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Exploration of the Townsend regime by discharge
light emission in a gas discharge device∗
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The Townsend discharge mechanism has been explored in a planar microelectronic gas discharge device (MGDD)
with different applied voltages U and interelectrode distance d under various pressures in air. The anode and the cathode of
the MGDD are formed by a transparent SnO2 covered glass and a GaAs semiconductor, respectively. In the experiments,
the discharge is found to be unstable just below the breakdown voltage Ub, whereas the discharge passes through a homo-
geneous stable Townsend mode beyond the breakdown voltage. The measurements are made by an electrical circuit and a
CCD camera by recording the currents and light emission (LE) intensities. The intensity profiles, which are converted from
the 3D light emission images along the semiconductor diameter, have been analysed for different system parameters. Dif-
ferent instantaneous conductivity σt regimes are found below and beyond the Townsend region. These regimes govern the
current and spatio-temporal LE stabilities in the plasma system. It has been proven that the stable LE region increases up to
550 Torr as a function of pressure for small d. If the active area of the semiconductor becomes larger and the interlectrode
distance d becomes smaller, the stable LE region stays nearly constant with pressure.
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1. Introduction
Gas discharge plasmas are widely used in many tech-

nological applications, such as plasma display panels, light
emiting systems, displays, lasers, atmospheric plasma units,
fusion, surface treatments and the sterilization of biologi-
cal samples.[1–8] In addition, surface etching and deposition
processes of thin film layers in the semiconductor industry,
protective coating in analytical chemistry, biotechnological
and environmental applications also include discharge plas-
mas to manufacture the desired products.[9,10] Gas discharge
devices with semiconductor electrodes have usually been used
to convert infrared (IR) signals into visible images.[11–15]

In the above applications, the interactions of the materials,
namely, semiconductors, metals, polymers and dielectrics with
gas discharge, cause some differences in their ordinary fea-
tures because of the surface modification.[16] It has also been
known that any change in the emission of electron features
of cathodes under the discharge may be undesirable and yield
some spatio–temporal instabilities as functions of the system
parameters.[16]

There are two modes for the discharge, namely, Townsend
and glow discharges.[17] The Townsend discharge is a very
weak discharge with a low space charge production (i.e., cur-
rent). Liang et al.[18] also proved that since the space charge
produced by the Townsend discharge is too small to deterio-
rate the electric field inside the gas gap, the electrons have the
same energy over the entire gap on average and therefore, the
spatial distribution of the discharge light becomes proportional

to the distribution of the electron density. Thereby, the applied
uniform electric field cannot be detoriated. In this case, the
maximal light emission (LE) from the excited atoms in the
media is observed around the anode.[19,20] Different from the
Townsend discharge, a stronger discharge with a higher space
charge production occurs in the case of a glow discharge.[21]

Strictly speaking, a swarm of positive space charge accumu-
lates near the cathode forming a cathode fall. This is ob-
served as a highly luminous layer close to the cathode. The
Townsend discharge is ignited at very low currents when any
discharge system is connected to a high-voltage direct-current
(dc) power supply through a sufficiently large resistance.[22]

Since the Townsend discharge is a complex phenomenon, dis-
charge gap d, electrode geometry, filled gas type and pressure
all play important roles in characterizing the discharge. In
most of the studies,[22,23] it was found that the applied volt-
age is almost indistinguishable from the breakdown voltage
Ub. However, in a typical Townsend breakdown, the electric
field and the ion density are almost uniformly distributed along
the gap.[24] A large number of initial electrons create a current
before the breakdown[25] and the electrons can be produced
via the associative ionization,[26] desorption of electrons from
the barriers,[27] or electron emission by metastable species.[28]

It is known that the Townsend regime is limited to a small dis-
charge range. In addition, the discharge turns to a filamentary
state with the increase in the interelectrode distance d.[25] In
fact, this filamentary state may occur at higher frequencies or
applied voltages U .[25] Both theoretical and experimental find-
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ings prove that the applied voltage U , which enables the pro-
duction of a current between the electrodes, is the breakdown
voltage Ub and the Paschen curve can be obtained as a function
of the multiplication of pressure p and d.[25,29,30]

