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?TTRFArF PROPERTIES OF TRANSITTON METAL CARBIDES 

Summary 

Single crystal rods of ZrC and HfC were prepared by an arc float zone refinement 

technique. Single crystal specimens of compositions ZrCo.92±o.04' ZrC0.86±0.04 and 

ZrC0 82±0 04 were fabricated for conductivity measurements and for surface studies. 

The electrical conductivities of ZrCx specimens have been measured at room temperature by 

a four-point probe method. The variation of resistivity with composition is discussed. 

Experiments were performed to study boron diffusion into ZrC specimens. Diffusion 

specimens and controls were analyzed by cold neutron depth profiling at the NIST cold 

neutron facility in Gaithersburg, MD, and by Auger depth profiling in our laboratory. 

The surface properties of ZrC single crystals were investigated, clean and with adsorbed 

oxygen and boron. Auger electron spectroscopy was used to determine surface 

compositions and field emission retarding potential and thermionic diode methods were 

used to measure work functions. 

The field emission characteristics of clean ZrC and HfC cathodes were measured. High 

current density emission, greater than lxlO8 A/cm2, was observed and is discussed. A 

method for determining the cathode changes leading to this high current emission condition 

is proposed. A close-spaced triode designed for testing individual emitters is described, 

and results are reported. The effective thermionic work functions of clean and partially 

oxygen covered surfaces of ZrC specimens of two different bulk compositions are reported 

and discussed. Clean values of 3.5 eV and 3.4 eV were observed for ZrC0.92 and ZrC0.86 

specimens, respectively, at 1500K. With adsorbed oxygen, values as low as 3.4 eV and 

3.2 eV, respectively, were observed for these surfaces at 1500K. 

Evaporated films of ZrC showing carbide structure were grown successfully on 

polycrystalline Ta and W substrates and were characterized by Auger electron spectroscopy 

and X-ray photoelectron spectroscopy. ZrC films were deposited onto individual 

prefabricated Mo, Si and W field emitters, and demonstrated the capability for significant 

improvements in field emission characteristics. Films have also been deposited onto FEAs, 

demonstrating improvement in the FEA performance. These results are discussed. 



SURFACE PROPERTIES OF TRANSITION METAL CARBIDES 

1. BACKGROUND 
The requirement, under the Vacuum Electronics Initiative, for pre-bunched emission of 

electrons at high current density has stimulated a substantial amount of research in 

development of arrays of field emission cathodes. The IVB transition metal carbides TiC, 

ZrC and HfC exhibit properties which make them potentially useful as field emission 

cathode materials. These carbides have work functions of the order of 3.5 eV, 

approximately 1 eV lower than the commonly used field emission cathode material 

tungsten. They have excellent electrical conductivities and are also very stable, with high 

melting points and resistance to chemical attack. They exist in the same crystal structure 

over a range of compositions (0.8<x<1.0 for ZrCx, for example). We have been 

concentrating our research efforts on ZrC in this program, with some work on HfC as 

well, and we report on those efforts. 

Zone refined single crystal rods of ZrC were prepared by a seeded arc float zone refinement 

growth technique, using seed crystals with desired orientations which were checked by 

Laue" X-ray backscattering. The arc float zone refinement technique used to prepare these 

single crystal rods has been described in detail elsewhere.1 Fundamentally, the technique 

involved forming a self-supporting droplet of the carbide, by means of an electrical arc 

struck between a counter electrode and a rod of the sintered starting material, and moving 

the molten region along the rod of material, under approximately one atmosphere of inert 

gas. The solidified single crystal rod cooled from the molten zone was used to prepare 

samples for the experiments discussed in this section. 

In this final report, we present the results of the experiments we performed during the 

program. The report is subdivided into sections, one for each of the primary experimental 

projects. Each section presents the rationale of the approach, the experimental method 

employed and results and discussion of the particular experiment. 

2. MAJOR EXPERIMENTAL WORK PERFORMED UNDER THIS CONTRACT 

2.1. ZrC Room Temperature Resistivity Measurements 

2.1.1.   Introduction 
Zirconium carbide exists over a range of stoichiometries, and it may be important to know 

the composition of a ZrC specimen for any particular application. We expected that the 

resistivity of a sample would be related to its composition, so we measured the room 



temperature resistivity of zone melted ZrC crystals with three different compositions to 

determine whether such resistivity measurements could be directly correlated with sample 

composition. The results showed that the resistivity increased as the carbon content 

decreased in ZrC crystals, suggesting that the resistivity may give us fundamental 

information on the stoichiometry of the material. 

