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Abstract—In this study, the dependence of the plasma-chemical-etching rate and the surface roughness of a
gallium-arsenide crater on the concentration of chloropentafluoroethane (C,FsCl) in a mixture with chlo-
rine, the capacitive discharge power, and the etching duration are investigated. The characteristics of the
GaAs etching crater are studied by white-light interferometry and scanning electron microscopy. It is shown
that the addition of C,FsCl into the chlorine-containing inductively coupled plasma leads to a nonlinear
change in the gallium-arsenide etching rate with time, which can be explained by passivation of the substrate
surface at the initial stage by the products of freon decay. Along with this, characteristics of the etching profile
of GaAs are substantially improved. An increase in the capacitive discharge power promotes the development
of roughness, while the etching rate increases nonlinearly.
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1. INTRODUCTION

The formation of nonplanar structures based on
gallium arsenide with vertical walls is a rather difficult
problem. One of the most widely used methods for this
is etching in inductively coupled plasma (ICP) [1-6].
Due to an increased concentration of reaction parti-
cles in the plasma, it is possible to maintain a signifi-
cant etching rate without a substantial increase in the
capacitive power (radio frequency power, RF,). How-
ever, it is necessary to protect the lateral surface of the
sample from horizontal etching in this case, since the
ICP etching is isotropic in nature. In this regard, poly-
mer-forming reagents, such as BCl, [1, 2], SiCl, [3, 4],
and CHF; [5], are often used. In particular, the aniso-
tropic plasma-chemical etching of holes in a GaAs
plate with a diameter of 50 um in an inductively cou-
pled Cl,/BCl; plasma to a depth of >150 um was car-
ried out in [1] under a photoresist mask. The effects of
the pressure and the percentage of BCl; on the process
rate and the smoothness of the etching profile were
studied at constant capacitive and inductive powers of
the inductively coupled plasma (ICP,) and a fixed
total flow. It was found that the pressure has a signifi-
cant effect on the energy of heavy ions. The energies of
various types of ions in the plasma varied in the range

from 1.85 to 7.5 eV with the pressure range from 20 to
50 mTorr. The etching rate decreased with an increase
in the percentage of BCl;. With 42% BCl; and a pres-
sure of 30 mTorr, vertical depressions with a smooth
bottom were obtained in GaAs. In [2], the etching
parameters of semiconductor GaAs/AlGaAs hetero-
structures in a BCl;/Cl,/Ar/N, plasma were opti-
mized. A small addition of nitrogen was found to be
effective in protecting the sidewalls from undercutting
when using a photoresist mask. Deep grooves with a
high aspect ratio and vertical side walls with a maxi-
mum depth of 121 um were formed in GaAs wafers by
the inductively coupled plasma/reactive-ion etching
(ICP/RIE) method in a Cl,/Ar plasma [3]. The effects
of the capacitive power (from 80 to 200 W), plasma-
gas composition, and pressure (0.1—2.5 Pa) on the
selectivity and shape of the profile of gallium-arsenide
etching under a SiO, mask with a thickness of 10 um
were studied. In high-pressure modes, a selectivity of
more than 50 : 1 was achieved for GaAs etching with
respect to SiO,. It was also found that the etching
quality of the GaAs side walls can be improved by add-
ing SiCl, to the gas mixture.

In [4], a reproducible process of the reactive ion
etching of GaAs in an inductively coupled
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Fig. 1. Image of the GaAs etching surface, which is
obtained in a white-light interferometer at x = 8.3%,
RF, =10 W, and 7 = 1.5 min (a color version of the figure
is given in the electronic version of the article.)

SiCl,/Cl,/Ar plasma was developed. Passivation of the
reactor chamber by preliminary conditioning resulted
in a more stable process at a well controlled rate. The
etched surface and side-wall profiles obtained by this
method were smooth, and the spread of the etching
depth did not exceed 2% of the 1.25 um value. In [5],
a method was developed for fabricating well-ordered
periodic GaAs nanowires (NWs) on the basis of a
combination of colloidal lithography and inductively
coupled plasma-etching technology with a mixture of
CHF;/Ar and Cl,/N,/BCl; gases. The effects of the
flow of reagents and the duration of etching on the fea-
tures of the formation of the NWs were studied. The
reflection spectra of the NWs are measured and com-
pared with the spectra of samples obtained by molec-
ular-beam epitaxy. In our previous study [6], the deep
etching of gallium arsenide (7 wm) in an inductively
coupled plasma of chloropentafluoroethane (C,FsCl)
was shown despite passivation of the reagent by the
decomposition products. The morphology of the
etched surface and the chemical composition of the
passivating coatings were investigated. It was shown
that the smoothest and most polishing etching is
achieved when using the mode with a low capacitive
power and a high freon flow. In this study, we inves-
tigate the effect of the addition of C,FsClI into the
composition of a chlorine-containing plasma on the
rate and profile characteristics of gallium-arsenide
etching.

