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CHAPTER 2 

FIELD EMISSION THEORY AND FIELD EMISSION  

MICROCATHODE ARRAYS 

 

2.1. Introduction 

The theory of electron emission from metals under the influence of strong electric 

fields has been applied in field electron and ion microscopy. Adsorption and desorption 

from surfaces, metal, and semiconductor interface studies have been performed by 

Gomer1, Dyke and Dolan2, Swanson and Bell3 and Gadzuk and Plummer.4  

Although field emission was first observed by R.W. Wood in 18975, theoretical 

predictions of the cur rent - voltage characteristics were not particularly successful, since 

field emission was viewed as a classical process in which electrons were thermally 

activated and traversed a field reduced potential barrier.6 A satisfactory theoretical 

explanation of field emission had to wait for the advent of quantum mechanics.  

Using Schrödinger’s wave theory, Fowler and Nordheim satisfactorily explained 

field emission as the quantum mechanical tunneling of electrons from the metal into 

vacuum under the influence of the applied electric field.7 The now commonly referred to 

Fowler-Nordheim (F-N) equation, describes the relation between the emission current 

density J, the surface work function ? , and the applied electric field strength F. 

2.2. Field Emission Theory 

2.2.1 Field Emission  

For electrons to escape from a metal surface, they need to have sufficient energy 

to overcome the potential barrier across the metal-vacuum interface. This quantity is 
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called the work function (? ) and corresponds to the potential difference between the 

Fermi level (EF) of the metal and the field free vacuum (Ev). Work function is a surface 

property of the material and depends on the electronic structure and orientation of the 

crystal plane. It differs for different crystallographic orientations of the same material. 

For example, crystalline Mo has reported work functions of 4.36 eV for the (112) face to 

4.95 eV for the (110) crystallographic orientation. 8 The work function plays a dominant 

role in determining electron emission characteristics of metals.  

The potential energy diagram of an electron at a distance x from the metal 

surface, with the applied field strength being F at the surface of the metal, is shown in 

Figure 2.1. The term -e2/4x arises from the attraction between the electron and the 

induced positive image charge on the metal, whereas -eFx is the potential on the electron, 

due to the applied electric field F, at the metal surface. Thus, the effective potential on the 

electron at a distance x from the surface with an applied electric field F at the surface is 

given by the equation:9  

V(x) = (EF + ?  - e2/4x - eFx)   for x > xc        (2.1)  

V(x) = 0     for x < xc        (2.2) 

where xc = e2/[4(EF + ??] such that V(xc) = 0.  

 The applied electric field F lowers the potential barrier, and the effective barrier 

height can be obtained by setting dV(x)/dx = 0. The barrier reaches a maximum at a 

distance xl = (e/4F)1/2 from the metal surface, and this position is called the Schottky 

saddle point. In the presence of the field F, the maximum barrier height is reduced by 9 

? ?  = -(e3F)1/2 .  
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Thus the effective work function ? eff  can be written as   

? eff  = ??- e3/2 F1/2             (2.3)  

and this is called the Schottky effect. The barrier width at the Fermi energy level is  

? x  = ( ? /eF )              (2.4)  

if the image potential is not taken into consideration, and with the image potential taken 

into consideration, the barrier width is given by the following equation:  

? x  =  [(? /eF)2 - 2/F]1/2            (2.5)  

For quantum mechanical tunneling of electrons to occur, the amplitude of the 

uncertainty in the position of the electron at EF has to be comparable to the barrier width 

? x from equation (2.5). The uncertainty in position (x) of the electron is related to the 

momentum (p) of the electron through the Heisenberg uncertainty relation  

? x•? p = h/2? ??where h is Planck's constant. The uncertainty in the momentum of the 

electron at the barrier height ?  is ? p = (2m? )1/2 where m is the electron rest mass. 

