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PLASMA ETCHING OF GaAs SURFACE IN A PLANAR GAS
DISCHARGE SYSTEM
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This paper analyses the surface behaviour of etched a large-diameter GaAs plate realized by recording the spatial
distribution of the gas discharge light emission (DLE) in a planar gas discharge system (PGDS) in ambient air and room
temperature. The etching depth is measured by surface profilers as a function of a gap spacing and gas pressure. The analysis
of the surface homogeneity is determined by fractal dimension of the gas DLE when a limiting current is passed through a
discharge cell. The effect on the roughness of the GaAs surface through the plasmachemical processes at appropriate set of
experimental parameters was established. The surface images of the etched GaAs are analysed using both the profile and
spatial distribution DLE intensity data showing the surface inhomogeneity in the GaAs plate. It is quantitatively concluded
that plasma etching at certain experimental condition can cause an improvement in surface structure of GaAs plate and spatial
distribution DLE in a PGDS. The results obtained in this work suggest that a PGDS can be an efficient, alternative plasma
source for general surface processing, because they can provide nonthermal discharges also near atmospheric pressures and
thereby eliminate the need of costly vacuum systems.

Keywords: Plasma etching, GaAs plate, gas discharge system, surface processing, discharge light emission.
PACS: 61.50L -structure of bulk crystals, 81.40-treatment of materials and its effects on microstructure, nanostructure and
properties

1. INTRODUCTION of these systems [9-11]. It is known [11] that if one of
the electrodes is made in the form of a GaAs plate
The 111-V compound semiconductors, such as  with a resistivity greater than 106 Qcm in a PGDS cell,
GaAs and InP, have been long recognised for their  the gas discharge current can be distributed over the
potential applications in high speed electronic and  whole area of the electrodes causing a gas DLE. The
optoelectronic circuits. The technology of reducing the  uniformity of the DLE depends on the resistivity
negative effects of poor surface and interface is distribution of the GaAs plate, and the light emission
referred to as plasmachemical processes, the objective intensity is proportional to the discharge current.
of which is to stabilise the properties of the surface so  Local changes in the resistivity of the GaAs plate
that it becomes immune to exposure of the device to  leads to local changes in the current and the gas DLE.
operating ambient [1]. Plasmachemical processes have  The current and DLE intensity depend on the local
proved to be very useful methods for cleaning, parameters of the GaAs plate, and therefore
etching, or material deposition on surfaces and have  inhomogeneities in the GaAs plate are visualized in
enabled the production of new and advanced materials  the form of irregularities in the DLE.
for a variety of technical applications [2-4]. In all The presence of many electronically active
surface-processing  techniques  using  plasmas, defect states results in poorer device performance and
activated species (e.g., ions, electrons, photons, reliability. Therefore, preparation of surface with
radicals and metastables from the working or acceptable levels of electronically active defects is
background gas) [4,5] are generated within the plasma  essential for proper functioning of many devices.
which then undergo chemical and physical reactions  Unfortunately, the fundamental knowledge of the
with the surface material. Examples are etching of Si  surfaces has been very limited and the research of
and SiO, with X (where X = F or CI) from NX3, CXs, reducing the negative effects of poor surface and
C2Xs, or CsXg in the semiconductor industry, interface, for Si and 111-V compound semiconductors,
degreasing of metal parts by O(®P) and O(*D), O2(*A),  has been primarily based on empirical techniques [1].
and Oz in the metal industry [6] or coating of materials It is recognized that the development of GaAs
with polymers or other materials in various industry  semiconductor technology is directly related to the
branches [3,7,8]. surface properties of GaAs. Hence, the control and
A planar gas discharge system (PGDS) with a  precision in surface treatment such as the cleaning and
semiconducting cathode has found numerous etching processes is becoming increasingly critical in
applications in the last decade, especially in the devices occur [12]. The methods for visualization the
registration of IR images. High speed photography, surface homogeneities of GaAs plates of large
non-silver image formation and devices for rapid diameter are of great interest for the electronics
visualization of electrical and structural defects in  industry and laboratory studies [11]. Therefore, any
semiconductors are the other interesting applications  relevant evaluation of the homogeneity of
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semiconductor requires description of the spatial
distribution both of surface roughness and of
structural defects. Moreover, in addition to provide an
image of the GaAs plate, analysis of this image is
important to confirm the homogeneities spatially in a
PGDS with a semiconductor cathode.

