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Abstract

Neutralisers are required to prevent spacecraft charging from satellite ion propulsion. This paper discusses the development of a gated silicon tip field emitter neutraliser, specified to deliver 6mA, with each tip emitting a mean current of 7nA. It is important to investigate factors affecting the lifetime of field emitter arrays for a space application, as longevity and reliability are both critical requirements. Semi-automated procedures to prepare 400 arrays, each consisting of 765 field emitters, for life tests are described with failure conditions strictly defined by mission constraints. Results of 25 life tests on 72 arrays driven to failure at constant emission current are summarised, and a case study of one test is presented. Two of the three failure mechanisms identified are consistent with thermal failure and damage by ion bombardment. Reduced field enhancement from tip erosion caused by ion bombardment is a common explanation for field emitter failure. However, scanning electron microscope examination of tip apex diameters showed no significant relationship between array failure and apex geometry. The third failure mechanism was associated with short-lived arrays and may be caused by manufacturing defects. Substantial intrinsic variability was observed in the arrays tested, even with the rigorous production standards required for space applications. Arrays without manufacturing defects had lifetimes of thousands of hours.

1 Introduction

The application of field emission in space has previously been limited to the use of semiconductor field emitters (FE) as an electron impact ion source for a miniaturised mass spectrometer (Kent et al, 2000a, 2000b), recently launched on the ROSETTA mission. Field emission is the quantum mechanical tunnelling of electrons out of a semiconductor or metal under the action of a high electric field. This can produce very high current densities from a small device, making the technology ideal for further development for space (Huq et al, 2001). This paper discusses the development and testing of a silicon FE neutraliser for satellite propulsion.

Neutralisers are required to reduce spacecraft charging, which occurs as an undesirable aspect of the production of positive ions for propulsion (Tajmar, 2003; Aplin and Tarakanov, 2004). Spacecraft charging reduces propulsion efficiency and increases the likelihood of arcing, but can be prevented if an equal current of electrons is emitted simultaneously with the ions. Silicon FE arrays have been chosen for this application as they combine low mass and volume with very low power requirements. As one of the principal advantages of electric propulsion is highly efficient fuel utilisation and thus long duration operation, a key requirement for all components of an ion propulsion system operating in space is longevity, which motivated study of factors influencing the lifetime of silicon tip FE arrays.

Fields of ~1010 Vm-1 are required for field emission of electrons from silicon tips (Brodie and Spindt, 1992). A pointed shape, to enhance electric field strength and electron emission, was therefore an early feature of FE structures (e.g. Spindt et al, 1976). Whilst other forms of field emitter are now available (e.g. Lim et al, 1999) the classical tip structure remains the best suited to use in space where power supplies are limited, and the certainty of the manufacturing chain is crucial. Many new FE materials have recently been described, and very high current densities have been achieved with carbon nanotubes (e.g. Tzeng et al, 2003). This paper is concerned only with the more mature microfabricated gated silicon devices. These are made at the Rutherford Appleton Laboratory (RAL) Central Microstructure Facility, with the basic field emitter structure shown in Figure 1.

The neutraliser is specified to deliver a current equalling the ion thruster current of 6mA. As silicon FE arrays typically deliver a few nanoamps per tip, this dictates that manufacture of ~105-106 tips will be required for the final device. An understanding of the factors controlling the lifetime of silicon tip arrays is crucial for development of satellite ion propulsion, which needs appropriate neutralisation over the entire journey of the satellite. Consequently a comprehensive evaluation programme has been developed to investigate the FE devices, their lifetime and postulated failure mechanisms, and its results are presented in this paper. The silicon tips and test apparatus are described in Section 3 after a brief theoretical introduction (Section 2). Section 4 gives an overview of the results, and existing work on FE failure is discussed in Section 5. The RAL test programme results are then analysed in Section 6. The results presented should also be applicable to development of other long-lasting devices using multiple field emitter arrays (FEAs) such as FE displays.

2 Field emission theory 

The Fowler-Nordheim equation can be used to describe the extraction of electrons from the interior of a metal or semiconductor by field emission (Brodie and Spindt, 1992). The generalised Fowler-Nordheim equation relates the field emission current density, J (Acm-2), to the local electric field, E (Vcm-1), normal to the emitting surface, and to the work function, (, of the emitting material, at zero temperature:
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	Eq 1


where A and B are constants and t(y) and v(y) are parameterisations for Fowler-Nordheim field emission functions (Brodie and Spindt, 1992). 

