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The electrical characteristics of InP have been investigated experimentally
and its electron density and electrical potential evaluated theoretically using
the finite element method in a two-dimensional (2D) medium. Higher ion-
ization rates were achieved at 39.99 kPa and 450 V, and the maximum elec-
tron density in the cell was found to lie around � 8.64 9 1023 m�3. The main
motivation for the use of InP electrodes is the promising optoelectronic char-
acteristics of this material. The plasma currents and gas discharge emissions
were recorded simultaneously for an InP electrode under air or He medium.
The breakdown voltage was investigated under various operating conditions
including He and air plasma. Use of air resulted in a better minimum
breakdown point compared with He; that is, the minimum voltage was
reached at lower pressure, viz. p = 3.73 kPa for air versus p = 25.99 kPa for
He. The system was found to depend on the pressure of the cell, with a
transition occurring from the Townsend to glow mode. Self-sustained dis-
charge contributed to the current–voltage characteristics and light emission
over a wide pressure range between 1.99 kPa and 101.325 kPa for various
interelectrode gaps. It has been shown that the intensity of the plasma is
higher in air than He, being 10 a.u. for air versus about 5 a.u. for He under the
same conditions.

INTRODUCTION

Over recent years, research into group III–V
semiconductor materials has progressed signifi-
cantly in terms of understanding their physical
and optical processes.1–4 Moreover, there is a grow-
ing need for such semiconductor materials for use in
high-speed multifunctional systems in the electron-
ics and optics fields.1 InP-based materials have
always been a focus of research for the following
reasons1–8: Indium phosphide (InP) exhibits very
high current and discharge emission due to its
direct bandgap of 1.34 eV at room temperature,6–10

making it a perfect candidate for use in optoelec-
tronics systems that involve a plasma. Notably,
great research effort has focused on alloy semicon-
ductors composed of various compound semiconduc-
tors. The most widely known group III–V compound
semiconductors are GaAs, InP, GaN, and AlN,11

among which the composition ratio can be changed
continuously.11 Based on these advantages, group

III–V materials represent a flexible set of materials
that are well suited to use in optoelectronic appli-
cations. These characteristics also make them
appropriate materials for use in efficient solar cells.
Their flexible spatial features enable the explo-
ration of new designs,12 but a single direct-bandgap
material system cannot cover a wide range of the
optical spectrum; For example, GaAs and indium
phosphide (InP), and their triple and quadruple
alloys, can be used in different telecommunications
windows extending in the infrared from wave-
lengths of 750 nm to 1700 nm.11,12

In semiconductors, an electronic bandgap forms
as a result of scattering of electrons by atoms at
crystallographic lattice points separated by a few
nanometers. The width of the bandgap plays a
decisive role in the transport mechanism that is
exhibited when an external electric field is applied
to the material or it is stimulated optically. When
the light that hits a material has sufficiently high
energy compared with the width of the forbidden
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bandgap, energetic electrons can transition from the
valance band (which is completely full of electrons
at 0 K) to the conduction band (which can be
considered to be completely devoid of electrons at
0 K) as a result of the photoeffect in semiconductors.
In this way, the carrier concentration and conduc-
tivity of a material can be controlled depending on
the energy of the incoming light. Moreover, group
III–V materials are the strongest candidates for use
in optoelectronic devices that should exhibit optical
gain.2 Although offering high performance that is
comparable to other group III–V materials, InP is
known for its efficient operation, which is attributed
to its carrier dynamics related to its high electron
mobility in the transport mechanism.

Study of the discharges that occur across gaps of
micron size at low temperatures is of great interest
for plasma light sources, too. When the currents
formed by ions and electrons are sufficiently high,
the resulting ionized gas may emit light in the
visible range. On the other hand, secondary-elec-
tron emission can also take place from the cathode,
and these electrons are mainly associated with the
positive charges that accumulate in front of the
cathode over a wide range of operating conditions.
When ions strike the cathode, secondary electrons
are produced then accelerated towards the anode,
contributing to the ionization by colliding with gas
atoms. As a result of these multiplication ionization
processes, breakdown, i.e., a self-sustaining dis-
charge, occurs in the plasma cell and external
ionization is not necessary for a discharge current
to flow.13,14 The critical breakdown voltage (VB) at
which this occurs is a function of the product of the
pressure p and the interelectrode distance (d). This
is known as Paschen’s law, which can be used to
determine the optimum pressure and voltage
required to initiate such gas discharge. When the
conditions for breakdown are fulfilled, discharge can
be sustained, as described by Paschen curves, which
can be obtained for the ionization of different
gases.13,14

This study includes experimental measurements
of current–voltage characteristics (CVC) and dis-
charge light emission (DLE) curves using a micro-
plasma cell and calculations of the electron density
using COMSOL Multiphysics software. The electron
density at different pressures and voltages are
compared. The results of the numerical simulations
allow the unspecified parameters to be found. The
experimental section presents a detailed analysis of
the discharge for air and He media, as well as the
corresponding Paschen curves. InP exhibits
remarkable plasma currents and plasma emission
in the proposed structure.

