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Pristine polycrystalline copper silicide nanowires were synthesized via facile semi-batch solution reac-
tion on Cu foil at low temperature, 400 °C. Comparing with as-grown products, the annealed (800 °C)
CusSi nanowires array exhibits excellent field emission properties, the turn-on field was reduced from
1.16 V/um to 0.40 V/um and the field enhancement factor (8) was improved from 1400 to 4637. Field
emission properties of the annealed copper silicide nanowires show the performance of field emission
could be enhanced through the annealing process. In-situ TEM annealing of copper silicide nanowires
array was used to investigate the thermal effect on microstructure of copper silicide nanowires. In-situ
XRD annealing results provide the phase transformation information at varied temperature and show
that the transition phase Cuy5Si4 existed to assist in growing single crystalline CusSi nanowire. Systemic
study can help to realize the solution-phase metal silicide reaction growth mechanism; furthermore, the
effect of annealing temperature on nanowires shows the potential towards fabrication of high perfor-
mance field emission devices.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal silicides (MSix) are recently applied in many
interesting field of science, such as catalysis, high temperature
device and microelectronics [1—4]. The lateral dimensions of silicon
and metal silicides in integrated circuit (IC) are reduced to sub-
micrometer scale. Due to requirement of low electrical resistivity
and self-alignment in IC compatible processing, metal silicides can
be used as conspicuous interconnects materials. When metal and
silicon are mixed together at elevated temperature, the crystalline
metal silicide could be epitaxial grown [5—7]. Many kinds of metal
silicide nanomaterials were synthesized. Such as titanium silicides
(TiSi, and TisSi3) [8,9], cobalt silicides (CoSi, and Co,Si) [10], chro-
mium disilicide (CrSiy) [11], nickel silicides (NiSiy, Ni31Si12 and NiSi)
[12,13] via metal precursors vapors react with Si substrate under
atmosphere pressure; silicide (GdSiq7) [14] via gadolinium vapors
react with metal-assisted etching Si nanowires; Ni3;Sii2 and TisSiys
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via using silicon precursors vapors to react with metal foil [15,16]
Most of them exhibit high electrical conductivity and excellent
electron field emission properties. Furthermore, single crystal metal
silicides/germanides nanowire (NiSix, CoSix, NiGex and MnGey)
[17—20] growth mechanism was studied through metal electrode or
metal nanowire reacts with single crystal Si or Ge nanowires under
in situ annealing TEM. Epitaxial heterostructure of metal silicide
(MSiy)/germanide (MGey)-Si/Ge could be prepared through above
mentioned method and show excellent transistor properties, since
high quality atomic sharp interface between metal silicide/germa-
nide and semiconductor. Phases of metal silicides/germanides are
depended on reaction temperature and its oxide capping layer
[21,22]. The vapor transport growth of ternary single crystal CoSi;-
xGex nanowires could sustain at 950 °C for 30 min without segre-
gation or thermal decomposition through the in situ annealing TEM
study [23]. It means that the ternary single crystal CoSijxGex
nanowires have a high thermal stability. However, it still lacks for
microstructure variation with annealing temperature study in those
metal nanomaterials. In this work, the polycrystalline copper silicide
nanowires were synthesized through a solution process at relatively
low temperature, 400 °C. After annealing at 800 °C, the poly-
crystalline copper silicide nanowires array properties of field emitter
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are remarkable improved. In-situ annealing in TEM and XRD system
were used to investigate the microstructure evolution of the poly-
crystalline copper silicide nanowires. Furthermore, depending on the
results of in-situ heating TEM and XRD, grain growth and re-
crystalline of nanowires were achieved by annealing and then lead
to the annealed CusSi NWs on Cu foil display excellent performance
electron field emission.

