4 53.8 45
7 324 149 49.1 3.6
8 334 139 48.0 47
9 35.6 12.7 472 45

Si/Pt

0.0
0.2
0.4
0.8
1.0
15
2.2
24
2.8

after exposure to air

Si (atom %) Pt (atom %) C (atom %) 0 (atom %) Si/Pt
0.0 215 66.1 124 0.0

43 20.1 59.6 16.0 0.2

73 20.1 54.0 18.6 0.4

10.2 18.2 49.0 226 0.6
15.0 16.6 437 247 0.9
19.1 143 436 23.0 13
23.0 12.5 440 205 1.8
24.0 121 43.0 209 20
25.8 1.4 428 20.0 23

“The deposition parameters were identical for all samples (beam energy = 5 keV; beam current = 930 pA; pitch = 20 nm; dwell time = 1 s). Sample 1 represents the silicon-

free Pt—C reference, whereas samples 2—9 have an increasing Si/Pt ratio.
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Figure 2. Height of all samples measured with AFM. A
nonmonotonic growth rate as a function of silicon content
can be observed with a clear maximum in the growth rate
for a Si/Pt ratio of 0.8:1. Inset: Representative SEM image of
a deposit grown by FEBID on a p-doped silicon substrate
with a 300 nm thermal oxide layer for electrical insulation
between 120 nm thick Cr/Au contacts. Beam current 930 pA,
acceleration voltage 5 kV, lateral dimensions 1 x 6 ymz,
pitch 20 nm, dwell time tp = 1 us, and deposition time At =
60 s were kept fixed for all deposits.

compounds are not yet completely understood and
need to be addressed in further experiments.

Electrical Transport Measurements. In Figure 4, an over-
view of the measured temperature-dependent con-
ductivity for selected samples with representative Si/Pt
ratios is given. The conductivity data for every deposit
are shown normalized to the corresponding value at
260 K. In the inset of Figure 4, the absolute values of the
temperature-dependent resistivity are shown for the
same samples. All samples show a rapid decrease of
conductivity as the temperature is lowered. Even
sample 6 that has the nominal highest conductivity
shows insulating behavior below ~20 K.

In order to gain a deeper insight into the actual
electron transport mechanisms, Figure 5 displays the
electrical conductivity plotted logarithmically versus
(@) T "2 and (b) T for selected samples. The data
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Figure 3. Resistivity, p, for all samples after deposition
(squares) and after exposure to air (triangles). For sample
6, p exhibits a distinct minimum. The resistivity curve
progression of the air-exposed deposits basically shows
an analogous behavior with a slight increase of resistivity
for all samples due to aging effects. The Pt—C reference
(sample 1) shows a different aging behavior leading to a
reduction of p.

are plotted for values of ¢ for which the measured
current exceeds the noise level. Samples that have a
temperature dependence according to

—(To/T)"/?

m

o(T) = ope

can be attributed to correlated VRH, a process of co-
tunneling in the presence of electrostatic disorder caused
by trapped charges in the insulating matrix.>~ 2 Samples
with a temperature dependence of the form

—(To/T)'/*

o(l) = (2)

Op€

follow the so-called Mott-type VRH that corresponds to a
finite probability for single-electron tunneling to spatially
remote states close to the chemical potential.

Samples 5 and 6, corresponding to a Si/Pt ratio of
1:1 and 3:2, respectively, show correlated VRH
(Figure 5a), whereas samples 3 and 8 show Mott-type
VRH (Figure 5b). In detail, the measurements show a
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Figure 4. Temperature-dependent conductivity for se-
lected samples 1, 3, 5, 6, 8, and 9 corresponding to Si/Pt
ratios of 0, 0.4:1, 1:1, 3:2, 2.4:1, and 2.8:1. The conductivity is
shown normalized to its corresponding value at 260 K. In
the inset, the absolute values of the temperature-depen-
dent resistivity for the same samples are displayed. All
samples show insulating behavior at low temperatures.

crossover from Mott-type to correlated variable range
hopping (VRH) and back to Mott-type VRH with grow-
ing Si/Pt ratio. For sample 3 with a Si/Pt ratio of 0.4:1, we
observe Mott-type VRH in the temperature range of
66—260 K. With increasing silicon content, a transition
to correlated VRH occurs for samples 5 and 6 in the
temperature range of 31—260 and 28—260 K with
activation temperatures of Ty = 3035 and 2736 K,
respectively. For even higher silicon content, Mott-type
VRH is observed again for sample 8 with a Si/Pt ratio of
2.4:1 for temperatures between 73 and 260 K.