If one of the electrodes is manufactured from a semi-
conductor with high resistivity, a stable Townsend dis-
charge is obtained in a microelectronic gas discharge device
(MGDD).[6,31] The discharge instabilities leading to current
filamentation in the MGDD are dominated by the local neg-
ative feedback because of the voltage drop on the semicon-
ductor electrode.[13,32] Since the ion concentration in the dis-
charge gap is too small to create an important distortion on the
electric field even at a high current density, a spatially homoge-
neous state of Townsend discharge is observed in the system
for a wide range of p.[6,33] While the coherent current oscil-
lations are obtained over the whole range of parameters and
current in the case of metallic electrodes, the distance between
the electrodes suppresses the oscillations and causes a dc mode
in a certain range of current in the semiconductor electrode.
Thus, when d is decreased, the range of current expands and
the coherent oscillations may disappear.

In this paper, the Townsend discharge mechanism is ex-
plored in an air filled MGDD and the effects of the system pa-
rameters are reported. In Section 2, experimental details and
the setup are presented. The main results and discussion are
given in Section 4. Finally, the concluding remarks are given
in the last section.

2. Experiment
The complete setup of the MGDD is shown in Fig. 1(a).

The main part, the discharge cell, is denoted by No. 4
(Figs. 1(a)–1(c)), where a GaAs semiconductor is situated at
the cathode part of the cell. From the right to the left, the
total testing system consists of an external light source, an
optical lens for visible light emitted from the source, a sili-
con filter, a discharge cell, a CCD camera, a vacuum pump,
a vacuum valve, a facility box and a digital manometer. A
detailed schematic diagram of the overall setup is shown as a
sandwich-like cell with the measurement and recording facili-
ties (Fig. 1(b)). The gas-discharge gap is situated between two
electrodes: one of them is an SnO2-covered glass layer and
the other one is made of a semiconductor (i.e., GaAs). The
gap can be adjusted by spacers of different thicknesses from
45 µm to 323 µm.

The discharge light emission (DLE) recorded by the CCD
camera (ITIIC equipped with a proximity focused Gen II im-
age intensifier coupled to the charge coupled device via a ta-
pered fiber optic) is conveyed to a PC as shown in Fig. 1(b). In
order to measure the electrical features of the DLE, a PC and
some interface devices are used to record the current–voltage
characteristics (i.e., CVC) of an individual DLE in addition to
the DLE patterns of GaAs. The electrical current I flowing

through the cell and the voltage U over the cell are measured
synchronously by a Keithley 199 multimeter and a Stanford PS
325 type voltage supply. These measurements are digitalized
via home-made software.

3D image processing 

DC power supply

low pressure 
discharge cell

GaAs 
material

CCD camera

2D DLE 

read out 

from 

fiber 

optic

1 2 3 4 5 6 7

R1
- +
U0

- +

(a)

(b)

(c)

Fig. 1. (color online) (a) Photo of MGDD: 1: light source; 2: optical
lense; 3: silicon filter; 4: gas ionization system (IS); 5: CCD cam-
era; 6: vacuum pump; 7: vacuum valve; 8: facility box; and 9: digital
manometer. (b) Sketch of a sandwich-like ionisation cell, the measure-
ment and recording devices: 1: GaAs material; 2: specimen holder; 3:
microdischarge gap of the cell; 4: insulator mica; 5: transparent con-
ductor (SnO2); 6: glass disc; and 7: visible light beam. The dashed part
in panel (b) is shown in panel (c). The GaAs material is at the middle of
the cell. Interelectrode distance d (in µm) is the distance between GaAs
material and transparent SnO2 conductor.