In contrast to discharge devices with metal
electrodes, the voltage drop in the discharge gap of a
laterally extended semiconductor gas discharge cell is
localized. These cells are more stable against the
current filamentation because there exists negative
feedback caused by the appearance of tangential
components of the electric field in the case of
imposing on the system an inhomogeneous fluctuation
of j [13,14]. As a result, instabilities of the
“fluctuation” type may not occur. Mechanisms for this
include distortion of the field by the space charge, gas
heating, or the dependence of the secondary electron
emission factor y, on the ion energy and hence on the
strength of the field at the semiconductor. The
presence of a resistive electrode also affects the
development of instabilities of the ionization-
overheating type. It was shown in [15] that in a PGDS
with the Townsend discharge, the resistive electrode
reduces the growth rate of the instability and under
certain conditions may suppress it completely.

The uniform DLE over the whole electrode area
was observed with currents of more than 100pA. An
advantage of PGDS over low pressure gas discharge
(i.e., rf or microwave in a pressure range of a few
mTorr to a few Torr) and dielectric barrier discharge
(i.e., in a pressure range 500-1500mbar) is the
nonthermal behavior at high gas pressures and
uniform (i.e., without filamentary) discharge mode. In
most cases, it is desirable or even necessary to use
nonthermal plasmas, because high gas temperatures
can destroy the sample. Therefore, at a constant gap
spacing (10-100um) and a wide range of the gas
pressure (20-700 Torr), even for critical electrical field
strength (E =4x10*V/cm) and current densities (j =10
A/cm?) values the discharge in a PGDS could be still
rather uniform. Filamentation can cause distortion in
the GaAs surface, leading to nonuniform processing of
the surface. Therefore, the local changes in the surface
irregularities of the GaAs plate lead to local changes
in the current and the gas DLE. Therefore, nonuniform
processing of the GaAs surface are visualized in the
form of irregularities in the DLE. In a previous
publication [16], we reported fractal dimension
analysis as an alternative method to identify
inhomogeneities in the semiconductor plate with
large-diameter. This paper deals with etching of
semiconductor material using a (near)-atmospheric
non-thermal plasma source for general surface
processing and thereby eliminate the need of costly
vacuum systems. Moreover, one can determine
surface irregularities in the large diameter
semiconductor plates by the fractal dimension method.
2. EXPERIMENTAL
A schematic diagram of the experimental set-up
and a PGDS equipped with a proximity focused image
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intensifier coupled to the charge coupled device
(CCD) is shown in fig.1. A Cr-compensated GaAs

(p ~1074Xm) plate [17] was used as a semiconductor
cathode. The diameter and the thickness of the plate
were 30mm and 1mm, respectively. On the illuminated
side of the GaAs, a transparent conducting vacuum-
evaporated Ni-layer was coated. The anode was a disc
of glass (of 30mm diameter and 2mm thickness)
coated with a thin layer of transparent conductor
Sn0,. The GaAs plates were selected from a number
usually employed in a PGDS. Even after grinding and
polishing the surface were not subjected to chemical
etching: i.e., there was a strongly disturbed surface
layer on the GaAs plate.

Gallium arsenide is a direct semiconductor with
a band gap of 1.42eV at room temperature. When the
radiation is absorbed, electrons are excited and
perform transitions from the valence band to the
conduction band. This internal photoeffect lowers the
resistivity of the material. The light of an incandescent
lamp with an Si-filter in front illuminates the cathode
uniformly. The discharge can burn on a circular-
shaped area with a diameter of 20mm. In the
following, this area is often referred to as the active
area. The DLE can be observed through the SnO; layer
and the glass plate (fig.1). To ensure spatial
homogeneous illumination, a homogeneous beam was
prepared by a simple optical arrangement. The
maximum illumination intensity is around 10* Wem,

