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Copper silicide/silicon nanowire heterostructures: in situ
TEM observation of growth behaviors and electron
transport propertiest
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Copper silicide has been studied in the applications of electronic devices and catalysts. In this study,
CusSi/Si nanowire heterostructures were fabricated through solid state reaction in an in situ
transmission electron microscope (TEM). The dynamic diffusion of the copper atoms in the growth
process and the formation mechanism are characterized. We found that two dimensional stacking
faults (SF) may retard the growth of CusSi. Due to the evidence of the block of edge-nucleation
(heterogeneous) by the surface oxide, center-nucleation (homogeneous) is suggested to dominate the
silicidation. Furthermore, the electrical transport properties of various silicon channel length with CusSi/
Si heterostructure interfaces and metallic CusSi NWs have been investigated. The observations not only
provided an alternative pathway to explore the formation mechanisms and interface properties of
CusSi/Si, but also suggested the potential application of CusSi at nanoscale for future processing in

www.rsc.org/nanoscale nanotechnology.

Introduction

Nowadays, silicon-based technology is still the core of inte-
grated circuits (IC) and follows the trace of Moore's law. Billions
of transistors have been made on a single microprocessor chip.
With the transition of device's dimension from microscale to 22
nanometers and further scaling down in the semiconductor
industry, Si nanowire (NW) with metallic Schottky contact has
been deemed as one of the alternative components for future
nanoelectronics.”” Excellent contact materials are crucial for
modern electronics to achieve high performance and various
functions. Metal silicides have been widely researched for their
unique physical properties, ideal contact resistance, high
quality of the interface with Si, and excellent compatibility with
Si device processing.® With advances in nanoscale Si devices,
nanostructures have unique physical properties and superior
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functions available because of the size effect. Low resistivity
metal silicide NWs such as NiSi,”*® NiSi,"* and PtSi'*** have
been demonstrated to be metallic contacts to Si nanostructures.
Except for the electronic applications, silicide materials also
have been widely explored in thermoelectric (CrSi,)* and
magnetic devices (Fe;Si, CoSi)*>™*” with diverse structures, which
have been demonstrated with various approaches including
chemical vapor transport (CVT),'®* chemical vapor deposition
(CVD)," solvothermal process,* and solid state reaction.'®**
Among them, solid state reaction, which is the chemical reac-
tion caused by interdiffusion of metal and Si atoms and
subsequent phase transformation, has attracted great attention
for the fabrication of nanowire heterostructure devices.”»* The
phase transformation sequences of NWs have been found to
deviate from that of bulk materials. Therefore, with research on
silicide formation, it is more important to control the phase
formation of the specific silicide nanostructures and to inves-
tigate their formation mechanisms and properties.

Since Dash (1956)** firstly used copper (Cu) to decorate
dislocation in Si, Cu-Si interactions have been investigated
widely for their microelectronic and catalytic applications.>’
Moreover, copper silicides would form at relatively lower pro-
cessing temperatures than other silicide systems.' There are
three equilibrium Cu-Si compounds, which are mn"-Cu;Si,
Cuy5Sis and CusSi at low temperatures, respectively. Among
these, n"-Cu;Si is the most commonly observed phase.*® Cu;Si
comprises three polymorphs (n-, n'-, and n"-Cu;Si phase) and
can be transformed at different temperatures in the thin film
system.***> Recently, the growth morphology and mechanism of
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Cu;Si nanostructures in silicon have been reported.****
However, the formation of Cu silicide nanostructures through
solid state reaction and the investigation of the nanoscale
kinetics are still unclear.

In this paper, the formation mechanism of Cu silicide NWs
through solid state reaction has been investigated in the in situ
TEM. The nanowire heterostructure at the interface was clearly
evidenced to study the kinetics. Since the Cu silicides may serve
as contacts and interconnects with Si channels in the nanoscale
field effect transistor, the electron transport properties of the as-
fabricated devices were also investigated.*® This study could
provide a potential approach for the formation of Cu silicides
and the applications of the Cu;Si/Si heterostructure as the
metallic Schottky contact in future nano-transistors.