2. EXPERIMENTAL

Before etching, the surface of gallium arsenide was
cleaned from the oxide layer by liquid treatment in
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hydrochloric acid. Plasma-chemical etching was per-
formed on an Oxford Plasmalab 80 setup with an
inductively coupled plasma source with a frequency of
13.56 MHz. A pulsed mode that combines stages of
etching with a duration of 30 s and inactivity of the sys-
tem (with the plasma generator turned off) was used.
The power of the inductive discharge remained con-
stant throughout the experiment (290 W). The total
flow of reagents (Cl, + C,F;Cl) was 60 cm*/min, and
the pressure was 11 mTorr. The ratio of the mass flow
rate of C,F;Cl to the total gas flow (x), the RF, and
the etching time (¢) were varied. To prevent overheat-
ing, the sample was placed on a sapphire substrate
(located on the lower Al electrode) to which gaseous
helium was supplied from below. Thermal contact was
ensured by vacuum lubrication; at the end of the pro-
cess, the lubricant was removed by washing in hexane.
The surface topology was formed using the photo-
lithographic method on an SUSS MJB4 device. As the
masks, we used layers of a photoresist and nickel with
thicknesses of 1.4 um and 150 nm, respectively. A
metallic mask was applied to the sample by electron-
beam deposition (Amod 206). The etching rate (r) and
the profile characteristics of gallium arsenide were
studied by white-light interferometry (Talysurf CCI
2000) and scanning electron microscopy (ZEISS
EVO 10).

3. RESULTS AND DISCUSSION

As was found in the study, the addition of an insig-
nificant amount of chloropentafluoroethane to chlo-
rine-containing plasma (at RF, =75 W) at a short pro-
cess time (= 1.5—2.5 min) greatly reduces the etching
rate of gallium arsenide. Thus, the use of 8.3% C,F;Cl
promotes a decrease in » by a factor of more than 20
(up to 200 nm/min) compared to the use of pure chlo-
rine. An increase in the chloropentafluoroethane con-
tent to 33% leads to a decrease in the etching rate by a
factor of 2.5. The passivation process begins to domi-
nate with a further increase in the freon concentration,
as a result of which nonvolatile GaF; blocking the
access of reaction particles to the GaAs surface is
formed by the following reaction:

Ga + 3F — GaFE,.

This is confirmed by the fact that successive variation
in the x parameter from 33 to 83% had no effect on the
etching rate, which remained at a level of 80 nm/min.
It should also be noted that the smooth surface of gal-
lium arsenide was obtained after etching in plasma
with x > 33%. In contrast, the surface roughness (S,)
became more significant with x = 8.3% and a highly
developed surface was formed when pure chlorine was
used.

The effect of the capacitive discharge power on the
etching rate of GaAs (at x = 8.3%) was studied. An
increase in RF,, from 10 to 75 W led to a sixteen-fold
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EFFECT OF THE CHLOROPENTAFLUOROETHANE ADDITIVE
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Fig. 2. Electron-microscope images of the profile of GaAs
etching in inductively coupled plasma with (a) C,FsCl
(66%)/Cl, (nickel mask, #= 15 min) and (b) Cl, (photore-
sist mask, 7= 1.5 min). Hereinafter, RFp =75W.
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Fig. 3. Electron microscope image of a cross section of the
3-um-wide groove etched in gallium arsenide with C,F5Cl

(66%)/Cl, plasma (nickel mask, = 15 min).

increase in the process rate, while r increased only by
afactor of 1.5 (up to 300 nm/min) in the range from 75
to 150 W. Another noticeable effect associated with
RF, is manifested in deterioration of the surface char-
acteristics of GaAs (at RF, = 150 W, §, reached tens of
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nm). In comparison, etching at 10 W was character-
ized by the formation of a uniform smooth surface
with §, = 0.5 nm (Fig. 1).

Interestingly, a sharp increase in the etching rate
was observed with a longer process time (# = 15 min).
Thus, r increased by a factor of 2 for x = 8.3%, 8 for
x=133%, and more than 9 for x = 66% (up to
740 nm/min). Heating of the substrate can be
excluded, since etching was carried out at room tem-
perature (because of heat removal by gaseous helium).
In our opinion, the charging of the GaAs surface,
which leads to enhanced ion bombardment and
removal of the passivating film of gallium fluoride
formed at the initial stage of etching, is among the pos-
sible reasons explaining such a sharp increase in the
rate of the process with time.

It should be noted that, it was possible to obtain a
uniform smooth etching profile with vertical walls to a
depth of 11 um in the case with x = 66% (Fig. 2a). In
comparison, the etching profile of GaAs in a Cl,
plasma without freon was characterized by the pres-
ence of large inhomogeneities at the bottom, the size
of which was about a hundred nm (Fig. 2b). The
aspect ratio achieved by the etching of gallium arse-
nide with the addition of C,F;Cl was more than 35:1
(Fig. 3).

4. CONCLUSIONS

The results of the performed studies show that the
addition of chloropentafluoroethane into the compo-
sition of chlorine-containing inductively coupled
plasma helps to reduce the etching rate of gallium
arsenide by a few times along with an improvement in
the surface characteristics of the resulting crater. Thus,
a uniform vertical profile of GaAs etching with an
aspect ratio of no worse than 35:1 is obtained with a
C,F;Cl content of 66% in a mixture with Cl,. In con-
trast, etching in chlorine without the addition of freon
with similar operating parameters leads to the forma-
tion of a highly rough surface.
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