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Abstract In this paper, a two-dimensional nanometer scale tip-plate discharge model has been

employed to study nanoscale electrical discharge in atmospheric conditions. The field strength dis-

tributions in a nanometer scale tip-to-plate electrode arrangement were calculated using the finite

element analysis (FEA) method, and the influences of applied voltage amplitude and frequency

as well as gas gap distance on the variation of effective discharge range (EDR) on the plate were

also investigated and discussed. The simulation results show that the probe with a wide tip will

cause a larger effective discharge range on the plate; the field strength in the gap is notably higher

than that induced by the sharp tip probe; the effective discharge range will increase linearly with

the rise of excitation voltage, and decrease nonlinearly with the rise of gap length. In addition,

probe dimension, especially the width/height ratio, affects the effective discharge range in different

manners. With the width/height ratio rising from 1 : 1 to 1 : 10, the effective discharge range will

maintain stable when the excitation voltage is around 50 V. This will increase when the excitation

voltage gets higher and decrease as the excitation voltage gets lower. Furthermore, when the gap

length is 5 nm and the excitation voltage is below 20 V, the diameter of EDR in our simulation is

about 150 nm, which is consistent with the experiment results reported by other research groups.

Our work provides a preliminary understanding of nanometer scale discharges and establishes a

predictive structure-behavior relationship.
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1 Introduction

The discharge of gases is usually triggered by ioniza-
tions under conditions of high temperature, high elec-
trical field or strong optical radiation. As MicroElec-
troMechanical System (MEMS) and NanoElectroMe-
chanical System (NEMS) devices are rapidly advancing,
uncontrolled electrical discharges and breakdown due
to static potentials across submicron distances, such as
damage from electrical breakdown between switch con-
tacts and connectors are of increasing concern [1]. Con-
trolled gas discharges have wide applications in probe-
based nanolithography, materials deposition and micro-
machining techniques for functional structures defined
with nanometer accuracy [2∼9]. S. MORSH [7] and C.
SCHONENBERGER [8,9] proposed a methodology of
direct nanometer scale writing of charge onto surfaces
using a scanning probe microscope (SPM) probe tip to

create a localized corona discharge, which has potential
applications for data storage, xerography, self-assembly,
and electronics. Xianning XIE [5] reported a method to
initiate and investigate electrical discharges of ambient
air/water molecules based on a typical atomic force mi-
croscopy (AFM) setup. Furthermore, much effort has
been invested in creating appropriate biocompatible mi-
cro electrical discharge sources for microsurgery and
micromanipulation [10,11], aiming at providing a new,
attractive technique for the high-precision removal of
unwanted tissue/cells and cell modification.

When the dimensions of the electrode and gap are
relatively large, positively and negatively charged par-
ticles in the intervening space are accelerated to the ap-
propriate electrode. Through this process, the produc-
tion of free charges by collisions exceeds losses and the
fraction of ionized material in the gap will grow expo-
nentially. This process is known as electron avalanche
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breakdown in gas. The mechanism for discharge forma-
tion in submicron-sized gaps is more complicated than
that in large air gaps. The mean free path of electron at
standard atmospheric pressure is about 500 nm, which
is longer than the characteristic gap length we are in-
terested in. Thus, electron avalanche may not happen
in an ultra-small gap, which means that the electron
avalanche breakdown theory is no longer reasonable in
this case.

