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ABSTRACT: Although widely applied as contacts to nanoelectronic
devices, metal silicides in nanostructures suﬀer from varying compositions
and growth rates. To study the underlying kinetics and to control the
reactions, we introduce local volume extensions (“polders”) to silicon
nanowires. This method allows to decouple the silicide growth process
from variations in the metal supply and to gain a reduced length growth
rate as long as the silicon reaction volume is available in the polders. In situ
analyses are performed by scanning electron microscopy during the anneal
to extract the growth rates. A deterministic limitation of silicide growth by
nickel ﬂux, NiSi2 reaction rate, and nickel diﬀusion is observed. The
extracted maximal reaction rate at the NiSi2−Si interface allows to
determine the activation energy. Subsequent transmission electron microscopy reveals an epitaxial {111} NiSi2−Si interface in the
⟨011⟩-oriented nanowire. It is also seen that the polders suppress Ni-rich silicide phases and give rise to the formation of a singlecrystalline Ni−Si phase with a Ni/Si ratio close to 1:1. Retarded growth by the application of polders can almost stop the silicidation
in nanowires at a deﬁned point even for diﬀerent Ni ﬂuxes. This can help to reduce gate overlap and channel length variation,
especially in Schottky-junction-based ﬁeld-eﬀect transistors. Geometric optimization of the polder regions with regard to the largest
impact is discussed.
KEYWORDS: nickel, silicon, nanowires, in situ, silicidation

1. INTRODUCTION
Silicides are compounds between silicon and various
transition or rare earth metals which can be formed by
heat-induced solid−state reaction (“silicidation”). Silicidation
is widely applied to create highly conductive and sometimes
even magnetic contacts to silicon with a minor level of
defects or contaminations at the junction.1 Thus, it is
commonly used to create gate and/or source/drain contacts
of, for example, spin-based ﬁeld-eﬀect transistors (FETs),
FET-based sensors, or commercial metal-oxide-semiconductor
FETs (MOSFETs).1−4 Especially, NiSi is a preferred contact
material because of its good electrical conductivity, low ﬁlm
stress, low processing temperature, and reduced silicon
consumption during silicidation in comparison to other
silicides like CoSi2 or TiSi2.5 Beyond this, all stable Nisilicide phases have one thing in common that the metal and
not the silicon is the dominant diﬀusing species. This avoids
channel depletion by the Kirkendall eﬀect, as well as the
formation of shorts bridging the gate.5 Moreover, it allows
these silicides to intrude over large distances into silicon. This
ability is of special interest for Schottky-barrier MOSFETs
and reconﬁgurable FETs with nanoscale channels made from
Si ﬁns, nanowires, or nanosheets.6−9 Here, nickel silicidation
allows to form Schottky contacts in a self-aligned manner
© XXXX American Chemical Society

directly below a gate. The intrusive silicide growth can also
be used to segregate dopants in front of the silicide−silicon
interface in order to form abrupt junctions with reduced
contact resistivity, for example, in tunnel FETs and metallicsource/drain MOSFETs.10−13
With decreasing device dimensions, the precise self-aligned
placement of Schottky junctions becomes more important but
also challenging. Although knowledge of silicidation in bulk
and thin-ﬁlm silicon exists, it is insuﬃcient to describe the
silicidation kinetics in modern nanometer scale and sometimes even three-dimensionally extended structures. First,
because in nanometer dimensions, new parameters like the
Si-channel surface, volume, and faceting and the local metal
contact quality and geometry get important. Second, because
the stress inside conﬁned nanochannels presumably changes
the formation energy of phases, for example, NiSi2 is not
found below silicidation temperatures of 750 °C in bulk but
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Figure 1. (a) Schematic of the nickel silicide formation in a nanowire in side view. Ni atoms are dissolved through the interface into the
nanowire where they diﬀuse to the interface with the silicon and then react to form a new layer of silicide. (b) SEM top view on an array of 14
nm high ⟨011⟩-oriented Si nanowires after Ni silicidation, revealing a large silicide length variability ΔL. (c) On the same chip as the structures
in (b), a Ni-supplied nanowire is connected to a 14 nm thin silicon area in which a rectangular Si-rich silicide area with a much shorter L is
formed. Ni-rich silicide formation stops at the junction between the silicon area and the nanowire.

identiﬁed as the leading phase in nanowires even at 300 °C.14
Yet, a strong variation of the silicide length even among
equally processed nanochannels usually makes it diﬃcult to
reveal the eﬀects of these parameters.
In the following, a novel nanoscale structure is presented
which allows one to observe the silicidation rate in diﬀerent
silicon geometries while excluding a divergence of Ni supply
that could originate, for example, from a varying quality of
individual Ni contacts. An in situ analysis using scanning
electron microscopy (SEM) is applied in order to not only
observe the ﬁnal result of the silicidation but also clearly
determine the actual diﬀusion and reaction kinetics in
diﬀerent geometries independently from possible reaction
onset-delays, temperature ramp-up and cool-down eﬀects, or
switching between reaction- and diﬀusion-limited growth. A
transmission electron microscopy (TEM) study further
reveals that the polders inhibit the growth of Ni-rich silicide
phases and give rise to the formation of single-crystalline
nickel silicide with a Ni/Si ratio close to 1:1. Finally, the
gained insights into the silicidation in complex nanostructures
are applied to reduce the variation of the silicide length in
nanowires by lateral extensions. Multiple extension geometries are compared in a model, and their eﬀectiveness is
proven experimentally. Altogether, we show that polders are a
useful tool to create nanoelectronic devices with uniform
contacts, both in terms of silicide phase and silicide length.