EXPERIMENTAL PROCEDURES

In this study, a commercial semiinsulating Fe-
doped InP (001) wafer was used as the cathode
material in the plasma cell. On top of the InP, a Au

contact (40 nm) was deposited under high-vacuum
condition using an evaporation system. Thin-film
covered SnO2 was used as the anode. The resistivity
of InP is in the order of 107 X cm. The measure-
ments were conducted in a microplasma laboratory
using a vacuum of up to 0.013 kPa. He or air was
used as the gas medium between the electrodes. A
power supply of 2.5 kV was provided to drive the
electrons through the cell. The maximum current
was around 10�4 A. The experimental setup is
shown schematically in Fig. 1. The electrodes were
connected to the power supply system. The gas
discharge process was carried out at fixed interelec-
trode distance but varying voltages and pressure
values. To measure the Paschen curves, a direct-
current (DC) microdischarge system was used with
a 10 kX resistor connected in series. The gas
discharge characteristics of the plasma were mea-
sured using a Keithley 199 multimeter and digital-
ized using custom-made software in a personal
computer (PC). The pressure in the discharge cell
was adjusted using a digital vacuum gate. The
width of the gap was set to 30 lm to 550 lm based
on the thickness of insulating mica foils.

THEORETICAL RESULTS

The COMSOL Multiphysics package was used to
model the semiconductor–plasma structure. Numer-
ical simulation is an indispensable tool to under-
stand the behaviour of the plasma inside a
microdischarge cell with an InP electrode and is
also vital to improve knowledge in the field of DC
discharge, which is used for deposition or etch-
ing.17–19 The optimal mesh with 42,560 elements
was applied. The system used the gas discharge
formalism and the required material constants to
obtain steady-state solutions for the defined simu-
lation cell.20,21 Note that only limited theoretical
studies on the transport properties of group III–V
semiconductors are available.

The electron density in the plasma was calculated
using COMSOL simulation software. The electron
density and potential distribution maps were
obtained by considering successive ionizing colli-
sions between ions, electrons, and neutral atoms,
taking into account the diffusion equation per
species based on the ionization rate per species
and the electrostatic potential solution. The elec-
trons were mostly concentrated in the central region
of the cell, although some diffused to both ends of
the cell (Fig. 2a); that is, because of the potential
surface difference, the electron distribution changed
drastically. In Fig. 2a, the electrons are seen to
accumulate mostly in the middle of the cell. How-
ever, two electron structures were observed at the
slightly higher pressure of p = 39.99 kPa (Fig. 2b).
Depending on the discharge conditions, the electron
distribution is concentrated at different locations
within the plasma region, as shown by the different
plasma discharge zones observed in Fig. 2a–d.
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Considering the electron distribution in Fig. 2, the
steady-state solution depends drastically on the
potential and pressure.

The electron density distribution was obtained at
a fixed gap of 50 lm. Maximum electron density
values of 3.18 9 1022 m�3, � 8.64 9 1023 m�3,
2.81 9 1022 m�3, and 3.25 9 1022 m�3 were calcu-

lated for the different pressure levels in various
parts of the plasma cell. In addition, as the voltage
was increased, so did the electron density.

However, the degree of ionization increased
depending on both the pressure and voltage, with
the highest electron density being reached for
39.99 kPa and 450 V (Fig. 2). The electron density
in the discharge is one of the key parameters of the
process. As shown in Fig. 2a–d, the electron density
was not constant but rather changed on increasing
the voltage applied across the cell. The location of
the electron density depends on the plasma condi-
tions such as the pressure, electric field strength,
interelectrode distance, and a power. When the
pressure in the chamber changes, the location of the
electron density also changes strongly.

When the voltage changes, the potential increases
as expected and a smooth potential curve is
observed for high-voltage excitation (Fig. 3c). For
low-voltage cases, a small and moderate valley is
seen around the cathode (Fig. 3a, and b).