2.1.2.   Experimental 

The experimental set-up used in this study is shown in Fig. 1. It consisted of a four-point 

probe built in our laboratory, a Tektronix CPS250 power supply, two Hewlett-Packard 

3468B multimeters (one for current measurement, the other for voltage), and a Stocker and 

Yale traveling microscope for measuring each crystal's radius and length. The uncertainties 

in current and voltage measurements were ± 0.5% and ± 0.6%, respectively. The 

resolution of the microscope was ± 1.3X10-4 cm. A typical sample used in this study had a 

radius of about 0.13 cm and a length of about 2 cm. The uncertainties in measuring the 

radius and the length of the crystals were ± 0.5% and ± 0.6%, respectively. Therefore, the 

maximum total measurement uncertainty was about ± 2%. The set-up was first calibrated 

by using a polycrystalline tungsten sample whose dimensions were comparable to those of 

the ZrC crystal samples. The nominal resistivity of tungsten is 5.65 p.Q-cm. at room 

temperature2, while the value determined by using our set-up was 5.66 ±0.11 (iQ-cm. 

The ZrC single crystals used in this study were arc float-zone refined from sintered stock. 

The details of this process are discussed elsewhere1. The composition, or carbon to 

zirconium ratio ( C/Zr ), of the zone-refined crystals depended on the number of zone 

passes made through the material (initial composition C/Zr = 1.0) during refinement. The 

sample compositions were determined by chemical analysis.3 It was previously found that 

average C/Zr value are ZrC0.92±o.04 for one zone P^55' ZrC0.86±0.04for tw0 zone passes, 

and ZrCo.82±0.04 f°r tnree zone passes- 



Figure 1. Schematic of four point probe resistivity experiment. 

2.1.3.   Results 
The resistivities measured in this study for one, two, and three zone pass crystals are listed 

in Tables I, H, and ID, respectively. In these measurements, different resistivity values for 

a particular crystal were observed by rotating the crystal. The range of resistivity for one- 

pass ZrC crystals was found to be 197.8 < p < 208.0 \iQ-cm, and the mean value was 

202.6 ± 2.7 (iQ-cm. The resistivity range for two-pass crystals was 202.5 < p < 228.7 

HQ-cm, with a mean value was 214.6 ± 7.7 nQ-cm. For three-pass crystals, 211.3 < p < 

229.7 \i£l-cm with a mean value of 221.7 ± 5.1 ^H-cm. These results compared favorably 

with results of other studies4"6. The standard deviation of the resistivity values for the 

same crystal resulted primarily from the rotation of the crystals between each measurement. 

This variation was lowest for one-pass crystals (up to ± 1.6%) and highest for two-pass 

crystals (up to ± 5.3%). For three-pass crystals the variation with rotation was as high as 

± 2.3%. 



Table I 
Resistivities of One-Pass ZrC Crystals 

(|iQ-cm) 

Crystal Measured   Values Me 

Number 

932 200.3 199.5 197.8 199.3 198.9 199.6 199.2 

933 200.9 204.7 202.2 204.8 204.4 205.9 203.8 

935 201.2 203.0 205.5 203.3 200.2 202.6 

950 205.9 204.9 201.7 202.2 206.2 204.2 

966 200.5 201.8 199.1 203.1 202.9 201.5 

969 203.0 206.8 208.0 201.7 199.8 206.6 204.3 

All   One-Pass   Samples 202.6 

Stoichiometr Standard 

y Deviation 
C/Zr 

0.92±0.04 0.8 
0.92±0.04 1.9 
0.92±0.04 2.0 
0.92±0.04 2.1 
0.92±0.04 1.7 
0.92±0.04 3.3 

0.92±0.04 2.7 

Table II 
Resistivities of Two-Pass ZrC Crystals 

(\iQ-cm) 

Crystal 
Number 
915 
973 
975 
1003 

Measured Values Mean Stoichiometry 
C/Zr 

Standard 
Deviation 

211.2 
204.4 
219.0 
223.5 

211.7 
205.3 
228.7 
207.9 

210.4 
224.5 
220.9 
206.9 

211.2 
224.7 
224.1 
217.0 

213.4 
202.5 
211.6 
214.0 

211.6 
212.3 
220.9 
213.9 

0.86±0.04 
0.86±0.04 
0.86±0.04 
0.86±0.04 

1.1 
11.3 
6.3 
6.8 

All   Two-Pass   Sam pies 214.6 0.86±0.04 7.7 

Crystal 
Number 
976 224.5 
976* 213.5 
993 223.5 

Table III 
Resistivities of Three-Pass ZrC Crystals 

(p.Q-cm) 