The discharge current is measured as the voltage
drop at the serial resistor R=100£2. This voltage drop
is negligible in comparison with the applied high
voltage. Therefore, the voltage at the electrodes of the
PGDS is virtually equal to the applied voltage. The
spatial distribution of the current density in the active
area cannot be measured directly but it is proportional
to the light density emitted by the discharge [9,19].
Therefore, measurements of the spatial distribution of
DLE give also information about the corresponding
behaviour of the current. Moreover, it is necessary to
have in mind that the semiconductor plate does not act
like a usual load resistor, but like a spatially
distributed resistive layer. Due to this fact a spatially
inhomogeneous IR light distribution projected on the
semiconductor cathode will cause an equivalent
modulated spatial resistivity distribution in the
semiconductor. In other words, this means that the
local resistivity of the semiconductor will have the
lowest value where the radiation density has its
highest value.

The discharge gap of the cell was filled with
ambient air and the measurements were carried out at
room temperature. The size of the discharge gap, d
(80um) and the residual gas pressure, p (100 Torr),
were chosen to ensure a sufficiently bright DLE [18].
A voltage of up to 2,5kV was applied to the electrodes
of the cell. DLE over the whole electrode area was
observed with currents of more than 100uA.
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Fig. 1. Experimental setup and a PGDS equipped with a proximity focused image intensifier coupled to the CCD.
Numbers indicate: 1-light source; 2-Si filter; 3-transparent Ni-layer; 4-GaAs plate; 5-gas discharge gap;
6-planar transparent SnO, conductor; 7-flat glass disc.

In a PGDS cell the discharge gas does not distort the
distribution of the current density in the GaAs
plate.The assessment of the image formation was then
based on analysis of the DLE (330-460nm), recorded
through a transparent anode with spatial resolution via
the corresponding light emission [19]. The minimum
radiation energy density detected was 8x103J/cm?.
Under stationary conditions of image conversion, the
spatial resolution of the device, R, was =10 lines per
millimetre. With a diameter of the active part of the
device of the order of 20mm. The emitted gas DLE is
registered by an intensified CCD camera. The
computer control and GPIB image transfer are
integrated in the software to full automation of the
measurement and calculation sequence. After the
reference image has been recorded, the camera is
focused onto the GaAs surface and a DLE image is
recorded.

Fig. 2a

! The two-dimensional (2D) image of a GaAs
surface in a PGDS cell are presented in fig. 2a and fig.
2b. As it can be seen in fig.2, the dark regions are
distributed on the light background. The dark regions
correspond to a low discharge current, and hence to a
high resistivity of the GaAs plate. Thus, the resistance
inhomogeneities transform to DLE inhomogeneities
[20]. If the conductance inhomogeneity is due to
fluctuations in the number of the dislocations centers,
it is possible to visualize the distribution of the
dislocations centers (for more detailed information,
see references [11,21]). The surface profilers and
fractal analysis were carried out to characterize the
surface state of GaAs plate after plasma etching, in
order to establish the changes in surface roughness.
After the etching process, the GaAs plate is analyzed
for the etching depth using a 3-D surface profiler
(Zygo, New View 5000).

Region
@//l >u
Region

Fig. 2b

Fig. 2. The (a) untreated and (b) treated 2D images of the GaAs surface in a PGDS cell. In Fig.2b signs (a),
(b) indicates some examples of the plasma etching (i.e. distortion) and (c) smooth surface regions along the

profile line, respectively.
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A clear graphical representation of the results was
obtained by using a discrete set of amplitudes of DLE
intensity to smooth out approximating surfaces that
passed through all the experimental points. Three-
dimensional (3D) charts of the distribution of the DLE
intensity or amplitude-coordinate distributions could
represent the final results. The possibilities of the
visualization have been evaluated, i.e., a local change
in surface inhomogeneity is determined by a local
change in DLE intensity.

3. RESULTS AND DISCUSSION
In semiconductor technology, it is revealed that
the surface roughness causes a significant degradation
of gate breakdown field strength and channel mobility
[18,22,23], since a high surface recombination
velocity of non-equilibrium  carriers in  the
semiconductor is ensured in present a PGDS. Studies
of the characteristics of such devices showed that they
are strongly affected by the quality of the
semiconductor electrode. This can be observed in part
when uniform illumination of a semiconductor gives
rise to a nonuniform pattern of the DLE.

