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The results of experimental researched dealing with the bias voltage influence on the evolution
of spectra emitted by plasma at the etching of gallium nitride in a plasma-chemical reactor
with the controlled magnetic field are reported. At high bias voltage values above –250 V, there
appear lines in the plasma emission spectra which belong to the excited atoms of the material
of a working electrode. Under the influence of a negative potential, the active electrode is sput-
tered, and metal ions are redeposited onto its surface, which results in the lower etching rate.
K e yw o r d s: bias voltage, plasma-chemical etching, sputtering, plasma-chemical reactor,
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1. Introduction

Gallium nitride (GaN) is a direct-gap semiconductor
with an energy gap width of 3.4 eV at a tempera-
ture of 300 K. A unique combination of its physico-
chemical properties – namely, high thermal (at 𝑇 >
> 2500 K [1]) and radiation (105–2 × 106 rad [2])
stabilities together with chemical inertness and high
thermal conductivity (130 W/(m K) – is promising for
GaN applications in various domains of electronics.

Devices on the basis of GaN are capable to op-
erate in much wider exploitation intervals than de-
vices fabricated on the basis of traditional semicon-
ductor substances. One of the advantages of gallium
nitride over other materials for electronics is the
highest breakdown electric field strength. Namely, it
equals 3.3 V/cm, which is 11 times as high as for Si
(0.3 V/cm) and 8 times for GaAs (0.4 V/cm). There-
fore, gallium nitride is a promising material both for
researchers and for its practical applications in the
space, opto-, and power electronics.
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Conditions for plasma-chemical etching (PCE) of
GaN substantially differ from those for other semi-
conductor materials. This fact is first associated with
the high chemical inertness of this substance and
strong chemical bonds in its crystal lattice: 𝐸𝑑(Ga) =
= 20.5 eV and 𝐸𝑑(N) = 10.8 eV [3], which consider-
ably differs from widely used silicon, whose binding
energy in the crystal lattice amounts to only 𝐸𝑑(Si) =
= 1.8 eV. Second, the application of fluorine-
containing gases, which are used rather widely at
PCE, is not expedient, because they do not form
volatile compounds with gallium, and probable
products of their reaction (GaF3) have a sublimation
temperature of 1273 K. As a result, the substantial
heating of treated specimens is required, which can
give rise to a destruction of a metal mask (in our
case, 0.5–1 𝜇m). Therefore, tetrachloromethane,
CCl4, was selected as a working gas. The products
of possible reactions between the atoms in CCl4
molecules and GaN are formed on the surface of
the latter as the GaCl3 and GaCl2 compounds
with a sublimation temperature of 474 and 808 K,
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respectively [4]. However, this gas is not the most
suitable, because the atomic chlorine has a high
chemical activity, which results in a reduction of the
operating time for an applied equipment.

Another important aspect, which was pointed out
in work [5], is the formation of carbon and chlorine-
carbon layers on the specimen surface. The appear-
ance of this layer, as well as its further growth,
reduces the etching rate and even stops it. In or-
der to prevent the emergence of the carbon and
chlorine-carbon layers at PCE, the mixtures of CCL4

with other gases – in particular, oxygen – are used
[4, 6]. The addition of oxygen results in the appear-
ance of Cl2, CO, and COCl2 molecules owing to a
high chemical activity of saturated radicals that are
formed during the dissociation and contain atomic
and molecular oxygen [4].

For a high-quality plasma-chemical etching and a
good reproducibility of the process, it is important
to control the discharge parameters and the quali-
tative composition of plasma. A promising technique
for this purpose is the optical emission spectrosco-
py. There are very little experimental data on the in-
fluence of the ion energy on the evolution of spectra
emitted by plasma in the tetrachloromethane atmo-
sphere, and we did not manage to find them in avail-
able sources. From the available body of information,
it follows that the major components observed in the
emission spectra and mass spectrograms are CN, C2

[4, 7], Cl, Cl2, Cl+ [4, 8], C+
2 , C+, Cl+2 , CCl3, CCl+2 ,

CCl+, and so forth [4, 9].
Therefore, the optimization of the plasma-chemical

etching of GaN and the spectroscopic researches of
plasma remain to be a challenging task nowadays.
Those researches are useful not only to control the
process of plasma-chemical etching, but also to under-
stand the kinetics of physico-chemical processes run-
ning in chemically active plasma. In this work, we re-
port the results of our qualitative analysis concerning
the dependence of plasma emission spectra obtained
at the etching of GaN on the bias voltage, provided
that the other plasma parameters remain fixed.