As the voltage changes, the potential distribution
also changes. This may be due to the redistribution
of the electric field according to the mean energy of
the electrons in the plasma. Furthermore, it is
assumed that the distribution of the potential
during the evolution of the discharge is governed
by the energetic electrons generating in the cath-
ode–anode gap. The dynamics of the plasma are
determined by the number of electrons generated
during the avalanche mechanism occurring between

the cathode and anode. Figure 3c shows a potential
value of 1197.3 V, which is approximately four
orders of magnitude larger than that in Fig. 3a.

EXPERIMENTAL RESULTS

The Paschen curves for the microgaps with an
InP electrode were studied using the planar gas
discharge system. The effects of the type of gas and
the gap width as well as the discharge pressure on
the Paschen’s curve, were examined in detail.
Figure 4 shows the dependence of the breakdown
voltage on the pressure for Air or He plasma for
different interelectrode distances d.

The influence of the type of gas on the CVC was
also studied in the discharge chamber with a
diameter of 50 mm for interelectrode distances of
50 lm and 100 lm. Figure 4 shows plots of the
product pd, which is known as Paschen’s law in
plasma science, revealing that the breakdown volt-
age decreased to a minimum with increasing pres-
sure, then increased with increasing pressure
thereafter. This minimum indicates the optimal
operating pressure and voltage for the microdis-
charge system. The type of gas is also seen to affect
the breakdown process.

The minimum breakdown voltage shifted towards
lower pressure for air compared with He; that is, the
minimum breakdown point was seen at around
3.73 kPa for air but around 25.99 kPa for He. The
threshold UB voltage was measured to be 324 V and
282 V in the case of air and He, respectively.

Breakdown occurred at a lower voltage for 50 lm
compared with the case of 100 lm. The Paschen
curves showed different behavior for the systems
with air and He plasma (Fig. 4). The discrepancy
between the two Paschen curves appeared for larger
pd values. The breakdown curves for the air

Fig. 1. Microdischarge cell with one discharge gap: 1, light source; 2, Si filter; 3, IR light beam; 4, semitransparent Au contact; 5, InP electrode; 6,
gas discharge gap filled by air; 7, mica foil; 8, UV–Vis light beam; 9, transparent conductive SnO2 electrode; 10, flat glass disc15,16.
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environment clearly show a U shape, while there is
an obvious deviation from such a U shape on the
right side of the Paschen curve for He.

Figure 5 shows the measured breakdown voltage
as a function of the gas pressure for a microgap with
different distances d when using He. The interelec-
trode space is divided into two distinct regions: A
high-field ionization region surrounding the active
electrode, where the free charges are produced
(50 lm to 100 lm), and a low-field drift region
beyond d = 100 lm. These low d values shifted the
right part of the axis. However, the breakdown
curves demonstrated a similar behavior in the
interelectrode range of 240 lm to 540 lm. Compar-
ison of the curves shows that the optimal interelec-
trode distance in the cell was 240 lm. Even when
increasing d further, the minimum point remained

nearly at the same value of around 8.79 kPa for
240 lm to 540 lm. It can be seen that the break-
down (UB) curves showed a sharp and strong
decrease with respect to pressure in the ionization
region after 100 lm. In addition, the curves reached
the same UB values at higher pressures after 400 V,
as shown in Fig. 5. For the low value of d, the
breakdown curves demonstrated a smooth variation
with p. In all cases, the space charge accumulation
around the cathode was neglected. The distance
between the electrodes affected the breakdown
voltage, and the experimental curves confirmed
Paschen’s law, with a minimum point indicating
the optimum plasma conditions.

Our previous work21 concluded that the interelec-
trode distance played a major role in the discharge
volume during the breakdown process; however, the

Fig. 2. Electron density maps computed using COMSOL M software. The color bar shows the magnitude of the electron density in units of m�3

under conditions of (a) 13.3 kPa and 450 V, (b) 39.99 kPa and 450 V, (c) 6.66 kPa and 2000 V, and (d) 13.3 kPa and 2000 V. The images show
the electron distribution obtained in the 2D mode (Color figure online).
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type of gas is also very important for enhanced
secondary-electron emission, causing a reduction in
the minimum point in the Paschen curves.

