Molecular dynamics simulations of thermal evaporation and

critical electric field of copper nanotips

Xinyu Gao?, Andreas Kyritsakis?, Mihkel Veske?, Wenjie Sun?, Bing Xiao®’,
Guodong Meng?, Yonghong Cheng®" and Flyura Djurabekova?”

! State Key Laboratory of Electrical Insulation and Power Equipment, Xi'an Jiaotong University, Xi'an
710049, People's Republic of China

2 Helsinki Institute of Physics and Department of Physics, University of Helsinki, PO Box 43, FI-00014
Helsinki, Finland

E-mail: bingxiao84@xjtu.edu.cn, cyh@mail.xjtu.edu.cn, flyura.djurabekova@helsinki.fi

Abstract

Due to the miniaturization of microelectromechanical systems (MEMS),
nanoelectromechanical systems (NEMS) and molecular devices, the problem of vacuum
insulation becomes more and more prominent. The nanoscale thermal effects caused by
electron emission and electric current Joule heat under high electric field lead to gasification
and migration of material in the device. In this work, a coupled molecular dynamics -
electrodynamics method is used to simulate the thermal evaporation of nanotips under high
electric field. Moreover, Cu nanotips with different initial geometries and different
macroscopic electric fields are modelled. The deformation and damage mechanisms of nanotips
under high electric field are discussed. Our simulations show that the aspect ratio of nanotips
has a significant influence on the thermal evaporation of nanotips. The thermal runaway
occurring in picosecond time-scale plays an important role for the initiation of the vacuum
breakdown. An empirical relationship is obtained between the on-set breakdown time and the

macroscopic electric field and the geometry of nanotips by analysing the numerical results.
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1. Introduction

Vacuum discharges, as well as their significant applications
and undesirable destructiveness, has become research hotspots
both in plasma technology and electrical insulation. For
example, particle accelerators like Compact electron-positron
Linear Collider (CLIC) [1] designed and operated by the
European Organization for Nuclear Research (CERN), its
internal electrical insulation structure needs to withstand
extremely high field strength of at least 100 MV/m [2]. In
micro- or nanoelectronic devices operating under high electric
fields, significant field emission currents may appear. These
can lead directly to electrical breakdowns, which will
eventually cause the complete destruction of the entire
electronic component. As the miniaturization of micro- or
nanoelectronic devices such as nanoelectromechanical
systems (NEMS), the problem of vacuum insulation in the

devices under high electric fields becomes more and more
prominent [3]. On the other hand, vacuum discharges also play
a vital role in arc jet, ion sources [4] and fusion reactors [5] in
the field of aerospace or nuclear physics research.

After extensive research since 1950s [6~15], it was realized
that the physical law of macro-scale can no longer be applied
to explain the development of the vacuum discharge because
of the new physical effects brought by the decrease of
dimension down to the micro- or nanoscale. An explosive
emission mechanism was proposed by Mesyats [16, 17],
which could be used to interpreted the initiation of vacuum
breakdown in RF accelerating structures [18~20]. Recent
studies on micro/nano scales breakdown characteristics
showed that field electron emission or thermionic emission
play a significant role in breakdown process [21~29].
Nanoscale breakdown characteristics have been investigated
based on nanometer displacement platform [30~32] and it was



found that when the local field strength is greater than 350
MV/m, field electron emission was generated on the surface
of the cathode, and which caused the rise of the temperature
of field emitter and anode [32]. The resulting metal vapor,
would collide with electrons to form plasma, leading to
electrical breakdown. Recent simulation results showed the
effects of vacuum nano-gap and cathode materials on the
dielectric strength of the vacuum nano-gap of the planar
electrode [33]. In addition, series of electrodynamics-
molecular dynamics simulations were conducted to
understand a thermal runaway process on nano-tip emitters
under high electric field [34~37]. It was shown that this
process leads to the evaporation of the electrode tip as the
electric field-induced force elongates and sharpens it [38].

Our previous experiments [39~41] further showed that
there is a correlation between nano-scale vacuum breakdown
characteristics and the properties specific to the electrode
material. Moreover, a significant role may play the geometry
of electrodes and the gap length [42, 43]. However, no clear
physical mechanism has been yet established to explain the
correlation between the electric breakdown and the properties
of the electrodes.

In this work, we use the coupled molecular dynamics (MD)
— electrodynamics (ED) method of [38] to investigate the
dependence of the thermal runaway process of Cu nanotips
with respect to its geometrical characteristics. The results
could provide the vital information to further understand the
fundamental mechanism of vacuum breakdown at nanoscale.