Measured   Values 

226.8 
221.5 
229.7 

218.8 
221.0 
219.9 

218.8 
221.3 
228.5 

220.4 
211.3 
225.6 

All   Three-Pass   Samples 

Mean Stoichiometry 
C/Zr 

221.9 0.82±0.04 
217.7 0.82±0.04 
225.4 0.82±0.04 

221.7 0.82±0.04 

Standard 
Deviation 
3.6 
4.9 
3.9 

5.1 

2.1.4.   Discussion 
Our results agree very well with previous work at comparable temperatures and on single 

crystal samples of composition similar to those we have used. Modine, et. al.6, determined 

the resistivity of ZrC0.89 to be about 204 ^iQ-crn at 300 K, while Allison et. al.5, reported a 

value of 195 ^iQ-cm for ZrC0.93 at 300 K. To our knowledge, no previous study of 300K 

resistivity vs composition comparable to our present work has been reported. 



Although the resistivities of the ZrC single crystals of a given composition were found to 

vary by a substantial amount, the variation of resistivity as a function of composition was 

still significant. In the present work, the average resistivity increase between one pass 

(ZrCo.92) and two pass (ZrC0.g6) crystals was 5.9%, while the average resistivity increase 

between one pass and three pass was 9.4%. Fig. 2 summarizes the results of our 

measurements. Although the standard deviation is substantial, there is an apparent linear 

dependence of the resistivity upon theC/Zr ratio or, in other words, on the carbon vacancy 

concentration. 

Uncertainty in the resistivity measurements related to the rotation of the crystal was as high 

as ± 5.3% for two-pass samples. The reasons for this variation are not well understood. 

A possible explanation could be defects or cracks in the crystal, or crystal grain boundaries 

if the specimen is not actually a single crystal. There is the possibility of stoichiometry 

variation within the crystal as well. The arc float zone refining technique which we use has 

a single counter electrode, melting the stock from one side, so there is the possibility of 

anisotropy in composition across the diameter of the specimen, which is averaged out by 

the chemical analysis method used to determine the composition. Other possible sources of 

variation could be from the measurement itself, such as variations in the degree of contact 

between the probes and the crystal, related to anisotropic surface contamination of the 

crystal, for example, the presence of oxidized areas on the crystal surface. 

We have observed an increase in resistivity with an increase in the concentration of carbon 

vacancies in the ZrC. Since resistivity measurement on these crystals are relatively simple 

to make, this technique could provide a useful way to determine the stoichiometry of a 

crystal. In order for this technique to be useful, however, it will be necessary to reduce the 

crystal-to-crystal variations in the measurements and to determine what causes the variation 

in measured values when the crystals are rotated. 



195 
0.80     0.82 0.84     0.86     0.88 

C/Zr   Ratio 

0.90     0.92     0.94 

Figure 2. Resistivity versus composition for ZrCx. 



2.2. Determination of Carbide Surface Properties 

2.2.1.   Introduction 
Specimens for surface studies using Auger electron spectroscopy (AES), X-ray 

photoelectron spectroscopy (XPS), and field emission retarding potential (FERP)7 work 

function measurements were prepared from single crystal rods of ZrC. Typically, it was 

useful to fabricate specimens with diameters of approximately 2 mm for these studies. The 

carbide rod was either cut by a diamond wheel or fractured to expose the desired surface. 

Only the (100) plane, which is the fracture plane of these materials, could be prepared by 

the latter technique. For many studies of the (100) surface, no additional polishing of the 

fracture surface was necessary. For studies of other crystal planes, it was necessary to 

mechanically polish the surface with diamond paste and electrochemically etch it before it 

was mounted. 

The surface analysis specimen thus prepared was mounted by one of two techniques. One 

method was to cement the specimen into a thin Ta or Re cup using a Co/Ta braze, leaving 

the surface of interest exposed. The cup was spotwelded to a Ta wire which was mounted 

onto conducting supports, allowing the sample to be heated for cleaning and experimental 

studies. An alternative mounting method was to grind parallel flats onto the sides of the 

specimen and clamp it between pyrolytic graphite blocks, held in place by Mo/Re support 

rods. In this Vogel mount configuration, the specimen could also be heated. 