L2 = κ ·t

where κ is the eﬀective rate with which Ni diﬀuses through
all present silicide phases.14,15 Several studies have already
analyzed the silicidation reaction over time in bottom-up
grown nanowires.14−20 The transition from reaction- to
diﬀusion-limited growth regimes has been observed in several
of them for relatively long anneal times.14,17−20 Additionally,
it has been claimed that a limited metal supply, for example,
due to an interfacial oxide between the silicon and the Ni
source, can lead to an even smaller and ultimately even an
almost constant growth rate.20,21
Diﬀusion in single-crystal nanowires is assumed to occur
either by volume diﬀusion through the crystal or surface
diﬀusion at the interface to the surrounding oxide as grain
boundary diﬀusion can be excluded.14 Some studies reporting
postreaction (ex situ) analyses on nanowires showed a trend
of longer silicide intrusion with decreasing cross section.17,22−25 Diﬀerent surface to volume ratios among these
wires have been used to ascribe this observation to either
volume or surface diﬀusion.24,26 However, a large wire-to-wire
variation of silicide lengths has hampered a systematic
analysis and even led to opposing interpretations.24−26
In fact, it is commonly observed that the silicide length
varies largely among bottom-up as well as top-down
fabricated nanowires after equal processing which may be
attributed to a variation of Ni contact geometry and
quality.16,17,20,22−25,27 Figure 1b shows an exemplary array
of top-down fabricated nanowires patterned from a siliconon-insulator wafer with silicide lengths varying by as much as
ΔL = 0.74 μm or 57% compared to the maximal length
value. Such variations make it diﬃcult to reveal how
parameters such as strain, crystal direction, temperature, or
nanowire diameter will inﬂuence the silicidation kinetics. As a
consequence, the precise placement of silicide−silicon
junctions, for example, in transistors with nanostructured
channels is challenging.

2. BACKGROUND
Nickel silicidation of a nanowire is driven by the diﬀusion of
Ni into the silicon and then through the silicidized nanowire
unto the interface where it forms a new layer of silicide (see
Figure 1a). In a simpliﬁed model that assumes the formation
of only a single silicide phase, the presence of an
inexhaustible Ni source, and the absence of Si diﬀusion,
the grown silicide axial length L within the Si nanowire is
initially “reaction-limited” over time t according to
L = r·t

(2)

(1)

3. RESULTS AND DISCUSSION
3.1. Observation of Silicide Growth in Nanowires
with Lateral Extensions. The key observation of this paper
is that Ni silicide intrusion in terms of length L is
signiﬁcantly reduced when the reaction front area becomes
much larger than the cross section of the supplying nanowire.
For example, Figure 1b shows silicides which grew 0.56−1.31
μm into regular nanowires. By contrast, the silicide in another

14,15

with r being the length-related rate of silicide formation.
Nevertheless, with increasing distance between the Ni source
and the silicide−silicon interface, the Ni concentration at this
interface must drop due to diﬀusion. Eventually, the Ni
concentration at the interface is so strongly reduced that the
incoming Ni ﬂux determines the growth rate, yielding a
slower “diﬀusion-limited” silicidation rate according to
B
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Figure 2. Silicide formation in a 17 nm high nanowire with bar polders at 450 °C. (a) SEM top-view image after all anneals. (b) Silicide length
evolution over time gathered by in situ SEM. The inset shows the measured distances after 10.6 min of in situ silicidation. (c) Accumulated
silicidized area in top view over time based on the local polder/wire width. (d) Arrhenius plot of highest length growth rates extracted from
earlier reports on silicidation in [111] bottom-up grown nanowires and in regime 2 in (b). An activation energy EA of 2.2 eV per {111} plane/
monolayer is extracted, considering only the data points with high growth rates (ﬁlled symbols).