Substituting ? p = (2m? )1/2 in ? x•? p = h/2? , gives the uncertainty in position ? x:  

? x = h/(2? •? p) = h/[2? •(2m? )1/2]           (2.6)  

For field emission to occur, the barrier width should be comparable or smaller 

than the uncertainty in the electron position ? x. This gives the field strength requirements 

for field emission to occur:   

(? /eF) = h/[2? •(2m??? /2]  

or F = [4? (2m? 3)1/2/eh]        (2.7)  
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Figure 2.1 Potential energy diagram showing electron tunneling from a metal surface 
under the influence of an electric field.10 
 

For metals with a surface work function of 4.5 eV, the width of the tunneling 

barrier ranges from 4.5nm at 3x107 V/cm to 0.5nm at 3x108 V/cm. Therefore for electric 

fields F > 3x107 V/cm, appreciable tunneling is expected to occur.1 The Fowler-

Nordheim model for cold cathode field emission assumes that the metal has a uniform 

planar surface at 0K and that Fermi-Dirac statistics are valid for this problem. The 

number of electrons impinging on the surface barrier with normal energy between E and 

dE is given by:11 
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N(E,T)dE = (m d E / 2? 2l 3)                      (2.8)  

There is a probability D(E) of transmission of electrons through the surface potential 

barrier. The total current density (Jt) of the tunneling current is calculated by integrating 

P(E) over all the energy ranges;  

Jt = e ? P(E) dE = e ? N(E,T) D(E) dE          (2.9)  

The barrier penetration probability is obtained by solving the Schrödinger wave equation. 

After further calculations, the current density takes the form:8 

Jt = [(1.56 ×10-6 F2)/(?  ty2)] × exp [-6.44 ×107 f 3/2 ? y / F]     (2.10)  

where Jt = current density in A/cm2, F = field strength in V/cm, ?  = surface work function 

of the metal in eV, ? y is the Nordheim elliptic function that takes into account the image 

force and ty another elliptic function which is almost equal to one.  

 2.2.2 Fowler-Nordheim Equation  

The measured field emission current, I, is related to the current density Jt and the 

total area of the emitting surface A:  

I = Jt A            (2.11) 

The electric field strength F depends on the tip geometry and is given by  

F= ? ?V            (2.12)  

where ?  is a geometric factor, which takes the emitter shape into account. Substituting, F 

and Jt in equation (2.10), one obtains the final form of the equation for field emission 

current:  

I = [(1.56×10-6 ? ??V2 A)/(?  ty2)] × exp [-6.44×107 ? 3/2  ? y/(? ?V)]    (2.13) 
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This equation is referred to as the Fowler-Nordheim (F-N) equation. For metal field 

emitters, the plot of log (I/V2) versus I/V gives a straight line and is called a Fowler-

Nordheim plot. The slope of the line depends on the geometry and the surface work 

function of the metal. The y intercept depends on the emission area. The Fowler-

Nordheim equation is generally written in a simpler form:  

I = aV2exp (-b? 3/2/V)          (2.14) 

where a and b are constants.  Equation (2.14) can be re-written as: 

ln ( I / V 2 ) = ln a – b? ?3/2 / V         (2.15) 

which has the form of the equation of a line. This type of plot is called a Fowler – 

Nordheim plot. A change in the slope of the line indicates either a change in the work 

function, or in the geometry of the tip or both. Thus a change in work function or tip 

geometry cannot be independently isolated. It has been reported that, for small nominal 

gaseous exposure doses there is no significant change in tip geometry.10 In this case, the 

change in slope is due to the change in work function. The slope (m) of the F-N plot is 

proportional to ? 3/2.  

The dependence of the slope of the F-N plot on the work function has been used 

to measure relative changes in the work function resulting from surface modifications, 

and to study adsorption and desorption kinetics of gases on clean metal surfaces.3  

 2.2.3 Selection of Tip Materials 

Field emitter tip materials should have a low work function as well as good 

electrical and mechanical properties. The tips should be capable of withstanding 

extremely high electrical stresses. The material should also be well suited for processing 
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using standard micro fabrication technologies. Apart from the surface work function (? ) 

of the material, geometric factors, like the aspect ratio, play a significant part in 

determining the emission characteristics. The need for creating emitter tips with high 

aspect ratios imposes critical requirements on materials that could be used as field emitter 

cathodes.  