2.2.2.   Experimental 
The surface properties of clean ZrC single crystals were investigated, using AES to 

determine surface composition and cleanliness and using FERP and thermionic diode 

methods to measure work functions. The surface and bulk compositions may differ 

substantially in crystals that have been heated. It is also possible that heating under the 

influence of a large applied electric field may cause changes in surface composition or 

structure which may affect the work function. We therefore performed studies of the 

differences in apparent surface compositions and differences in work functions between in 

situ fractured (unheated) specimen surfaces and heated or ion sputtered surfaces of 

specimens with known bulk composition. The work function of the (100) face of a 

previously heated single crystal specimen of bulk composition ZrC0.92> measured by the 

FERP technique, has been determined to be about 3.6 eV. Thermionic effective work 

function measurements made on clean (100) surfaces of specimens with bulk compositions 

of ZrCo.92 and ZrC0.86 show lower values for ZrC0.86 than for ZrC0.92- These results are 

shown in Fig. 3 and Fig. 4. 
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We also investigated the effects of adsorbed species on the work functions of single crystal 

ZrC surfaces. The effect of adsorption of oxygen at room temperature onto a ZrC surface 

is to raise the work function, as has been determined by room temperature FERP 

measurements. This behavior is shown in Fig. 5. However, adsorbed oxygen is difficult 

to remove by subsequent heating. Auger electron spectroscopy measurements following 

heating of adsorbed oxygen layers show that a small amount of residual oxygen remains on 

the surface. This apparently stable layer exhibits a lower thermionic work function than the 

corresponding clean surface. We believe that oxygen adsorption into surface carbon 

vacancies occurs, generating a surface layer with different properties from the clean ZrC 

surface. Oxygen atoms bonded in the surface or below surface atoms could produce a 

positive surface dipole layer, thereby accounting for the observed lower work functions. 

Figures 6 and 7 show the thermionic work function behavior for partially oxygen covered 

surfaces of (100) oriented specimens with bulk compositions of ZrC0.92 and ZrC0.86> 

respectively. At temperatures below about 1800K, Fig. 7 shows thermionic work 

functions which are lower with the residual oxygen present than for the clean surface. This 

effect is observed over the entire experimental temperature range in Fig. 6. The effect of 

oxygen on work function lowering, at low oxygen coverages, is more pronounced on the 

ZrC0 86' specimen, the one with lower bulk carbon concentration and greater concentration 

of vacancies, supporting the speculation that oxygen interaction at surface vacancies or 

within the material lattice may be responsible for the work function lowering effect 

We also studied the effect of boron adsorption on surface properties of ZrC, using similar 

techniques. Boron, like oxygen, is an electronegative element and both oxycarbide and 

borocarbide compounds of Zr and Hf have been reported.8 However, boron is less 

electronegative than carbon, whereas oxygen is more electronegative. Figure 8 shows that 

the presence of any boron on a specimen with bulk composition ZrC0.92 will raise the work 

function, regardless of the nature of subsequent treatment Thus, there seems to be a 

fundamental difference between the incorporation of oxygen and the incorporation of boron 

into the surface or near-surface regions of ZrC. 

10 
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2.3. Diffusion of Boron into Macroscopic Single Crystal Carbide 

We investigated the diffusion of boron into ZrC and TiC specimens, in the following 

manner. A single crystal rod was packed with boron powder in a boron-resistant oven, 

which could be heated to over 2000K. The oven was then heated in vacuum and held at a 

constant temperature for a measured period of time. After cooling, the specimen was 

removed and analyzed. 

For diffusion depths the order of one (im, neutron depth profiling9 could be used to 

determine the depth profile of B in the specimen. ZrC is a suitable specimen for these 

studies, because of the low neutron cross section of Zr. These measurements were done 

by our collaborator Dr. Greg Downing at NIST. For diffusion depths substantially greater, 

the specimen could be fractured in situ in the scanning Auger microscope (SAM) and the B 

concentration measured across the fracture face. For this situation, TiC is better than ZrC, 

because of an overlap between B and Zr Auger peaks. We found that B diffusion is 
detectable over at least 100 Jim into the bulk of TiC096, when diffusion took place at about 