2. Methods

In our previous experimental works, we employed a custom
SEM-FIB experiment system to study the vacuum discharge
in the nano-size gap between two nano-electrodes, as shown
in figures 1(a) and (b) [39~43]. However, -current
experimental methods are unable to capture the exact moment
of the initiation of vacuum discharge and the associated
structural evolution dynamics of electrodes due to the
constraints of experimental apparatus down to the nano-scale
in size and to ps in time-scale. Meanwhile, the traditional
classical molecular dynamics simulation method is not
suitable to simulate the structural evolution of nano-electrodes
under high electric field, because the effects of high electric
field at the macroscopic scale on the microscopic structure of
nano-electrode are not properly described or implemented in
the methodology. The electron emission [44~46], the Joule
effect, the Nottingham effect [47, 48] and the resulting
structural changes under high electric field are supposed to
play important role in vacuum electric breakdown. In this
work, a very recently developed FEMOCS code [36~38],
which combined the classical MD (PARCAS [49~51]) with
electrodynamics, was used to simulate the thermal
evaporation of nanotips under high electric field. In the ED-
MD simulation, the structural evolution at atomic scale is
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Figure 1. Experimental method of nanoscale vacuum discharge: (a) metal
nanometer electrodes fabricated by a SEM-FIB experiment system; (b) SEM
image of nanoscale vacuum discharge system with nano-gap formed by nano-
manipulators.

governed by the Newton’s equation of motion. Meanwhile,
the mixed Neumann and Dirichlet boundary conditions are
used to obtain the electrostatic potential and electric field in
the vacuum region and on the surface of electrodes by solving
the Lapace equation. Then the effects of the forces induced on
the material surface by the electrostatic field are dynamically
incorporated into the MD simulation.

2.1 Calculation method of physical process

In this work, all the calculations were based on FEMOCS
[36, 38]. The electric field distribution was calculated by
solving the Laplace equation on the flexible finite element
method (FEM) [52] mesh

V24=0. (1)

We applied a Dirichlet boundary condition on the surface of
metal electrode:

$=0, 2
and a Neumann boundary condition on the upper surface of
the simulation box:

Vg=%E,, 3

where Eo is the applied macroscopic electric field at the top of
the FEM mesh. By calculating the induced charges ¢: on the
surface atoms, we obtained the resulting Lorentz and Coulomb
forces by [34, 38]
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The electron emission current [53~56] and Nottingham
heat conduction from the tip were calculated by GETELEC
code [57] integrated in FEMOCS, which can automatically
distinguishes between different emission conditions over the
barrier based on the Kemble formula. In addition, the overall
heat diffusion equation is given by [58]
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V(x(T)VT)+p - Q)
where Cy is the isothermal heat capacity, x (7) is the thermal
conductivity and p is the local deposited volumetric heating
power density (in W m?).



Table 1. The structural and modeling parameters (Number of atoms, MD box size and FEM mesh box size) of different copper nanotips.

Ro(nm)  Ho(nm)  Number of atoms MD box size (nm?) FEM mesh box size (nm?)
1 100 78658 7.14X7.14X51.18 695.91 X695.91 X1004.91
3 80 104451 9.09X9.09X30.18 677.14X677.14X808.72
3 100 233970 11.27X11.27X50.17 685.81 X685.81X1008.72
3 120 423981 13.09X13.09 X70.17 680.21X680.21X1208.65
5 100 482514 14.91X14.91X50.17 677.32X677.32X1008.74

(2)
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Figure 2. (a) Initial modeling geometry of Cu nanotip consisting of the small ‘real” electrode tip region and the large extended ‘virtual stand. (b) Profiles of
the FEM mesh with different mesh densities at nanotip apex, lateral facet and substrate. The color coding represents the distribution of the electric field.

A Neumann boundary condition was added to the heat
equation to calculate Nottingham heat (pn) [38]:

a(VT) =p, . (6)

The details about calculation of p and pn can be found from
[38] and [57]. In addition, a Berendsen temperature
controlling scheme [59] with time constant 7= 1.5 ps was used
to scale the velocities of the atoms at each MD iteration.