2. Experimental

Anhydrous benzene and monophenylsilane (MPS, 97%) were
purchased from Sigma-Aldrich and Gelest, respectively. Chemicals
were stored under argon-filled box and used as received. Copper
substrates were purchased from the Taiwan non-ferrous-metal
company. The experimental procedure was similar to our previous
study [24]. Copper substrates were cleaned with acetone and
ethanol and then the reactions were carried out from a semi-batch
reaction in a 10 ml titanium (Ti) grade reactor. The substrates
were first placed into the Ti reactor under an argon-filled glovebox
to make it free for oxygen. The Ti reactor was covered with heating
tape and the temperature maintained within +1.0 °C. The inlet of the
Ti reactor was connected to a six-way valve (valco) with a 0.5 ml
injection cylinder and the high pressure liquid chromatography
(HPLC) pump (Lab Alliance, series 1500) was connected to the six-
way valve to deliver the reactant into the reactor. The reactant was
prepared in the glovebox with the concentration between 500 mM
and 1.0 M. In this reaction process, the reactor was heated to the
reaction temperature of 400 °C and was pressurized to 800 psi. Then
a 1.0 mL reactant solution was injected into the injection loop at a
flow rate of 0.5 mL/min by using the HPLC pump. After reaction, the
reactor was submerged in a water bath until it returned to room
temperature. Finally, the reacted substrates covered copper silicide
nanowires were lift from the reactor for further material charac-
terization. CusSi nanowires were characterized by using scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM). For high resolution SEM (HRSEM) evaluating, analytical
images were including JSM-7000F (JEOL) thermal-type field-
emission mode, operated at 15 kV accelerating voltage. For HRTEM
analysis, the TEM samples were prepared by drop-casting
nanostructures from toluene dilute dispersions onto 200-mesh
carbon-coated copper grids (from Electron Microscope Sciences
Company). TEM images were acquired using the accelerating voltage
of 200 kV and 300 kV on a JEOL JEM-2100F and a JEOL JEM-3000F,
respectively. Both of TEM equipment contain an Oxford INCA EDS
spectrometer and a high angle annular dark field detector (HAADF).
To investigate the annealing effects on Cu3Si NWs, the samples were
lying on a double-tilted heating holder from Gatan 652 for in-situ
TEM analysis. The real-time crystallization behavior was video-
recorded with a heating rate of 50 °C/min from 25 to 800 °C under
the vacuum pressure of 1.0 x 1078 Torr. X-ray diffraction (XRD) was
performed with a Rigaku Ultima IV X-ray diffractometer using Cu Ko
radiation (A = 1.54 A). The measured samples were put on quartz
substrates with a scan rate of 1°/min. For in-situ annealing XRD,
samples were laying on heating stage with a heating rate of 10 °C/
min and the vacuum kept below 5 x 10~8 Torr to prevent oxidation.
The field emission properties of CusSi nanostructures were obtained
in a KEITHLY model 237 system with the geometry of the parallel
plates with a spacing of 200 um at a pressure of 3 x 10~® Torr and the
contact area was 0.09 cm?. The emission current was recorded as the
applying voltage increasing with a step of 20 V.

3. Results and discussion

According to our previous study, single crystalline Cu3Si nano-
wires could be synthesized at 475 °C and show excellent field

Fig. 1. (a) and (b) are SEM images of copper silicide nanowires that grown for 30 s and
1 min, at 400 °C, respectively. (c) and (d) are zoom-out and zoom-in magnification
TEM images of as-grown polycrystalline copper silicide nanowire, respectively.

emission property [24]. In order to realize the revolution of
microstructure within CusSi nanowires that the CusSi nanowires
were grown at relatively low temperature, 400 °C. Fig. 1 (a) and (b)
are SEM images of the Cu3Si nanowires grew at 400 °C for 30 s and
1 min, respectively. The shorter growth time, the lower density and
the shorter distance of CusSi nanowires were grown on Cu foil. The
result was consistent with early study that the CusSi nanomaterials
were epitaxial-like grown on Cu grain. Similar results were
observed in Ni-Si system that the Ni3;Si;; nanowires grown on Ni
foil and show low turn-on field and high field enhancement factor
of field emission [15]. TEM was used to characterize the micro-
structure of copper silicide products. Fig. 1 (c) and (d) are low and
high magnification TEM images that the CusSi nanowires were
grown at 400 °C. At the lower growth temperature of 400 °C, the
CusSi were not single crystal but comprised of randomly oriented
nanocrystals.