The CVCs are recorded for different voltages within a rate
of 5 V·s−1. Current I is measured by finding the voltage on a
load resistance of 10 kΩ, which is attached to the cell. The sta-
bility of the gas discharge is explored by using the set-up with
an interelectronic distance d. The DLE can be obtained by
a photon counting mechanism, ELSEC 9010 from Littlemore
Sci. Eng. In the case of optical excitation of the GaAs sam-
ple, the gas system can be operated under different IR light in
order to excite the electronic states of the GaAs samples. The
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external light source is used for the optoelectrical exploration
of the MGDD. In that case, the photocathode can be uniformly
illuminated by an incandescent lamp of 250 W in front of the
cathode. Therefore, the photoconductivity of the sample can
be increased up to a certain level. The illumination intensity
Ln can be varied between 10−6 W·cm−2 and 10−2 W·cm−2

by the use of filters. Between the incandescent lamp and the
sample, there exists a Si filter, which transmits light of the
wavelengths between 0.9 µm and 1.6 µm. The maximum
illumination is measured as 8×10−2 W·cm−2. Besides, the
experiments can also be performed in the dark by exploring
the plasma discharge structures in the cell. The experiments
can be performed in the pressure range of 15–690 Torr for the
discharge cell. The voltage applied to the discharge cell can
be gradually increased from 200 V to 2.5 kV to study the re-
sponses of the GaAs cathode and plasma media under different
discharge conditions. In gas discharge studies, the surface of
GaAs (1 0 0) is used as the cathode.[34] It should be noted that
the DLE patterns can be recorded via the CCD camera succes-
sively when the applied voltage U is increased step by step. In
addition, a constant U can also be used during a certain dura-
tion to obtain a detailed DLE for the 3D processing. Following
the record of the 2D DLE patterns, which are received by the
CCD camera, the patterns are sent to the PC. Then the 3D pat-
terns are created by a software package (Image pro Plus)[35]

and are digitalized by the gray numbers over the entire DLE
surface for the spatial identification of the discharge regime.
The experiments are conducted around the gas discharge cur-
rent density j = 50 µA·cm−2. In order to ascertain the current
density of plasma media or to seek the behavior at different
current densities, various light illumination intensities (L1, L2

and L3) can be used in the set-up. In fact, such low j values
guarantee a Townsend-mode discharge regime.[34,36] Because
this value is lower than the critical current rates observed in
the transitions from Townsend to glow regimes.

3. Background on breakdown
A breakdown curve is defined as the threshold of a tran-

sition from a non-conductive medium into a conductive one
inside the plasma when a sufficiently strong electric field is
applied. In this manner, the relation between the creation
and annihilation of the electrons determines the breakdown
threshold.[13] The applied voltage causing a transition from
a non-self-sustaining discharge to a self-sustaining discharge
has been known as the breakdown voltage. The breakdown
is then determined by a rapid gas transition from a poor elec-
trical conduction with high resistivity (about 1014 Ω·m) to a
relatively good conduction with lower resistivity.[37] Inside a
plasma medium, the time lag of a breakdown is given by the
sum of the retardation time and the formative time. The retar-
dation time is dependent on the probability to get primary elec-
trons for starting the carrier multiplication. In fact, it is a statis-
tical concept having the typical values at the order of 10−5 s or

10−3 s. The retardation time is also affected by the discharge
geometry. For instance, it can be nearly a hundred times longer
in very narrow gaps compared to that in the wide gaps with the
same p. On the other hand, the formative time is the effective
time to buildup an electrical current inside the plasma struc-
ture. It usually has values around 10−8–10−4 s with regard to
the plasma processes of electron multiplication.[38] According
to the Townsend breakdown theory, the carriers are generated
depending on the ionization coefficient α and the secondary
emission coefficient γ . At the right-hand side of the Paschen
curve (i.e., higher p), the breakdown voltage increases almost
proportionally with the product of d and p. Because the possi-
bilities for the ionization collisions are too limited and a very
strong field is required to achieve the necessary amplification,
thereby, the breakdown voltage exhibits a minimum where the
ionizing capability of electrons is at maximum. Due to these
two conditions, the minimal voltage for the breakdown is most
favorable, since the plasma media for the above-mentioned
multiplications are optimal.