2. Experimental Results

Gallium nitride was etched in a plasma-chemical reac-
tor (PCR) with closed electron drift. The discharge in
a PCR chamber was formed in a varied magnetic field
located between two electrodes and crossed with an
electric field. The first electrode was active. The RF

(13.56 MHz) voltage obtained from the main power
source was applied to it. The electrode was fabricated
from stainless steel and has form of a trihedral prism,
which was cooled by flowing water. The prism faces
110 × 350 mm2 in dimensions were used to mount
treated specimens. The grounded cylindrical reactor
vessel served as the second electrode. It was also fab-
ricated from stainless steel and cooled by flowing wa-
ter. The magnetic field was created with the use of
three coils. If the coils were connected in phase, a neg-
ative autobias voltage from 20 to 160 V emerged in
the discharge. If the upper and lower coils were con-
nected in antiphase to the middle one, the negative
autobias voltage amounted to 160–700 V.

The mirror configuration of the magnetic field
made it possible to increase the ionization degree of
the working gas in the interelectrode space and to re-
duce plasma losses, which arose because the diffusion-
driven electrons hit the grounded electrode. Provided
the mirror configuration of the magnetic field, the
magnetic field strength remained constant along the
whole length of the working prism face. The working
gas was fed symmetrically into the upper part of PCR
and evacuated with the use of an oil-vapor diffusion
pump of the type N-2T and a high-pressure vacuum
pump UVH-14-066, which allowed us to obtain vac-
uum of an order of 10−6 Torr. The following external
parameters of the discharge, which were required to
reproduce discharge conditions and PCE results, were
monitored: the gas consumption, discharge current,
voltage drop across the discharge, and currents in the
magnetic field coils. The more complete description
of operating modes and the installation setup can
be found in works [10, 11]. To generate a chemically
active plasma, an RF generator with a frequency of
13.56 MHz and a power of 4 kW was used. The con-
trolled magnetic field allowed us to regulate the auto-
bias voltage and, accordingly, the energy of ions from
20 to 700 eV [11].

Gallium nitride specimens 10× 10 mm2 in dimen-
sions were treated in the CCl4 atmosphere with im-
purities of other gases at a pressure of 0.02 Torr and a
discharge current of 10 A. The bias voltage was regu-
lated from −100 to −600 V. Besides the variation of
other discharge plasma parameters, we used an addi-
tional power source connected through special filters
to the active and grounded electrodes in order to con-
trol the bias voltage and, accordingly, the energy of
charged particles.
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The etching of the material is driven by chemi-
cal reactions between free atoms and radicals formed
in gas-discharge plasma and atoms at the surface of
the treated material and by physical sputtering of
the material by accelerated ions of chemically ac-
tive gases. One of the important parameters of the
plasma-chemical etching is the rate of this process. In
works [4, 12], it was shown that one of the parame-
ters that affect the PCE rate is the autobias voltage,
𝑈bias. The autobias voltage is a dc voltage arising be-
tween the active and grounded electrodes at RF dis-
charges in working gases. It emerges owing to differ-
ent mobilities (diffusion rates) of electrons and ions
in RF discharge plasma, as well as different electrode
areas. The autobias voltage depends on the strength
and configuration of the magnetic field [12] and on
the discharge current magnitude.

If materials are treated at high negative values of
bias voltage, ions are drawn out from the plasma vol-
ume and interact with the material of electrodes. As
a result, they acquire rather a high kinetic energy
and can knock out atoms from the electrode sur-
face. Those atoms get into the discharge gap, which
affects the physico-chemical properties of discharge
plasma. Metal atoms from plasma can be deposited
as impurities on the surface of treated materials. This
process results in a reduction of the etching rate,
because some atoms deposited on the specimen sur-
face do not form volatile compounds, which could be
pumped out from PCR using the vacuum pump [13].

Therefore, the researches of RF discharge plasma
at various bias voltages can be useful for the opti-
mization of technological processes applied at PCE
of materials. The radiation spectra were registered in
the wavelength interval 𝜆 = 300–800 nm on a mod-
ernized universal complex for spectral computations
UCSC-23. The complex included a monochromator
MDR-23 with a reverse dispersion of 1.3 nm/mm and
a diffraction grating with 𝑁 = 1200 line/mm.