Cu3Si nanowires field emission properties were measured,
including as-synthesized at 400 °C and as-annealed at 700 and
800 °C. Fig. 2 shows the field emission performance of CusSi
nanowires with the current density as a function of the macro-
scopic electric field. After annealing at 700 and 800 °C, the turn-on
field of CusSi nanowires (defined as the electric field to a current
density of 100 pA cm~2) were 0.66 and 0.4 V pm~', respectively
Comparing with our previous results, the turn-on field for
as-grown sample was estimated to be ~1.2 V um~1) [24].

The plotted In (J E~2) versus 1/E, yielding a line and good
agreement with the Fowler-Nordheim (F-N) equation given by the
following:

J= (ABZEZ/QD)*exp [ - B<I>3/2/BE]

A and B were constants, corresponding to 1.56 x 10710 (AeVV~2)
and 6.83 x 103 (VeV—3/2um™1), respectively. ] is the current density,
® is the work function of emitter materials and assuming ® equals
4.7 eV for CusSi, and B is the field enhancement factor which can be
calculated from the slope of the FN plot [24]. After thermal
annealing at 700 °C and 800 °C, the 3 can be determined to be 2810
and 4637, respectively, from the FN plot. These values of annealed
samples were much higher than previous studies on different metal
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Fig. 2. Electron field emission properties of copper silicide nanowires on Cu substrate. (a) Is the emission current (J, mA/cm?) to applied electric field (E, V/um) curves of
as-prepared, annealed at 700 °C and 800 °C and (b) is the time dependent current density of as-prepared and annealed at 800 °C for 40 min.

silicide nanostructures. The different field emission performance of
CusSi nanowires of before and after thermal annealing may be due
to the structure re-crystalline between copper silicide and Cu foil.
The distribution of the electric charge in the polycrystalline copper
silicide nanostructure may impede the emission of current at the
grain boundary. After thermal annealing, larger grain size and
small-angle grain boundary will enhance the conductivity and
make the electrons more easily to be ejected from the copper sili-
cide nanostructure then result in the excellent field emission per-
formance. This result is the best emitting materials of metal silicide
nanostructure reported so far [8—16,24—26]. Comparisons of
different silicon-based nanomaterials in terms of turn-on field and
field enhancement factor,, are listed in Table 1. The turn-on field
and B in this work of copper silicide nanowires were also consid-
erably much better than or comparable to those of other silicon or
silicide nanomaterials.

In order to realize the microstructure evolution of copper sili-
cide nanowires, a two-step thermal annealing process by in-situ
heating TEM. First, copper silicide nanostructures were synthesized
in titanium reactor at low reaction temperature, 400 °C. The copper
silicide nanowires were polycrystalline structure, as shown in

Table 1
Comparisons of silicon and metal silicide nanomaterials in terms of turn-on field and
field enhancement factor.

Nanowires Turn-on Enhancement Ref.
field factor (B)
(V/um)

TiSi 8.0 501 8
TisSi3 5.4 816 9
CoSi 1.42 1000 10
CrSiy 3.6 1960 11
NiSiz 7.6 630 12
NiSi 3.0 2200 13
GdSiy 7 2.1 1222 14
Ni31Siq2 1.0 3190 15
TisSiy 1.47 1350 16
CusSi grown at 470 °C 1.16 1499 24

without annealed
Si 53 1965 25
TaSi; 4.0 1800 26
CusSi grown at 400 °C without annealed 1.20 1400 This