To analyse measurements of emission current I and extraction voltage V, Eq 1 can be rearranged to

	
	
[image: image2.wmf]÷

÷

ø

ö

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

-

=

-

2

/

1

7

2

/

3

2

2

10

44

.

1

exp

95

.

0

exp

1

.

1

f

b

f

f

ab

B

x

V

B

A

V

I

,
	Eq 2


where  is the emitting area (in cm2) and  is a geometric field enhancement function. Eq 2 relates the current output I of a FE to the voltage used to extract electrons V, and can be further simplified to 
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	Eq 3


where the constants SV and ln(RV) are the gradient and intercept of a linear plot of ln(I/V2) against 1/V, from which , and (can be estimated.

Fowler-Nordheim field emission theory was developed for an emitting surface assumed to behave as a one-dimensional free electron gas. Consequently its detailed aspects may not be strictly applicable to three-dimensional structures (Shaw and Itoh, 2001). However it is still a good basic indicator of whether FE is occurring, and motivates the common test procedure of increasing the gate voltage and observing the changing emission current to estimate FE characteristics. During these tests, hysteresis effects are typically observed in the current-voltage curve of tips that have recently been at air pressure. This is related to surface impurities (e.g. Reuss and Chalamala, 2003): repetition of the current-voltage tests eventually reduces the hysteresis, with the FE response becoming predictable at a given gate voltage. This is often referred to as “conditioning” or “seasoning”.

3 Laboratory test programme

European Space Agency specifications require the neutraliser to deliver a maximum current of 6 mA, to match the current from the ion thruster (Aplin and Tarakanov, 2004). This will be generated from over sixty 2 x 7 mm die each containing 20 arrays, with each array consisting of 765 of the tips shown in Figure 1 (Wang et al, 2003). To generate 6mA in total, each array on one device needs to emit an average of 5A, corresponding to 7nA/tip. This conservative choice of current was selected to optimise the lifetime of the FEAs. The tests described use single silicon chips mounted on a dual in-line (DIL) package with conducting epoxy. Arrays are wired separately, so each array on the device can be tested individually.

For spacecraft neutralisation, electrons need to be accelerated away from the spacecraft structure. Gated tips with a positive voltage applied to the extractor electrode supply the electric field required for emission, and accelerate the emitted electrons. Systems definitions minimising the complexity of power supplies for the satellite application limit the maximum gate voltage to 200V. The basic tip structure is held at ground (spacecraft) potential. In space, the emitted electrons will be attracted towards the positive ion beam once they have been accelerated away from the neutraliser (Othmer et al, 2000). A simple diagram of the FE layout and geometry is shown in Figure 1a.

3.1 Test apparatus

Laboratory tests described in this paper were carried out in small vacuum chambers at pressures of 10-6-10-8 Torr, measured with Penning and ion gauges. A copper Faraday cup held at +300V represents the ion beam, and collects the emitted electrons. Three Keithley 487 picoammeter/voltage sources monitor the current leaving the tips and arriving at the gate and collector, and supply the extractor and collector voltages. If a grounded annular screening electrode around the Faraday cup inlet is used, then 100% collection efficiency is achieved. The Faraday cup, guard screen and DIL circuit board are mounted on ceramic standoffs which are in turn placed on adjustable aluminium mounts on a stainless steel support bar, secured in position by grub screws. The support base is directly mounted to the inside face of a vacuum flange, thus making the whole assembly a flange integrated component, Figure 1b. The test package is inserted into a DIL holder mounted on a circuit board. Wires from the circuit board are connected to the vacuum side of a 20-way feedthrough by push-on pin connectors. Screened coaxial cable is used from the Faraday cup; the coaxial inner wires and the joined screens are taken to the inner pin of coaxial feedthroughs. The DIL package is positioned 10 mm from the guard screen, which is ~1 mm from the front aperture of the Faraday cup.

4mm cables with 100k series protection resistors (contributing a negligible voltage drop) were used to interface between the vacuum chamber and the Keithley picoammeters. The Keithley instruments were software controlled through the GPIB interface to a PC, which also logged data to a text file. The electronic circuitry is represented in Figure 1c.