Figure 3. Side-view TEM and FFT analyses of a length cut through the nanowire. (a) ⟨111⟩-oriented silicide/silicon interface. (b) Magniﬁed
section of (a) shows that the interface grew epitaxially. (c) FFT analysis of the area marked in (a) reveals that the interface consists of NiSi2
and that the ⟨111⟩ axis is the normal to the interfacial plane in (b). The zone axis is [011]. (d) Typical section of the silicided nanowire
between the polder and silicide/silicon. The measured thicknesses are generally 22.7 nm ± 2 nm. (e) FFT of the area marked in (d) reveals a
crystal structure with a 90° angle when seen from the [011] zone axis.

monocrystalline Si ﬁlm does not grow circularly but in a
rectangular shape into the ⟨011⟩ directions around the
injection point, at least for small intrusion. Coincidently, the
extension inhibits the growth of bright and uneven silicides

nanostructure on the same chip shown in Figure 1c grows
only 0.29 μm into forward direction because Ni is injected
through a nanowire into a wide thin ﬁlm area. In this case, it
is also observed that the silicide in the (100)-oriented
C
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(see Figure 1c) in the nanowire beyond the junction. These
silicides are commonly characterized as Ni-rich silicides.17,28
A similar propagation retardation eﬀect as in Figure 1c is
utilized in hydraulic engineering: ﬂoods in rivers can be
reduced when distinct retention polder areas behind dikes are
intentionally ﬂooded. By analogy, we use the insights gained
by Figure 1c to create nanowires that are only locally
extended by lateral “polder” areas to temporarily reduce the
silicide growth rate in terms of length until the polders are
“ﬁlled.”
An in situ analysis is used to reveal the silicidation kinetics
in a nanowire with bar-shaped polders (Figure 2a) when
annealed at 450 °C. Since large top-down fabricated
structures are hard to be entirely in situ examined by
TEM, the analysis is conducted by SEM on a heating stage.
Figure 2b shows the evolution of silicide lengths L in the
polders and the nanowire over time (video available online).
The measurement precision is approximately ±30 nm. We
did not observe the silicidation before it reaches the junction
point where Ni can diﬀuse into forward and sideward
directions. Thus, we deﬁne this point to be the origin (L =
0). A 385 nm long feed nanowire segment connects this
point to the Ni source. It is observed that L grows with
diﬀerent rates: with a constant rate until the polders are ﬁlled
in regime 1, with a higher constant rate in regime 2, and
ﬁnally in regime 3 with a decaying rate slower than in regime
2 but higher than in regime 1.
Since the silicide grows with almost stable rates but
diﬀerent slopes in the three regimes, additional information is
necessary to distinguish the diﬀerent growth regimes. For this
purpose, the accumulated silicide area in top view (silicide
length × local structure width) is evaluated in Figure 2c. The
areal reaction rate drops from regime 1 to 2 after the polders
are completely silicidized while still being linear in both
regimes. In other words, less silicide is formed although the
Ni supply presumably stays constant. The constant but high
length growth rate r indicates a reaction limitation for regime
2. In Figure 2d, r is compared to the maximal reported
growth rates of earlier in situ studies on silicidation in [111]oriented oxidized nanowires. Those wires also feature an
epitaxial {111} NiSi2/silicon interface as identiﬁed here by
fast Fourier transform (FFT) in a TEM postreaction analysis
(Figures 3a−c and S2; Tables S1 and S2).17−19 The good
agreement between earlier reports and this work also
indicates that the electron irradiation of 40 μA/cm2 at 5
kV had no major impact on the silicidation kinetics. Please
note that data from ex situ silicidation studies are not
included in Figure 2d, even though some of them reported
higher eﬀective growth rates.23−25 The reason is that only for
in situ measurements, we can deﬁnitely exclude contributions
of temperature ramping, temperature overshoots, or removed
oxide shell close to the Ni pad. The metastudy of growth
rates also reveals that some growth rates (open symbols) are
much lower than what has been reported in other studies for
the same or similar temperatures. The remaining datapoints
(ﬁlled symbols), however, form a linear trend. The slope of
this Arrhenius plot of −8.0 × 103 nm·K gives an activation
energy of