TEM Measurements. In order to determine the micro-
structure and crystallinity of our samples, we per-
formed high-resolution cross-section TEM and
diffraction measurements. The analyzed deposits had
a nominal thickness of ~100 nm and were grown on a
Cu TEM grid with a 30 nm thick carbon membrane
using, except for the Si(SiHs), precursor flux, the iden-
tical deposition parameters as used for the electrical
transport measurements. The Si(SiHs), precursor flux
had to be adjusted to obtain the Si/Pt ratios of 1:1, 3:2
and 3:1 as the substrate was altered for the TEM
measurements leading to a shift in the Si/Pt ratio
toward higher values. In Figure 6, diffraction patterns,
as well as their corresponding high-resolution cross-
section TEM images, are shown for (a) the silicon-free
Pt—C reference, (b) the Si/Pt ratio 1:1, (c) the Si/Pt ratio
3:2, and (d) the Si/Pt ratio 3:1.

The Pt—C reference sample (Figure 6a) shows a
nanogranular structure and a diffraction pattern that is
consistent with a face-centered cubic structure with a
lattice constant of 3.92 A, in excellent agreement with
recent investigations.”® For increasing silicon content
(Figure 6b—d), no additional reflexes occur in the
diffraction patterns that would indicate a formation
of a crystalline Pt—Si phase. Moreover, the diffraction
patterns become more and more diffuse, indicating an
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Figure 5. Electrical conductivity plotted logarithmically
versus (a) T2 and (b) T~"/% in the temperature range from
20 to 260 K for selected samples. The solid lines correspond
to linear fits of the experimental data according to eq 1 and
2. The measurements show a crossover from Mott-type to
correlated VRH and back to Mott-type VRH with growing Si/
Pt ratio. Linear fits indicate that (a) samples 5 and 6 follow
the Mott-type T "* law and (b) samples 3 and 8 show
correlated VRH of the type T~ "2,

increasing amorphous part in the nanogranular struc-
ture. Therefore, the degree of crystallinity of the sam-
ples decreases with increasing silicon content.

The high-resolution cross-section TEM images
(Figure 6a—d, right) display the granular structure of the
samples. Although a qualitative structural difference for
the different Si/Pt ratios is observable, the grain size
cannot be determined from these TEM images.

DISCUSSION

The work presented here—the preparation of binary
systems with FEBID—is for the most part uncharted
territory. The growth conditions in the FEBID process
are far from thermal equilibrium. Therefore, for the
system Pt—Si, the central question arises which phases
can be formed under these conditions. In a recent
experiment by Che et al, the FEBID process was
applied with a gas mixture of iron pentacarbonyl
(Fe(CO)s) and MeCpPt(Me)s in order to fabricate crys-
talline FePt alloy nanorods. A crystalline phase could
only be obtained after postannealing of the samples at
600 °C for 2 h.*” With our experiments on the Pt—Si
binary system, we extend the FEBID technique further
by simultaneously introducing two precursors MeCp-
Pt(Me)s and Si(SiHz)4 through two independent gas-
injection systems (GIS). This method allows us to
continuously tune the Si/Pt ratio in the deposits.

For sample 1, without any Si(SiHs), precursor flux,
the deposits consist of 22% platinum and 78% carbon.
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Figure 6. Selected area diffraction patterns and their corresponding high-resolution cross-section TEM images for (a) Pt
reference, (b) Si/Pt ratio 1:1, (c) Si/Pt ratio 3:2, and (d) Si/Pt ratio 3:1. The platinum reference sample shows a nanogranular
structure and a diffraction pattern that is consistent with fcc platinum. For increasing silicon content, the diffraction patterns
become more and more diffuse, indicating an increasing amorphous part in the nanogranular structure.