4. Results and discussion
Figure 2(a) shows the breakdown curves for different di-

ameters of the GaAs cathode. From Fig. 2(a), it is obvious
that the minimum point of the discharge skips up to higher
pressures when a larger GaAs diameter is used at the cathode.
This reality is reasonable since the surface charge plays an im-
portant role to identify the Paschen curve as stated above. In
addition, the breakdown voltage for the optimal discharge gets
lower from 360 V to 340 V due to the surface charge effects.
It should be also noted that the inclination of the curve de-
creases in the case of large GaAs cathodes. Therefore, an eas-
ier discharge is achieved at larger pressures compared to the
cases with small GaAs cathodes. According to the findings in
Refs. [39] and [40], as seen in Fig. 2(a), the metallic cathode
can give a broader region in comparison with the semiconduc-
tor cathode. However, the general trends of the curves are sim-
ilar. Since the cathodes are conducting materials in the stud-
ies of Refs. [39] and [40], the breakdown voltages at larger p
become lower in comparison to that with the semiconducting
cathode.

Figure 2(b) shows the differences of successive UB val-
ues in Fig. 2(a). This graph is very useful to identify the pd
values, where the minimum breakdown point sits. This real-
ity comes from the fact that the inclination of the breakdown
curve becomes zero at its lowest part of the mathematical in-
formation. In fact, this graph assists in indicating the differ-
ence of UB (i.e., ∆UB) and one can clearly identify the minimal
point of the Pacshen curve. For instance, pd = 1.6 Torr·mm
and pd = 3 Torr·mm can be understood easily for D = 12 mm
and D = 22 mm, respectively, by looking at the x-axis values
where ∆UB = 0. These points correspond to the values of the
differentiation of UB equals to zero. In addition to the deter-
mination of minimal points, Fig. 2(b) also gives an idea of the
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inclination of the right branches. For instance, while the av-
eraged difference of the right branch at D = 12 mm (red) is
found to be 30 V, the averaged difference of the other plot at
D = 22 mm (black) is found to be 20 V.
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Fig. 2. (color online) (a) The breakdown curves: two curves are mea-
sured from the GaAs cathode with different diameters and the other two
are taken from the studies in Refs. [39] and [40] for comparison. (b)
The differences of UB from the GaAs cathode with respect to p.

In order to show the system reply for the voltage changes,
Fig. 3 is drawn. While the upward (red) direction indicates
the reply as an increasing current, the downward (blue) direc-
tion gives the reply as a decreasing current. The interesting
behavior is that the upward and downward curves follow the
same path. Strictly speaking, some experimental results indi-
cate hysteresis phenomena for special values of d and p.[41,42]

This kind of hysteresis effect occurs for large d values and
low pressures according to our previous studies and it is be-
lieved that the charged particles can have two different energy
states. According to our recent studies,[40,41] a lower p, such
as 44 Torr, and a larger d, such as 445 µm, give a hystere-
sis behavior. For more detailed expressions, readers are re-
ferred to Refs. [41] and [42]. In that case, one expects that
some amount of energy is given to the plasma and that the
energy is proportional to the area of the hysteresis loop.[42,43]

However, we have not observed any hysteresis effect for this
explored parameter range. This situation is known as the re-
producibility and it results with a very stable current–voltage
characteristic, which is important for the technological manu-
facturing. According to Fig. 3, the plasma resistivity or con-

ductivity changes with U . In fact, five different regions exist
in the plot. Before the breakdown, the resistivity of the plasma
is the highest. Then the resistivity becomes much lower just
after the breakdown. Then a moderate resistivity region occurs
between 660 V and 835 V. After this regime, another lower re-
sistivity region is observed for a very short voltage range (i.e.,
nearly 20 V) and the moderate resistivity region persists for
relatively higher voltages.
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Fig. 3. (color online) The step up/down condition of the semiconductor-
plasma micro structure in the Towsend regime.