per transformed {111} Si plane (plane distance 0.313 nm).
Knowing that regime 2 is reaction-limited, the constant but
lower silicidation rate r in regime 1 must originate from the
limited supply of Ni that is distributed by diﬀusion from the
feed nanowire segment into all three directions. Although
such diﬀusion-limited silicidation usually results in a squareroot growth over time, a very gentle decay of r can still
appear like a linear growth.20,21 Note that regime 1 is not the
very ﬁrst regime in this nanowire. Before reaching the
polders, we expect that the silicide has been growing in a
reaction-limited regime in the feed nanowire segment. Then,
the polders interrupt this initial regime, but regime 2 is its
continuation. However, we did not observe this in situ.
Figure 2b also shows that the silicide in regime 1 grows
faster in the wider polders than in the forward nanowire. This
is counterintuitive as the gradient of diﬀusing Ni should be
equal in all three branches. It also contradicts earlier
observations of a longer silicide for thinner nanowires,17,22−24
ascribed to a stronger surface diﬀusion of Ni along the
silicide/oxide interface due to the larger surface to volume
ratio.26 However, those experiments have been conducted at
lower temperatures and/or for much shorter times. In these
cases, a reaction-limited growth (L ∝ t) with wire-to-wire
diﬀerences in the reaction on-set times or Ni supply is more
likely than a diﬀusion-limited growth (L ∝ t0.5) that typically
sets on much later.18,19 As opposed to this, we do assign an
artiﬁcially supply-limited diﬀusion to rule the growth in
regime 1. A preferential surface diﬀusion along the {011}
planes is unlikely since this would result in a faster growth in
narrow nanowires which we have neither observed in this
experiment nor in ex situ inspections of ordinary nanowires
not shown here. However, even for a volume diﬀusion of Ni,
the growth rate in the polder should not be higher than in
the nanowire. A possible explanation could be an unfavorable
diﬀusion or silicide formation close to the side walls. In fact,
several other studies have reported that Ni-silicide grows
faster in wires with thin instead of thick oxide shells,
attributed to a reduced interfacial energy barrier or to
enhanced Ni diﬀusion due to less compressive stress.17,28,29
For a large distance between the Ni source and the
silicide−silicon interface, the Ni diﬀusion gradient inside the
nanowire ﬂattens. Given the evident reduction in growth rate
between regimes 2 and 3, we attribute the Ni diﬀusion to be
the limiting factor for the silicidation rate in regime 3. The
growth rate further decayed during a second in situ anneal
carried out under the same conditions (Figure S1) which
conﬁrms the diﬀusion-limitation of growth. Considering also
the feed nanowire segment as a part of the diﬀusion path, a
median diﬀusion coeﬃcient κ = 8.3 × 10−15 m2 s−1 is
obtained here, which agrees well with earlier reports.14 In the
course of the second anneal, a bulge formed before the
polder (Figure 2a) which has been observed earlier in
nanowires as a result of repeated anneals.21 TEM and FFT
analyses of a length cut through the complete 4.45 μm long
silicidized nanowire reveals that approximately 85% of it
consists continuously of single-crystalline nickel silicide
(Figures 3d,e and S3 and Table S3). Analyzing the reciprocal
spacings from TEM taken at diﬀerent angles, we found the
shortest reciprocal spacing among the four resulting FFTs as
1.8 nm−1 (see marked reﬂections in Figure S4 b+f at stage tilt
−25 and +16°). This converts to 0.55 nm in real space. Yet,
this does not ﬁt to any plane spacing of known nickel silicide
crystals except for NiSi2. However, we can exclude cubic

EA = −( −8.0 × 103 nm· K × 8.617 × 10−5 eV/K
× (0.313 nm)−1)
= 2.2 eV

Article

(3)
D
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Figure 4. Control of forward directed silicide length L by polders. (a) Schematic of a nanowire without (left) and with (right) the polder,
where the silicide (gray) grows to length L2. For the case of higher silicidation rates, the silicide length is increased by ΔL to L1. The polder
splits the Ni diﬀusion ﬂux Jdiff into three directions. (b) Expected evolution of L in two nanowires (lower plot), where NW1 has twice the
silicidation rate as NW2 due to better Ni supply. Polders give NW2 time to catch up to NW1 so that ΔL = L1 − L2 (upper plot) can be
reduced for a target length e (vertical lines). (c) In the same model, pan- and mushroom-shaped polders reduce the minimal achievable ΔL for
L > e. e is equal in all geometries.

Ni-rich bulges is undesired. Since for such devices also a low
silicide resistivity is crucial, the phase should be analyzed also
in this regard in future works.
3.2. Application of Lateral Extensions for Silicide
Length Control in Nanowires. The presented results
successfully demonstrate a reduction in silicide length growth
by appending lateral polders which is utilized in the following
to reduce the variation of silicide length between nanowires
of similar geometry. This is explained by two model
nanowires (NW1 and NW2) having an equal width w but
diﬀerent silicide growth rates, for example, due to diﬀerently
strong Ni supplies at the wire ends (Figure 4a). Their silicide
lengths L1 and L2 are deﬁned as the distance between the Ni
source edge and the silicide−silicon interface in the forward
direction. For simplicity, we assume a constant volumetric
silicidation rate v = dV/dt within each wire, that means, no
decay of Ni diﬀusion with increasing distance to the source is
considered. NW1 has a factor 2 higher v than NW2 due to a
larger Ni ﬂux Jdiff. The modeled diﬀerence in silicide length
ΔL = L1 − L2 drawn as dashed lines in Figure 4b therefore
grows linearly over time. A small ΔL is intended and may be
the easiest to achieve for a short anneal time. However, many
applications require a considerable silicide intrusion for
dopant segregation or self-aligned positioning of a Schottky
junction, as described in the Introduction.
As drawn in Figure 4a, the lateral addition of polders of
width p at a distance d from the Ni source splits the Ni ﬂux
Jdiff into three directions until the complete length x of the
polders is transformed into silicide. As a result, the growth
rate r in terms of length will slow down by a factor 3,
although the volumetric growth rate v remains constant.

