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Field Emission and Magnetic Properties of Free-Standing Gd
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The well-aligned gadolinium silicide 共GdSi1.7兲 nanowire arrays were prepared by reacting ultrahigh vacuum deposited Gd with
silicon nanowire arrays. The diameter of nanowires is 100 nm in average and lengths, thereof, were about several micrometers.
Field emission measurement showed that the turn-on field of gadolinium silicide nanowires is as low as 0.75 V/m at a current
density of 10 A/cm2. The current density of 1 mA/cm2 can be reached at an applied field of 2.1 V/m. The field enhancement
factor was determined to be 1222. Furthermore, the arrayed nanowires exhibit the ferromagnetic property at room temperature,
which is attributed to magnetically uncompensated Gd atoms.
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Because the discovery of a number of superior physical properties for carbon nanotubes,1 one dimensional 共1-D兲 nanomaterials
have drawn much attention for their potential applications.2-4 In particular, metal silicide nanowires 共NWs兲 have attracted much interest
for use in the future electronic and magnetic devices.5,6 Many silicides possess advantages such as low resistivity, good thermal stability, and low contact resistance with Si, which are promising candidates for improving the device performance and for the
applications in optical communications, infrared detection, and
displays.7-9
The rare-earth metal silicides have been widely studied for several decades due to its extremely low Schottky barrier height
共0.3 eV兲10,11 on n-type silicon. As a result, rare-earth silicides form
nearly Ohmic contact with silicon and have great potential as contacts and interconnections. A number of rare-earth silicides were
reported in the forms of thin film and nanostructures. In particular,
self-assembled rare-earth silicide NWs are easily obtained with high
aspect ratio due to their unique lattice mismatch with Si.12,13 One of
the rare-earth silicides, gadolinium 共Gd兲 silicide, has been reported
to grow in the form of stable epitaxial thin film on silicon.14,15
Excellent electrical properties and unique magnetic characteristics
were disclosed.16,17 On the other hand, the metal silicide film and
molybdenum Spindt-type arrays have great field emission
properties,18-20 which were attributed to the low work function, high
conductivity, and good thermal stability. Recently, metal silicide
nanostructures exhibit superior field emission property due to the
mechanical stability, large aspect ratio, and unique surface effect.
This excellent property makes metal silicide nanostructures possess
potential as field emitters.21-25
Furthermore, the magnetic properties of non-ferromagnetic materials in nano form have attracted a great deal of interests due to
their distinct characteristics from the bulk materials. For example,
ferromagnetism was observed in NiO nanoparticles 共NPs兲 and
in Co3O4 nanowires, both possessed antiferromagnetic properties in
bulk.26,27 Due to the large surface-to-volume ratio and the enormous
number of uncompensated surface atoms, the magnetic properties
were changed considerably in these NPs and NWs. In a previous
study, thin films and bulk GdSi1.7 were found to exhibit antiferromagnetic property with TN = 40–55 K 共Ref. 28兲 but Gd has ferromagnetism with TC = 293 K. The magnetic properties of the arrayed
nanowires were also discussed in this paper.
In anticipation of the properties of Ohmic contact on Si and

favorable electron transport, the freestanding gadolinium silicides
nanowires were grown by reacting ultrahigh vacuum 共UHV兲 deposited Gd film deposited on silicon nanowire arrays. The gadolinium
silicide nanowires exhibit superior properties of low turn-on field,
high emission current density, and compatibility to microelectronic
process. Moreover, ferromagnetic properties are observed at room
temperature.
Experimental
The silicon nanowire arrays were prepared by electroless metal
deposition and etching. The Si wafers were rinsed with acetone and
ethanol in an ultrasonic bath for 15 min each consecutively. After
rinsing with de-ionized water for several times, the Si wafers were
dipped in a dilute HF solution for 1 min, followed by the final rinse
in de-ionized water. The Si wafers were dispersed with 20 mM
AgNO3 solution and heated at 55°C for 20–60 min to undergo the
etching process. The composition of etching solution is 0.07 g
AgNO3, 2 mL HF and 10 mL H2O. At the end of etching, the silver
particles were removed with dilute HNO3 solution.29,30
After silicon nanowire arrays were obtained, the samples were
introduced into a UHV chamber with a base pressure below 3
⫻ 10−11 mbar, followed by degassing at ⬃700°C for at least 12 h.
Gd 共99.99% purity兲 evaporation was performed with a welloutgassed electron-beam evaporator at room temperature. The deposition rate was as low as 2 nm/min in a vacuum better than 1
⫻ 10−9 mbar during the evaporation. The thickness of Gd layer
ranged from 100 to 400 nm. Then the samples were annealed at
450–700°C by direct heating and the annealing time was from
2 to 6 h.
The synthesized samples were investigated with a JEOL 6500F
field-emission scanning electron microscope 共FESEM兲 and a JEM3000F field-emission transmission electron microscope 共FETEM兲
for morphology examination and phase identification. The X-ray
diffraction 共XRD兲 spectrum was obtained by MAC MXP-18 共40 kV,
200 mA, CuKa radiation兲. The wavelength is 1.54056 nm. The
chemical compositions of nanowires were determined with an energy dispersive spectrometer 共EDS兲 attached to the JEM-3000F
TEM. The field emission properties of GdSi1.7 nanowires were obtained in a KEITHLY model 237 system with the geometry of the
parallel plates with a spacing of 200 m at a pressure of 3
⫻ 10−6 Torr. The magnetic properties of GdSi1.7 NWs were determined using a superconducting quantum interference device
共SQUID兲 magnetometer.
Results and Discussion
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A high density array of silicon nanowires was obtained by electroless etching. According to the energy-dispersive X-ray analysis
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Figure 1. 共Color online兲 共a兲 The FESEM
image of arrayed GdSi1.7 nanowires. Inset
is the high-magnification SEM image. 共b兲
The XRD spectrum of GdSi1.7 nanowires.