In a PGDS cell a spatially inhomogeneous IR
light distribution projected on the surface of the GaAs
plate will cause an equivalent modulated spatial

resistivity distribution in the GaAs plate. Relating to |

different experimental conditions of the same
semiconductor, 2D images have been obtained as in
fig. 2a. and fig. 2b. While fig. 2a. gives a homogenous
spatial appearance owing to the similar lightness, fig.
2b. has light and dark regions compared with fig. 2a.
Effects of charge particles bombardment as a
reasonable result of plasma-chemical processes are
mostly seen as a C - shaped dark area with the surface
distortions in fig.2b. Meanwhile some local distortions
take place near the center of GaAs plate. Later, these
distortions will be proved as the main cause of surface
irregularities of the GaAs plate, quantitatively. In
fig.2b. signs (a), (b) and (c) indicate some examples of
the plasma-chemical etched and smooth regions along
the profile line, respectively.

Magnified three-dimensional 3D forms of (b)
and (c) regions indicate surface irregularities and
smooth parts of the semiconductor material with
respect to the DLE intensities. These images will be
discussed later. To determine the light and dark
regions of 2D images of the semiconductor surface
effectively, fig.2a. and fig.2b. have been transformed
into 3D form (fig.3a and fig.3b). As seen in fig.3a. and
fig.3b, the DLE intensity has been given by a 3D
GaAs surface pattern to identify the differences in the
intensity values between the 2D images in fig. 2a. and
fig. 2b.

Fig. 3. The (a) untreated and (b) treated 3D surface patterns in a PGDS with a GaAs plate. The plate thickness was
1mm, the diameter was 30mm, the discharge gap width was 80.m, the applied voltage 800V, the air pressure

was 100 Torr and the current was 100zA.

Fig.4a. 3D surface pattern of untreated region in fig.2a on
the GaAs plate (2mm x 2mm) in a PGDS.
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It is obvious that fig.3a differs from fig.3b in its
emission intensity values and gives a homogenous
spatial appearance owing to the similar DLE intensity
distribution  [16]. However, fig.3b. has an
inhomogenous structure as a result of the very
changeable emission intensity distribution as a
qualitative feature. At this point, it is interesting that if
fig.3a is compared with the 3D form of the region (c)
in fig.2b, the DLE intensities in region (c) is seen to
be smoother than that of fig.3a. We consider this event
as a positive result of plasmachemical processes. The
interaction  between the gas mixture and
semiconductor can generate smoother surfaces
because of etching and desorption of the GaAs surface
[24]. The effectiveness of desorption process is
proportional to the densities of bombarding particles
as well as the stream of desorpted particles leaving the
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cathode surface. Meantime, the filamentation in a
PGDS during a uniform illumination of the GaAs
plate is since a higher conductivity in the cathode plate
gives rise to more charging of the GaAs plate which
leads to a higher gamma-coefficient on this plate
[25,26]. This process in combination with ion
bombardment might even explain the reproduction
process of filamentation altogether. Filamentation
enhances the desorpting of the GaAs surface at the
corresponding (a) and (b) regions in fig.2 where the
etched regions become deeper as the time progress
(see fig.4b and fig.6b).

While increasing total current by illuminating the
photosensitive GaAs plate or increasing the supply
voltage, the density of the charged carrier in the
discharge gap increases. This is accompanied by the
formation of the net space charge in the discharge gap,
and gradually the transition from the Townsend
regime to the glow discharge regime takes place.
Therefore, we want to mention that while passing
from Townsend regime to the glow discharge space
charge become important and the current flow through
the gap is not homogeneous but constricted.

Fig. 4b. 3D smooth surface pattern of the same treated
region in fig.4a on the GaAs plate (2mm x2mm)
with the etched channels where the discharge
current is higher than the critical and the etching
depth increases to ~ 242nm. A surface profiler
scan is shown in fig.4(c).

