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ABSTRACT 0 S T . I  
C1,-based Inductively Coupled Plamas with low additional dc self-biases(-1 OOV) produce 

convenient etch rates(500-1500~~min-') for GaN, AlN, InN, InAlN and InGaN. A systematic 
study of the effects of additive gas(Ar, N,, H,), discharge composition and ICP source power and 
chuck power on etch rate and surface morphology has been performed. The general trends are to 
go through a maximum in etch rate with percent C1, in the discharge for all three mixtures, and to 
have an increase(decrease) in etch rate with source power(pressure). Since the etching is strongly 
ion-assisted, anisotropic pattern transfer is readily achieved. Maximum etch selectivities of 
approximately 6 for InN over the other nitrides were obtained. 

INTRODUCTION 

It has been clearly demonstrated that the highest dry etch rates for 111-nitride materials are 
obtained in high density plasmas operating either at microwave(E1ectron Cyclotron Resonance) 
or radiofiequencies(Inductive1y Coupled Plasma)[ 1-91. Most of this previous work has been 
directed towards mesa formation in uv/blue/green laser diodes or light-emitting diodes, where the 
etch depths are relatively large(2-4pm) and the final surface morphology on the field is relatively 
unimportant. Attention is now turning to the development of GaN-based high powerhigh 
temperature electronics for power switching and transmission applications[ 10-141. The etching 
requirements are quite different for these devices, with the etch depths being much shallower. 
However a premium will be placed on retaining smooth surface morphologies and obtaining high 
etch selectivities for one material over another, in particular for InN over other nitrides since this 
will probably form the basis for n-ohmic contact schemes with low specific contact resistivity. 

In this paper we report on ICP etching of GaN, M l N ,  InGaN, A1N and InN at low dc 
self-biases(typical1y 5 -lOOV) in Cl,/Ar, Cl,/N, and Cl,/H, plasma chemistries. The effects of 
plasma composition, ICP source power and rf chuck power on etch rates, selectivity and surface 
morphology have been investigated. The goal is to achieve controllable etch rates in the range 
500-1000~-min-' with low ion energies, and resulting smooth anisotropic pattern transfer. It is 
found that ICP discharges are well-suited for achieving these conditions, and that morphology 
and etch selectivity are strong functions of plasma composition. 

EXPERIMENTAL 

The GaN, InAlN, InGaN, A1N and InN samples were grown by Metal Organic Molecular 
Beam Epitaxy(M0MBE) technique on semi-insulating (100) GaAs and Si substrates in an 
Intevac Gen I1 system[l5-16]. The group 111 sources were triethylgallium, trimethylamine alane 
and trimethylindium, respectively, and the atomic nitrogen was derived from an Wavemat ECR 
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source operation at 200W forward power. The grown layers were single crystal with a high 
density of stacking faults and microtwins. 

The samples were patterned with a carbon-based mask and were etched in a Plasma- 
Therm ICP 790 reactor. The temperature of the back-side cooled chuck was held at 23°C. The 
process pressure was varied between 2 and 15mTorr, the rf chuck power(l3.56MHz) between 30 
and 250W and the ICP source power between 100 and 1500W. Step heights were obtained from 
Dektak stylus profilometry measurements after the removal of the mask, and used to calculate 
the etch rates. The error in these measurements is approximately &5%. The surface morphology 
and surface roughness of selected GaN samples were examined with Atomic Force 
Microscope(AFM, Digital Instrument Nanoscope 111) using a Si tip in tapping mode. The 
selectivity of etch was calculated for InN over GaN, InAlN, InGaN and AlN. 

RESULTS AND DISCUSSION 

Figure 1 shows the nitride etch rates as a function of plasma composition in Cl,/Ar, 
Cl,/N, and Cl,/H, discharges, with -lOOV dc self-bias, 2mTorr pressure and 750W ICP source 
power. There are several features in the data -first, the highest rates are typically achieved with 
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Figure 1. Etch rates of 111-nitrides in Cl,/Ar, 
Cl,/N, or Cl,/H, ICP discharges(750W source 
power, -lOOV dc self-bias, 2mTorr pressure) 
as a function of plasma composition. 
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Ar addition, which shows that ion bombardment plays an important role in accelerating either C1, 
reaction or etch product desorption(or both), since Ar is the heaviest ion in the three chemistries 
investigated; second, in general, there are maxima in the etch rates at specific plasma 
compositions. This again is most likely related to the existence of optimal neutral-to-ion ratios 
that provide sufficient C1, surface coverage and reaction, and subsequent etch product desorption. 