NiSi2 since (i) the (100) reﬂections are forbidden and (ii)
the symmetry of the FFT in Figure S4b does not ﬁt to a
cubic crystal structure. Since we found the 0.55 nm spacing
under two sample tilts, we expect it to be stemming from at
least two large lattice parameters. From the obliquity of the
FFTs, we assume a monoclinic space group. An energydispersive X-ray (EDX) scan along the TEM lamella shows
that nickel and silicon are close to ratio 1:1 in this segment
(Figure S5). The observed κ can be likely attributed to the
Ni diﬀusion through this predominantly growing phase.
In general, a limited supply of Ni suppresses the growth of
Ni-rich silicides in nanowires. For example, NiSi is
predominantly formed when Ni is supplied by a point
contact to a Ni nanowire instead of a large Ni contact or
when a platinum interlayer is inserted between the Si
nanowire and the Ni source.29−31 In our work, almost the
complete nanowire beyond the polder consists of a single
silicide phase with Ni/Si ratio close to 1:1apart from a
short segment of Ni2Si close to the polder and NiSi2 close to
the leading interface. We attribute this phase stabilization to
the polder. Presumably, the polders temporarily absorb excess
interstitial Ni, so that the Ni concentration in the nanowire is
too low to allow for the formation of Ni-rich phases. The
observation that bright and volumetric Ni-rich silicides stop
growing at the entry to the wider Si areas is made throughout
a large number of structures, including that in Figure 1c.
Therefore, we propose that area extensions to nanowires are
a useful and novel way to retard or even suppress the
formation of metal-rich silicides, in particular of Ni-rich
silicides. This can be beneﬁcial, especially for electronic
devices where a volumetric expansion by silicidation as in the
E

https://doi.org/10.1021/acsanm.0c03072
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

ACS Applied Nano Materials

www.acsanm.org

Article

Figure 5. SEM top-view images of 14 nm high Si nanostructures after Ni silicidation. (a) Pan-shaped polders limit and homogenize L (cloud of
dots) to a value closely beyond it, even for varying e. The Ni pad edge is marked by a dashed line. (b) Parallel nanowires with shared polders.
The use of polders uniformly reduces L to shortly beyond the polders. (c) A polder bar connecting a dense array of parallel nanowires results in
reduced L and ΔL.

The ﬁnal silicide−silicon interface is intended not to be
located in the polder segment (d < L1,2 < e) but in the
nanowire beyond (L1,2 > e). Vertical lines in Figure 4b mark
the times at which the silicide of NW2 reaches L2 = e with
and without the polder. In the upper plot, it can be seen that
ΔL is much larger for the case without polders than with
polders at the same point in time. The reason for this can be
seen in the lower plot. Between the silicide reaching the
beginning of the polder (L2 = d, time = 2 for NW2) and the
silicide ﬁlling up the polders (L2 = d + x, time = 8 for NW2),
the silicide growth rate r is reduced. After the polders are
ﬁlled, the high r is reestablished, as experimentally
demonstrated in Figure 2b before. For a suﬃciently large x,
a time window (here between time steps 2 and 4) exists for
which the polder of NW1 is not yet ﬁlled, so that the silicide
is still growing with decreased rate, while the silicide in NW2
has reached beyond the critical length L = e. During this
time, L1 and L2 are closer to each other than without polders,
and hence the desired substantial reduction in silicide length
variability ΔL is achieved.
The rate r can be reduced even more if the silicide−silicon
interface area is further extended. In a geometry as in Figure
1c, the interface length of the rectangular silicide area grows
ideally to w + 4La, where La is the forward silicide length
inside the rectangle (Figure S6). With a ﬁxed Jdiff and hence a
ﬁxed v, this means that the length growth rate r toward the
forward direction decreases with growing La according to eq
S5.
Based on this model, even smaller ΔL is gained when the
polder is small at the connection to the nanowire but widens
within a distance s. Such pan- and mushroom-shaped
structures with “handle” width p = w and length s = 2w
are displayed in Figure 4c. For all geometries, e is set to 8w.
As long as L < d + s, the reaction is retarded in the same
manner as for a bar-shaped polder. However, as soon as the
silicide reaches further than d + s, the interface area increases
even more and leads to a further overall decreasing r. This
approach almost “stops” the forward silicidation upon a
targeted distance d + s, so that ΔL is reduced compared to
the bar-shaped polder at a much lower area consumption.
According to Figure 4b, the application of polders should
not only reduce ΔL for a ﬁxed targeted L but also reduce the
achieved L for a ﬁxed time. Indeed, pan-shaped polders as in
Figure 5a limit L reliably to a value of 47 nm beyond the

polder in median, although e varies between 260 and 435 nm
for the examined structures. This can be applied to create
uniform silicide lengths in a transistor with several parallel
nanowires, as shown in Figure 5b. Neighboring nanowires
can thereby share polder areas. The achieved control over the
silicide length is crucial to create, for example, Schottkyjunction-based FETs, with uniform channel length or minimal
gate overlaps. Still, for dense nanowire arrays as in Figure 5c,
a polder bar is more feasible. The reduced L compared to
unrestricted silicidation clearly indicates that the polder
reduces the length growth rate by splitting the available
amount of unreacted Ni to an extended silicide−silicon
interface area. This and the possibility for transversal Ni
diﬀusion between the wires result in a reduced ΔL. For
achieving an even better equalization of L, longer polders can
be employed.