共EDX兲 spectrum performed on whole sample, the Ag particles, the
catalysts in electroless etching, were completely removed. Figure 1a
shows the SEM image of nanowires annealed at 600°C for 6 h of
Gd deposited nanowires. The morphology of nanowires hardly
shows difference after deposition. The diameter and length of nano-

Figure 2. 共Color online兲 共a兲 TEM image of a GdSi1.7 nanowire after 6 h
annealing, 共b兲 diffraction pattern of the polycrystalline GdSi1.7 nanowires,
and 共c兲 The high resolution image shows many fine grains and inset shows
the spacing consistent with GdSi1.7.

wires are 100 nm in average and up to 5 m, respectively. The
X-ray diffraction spectrum peaks can all be ascribed exactly to hexagonal GdSi1.7, Gd and Si, as shown in Fig. 1b.
The TEM image of a nanowire after 6 h of annealing is shown in
Fig. 2a. The nanowire is about 90 nm in diameter. Figure 2b is a
selected area electron diffraction 共SAED兲 pattern revealing that the
hexagonal phase GdSi1.7 is polycrystalline. The high resolution image, shown in Fig. 2c, discloses the lattice spacings consistent with
those of hexagonal GdSi1.7 phase. In addition, Fig. 2c shows clearly
the fine grains in the polycrystalline GdSi1.7 nanowires. The grains
are 3 nm in average size. From the mapping and EDS spectrum,
shown in Fig. 3, both Si and Gd were detected and dispersed uniformly in the body but Gd formed segregation at the top of the
nanowire. The ratio of Si and Gd in the body of nanowires are close
to 1.7, so that the composition also verifies the phase of GdSi1.7, the
defective Gd disilicide. Furthermore, the ratio of the composition is
the same for tens of nanowires analyzed.
The growth of freestanding GdSi1.7 nanowires was difficult because rare-earth elements are known to be easily oxidized. Due to
the high reactivity with oxygen, the formation of rare-earth silicides
requires either ultra high vacuum or protective capping layer to prevent them from oxidation.31 Only under UHV deposition and annealing to react the Gd film with Si nanowires, freestanding Gd
nanowires were formed. A further advantage in using well-aligned
Si nanowires as the templates is that the dimensions of nanowires
could be facilely controlled by the electroless etching process.
The field emission properties were measured in parallel plate
geometry with a spacing of 200 m at a pressure of 3
⫻ 10−6 Torr. The contact area was 0.09 cm2. The emission current
was recorded as the applying voltage increasing with a step of 5 V
at a time. The current density as a function of the applied field of the
GdSi1.7 nanowires after 6 h of annealing is shown in Fig. 4. The
turn-on field of the nanowires was found to be 0.75 V/m with the
current density reaching 10 A/cm2. The field emission current
density is as high as 1 mA/cm2 at an electric field of 2.1 V/m. The

Figure 3. 共Color online兲 共a兲 The images
of elemental mapping of Gd and Si. 共b兲
The TEM/EDS spectrum.