1500°C specimen brightness temperature for a period of 3600 sec. 
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Figure 9. Depth profile of diffusion of B into ZrC single crystal. 
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2.4. Field Emission Properties of Single Crystals of Refractory Carbides 

2.4.1. Introduction 
The field emission characteristics of clean ZrC, HfC and TaC single crystal cathodes were 

studied. High current density emission, greater than lxlO8 A/cm2, was observed, and a 

method for determining the cathode changes leading to this high current emission condition 

was developed. A close-spaced triode designed for testing individual emitters was 

constructed and employed. The effective thermionic work functions of clean and partially 

oxygen covered surfaces of ZrC specimens of two different bulk compositions are reported 

and discussed. Clean values of 3.5 eV and 3.4 eV were observed for ZrC0.92 and ZrC0.86 

specimens, respectively, at 1500K. With adsorbed oxygen, values as low as 3.4 eV and 

3.2 eV, respectively, were observed for these surfaces at 1500K. 

We have routinely prepared oriented, single crystal rods of these carbides by an arc float 

zone refinement technique discussed elsewhere.1 These rods were then centerless ground, 

cut to length and electrochemically etched to make field emission cathodes.2 TTie results of 

emission measurements on these cathodes are discussed in this section of the report. 

2.4.2. High current density field emission 
Figure 10 compares Fowler-Nordheim plots of field emission from ZrC0.92, HfC0.86 md 

TaCo74 cathodes, which were operated under essentially identical conditions in an 

ultrahigh vacuum field electron microscope. Data were taken after the emitters had been 

smoothed by heating and field desorption, yielding the characteristic smooth field emission 

pattern which was observed in each case. The patterns remained smooth during the 

experiments. Each emitter had its initial gross tip radius measured by SEM before being 

operated. Thus, it is possible to estimate the field enhancement factor, ß, and the emitting 

area, so that the data may be presented in terms of the emitted current density, J, and the 

applied field, F. In principle, then, the slope in each case should be proportional to <fi12. 

We have measured the clean work functions of macroscopic crystals of the same 

compositions and find for the (100) planes that fee ><fraC > 0HfC- T^is ±e same work 

function ordering implied by the relative slopes of Fig. 10. 
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Figure 10. Comparison of Fowler-Nordheim plots of emission from identically 

prepared emitters of ZrC, HfC and TaC. 

Table IV summarizes high current density field emission data which we have measured for 

HfC and ZrC emitters. The currents given in the second column are for pulsed operation 

(10 (is pulse length) and correspond to the highest measured current for a particular 

condition of a particular emitter. The current density calculated in the last column is based 

on the initial tip radius, assuming an emission area equal to one half of a hemisphere of this 

radius. This rather conservative assumption still yields current densities of several times 

108 A/cm2 in many cases. A more realistic estimate of maximum current densities would 

be over twice the current densities listed. We have calculated, using a method described 

elsewhere11, that the current density  emitted  at the  apex  of  an  ideally  smooth, 
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homogeneous emitter is approximately twice the average emitted current over the entire 

emitter. In addition, the actual emission pattern is not homogeneous but exhibits high and 

low emission areas. 

Table IV 
High Current Density Field Emission 

from Transition Metal Carbides 

Hafnium Carbide 
emitter # IfmA) rfnm) VdcV) J f A/cm2) 

677 9.4 180 10.0 9.2 x 106 

it 10.3 if 10.0 1.0 x 106 

91 12.0 31 6.4 4.0 x 108 

it 9.8 it 5.8 3.3 x 108 
it 5.4 ii 5.2 1.8 x 108 

52 18.3 70 5.0 1.2 x 108 

785 7.5 125 8.32 1.5 x 107 

Zirconium Carbide 

10.6 50 10.0 1.2 x 108 

48.7 II 12.0 6.2 x 108 

Stable DC field emission currents of 3 mA have been observed from some individual field 

emission cathodes, in addition to the high pulsed current levels shown in Table IV. There 

is a substantial change in cathode emission I-V characteristics which occurs before a 

cathode can achieve these high current levels. It has been unclear whether this change in I- 

V characteristics is due to work function decrease, change in emitter apex shape, or a 

combination of both. Once a cathode has achieved this high current condition, its emission 

stabilizes again at the high level and can remain there for an indefinite period. Furthermore, 

the high current condition can be achieved either by application of high DC fields with the 

cathode intentionally heated to at least 1500K, or by application of very high pulsed fields 

with no cathode heating. 