work

CusSi grown at 400 °C annealed at 0.66 2810 This

700 °C work
CusSi grown at 400 °C annealed at 0.40 4637 This

800 °C work

Fig. 3(a). As the thermal annealing temperature was raised to
500 °C, the re-crystallization happens and the construction of
copper silicide nanowires was changed, as shown in Fig. 3 (b). The
corresponding diffraction patterns (DP) of as-prepared and after
annealed at 700 °C are shown in the inset of Fig. 3 (a) and (b),
respectively. Electron diffraction ring pattern in Fig. 3 (a) means the
as-prepared copper silicide nanostructure was polycrystalline.
After annealing, the diffraction pattern from ring to line means the
microstructure transforms from polycrystalline to single crystalline
with twin and stacking fault structures. Diffraction patterns in the
inset of Fig. 3 (a) and (b) can be used to identify the product is
hexagonal n-CusSi unit cell. Fig. 3 (c) and (d) are the bright field and
dark field TEM images of the corresponding annealed copper sili-
cide, respectively. The dark field TEM image in Fig. 3 (d) was taken
from the diffraction line pattern to confirm the microstructure of
annealed copper silicide. The result indicated that the strip line
pattern were contributed from twin and stacking fault structures
after annealing. Also, as shown in the Fig. 3 (e) was the corre-
sponding atomic resolution TEM image of the twin and stacking
fault structures. Since the fast heating rate (50 °C/min) for in-situ
annealing TEM study, that the details of phase transformation of
CusSi NWs were not recorded. CusSi NWs were decomposed as
heating to 800 °C under high vacuum 1.0 x 10~ Torr.
Furthermore, in-situ annealing XRD also used to help to realize
the influence of annealing impact on CusSi NWs microstructure.
The in-situ annealing XRD data show that Cu—Si phase strongly
depends on the annealing temperature. As shown in Fig. 4, the XRD
patterns show that there were two strong peaks at 26 = 44.6° and
45.0° for the as-prepare samples (grown at 400 °C), those peaks
represent the existence of p-phase CusSi crystal structure [24].
Standard XRD patterns of Cu, CusSi Cuy5Sig and CuO are listed to
compare with the serial in situ annealing XRD data. Once the
thermal annealing temperature reach to 500 °C and 700 °C, the
strong diffraction peaks at 20 = 34.5, 43.7, 47.8 that contributed
from Cuy5Si4 (JCPD Card No. 76-1800) [27] were observed and peak
intensity at 20 = 44.6 and 45.0 that contributed from CusSi (JCPD
Card No. 51-0916) were decreased. These results indicate the cop-
per silicide, Cuy5Sig4, was formed at higher annealing temperature
(500 °C-700 °C). At an annealing temperature as high as 800 °C, the
Cuy5Sis peaks at 20 = 34.5°, 43.7°, 47.8° disappear, however, the
peak intensity of 20 = 44.6° increases. That means the n- CusSi was
the thermally stable phase and the sample was transformed from
Cuy5Si4 to n- CusSi and the crystal size might be increased to reduce
the grain boundary. It is believed that the excellent field emission
property of the annealed copper silicide nanowires is benefited as
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Fig. 3. In-situ annealing TEM images of (a) an as-prepared copper silicide nanowire that grown at 400 °C and (b) is after annealing process (from 30 °C to 700 °C then cooling to
30 °C). The corresponding selected area electron diffraction of (a) and (b) are shown in the inset. (c) Is the corresponding selected area high magnification bright field TEM image.
(d) Is the dark field and (e) is HRTEM images of the selected copper silicide nanowire. The scale bars in (c¢) and (d) are 20 nm.
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Fig. 4. In-situ annealing XRD results of copper silicide nanowires on Cu foil substrate,
including as-prepared that grown at 400 °C, 100 °C, 300 °C, 500 °C, 700 °C and 800 °C.
Standard XRD patterns of Cu, CusSi CuysSis and CuO are listed to compare with the
serial in-situ annealing XRD data.

high annealing temperature more than 500 °C to make the
composition changing. The results of in situ annealing XRD were
consisted with in situ annealing TEM study and help to understand
the phase transformation behavior during polycrystalline copper
silicide nanowires annealing.

4. Conclusions

Copper silicide nanowires were synthesized by thermal
decomposition of MPS in the presence of a low-cost, commercially
available material, Cu seed substrate at 400 °C in supercritical
benzene solution. The low turn-on field and high field

enhancement factor of CusSi nanowires were achieved through
annealing the low temperature grown polycrystalline CusSi nano-
wires. In situ annealing TEM and XRD analyses were used to char-
acterize the microstructure and phase transformation of the
annealed polycrystalline copper silicide nanowires.
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