4 Overview of test programme

4.1 Array conditioning

For repeatable and consistent characterisation of large numbers of devices, as in the RAL space test programme, a standardised initialisation procedure is required to condition the FE arrays (section 2). An initial manual ramp determines the “switch-on voltage” for field emission. Software then increases the gate voltage to a preset maximum, initially close to the switch-on voltage, and decreases it back to zero at 1V/s. This is repeated five times, and then the procedure is run again with the maximum voltage increased by 10V. This semi-automated conditioning procedure is complete when inspection of the resulting current-voltage curves shows that each array has emitted an empirically determined maximum current of four times the nominal current (4x5A=20A) at a voltage ≤200V. Leakage current at the gate electrode is undesirable, as electrons emitted to the gate would not neutralise the satellite. Based on the limitations of the satellite power supply, a limit of 20% of the emitted (tip) current passing to the gate is set. “Nominal” emission current for each array is therefore defined as 5A + 20% = 6A. Devices passing the following criteria in the conditioning process continue to the life test phase:

· < 20% of the emitted current passes to the gate

· The array has emitted I ( 20A at V ( 200V at least once

· Current-voltage ramps are stable and repeatable.

4.2 Life tests

As field emission is a stochastic process, the emission current supplied at constant voltage can show substantial variability. To ensure that the required neutralising current is delivered under all operational modes of the ion thruster, the space system is designed to operate at constant current. In the laboratory tests, constant emission current is maintained in software by adjusting the gate voltage. Gate and collector currents and voltages are also monitored, as described in section 3.1. Failure is defined when the gate current exceeds the permitted 20% or the voltage required to maintain the nominal current exceeds 200V. 

This part of the study is specifically aimed at understanding failure mechanisms, and thus concentrates on those arrays not meeting the requirements for space application. Although many failures can be attributed to particular manufacture defects, and good arrays have lifetimes of thousands of hours, there is an intermediate class of device in which the failure mechanism is not obvious and which if eliminated would improve the production yield. In order to separate out an intrinsic systematic failure mechanism from a host of random failures, a high quality production chain is required in which large numbers of arrays are available for study. It is estimated that 400 arrays have been tested over this phase of the research programme. 35 life tests were carried out on arrays on 12 chips. 25 life tests were purposefully driven to failure at the nominal emission current of 6A/array, defined in section 4.1. In the following sections, previous work on failure analysis will be discussed, and the results of the failed life tests presented.

5 Previous studies of failure mechanisms

FEA failure is usually attributed to two mechanisms. Firstly, ion bombardment from electron ionisation of residual chamber gas, or offgased components from the array, can damage the array structure (Karain et al, 1994). Secondly, thermal changes caused by heating from high current densities can induce failure by melting (Ancona, 1996; Huangfu and Zhu, 1999).

Surface changes in the tip structure are also likely to influence tip lifetime. Electrons are often thought to be emitted from “nanoprotrusions” on the surface of the tip, where the electric field is highly concentrated, and classical Fowler-Nordheim theory does not apply (Purcell et al, 1997; Charbonnier, 1998; Liu and Heritage, 2003). Whilst the term “nanoprotrusion” is relatively recent, the concept seems analagous to the well-established idea that electrons are emitted from locally favourable sites, determined by surface roughness (Spindt et al, 1976). In this paper, “nanoprotrusion” will be used to describe localised emission sites.

Invoking nanoprotrusions to explain field emitter properties may complicate failure analyses, as they are difficult to observe and characterise even with high-resolution transmission electron microscopy (Purcell et al, 1997). Despite the lack of supporting evidence for the existence of nanoprotrusions, localised emission sites are intuitively credible, and can also provide plausible explanations for some FE phenomena. For example, Charbonnier (1998) has explained abrupt failure of FE arrays running at low currents in terms of arcing to the gate from a sharp nanoprotrusion on the side of a FE. In this case failure is by melting, as the structure cannot withstand the high arc currents. The two physical mechanisms of array failure will be discussed in the next sections.

5.1 Thermal changes

Resistive (Ohmic) heating H (Wm-3) is the heating produced by current flowing at a density Jm (Am-2) through a material of resistivity  (m) given by
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Finite difference thermal modelling for the RAL silicon tips (with the standard ESA thermal model, ESATAN v8.7) used emission currents of 100(A/array, twenty times greater than the defined nominal current. Assuming a simplified tip geometry, this resulted in current densities of ~130 mAcm-2. Resistive heating was negligible at even these enhanced current levels, and tip temperature was insensitive to a moderate increase of power, a reduction in the size of the tip, or a reduction in the assumed conductivity of silicon. Even if all the current for one array were delivered by one or a few tips, the temperature of the apex would reach only ~500(C, well below silicon’s melting point (1414(C). Ancona (1996) also found that Ohmic heating effects are unimportant.