It is hard to find one material, which satisfies all the above requirements. For 

example, group I and II metals have a low work function, but they are chemically 

reactive and are not suitable for making high aspect ratio structures.12 Group I B elements 

like Ag and Au have excellent electrical properties, but have a higher work function and 

poor mechanical properties. Rare earths and transition metals are inert, mechanically 

strong and have the highest reported melting points. Thus W, Mo, Zr and Ir are some of 

the most commonly used thermionic and field emitter materials.13 Table 2.1 lists the 

relevant electrical, electronic and thermal parameters for important rare earth, transition 

and noble metals.  

The aspect ratio (height/bottom diameter of the cone) of the emitters is an 

important factor in determining the emission characteristics. A higher aspect ratio results 

in a substantial decrease in the required gate voltage for the same emission current. Itoh, 

et al, measured the aspect ratios that can be achieved with different metals in a Spindt 

type field emitter geometry. The reported aspect ratios for Mo, Ti, Nb, Zr and Cr are 1.3, 

0.5, 2.0, 0.8-0.9 and 1.43 respectively.12 
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Table 2.1 Summary of thermo-physical, electronic, and work function data for 
                        common rare earth, transition metal and noble field emitter materials.  
                        The work function for polycrystalline metals was adopted from the work- 
                         function compilation of Michaelson. 14 The thermo-physical data was 
                        taken from the CRC Handbook of Physics and Chemistry. 15 
 

The data in Table 2.1, and the measured aspect ratio, indicate that Mo, Nb and Cr 

are preferred candidates. For historical and manufacturing reasons, Mo has been the 

material of choice for the production of most field emitter arrays.  

There are serious disadvantages in using metals in elemental form. Frequently, 

pure metals like Mo are susceptible to oxidation by residual gases like O2, H2O, CO2 and 

CO present in the vacuum envelope.16 To prevent the oxidation of the tips, several 

Metal Work Function Melting Point Resistivity Thermal Conductivity
? ? (eV) T M  ( oC ) ? ? ? ??( x 10-8 ? -m ) K 300  (W/cm-K)

Titanium 4.33 1668 39.00 0.219

Zirconium 4.05 1855 38.80 0.227

Niobium 4.30 2477 15.20 0.537

Chromium 4.50 1907 11.80 0.937

Molybdenum 4.60 2623 4.85 1.380

Tungsten 4.55 3422 4.82 1.740

Rhenium 4.96 3186 17.20 0.479

Ruthenium 4.98 2334 7.10 1.170

Iridium 5.27 2446 4.70 1.470

Nickel 5.15 1455 6.16 0.907

Palladium 5.12 1555 9.78 0.718

Platinum 5.65 1768 10.50 0.716
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alternate materials are being studied in laboratories around the world. Refractory carbides 

have lower work function than the refractory metals and are less susceptible to surface 

contamination by oxygen containing species.17,18 Attempts have also been made to 

deposit thin films of diamond on the Mo FEAs.19,20,2122,23  

2.3. Spindt type Field Emission Micro-cathode arrays 

Until recently, the use of field emitter tips was limited to applications in field 

electron and ion microscopes. Currently, there is a growing interest in the development of 

vacuum microelectronic devices and technologies based on large arrays of field emitter 

cathodes. Creation of large field emitter cathode arrays (FEAs) has been made possible 

with Spindt's deposition process for the fabrication tips.24 This breakthrough made it 

possible to create large field emitters arrays using common micro-fabrication technology 

employed in the electronics industry.  

The integration of field emitters and advanced microelectronic technologies make 

it possible to create FEA vacuum microelectronic devices. The high current density, low 

power requirements, and the ultra high speed switching that can be accomplished with 

ballistic electrons makes these devices suitable candidates in high resolution displays and 

high speed RF applications.25,26  

Utsumi presented a comparative analysis of the field emitter vacuum 

microelectronics and silicon based semiconductor technology. 27 The major advantages of 

vacuum microelectronic devices include ultra high-speed switching, higher power output, 

large operating temperature range and beam focusing and deflection capabilities. The 

major obstacle is the requirement of a high vacuum in the device. Other vacuum related 
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problems are emission current instabilities and device failures resulting from the 

contamination of the emitter tips by the residual gases in the vacuum package.  