Figure 4 shows the 2D and 3D discharge patterns from
the measurements via the CCD camera. It is shown that the
records of 2D, 3D discharge images and profiles through the
semitransparent SnO2 anode provide valuable information on
the kinetics of the breakdown. The discharge passes from the
non-self-sustained unstable discharge to the Townsend regime
from U = 340 V to U = 780 V. When the voltage reaches the
breakdown value as shown in Fig. 4(a), the optical appearance
of the pattern is not spatially smooth. In fact, the profile in
Fig. 4(a) has an unstable appearance with high and low in-
tensity peaks. However, when the applied voltage is further
increased, the pattern is much more homogeneous, as shown
in Figs. 4(b) and 4(c), and the DLE becomes relatively homo-
geneous, spreading to the entire active area of the cathode.[35]

This situation is much more observable in the corresponding
profiles. In fact, a better pattern is obtained at U = 780 V. In
the Townsend mode, large numbers of electrons are produced
with the increasing voltage, as also seen in Ref. [16]. The
maximum electron density is observed near the anode and it
radiates the corresponding DLE in this mode. As a result of
the high electron production, photoemission and photoioniza-
tion cause a homogeneous image on the entire cathode surface.
The DLE profiles at the right-hand sides of the patterns give a
better explanation for the homogeneity of the patterns. While
the DLE difference between the maximum and the minimum
is 140 arb. units at U = 340 V, it drops to 5 arb. units at
U = 780 V by giving a much smoother emission surface.
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Fig. 4. (color online) DLE intensities at different U ((a)–(e)) in the breakdown and Townsend regimes. System parameters are
d = 45 µm, D = 22 mm, and p = 100 Torr.
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Figure 5 shows the current versus time for different ap-
plied voltages. It is obvious that a bistable fluctuation ex-
ists at U = 340 V, which corresponds to the region below the
Townsend regime. When the voltage increases, the curves ex-
hibit more stable behaviors parallel to the corresponding DLE
patterns in Fig. 4. The current becomes more stable with de-
creasing fluctuation at U = 780 V. It can be stated that the op-
timal voltage is 780 V for the suitable operation of the system.
With regard to the oscillations for 500–600 V, it can be stated
that a time lag between the ion formation near the anode and
the enhancement of the current due to the ion-electron emis-
sion occurs in the system.[31,32] In addition to this ion-electron
emission, the origin of oscillations can also be accepted as a
result of the space charge. Strictly speaking, the space charge
of ions distorts the electric field and changes the multiplica-
tion coefficient for electrons. For higher U values, a more sta-
ble current waveform has been measured due to the electron
abundancy, which decreases the space charge effect.
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Fig. 5. (color online) Current variation with respect to time for different
applied voltages. The red plot corresponds to an unstable pre-Towsend
regime, the blue plots correspond to the Townsend regime.

The measured instantaneous plasma conductivity of the
system is presented in Fig. 6 as a function of time. While the
conductivity changes suddenly at U = 340 V due to the unsta-
ble behavior at the pre-Townsend region, one gets temporally
smooth conductivity at higher voltages. Due to the complexity
in the plasma medium, these types of instant changes occur
in conductivity. However, the Townsend regime has smoother
conductivity. The instantaneous conductivity is found from
the formulation σ(t) = ∆I(t)d/US, where ∆I(t)is the succes-
sive difference in current measurements and d, U and S are
the interelectrode distance, the applied voltage and the active
cross sectional area of the gas discharge cell, respectively. It
is obvious that the instantaneous conductivity can reach up to
10−6 Ω−1·cm−1 and have negative instantaneous values tem-
porally in the complicated plasma media. The plasma conduc-
tivity slightly decreases at a higher voltage (i.e., U = 480 V)
and has a value of 5×10−7 Ω−1·cm−1. However, the fluctua-
tions appearently decrease at the Townsend regime compared
to the unstable non-self-sustaining discharge.