To date, considerable efforts have been made to mea-
sure the initiate voltage of discharge at different gap
lengths [12∼16]. Also, some simulation work was car-
ried out to explore the discharge process [17∼19]. Many
mesoscale/nanoscale discharge generators were con-
structed based on AFM or other kinds of probes [4∼8,20].
Those generators are instrumental in initiating and
observing nanometer scale discharges simultaneously.
However, a comprehensive understanding of nanoscale
discharge has not been achieved for two reasons. First,
the difficulties in setting up a nanometer scale discharge
device and the lack of suitable tools to monitor the
spatial and temporal evolution of the nanoscale dis-
charges. Thus, the gap length between electrodes and
the electrodes dimensions in previous studies were lim-
ited within micron range. Only a handful of research
has approached the nanometer level with limited spatial
dimensions. No general theory of electrical discharge
on a nano-meter scale has been adequately formulated.
Secondly, two possible mechanisms can be envisaged for
the occurrence of nanodischarge−the field emission [1,2]

and corona discharge [7∼9]. Both require the local field
strength to be high enough to exceed certain thresholds.
But prior experiments and simulations were mainly fo-
cused on the excitation voltages required for initiating
discharges rather than the electric field distribution in
the gap.

It is evident that the physical phenomena associated
with electrical breakdown and discharge on an ultra-
small scale under ambient conditions are not fully un-
derstood. Therefore, more studies are needed to achieve
the proper design of practical nano/micro devices, im-
provement of localized micro/nano fabrication precision
and development of a number of novel applications in
biomedical and chemical fields.

In this study, the critical range of field intensity as-
sociated with nanometer scale electrical discharges is
of primary interest. At first, we perform finite element
analysis (FEA) to calculate the electric field distribu-
tions both around the probe tip and in the nanometer
scale gap. The effects of different probe configurations,
different excitation voltages and different gap lengths
are fully investigated. The electric field thresholds for
initiating a small-scale discharge in different gap lengths
are determined through the modified Paschen curve and
Peek’s formula. Thus, the domain of electrical dis-
charge under different conditions can be obtained and
their trends can be predicted. This work is original
since both the scales of the probe and the gap lengths
are of orders of magnitude smaller than that in previ-

ous works. Additionally, we are mainly focused on the
electrical field distribution in a tip-to-plate electrodes
arrangement, especially on the domain of an electrical
field where a discharge may potentially be initiated,
which has never been sufficiently investigated. The
long-term goal of this work is to optimize nano/micro
structure devices and develop a methodology capable
of locally treating a small area of the sample surface
based on this nanoscale discharge source.

2 Simulation model

Since the probe dimension and gap length of interest
are in the scale of hundreds of nanometers, researchers
believe that two possible mechanisms, namely the field
emission [1,2] and corona discharge [7∼9], may be re-
sponsible for the ignition of discharges in a nanometer
sized gap.

For the field emission [1], the critical parameter is the
local electric field around electrodes. The electric field
required for effective field electron emission is so high
that it usually happens around a sharp object, where
the field amplification increases with decreasing radius
of curvature. Similarly, the corona discharge occurs
when the local electric field along an electrode exceeds
a threshold ignition field Et. Corona discharge will ter-
minate when the local field decreases below Et.

Therefore, in-depth understanding of the electric
field distribution is crucial to the research on electrical
discharges ignited by an ultra-small scale apparatus.

2.1 Electrode configuration

We focus on the discharge process initiated by a
nanometer scale probe, such as the AFM probe in this
paper. The simulation models are built on the basis of
Ansoft MAXWELL 12.0 software. And the schematic
diagrams of electrode arrangements used in the simula-
tion are shown in Fig. 1. All important dimensions in
the schematic diagrams are denoted by capital letters.

The configuration under investigation consists of a
ground electrode, which is an infinitely large copper
plate, and a discharge electrode in the form of a sharp
probe of length L and basal diameter D supplied with a
high positive DC voltage. The nanometer-sized probes
are made of platinum and positioned perpendicular to
the ground electrode at a distance H. Cylindrical and
conical tips are typical structures fabricated by MEMS
technology. Also, the hyperbolic tip is commonly seen
in macro sized discharge apparatus. Three probe types,
a hyperbolic probe, a cylindrical probe and a conical
probe, have been studied in this work. The ambient
gas in the discharge apparatus is air at room tempera-
ture and atmospheric pressure. By taking into account
the axial symmetry of the configuration, a 2D compu-
tational model in the cylindrical coordinate is appro-
priate, as shown in Fig. 1.
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Fig.1 The schematic diagram of three types of tip-to-plate

electrodes arrangement (color online)

2.2 Electrical field calculation model

When a potential is applied to the electrodes, an elec-
tric field will appear around the electrodes, governed by
Poisson’s equation:

∇2Φ = − q/ε, (1)

where Φ is the scalar electric potential, q the space
charge density and ε the permittivity of the ambient
air.