Another tip heating mechanism is the Nottingham effect, which holds the emitting surface at a constant temperature, Tc where the energy at the surface is balanced by electrons tunnelling from above and below the Fermi level (Spindt et al, 1976). Tc (K) is related to the FE electric field E (Vcm-1) and the workfunction . (Electric field can be related to current density using the Fowler-Nordheim equation Eq 1)
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Karain et al (1994) considered the heat given up to the tip by emitted electrons for a tip with 10nm radius and a height of 10m. An emission current of 1.7A was needed to reach high enough temperatures to melt the tip (1700K). As the heating is proportional to the height of the tip (Karain et al, 1994), the results can be linearly scaled, to indicate that the Nottingham heating for the RAL tips with a height of ~1m is negligible, even if all the current for one array is passing through one tip. Again, these results agreed with the findings of Ancona (1996) who showed that Nottingham heating is not usually important in silicon FE. 

5.2 Ion bombardment

Electron emission from FE arrays can ionise residual gas molecules, and the ions may then degrade the tip apex by sputtering (Karain et al, 1994). Miyamoto et al (2003) also suggested that adsorbed gas molecules on the inner surface of the gate electrode can be desorbed and ionised by emitted electrons, and then return to the apex of the emitter. The effects of ion bombardment on lifetime are related to surface changes increasing roughness, encouraging emission from nanoprotrusions and either increasing the probability of thermal failure (Eq 4), or slowly decreasing emission efficiency by eroding the tips and reducing the field enhancement factor . The frequent shifting of localised emission sites could also explain emission current fluctuations (Todokoro et al, 1982; Miyamoto et al, 2003). 

Karain et al (1994) associated an increase in emission current noise with damage to the array by arcing. Sputtering increased tip roughness, decreasing , and emission became dominated by local sites, with increased variability in emission current. Ultimately, thermal failure occurred when excessive current passed through one small emission site. This model is plausible, but it could be difficult to characterise different noise sources in field emission, which is by definition a stochastic process. Reuss and Chalamala (2003) suggest an alternative process where ions become implanted in the surface of the tip, forming a highly resistive layer that ultimately degrades tip performance. The tips are not permanently damaged, and appear to recover after exposure to higher pressures. As the erosion caused by direct ion bombardment should be a permanent effect, the permanence of the degradation, and the possibility of visual observation of erosion, seem to be significant differences between the two suggested mechanisms. 

5.3 Existing experimental evidence for the suggested failure mechanisms

The mechanisms discussed in sections 5.1 and 5.2 have been associated with a gradual change in the tip structure leading to erosion, and reduced emission efficiency through a loss of field enhancement. Assuming failure of an array is a result of cumulative failure of individual tips, either thermally or by erosion, the number of tips contributing to emission would gradually decrease. In constant current mode, the remaining FE would have to be driven harder to contribute the same current. The combined effect of both fewer tips emitting, and the emitting tips becoming flatter, leads to a steadily increasing gate voltage in constant current mode. Whilst the model of a gradual deterioration in the tip population is supported by slow changes in current and voltage measurements, there is little observational evidence of degraded tip populations. Photographs claiming to show partially eroded single tips are promising (Gunther et al, 2001; Karain et al, 1994), but not necessarily indicative of bulk array behaviour. There appears to be more evidence for the “shallow ion implantation” mechanism proposed by Reuss and Chalamala (2003) which is supported by detailed studies at controlled pressures of large arrays, with >4 million molybdenum tips. 

6 Failure mechanisms 

The failure criteria defined in section 4.1 were rigorously applied during life tests, and are summarised in Table 1. 48% of arrays failed by a gradual increase of the gate current, and 28% failed abruptly. A further 24% were successfully conditioned but did not achieve the required criteria at the start of the life test.  The two failure modes can be defined as:

1. Abrupt failure: an instantaneous short circuit between the gate and tip occurs, with no previous deterioration. 

2. Gradual failure: a slow increase of the gate current up to the 20% threshold, when the test is often terminated. If the device is left running then either the gate current slowly increases to 100% of the emitted current, or failure case (1) occurs later. This failure mode can be separated into two cases a) increasing voltage and b) decreasing voltage, as will be discussed in Section 6.1.