In order to understand the mechanism responsible for the enhanced emission observed 

from some emitters, we have attempted to separate the variables (j) (eV) and ß (cm"1) in the 

Fowler-Nordheim equation. The Fowler-Nordheim equation may be written as12 
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J = {l.54xlO^F2 /^2(y)}exp[-6.83xl0yßv(y)/F] (1) 

where J = I/a (A-cnr2), the current per unit area of emitting surface, F = ßV (V-cnr1), and 

y = 3.79xl(TF"2/0. (2) 

As is appropriate for a paraboloid of revolution,12 we assume 

ß = [0.5rHD/r)Yl (3) 

where r is tip radius and D is tip-to-anode spacing, and we make the approximations 

f2(y) = 1.05 (4) 

and 

v(y) = 0.996 -f. (5) 

Therefore, when we make a Fowler-Nordheim plot of data we have 

ln(//V2) = [ln(l.40xl0-eai32/^) + 9.8ir1'2] + [-6.60xl0>3'2/^](l/V).   (6) 

t t 
(INTERCEPT) (SLOPE) 

Thus, for any combination of <p and ß we may extract the slope and intercept. Figure 11 

shows a family of curves corresponding to constant 0 and a family of curves corresponding 

to constant ß. (This method is a .slight modification of a technique described by Ishikawa, 

et a/.13) These curves do not form an orthogonal set, since it is not strictly possible to 

separate these two parameters. Also shown in Fig. 11 are data points corresponding to the 

attainment of high current density I-V characteristics, during the application of very high 

applied pulsed fields. These data suggest that individual emitters achieve the high current 

density I-V characteristics by a process which involves maintenance of constant ß, while 

the work function decreases. Data corresponding to low current density emission, before 

approaching the high current condition, do not seem to have this same trend. 
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The possibility that the highest current densities which we have observed are due primarily 

to reduction in work function is at least intuitively satisfying. When the emitters have made 

the transition from low emission to high emission, the behavior has almost always been 

self-stabilizing. That is, the emission has achieved a high level and stabilized without 

outside interference. If the tip were becoming sharper, it is difficult to understand why the 

process would stop, rather than continuing until the tip self destructed. It is more 

understandable that the work function decreases to some lower value, perhaps by field 

induced diffusion or some similar phenomenon within the surface region of the carbide, 

until a minimum work function is attained, at which point the changes stop. We have 

conducted measurements of the work functions of carbide surfaces, and the effects of 

contaminants on these surfaces, in a set of experiments described later in this report. 

2.4.3.   Close-spaced  triode 
A close-spaced triode structure (Fig. 12) was designed for testing individual carbide 

emitters. It incorporated a micrometer drive for axial positioning of the emitter apex within 

the replaceable grid aperture. An anode (collector) was placed about 1.5 mm downstream 

from the grid. The device was instrumented so that total emitted current, intercepted grid 

current, and collector current could be measured simulteneously. 

The sensitivity of the triode to the precise axial emitter apex position has been explored, by 

carefully measuring the triode current at fixed applied DC voltages. Figure 13 shows the 

effect of axial tip position upon current measured at the collector. Note that the optimum 

collector current occurs when the tip of the emitter is flush with the collector side of the 

grid. The position corresponding to the maximum emitted current is approximately z/t = 

0.25, but most of the current is intercepted by the grid at this position. 

Figure 14 shows the behavior of electron emission from an emitter under a net applied 

voltage consisting of a DC bias plus an AC component. The experiment was set up in the 

following way. The emitter was held at ground potential, the collector was biased to 440 

VDC, and the grid was biased at 450 VDC with an AC component of ± 1.5% of the grid 

bias. 
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Figure 12. Schematic of the close-spaced triode structure. 
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Figure 13. Total emitted current vs position of emitter in close-spaced structure. 
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Figure 14. Variation of collector current with grid voltage in close-spaced field 

emission triode. 

2.4.4. Emission from rough emitter surfaces 
The field emission of electrons from surfaces is extremely sensitive to the local applied 

field, which is a strong function of the local radius of curvature. We have noted in our 

experiments the effect of surface roughness on total emission at a given applied voltage, for 

example observing that a rough emitter of 50 nm gross tip radius will emit more than a 

smooth emitter of 30 nm tip radius. Most of our experiments were performed in the FEM, 

where emission patterns can be observed. We exercised great care in these experiments to 

make sure that the emitter surface was smoothed, by a combination of heating and field 

evaporation, to produce a symmetric pattern free of emission from protrusions.    In 
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experiments such as the close-spaced mode, and in fact in almost all practical applications, 

such careful tip preparation is not possible. Even SEM characterization of each emitter is 

not a solution, since we are unable to measure tip radii, and local roughness, with a 

resolution better than about 10 nm. 