In the cases of H,(and possibly N2) addition the chlorine atomic neutral density is likely reduced 
by recombination to form HCl(and possibly NC1). The Cl,/N, chemistry may be an attractive one 
in terms of best preserving the near-surface stoichiometry of the nitride materials, by minimizing 
preferential N loss. At higher dc self-biases, Shul et. a1.[9] found maxima in etch rate of GaN at 
around 10% H, by flow in ICP Cl,/H, discharges, while in C1,/N2 they reported a continuous 
decrease in etch rate with increasing N, percentage, as found here. 

At fixed dc self-bias(-1 OOV) and plasma composition(10C12/5~), increasing the ICP 
source power increases the nitride etch rates by increasing the ion flux and the atomic chlorine 
density(Figure 2). The results for InN are similar to what we observe for InP in that there is a 
sharp rise in etch rate above a particular source power[l7], which we ascribe to the prevention of 
formation of an InCI, selvedge layer which normally retards further etching[l8,19]. Further 
increases in flux(corresponding to source powers above lOOOW) do not increase the InN(or 
InAlN) etch rate, which at that point may be limited by C1, arrival at the surface. The other 
materials show a general trend of increasing etch rate across the entire range of ICP source 
powers. 

Figure 2. Etch rates of III-nitrides in 1OCl2/5Ar 
ICP discharges(-100V dc self-bias, 2mTorr) as 
a function of source power. 

The etched surface morphologies were strong functions of both plasma composition and 
rf chuck power, but almost independent of source power. An example is shown in the AFM scans 
of GaN surfaces etched in different Cl,/Ar compositions(Figure 3). The root-mean-square(RMS) 
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Figure 3. AFM scans of GaN after etching in Cl,/Ar ICP discharges(-lOOV dc, 2mTorr, 750W source 
power) of different composition. 

roughness of the control sample was -7nm(measured over a 10X10pm2 area). As seen in Figure 
4, pure Ar discharges produce significant surface roughening, due most likely to preferential 
sputter ion of the higher N atoms[20]. As C1, is added to the discharge the morphology initially 



improves, due to the formation of volatile group I11 chlorides(expected to be predominantly 
GaC1, under these conditions) that lead to a more nearly equal rate removal of Ga and N from the 
surface. However at higher C1, compositions there is increased surface roughening which again 
may result from reaction of non-stoichiometry surfaces. 
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Figure 4. R M S  surface roughness of GaN after 
etching in Cl,/Ar ICP discharges(-100V dc, 
2mTorr, 750W source power) as a function of 
percentage Cl,(total C1, +Ar flow rate was 
15sccm). 
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It is expected that to reduce the currently high contact resistance in GaN-based 
heterostructure field effect transistors[2 13, and eventually hetrojunction bipolar transistors, InN- 
based contact layers will be necessary[22,23], in analogy to InGaAs on GaAs. In this case, the 
ability to selectively etch InN relative to the other nitrides will be crucial. Figure 5 shows some 
selectivity data as a function of C1, percentage in Cl,/Ar, Cl,/N2 and C1,/H2 discharges, while 
Figure 6 shows the data as a function of ICP source power for Cl,/Ar discharges. It is clear that in 
source powers 5 750W, selectivities of only around 2 are obtained for InN over GaN, whereas 
this increases to about 6 for higher powers(85OW). Under ECR conditions, Shul et. al.[9] 
reported that addition of fluorine(as SF,) to CI,-based plasmas could be used to enhance etch 
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selectivity for some materials combinations, and we are currently performing similar experiments 
for ICP discharges. One attractive possibility is inclusion of a thin InAlN etch-stop layer, which 
would produce a high selectivity for InN over M l N  in Cl,/SF, plasmas due to formation of the 
involatile All?,; the etch stop could then be selectively removed from any other underlying nitride 
using KOH-based wet etch solutions[24]. 

SUMMARY AND CONCLUSIONS 

Inductively Coupled Plasma etching with C1,-based discharges is able to produce 
practical etch rates for the 111-nitride materials(i.e. 500-1 500A*min-') at low dc self-biases(- 
1OOV) where conventional reactive ion etching is impractically slow. The rates are a strong 
function of the chemical nature of the additive gas(&, N, or H2), the discharge composition and 
both high density source power and rf chuck bias. The etched surface morphology of GaN is 
smoothest at low C1,-to-Ar ratios(-1 :5-10). Maximum etch selectivity of -6 was obtained for 
InN over the other nitride materials -this is basically a result of its lower bond energy(7.72 
eV/atom compared to 8.92 eV/atom for GaN and 11.52 eV/atom for AlN), because the volatility 
of InCl, is substantially lower than either GaC1, or AlCl,. 
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