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Abstract

The role of additive noble gases He, Ar and Xe to Cl2-based Inductively Coupled
Plasmas for etching of GaN, AlN and InN were examined. The etch rates were a strong function
of chlorine concentration, rf chuck power and ICP source power. The highest etch rates for InN
were obtained with Cl2/Xe, while the highest rates for AlN and GaN were obtained with Cl2/He.
Efficient breaking of the III-nitrogen bond is crucial for attaining high etch rates. The InN
etching was dominated by physical sputtering, in contrast to GaN and AlN. In the latter cases,
the etch rates were limited by initial breaking of the III-nitrogen bond. Maximum selectivities of
~ 80 for InN to GaN and InN to AlN were obtained.

Introduction

There have been a number of studies of high density plasma etching techniques for
patterning of III-nitrides for photonic device applications such as laser diodes and light-emitting
diodes (LEDs) [1-12]. Essentially all of the LEDs and a majority of the lasers are ridge wave
guide structures in which the mesas are formed by dry etching [13]. Most of the previous etching
studies have been focused on obtaining relatively the large etch depths (2-4µm) typical of ridge
or facet heights in LEDs or laser diodes, where the final surface morphology on the field is less
important. There is increasing interest in the development of GaN-based high power/high
temperature electronics for power switching and transmission applications [14-18]. In these
devices, the etch depth is much shallower, but smooth morphologies and high selectivities for
InN over the other nitrides are required because layers based on InN will probably be used to
obtain low ohmic contact resistance.

Shul et al. [1,10] first reported Inductively Coupled Plasma (ICP) etching of GaN, AlN,
InN, InAlN and InGaN at low dc biases (≤ -100V) with Cl2, CH4/H2, Cl2/Ar, Cl2/N2 and Cl2/H2

plasma chemistries. They controlled the etch rates in the range of 500-1500Å/min for electronic
device structures, and obtained maximum etch selectivities of ~ 6 at higher ICP source powers
(850W) for InN over the other nitrides.

In this paper, the influence of the inert gas species (He, Ar and Xe) in chlorine-based ICP
etching of GaN, AlN and InN was studied for various plasma parameters. The results are
explained in a systematic way based on calculated ion fluxes at the sheath edge, Bohm velocity
and sheath thickness. The ICP discharges are well suited for achieving controllable etch rates
(500–1500Å/min) and high selectivities (up to 80) for InN over AlN and GaN, using simple
Cl2/neutral gas chemistries.

Experimental
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The AlN and InN samples were grown by Metal Organic Molecular Beam Epitaxy
(MOMBE) on Al2O3 substrates at 800°C and 575°C, respectively in an Intevac Gen II system
[19,20]. The GaN was grown at 1040°C on Al2O3 substrates by Metal Organic Chemical Vapor
Deposition (MOCVD). Total layer thicknesses were ~ 1µm for the AlN and InN, and 2-3µm for
the GaN.

The samples were patterned with Apiezon wax and etched in a Plasma-Therm ICP 790
system. The temperature of the back-side cooled chuck was held at 23°C. The rf chuck power
was varied between 50 and 350W, and ICP source power between 300 and 1000 W. The process
pressure was held constant at 5mTorr, while the total flow rate of Cl2-additive gas was 15
standard cubic centimeter per min (sccm). Etch rates were calculated from stylus profilometry
measurements of the etched samples after the removal of the mask material. The error of these
measurements is approximately ±5%. The selectivity was calculated for InN over AlN and GaN.

Results and discussion

We first examined the effect of discharge composition for the three chemistries. Figures 1
shows the effect of Cl2 concentration on etch rates of InN, AlN and GaN in Cl2/He, Cl2/Ar and
Cl2/Xe discharges at 5mTorr, 750W source power and 250W rf chuck power. It is seen that the
effects of noble gas additives are strongly dependent on the particular III-nitride material: the
highest etch rates for InN were obtained with Cl2/Xe (Figure 1, top) and for AlN (center) and
GaN (bottom) with Cl2/He. It is also seen that etch rates of AlN and GaN were much lower in
chlorine-based plasmas compared to InN. The high rates for the latter are similar to the
previously reported results observed for InP where efficient ion-assisted desorption of the InClx

occurs under ICP conditions [21]. These results indicate that etch mechanism is dependent on the
material bond strengths and on the particular plasma chemistry employed, and optimization of
the ICP etching process is crucial for obtaining the best results.

