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SPUTTER DEPOSITION OF NANOCONES FOR FIELD EMISSION

Alan F. Jankowski and Jeffrey P. Hayes

University of California - Lawrence Livermore National Laboratory

P.0. Box 808, Livermore, CA 94550

ABSTRACT

Deposition into micron-sized holes is known to produce cone shapes as supported

on substrates. Potential uses for the cones include field-forming devices as field ionizers

and field emission cathodes. The application of such devices include flat panel displays

and flash x-ray tubes. Process iterations to closely space arrays of sharp cones have been

extensively documented during the past two decades using the physical vapor deposition

method of evaporation. Sputter deposition is well known as a method to fill holes and

trenches but has only recently been demonstrated as an alternative method to produce

field emission cathodes. In a further reduction in size, we have been successful in

demonstrating the ability to deposit a cone shape into a cavity with a 300nm diameter

hole. Through comparison to the results of electron-beam evaporative deposition, a

sputter deposited nanocone appears to be suitable for use as a field emission cathode.

INTRODUCTION

The need for electron sources to use in vacuum microelectronics is met with the

development of cathodes that have characteristics of cold emission, low voltage

operation, high current density and microscopic size. Conventional vacuum processing

of the metallization steps used in microelectronic devices have focused on evaporation

techniques to produce the size and shape required for efficient cathodes. A typical field

emission device consists of a thin-film layered structure. An insulating layer is formed

between two conductors. Holes in the the top conducting film allow for etching into the

insulating layer to create a cavity. Exposure to a vapor flux then produces a deposited

structure with its base in contact with the bottom conducting layer. The objective to fill a

micron-sized hole with a metal vapor to form the cone-shaped cathode are traditionally

met with the use of evaporation as produced with an electron beam. 1*2 The line-of-sight

requirement for the vapor flux places constraint on the use of conventional sputter



deposition into micron gated holes. Most sputter deposition sources produce a vapor

plume which is not line-of-sight but divergent beyond the mean-free path of the sputtered

neutral. The desire to decrease the micron-sized hole to achieve a greater packing density

of emitters in an arrayed pattern wasrecently accomplished in a reduction to a 320nm tip-

to-tip spacing of emitters. 3 Certainly, the use of sub-micron spacing does not decreases

the difficulties encountered for vapor deposition through small diameter gates and

subsequent formation of a suitable submicron-sized, cathode shape.

EXPERIMENTS AND RESULTS

The basic features of a field emission device are: (i) a conductive substrate -- for

example, Si with a metallization layer; (ii) an insulator -- for example, a 20.2pm thick

SiOz layer; (iii) the gate (anode) -- for example, a O.l-O.3ym thick refractory metal layer

with a cavity opening diameter of S1 ~rn, and (iv) the cathode -- for example, a cone-

shaped refractory metal as Mo.

The present approach is based on provision for line-of-sight sputter deposition of

the cone-shaped cathodes through small diameter holes. A collimator is designed and

used to control the divergence of the vapor flux from the planar magnetron sources.’$~ A

direct comparison of images can be made between the cathodes deposited using electron

beam evaporation (Fig. 1) and planar magnetron sputter deposition (Fig. 2). The aspect

ratio of each cone is similar to the intent of positioning the cathode tip within the gate.

Whereas the nanocone deposited using evaporation has a fibrous structure produced at an

elevated temperature >250 “C, the sputter deposited nanocone has a dense fine-grained

structure produced at a <50 ‘C substrate temperature. The difference in grain structure is

not reflected in the smaller tip radius for the evaporated nanocone which may offer an

advantage for emission performance at low voltage. Whereas moderate substrate heating

is required for adhesion of the evaporated nanocone, the sputtered nanocone is adherent at

room temperature.

Emission from the sputter deposited cones has been measured (Fig. 3) confirming

that the cathodes function, although not yet optimally. With suitable approximations, the

Fowler-Nordheim analysis of the i-V behavior is used to determine the cathode emission

area (0$ 2~6YTFor field emission, the ln(i/V2) vs (I/V) plot yields a straight line with

slope (-b) and intercept (a) that are used to compute an effective area (et) equivalent to

7.64abz (nm2). A nanometric-scaled a is reported for micron-size, cone-shaped cathodes

fabricated by evaporation.2 Elsewhere, significantly larger values of u (101-102 nmz) are
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reported for micron-size, cone-shaped cathodes fabricated by collimated, hollow~thode

sputter deposition. 5 The leveling of current with voltage (in the 45-55 V region of Fig. 3)

correlates to a disruption in field emission from the sputter deposited cathodes. The

effect is indicated by an offset in the curve of the Fowler-Nordheim plot (Fig. 4) which

yields parallel-line segments at low and higher voltage. The area et per Sputtered

nanocone is <10- I nmz which suggests only a few percent of the cathodes emit and not

yet efficiently at this point in time.

Several features that facilitate cathode synthesis can be incorporated into a sputter

depositon process.4 (1) The parting-layer deposition can proceed using an inert or

reactive gas at variable angles of grazing incidence from the substrate plane. The parting

layer serves to protect the insulator cavity walls and allows for easy removal of the

residual metallization after the cathode formation step from the top surface of the gate

metal. (2) The use of multiple parting-layer sources will facilitate uniform closure of the

gate hole producing a sphericril symmetry to the forming cone whereas one parting-layer

source can often produce an elliptically shaped cone which maybe undesirable. (3) A

variable source-to-substrate separation can be featured in the collimated and rate-

controlled cathode deposition. (4) The use of a collimated vapor flux provides for “line-

of-sight” deposition wherein the collimator design corresponds specifically with the type

of sputter source (for example, hollow cathode versus planar), the source-to-substrate

geometry including collimator position, and the additional required shielding. (5) The

optional use of multiple deposition sources accompanied with substrate motion.

SUMMARY

We have demonstrated the ability to deposit a cone shape into a cavity with a

300nm diameter hole. With comparison to cathodes formed by electron-beam

evaporation, a sputter-deposited nanocone shows field emission at 25 V and appears to

offer promise for use in devices as flat panel displays or flash x-ray tubes. Sputter

deposition offers a greater range of process conditions with which to produce field

emission cathodes. The use of a lower substrate temperature offers process advantages

for handling and scaling as well as easing adhesion concerns. Sputtering can be

accomplished with an inert gas as argon or using reactive gases. A wide range of target

materials are accessible, consisting of different elemental metals, as Ni, Mo, Ti, W, etc.

or metal alloys as well as metal-nitrides, 7 metal-carbides, * etc. Further in-situ, post-

deposition processing can be advantageous to extend the service life of the cathode. For
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example, the surface can be conditioned using plasma immersion wherein a bias voltage

applied to the cathode implants gaseous elements as ionized nitrogen. The sputtering

process appears promising as an alternative to electron beam evaporation of metal layers

as required for the formation of the cone-shaped cathode.
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FIGURE CAPTIONS

Fig. 1. A cross-section view of a Mo nanocone deposited by electron beam evaporation.

Fig. 2. A cross-section view of a Mo nanocone deposited by sputter deposition.

Fig. 3 The current (i) - voltage (V) emission output from a sputter-deposited Mo

nanocone.

Fig. 4 The Fowler-Nordheim plot of field emission from the sputter-deposited Mo

nanocone.
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