Hitachi S4000 scanning electron microscope (SEM) observations show that after conditioning, some of the tips and their associated gate structures are destroyed. Figure 2 compares a pristine tip before driving, a failed array, and an array with a manufacturing defect. Abrupt failure was usually associated with the destruction of all tips, but the number of failed tips on any one array was unrelated to both the time the array had run for and the leakage to the gate. It should also be noted that no partially eroded tips were observed, and the tip and gate were always destroyed together.

6.1 Gradual failure mode

The “gradual failure” mode is defined in RAL experiments at constant emission current by a steadily increasing gate current, with an increasing gate voltage needed to emit the same current. Analagously, the emission from arrays run at constant voltage would slowly decrease (Reuss and Chalamala, 2003). This mechanism is referred to here as “classical” failure, and is consistent with deterioration caused by ion bombardment, discussed in section 5.2. If the tips are eroded then the electric field enhancement factor  is reduced, and a higher voltage is needed to produce a suitable electric field near the tips. The mean lifetime of classical failure mode samples, 1612 hours, was longer than samples failing in any other way, indicating that sample deterioration by increasing gate current is a slow process.

During life tests, which sometimes lasted months, it was occasionally necessary to switch off the vacuum pumps for maintenance or laboratory powerdown. A gate valve was then closed and the pressure in the chamber rose to 10-4 torr whilst the vacuum pumps were switched off. When the pressure was reduced again, the gate current had decreased substantially. On another occasion, a sample exceeding the 20% gate leakage limit was considered to have failed and removed from the chamber for microscope examination. When replaced in the test chamber, the gate current had decreased to a leakage level comparable with the beginning of the life test. This suggests that some failure cases might be caused by temporary tip damage. The recovery was most pronounced when the sample had been at ambient laboratory pressure.

Some arrays decreased in gate voltage whilst the gate current increased. This was named the “shunt” failure mode and was associated with relatively short-lived samples with mean lifetime of 10 hours. One explanation for a voltage drop across the emitter structure is a leakage path caused by tip material lining the gate wall. A simple model, in which the volume of one tip formed a resistive annulus of silicon connecting the gate and well structure was used to estimate the number of failed tips required to give the observed increase in voltage. Using this method, the resistance of one evaporated tip was 17k giving a parallel resistance of a completely disrupted array of ~17However, it appears as if another failure mechanism was involved,as the observed voltage drop of a few tens of volts was orders of magnitude greater than the values calculated based on tip material alone. The samples studied here were known to have manufacturing defects in which resist was left in the gate wells or when the gate material was under-etched. The shorter lifetime of shunt failure mode arrays suggests that these arrays failed because of manufacturing defects. Electron microscope observations of resist within some of the gate wells support this (Figure 2c).

6.2 Abrupt failure mode

Abrupt failure is characterised by sudden, synchronous transients in emission and gate current, with an average emitted current of 60A and gate current of 40A. After this, the gate and current are shorted together and the array seems permanently damaged. This behaviour is consistent with the arcing mechanisms suggested by Karain et al (1994) and Charbonnier (1998), described in section 5.1.

6.3 Microscope analysis of failure modes

Tip erosion is a common explanation for the slow deterioration in emitted tip current causing either a decrease in emission current at constant voltage, or an increasing gate voltage at constant current (see section 6.1). If this is correct, then higher gate currents should be associated with flatter shaped tips. The Hitachi S4000 SEM was used to search for this effect by measuring tip diameters on four arrays, two of which had been conditioned and life tested as described in section 4, and two unused. One of the driven arrays had 100%, and one had 20% loss to the gate when the life tests were terminated. 20 tips from each array were randomly selected, and the tip diameter was determined using the microscope’s electronic measurement function at a tilt angle of 60º and at constant resolution. The summary statistics (Table 2) indicate the considerable variability in tip diameters. Examination of the tip size distribution suggested a possible shift towards a higher diameter for the array with 100% current leakage to the gate. 