In the Ansoft MAXWELL 12.0 software, the FEA
is performed and used to obtain the solution of elec-
tric potential Φ where only the applied voltage between
the two electrodes is considered. The electric field gra-
dient is very high in the vicinity of the tip of probe
electrode. The discharge model is in nanometer scale.
Thus, creating an appropriate algebraic system is vital
to guarantee that the FEA can obtain a very accurate
and smooth solution. Consequently, the electric field E
can be easily calculated by differentiating the electric
potential Φ distribution.

The boundary conditions for the potential are
straightforward: a given DC potential Φ0 at the probe
electrode and zero at the sample plate.

2.3 Threshold calculation methodology

Peek’s formula is regularly used to determine the
threshold strength of the electric field for the discharge
onset at the probe electrode [18]. For highly symmet-
rical arrangements of electrodes, there is an analytical
solution for the harmonic field. In these cases the crit-
ical electric field can be derived analytically from the
ionization criterion. The result is known as Peek’s equa-
tion and in air it has the following forms:

E0 = 3.1× 104σ[1 + 0.308(σr)−1/2], (2)

where σ = T0P/TP0, and r is the electrode radius in
cm, T0 the standard temperature, T the actual tem-
perature, P0 the standard pressure and P the actual
pressure of gas. According to Peek’s formula, for a
probe with a basal radius of 50 nm, the critical electric
field equals 4.3 × 108 V·m−1. Another method of cal-
culating the threshold of breakdown field strength uses
the well-known modified Paschen curve [1,2], which in-
dicates that when the gap is less than about 4 µm, the
breakdown voltage, Vb, in air is a linear function of the
electrode gap length:

Vb = K × d, (3)

where d is in µm and K is a constant.
Paul G. SLADE and Erik D. TAYLOR [1] concluded

that K is between 65 V·µm−1 and 110 V·µm−1.
While D. F. FARSON et al. [2] established a nano-

scale tip-to-plate discharge apparatus with the tip radii
in a range from 0.5 µm to 5 µm and gap lengths in
a range from 35 nm to 800 nm. Through trial and
error, they acquired the relationship between excita-
tion potential and gap distance, discharge field strength
and excitation potential, respectively. According to D.
F. FARSON’s experiment, K is equal to 115 V·µm−1,
and the breakdown field strength is scattered between
1×108 V·m−1 and 3×108 V·m−1 with the excitation
potential ranging from 10 V to 80 V. They also found
that the breakdown at the lower voltage tends to occur
at a slightly higher field strength.

In comprehensive consideration of Peek’s formula
and the modified Paschen curve, it is evident that the
initiating discharge field strength is in the order of
108 V·m−1. We choose the average value 2×108 V·m−1

as the threshold to initiate electrical discharge in the
simulation process. Actually we believe that it is very
likely that an electric discharge will take place if the
electric field exceeds this threshold, i.e., a discharge
cylinder will appear in the gap [5]. The area where elec-
tric field intensity exceeds this threshold is called the
effective discharge range (EDR). In this work we will
measure the effective range, or the diameter of the dis-
charge cylinder, on the plate electrode under different
conditions.

3 Results and discussion

The electrical field distribution under different con-
ditions is very different, thus it is important to char-
acterize its trend. By using FEA, we can analyze the
effects of different model parameters on the distribu-
tion of the electrical field, such as the probe configu-
ration, the excitation potential and the gap length be-
tween electrodes, and in this way we can acquire the
variation trends of the effective discharge area as well.