We have therefore modeled the effects of small local protrusions on the apex of an emitter 

of 50 nm radius, using a boundary element method already described. We used 

paraboloidal protrusions of radius 5 nm and heights 5, 10 and 15 nm, respectively. The 

results of these calculations are shown in Table V. The net effect in all cases is that 

virtually all the emission comes from the protrusion. That is, the local roughness of the 

emitter is more important than its gross tip radius, for emitters of the size we have 

investigated. 

Table V 
Calculated Effect of Single Paraboloidal Axial Protrusion 

on Field Emission Current 

Gross Tip Radius       Protrusion radius/height Current Current 
(nm) (nm/nm) (amps) Enhancement 

50 0/0 4.75x10-9 1 

50 5/5 2.05 x 10"5 4.3 x 103 

50 5/10 1.69 xlO"4 3.5 xlO4 

50 5/15 5.06 xlO"4 1.1 x 105 
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2.5. Emission Characteristics of Carbide Film Coated Field Emitters 

2.5.1.   Introduction 
Field emission from ZrC films deposited on Si and Mo single emitters and field emitter 

arrays (FEAs) made of Mo and Si has been studied. For single emitters, the results show 

dramatic improvements in emitter performance by reducing work functions on the order of 

1 eV, and by increasing stability. For FEAs, deposition of a ZrC film reduced the 

operating voltage 30-50% at an emission current of 1.0 |iA/tip and increased emission 

stability. 

We have shown14-15 that transition metal carbides such as ZrC and HfC have lower work 

function than materials such as Mo and Si which are used to make FEAs. In addition, 

compared to these materials, carbides have a higher resistance to contamination because of 

their chemical properties. That means field emission from carbide emitters will stay at the 

same level for a longer time. The successful FEAs, such as those made by SRI16 and 

MCNC17 are not made from carbides. The SRI cathodes are made from Mo, while the 

MCNC cathodes are made from Si. Both Mo and Si are relatively easier to form into tips 

than are carbides, and commercial Mo evaporators are available. Although we are also 

working on making carbide emitter arrays, this article is about coating Si and Mo single 

emitters and FEAs by ZrC. The goals were to achieve lower work function and a more 

stable emitting surface. 

Our earlier work showed that ZrC films can be deposited epitaxially onto tungsten single 

crystals and onto single crystal emitters.14-18 A (100) ZrC film can grow on a W(100) 

surface while a (111) ZrC film can be formed on a W(l 10) surface, after careful annealing. 

The ZrC film lowers the work function by about 1 eV. Similar results were obtained on 

Mo emitters made from polycrystalline wires. For Si tips, things were more complicated. 

First, a single crystal emitter was hard to make by an electro-polishing method because the 

etching process is anisotropic. Second, a "clean" tip was not easy to obtain because of the 

low melting point of Si which limits the temperature used to heat-clean the tip. However, 

results showed a moderate work function decrease of 0.6 eV after ZrC was deposited. 

2.5.2.   Experimental 
The single emitters used in this study were individually fabricated via electrochemical 

etching of polycrystalline wire (Mo) and single crystals (Si). The Mo emitters were etched 

in phosphoric acid and the Si emitters were etched in a solution of 5 parts concentrated 

HNO3 and 1 part concentrated HE Starting voltages were 10 volts for Mo and 25-35 volts 
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for Si, and drop off voltages were a few volts for Mo and ten volts for Si. Studies were 

also made on Mo FEAs obtained from SRI and on Si FEAs obtained from MCNC. 

A high purity ZrC e-beam bombardment evaporation source was used to provide ZrC 

deposition. The ZrC used was a zone refined single crystal. Composition of the ZrC was 

checked by wet chemical analysis done in another lab as well as by Auger spectroscopy in 

our lab to ensure the purity of the ZrC crystal. Deposition coverage of ZrC was carefully 

studied by Auger spectroscopy using a Ta ribbon as a substrate.19 The calibration of film 

thickness was done by keeping the bombardment current and the high voltage fixed and 

varying the deposition time. By comparison of Zr and Ta peak heights in the Auger 

spectra, the time required for complete coverage of the substrate by the ZrC film was 

found. The results were used as a guide for later ZrC deposition onto field emitters and 

emitter arrays. 