Radiation emitted by RF discharge plasma, af-
ter having passed through a quartz lens condenser
with a focal length of 10 cm, was focused on the
end face of a quartz lightguide, which was mounted
at the lens focus. The light beam passed through
the 10-m lightguide with minimum losses and di-
verged at its output. Its radiation passed through a
lens with a focal length of 5 cm and was focused
on the monochromator input slit. The application of
an optical waveguide was associated with the neces-

sity to transmit light radiation to the monochromator
through a large distance (10 to 40 m). It was done to
isolate high-sensitive devices from high-frequency in-
ductions. Afterward, the light flux passed through a
diffraction grating and, after its spectral decomposi-
tion and focusing, was directed from the monochro-
mator output slit onto the cathode of a photoelec-
tron multiplier PEM-100. The electric signal gener-
ated by the photomultiplier arrived at the input of
a dc amplifier. A standard amplifier in the UCSC-
23 complex turned out very sensitive to temperature
variations and had a large zero drift. Therefore, it was
changed to a micro/nano ammeter F-196, in which
microcircuits with signal modulation and demodula-
tion were used. This substitution allowed the varia-
tion of the amplification coefficient with ambient tem-
perature changes to be minimized. From the amplifier
output, the signal arrived at an analog-digital con-
verter. After the signal was transformed into a code,
it was directed to the control computer.

The spectra were scanned with the use of a step-
ping motor, which rotated the diffraction grating of
a monochromator. The step of grating rotation for
the consecutive read out of the signal could be reg-
ulated. The wavelength calibration was carried out
with the help of a helium-neon laser with 𝜆 =
= 632.8 nm. Either the spectra were recorded on a
chart strip with the simultaneous printing of wave-
lengths or the data were registered electronically in
the digital form. The emission spectral lines of excited
atoms and molecular bands were identified with the
use of the tables of spectral lines and bands [14–16]
and the NIST database.

The emission spectrum of RF discharge plasma in
tetrachloromethane, which was used for the plasma-
chemical etching of GaN, registered at the bias volt-
age 𝑈bias = −100 V is depicted in Fig. 1. In the
near ultra-violet region of the spectrum, the inten-
sive molecular bands of cyanogen (CN) at 388.3 and
421.6 nm, bands of the Deslandres-d’Azambuja sys-
tem (C2) at 406.8 and 385.2 nm, and an intensive
Swan band (C2) at 516.5 nm were revealed. As one
can see from this figure, the spectrum also demon-
strates the most intensive emission lines of atomic
chlorine (Cl) with excitation energies from 10.59 to
11.74 eV. The chlorine lines at 725.6, 741.1, and
754.7 nm are marked in the NIST database as the
most intensive ones. However, the intensities of lines
at 438.9 and 439.0 nm are several times higher that
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Fig. 1. Emission spectrum of RF discharge plasma in tetra-
chloromethane at the etching of GaN with 𝑈bias = −100 V

Fig. 2. The same as in Fig. 1, but for 𝑈bias = −200 V

the intensities of chlorine lines observed in the spec-
trogram. The reduction of the heights of chlorine line
peaks in the infra-red spectral region relatively to the
lines in the blue spectral region is explained by a non-
uniform spectral sensitivity of the PEM-100 amplifier,
in particular, its low sensitivity in the red and infra-
red spectral regions.

At a higher bias voltage of −200 V, the emis-
sion spectrum becomes a little more complicated
(Fig. 2). As in the previous case where 𝑈bias =
= −100 V, the most intensive lines of atomic chlorine
again manifest themselves in the spectrum. However,
a large number of molecular bands belonging to the
dissociation products of working gases were also re-
vealed in the interval from 𝜆 = 440 nm to 𝜆 =
= 625 nm. Among them, the Cl2 lines at 454.9 and
468.2 nm are the most intensive. The Swan bands for
C2 at 516.5 nm, CN at 547.3 nm, N2 at 575.52 nm, as

Fig. 3. The same as in Fig. 1, but for 𝑈bias = −400 V

Fig. 4. The same as in Fig. 1, but for 𝑈bias = −600 V

well as a CO triplet at 598.07, 603.7, and 601.05 nm,
were also revealed.