Downloaded on 2013-04-02 to IP 128.97.89.222 address. Redistribution subject to ECS license or copyright; see ecsdl.org/site/terms_use

K66

Journal of The Electrochemical Society, 158 共3兲 K64-K68 共2011兲

Figure 4. 共Color online兲 J-E curve of field emission characteristic of the
GdSi1.7 nanowires after 6 h of annealing. The inset is the FN plot of the
emission of nanowires.

ln共J/E2兲 − 1/E plot in the inset of Fig. 4 shows a straight line, which
indicates that it follows Fowler–Nordheim 共FN兲 behavior. The
Fowler–Nordheim equation is
J = 共A␤2E2 /⌽兲exp共− B⌽3/2 /␤E兲

关1兴

where J is the current density, E is the applied electric field, ⌽ is the
work function of the emission material, and ␤ is the field enhancement factor. A and B are constants, corresponding to 1.56
⫻ 10−10 共A V−2 eV兲 and 6.83 ⫻ 103 共V eV−3/2 m−1兲, respectively. The emission properties were dominated by the emission material and the field enhancement factor. The work function is an
intrinsic property of material. The field enhancement factor was generally determined by the crystal structure, surface morphology, and
effective emission sites. The work functions of three stoichiometric
types of silicides were reported to be 3.05, 3.7, and 4.1 eV for Gdrich silicide, monosilicide, and Si-rich silicide, respectively.32,33 Uti-

lizing the FN equation and applying the work function of Si-rich
silicide 共⌽ = 4.1 eV兲, the field enhancement factor ␤ was calculated
to be 1222. The ␤ value is higher than thin film structure of gadolinium silicides20 and comparable to many other 1-D nanowires of
interest, such as TiSi2 共␤ = 500兲, NiSi2 共␤ = 630兲, Ti5Si3 共␤
= 816兲, Si 共␤ = 1000兲, and TaSi2 共␤ = 1200–1800兲.21-25 The low
turn-on field also compares favorably with other nanostructures,
such as Si nanocone 共16.5 V/m兲.24 Ni2Si nanowires 共3.4 V/m兲,9
TaSi2 nanowires 共5.3 V/m兲,25 and CoSi 共1.42 V/m兲.34 Furthermore, these field emission characteristics are significantly superior
than those of silicon nanowires.35,36 In addition, the current density
was high and stable even over the threshold field. The excellent field
emission properties are attributed to the low Schottky barrier height
with silicon substrates. This characteristic enhanced the electrons
transporting from the silicon substrates to the silicide nanowire surfaces and improved the field emission performance.
The stability of field emission was also apparent in repeated measurements as shown in Fig. 5a. The field emission characteristics are
reversible and reproducible. In addition, all the measurements were
checked with the leakage current. The leakage current was measured
by reversing the electrodes. However, there was no observable current obtained even at the highest applied field. The GdSi1.7 nanowires can be concluded to have the excellent field emission characteristics.
The superb field emission characteristics of high current density
are attributed to low work function of GdSi1.7 as well as minimal
screening effect.37 The work function of GdSi1.7 is lower than other
silicides, such as NiSi2 共4.7 eV兲7 and TiSi2 共4.6 eV兲.21 On the other
hand, the top-view SEM of GdSi1.7 nanowires is shown in the inset
of Fig. 1a. The nanowires form bundles and the inter-distance ranges
from 400 nm to 1.5 m. Because the length of metal silicide part is
around 600 nm observed in the TEM images, the interwire distance
and the length of silicide part match the ratio by 1–2 to alleviate the
screening effect.38 The screening effect arose from dense emission
sites, which caused the local electric field to be compensated by
interference abruptly. In the present work, the density of nanowires
was selected to alleviate screening effect resulting in very high current density.

Figure 5. 共Color online兲 共a兲 J-E curves
obtained from three consecutive measurements. 共b兲 The stress test under fixed electric field of 2.1 V/m over 15 h. 共c兲 A
similar stress test under fixed electric field
of 2.3 V/m. 共d兲 Field emission image
from the GdSi1.7 nanowires.
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Figure 6. 共Color online兲 共a兲 The roomtemperature SQUID hysteresis loops of arrayed nanowires, 共b兲 ZFC and FC magnetization curves as a function of
temperature.