Experimental

Single crystalline silicon NWs with a high aspect ratio were
grown on a Si wafer in the horizontal three zone furnace by
vapor transport and condensation process via the vapor-liquid-
solid (VLS) mechanism.**®” Au thin film was coated on the
substrate as catalyst. During the growth process, (100) Si
substrates were placed downstream at a temperature of 975 °C
and Si powder was placed in an alumina boat at the upstream as
precursor at a temperature of 1090 °C, respectively. Ar and H,
were flown as carrier gases at the rate of 80 and 20 sccem,
respectively. The pressure was adjusted to 20 Torr and the
reaction time was held for 1 h. After the growth process in the
furnace, Si NWs were detached from the wafer by ultrasonic
vibration in ethanol solution and then dispersed on the
Si0,/Si3N, membrane samples. Contact electrodes were
prepared through e-beam lithography, copper deposition and
lift-off processes (ESI, Fig. S-17). Prior to Cu deposition, Si NW
sample were dipped in buffered hydrofluoric acid for 30
seconds to etch surface native oxide in the contact region to
prevent surface oxide from the barrier effect on the silicide
formation at nanoscale.'*?

In situ observation of the solid state reaction through the
contact electrodes and Si NWs was carried out in a Japan Elec-
tron Optics Laboratory 2100 FX (JEOL-2100 FX) TEM. The
vacuum in the sample stage was about 3 x 10~ % Torr and the
interfacial reaction process of the copper silicide/silicon NW
heterostructures was performed at the temperature of 350 °C.
The pressure during heating experiments was about 10 ° to
1077 Torr, which resulted from the residual hydrocarbon and
contaminant during the fabrication procedures of in situ TEM
samples. The video recorder has a time resolution of 1/30 s and
fast Fourier transform (FFT) technique was used to filter the
noise of the high resolution images. The structural identifica-
tion and morphology evolution of the pristine Si NWs and
copper silicides were examined by a JEOL JSM-6500F field
emission scanning electron microscope (FESEM) and JEOL
2100FX field emission scanning transmission electron micro-
scope (STEM). Electrical transport measurement of the copper
silicide/silicon NW heterostructures and copper silicide NWs
were conducted by Agilent B1500A and Keithley 2400 system at
room temperature in ambient conditions.

This journal is © The Royal Society of Chemistry 2013

View Article Online

Results and discussion

Fig. 1(a) shows the SEM image of the as-grown products where
high-density Si NWs with a high aspect ratio were grown on the
substrate. Low magnification TEM image was shown in the
inset of Fig. 1(a), indicating that the diameter of Si NW was
about 80 nm with 2-5 nm native oxide and the Si-oxide inter-
faces was smooth (Fig. 1(b)). The high resolution TEM (HRTEM)
image is utilized to characterize the crystal structure of the NWs
(Fig. 1(b)). The inset is the corresponding FFT diffraction
pattern, demonstrating that these NWs are characterized as
single crystalline and (111) growth direction.