4. CONCLUSIONS
Lateral extensions (“polders”) to nanowires simplify the
research on and the application of Ni silicidation in Sinanowire devices. The polders can temporarily switch the
silicide growth from a reaction- to diﬀusion-limited regime
and stop Ni-rich silicides at the junction point. This allows to
identify the Ni reaction rates and diﬀusion coeﬃcients by in
situ SEM. The diﬀusion appears to be considerably faster in
wide than in narrow nanowires, as opposed to prior ex situ
observations of Ni silicidation in nanowires. Polders suppress
the growth of Ni-rich silicides, so that a single-crystalline
silicide phase with Ni/Si ratio close to 1:1 is formed. They
can be also applied to almost stop the silicidation at a certain
point inside a nanowire, so that slower silicidizing nanowires
have suﬃcient time to catch up. This can be used to create
nanoelectronic devices with uniform channel lengths or gate
overlaps. Based on a model to describe the polder eﬀect, the
polder geometries are optimized to gain ideal control over
the silicide length, as proven on a chip.
5. EXPERIMENTAL SECTION
The nanostructures are deﬁned by electron beam lithography (EBL)
on a 20 nm thin (100) silicon-on-insulator wafer piece and
structured by reactive ion etching utilizing SF6, O2 and CHF3.32 The
nanowires are deﬁned by EBL in the ⟨011⟩ direction using the
⟨011⟩-oriented cleaving edges of the wafer as the reference. A short
etching in diluted HF is performed to remove native oxide around
F

https://doi.org/10.1021/acsanm.0c03072
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

ACS Applied Nano Materials

www.acsanm.org

Thomas Mikolajick − NaMLab gGmbH, 01187 Dresden,
Germany; Technische Universität Dresden, Center for
Advancing Electronics Dresden (CfAED), 01062 Dresden,
Germany
Walter M. Weber − NaMLab gGmbH, 01187 Dresden,
Germany; Technische Universität Dresden, Center for
Advancing Electronics Dresden (CfAED), 01062 Dresden,
Germany; orcid.org/0000-0001-9504-5671

the structure, and subsequently a thermal oxide is grown in the
oxygen atmosphere by rapid thermal annealing (RTA) at 875 °C for
5 min (Figures 2 and 3) or 10 min (Figures 1 and 5). The Ni pads
are structured by a lift-oﬀ process.32 Preliminary to the sputter
deposition of 45 nm Ni, thermal oxide is locally removed by
buﬀered HF. The structures are then annealed for 60 s (Figure 1) or
40 s (Figures 2, 3 and 5) at 450 °C by RTA in the forming gas
atmosphere.
For the in situ annealing in Figure 2, the sample was loaded into
a “ZEISS Gemini300” scanning electron microscope onto a
“Kammrath & Weiss” in situ heater and contacted by a
thermocouple. The sample was heated at a pressure of less than
10−5 mbar from room temperature to 250 °C with a ramp rate of 50
°C min−1 and then from 250 to 450 °C with slower rates of 10 °C
min−1 and with three intermediate 5−10 min stabilization breaks to
avoid temperature overshooting. The images were then recorded at
450 °C at a frame rate of 30 min−1. The temperature of the devices
during in situ annealing was stable to within 0.2 °C as measured by
the thermocouple. The thermocouple is accurate to 30 °C of the
actual temperature, as determined by melting a salt with a known
melting temperature (Na2WO4) on a SiO2 substrate using the in situ
heater. The temperature distribution is visually conﬁrmed to be
uniform across the full active area of the heater, using this same
melting calibration.

■

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.0c03072
Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the ﬁnal version
of the manuscript.
Funding

Parts of this work are supported by the “Deutsche
Forschungsgemeinschaft (DFG)” in the framework of
“ReproNano” (WE 4853/1-3, MI 1247/6-2) and of the
cluster of excellence “CfAED” (EXC 1056). Further support
originates from the EPSRC Cambridge NanoDTC (EP/
L015978/1, EP/P005152/1) and the German Academic
Exchange Service within the frame of the “IPID4all” program
and the Graduate Academy of TU Dresden.

ASSOCIATED CONTENT

* Supporting Information
sı

Notes

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.0c03072.
In situ video of silicidation in nanowire with lateral
extensions (AVI)
Further analysis of regime 3 by a second anneal; phase
determination by FFT; EDX scan along nanowire
lamella; and model describing the silicidation rate in
nanowires and area extensions (PDF)

■

Article

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors would like to thank Uwe Mühle (Fraunhofer
IKTS, now with Robert Bosch Semiconductor Manufacturing
Dresden GmbH) for TEM imaging and Jan Gärtner
(NaMLab) for image evaluation.