3.1 Different probe configurations

The effect of probe configuration on the electric field
distribution will be discussed in this section. Cylin-
drical and conical tip geometries occur frequently in
MEMS technology. Also, the hyperbolic tip is com-
monly seen in macro sized discharge apparatus. Thus
three types of probe, the hyperbolic probe, the cylin-
drical probe and the conical probe, are adopted as the
cathode in the tip-to-plate discharge apparatus. The
probes in this part have a height (L) of 250 nm and a
basal diameter (D) of 100 nm. The gap length (H) be-
tween electrodes is fixed at 100 nm. The excitation po-
tential is set to 50 V. 2×108 V·m−1 is the threshold to
initiate electrical discharge as we discussed previously.

Fig. 2 depicts the electric field distribution in the
gap. Note that only the effective discharge area where
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the field intensity surpasses the threshold is illustrated
in the map. Our attention is concentrated on this ef-
fective discharge range. By comparing the radius of
this sub-cylindrical effective discharge area for different
probe configurations, we gain knowledge of variation
trends. As a result, we can optimize the effective dis-
charge area through adjusting the probe configurations
or other parameters.

Fig.2 The field strength distribution of: (a) the hyper-

bolic probe, (b) the cylindrical probe and (c) the conical

probe, respectively (color online)

As shown in Fig. 2, when a different probe is
adopted, the distributions of field strength in the gap
are evidently different. When we use a hyperbolic probe
as the cathode, the simulation result shows that the
field strength changes smoothly along the curve of the
probe. While the conical probe has a sharp angle at
the tip, so the field strength changes suddenly at this
point. The field intensity at this point can be extremely
high so the sharp tip may be damaged instantly. Due
to the nanometer scale of the model and the sudden
change at the tip, the simulation result around the tip
of the conical probe is not as smooth as that around
the hyperbolic probe. This is another reason why we
chose the hyperbolic probe as the main simulation ob-
ject in this paper. Differently from these two probes,
the cylindrical probe’s tip is quite wide, resulting in an
expansion of the effective range on the anode surface,
as can be clearly seen in Fig. 3.

Specifically, from the field strength distribution maps
for the hyperbolic probe, cylindrical probe and coni-
cal probe, we extract respective data of field strength
on the surface of the plate-shaped anode, and demon-
strate them in Fig. 3. The radii of effective discharge
range on the plate-shaped anode are 132 nm, 170 nm
and 126 nm, respectively. It is clearly shown that the
cylindrical probe has a wider influence range than the
other two probes and the field intensity decreases gently
with the decline of the probe tip’s area.

Fig.3 Field strength on the surface of the plate-shaped

anode when different probe configurations are adopted for

the cathode (color online)

According to this simulation result, we can pre-
dict the possible discharge areas of different probe ge-
ometries and fabricate the right probe configuration
when different discharge electrification precisions are
required.

3.2 Different excitation voltages

This section mainly focuses on exploring the ef-
fect of the excitation voltage on the effective range of
nanoscale discharges. A hyperbolic probe is chosen as
the cathode just as XIE [5] and S. MORSCH [7] used in
their experiments. Parameter-settings in this part are
as follows: the basal diameter of the hyperbolic probe
is 100 nm and the width/height ratio is 1 : 5; the gap
length between electrodes is fixed to 100 nm and the
excitation potential changes from 25 V to 80 V with an
interval of 5 V.

Fig. 4 illustrates the field strength on the surface of
the plate-shaped anode when different excitation poten-
tials are applied. Definitely, as the excitation potential
increases, the field intensity in the whole gap region
increases gradually.