The schematic illustration of the device configuration is
depicted in Fig. 2(a) and the inset was the configuration of the Si
NW with Cu contact electrodes for the observation of the reac-
tion of copper silicide/Si/copper silicide nano-heterostructures.
Since Si NWs with various Si channel lengths were controlled
and contained (highlighted regions of Fig. 2(b)), we could
observe numerous examples simultaneously. Fig. 2(c) shows the
TEM image of Si NW with Cu pads on both sides before heating.
After annealing at 350 °C for several minutes, a high contrast
interface between Cu silicide and Si began to emerge and
approach from both edges of the Si NW near the Cu pads,
suggesting the formation of Cu silicides (Fig. 2(d)). Therefore,
we make the assumption that Cu atom would diffuse through
the Cu-Si interface and dissolve into Si NW. Once the super-
saturation point was reached, the subsequent nucleation and
growth of Cu silicides would occur near the Cu pads. Defor-
mation and detachment of NW from pads was found due to
volume expansion when Si NW transformed into copper silicide
NW that roughly increases the volume by 2.6 times. From the
experimental results in Fig. 2(d), the axial length of the trans-
formed m-Cu;Si nanowire is about 1.1 times longer than that of
the original Si nanowire, contributing to the deformation and
detachment of nanowires. Furthermore, the silicide diameter
increased by ~1.45 times experimentally, which indicates that
the 2.3 times volume expansion matches well with the theo-
retical value. The difference may be attributed to the surface
oxide effect which could constrain the volume expansion and
absorb part of the strain energy.® Based on the crystallography
calculation and our FFT diffraction patterns, the epitaxial rela-
tion between n-Cu;Si and Si was not observed; thus, a rough Si-
n-Cu,;Si interface was found in Fig. 2(d).*® Fig. 2(e) depicted the

poT
Zone axis [110]

Fig. 1 (a) Low magnification SEM image of the as-grown Si NWs. The inset
shows the corresponding TEM image. (b) HRTEM image of the Si NW. The inset is
the FFT diffraction pattern, indicating the (110) zone axis of Si NW and (111)
growth direction.
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Fig. 2 (a) Schematic illustration of the device configuration with Si NW covered
with Cu pads defined on the membrane. The inset shows the formation of copper
silicide/Si/copper silicide nano-heterojunction. (b) The TEM image of the sample
with a Si NW (indicated by dotted line) across several Cu pads with different
electrode gaps (highlighted by red circle). (c) TEM image of a Si NW before the
reaction. (d) TEM image of a Si NW after reaction showing the progression of the
silicidation. (e) Bright-field STEM image of the interface between CusSi and Si
region. The inset shows the corresponding EDS mappings of Si and Cu.

bright-field STEM image of the interface between n-Cu;Si and Si
with enhanced Z-contrast. The insets illustrated the corre-
sponding energy dispersion spectroscopy (EDS) mappings of Si
and Cu (red-dashed square in Fig. 2(e)), which confirmed the
emergence of Cu;Si from the edge of Si NW and Cu pad instead
of the center between two adjacent electrodes.

To investigate the effect of temperature on the growth of
copper silicides, different temperatures were performed (ESI,
Fig. S-2f). Meanwhile, the Cu;Si phase with different poly-
morphs has been regarded as an interesting and promising
research topic. HRTEM images of different polymorphs of Cu;Si
by various reaction temperatures of 450 and 350 °C were shown
in Fig. 3(a) and (b), respectively. The insets are the corre-
sponding FFT diffraction patterns of m”-CusSi and m-Cu;Si,
respectively.** To further confirm the copper silicide structure
grown at 350 °C, we have analyzed the n-Cu;Si structure from
higher symmetry zone axes (ESI, Fig. S-31). From these zone
axes and high-resolution TEM images, they still provided
evidence that it is not n”-Cu;Si phase although the same zone
axis in Fig. 3(a) was not achieved. n-Cu;Si is constructed with
the hexagonal structure by lattice parameters of a = 0.406 nm
and ¢ = 0.733 nm, whereas the 1"/-Cu;Si was a constituent with a
periodic two-dimensional stacking fault (SF) of the n’ unit cell
that has a superlattice structure of the n-Cu;Si phase.*® From
the experimental results, the n"/-Cu;Si phase is found to have a
high density of (1100) and (0001) plane stacking faults with
about 1 x 10" em ' and 7 x 10° em™", respectively. Further-
more, this information provides evidence that the phase
transformation between three polymorphs of Cu;Si under
different temperatures is quite distinct from the previous study
in the thin film system.?*” It suggested that the atomic interac-
tion could be greatly deviated in one dimensional nano-
structures. Additionally, the structural crystallinity variant may
attribute to the change of activation energy and equilibrium
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Fig. 3 HRTEM images of the polymorphs of (a) n”-CusSi and (b) n-CusSi at
various reaction temperatures. The insets show the corresponding FFT diffraction
patterns. Plot of (c) reaction length and (d) volume of CusSi versus reaction time at
350 and 450 °C. The linear—parabolic transitions were indicated by black and red
dashed lines, respectively.

