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Well-aligned b-phase W~100! nanorods having square-base pyramidal apexes were grown on
oxidized Si~100! substrate using glancing angle deposition technique with substrate rotation. The
field emission characteristics of nanorods were measured using scanning tunneling microscope
~STM! tip as an extraction anode. A highly confined emission current of about 23mA was obtained
at a low extraction voltage of;260 V at;280 nm anode-cathode distance with,3% fluctuations
over;2 h. The Fowler–Nordheim plot of the field emission characteristics of nanorods is nonlinear
compared with the linear behavior from a conventional W film. The STM topography after the field
emission showed a type of nanolips structure grown over the pyramidal apex, which was suggested
to enhance and stabilize the emission current. ©2004 American Vacuum Society.
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I. INTRODUCTION

Cold field emitters have been the subject of intense
search because of their technological applications, for
ample, flat panel displays and vacuum electronics.1–4 For
conventional thermally annealed field emission~FE! tips,
several kilovolts are required to draw a useful amount
currents. For commercial applications, the field emitters m
have a low turn-on voltage, high emission current dens
and high stability over time. In the search of a better emit
the microfabrication techniques led to the development o
array of field emitter tips such as ‘‘Spindt cathode’’ with a
end radius of;20 nm and an anode was positioned;500
nm away from the tip.4 Due to the proximity of the anode
several microamperes of electron current could be extra
from these tips with a reduced extraction voltage of 2004

However, the fabrication of these sharp needle-type catho
requires lithographic and multistep processes. On the o
hand, the glancing angle deposition~GLAD! technique5–7 is
relatively straightforward and allows a single step fabricat
of nanorods and other desired geometry. This is a phys
vapor deposition in which flux arrives at a large oblique
cidence angle~.80°! from the substrate normal while th
substrate is rotating. This results in the formation of isola
nanorods by the self-shadowing mechanisms. Colgan
Brett7 studied the FE properties of GLAD columnar films
Si and C and compared them with conventional films of
same materials. They observed a reduction in the turn
voltage for the columnar films. The FEs from different nan
structures including carbon nanotube,8 a–W nanowires with
flat tops,9 AlN nanotube,10 and MoS2 nanoflowers11 were
reported to have relatively low turn-on voltages.

Most of the FE experiments have been conducted
emitters of unknown areas and on large numbers of emit
with some exception.12 For the future development of nano
electronics with anode-cathode separation of a few ten
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few hundreds of nanometers, knowledge of FE propertie
a small distance is required. Also, until now little attentio
has been paid toward the study of modifications in the m
phology of nanoemitter surface after the FE. There is a l
of experiments in the determination of current density lim
in nanofabricated FE arrays, which is critical not only to t
quantification of the maximum current density available b
also to examine the possible effects due to field-assisted
face diffusion during the operation. To study this, scann
tunneling microscopy~STM! is an ideal tool in determining
both the FE characteristics and the topography of an in
vidual nanostructured cathode. In this article, we use a n
lithographic GLAD technique to fabricateb-phase W nano-
rods having square-base pyramidal apexes and investig
FE behavior and surface modification after FE using ST
for their potential application as effective nanoemitters.

II. EXPERIMENT

Tungsten nanoemitters in the form of nanorods were
posited on the native oxide of polishedp-Si(100) ~resistivity
12–25V cm! substrates using a 99.95% pure W cathode i
dc planar magnetron sputtering chamber with a base pres
of 1.431026 Torr. The vapor flux arrived at an oblique in
cidence angleu from the substrate normal. The angleu has
been repetitively changed from large to smaller angles
obtain a layered structure in vertical direction: 85°~40 min!,
75° ~10 min!, and 60°~5 min! for the first layer and then
three layers of 88°~10 min!, 85° ~10 min!, 80° ~5 min!, 75°
~10 min!, and 60°~3 min!. The whole deposition proces
produced nanorods of 76265 nm thickness. The limited ada
tom mobility combined with the shadowing effects due to t
extremely oblique incidence with the substrate rotating at
Hz resulted in the formation of isolated W nanorods havin
pyramidal apex on each nanorod. The deposition rate in
the experiments lies within 7 to 10 nm/min. The sputteri
power used was 200 W at an Ar pressure of 1.5 mTorr. T
maximum temperature of the substrate during the deposi
was 80 °C. The W conventional film of 76162 nm thickness
il:
10484Õ22„3…Õ1048Õ4Õ$19.00 ©2004 American Vacuum Society
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1049 Singh et al. : Enhanced cold field emission from Š100‹ oriented b–W 1049
was grown at normal incidence without substrate rotat
under the similar sputter growth condition as that of na
rods.

