
Theoretical study of 
field emission from a 
"real" metal surface

S E R H I I  L E B E D Y N S K Y I ,  R O M A N  K H O L O D O V

I N S T I T U T E  O F  A P P L I E D  P H Y S I C S ,  

N AT I O N A L  A C A D E M Y  O F  S C I E N C E S  O F  U K R A I N E



• In this presentation two classes of objects on the

cathode surface that affect the field electron emission

current will discuss:

1. Nanoclusters and nanovoids

2. Nanotips
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Double potential barrier model

Figures shows the shape of the double potential barrier, which is considered for calculating the field electron 

emission current from a two-layer metal system.

A model image of nanovoids and nanoclusters in a metal 

surface layer

A model of the potential barrier on the metal-vacuum 

boundary in the case of presents nanoclusters or 

nanovoids in a metal surface layer 3



Resonance effects of the field emission
Using the resonance condition for the transmission 

coefficient maximum (h=d) and condition for 

simplification calculations (W=C/2) we can write:

𝐷 = 1 + 𝑐𝑜𝑠2 𝑘ℎ 𝑊 𝑠ℎ2 2𝑘ℎ 𝑊
−1

, 𝑘 =
2𝑚

ℏ

The condition for the maximum of the tunnel 

transmission coefficient can be obtained in the form: 

Unfortunately, well-visible effect is for angstrom-size 

defects.
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Comparison of field emission current density values 
from the surface with nanocavities in the near-surface 
layer of the metal jmod and current from the idealized 
metal surface jF-N, where h is a nanocavity filling 
depth, d is a nanocavity thickness.
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4

where 2 / is de Broglie wavelength

B

B

h n n

mC



 

= + =

=



For more details, see posters:

✓ The field emission current density from a metal in the

presence of field emitting nanotips on the surface in

accelerating structures  (Musiienko I, Lebedynska Yu.)

✓An influence of the cathode surface morphology on the dark

current and high-gradient high-vacuum breakdown of the

accelerating structures (Kholodov R., Lebedynskyi S,

Lebedynska Yu.)
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SEM images of cathode surface
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2 types of 
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IAP NASU samples

7mechanical polishing 



IAP NASU samples

8etching in a mixture of acids



IAP NASU samples

9glow discharge cleaning 



CERN samples

10Standard cleaning procedure CERN



SEM images of the 
cathode surface
The study of copper cathode samples on a 

scanning electron microscope showed the 

presence of micron and submicron 

irregularities on the surface. We assume that 

they are the main sources of field electron 

emission current. Therefore, their 

consideration is an important step in the 

modeling of field emission current.

SEM photo of the cathode surface with different 

stages of preparing: 1 - mechanically polished 

electrode surface, 2 - etching the electrode in a 

mixture of acids, 3 - glow discharge surface 

cleaning, 4 - standard cleaning procedure 

for Cu at CERN 11



Modeling tips on the surface
The radius of the points was set randomly using a 

truncated normal continuous random variable. Two 

cases were simulated: 

1) hemispheres that are located on a perfectly

smooth surface r<100 nm;

2) surface which is a combination of model

hemispheres and a spherical cap of a larger radius

a ~ 1000 nm and similar to nanotips height h.

The parameters were selected in such a way as to 

obtain the electric field enhancement factor in the 

range β = 30 -140. 

It was also taken into account that in the case of 

distant location of the tips from each other the 

screening effect can be neglected (Bocharov, 2005). 12
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Reducing the impact of the work function 

If we take a closer look at the formula for the field emission current density 𝑗 = 𝐴𝐸2𝑒𝑥𝑝 −
𝐵𝜑 ൗ3 2

𝐸
, we can see that the 

current strongly depends on two parameters that can be changed: the electric field strength 𝐸 and the electron work of the 

metal φ. It is logical to assume that when replacing one metal with another, with a different work of exit, the field emission 

current, and, accordingly, the probability of breakdown, should change significantly.

For example, if we find the ratio of the current density of field emission of Al and Fe to the current density of copper, we 

can obtain the following ratios at 𝐸~100
𝑀𝑉

𝑚
⇒

𝑗𝐴𝑙

𝑗𝐶𝑢
≈ 𝑒100;

𝑗𝐶𝑢

𝑗𝐹𝑒
≈ 𝑒50

al, 2009

Average breakdown field after conditioning of     The experimental setup for high voltage breakdown 

the main materials tested. (Descoeudres et al, 2009) studies in the high vacuum (Baturin et al, 2015) 13



Reducing the impact of the work function 
We used the proposed surface model to calculate the 

field emission current. The figure shows the ratio of 

current densities from the model aluminum, titanium 

and molybdenum surfaces to the current from the 

copper surface. 

The figure shows that the ratio of currents from the 

model surface is much smaller than predicted for a 

smooth surface. It can be concluded that taking into 

account the morphology of the cathode surface is 

important when finding the field emission current. 

This allows better modeling of field emission 

processes and brings theoretical results closer to 

experimental ones
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Ratio of field emission currents from the model 

cathode for materials with different work of output to 

the current from the model copper cathode at different 

values of electric field strength.



Average breakdown field modeling
For taking into account the presence of submicron and

micron irregularities on the cathode surface we have used a

theoretical model which combinate hemispheres of low

radii and spherical caps of big radii. We calculated the field

emission current from the model copper surface at a given

electric field strength JCu. For other materials, the BD

current was expressed in units of JCu, which is depends on

the melting point T and electrical resistivity ρ.

It can be seen from the Figure that the agreement is 

quite good for Al, W, Ta, Nb and Cr. The reason for the 

discrepancy may be the fact that in the model all electrodes 

had the same surface morphology, and in real studies

it could be radically different from each other. 
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Average breakdown field after conditioning of the main 

materials tested. (Descoeudres et al, 2009)
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Statistical spread of geometric parameters
In real metal, the irregularities on the cathode surface have

different sizes, although they are in a certain range.

Therefore, it is necessary to generalize the formula for the

field emission current for the case of different sizes of the

edges. Such consideration was made in [1]. The authors

assume that the random distribution of tips satisfies the

Gaussian distribution.

where 𝛽0 is an average value of the enhancement factor,

Δ𝛽is a variance.

Then field emission current can be written as:
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I–V characteristics of a CNT-based cathode.

[1] Bocharov et al, Tech. Phys. 55, 289–295 (2010)

[2] Bocharov et al, AIP Conf. Proc 723 528 (2004)
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Conclusions
• The model of the flow of the field emission current considering the morphology of

the cathode surface and theoretically investigated the effect of modification of the

metal surface on the field emission current in the case of multi-layer metal-metal-

vacuum systems was constructed.

• The surface of Cu electrodes prepared by different methods were studied. It is

assumed that local irregularities of micron and submicron sizes are the main source

of dark current.

• The proposed theoretical model of the cathode surface, considering micron and

submicron irregularities, gives a satisfactory agreement of the breakdown field  from

model cathode with those obtained experimentally.

• It is also shown that the proposed model of the metal surface makes it possible to

better simulate the field emission current and to agree the theoretical model with the

experimental results.



Thank you for attention!