phase sequence from the thin film system.* Fig. 3(c) is the plot
of the growth length as the function of reaction time at various
temperatures, illustrating two different growth rates in the solid
state reaction of Cu and Si NWs. At the beginning of the reac-
tion, roughly linear growth rates were presented. It means that
the growth process was mainly controlled by an interface-
limited reaction instead of a diffusion-limited reaction at the
first step. However, owing to the difference of the diffusivity
coefficient of Cu in Si and CusSi, the linear growth rate may
transform into parabolic growth behavior at the following step.
Followed by the hypothesis we had proposed, the growth rate
should increase with increasing temperature. However, it is
confusing that the reaction rate at 450 °C is much slower than
that at 350 °C (ESI, Video-1 and 2+). To elucidate the nano-sized
effect by the variable diameters of the NWs, the plot of the
copper silicide volume versus reaction time at various temper-
atures is shown in Fig. 3(d), exhibiting a significant decrease of
the growth rate with the temperature at 450 °C.

To explain this phenomenon, the modified kinetic model
deduced from Chen et al. was applied.* For a short growth time
(?), the growth length (L) of Cu,;Si is given in the following form:

~ MCKt

L
bp

where M is the atomic weight of Cu;Si, C is the Cu concentration
per unit volume at the Cu-Cu;Si interface, K is the reaction rate
constant, p is density, and b is the number of Cu atoms in the
molecular formula, respectively. Since all polymorphs of Cu;Si
have a similar molecular formula and crystal structure, M and b
are identical. In addition, the density p of n”- and n-Cu;Si phase
can be considered the same.*® Cu concentration per unit volume
C is constant based on the assumption of steady state and
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infinite Cu source. Specifically, if other parameters are
constants in the reactions, the growth rate is proportional to the
reaction rate constant K, which is the function of temperature.
Consequently, the growth rate at a temperature of 450 °C should
be faster than that of 350 °C, whereas it is quite different in
reality. When the temperature is higher, the mobility of dislo-
cation increases, resulting in the dissociation of a perfect
dislocation into two partials. The dislocation inside the NW
may attribute to the incoherent Cu;Si-Si interface. We attrib-
uted the striking kinetics results to the additional energy
necessary to form two dimensional SF after the formation of a
new CusSi nucleation layer. Therefore, the reaction rate
constant at 450 °C is considered smaller than that at 350 °C. The
additional energy may be attributed to the repulsive force
between two partial dislocations and surface free energy
(surface tension) of SF, which contributes to the higher activa-
tion energy. Furthermore, the spacing of SF fringes is a
competitive balance between the repulsive force of two partial
dislocations and the attractive force due to the surface tension
of the stacking fault. It resulted in the growth rate at the
temperature of 450 °C declining more compared with that at
350 °C. In a one dimensional structure, the size effect could be
the driving force for the n'’-Cu;Si phase to form in the first place
at relatively high temperature, and the phase transformation
between the three polymorphs of Cu;Si. This is attributed to the
atomic motion being different to the one dimensional nano-
structure from the previous study in the thin film system.**
Furthermore, the phase transformation sequence in one
dimensional metal silicide nanostructures have been found to
deviate from that of bulk and thin film systems."*> On the other
hand, the dissociation of a perfect dislocation into two partials
may be another driving force, resulting from a lower gliding
energy of partial dislocations. The yield of finding the SF
structure at 450 °C is about 60-70%, whereas it is rare to find SF
at 350 °C. In addition, the effect of the stacking faults on the
activation energy would also be observed on the diffusion
process in which the linear-parabolic transition occurred
significantly and was indicated by the black dashed line in
Fig. 3(c) and (d). More detailed experimental studies and
discussion on this system are necessary to make a thorough
conclusion.