2.2 Modeling method of MD simulation

Our simulation geometry was based on the previous
experimental investigation [41] and theoretical simulation
[38]. Cu nanotips (major axis aligned with the <100>
crystallographic direction) with different initial geometries
(the radius of the tip hemisphere (Ro) and total tip height (Ho))
and different macroscopic electric fields (100 MV/m~1 GV/m)
were modeled, as shown in figure 2 (a). For all nanotips, the
taper angle was fixed to 3°.

To achieve higher efficiency for the ED-MD simulations,
the whole nano-electrode includes the tip region (small
rectangular box filled with atoms in red) and extended stand
(large cubic box filled with blue dots). As can be seen from
figure 1, the tip of the electrode was occupied with the actual
atoms which have the same position registry to that of bulk
FCC copper. The tip region was subjected to the molecular
dynamics simulation in which the coordinate and temperature
of the last two bottom atomic layers were fixed. The

Sabochick and Lam (SL) EAM potentials [60] were used for
the MD simulations with a constant time step A t=4.05 fs and
the initial temperature 7o = 300 K. Meanwhile, the extended
stand in the lower large box was built with the “virtual’ blue
support points [38]. All those blue points were placed on the
surface of the copper electrode, which defined the boundary
between metal electrode and vacuum. The extended region
was used to generate the flexible FEM mesh (shown in figure
2(b)) for obtaining the numerical solutions of electrostatic and
heat transfer equations. In the simulation, the height of large
box for the extended stand was set to 50nm, while the height
of the nanotip was defined by the initial geometry of electrode
as given in table 1. Other detailed modelling parameters are
also shown in table 1.

Solving the Laplace equation, we could calculate the Field
Enhancement Factor (y) by

™)

where Egpex 1s the electric field at the apex of the nanotips.
Fitting the relation between y and aspect ratio (Ho/ Ro) of
nanotips by expression in [61], we obtained

0.81

H
7138 % (42+ 30 ®)

The maximum deviation of y values in our simulations from
the results in [61~65] is less than 24%, which may be because
our tips have a certain taper.
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Figure 3. The time evolution of the maximum temperature on the tip with
different macroscopic field strengths from 400 MV/m to 700 MV/m.

3. Results and discussions

3.1 Effects of field strength on the thermal field of
nanotips

We show the time evolution of the maximum temperature
(Tmax) on the tip under different electric fields for the nanotip
of Ro =3 nm and Ho = 100 nm in figure 3. It is apparent that
Tmax has significant influence on electric field (Eo). On the one
hand, the maximum temperature on the tip tends to be
stabilized in the range from 800K up to 1000K when the
macroscopic fields Eo = 400 MV/m. In contrast, when Eo is
larger than 400 MV/m, the maximum temperature on the tip
can rapidly increase over 10000K. The stronger the
macroscopic electric field, the less time it takes for this
phenomenon to happen and the higher the temperature of the
tip for the same MD run duration. Since the maximum local
temperature on the tip is much higher than that of the melting
point of bulk copper crystal, the crystal structure of nanotip is
in the plasma state [16~18]. This drastic change of
temperature not only leads to the great change of the geometry
of nanotip but also increases electrical resistivity of the metal
nanotip. The increasing of electrical resistivity gives the
positive feedback to the Joule heat in the nanostructure and
which in turn affects the tip temperature and electron emission
in a thermal runaway process, as shown in [38]. Eventually,
the high local temperature on the nanotip may cause atoms at
the apex region to evaporate.

The time evolution of the Nottingham and Joule heats
deposited on the Cu nanotip under different electric field are
displayed in figure 4 (a) and (b), respectively. Similar to the
trend of temperature evolution, there is no significant change
in either Nottingham heat or Joule heat when £o< 400 MV/m.
For Eo> 400 MV/m, the initial heating of the nanotip is due to
the Nottingham effect caused by the field emission. As the
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Figure 4. The time evolution of the Joule heat (a) and the Nottingham heat (b)
deposited on the whole Cu nanotip with different macroscopic field strength
from 400 MV/m to 700 MV/m.