In practice, each single emitter was tested by a series run. In each run, the emitter was 

cleaned by heating up to about 2000 K (Mo) or 1300 K (Si) and field emission microscopy 

(FEM) was used to verify the crystal orientation and condition of the emitter apex. The 

idea here was to choose a temperature at which the emitters could be cleaned without being 

blunted too much. After a clean tip was obtained, an I-V data run (Figs. 15 and 16) was 

taken and was immediately followed by ZrC film deposition. Usually, the deposited ZrC 

film was a few monolayers thick. The film was then subjected to a variety of heating 

treatments. After each treatment, FEM was used to examine the tip and I-V data were 

obtained (Figs. 15 and 16). The observed lower "turn on" voltage for the dosed tip 

indicates that the work function of the dosed tip may be lower or the tip radius may be 

smaller, or both. Further investigations to study the nature of these changes were carried 

out by a technique developed earlier.11 In this technique, the Fowler-Nordheim slope- 

intercept data of a tip before and after dosing were plotted onto a family of curves with 

constant work function and a family of curves of constant field enhancement factor (Figs. 

17 and 18). The cause of lowering the "turn on" voltage could be inferred from this plot 

2.5.3.   Results  and  discussion 
The experimental results are listed in Table VI. We have successfully demonstrated the 

reduction of work function on W and Mo single crystal emitters. However, the results on a 

Si single tip were not quite as dramatic. This can be explained as follows. During the 

electrochemical polishing process to make the Si emitters, the tips were not isotropically 

etched. Very often the apex of the tip ended up with the shape of a knife edge instead of a 
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Figure 15. I-Vcharacteristics for Si single emitter, clean and with ZrC film. 
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Figure 16. I-Vcharacteristics for Mo single emitter, clean and with ZrC film. 
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sharp point Therefore, the plane where the most field emission took place might not be the 

same before and after ZrC deposition. Furthermore, because of the low melting point of 

Si, the tips could not be heated enough to be free of contamination. 

Our studies also show that the stability of the tips was improved. During the deposition of 

ZrC films, the work function was lowered and in most cases, the tip radius was increased. 

This can be seen from Fig. 17 and Fig. 18. Consequently, the work function lowering is 

responsible for the increased emission at lower turn-on voltages and the emission increase 

is not brought about by tip radius reductions. 

Table VI 

Results of Zirconium Carbide Film Deposition on Field Emitters 

Substrate Voltage Reduction    Work Function Work Function        Work Function 

©samecurrent       Ratio fromF-N Clean(eV) with    ZrC    Film 

(eV) 

W Single Emitter 38% 0.78 4.52 3.54 

Mo Single Emitter 56% 0.64 4.60 2.95 

Si Single Emitter 27% 0.87 4.82 4.19 

Mo 100 Tip Array 44% 0.77 4.6 3.58 

Si 1100 Tip Array (23%) (0.65) 4.85 3.15 

Based on the success with individual tips, FEAs were able to be tested in a similar way. 

However, the FEA structures could be heated only to a few hundred degrees. Therefore, 

the tip cleaning procedure was simply to run the arrays at a reasonable current level (20-50 

\iA) for a certain amount of time (two to three days for SRI FEAs). In the case of Spindt 

arrays, deposition of a ZrC film onto the emitters lowered the operating voltage by 30% to 

50% at an emission current of 100 [lA. As with single tips, the effect was greater on Mo 

FEAs than on Si FEAs. A recent test showed that after a 149-hour run, a dosed Spindt 

FEA left to sit in the vacuum chamber for 10 days, still could be turned on again at the 

same output as before. Figure 19 shows a recent result on a SRI FEA. The results on 

FEAs are also listed in Table VI. The performance of ZrC dosed Si single emitters and 

MCNC FEAs was not as well studied as the W and Mo ones, and their performance 

characteristics are not as well known. 
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Data points are superimposed from Si emitters before and after 
deposition of ZrC films. 
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Figure 18. Fowler-Nordheim slope versus intercept plots, as in Fig. 17. Data 

points are superimposed from Mo emitters before and after deposition 
of ZrC films. 
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Figure 19. 7-V characteristics for SRI field emission array, clean and with ZrC film. 
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