The standard two-tailed Student t test for samples with unequal variance was used to estimate whether there was a statistically significant shift in the size distributions of the driven and undriven tips. If array failure is related to tip erosion, then there should be a significant difference between the diameter distributions of differently driven arrays. Firstly, the basic variability between tip populations was tested by comparing sample distributions from the two non-driven arrays. This was a “control” test to show the variability in tip apexes expected from manufacturing processes alone. The Student t test showed that the tip distributions on the two arrays are statistically “different” even before the tips have been driven. Comparing tip diameter distributions between the arrays with 20% and 100% gate leakage gave a Student t test p-value of 0.942. Using the conventional definition of “statistical significance” this is just below the 0.95 required for a “significant” difference between the two distributions. The control test from comparing undriven samples indicated that the difference in mean sample diameter was likely to be related to intrinsic manufacturing variability, so the test results were inconclusive. 

7 Case study of a long-lived sample, 279

The principal aim of this paper is to investigate the bulk failure modes of the large number of FE arrays required for a space neutraliser application. However, the individual characteristics leading to failure of single arrays are also of interest. Clearly, many failure cases result from a combination of manufacturing defects and intrinsic tip variability, and production techniques need further refinement to increase the yield of high-quality samples. With improved process control and selection, the failure characteristics of the hardiest samples tested in this study are likely to limit the lifetime of future space missions. This section investigates the failure of one long-lived sample, 279, for which SEM images exist from before, during (at 3500 hours) and after the life test. Current-voltage measurements, permitting Fowler-Nordheim analysis were also taken after the SEM observations, before the endurance test was resumed.

Sample 279 endured a life test at constant current, as described in Section 4.2, for ~5800 hours. The sample had been slowly progressing towards “classical” failure, as defined in Section 6.1. However, at 5657.8 hours there was an unexpected transient in the gate current, with corresponding collector current transient, which increased from ~2 to ~2.8 A. At this point the gate current exceeded the pre-defined 20% threshold (Section 4), and the sample was defined to have failed “classically”. This sudden increase of 40% in the gate current was not observed in any other tests. The test was left running, with permanent thermal failure occurring 18.1 hours later, at 5675.9 hours).

It is commonly suggested that only a few of the sharpest tips contribute to the emission at any one time (e.g. Shaw and Itoh, 2001), and when these fail (leaving empty gate holes in the array) the blunter tips begin to contribute, so that the number of failed tips increases with time. SEM observations of sample 279 showed vacant gate holes were present at both 3500 and 5800 hours, but the fraction of destroyed tips and gates was very small, increasing from 1.3% of the total to 2.5% after failure. There is substantial evidence (e.g. see Figure 2b) that array failure is linked to tip/gate destruction, but microscope examination of several samples could not clearly identify a relationship between the number of empty gate holes and the time it took for the sample to fail. This suggests a non-linear response, which may be very sensitive to the individual array characteristics.

Both microscope examination and calculations based on the Fowler-Nordheim equation (Section 2) indicated no discernible change in the tip apex diameter for sample 279 over the test duration. Examination of the current-voltage curves and associated Fowler-Nordheim parameters did not change significantly over the sample lifetime. The only aspect of the tip appearance that changed with time was the roughness and granular appearance of the gate holes. Figure 3 shows the appearance of a typical gate hole and tip, before, during and after the life test. After conditioning, but before the life test (Figure 3a), there is some roughness around the gate hole edge which increases slightly after 3500 hours (Figure 3b). After permanent array failure (Figure 3c) “grains” around the gate hole are clear. The origin of this roughness is uncertain, but is speculated to be from localised melting sites as a precursor to total melting of the gate hole. 

It is clear that the combination of microscope data and measured and calculated electrical parameters is insufficient to explain exactly why the array failed when it did. Elemental analysis of failed arrays, and more data from arrays enduring similar duration tests may provide additional insight. 

8 Conclusions

This study reports results of 25 life tests on 10 different dies of silicon field emitters. 20 arrays were available on each die to test; a maximum of 10 were wired together with a total of 72 arrays (55080 tips) tested, at a mean emission current of 7nA/tip. After a prescribed, semi-automatic tip conditioning procedure (section 4.1) the tips were driven at constant current in a life test until conservatively defined failure criteria were met (section 4). There was substantial variability across the tip lifetimes, which varied from 0-5800 hours. The failure modes of the field emitters were split roughly equally between three mechanisms, abrupt, classical and shunt failure.