local temperature of nanotip exceeds 1000K, thermionic
component of the emission will be added automatically by
GETELEC [57]. Both Joule and Nottingham heats are positive
at the beginning of the ED-MD simulation. The sign of
Nottingham heat is inverted after a while with the significant
increase of current density and temperature and which is
resulted from the changing of electron emission mechanism
from the cold field electron emission to thermionic emission
on the nanotip. Meanwhile, the Joule heat remains positive
and its value increases rapidly due to the increased thermionic
emission. High electric fields induce the higher local
temperature on nanotips, giving stronger thermionic emission.
Consequently, the inversion of Nottingham heat occurs for a
very short MD duration. Although the cooling effect of
Nottingham cooling causes a delay in the heating process of
the nanotip, the significant increase of the resistivity caused
by the structural deformation or elongation at high
temperature eventually leads to the dominance of Joule heat in
the heat conduction. The structural evolution of nanotip under
high electric field will be covered in the next session.
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Figure 5. The evolution of the shape and surface electric field of nanotips (Ro = 3 nm, Ho = 100 nm) when Eo = 400 MV/m (a) and 500 MV/m (b).
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Figure 6. The time evolution of the height of the nanotip, maximum Time [ps]

temperature on the tip, Joule and Nottingham heats deposited on the Cu
nanotip (Eo =500 MV/m, Ro = 3 nm and Ho = 100 nm).

3.2 Effects of field strength on the height of nanotips

From figure 3 and 4, it can be seen that the strength of the
macroscopic electric field determines whether the tip tends to
be stable or deform. We pick several snapshots in ED-MD
simulations to illustrate the evolution of the shape and surface
electric field of Cu nanotips (Ro = 3nm, Ho = 100nm) when Eo
= 400 MV/m and 500 MV/m in figures 5(a) and (b),
respectively. For Eo= 400 MV/m (figure 5(a)), the height of
the nanotip varies in the range from 99 nm to 101nm in the
entire 500 ps MD run. In this case, the nanotip is stable against
to the stress caused by the electric field and the rising of local
temperature due to the deposition of Joule and Nottingham
heat. The height of nanotip nearly remains a constant during
the whole MD duration.

For Eo = 500 MV/m, as shown in figure 5(b) and figure 6
(t <15 ps), the heat generated by the strong electron emission
heats system at the apex region of the nanotip to exceed the
melting point of Cu. Later on (t < 40 ps), the maximum
temperature on the tip, Joule and Nottingham heats go into a
steady state and their values fluctuate around mean values.
When t > 40 ps, the local electric field of nanotip reaches the
critical value and the temperature at the apex starts rising.

Figure 7. The time evolution of the height of nanotips under different electric
fields

Under the simultaneous action of electrical and thermal
stresses, the melting and subsequent migration of the atoms
toward the anode continuously stretch the tip, increasing its
height. The characteristic sharpening of tip is demonstrated in
figure 5 (b) at this stage, resulting in the fast increasing of local
electric field strength. The increasing of the tip height in the
combination with the great increasing the resistivity hinder the
heat dissipation, causing strong over heating at the nanotip.
The sharpening of nanotip due to the high local temperature
feeds positively back into the electric field and tip height,
eventually resulting with the thermal runaway. After t > 86 ps,
the height of the nanotip is elongated up to 117nm, and the
significant atomic evaporation can be observed at the apex
region of the tip. This trend is consistent with the results in
[38]. Figure 7 demonstrates the change of the height of
nanotips (4H=Height(f) -Ho) under different electric fields. As
it can be seen from figure 7, both the rate of increase and the
amplitude of 4H get large by increasing the electric field
strength. Interestingly, the calculated 4H does not vary with
the time when the macroscopic electric field is below certain
value, i.e., Eo < 450 MV/m in the case discussed here.
Therefore, the existence of the critical electric field strength in
the process of atomic evaporation might be defined.
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Figure 8. (a) The diagram of the initial time of thermal evaporation of atoms (%) and AH under different Eo. (b) Morphologies of nanotips at various stages.

The color coding of (b) corresponds to the temperature distribution of tips.

Table 2. The macroscopic electric field and the predicted onset time for the
pre-breakdown for the nanotip of Ro = 3 nm and Ho = 100 nm) using ED-MD
simulation.

Eo (MV/m) t1 (ps)
440 342.18
450 204.08
500 86.18
550 51.80
600 36.60
650 23.69
700 14.17

3.3 Determining the onset time of thermal evaporation
and the critical field strength

The onset time of thermal evaporation and the
corresponding electric field strength play the key role to define
the pre-breakdown moment for the nanotips in the vacuum.