III. RESULTS AND DISCUSSION

The scanning electron microscopy~SEM! images show-
ing the top and side views of W nanorods and a conventio
W film are illustrated in Fig. 1. The nanorods were observ
to have square-base pyramidal apexes@see Fig. 1~a!# with an
areal density of about 1013 rods/m2. All four sides of the
pyramid had sharp boundaries with 88611 nm side length.
The sides were inclined with respect to the square base b
angle of about 45° determined from the cross-sectional S
image in Fig. 1~b!. The conventional film surface was ob
served to be relatively flat as shown in the top view in F
1~c! and the side view in Fig. 1~d!. No pyramidal structure
was observed in this case, although the conventional
showed nanostructures on its surface. Formation of na
structures on a conventional W film has been repor
previously.13 The x-ray diffraction~XRD! spectrum of pyra-
midal W nanorods is shown in Fig. 2. The~200!, ~210!, and
~400! reflection planes show a simple cubicb-phase W with
^100& preferred orientation. Theb-phase is further supporte
by our ex situ reflection high-energy electron diffractio
~RHEED!, which shows a well-defined~200! texture. The
lattice constant we extracted from the RHEED pattern
b-phase of W was 0.5060.02 nm and is consistent with th
literature.14 Figure 3~a! shows a STM image of pyramida
nanorods surface obtained in a constant current mode us
Pt–Ir tip ~radius of curvature of about 10 nm! with a set
current of 1 nA and a bias voltage of 0.5 V applied to the
nanorods surface. On some nanorods if we highlight do
lines along dark boundaries we can see the boundaries d
intersect to one point. Instead an area that looks like pyra
dal apex geometry exists. Our x-ray spectrum shows a
ferred~100! orientation. The W~100! plane of pyramidal na-
norods is known to be thermodynamically unstable and

FIG. 1. SEM images showing the top~a! and side~b! views of pyramidal W
nanorods and the top~c! and side views~d! of a conventional W film.
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faceted into energetically favored lower surface energy~110!
planes.15 Based on the x-ray and STM images we sugg
that a W nanorod apex is bound by four~110! facets and with
a square base as shown in a schematic diagram in Fig.~b!.
Our x-ray photoemission spectroscopy spectrum shows
the surfaces of nanorods were oxidized in the atmosph
The oxidized~110! plane has high work functions~6.4 eV!
and were relatively nonemitting.15 The pyramidal geometry
provides a better angular confinement with out therm
build-up.16 This is in analogy to a three-facet structure o
served on W~111! substrate having a threefold symmetry b
Yu et al.17

The FE measurements on these pyramidal nanorods a
conventional film were performed in a vacuum chamber w
a pressure better than 131028 Torr. The procedure for ob-
taining the FE characteristics was as follows: First, the
norods surface was imaged by STM and the tip was cente
above the selected individual nanorod. Then, the tip w
withdrawn from the nanorod apex and the feedback was
connected so that current–voltage (I –V) curves can be ob-
tained at fixed separation of about 280 nm. The electr
connection from the W nanorods cathode to the STM
anode was made by a copper wire attached to the top sur
of W film and by-passed the metal/semiconductor diode t

FIG. 2. XRD spectrum of W nanorods showingb-phase structure witĥ100&
texture.

FIG. 3. ~a! STM image of pyramidal W nanorods. The facet boundaries o
pyramidal apex in~a! are guided by the dotted lines.~b! A schematic dia-
gram of a W nanorod showing the square-based pyramidal apex orient
the ^100& direction with~110! facets. Electric field lines are also depicted
the figure.
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minimizes the voltage drop across the interface. The volt
was increased up to a burn-out voltage value until the em
sion current drops to zero due to the emitter-tip failure.1 Af-
ter FE measurements, the feedback was connected agai
the tip was brought back into the tunneling range for m
suring morphology changes occurred in the emitting surf
of nanorods. The plots of typical electron emission curr
(I ) versus applied dc voltage (V) characteristics measure
by STM for a W nanorod having a pyramidal apex~open
trianglesn! and conventional W film~open circless! are
shown in Fig. 4. The turn-on voltage was observed to
crease from;510 V for the conventional film surface t
;145 V for the pyramidal apex geometry. A higher emissi
current of;23 mA at the burn-out voltage of;260 V was
obtained for a pyramidal nanorod which was stable wit
60.5 mA for an observation time over;2 h. The conven-
tional film gives the maximum emission current of;0.7 mA
having,5% fluctuations at the burn-out voltage of;720 V.

