Damage in IIIÕV semiconductors caused by hard- and soft-etching plasmas
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Damage in III/V semiconductors caused by processing in high- and low-density plasmas is
investigated employing material-specific analytical methods. To distinguish the various regimes of
damage, four different ambients out of the palette of plasma constituents were chosen: as borderline
cases, argon which is associated with hard etching causing crystal lattice disordering until complete
amorphization, and hydrogen which is the prototype of soft etching causing bond breaking between
the lattice constituents without changing the crystal site, and the two model ambients Ar/Cl2 and
Ar/CH4 /Cl2 /H2 which are widely used to etch Ga-containing compound semiconductors. Several
probes and methods are employed which are selectively sensitive to the different kinds of damage:
damage of the crystal lattice with photoluminescence, scanning electron microscopy and scanning
transmission electron microscopy, and the concentration gradient of a chemically reactive species
~hydrogen! with secondary ion mass spectrometry. Its reaction with lattice atoms ~acceptor
passivation!, is recorded by capacitance/voltage and Hall measurements. For irreversible damage
~knock out of atomic lattice sites!, there can be detected only one damage zone reaching not deeper
than 30 nm. The depth is inversely proportional to the lattice energy and proportional to the kinetic
energy of the projectiles. In contrast to this rather shallow damage, the penetration depth of
hydrogen amounts up to several microns. Since the subsequent passivation of acceptor atoms is a
chemical reaction, it can be reverted at elevated temperatures. It has turned out, with all methods
applied, that the gentlest ambient to etch Ga-containing III/V semiconductors is Ar/Cl2. This is not
restricted to the smoothness of the surfaces but refers to all quantitative measurements which are
applied in this study. © 2001 American Vacuum Society. @DOI: 10.1116/1.1355760#

I. INTRODUCTION
For the dry structurization of the group III nitrides AlN,
GaN, and InN and their alloys InGaN and AlGaN as well as
for their higher homologues GaAs and InP, a combination of
two two-gas processes for etching mainly GaAs in argon/
chlorine and InP in methane/hydrogen to a four-gas process
has evolved to be a very stable and successful approach to
etch them in all kinds of plasmas.1 For the lighter two elements, it is mainly the production of volatile III2Cl6, whereas
in InN, the formation of volatile InMe3 dominates the etching process. Hence, for etching In-rich compounds like
InGaN, the content of methane in the ambient has to be
enhanced. To avoid plasma enhanced chemical vapor deposition of carbon-rich layers, an excess of hydrogen is then
required ~Fig. 1!. In GaN and InGaN, this process allows
mesa etching with rectangular sidewalls up to 3 mm in height
with etch rates of more than 100 nm/min across 2 in. without
any deviation of the etched contours from a straight-line
shape ~Fig. 2!.2
The surface which remains smooth in the electron microscope even at magnifications of some 10 k, does not reveal
the etch damage which at least consists of ~i! atomic displacement in the lattice ~amorphization by momentum transfer!, ~ii! contamination by fast projectiles ~implantation!, and
~iii! unintended chemical reactions ~e.g., passivation by hydrogen!. Since the degree of amorphization has been found
to be inversely proportional to the ion mass, and directly
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proportional to the ion energy,3–5 small low polarizable ions
act most detrimentally. According to Edwards and Pearson,
this can be classified as hard-etching behavior.6 Originally
coined to certain organic reactions, it can be easily adopted
to plasmas. Plasmas consisting of simple cations with small
chemical reactivity are then denoted as hard etching discharges; soft-etching plasmas with strong chemical reactivity
normally consist of extended polarizable molecules. The
third type of damage is passivation by hydrogen in p material, e.g., creation of a strong localized group V-H bond by
which the bond between the group III element and the acceptor is weakened and eventually broken.7 Fortunately, for
InP, GaP, and GaAs, near-complete reactivation of acceptors
can be accomplished by annealing at about 400 °C for 1
min,8 and the effect is completely reversed by heating for 20
min.9 This does not hold true for GaN, for which much
higher temperatures are required.10
II. METHODS TO INVESTIGATE THE DAMAGE
One can distinguish between problems and methods
which are more chemical in nature, counting ‘‘wrong’’ atoms, and approaches being more physical in nature, looking
for detrimental effects which deteriorate a physical property
strongly and nonlinearly: electrical and optical measurements. To the first group belong geometric deviations like
notching and sidewall bowing, but also lattice defects due to
physical bombardment which can be observed by ~i! electron
microscopy @scanning electron microscopy ~SEM! and scanning transmission electron microscopy ~STEM!#: topographi-
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