If we now increase the Si(SiHsz), precursor flux, two
scenarios for the implementation of silicon into the
granular structure of the Pt—C samples are conceiva-
ble. On the one hand, silicon can replace carbon in
the insulating matrix, which will change the dielectric
constant of the matrix and therefore increase the
conductivity by influencing the intergrain tunnel
coupling.?’® When exposed to air, weakly bonded
silicon atoms or silicon atoms with unsaturated bonds
in the matrix can be oxidized and form SiO or SiO,,
leading to an increase of the oxygen content as found
in the EDX measurements. On the other hand, silicon
and platinum can form Pt—Si compounds, leading to a
reduction of the number density of platinum nano-
crystals. As Pt—Si compounds are well-known for their
high conductivity, the conductivity of the samples
should then increase, as well. However, which Pt—Si
phases are formed will depend on the ratio of the
Si(SiH3)4 and MeCpPt(Me)s precursor flux during de-
position, as well as the deposition parameters. Also an
interplay of both processes is possible.

For low silicon contents up to ~8%, the decreasing
carbon content in combination with the constant
platinum content and the similar curve progression
of oxygen and silicon up to sample 3 (Figure 1b)
strongly indicate that silicon is integrated into the
carbon-rich insulating matrix without influencing the
nanogranular structure. Samples with low silicon con-
tent display Mott-type VRH, which is observed in
strongly disordered systems with localized states. For
increasing silicon content, starting from sample 5, the
qualitative curve progression of carbon, oxygen, plati-
num, and silicon in the EDX measurements (Figure 1b)
changes significantly. Here the carbon content remains
almost constant up to sample 9. In addition, for the
samples exposed to air, the oxygen content decreases
with increasing silicon content, showing the same
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qualitative development as platinum. We now spec-
ulate that the additional silicon is not integrated into
the dielectric matrix but forms a Pt—Si phase. This
change in the deposits' growth behavior is supported
by the observed reduction of the growth rate starting
from sample 5 (Figure 2). The nonmonotonic growth
rate can be interpreted as an interplay between two
processes. For samples with low silicon content, the
integration of silicon into the carbon-rich dielectric
matrix leads to an increase in the deposits' height with
a maximum of 120 nm for sample 4 due to the larger
atomic radius of silicon compared to equally coordi-
nated carbon as well as stronger oxidation effects in
the presence of silicon. For samples with higher silicon
content, preferentially Pt—Si compound coordinations
of the atoms with increased density are formed, lead-
ing to a reduction of the growth rate. Furthermore, the
observed crossover from Mott-type VRH to correlated
VRH, which implies a change in the electronic structure,
also supports the change in the deposits' growth
behavior. Such a crossover in the electronic transport
regimes from Mott to correlated VRH can be observed
for materials with a low density of states®® but is not
expected for granular metals. Nevertheless, the forma-
tion of short-range order in the hexagonal Pt—Si
coordination corresponding to the coordination in
the ordered compound Pt,Si; (metastable) might very
well lead to an associated granular electronic density of
states. This would favor the crossover to correlated
VRH. This would also be consistent with the minimum
resistivity observed for sample 6 and the lack of long-
range crystal coherence evident in the TEM diffraction
experiments. This argument is further supported by
experiments from Tsaur et al>°~3? They showed that
by Xe ion-beam-induced mixing of a platinum silicon
interface and postannealing at 400 °C the metastable
crystalline Pt,Siz phase could be stabilized. Before the
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annealing step, an amorphous Pt,Si5 alloy was formed
that was then transformed into the crystalline metallic
Pt,Siz phase by annealing. On both sides of the stoi-
chiometric proportion 2:3, the Pt,Sis phase formation is
hindered leading to the resistivity increase and change
of the hopping behavior. Interestingly, at 1:1 ratio,
correlated VRH is established again. Pt;Si;, on the other
hand, is a congruently melting intermetallic compound
that shows superconductivity below 0.5 K. Here again
we are led to assume that an amorphous Pt;Si; pre-
cursor alloy is formed which leads to a granular elec-
tronic density of states.

In order to foster the formation of a crystalline Pt,Si3
phase in our FEBID experiments, we are planning to
post-treat our deposits by electron-beam irradiation.