The high current density and low turn-on voltage are advantageous for the various applications, such as cold cathode emitter and
flat plate display. For these applications, the stability test is necessary to ensure the operation of the product. As a result, the stress
tests were carried out under a fixed applied field for a long period of
time and the variations of current were recorded with elapsed time.
The stress tests shown in Figs. 5b and 5c were constructed under
applied fields of 2.1 and 2.3 V/m, which led to the average current
densities of 1.37 and 2.86 mA/cm2, respectively. It was found that
the current density under the applied field of 2.1 V/m was barely
degraded over 15 h measurements. On the other hand, the current
density under the applied field of 2.3 V/m was degraded for about
15% within 1 h measurement. The higher applied field induces
higher current density and inflicts more severe damages on the nanowires. It was worth noting that at the beginning of the stress test, the
current density was increased to 3 mA/cm2. The phenomenon may
be ascribed to desorption of atoms on the nanowires under the high
electric field. In the present work, the GdSi1.7 nanowires were
proved to be stable for several hours with current density of
1 mA/cm2, which is higher than the operation current density of flat
panel display. Moreover, the current densities were essentially constant with several on/off circles. These characteristics could be beneficial for the applications in display or for other emitting devices.
In order to demonstrate the practical applicability of the GdSi1.7
nanowires as field emitters, a simple field emission device was constructed. The upper anode was replaced by indium-tin oxide 共ITO兲
coated with phosphor thin film. The composition of phosphor is
Y2O2S:Tb. The whole device was also in a parallel plate geometry
with a spacing of 200 m and the contact area was 0.5 cm2. Although the applied field was over the threshold field 共2.1 V/m兲,
the device was lightened up brightly and uniformly as shown in Fig.
5d. The strong and uniform emission of GdSi1.7 nanowire array is
critically important for practical applications as field emitters.
Figure 6a shows two room-temperature SQUID hysteresis loops
of the arrayed NWs when the external magnetic fields were applied
parallel and perpendicular to the NWs. These two hysteresis loops
indicated that the NWs possess ferromagnetism at room temperature
and demonstrate the distinct anisotropic magnetic property. For the
applied magnetic field parallel to the NWs, the hysteresis loop exhibits a hard magnetization axis with the coercive field of 180 Oe
and high remanence. On the other hand, for the applied magnetic
field perpendicular to the NWs the hysteresis loop shows an easy
magnetization axis with the coercive field of 29 Oe and low remanence. In bulk materials, the same magnetic properties should be
obtained whether the applied field was perpendicular or parallel to
the substrate. The anisotropic magnetic characteristics for the arrayed NWs were similar to the various NWs disclosed in other
works.39,40 It was normally attributed to the non-identical magnetic
coupling due to the anisotropic aspect ratio of the NWs.
GdSi1.7 is an antiferromagnetic material in bulk with TN
= 40–55 K. Similar behavior was also observed in various antiferromagnetic or diamagnetic NPs or NWs.27,41,42 Different models
have been proposed to explain ferromagnetic property in nanoform,

such as uncompensated spins on two sublattices and reduced coordination of the surface spins. However, the Curie temperature of Gd
is 293 K disclosed in several literatures, Gd segregations are believed to contribute the magnetization at room temperature 共300 K兲.
The nano-scaled Gd clusters might provide uncompensated spins
and contribute the magnetization beyond the TC of Gd. Moreover,
strain or structural defects in crystal might also induce
ferromagnetism.26,27 The magnetic property is therefore likely to be
due to the reduced coordination of the Gd atoms in the NWs, in
which surface spins are not fully compensated.
The zero-field-cooled 共ZFC兲 and field-cooled 共FC兲 magnetization
in an applied magnetic field of 100 Oe curves were obtained as a
function of temperature, as shown in Fig. 6b. The difference of ZFC
and FC measurements is possible by applying magnetic field during
the cooling process. The FC curve exhibits higher magnetization
than ZFC curve at low temperature. This should be attributed to the
extra spin order caused by the applied field. However, the spins
disorder severely due to the thermal agitation at high temperature
and the FC curve shows the same magnetization with ZFC curve.
Moreover, the M-T curves showed room-temperature ferromagnetism characteristics as well.
Conclusions
In summary, freestanding GdSi1.7 nanowires were prepared by
reacting UHV deposited Gd film on silicon nanowire arrays. With
the proper deposition rate and annealing time, the uniform polycrystalline GdSi1.7 nanowires were obtained. The field emission measurements showed that the turn-on field of GdSi1.7 nanowires is as
low as 0.75 V/m at a current density of 10 A/cm2. The current
density of 1 mA/cm2 can be reached at an applied field of
2.08 V/m and the field enhancement factor reached 1222. The
stability test of emission current density exhibited essentially no
degradation at 1.37 mA/cm2 over 15 h. The growth of GdSi1.7 nanowires was made possible by combining the deposition of Gd on
aligned and properly spaced Si nanowires and annealing in UHV.
The low turn-on field and high current density are attributed to low
work function of GdSi1.7 and minimal screening effect of the nanowire arrays. The GdSi1.7 nanowires with superb field emission characteristics are potentially useful as field emitters and cold cathodes
applicable in flat panel displays. For the magnetic properties, the
arrayed nanowires showed distinct behaviors compared to the bulk
material. The room-temperature ferromagnetism is attributed to the
uncompensated Gd atoms. The anisotropic magnetic properties were
observed by changing the direction of the applied magnetic field.
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