The arrays studied in this work were made by Pixtech for Texas Instruments. The 

performance of similar devices has been reported in the literature. Figure 2.2 shows a 

scanning electron microscope (SEM) image of a section of the field emitter array.  

 

 
Figure 2.2 SEM image of a section of the Spindt type FEA. 28  

 

The Mo tips are positioned atop a resistive layer of amorphous silicon for limiting 

the emission current from each tip and to avoid catastrophic failures resulting from 

runaway current. A thin layer of niobium metal deposited on top of the SiO 2 gate 

dielectric serves as the gate electrode. For the FEAs studied in this work, the gate 

elements are tied to a single external electrode.  

2.4. Emission Characteristics 

The current-voltage (I-V) characteristics of a Spindt type FEA (#32107) are 

shown in Fig 2.3. A positive bias (Vg) is applied between the Mo cathode and the gate 

electrode and the field-emitted electrons leaving the array are collected on a platinum 

coated silicon wafer, which works as the anode. The potential on the anode was kept at 

+400 V (for DC mode) or +320 V (for Pulsed mode) with respect to the cathode. 
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Figure 2.3 I-V and F-N plots for Spindt type FEA # 32107 

 

For all the FEAs characterized, the gate voltage threshold for measurable field 

emission current was between 35 - 55 V. The peak emission current was approximately 

50 mA at a gate voltage of 75 V for Mo FEAs and around 85-90V for Au coated FEAs.  
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2.5. Application of the Fowler-Nordheim Theory to FEAs 

For a simple field emitter, the relation between the gate voltage V and emission 

current I is given by the Fowler-Nordheim (F-N) equation:  

I = aV2exp (-b? 3/2/V)                                                                                       (2.16) 

Although the above equation is true only for a single emitter tip, it can be applied 

to a FEA with millions of emitting tips. The reason being that the number of emitting tips 

is more or less a constant (from the I-V and straight line fit for the F-N data). The 

primary difference is that the solution of the F-N equation provides the average work 

function of the emitter tips and the total emission area. 

If the work function of the clean surface is known, the modified work function 

(? d) after gaseous exposures would be ? d = (md /mc)2/3?c where mc and md are the slopes 

of the F-N plot, for the clean and modified field emitter respectively. 

2.6. Standardization of Field Emission Results29 

Many problems with interpretation of FE results arise from the substitution of the 

Fowler-Nordheim (FN) equation (2.17), which links local emission current density J from 

a field emission source with the work function ?  and the local applied electric field F: 

J(F) = ( AF2 / ??) exp( -B ? 3/2  / F )                                                                      (2.17) 

[A = 1.54×10-6 A eV / V2, B = 6.83×107 eV-3/2 Vcm-1] with an experimentally adapted 

equation (2.18), showing the measurable characteristics, current (I) and voltage (V): 

I(V)= aV2 exp(-b/V)                     (2.18) 

where a and b are experimentally derived factors. I can be converted to J, and V to F by 

linear factors:  
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J = I/?               (2.19) 

F = ? V   or  F= ??F0           (2.20) 

F0=V/d, where ?  is the emission area, ?  is the field factor (local field to voltage ratio), ? 

is the field enhancement factor, and d is the planar anode to planar cathode distance. This 

is only true for  a diode configuration. It is worth noting that the literature uses ?  for both 

F/V and F/F0 quantities, which is immediately confusing.  

Clearly, the correct determination of ?  and ? ?are critical for purposes of 

interpretation and comparison of experimental FE results from various conditions. 

Different experimental arrangements present different problems in this regard, and this 

makes quantitative comparisons difficult.  