Based on a cluster analyzing algorithm [66] previously
implemented in FEMOCS code and by using the cut-off radius
of 4.94 A, we define the onset time (¢/) as the moment when a
single atom or cluster is detached from the nanotip (Ro = 3nm,
Ho = 100nm). The predicted values under different electric
fields are given in table 2. We find that when Ep =430 MV/m,
no atom is detached from the nanotip within 1 ns of simulation
run. On the other hand, when Ey = 500 MV/m, atoms start
evaporating at #; = 86.18 ps. For this particular ED-MD
simulation (Eo = 500 MV/m), combining the results presented
in figures 3, 4 and 6, it can be found that the height, the
maximum temperature of the tip, the Nottingham and Joule
heats all change or increase abruptly at time #;. In this case, we
could define it as the onset time of thermal evaporation of
atoms and the pre-breakdown moment for the nanotips.

After we repeated the ED-MD simulations for three times
and measured # for nanotips under various long-range electric

fields, the mean pre-breakdown onset time (%) is obtained.
The obtained values of f. are shown in figure 8. We should
clarify that only the initial thermal runaway in pre-breakdown
process is recorded during this time period, rather than a
complete breakdown process as the explosive emission
mechanism demonstrated including the expansion of plasma
into vacuum gap. It is found that the value of #. tends to infinity
when Eyp = 430 MV/m and thermal evaporation occurs when
Eo> 430 MV/m. Thus the critical field strength of the atomic
thermal evaporation (E¢) could be determined to be 430 MV/m.

In figure 8, we show the profiles of 7. and 4H under
different Fo. Four different regions are recognized in the
profiles. In the Region I, the macroscopic field is less than the
critical value. The effects of electric field are not strong
enough to trigger the overheating of nanotip. The thermal
evaporation does not occur, so that the morphology of tips
does not change significantly. In Region II, the macroscopic
electric field strength is slightly above the critical value.
However, the electric field is still not sufficiently high to
initiate the thermal evaporation in a very short time scale. The
onset time decreases rapidly with the increasing of the
macroscopic electric field strength, accompanying with the
fast elongating and sharpening of nanotip structure. Region III
is characterized by a slow varying of both parameters 7. and
AH. In this region, the sharpening of the nanotip and the
associated thermal evaporation occur throughout the entire tip,
and the tip could be elongated to the extreme large value
within relatively short time period. In the Region IV, due to
the extremely high field strength, the overheating of the
nanotip is severe especially at the apex region. The very high
local temperature causes the intense thermal evaporation of
the atoms on the nanotip. In this case, the nanotip melts rapidly
in just a few picoseconds rather than being elongated
gradually. The macroscopic electric field, that causes t. = 3 ps,
is defined as Emax in this work. The onset time for the thermal
evaporation or pre-breakdown is considered to be
infinitesimally small for £ > Emax.
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Figure 9. The diagram of the initial time of thermal evaporation of nanotips with different Ho (80nm, 100nm and 120nm) and Ro (1nm, 3nm and 5nm) under

various electric fields.

Table 3. The values of fitting parameters with different Ro and Ho.

Ry (nm) Hyp (nm) E.MV/m)  Epax(MV/m) T th RMSE (t.)
5 100 580 1075 35.63 67.52 9.85
3 80 520 856 20.65 37.56 4.80
3 100 430 765 28.70 42.56 5.88
3 120 370 717 25.11 36.36 5.85
1 100 260 411 8.42 10.10 1.02

3.4 Effects of nanotip geometries on the thermal
evaporation

Figure 9 shows the onset time of thermal evaporation of
nanotips with different Ro (1nm, 3nm and 5nm) and Ho (80nm,
100nm and 120nm) under various electric fields. It can be seen
that the variation of f. with the electric field strength for
different geometries shows similar four regions as discussed
in the previous session. We find that those profiles can be
fitted by using a cotangent relationship with the well-defined
values of E. (the quantity that defines the minimum E-field
strength required to initiate the thermal evaporation) and Enax
(above this value, the thermal evaporation occurs immediately
after the start of the MD simulation). Therefore, the following
expression is employed in fitting

te(E):rcot( (E-Ec)) . (9)

T
Emax - Ec
where 7 is a scaling parameter which has the same dimension
as that of onset evaporation time and is an implicit function of
both Ro and Ho. The parameter ¢ is an average value of % in
the Region III as discussed in section 3.3.

The fitted parameters are listed in table 3. Analyzing the
variation of parameters under different conditions, it can be

seen that fixing the radius of the tip hemisphere (Ro), the
increase of tip height only leads to the decrease of E., while
there's no significant change in the overall trend of z. By
fixing the total height of tips (Ho) we see, that 7 and # grow
linearly with Ro and the range of the 7 curve becomes wider
as Ro becomes larger. Thus in our simulations Ro is the
dominant factor which affects .. Therefore the properties such
as electric field and electron emission current density at the
apex region of the tip are mainly affected by Ro, which make
thermal evaporation easier to occur in the ED-MD simulations.