■

AUTHOR INFORMATION

REFERENCES

(1) Murarka, S. P. Silicides for VLSI Applications; Academic Press,
2012.
(2) Tang, J.; Wang, K. L. Electrical Spin Injection and Transport in
Semiconductor Nanowires: Challenges, Progress and Perspectives.
Nanoscale 2015, 7, 4325−4337.
(3) Meyburg, S.; Stockmann, R.; Moers, J.; Offenhäusser, A.;
Ingebrandt, S. Advanced CMOS Process for Floating Gate FieldEffect Transistors in Bioelectronic Applications. Sens. Actuators, B
2007, 128, 208−217.
(4) Pregl, S.; Baraban, L.; Sessi, V.; Mikolajick, T.; Weber, W. M.;
Cuniberti, G. Signal and Noise of Schottky-Junction Parallel Silicon
Nanowire Transducers for Biochemical Sensing. IEEE Sens. J. 2018,
18, 967.
(5) Iwai, H.; Ohguro, T.; Ohmi, S.-i. NiSi Salicide Technology for
Scaled CMOS. Microelectron. Eng. 2002, 60, 157−169.
(6) Tucker, J. R. Schottky Barrier MOSFETs for Silicon
Nanoelectronics. 1997 Advanced Workshop on Frontiers in Electronics,
WOFE ’97 Proceedings, 1997; pp 97−100.
(7) Larson, J. M.; Snyder, J. P. Overview and Status of Metal S/D
Schottky-Barrier MOSFET Technology. IEEE Trans. Electron Devices
2006, 53, 1048−1058.
(8) Weber, W. M.; Heinzig, A.; Trommer, J.; Martin, D.; Grube,
M.; Mikolajick, T. Reconfigurable Nanowire Electronics − A
Review. Solid-State Electron. 2014, 102, 12−24.
(9) Mikolajick, T.; Heinzig, A.; Trommer, J.; Baldauf, T.; Weber,
W. M. The RFETa Reconfigurable Nanowire Transistor and Its
Application to Novel Electronic Circuits and Systems. Semicond. Sci.
Technol. 2017, 32, 043001.
(10) Jeon, K.; Loh, W.-Y.; Patel, P.; Kang, C. Y.; Oh, J.; Bowonder,
A.; Park, C.; Park, C. S.; Smith, C.; Majhi, P.; Tseng, H.-H.; Jammy,
R.; Liu, T.-J. K.; Hu, C. Si Tunnel Transistors with a Novel Silicided

Corresponding Author

Maik Simon − NaMLab gGmbH, 01187 Dresden, Germany;
Technische Universität Dresden, Center for Advancing
Electronics Dresden (CfAED), 01062 Dresden, Germany;
orcid.org/0000-0002-8891-109X; Email: maik.simon@
namlab.com

Authors

Ryo Mizuta − Department of Engineering, University of
Cambridge, CB2 1PZ Cambridge, U.K.
Ye Fan − Department of Engineering, University of
Cambridge, CB2 1PZ Cambridge, U.K.
Alexander Tahn − Technische Universität Dresden, Center
for Advancing Electronics Dresden (CfAED), 01062
Dresden, Germany; Dresden Center for Nanoanalysis
(DCN), Technische Universität Dresden, 01062 Dresden,
Germany
Darius Pohl − Technische Universität Dresden, Center for
Advancing Electronics Dresden (CfAED), 01062 Dresden,
Germany; Dresden Center for Nanoanalysis (DCN),
Technische Universität Dresden, 01062 Dresden, Germany
Jens Trommer − NaMLab gGmbH, 01187 Dresden,
Germany; Technische Universität Dresden, Center for
Advancing Electronics Dresden (CfAED), 01062 Dresden,
Germany; orcid.org/0000-0003-2972-438X
Stephan Hofmann − Department of Engineering, University
of Cambridge, CB2 1PZ Cambridge, U.K.; orcid.org/
0000-0001-6375-1459
G

https://doi.org/10.1021/acsanm.0c03072
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