In a standard one-dimensional Fowler–Nordheim~F-N!
theory using planar electrodes configuration the emiss

FIG. 4. Field emissionI –V characteristics obtained from pyramidal apex
nanorods~n! and the surface of a conventional W film~s! at the anode-
cathode separation of;280 nm. In the inset, F-N plots for pyramidal ape
W nanorods~n! and conventional W film~s! are shown. The conventiona
film surface shows a linear FE behavior while the pyramidal W nano
shows a nonlinear FE behavior.
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current I ~A! is a function of the work functionf ~eV!,
extraction voltageV ~volts!, field enhancement factorg
(cm21), and emission areaA (cm2) and is given byI
5aV2 exp@2b/V#, where a51.5431026Ag2(f)21 and b
56.833107(f)3/2(g)21.18 A plot of experimental ln(I/V2)
versus 1/V is thus expected to yield a straight line with th
intercept and slope to be ln(a) and2b, respectively. Theg is
a proportionality factor between the applied voltageV and
the electric fieldE (5gV) at the cathode apex. Theg can be
split into componentsg5g/d, in order to separate the geo
metric enhancement factorg from the cathode-anode separ
tion d. For nanorods,g deviates from 1~for a flat surface!
because of the compression of the equipotential surfa
around a protrusion on the cathode that leads to the m
mum electric field being at the apex. The F-N plots for p
ramidal nanorods and the conventional film are given as
inset in Fig. 4. The curve from the conventional film surfa
exhibits a straight-line behavior, whereas the F-N curve fo
pyramidal W nanorod is nonlinear. The nonlinear behavior
the F-N curve from the pyramidal nanorod pointed out t
failure of F-N theory19 for very sharp tips, which was exper
mentally observed by previous researchers.5 By using the
bulk W work function of 4.5 eV, the FE properties of th
conventional film and nanorod were calculated.20 The values
of g calculated from the above equation were 1.89 and 4
for a conventional film and a nanorod, respectively. T
emission areas determined from the F-N equation for a fi
and a nanorod were 0.03 and 27.67mm2, respectively. The
large emission area in the case of nanorods may sugges
emission occurred from a few nanorods when an anode
was positioned 280 nm above the surface during FE. Thi
because the field from the tip at 280 nm height can re
several nanorods compared with one nanorod if the tip
positioned much closer to the surface. This was confirmed
the STM topography of pyramidal nanorods after obtain
FE curves at the cathode-anode separation of about 280
and is shown in Fig. 5. The facet boundaries on the pyram
were washed out after the FE@see Fig. 5~a!# and nanolips
structures shaped like the lips of an open mouse on the
ramidal apexes were observed. A high resolution STM ima
of a nanolip structure is shown as the inset in Fig. 5~b!. The
nanolip has a width of about 50 nm with ridges having
radius of curvature of;5 nm. A height profile of a nanolip

d

-

c-
FIG. 5. STM surface morphology of pyramidal W na
norods after the field emission.~a! The formation of
nanolips on the nanorod apexes is visible.~b! A line
profile along the dashed line through the nanolips stru
ture shown as an inset in~b!.
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1051 Singh et al. : Enhanced cold field emission from Š100‹ oriented b–W 1051
obtained from the dotted line that cuts across the center
nanolip @inset of Fig. 5~b! is shown in Fig. 5~b!#.

The formation of nanolips structures over the nanoro
apexes is due to the field-assisted surface diffusion un
high electric field (;107 V/cm) during the FE process. Th
millisecond time scale associated with the formation o
sharp W tip through a field assisted surface diffusion is m
shorter than our data acquisition time~;5 s per data point!.
The role of field-assisted surface diffusion over the lo
index crystal planes to minimize the surface free energy
W field emitter tip has been noticed previously.1,21 The
asymmetrical orientation of the pyramidal nanorods with
spect to the anode tip produces deformation of the nano
shape from circular to elliptical.

We were not equipped to measure the temperature
emitting nanorods during FE. Both ohmic heating and
Nottingham effect22 could change the tip temperature fro
the ambient. In our case, all the W nanorods are connecte
each other through the Si substrate that has sufficient the
conductivity. Therefore, the local rise of the temperature n
W melting point is probably unlikely.

Rinzler et al.8 reported that the FE emission from an i
dividual carbon nanotube was dramatically enhanced w
the tube end was opened by the laser evaporation or ox
tion etching. Apart from carbon nanotubes other nanostr
tures such as AlN nanotubes10 and MoS2 nanoflowers11 were
shown to have excellent emission properties when their e
were opened. Similarly, we suggest that the open edge
the nanolips created on the pyramidal W nanorods ape
give better FE performance in terms of high emission curr
and stability. Another possibility is the field-induced evap
ration of oxide layer from the W nanorod apex and a fre
tungsten surface was exposed. This can increase the FE
cause the work function of clean tungsten surface is lo
than that of oxidized tungsten surface.15

IV. CONCLUSION

In summary, we have fabricated square-base pyramida
nanorods using a GLAD technique and characterized t
FE using a STM tip as an extraction anode. A higher em
JVST B - Microelectronics and Nanometer Structures
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sion current was observed from the pyramidalb–W nano-
rods compared to the conventional W film. The nanol
structure formed on the nanorod apex during FE gives
hancement and stability in the maximum emission curren
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