Transients in the emitted and gate current, after which all the emitted current passes to the gate, are the defining characteristic of abrupt failure. This is consistent with a thermal failure mechanism caused by an arc overheating both the tip and gate structure. Thermal modelling, described in section 5.1, indicates that even if the whole array current passes through the tip apex, this is unlikely to heat the tip and/or gate enough to cause thermal failure. Such heating only appears possible if a large current passes though a small volume from a localised emission site (e.g. Song et al, 1998). This failure case would be catastrophic, and may also be linked to the repeated observations of joint tip and gate destruction. High-resolution microscopy would be required for confirmation of this hypothesis.

Gradual failure is defined as the slow increase of the gate current with time, until it reaches a threshold, strictly defined in this paper to be 20% of the controlled current. An increase in the voltage required to emit a particular current (classical failure) is often attributed to a reduced field enhancement factor caused by ion bombardment. Section 6.3 shows no relationship between tip failure and apex geometry in the experiments carried out at RAL, and so another mechanism must be sought for the classical failure mode. The Reuss and Chalamala (2003) model may be appropriate in some cases as it is consistent with observations of tip “recovery” after exposure to higher pressures. 

Manufacturing defects were apparent in routine pre-test SEM examinations, and these arrays were not selected for life testing. The third failure mode, “shunt” fail, may have also been caused by defects. Shunt fail arrays gradually decreased in gate voltage whilst the gate current drifted upwards, as if a resistive path was developing between the gate and tip. Some SEM observations showed resist remaining inside the gate wells, which could have caused this leakage path. High currents passing through similar defects may also have caused some of the abrupt failures. 

A case study of the failure of array 279 using microscope and electrical analysis could not unambiguously connect the failure to any physical or morphological characteristics of the array. FE array behaviour is notoriously sensitive to fabrication and operating parameters, and it is difficult to attribute cause and effect. Improving the analysis involves practical difficulties, as it would require both highly specialised equipment, and further tests of several months’ duration. This justifies the approach taken in this paper of attempting to generalise, using a broad classification scheme, and using statistics to predict failure modes of large numbers of arrays. For an application such as the satellite neutraliser, which needs large numbers of FE to reliably deliver, detailed attempts to characterise the failure of each individual array do not contribute to the broad understanding required to manufacture a viable device.

Results both from testing numerous FE arrays, and more detailed studies of individual tips all show that there is substantial variability between arrays, even when constructed to rigorous space accreditation standards. Arrays without defects survived for typically ~102-103 hours, longer if less strict failure criteria are used, and have been shown to be suitable for use on a space mission of a few months in duration. The approach of a statistical study to determine lifetimes and failure characteristics of a large sample of arrays may also be of use for characterising future long-lived field emission devices.
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Table Captions

Table 1 Summary of failure modes of silicon tip arrays driven at nominal current (7nA/tip).

Table 2 Summary statistics of tip diameters measured using a Hitachi S4000 scanning electron microscope on one sample die, containing 20 arrays. 20 tips were measured on each of the four arrays. 

Tables

	Failure Type 
	Fraction of samples

	Abrupt
	28%

	Gradual – voltage increasing (“classical”)
	24%

	Gradual – voltage decreasing (“shunt”)
	24%

	Failed life test at start
	24%


Table 1
	Array number 
	Description
	Mean diameter (nm)
	Standard deviation (nm)
	Minimum diameter (nm)
	Maximum diameter (nm)

	1
	Ran for 160 hours, 20% to gate at end of test
	34.5
	4.3
	28.1
	42.9

	2
	Failed (100% to gate)
	33.3
	3.5
	28.1
	39.8

	8
	Never driven
	33.1
	3.5
	28.1
	42.2

	19
	Never driven
	32.3
	2.8
	28.1
	37.5


Table 2
Figure Captions

Figure 1 Silicon field emitter layout and test setup, not to scale. In each diagram dotted lines are used to illustrate approximate electron trajectories. a) Basic silicon tip field emitter design, indicating geometry, dimensions and materials. b) Test mount for DIL chip with 20 arrays of 765 tips, showing relative positions of collector and sample c) Electrical circuit diagram showing measurement instrumentation.

Figure 2 Scanning electron micrographs showing a) a pristine silicon tip b) an array after failure, showing both undisturbed and degraded tips. Empty gate wells are indicated with arrows c) a silicon tip with residual material in the gate well, indicated with an arrow.

Figure 3 Scanning electron micrographs showing representative individual tips from sample 279 a) silicon tip after conditioning, but before life test b) after 3500 hours, showing increased granularity around the gate edge c) after permanent failure at 5800 hours, with further deterioration at the gate edge 
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