2.6.1 Low emission threshold and low work function 

The actual work function is about 5eV for most available (stable) materials. The 

apparent work function is the value from the slope of the FN plot. As follows from 

equations (2.17) and (2.18), the apparent work function in Eq. (2.18) is connected to the 

actual work function in Eq. (2.17) through the ratio of assumed and actual value of ? :  

? apparent = ( ? assumed / ? actual  )2/3?? actual                    (2.21) 

 The effective work function is used in the case where emission characteristics of 

an emitter are compared to a reference emitter with a well-defined ?  (for example, metal 

tips before and after cold deposition of a coating). The effective work function reflects 

the shift of the current-voltage (I-V) characteristics relative to a reference curve, e.g., as 

an effect of coating. Another source of misinterpretation is relying upon the FN emission 

law and ignoring other possible mechanisms contributing to emission. A classic example 
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is the low-field cold emission observations reported in the 1960s for MgO films30, 

suggesting a work func tion of 0.01 eV based on analysis using the FN equation. It was 

found that internal secondary emission from a porous MgO film was primarily 

responsible for the observed phenomenon.  

2.6.2 High current density 

 The determination (and definition) of ?  is also critical in the interpretation of FE 

field emission experiments. The basic FN equation has been obtained for the local current 

density, J, and considers uniform emission from an arbitrary planar area. This is what we 

call the theoretical (or phys ical) current density.  

One of the ways to derive ?  is from the intercept of a FN plot,25 which is typically 

referred to as the FN area denoted as ? FN, where ? FN = exp(a). Typically, this method 

gives the value of the effective size of emission area (e.g., ? FN
1/2), about 1-10% of the 

physical tip radius in the range of 10-100 nm.25  

Therefore, using the FN area to calculate the current densities, even very small 

emission currents, would result in very high current densities. The relationship between 

the FN area and the actual emission area is still uncertain. The term “Field Emission 

Area” must be clarified in order to make it a useful value for experimentalists. An 

important step in this direction is a new procedure proposed by Forbes for the derivation 

of emission area from FN plots.31 Another popular definition of emission area is the 

physical area of the emitting tip of radius r, where we have ? tip  = r2, which also results in 

a high current density.  
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 There are two main categories of real area, namely “true area of emission” 

(assuming emission is uniform) and “macroscopic area”. The simplest one is derived 

using the FN equation (by extending the  F-N plot, back to the y axis). The figure of merit 

for device applications is the integral current density, i.e., the total current emitted 

divided by the entire cathode area.  

 The integral current density depends upon cathode area. A very high current 

density is obtained only from a very small cathode area. The record current density of 

2000 A/cm2, was obtained from an array of emitters with an integral area of 

approximately 20 ? m2 and a total current of a few mA.25  

2.7. Characteristics of Emitters – Fabrication History 

The interpretation of the emission data depends strongly on the emitter material 

and fabrication history. However, we briefly formulate the questions to be addressed in 

any publication on the above subject. How was the material fabricated (in detail)? What 

is its composition? How thick is the film (or does it vary in thickness) or what size 

(distribution) are the partic les? How smooth (rough) is the surface? What are the minor 

constituents (dopants, defects)? Without these data, a working theory applicable to device 

application will be nearly impossible.  

2.8. Details of Experimental Procedure 

2.8.1 Vacuum 

There is a high probability that a cathode well behaved in UHV conditions will 

show much worse performance in a practical device environment. On the other hand, 
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experiments performed in environments that are not ultrahigh vacuum appear to be less 

reliable from the point of view of physical insight.  

2.8.2 Emission stability  

1. Low frequency current fluctuation (short-term stability) 

 In order to measure the low-frequency current fluctuations, the value of  ??= 

(Imax-Imin)/Iav can be used, where Imax,  Imin  and Iav correspond to the maximum, 

minimum, and average values of current within a measurement cycle.  

2. Long-term stability 

 Long-term stability can be characterized as the Iav(t) plot during long periods of 

time (e.g., tens, hundreds, and thousands of hours). It is highly desired, after the long-

term stability test, to investigate both the cathode and anode for morphological and 

compositional changes.  

2.8.3 Reproducibility of I-V characteristics 

Another important practical characteristic is the reproducibility of the I-V plots 

with time and repeated increase/decrease of applied voltage. Sometimes field emitters 

demonstrate hysteresis, which is an undesirable property for practical applications. At the 

same time, hysteresis can provide information about the emission mechanism. For 

reliable results, all measurements should be performed after a period of “conditioning”, 

i.e., the process by which the voltage is ramped up and down repeatedly until 

reproducible emission characteristics are observed.  
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