ACS Applied Nano Materials

www.acsanm.org

Source and 46mV/Dec Swing. 2010 Symposium on VLSI Technology;
2010; pp 121−122.
(11) Knoll, L.; Zhao, Q.-T.; Nichau, A.; Trellenkamp, S.; Richter,
S.; Schäfer, A.; Esseni, D.; Selmi, L.; Bourdelle, K. K.; Mantl, S.
Inverters With Strained Si Nanowire Complementary Tunnel FieldEffect Transistors. IEEE Electron Device Lett. 2013, 34, 813−815.
(12) Kinoshita, A.; Tsuchiya, Y.; Yagishita, A.; Uchida, K.; Koga, J.
Solution for High-Performance Schottky-Source/Drain MOSFETs:
Schottky Barrier Height Engineering with Dopant Segregation
Technique. Digest of Technical Papers. 2004 Symposium on VLSI
Technology, 2004; pp 168−169.
(13) Luo, J.; Wu, D.; Qiu, Z.; Lu, J.; Hultman, L.; Ostling, M.;
Zhang, S.-L. On Different Process Schemes for MOSFETs With a
Controllable NiSi-Based Metallic Source/Drain. IEEE Trans. Electron
Devices 2011, 58, 1898−1906.
(14) Tang, W.; Nguyen, B.-M.; Chen, R.; Dayeh, S. A. Solid-State
Reaction of Nickel Silicide and Germanide Contacts to Semiconductor Nanochannels. Semicond. Sci. Technol. 2014, 29, 054004.
(15) Lin, Y.-C.; Chen, Y.; Huang, Y. The Growth and Applications
of Silicides for Nanoscale Devices. Nanoscale 2012, 4, 1412−1421.
(16) Khan, M. B.; Deb, D.; Kerbusch, J.; Fuchs, F.; Löffler, M.;
Banerjee, S.; Mühle, U.; Weber, W. M.; Gemming, S.; Schuster, J.;
Erbe, A.; Georgiev, Y. M. Towards Reconfigurable Electronics:
Silicidation of Top-Down Fabricated Silicon Nanowires. Appl. Sci.
2019, 9, 3462.
(17) Ogata, K.; Sutter, E.; Zhu, X.; Hofmann, S. Ni-Silicide
Growth Kinetics in Si and Si/SiO 2 Core/Shell Nanowires.
Nanotechnology 2011, 22, 365305.
(18) Dellas, N. S.; Abraham, M.; Minassian, S.; Kendrick, C.;
Mohney, S. E. Kinetics of Reactions of Ni Contact Pads with Si
Nanowires. J. Mater. Res. 2011, 26, 2282−2285.
(19) Chen, Y.; Lin, Y.-C.; Huang, C.-W.; Wang, C.-W.; Chen, L.-J.;
Wu, W.-W.; Huang, Y. Kinetic Competition Model and SizeDependent Phase Selection in 1-D Nanostructures. Nano Lett. 2012,
12, 3115−3120.
(20) Yaish, Y. E.; Katsman, A.; Cohen, G. M.; Beregovsky, M.
Kinetics of Nickel Silicide Growth in Silicon Nanowires: From
Linear to Square Root Growth. J. Appl. Phys. 2011, 109, 094303.
(21) Katsman, A.; Beregovsky, M.; Yaish, Y. E. Formation and
Evolution of Nickel Silicide in Silicon Nanowires. IEEE Trans.
Electron Devices 2014, 61, 3363−3371.
(22) Kamimura, H. Nickel Silicide Contact for Silicon Nanowire
FET. Master Thesis, Tokyo Institute of Technology, Tokyo, 2009.
(23) Habicht, S.; Zhao, Q. T.; Feste, S. F.; Knoll, L.; Trellenkamp,
S.; Ghyselen, B.; Mantl, S. Electrical Characterization of Strained
and Unstrained Silicon Nanowires with Nickel Silicide Contacts.
Nanotechnology 2010, 21, 105701.
(24) Appenzeller, J.; Knoch, J.; Tutuc, E.; Reuter, M.; Guha, S.
Dual-Gate Silicon Nanowire Transistors with Nickel Silicide
Contacts. Electron Devices Meeting, 2006; IEDM ’06. International,
2006; pp 1−4.
(25) Hashimoto, S.; Yokogawa, R.; Oba, S.; Asada, S.; Xu, T.;
Tomita, M.; Ogura, A.; Matsukawa, T.; Masahara, M.; Watanabe, T.
Enhanced Nickelidation Rate in Silicon Nanowires with Interfacial
Lattice Disorder. J. Appl. Phys. 2017, 122, 144305.
(26) Katsman, A.; Yaish, Y.; Rabkin, E.; Beregovsky, M. Surface
Diffusion Controlled Formation of Nickel Silicides in Silicon
Nanowires. J. Electron. Mater. 2010, 39, 365−370.
(27) Pregl, S.; Weber, W. M.; Nozaki, D.; Kunstmann, J.; Baraban,
L.; Opitz, J.; Mikolajick, T.; Cuniberti, G. Parallel Arrays of Schottky
Barrier Nanowire Field Effect Transistors: Nanoscopic Effects for
Macroscopic Current Output. Nano Res. 2013, 6, 381−388.
(28) Lin, Y.-C.; Chen, Y.; Xu, D.; Huang, Y. Growth of Nickel
Silicides in Si and Si/SiOx Core/Shell Nanowires. Nano Lett. 2010,
10, 4721−4726.
(29) Chen, Y.; Lin, Y.-C.; Zhong, X.; Cheng, H.-C.; Duan, X.;
Huang, Y. Kinetic Manipulation of Silicide Phase Formation in Si
Nanowire Templates. Nano Lett. 2013, 13, 3703−3708.

Article

(30) Wu, Y.; Xiang, J.; Yang, C.; Lu, W.; Lieber, C. M. SingleCrystal Metallic Nanowires and Metal/Semiconductor Nanowire
Heterostructures. Nature 2004, 430, 61−65.
(31) Lu, K.-C.; Wu, W.-W.; Wu, H.-W.; Tanner, C. M.; Chang, J.
P.; Chen, L. J.; Tu, K. N. In Situ Control of Atomic-Scale Si Layer
with Huge Strain in the Nanoheterostructure NiSi/Si/NiSi through
Point Contact Reaction. Nano Lett. 2007, 7, 2389−2394.
(32) Simon, M.; Heinzig, A.; Trommer, J.; Baldauf, T.; Mikolajick,
T.; Weber, W. M. Top-Down Technology for Reconfigurable
Nanowire FETs With Symmetric On-Currents. IEEE Trans.
Nanotechnol. 2017, 16, 812−819.

H

https://doi.org/10.1021/acsanm.0c03072
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