Fig. 3. DC plasma potential maps. The magnitude of the floating
potential is shown by the color bar, expressed in volts, under
conditions of (a) 13.33 kPa and U = 450 V, (b) 101 kPa and
U = 450 V, and (c) 13.33 kPa and U = 2000 V (Color figure online).
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Very few electron–ion collisions occur in the
plasma in the low pressure ranges, while the
number of secondary electrons generated is too low
to sustain ionization in the discharge cell. Mean-
while, frequent collisions occur at higher pressure
values, but the electrons do not obtain sufficient
energy to ionize gas atoms, thus the discharge is
quenched and nonsustainable.22–25 Thus, in both
situations, the ion production rates are low and high
voltages are required to provide discharge.

On the right side of the Paschen curve, the
breakdown voltage UB shows a proportional
increase with pd. This is due to the fact that the
probability of an electron producing ionization is
very high for relatively large pd values, even in a
moderately reduced electric field E/p. On the left,
the voltage UB increases sharply when pd
decreases. Higher electric fields are thus needed,
because low pd values are less likely to result in
ionization due to the small number of ionizing
collisions of electrons on the left-hand side of the
curve. Therefore, the Paschen curve shows a min-
imum point where the ionization probabilities of the
electrons are maximum and the optimal conditions
to sustain the gas discharge are obtained.

The electron discharge emissions and current–
voltage characteristics in the plasma discharge are
plotted as a function of the interelectrode distance d
and gas pressure p in Fig. 6. It is shown that the

discharge in air exhibits better CVC and DLE
values for all the studied pressures. On the other
hand, the uniformity of the light emission depends
on the resistivity distribution of the photodetector
plate and is proportional to the discharge current,
with local changes in the resistivity of the photode-
tector (InP electrode) leading to local changes in the
current and gas discharge emission.

These results reveal that the CVC and DLE show
similar behavior in the same experimental param-
eter range due to the ionization process from the
cathode to anode. Consequently, increases in the
electric field strength as well as the electron density
contribute to the high current and discharge emis-
sion in the plasma cell. The CVC and DLE depend
directly on the quality of the wafer. Therefore, any
relevant evaluation of the quality of the material
requires a description of the spatial distribution of
both electrical parameters and structural defects. If
the electrode has uniform resistivity, the plasma
becomes uniform. However, if the electrode contains
natural defects such as EL2 (native trap) centers or
impurities due to the growth conditions applied,
instabilities such as negative differential resistance
or fluctuations will be recorded in the plasma cell. In
the absence of a sufficient electric field, the plasma
should sustain Townsend breakdown via secondary
electrons. When the plasma current increases in the
cell, the effect of space charge on the uniformity of
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the electric field will become important and distort
the homogeneity of the electric field between the
electrodes, resulting in a contraction of the gas
discharge. As a result of this, the CVC tends to go
negative in this mode, leading to current instabil-
ities in the system. The discharge is now in glow
mode, where the current is in the order of 10�4 A to
10�1 A and the discharge light emission is brighter
than in the Townsend mode.23–25

The properties of the glow discharge change in
accordance with the discharge parameters such as
the gas pressure, plasma gas composition, gas
pressure, and voltage applied across the electrodes.
The composition of the plasma gas is particularly
important for the excitation and ionization mecha-
nisms, including the production of active species.26

CONCLUSION

The influence of the type of gas on the breakdown
voltage has been studied theoretically and experi-
mentally, as well as the influence of the pressure
and interelectrode distance d on the CVCs and
DLEs. The cell operating with He showed a smooth
dependence on p, whereas the curves obtained with
air showed a sharp dependence on p. Furthermore,
electron distribution and potential maps were cal-
culated theoretically, considering the redistribution
of the electric field in the cell. This provides
information regarding the appearance of the gas
discharge across the gap when a potential is applied
to the cell. The properties of the DC plasma were
studied using COMSOL software for different input
voltage and pressure settings. The theoretical elec-
tron density changed from 3.18 9 1022 m�3 to
8.64 9 1023 m�3. These values confirm that the
‘‘dense plasma’’ condition is valid within the spec-
ified parameter range. The peak plasma density was
8.64 9 1023 m�3 at 39.99 kPa and 450 V. The elec-
tron density depends on the gas pressure and
applied voltage in the interelectrode area. Some
distinctive features of the electron density in the
plasma system with the InP electrode are clarified
by these results, considering the electron ionization
and emission from the cathode. Furthermore, an
increase in the bias voltage at a constant gap
distance can effectively enhance the electric field
and electron density and also provide more energy
to electrons, consequently leading to high discharge
emission from the cell.
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