In order to explore the variation trend of influence
range on the anode surface when different voltages are
applied to the electrodes, we extract the radius of the
effective discharge range from Fig. 4 and show them in
Fig. 5. It is manifest from the line graph that as the
gap length decreases the relationship between excita-
tion voltage and radius becomes closer and closer to a
linear relationship. When the electrical discharge just
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initiates, the excitation voltages required for producing
a small spot discharge on the plate electrode in dif-
ferent gap lengths differ greatly. After the excitation
voltage increases, the effective discharge spots ignited
by applying the same potential in different gap lengths
are nearly the same, with only a few nanometers differ-
ence. This phenomenon can be attributed to the “di-
mensional effect” of the probe. Basically we simulate
the discharge process initiated by a nanometer scale
AFM probe in this paper. The probe is so small that it
is similar to a uniform point charge when the excitation
voltage is high enough. Therefore the gap lengths will
not affect the effective range very much when the exci-
tation voltage is high, but it does have a great influence
on the initiation of the electrical discharge.

Fig.4 Field strength on the surface of the plate-shaped an-

ode when different excitation potentials are applied (color

online)

Fig.5 The relationship between excitation voltage and the

effective discharge range at different gap lengths (color on-

line)

In 2005, Xianning XIE et al. [5] reported a method to
initiate and investigate electrical discharges of ambient
air/water molecules in a nanometer-sized gap based on
a typical AFM setup. They found a tiny dot formed
by partial ionization on polystyrene (PS). According to
their measurements, when the bias potential applied to
the AFM is smaller than 20 V, the width of the tiny
dot is around 150 nm, as illustrated in Fig. 6(a). In
fact, our simulation arrives at just the same result. As
demonstrated in Fig. 6(b), when the excitation volt-
age is 20 V, the simulation result of the effective dis-
charge radius is 78 nm, and as the excitation voltage

decreases to 15 V, the effective discharge radius is about
61 nm. Apparently, our simulation result is consistent
with XIE’s experiment when the gap length is several
nanometers.

S. MORSCH et al. [7] used an SPM probe tip to cre-
ate localized corona discharge electrification. In this
case, the conducting SPM probe tip is held at a fixed
distance above the PS plate surface, whilst a bias volt-
age is applied between the probe tip and the underlying
plate. According to their experiments, when the gap
length is fixed at 30 nm, the charge spot radius increases
from 200 nm to 400 nm as the applied tip bias voltage
rises from 80 V to 90 V. Clearly, the simulation result
shown in Fig. 5 is basically the same as their experi-
mental measurement result. It should be noted that the
charge spots in S. MORSCH’s work [7] are quite big be-
cause the excitation voltage is relatively high, and this
may lead to transient shock waves in the nanometer
scale discharge [5], which would substantially expand
the discharge spot area on the plate. But this stochas-
tic nanoexplosion phenomenon is beyond our research
objectives in this paper.

In fact, the experimental result has proved the effec-
tiveness of our simulation work.

Fig.6 (a) AFM image showing tiny dot formation by par-

tial ionization (bias <20 V) on PS, (b) Simulation results of

field intensity distribution on the plate when the excitation

is 20 V and gap length equals 5 nm. The inset shows the re-

lationship between excitation voltage and effective discharge

range when the gap length equals 5 nm (color online)

3.3 Different dimensions

In this section, hyperbolic probes with different
width/height ratios, namely 1 : 1, 1 : 3, 1 : 5, 1 : 7 and
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1 : 10, are investigated. Parameter-settings are as fol-
lows: the basal diameter of hyperbolic probe is 100 nm
and the height changes according to the ratio, the gap
length between electrodes is fixed at 100 nm. When
the excitation potential is 50 V, the electric field inten-
sity distributions on the plate surface are illustrated in
Fig. 7.