Fig.4(c). Surface profiler scan of etched region in Fig.4b on the GaAs surface caused by a PGDS at the
discharge parameters above critical experimental conditions.

The discharge area spreads laterally by increasing the
external applied voltage, while the current density
stays nearly constant until finally, the discharge covers
the whole electrode area. Therefore, due to the
previous reason, surface profile reveals etched regions
where the system pressure and gap produce a more
uniform (without filamentary) discharge, resulting in
smooth etched surface (region c in fig.2b); and regions
where the discharge current is higher than the critical
and the etching depth increases to ~242 nm in the
etched channels on the surface (fig.4b). 3-D surface
topography of untreated and treated region on the
GaAs surface (2mmx2mm) is shown in fig.4a, b. After
the etching process, the GaAs plate is analyzed for the
etching depth using a 3-D surface profiler. A profiler
scan of a typical distorted region caused by PGDS is
shown in fig.4c.

Figure 5 shows the variation of the upper limits
of current 17 values (above which the filamentation

starts), for three different illumination intensities of

34

IIight (L1>L2>L3), which lead to three different
resistances of GaAs cathode (Ri, Rz, R3). The
following process resulting in a local increase in the
current then occurs. Modulation of the bulk of the
semiconductor cathode and a reduction in its
resistance increase the current in the plasma, and also
increase the intensity of the light emitted by the gas
and the flux of the ionizing particles, which in turn
reduce to an even greater degree the resistance of the
semiconductor cathode in this range (for detailed
information see [27]).

Possible explanations for the distortion include
localized heating leading to vaporization, charge built-
up, and release on or below the surface due to a small
defect within the semiconductor material, or, most
likely, due to charging which is thought to be the
dominant damage mechanism in photoresist ashing
[28,29]. Additionally, it is our observation that for all
the pressure and gaps explored in this work the
intensity of the filamentation can be adjusted, but in
no instance was the discharge a homogeneous glow.
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Many earlier studies such as [24,30] utilized this
kind of surface treatment technique to obtain
convenient materials. In this manner, it will be noted
later that fractal analysis method can be also
considered as a qualitative analysis tool for earlier
studies about this surface treatment technique. In
addition to that, it should be also stated that distorted
semiconductor regions such as (a) and (b) in fig.2b
can be generated above critical experimental
conditions (i.e., exposure time, gas pressure, p,
discharge gap, d, feeding voltage, illumination
intensity etc.). For present purposes, in this case,
positive effects of plasma-chemical etching disappear
and irregularities begin to increase on the whole
surface of semiconductor.
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Fig. 6a, 6b. Variations of DLE intensities (i.e., gray levels) along the active semiconductor area diameter (20mm) of (a)
untreated and (b) treated GaAs surface patterns. In fig.6b signs (a), (b) indicates some examples of the
plasma etching regions along the profile line.

Fig. 6a and fig. 6b, which give a transformation
of the DLE intensity into profile form in the active
semiconductor area diameter as pixel number, clarify
the differences between the 3D patterns more
efficiently. The irregularities in the outer surface of
the semiconductor plate are clearly visible, and these
areas are indicated as two broken part grey-colored
parts in the profile. The program at the chosen
optimum conditions gave a better image quality. With
the optimum value of the size of the discharge gap, d
(80um), and the gas pressure, p (100 Torr), the image
contrast of the large semiconductor plates can be
improved  considerably  with a  reasonable
improvement in the spatial resolution. In order to
obtain more information, the images are constructed at
various operating voltages for the same parts of the
semiconductor plate. It is interesting to know that the
all parts of the semiconductor plate are easily
identified as a spatial pattern. In the present case, the
differences between the maximal and minimal DLE
intensity values among the pixels on the diameter of
the semiconductor surface patterns are 104 and 180
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lor fig. 6a and fig. 6b, thereby indicating the untreated
and treated surfaces respectively. However, one
should eliminate the extreme plasma etched regions
(i.e., signed with (a) and (b) in fig.2b), threshold pixel
numbers of which are given by 224-294 for region (a),
and 704-848 for region (b), to find out the accurate
differences between the maximum and minimum DLE
intensity values for the determination of positive
effects of plasmachemical processes. For this aim,
extreme plasma etched regions are indicated by grey-
coloured curves in fig.6b. According to the dark
curves, which represent the positive effects of etching
in the optimal conditions, differences between the
maximum and minimum light emission intensity
values is found as 81 in the active area of the
semiconductor. This result supports the above-
mentioned idea that plasma etching improves the
quality of a semiconductor surface and homogeneity
of DLE, if the experimental conditions are determined
appropriately, in the sense that the difference between
the maximum and minimum DLE intensity values is
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decreased from 104 to 81 for the same semiconductor
plate.