From figure 9 and table 3, it is visible that E. decreases with
increasing of the height of nanotips, while it increases with
increasing of the radius of the tip hemisphere. In other words,
the larger aspect ratio of nanotip gives smaller £ due to higher
field enhancement factor and slower heat dissipation.

By calculating the maximum local electric field of the
nanotips under the critical electric field (Eupex =7y "E¢), we find
that the values of Egper are all around 12 GV/m regardless of
the values of Ro and Ho. Thus, a nonlinear relationship
between Ec and y is suggested, which can be obtained by fitting
the calculated results to the following expression

34.35

Ee= s £ 019 (GV/m).

(10)
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Figure 10. Prediction of E. using Egs. (8) and (10) by varying Ro from 1nm
to 10nm and Ho from 50nm to 150nm

In order to quantitatively analyze the relationship between
aspect ratio and E., we can convert aspect ratio into y by
equation 8 and substitute the result into equations 10. Thus,
we can predict E. values for various nanotip geometries, i.c.,
varying the radius of the tip hemisphere (Ro) from 1nm to Snm
and the total tip height (Ho) from 75nm to 150nm, as depicted
in figure 10. The results show that the critical field strength for
the initiation of thermal evaporation is ranged from 230 MV/m
to 1.545 GV/m. This is consistent with the experimentally
determined vacuum breakdown field strength of 700 MV/m to
1.20 GV/m that was found in our previous work [43]. This
suggests that field induced thermal evaporation down to the ps
in time scale does play an important role in the initiation of the
vacuum breakdown. However, defining the electric
breakdown time as the onset time for the thermal runaway
requires the further justification from both experiments and
theoretical simulations.

We note that the sizes of nanotips or nano-electrodes used
in experiments are still considerably larger than those of
investigated in this work. The actual time scale of the onset
thermal runway processes of experimental nano-electrodes
(hundred nanometers long and several tens nanometers for tip
radius) could be significantly longer than our predictions. Due
to extremely high computational costs and poor parallel
computing performance of ED-MD code, running the
simulations for the tips, which would resemble those of
experimental ones, is practically not doable. But our results
imply that if we could continue the ED-MD simulations for
the tips of bigger sizes, the onset thermal runaway time may
gradually approach the experimental scale revealed by the
discharge spectral images from glow discharge optical
emission spectrometer. Specifically, the predicted onset time
of thermal evaporation would gradually increase from several
hundred picoseconds for our current nanotips to nano-seconds
for experimental cases.

Furthermore, the local field on the tip apex is overestimated
in our calculations because the electric field on the nanotip is
obtained by solving the Laplace equation without considering
the space charge effects. The presence of space charge
substantially changes distribution of the electric field and
current over the tips [18, 67]. Consequently, the distribution
of the E-field along the tip and the dynamics of its change with
increasing temperature may also change, namely, the E
decreases with increasing temperature. In this case, the
maximum temperature is reached at a sufficiently large
distance from the top [18]. Nevertheless, the electron emission
and field distribution are calculated concurrently and
consistently by GETELEC for each point on the surface in our
model, since PIC simulations were not available at this stage,
but the result could be considered good enough for the scope
of this paper.

It is known that the space charge effect decreases the field
enhancement factor [18, 38, 67]. Therefore, our calculations
underestimate the onset time for the thermal evaporation and
the corresponding critical electric field strength E.. One
possible solution to address this issue is to combine PIC
method with ED-MD simulation, using y obtained from the
former method as the input for the latter approach. New
developments are underway to eventually address the above
mentioned problems in the near future.

4. Conclusions

Aiming at the onset vacuum breakdown mechanism at
nanoscale and the structural damages to nano-electrodes, we
performed the state-of-the-art ED-MD simulations for
nanotips under high electric field. It was found that the thermal
runaway occurring in picosecond time-scale plays an
important role for the initiation of the vacuum breakdown. By
determining the onset time of atomic thermal evaporation and
the critical electric field of nanoscale pre-breakdown for
different nanotip geometries, it was shown that the onset time
scale of atomic evaporation versus the critical field strength
could be described by an empirical cotangent relationship. The
aspect ratio of nanotips has a significant influence on the
thermal evaporation of nanotips, which could be a way to
predict the critical electric field of wider scale electrodes as a
function of the height and the apex radius of the tip.
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