The growth kinetics of Cu silicide in Si NW was investigated
through dynamic observation by in situ HRTEM (ESI, Video-
3t). Fig. 4(a) is an image during the growth of m-Cu;Si and
highlighted with a red-dash lines at the boundary of Si, oxide
and n-Cu;Si after being annealed at 350 °C. This observation
was similar to the previous study.* It is assumed that the
surface energy of the oxide-silicide interface is higher than
that of the oxide-silicon interface because of the surface native
oxide. Therefore, when Cu silicide frontier approaches the
edge of the Si NW, it will be hindered before the edge trans-
formed to the oxide-silicide interface resulting from high
energy barrier. Fig. 4(b) is the schematic diagram of the curved
interface at the triple point of Si, surface oxide and n-CusSi.
Meanwhile, this result also suggested that the nucleation
mechanism was possibly center-nucleation (homogeneous)
rather than edge-nucleation (heterogeneous) since the
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Fig. 4 (a) HRTEM image of n-CusSi after 350 °C annealing shows a curved
interface near the oxide edge. (b) Schematic diagram of the curved interface at the
triple point. (c) The cross-sectional view of the schematic illustration of the center-
nucleation (homogeneous) site and the edge-nucleation (heterogeneous) site.

variation in the net change of free energy is described in the
following equations:

C C
AGE = (VyiscAgy + ASiicidersisiticidersi)

E E E
AG™ = (VaiscAgy *+ Asiticidessisilicidersi +

E E E E
Ajilicidefoxide Ysilicidefoxide — ASi/oxideY Si/oxide)

where AG® and AGF are the net change in the free energy of the
center and edge-nucleations, Vgis. is the critical volume of
nuclei when the nucleation occurred, Ag, is the change in free
energy of formation of the silicide per unit volume, A is the
additional interface area, and 7 is the interfacial energy per unit
area, respectively. The upper and lower cases in these notations
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denote the different nucleation site and interface, respectively.
The nucleation type we discussed at m-Cu;Si-Si interface was
focused on a newly/initially nucleated n-CusSi atomic layer.
Therefore, the diameter of the n-Cu;Si nanowire close to the n-
Cu;Si-Si interface will be similar to that of the original Si
nanowire as shown in Fig. 2(d) and (e). From the experimental
results as shown in Fig. 4(a) and Video-3,1 every new m-CusSi
atomic layer always started from the center of the Si NW. It
revealed that the homogeneous nucleation dominates the n-
Cu,Si growth. Furthermore, the homogeneous nucleation of
silicide growth has been demonstrated in our previous
studies.*>** Therefore, we consider that activation energy
inequality, AG*® = AG*¥, will be satisfied as illustrated in
Fig. 4(c) where the edge-nucleation (heterogeneous) of Cu;Si
is considered to be suppressed (further discussion is shown
in Fig. S-47).

Based on such Cuj;Si/Si/CusSi nanoheterostructures, the
electrical transport properties of several Si channel lengths were
also investigated. Fig. 5(a) is the low magnitude TEM image of
the device with different electrode gaps, and n-Cu;Si/Si/n-Cu;Si
with variable channel lengths controlled by solid-state reaction
at 350 °C, which are 235 nm, 1.2 pm and 2.3 pm, respectively
(Fig. 5(b)~(d)). The current output of each channel lengths as
shown in Fig. 6(a), indicating that the current increased as the
channel length decreased. Contact resistance determined by
linear extrapolation of the total resistance versus various
channel lengths with the value 2.827 x 10’ Q was indicated in
Fig. 6(b). The intrinsic resistivity of Si NW was calculated by the
reciprocal slope of I-V curve at nearly V= 0 (Fig. 6(a)). Under the
exclusion of contact resistances, the intrinsic resistivity of Si
NW was about 18.15 Q-cm determined by the law of resistance,