A quantitative fractal dimension estimation has
been carried out over the active area of DLE intensity
to identifying the homogeneity in the spatial patterns
given in fig. 3a and fig. 3b. To provide similar
terminology between the DLE pattern and the analyze
process, it should be stated that the DLE intensity
values are referred to as grey levels and the term grid
is used for a pixel. In this manner, fractal dimension
analysis has been realized by calculating L(R) for
various R values inside a 960x960 pixel area with a

maximal 256 grey-levels for each pattern (for more
detailed information see [16,31]). The fractal
dimension of the coastline L is denoted by dimension
D and can be found from the expression

_ log L(R) (1)

log R
The value of L(R) is calculated for each R (R is the
grids size), and a log-log plot of L(R) versus R is

obtained. The slope of the least-square linear fit line
will give -D.
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Fig. 7. The log-log plots of the DLE intensities of (a) untreated, (b) treated and (c) smooth GaAs surface
patterns with the least square fit lines.

Fig. 7a, b and c present the results of analyses as
log-log plots of each pattern with the least- squares
linear fit lines. Dimension values have been extracted
from the slopes of linear fit lines. According to the
slopes in these plots, dimension values have been
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[found as D=2.85 and D=2.52 for fig. 3a and fig.3b,
respectively. These dimension values provide precise
knowledge for the homogeneity of the active area of
the DLE surface pattern of the semiconductor as
mentioned earlier, in the sense that high dimension
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values indicate the excess of filled grids relating to
their grey levels. Therefore, while the homogeneity
rate of the DLE pattern seen in fig.3a is 2.85
(remember that the maximal value of D is 3), fig.3b
gives an inhomogeneous appearance owing to its low
D value. However, if one eliminates the extreme
plasma etched regions, spatially in fig.3b, fractal
dimension is found as D=2.89 from the log-log plot
given in fig.7c. A quantitative fractal dimension
estimation thereby confirm that plasma etching
improves the quality of a semiconductor surface
owing to higher dimension value than the dimension
value of the untreated semiconductor. Moreover, the
size and location of surface inhomogeneities in large-
diameter semiconductor plates may be ascertained by
this method. It can be considered that a local change in
surface in the treated region is determined by a local
change in DLE intensity. An analysis of the DLE
pattern can be used to determine the effectiveness of
visualization of the surface irregularities as a function
of their structure [20]. The observed gas DLE patterns
of the semiconductor plate make it possible to assert
that the structural disturbance regions are those of
accumulation of surface irregularities.

5. CONCLUSIONS
From the analyses on experimental findings, we
could establish the etching behaviours of

plasmachemical processes which result in changes to
GaAs surface roughness. This indicates that at
appropriate set of experimental parameters (i.e.,
exposure time, feeding voltage, illumination intensity,
discharge gap and gas pressure) the formation of very
smooth cathode surface is induced by plasma etching
of GaAs plate. Moreover, this very smooth
semiconductor surface also enhanced the homogeneity
of DLE and consequently the spatial resolution and
image contrast in a PGDS could be improved
considerably. It has been found while the quality of
the GaAs surface in a PGDS can be assessed by the
fractal dimension estimation, the effect of
plasmachemical processes for optimal and arbitrary
experimental parameters are separately determined
using fractal concept. The results obtained in this
work suggest that a PGDS can be an efficient,
alternative plasma source for general surface
processing, because they can provide nonthermal
discharges also near atmospheric pressures and
thereby eliminate the need of costly vacuum systems.
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