The highest etch rates for AlN and GaN at these low bias conditions were obtained with
Cl2/He discharges. Ion fluxes and Bohm velocities at the sheath edge at 66.7% Cl2 are,
respectively, 1.59x1016cm-2s-1 (Cl2/Ar), 1.84x1016cm-2s-1 (Cl2/He) and 1.92x1016cm-2s-1 (Cl2/Xe),
and 1,740m/s (Cl2/Xe), 2,350m/s (Cl2/Ar) and 2,660m/s (Cl2/He). In other words, the Cl2/Xe
discharges showed the highest ion flux at the sheath edge, while the ions created by Cl2/He
discharge have the greatest Bohm velocity. It is interesting to see that the ion fluxes and sheath
edge velocities are in the same order as we expected based on ionization energy [Ar (15.76eV) >
He (13.6eV) > Xe (12.13eV)] [22] and atomic mass. The predicted ion fluxes and Bohm
velocities explain why the etch rates with Cl2/Ar are the lowest, while the highest are obtained
with Cl2/He. Ions created in the Cl2/He discharge, having the fastest velocity, arrive at the
surface with higher velocities, helping activate the nitride surface for the coincident reactive
chlorine neutral flux. They also provide the impetus for directional etching. In the ICP system,
the sheath layer near the sample position is determined mainly by the capacitively coupled power
because the sheath thickness due to the inductively coupled power is much smaller. The values
of sheath thickness predicted at 66.7% Cl2, 750W ICP and 250W rf powers are 0.62cm in
Cl2/He, and 0.44cm in Cl2/Xe discharges. Although the heavier Xe ions are accelerated within
the sheath region, the sheath thickness is not long enough for them to reach the energy carried by
the fast-moving ions created by the Cl2/He discharge. This partially explains the difference in
etch rates between the different chemistries.

The effect of rf chuck power on the etch rates is shown in Figure 2. The etch rates of InN
with Cl2/Xe and Cl2/He discharges increased up to 250 W and decreased at higher power (Figure
2, top), but increased monotonically with Cl2/Ar as the rf power increased. The increase in etch
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rate can be attributed to enhanced sputter desorption of etch products as well as dominant
physical sputtering of the InN surface. The etch rates of AlN increased monotonically as the rf
power increased with all Cl2-based discharges (Figure 2, center). However, GaN etching in
Cl2/He and Cl2/Ar showed relatively constant etch rates with some fluctuations, and increased
rapidly in the Cl2/Xe chemistry as the rf power increased (Figure 2, bottom). Again, He and Xe
additives resulted in overall better etch rates than Ar.

The monotonic increase in AlN etch is mainly due to the higher bond strength of AlN
(11.52eV) compared to InN and GaN, indicating that AlN etch rate is limited by breaking the Al-
N bond. In order to initiate etching, breaking the group III-nitrogen bond is crucial, since this
must precede the formation of etch products. Bond energies are in the order of InN (7.72eV) <
GaN (8.92eV) < AlN (11.52eV) [22]. The etch rate is also related to volatilities of the etch
products. In chlorine-based plasmas, the boiling points are AlCl3 (183°C) < GaCl3 (201°C) <
InCl3 (600°C) [22]. In addition to the experimental results, from the view points of  bond
strength and boiling point, two conclusions may be drawn: 1) the etch rates of InN are dominated
by physical sputtering, due to the relatively low bond strength, but possibly limited by desorption
of etch products due to the lowest volatility of InCl3 and 2) lower etch rates of GaN and AlN are
limited by initial breaking of the III-nitrogen bond. The dc bias increased monotonically with
increasing rf chuck power from 50 to 350W, but the ion flux at the sheath edge increased
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Figure 1. Effect of chlorine concentration on etch rates of
InN (top), AlN (center) and GaN (bottom) with Cl2/He,
Cl2/Ar and Cl2/Xe plasma chemistries (750W source
power, 250W rf chuck power, 5mTorr).
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Figure 2. Effect of rf chuck power on etch rates of
InN (top), AlN (center) and GaN (bottom) with
2Cl2/13He, 2Cl2/13Ar and 2Cl2/13Xe plasma
chemistries (750W source power, 5mTorr).
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slightly. Ion fluxes in Cl2/He and Cl2/Xe discharges were ~ 1.9×1016cm2·s-1 at 750W source
power, while that with Cl2/Ar was lower, ~ 1.6×1016cm2·s-1.