Fig. 5 (a) Low magnitude TEM image of n-CusSi/Si/n-CusSi nano-hetero-
structure device. (b)—(d) Variable channel lengths formed by solid-state reaction at
350 °C with the length of 235 nm, 1.2 um and 2.3 um, respectively.
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Fig.6 (a) The electrical transport measurements of n-CusSi/Si/n-CusSi devices with
different channel length from solid-state reactions. (b) The total resistance versus
various channel lengths that indicate the contact resistance of 2.827 x 107 Q. (c) The
electrical transport measurement of metallic n-CusSi NW with 206 pQ cm resistivity.
The inset is the corresponding TEM image of n-CusSi NW after fully silicidation.

which compared favorably with the previously reported values
in bulk materials. It may be attributed to the single crystal Si
NW grown in this study. I-V characteristics of several metallic -
Cu;Si/Si/m-CuzSi nanowire heterostructures depicted the
Schottky-diode-like (SDL) behavior. The effective barrier height
¢y was calculated through the thermionic emission theory
which can be expressed as follows:

Js=A"T? exp(ilffB) (A em™?)

where Js is the saturation current density, A* is the Richardson
constant, 7'is the temperature in Kelvin, e is the electron charge,
and k is Boltzmann's constant, respectively.*

Because of surface states and the intrinsic p-type character-
istics of Si NWs attributed to the hole accumulation, the
Richardson constant with a value of 80 A cm™> K2 for p-Si was
assumed. Based on the equation and values, @y of n-Cu;Si-Si
interface was extracted with a value of 0.41 eV which may be the
origin of the SDL behaviors. The electrical measurement of an
intact n-Cu;Si NW was also investigated after full silicidation, as
shown in Fig. 6(c). The IV curve indicated that the measured
resistivity was about 206 puQ cm by using two-terminal
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measurement, which may include the contact resistance
between probes and NWs.”** This value compared favorably to
the previous study (272 pQ cm and 21pQ cm for two and four-
terminal measurements).** Therefore, the intrinsic resistivity of
1n-Cu;zSi NW should be favorably compatible to other silicide
systems in one-dimensional structures. Significantly, single
crystal CuzSi NWs with low resistivity may have potential
application as an electronic contact material in future nano-
transistors.

Conclusions

Single-crystalline Si NWs were synthesized through a thermal
evaporation and condensation method via VLS mechanism. The
polymorphs of CusSi phases and Cu;Si/Si nano-hetero-
structures were formed through a solid state reaction at
different temperatures. In addition, the plot of the growth rate
suggests that Cu;Si has a linear—parabolic transition behavior.
Meanwhile, it is assumed that the formation of two dimen-
sional stacking faults within the Cu;Si NW may retard the
growth rate owing to higher activation energy for n”-Cu;Si
growth. During the growth, the nucleation is thought to be
center-nucleation (homogeneous) rather than edge-nucleation
(heterogeneous) due to the presence of the surface native oxide
and the oxide/silicide interfacial energy. Furthermore, the
correlation between the current output and the remaining Si
channel has been investigated and intrinsic resistivity of Si NW
was calculated to be 18.15 Q cm with the exclusion of contact
resistance. According to the thermionic emission theory, @5 of
Cu;Si-Si interface is extracted to be 0.41 eV, which may
contribute to the Schottky contact like behaviors. Additionally,
electrical measurement of n-CuzSi NW shows a resistivity of
around 206 pQ cm by two-terminal measurement. The true
value may be lower than the counterpart of the thin film if the
extrinsic series resistances are excluded. This study demon-
strates the synthesis of Cu;Si NW through solid state reaction
and could contribute to the electronic applications. The nano-
wire heterostructures may have potential applications in
metallic Schottky source-drain and the fundamentals of nano-
wire heterostructure formation are of great importance for
future device fabrication.
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