CONCLUSION

In summary, we have prepared binary systems of
Pt—Si by FEBID by simultaneously using the two

METHODS

FEBID Deposition. The deposits were fabricated by FEBID
using a dual-beam SEM/FIB microscope (FEl, Nova Nanolab
600) with a Schottky electron emitter. The microscope is
equipped with several GIS. With each GIS, one precursor gas
can be introduced into the chamber through a thin capillary
(@=0.5 mm) in close proximity to the focus of the electron beam3*
The two precursors MeCpPt(Me); and Si(SiHs), were simulta-
neously introduced into the chamber. The Pt—Si deposits were
grown between 120 nm thick Cr/Au contacts with a separation
of ~4 um. A lift-off process was applied for patterning using UV
lithography to define the contacts, which were sputtered onto a
300 nm thick layer of SiO, on top of a p-doped silicon (100)
substrate. During the deposition, a beam current of 930 pA and
an acceleration voltage of 5 kV were applied. The area of the
deposits of 1 x 6 um?and the deposition time At = 60 s, pitch of
20 nm, and dwell time tp = 1 us were kept fixed for all samples. The
Si/Pt ratio was altered by changing the Si(SiHs)4 precursor flux at the
focus of the electron beam, while keeping the MeCpPt(Me)s
precursor flux fixed for all depositions. During the deposition
process, in situ conductance measurements at a fixed bias voltage
(10 mV) were performed using a Keithley 2400 source meter.

Transport Measurements. Electrical transport measurements in
the temperature range of 1.5—260 K were performed in a *He
cryostat equipped with a variable temperature insert in combi-
nation with a Keithley 2400 source meter. The measurements
were performed in a two-probe setup with fixed bias voltage,
resulting in an electrical field of 20—40 V/cm. The composition
of the different deposits was analyzed by means of energy-
dispersive X-ray spectroscopy (EDX) at 5 keV electron beam
energy, directly after the deposition and after the electrical
transport measurements and exposure of the deposits to air. To
determine the resistivity for different Si/Pt ratios, the spatial
dimensions of the samples were measured by AFM (Nanosurf
easyScan 2) in noncontact mode.

TEM Measurements. For microstructural analysis, transmission
electron microscopy (TEM, Tecnai F20) was performed at 200 kV
on 1 x 6 um? reference samples with different Si/Pt ratios and a
thickness of ~100 nm. These were grown on a Cu TEM grid with
a 30 nm thick carbon membrane. Diffraction patterns were
taken to investigate the possible formation of platinum silicide
nanocrystals.

Neopentasilane. In this study, we used Si(SiHs)4 as a precursor
in the FEBID process for the first time. Neopentasilane was
synthesized from chlorosilanes donated by Next Step GmbH,
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precursors MeCpPt(Me); and, for the first time, neo-
pentasilane Si(SiHs),. With growing silicon content in
the deposits, electrical transport measurements reveal
a crossover from Mott-type to correlated VRH for
samples with the Si/Pt ratios of 1:1 and 3:2. For Si/Pt
ratios greater than 3:2, the transport regime crosses
over to Mott-type VRH again. Taking all experimental
results into account, this behavior can be understood
as being due to a development of a granularity of the
electronic density of states in combination with the
formation of an amorphous metallic Pt;Si; and a
metastable metallic Pt,Siz phase leading to a max-
imum in the conductivity for a Si/Pt ratio of 3:2. The
differing characteristics of these Si/Pt compositions are
also supported by the binary Pt—Si phase diagram.>?
Future work will be directed to a thorough investiga-
tion of the properties of other binary FEBID structures,
further extending the material base to magnetic alloy
nanostructures.

Germany. Other chemicals were purchased from Sigma-Aldrich.
Products were characterized via nuclear magnetic resonance
spectroscopy (NMR) experiments using a Bruker Avance 400
spectrometer with deuterated benzene as solvent. Due to the
highly pyrophoric character of the neopentasilane, the synth-
esis and analysis were carried out under nitrogen atmosphere
using common Schlenk techniques. For the synthesis of neo-
pentasilane, a Schlenk flask was charged with 10 g (0.018 mol) of
dodecachloroneopentasilane, which was prepared according
to literature.**~3° Forty-one milliliters (0.230 mol) of DIBAL-H
was added dropwise under stirring, while the reaction flask was
cooled in anice bath. Then, the reaction was allowed to warm to
room temperature and stirred for another 5 h. The product was
condensed from the reaction mixture into a cooling trap (77 K)
at 1 Pa, yielding 2.47 g (90%) of pure neopentasilane. The H
NMR signal of the four identical SiHs groups was found to
be a singlet at 3.41 ppm; the 2°Si NMR signals of the primary
and the quaternary silicon atoms were found to be at —89.6 and
—164.2 ppm, respectively.
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