Figure 7 gives the DLE for different system parameters.
It is measured by using a photon counting mechanism under
wide ranges of system parameters. While Fig. 7(a) presents
the largest DLE region for a small interelectrode distance d
and a large semiconductor diameter D, the intensities become
smaller for larger d and smaller D, as shown in Fig. 7(c).
Smaller DLE intensities are observed at d = 323 µm and
D = 9 mm. These plots are also important to find the opti-
mal emission regions of the system. According to the mea-
surements, a small interelectrode distance and a large diam-
eter semiconductor should be used for obtaining a larger sta-
ble emission region. In this case, the system emits light be-
tween 28 Torr and 550 Torr. However, the stable DLE region
becomes smaller for d = 323 µm and D = 9 mm and it sur-
vives between 28 Torr and 220 Torr. Note also that the pro-
duced maximal emission exceeds the photomultiplier limits
(i.e., 5 arb. units) in Figs. 7(a) and 7(b), therefore they are
cut above. According to Fig. 7, it is interesting that the system
can produce light emission at higher pressures up to 600 Torr
when d = 45 µm and D = 18 mm are used. Therefore, narrow
interelectrode gaps should be preferred for high pressurized
discharge cells in order to have better light emission.
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Fig. 6. (color online) Measured instantaneous conductivities of the
MGDD at (a) U = 340 V and (b) U = 480 V.
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Fig. 7. (color online) Maximum DLE values for different diameters
D and interelectrode distances d ((a) d = 45 µm, (b) d = 143 µm, (c)
d = 323 µm). The applied voltage is U = 780 V.

The DLE intensities for different diameters of the semi-
conductor cathode are shown in Fig. 8. Note that this 3D
graph gives the emissions for external illuminations includ-
ing the dark regime. While L1 denotes the moderate external
illumination intensity from the cathode side of the discharge
cell, L2 has the maximal external intensity. The illuminations
are given in the IR region as stated in the experimental sec-
tion. Therefore, it is proved that the conductivity rate of the
semiconductor has been increased by the photon absorption.
As shown in Fig. 8, the intensity increases by the increase of
the active area in the semiconductor cathode since the carriers
in the semiconductor increase relatively.

However, L1 and L2 illuminations cause dramatic en-
hancements in emission, as shown in Fig. 8. Since the pho-

tomultiplier sensitivity is only up to 5 arb. units, the upper
parts of the emissions are cut. On the other hand, D also plays
an important role in increasing the emission intensity from the
system; it can be comparable with the change made by the
external illuminations L1 and L2. In addition, these emission
patterns prove that two maximal intensity peaks appear at high
D and high illumination intensities, as observed at D = 22 mm
for different pressure rates. It can be concluded that the maxi-
mal intensities obtained from the MGDD result from the com-
plicated combination of pressure, external IR illumination, D
and d. Strictly speaking, the optimal parameters for the maxi-
mal DLE intensity are found to be (D, d, Ln) = (22, 45, L2).
These results prove that the complicated plasma structure de-
pends on the physical parameters of the gas discharge device,
such as D, p and illumination.
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Fig. 8. (color online) DLE intensities for different external illumination
intensities. The interelectrode distance is d = 45 µm.

5. Conclusion
The discharge event in an MGDD is found to be very

complicated in terms of the pressure, interelectrode distance,
applied voltage and active area of the semiconductor GaAs.
The system is found to be unstable at the pre-Townsend regime
where relatively lower voltages are applied. There exists no
smooth discharge pattern at this regime. However, the DLE
patterns become more homogeneous at the Townsend regime,
since the electrons move more easily from the semiconductor
to the anode. The optimal parameters for the maximal DLE
intensitiy are found to be (D, d, Ln) = (22, 45, L2). The
instantaneous plasma conductivity becomes more stable with
respect to time in the Townsend region. There also exist very
low conductivities for some time durations. In addition, this
work proves that the active area of the semiconductor is as
important as the external IR illumimation intensities in terms
of the formation of the DLE patterns. For larger active areas
(i.e., diameter D), two maximal DLE intensities are formed for
two different pressure rates, one of which is at a lower pres-
sure, such as 100 Torr, while the other is at a relatively higher
pressure, such as 290 Torr. In conclusion, the dynamics of an
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MGDD system are very complicated and depends on many pa-
rameters including cathode diameters, interelectrode distance
and illumination in the Townsend regime.
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