Fig.7 Field strength on the surface of plate-shaped anode

for different probe dimensions (color online)

According to Fig. 7, the effective range on the anode
surface levels off at 130 nm with only several nanome-
ters of fluctuation. In addition, we find some other
interesting variation trends. From the origin point, if
the distance is smaller than 128 nm, the field strength
increases along with the rise of the width/height ra-
tio, then the field strength will experience a downward
variation when the width/height ratio rises until the
distance is so far that the electric field intensity is too
weak to distinguish. Clearly, increasing the height of
the probe will weaken the field strength around the tip,
but slightly augment the field intensity in other parts.

Fig. 8 demonstrates that the effective discharge
range dependence on probe dimension follows three pos-
sible variation trends: a. when the excitation voltage
is relatively low, the effective discharge area decreases
slowly as the probe width/height gets higher; b. the
effective discharge area maintains at the same level as
the probe width/height gets higher; c. when the exci-
tation voltage is relatively high, the effective discharge
area increases gradually as the probe width/height gets
higher.

Fig.8 The relationship between probe dimension and ef-

fective discharge range at different excitation voltages (color

online)

As a result, we can carefully design the AFM probe
dimension and choose the appropriate excitation volt-
age to accurately control the effective discharge area.

3.4 Different gap lengths between elec-
trodes

In addition, we further discuss the relationship be-
tween the gap length and the influence range on the
plate-shaped anode. In this part, the hyperbolic probe
is still our primary concern. Parameter-settings in this
part are as follows: the basal radius of the hyperbolic
probe is 50 nm and the width/height ratio is 1 : 5, the
excitation potential is fixed at 50 V and the gap length
between electrodes changes from 25 nm to 175 nm with
an interval of 25 nm.

Fig. 9 describes the field strength on the plate-
shaped anode’s surface. It is clearly seen that the field
intensity increases dramatically within a certain region
as the gap length decreases. To be more specific, when
the distance is within 250 nm, the field intensity in the
gap will go up rapidly along with the decline of gap
length, while as the distance is beyond 250 nm, the field
intensity change slightly when the gap length changes.
This trend also results from the “dimensional effect” of
the probe as discussed above.

Fig.9 Field strength on the surface of the plate-shaped

anode when the gap length changes. The inset shows the re-

lationship between gap length and effective discharge range

when the excitation voltage is 50 V (color online)

The inset shows a nonlinear relationship between the
gap length and the influence range. As the gap length
reduces, the expansion of influence range slows down
and becomes stable. In contrast, when the gap length is
extended to be very large, the field intensity in the gap
will witness a substantial fall, until the gap is so large
that the electrical discharge cannot reach the plate.

Apparently, the gap length between the probe and
the plate has a significant influence on the effective dis-
charge range as well. As a consequence, it is necessary
that every parameter should be taken into account for
comprehensive studies.

4 Conclusion

By FEA, the field strength distributions in
a nanometer scale tip-to-plate electrode arrange-
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ment are obtained and analyzed for different
conditions−different probe configurations, different
probe dimensions, different excitation potentials and
different gap lengths between electrodes. Conclusions
are drawn as follows:

a. A wide probe tip will enlarge the effective dis-
charge range on the plate dramatically, and a probe
with a sharp angle causes the electric field change
abruptly which may easily result in the damage of the
electrode tip.

b. There is a linear relationship between the excita-
tion voltage and influence range. And the linear degree
of the relationship increases as the gap length decreases.

c. Probe dimension, especially the width/height ra-
tio, affects the effective discharge range in three differ-
ent manners.

d. With other conditions remaining unchanged,
there is a nonlinear relationship between gap length and
effective discharge range.

Our work provides a preliminary understanding of
nanometer scale discharges and could be relevant to
a few applications such as probe-based data-storage,
nano/micro structuring, nanometer-sized ion source,
surface electrification and microsurgery or micromanip-
ulation etc. Based on our findings, we can carefully
design and fabricate the shape of the nanometer scale
probe and choose accordingly the appropriate excita-
tion voltage and gap length to acquire the required ef-
fective discharge range on the plate caused by electrical
discharges initiated from the probe.
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