The effect of the rf power on ion fluxes at the sheath edge, respectively, generated by
capacitive and inductive coupled discharges with chlorine-based chemistries was calculated from
a simple model (Figure 3). The ion flux generated by the capacitive discharge increases
substantially with increasing rf power, while that in the counterpart by the inductively coupled
discharge maintains an essentially constant value. The rf power increases the ion bombarding
energy, resulting in an increase in etch rate with increasing the chuck power. However, the
predicted ion flux (or bulk ion density) showed that the contribution of the capacitive discharge
to total ion flux in the ICP etching process is less than 2%, indicating that the main role of the
chuck power is to increase the ion bombarding energy.

The effect of ICP source power on etch rate is shown in Figure 4. The influence of
additive noble gases was dependent on III-nitride materials: the best etch rate for InN was
obtained with Cl2/Xe (Figure 4, top), while the overall highest rates for the other materials were
achieved with Cl2/He. InN showed higher etch rates again than AlN and GaN. The etch rates of
InN with Cl2/He and Cl2/Xe discharges increased up to 750W ICP power, and decreased at >
750W. However, the Cl2/Ar discharge showed the highest etch rate of InN at 1000 W. AlN etch
rate increased slightly with the source power, but resulted in low etch rates. GaN etch rates with
Cl2/He and Cl2/Ar chemistries showed maxima as the source power increased, but relatively
constant etch rates with Cl2/Xe. The increase in etch rate with increasing source power is due to
the higher concentration of reactive species in the plasma, suggesting a reactant-limited regime,
and to higher ion flux to the substrate surface. Increased numbers of ions also make the surface
more active with respect to the reactive neutrals. The decrease in etch rate with further increase
of the ICP power is attributed either to lower ion energies or ion-assisted desorption of the
reactive species at the substrate surface prior to etch reactions. The dc bias of the sample chuck
was decreased as the ICP power increased mainly due to the increased ion density.

In order to reduce the currently high contact resistance in GaN-based heterostructure field
transistors [23], and eventually heterojunction bipolar transistors, it is expected that InN-based
contact layers will be necessary [24-26], in analogy to InGaAs on GaAs. In such a case, the
ability to selectively etch InN relative to the other nitrides will be crucial. Figures 5 shows some
selectivity data as functions of rf power in chlorine-noble discharges. As the rf power increased,
the Cl2/Ar discharge showed overall the best selectivity of InN over GaN, but the Cl2/He
chemistry yielded the lowest selectivities for InN over AlN as well as over GaN. The selectivity
data obtained in this work showed overall higher selectivity characteristics for InN over GaN and
AlN in Cl2/He, Cl2/Ar and Cl2/Xe than that previously reported [1,12].
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Summary and conclusions

The effect of the noble gas additive to Cl2 ICP discharges was examined for etching of
GaN, AlN and InN. The etch rates were greatly affected by chlorine concentration, rf chuck
power and ICP source power. The influence of the additive gases was much dependent on the
particular III-nitride material, with InN showing higher etch rates than the other nitrides.
Efficient breaking of the III-nitrogen bond is crucial for achieving high etch rates. The InN
etching was dominated by physical sputtering because of the low volatility of InCl3, while GaN
and AlN etching was limited by initial breaking of the III-nitrogen bond. The contribution of the
capacitive discharge to total ion flux in the ICP etching process is less than 2%, indicating that
the main role of the chuck power is to increase the ion bombarding energy. The etch rates
increased with increasing ICP source power due mainly to increased ion flux. Selectivities up to
~ 80 for InN over GaN and AlN were achieved.
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