An interesting aspect is the intensity growth of H𝛼

and H𝛽 lines, which can be associated with increase of
the concentration of atomic hydrogen in the plasma
volume due to a possible desorption of water vapor
from the internal surface of the walls of a PCR cham-
ber. The intensities of chlorine lines at 𝜆 = 725.6,
741.1, and 754.7 nm in the long-wave spectral re-
gion are close to each other, as it was in the previous
case. Our results correlate with the results obtained
in work [4], in which the mass spectra of the products
of chemical reactions and dissociation that run in the
PCR when etching the gallium nitride structures in
CCl4 plasma are presented. The mass spectrograms
obtained in the course of etching demonstrate the
peaks of ions CCl+3 , CCl+2 , Cl+2 , CN+, CO+, and
others.
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When the bias voltage was increased further to
−400 V (Fig. 3), it was found that, first, the Cl lines
were almost absent from the spectrum, except for the
most intensive ones in the long-wave spectral region;
and, second, a considerable number of lines emitted
by excited atoms of the metals of electrodes were re-
vealed. Among them, the most noticeable were the
intensive lines of iron (Fe) in the near ultra-violet re-
gion. The resonance lines of Cr at 520.6 and 520.8 nm,
as well as the line at 540.9 nm, which are used in
the emission spectral analysis of atomic materials to
determine the amount of impurities [17], were also
observed. By intensity, they exceeded even the most
intensive Fe lines. Now, however, the plasma spec-
trum contained no molecular bands belonging to the
dissociation products of working gases, which were
observed in two first cases.

Figure 4 exhibits the emission spectrum of RF dis-
charge plasma registered at a bias voltage of −600 V.
The spectrum contains absolutely no Cl lines and
molecular bands, but includes a considerable num-
ber of Fe and Cr atomic lines. As in the case where
𝑈bias = −400 V, the most pronounced are lines in
the near ultra-violet region. The difference from the
previous case consists in that the number of lines be-
longing to iron atoms increases in the orange spectral
region. In the plasma spectrum, there are no lines of
Ti, which was a component of a working electrode. It
is so because Ti can form volatile compounds with Cl,
which were pumped out from the reactor volume. The
spectrum also demonstrates the absence of Ni lines,
since Ni is badly sputtered. This result is confirmed
by X-ray researches of the surface of silicon wafers
after their treatment in PCR at various bias voltages
[13,18]. Owing to this property, nickel is used for pro-
tective masks at the plasma-chemical etching [4].

The analysis of the measured emission spectra
showed that the plasma composition changes quali-
tatively with the growth of the average energy of ions
interacting with the treated specimen and the elec-
trode surface. Metal lines are mainly observed at high
energies. As an example, the Fe line at 371.9 nm in
the near ultra-violet region is one of the most inten-
sive lines of this element. For Cl, this role is played by
a line at 725.6 nm in the infra-red region. According
to the Einstein–Boltzmann relation, the iron emis-
sion line intensity exceeds that of the chlorine line by
a factor of 14, because the excitation energy equals
3.3 eV for the iron atom and 10.6 eV for the chlorine

one. Therefore, iron lines manifest themselves much
easier in the emission spectra, because the energy lev-
els of iron atoms are more populated by electrons in
comparison with those of chlorine atoms at the same
plasma temperature. Hence, in this case, the smaller
number of excited metal atoms with lower excitation
potentials emit more strongly than the larger number
of chlorine atoms with high excitation energies. By
virtue of the low sensitivity of an PEM-100 in the
infra-red spectral region, this difference manifests it-
self even more strongly at the spectrum registration.

3. Conclusions

At high bias voltages, the lines of excited atoms be-
longing to the dissociation products of working gases
disappear from the emission spectra. Instead, there
appear the most intensive lines belonging to the ex-
cited atoms of the elements of the working elec-
trode. At bias voltages between the electrodes above
−250 V, the working electrode is intensively sput-
tered, which results in a drastic decrease of the ma-
terial etching rate. Therefore, GaN and other sub-
stances have to be etched at bias voltages below
−250 V.
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СПЕКТРОСКОПIЧНI ДОСЛIДЖЕННЯ
ПЛАЗМИ ВИСОКОЧАСТОТНОГО РОЗРЯДУ
ПРИ ПЛАЗМОХIМIЧНОМУ ТРАВЛЕННI
ЕПIТАКСIАЛЬНИХ СТРУКТУР НIТРИДУ ГАЛIЮ

Р е з ю м е

Приведено результати експериментальних дослiджень
впливу напруги змiщення на еволюцiю спектрiв випромiню-
вання плазми при травленнi нiтриду галiю в плазмохiмiч-
ному реакторi (ПХР) з керованими магнiтними полями.
При значеннях напруги змiщення бiльших за –250 В на
спектрах випромiнювання плазми з’являються лiнiї, що
належать збудженим атомам матерiалiв, з яких виготовле-
ний робочий електрод. Пiд впливом вiд’ємного потенцiалу
проходить розпилення активного електрода i переосаджен-
ня iонiв металу на поверхню зразка, який обробляється,
що приводить до зменшення швидкостi травлення.
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