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Due to their wide band gaps and high dielectric constants, the group 
III-nitrides have made significant impact on the compound semiconductor 
community as blue and ultraviolet light emitting diodes (LEDs) and for 
their potential use in laser structures and high temperature electronics. 
Processing of these materials, in particular wet and dry etching, has proven 
to be extremely difficult due to their inert chemical nature. We report 
electron cyclotron resonance (ECR) etch rates for GaN, InN, AlN, 
In(x)Ga(i-x)N, and In(x)Al(l-x)N as a function of temperature, rf-power, 
pressure, and microwave power. Etch conditions are characterized for rate, 
profile, and sidewall and surface morphology. Atomic force microscopy 
(AFM) is used to quantify RMS roughness of the etched surfaces. We 
observe consistent trends for the InAN films where the etch rates increase 
with increasing concentration of In. The trends are far less consistent for 
the InGaN with a general decrease in etch rate as the In concentration is 
increased. 

INTRODUCTION 

The group-III nitrides are well known for use as blue and ultraviolet GaN light 
emitting diodes (LEDs) [l] and are strong candidates for laser structures and high 
temperature electronics due to their wide band-gaps and high dielectric constants [2-121. 
Several obstacles including; lack of a lattice matched substrate for epitaxial growth, implant 
doping and isolation, ohmic and Schottky contacts, and patterning techniques have limited 
the fabrication of devices more complicated than LEDs. Advances in growth technology 
have resulted in device demonstrations of double-heterojunction AlGaN/GaN [ 13 J and 
InGaN/GaN [14] LEDs, and metal semiconducting field effect transistors (MESETS) 
[lS, 161. Despite the relatively inert chemical nature of the group-IlI nitxides, recent reports 
havk been published which describe high rate, controlled wet chemical and dry plasma etch 
processes. Mileham et. al. have reported controlled etching of epitaxially grown AlN in 
KOH which is highly selective to GaN and InN, isotropic, and temperature dependent [17]. 
GaN etching has been reported in chlorine- [ 18, 191 and bromine- [20] based plasma 
chemistries using a reactive ion etch system with etch rates of approximately 600 &min at 
-400 V dc biases. Electron cyclotron resonance (ECR) etch rates for GaN, InN, and AlN 



were first reported by Pearton et. al. in low temperature CH4/H2/Ar, BCl3/Ar, C12, and 
C12/H2 plasmas. Etch rates ranging from 100 to 1100 kmin  were reported at a dc-bias of 
approximately -250 V [21, 221. We have recently reported etch rates of 2850 a m i n  for 
GaN and 3840 &min for InN in a ECR-generated C12/CH4/H2/Ar plasma at 170°C [23, 
241. Pearton et. al. also studied etch rates for InxGal-xN and InxAll-xN alloys in 
CH4/H2, C12/H2, and C12/SF6 ECR-generated plasmas [25]. In this paper, we report high 
rate ECR etching for ternary materials exceeding 4200 h n i n  for InxGal-xN and 1800 
&min for In-75Al25N. This data is compared to etch results from binary materials as a 

. function of microwave power, rf-power, pressure, and temperature. Atomic force 
microscopy (AFM) is used to quantify RMS roughness to help interpret etch results. 

EXPERIMENTAL 

The binary and ternary films etched in this study were grown using metal organic 
molecular beam epitaxy (MO-MBE) on either GaAs or Ai203 substrates in an Intevac 
Gen 11 system described previously [26]. The group-III sources were triethylgallium, 
trimethylindium, or trimethylamine alane, respectively, and the atomic nitrogen was 
formed in an ECR Wavemat source operating at 200 W forward power. The layers are 
single crystal with a high density of stacking faults and microtwins. The GaN and AlN are 
resistive as-grown, while the InN is highly auto-doped n-type (> 1020 cm-3) due to the 
presence of native defects. 

The ECR plasma reactor used in this study was a load-locked Plasma-Therm SLR 
770 etch system with an ECR source operating at 2.45 GHz. Energetic ion bombardment 
was provided by superimposing an rf-bias (13.56 MHz) on the sample. Samples were 
mounted using vacuum grease on an anodized Al carrier that was clamped to the cathode 
and heated with He gas. Etch gases were introduced through an annular ring into the 
chamber just below the quartz window. To minimize field divergence and to optimize 
plasma uniformity and ion density across the chamber, an external secondary collimating 
magnet was located on the same plane as the sample and a series of external permanent 
rare-earth magnets were located between the microwave cavity and the sample. ECR etch 
parameters used in this study were: 10 sccm of C12, 15 sccm of H2, 10 sccm of Ar, 3 
sccm of CHq, 30 to 170°C electrode temperature, 1 to 10 mTorr total pressure, 125 to 850 
W of applied microwave power, and 0 to 275 W rf-power with corresponding dc-biases of 
-15 to -275 k 10 V. Due to the high etch temperatures, a Si3N4 etch mask was employed. 

Etch rates were calculated from the depth of etched features measured with a 
Dektak stylus profilometer after the Si3N4 masking material was removed in a sF(j/o2 
R E  plasma. Samples etched in the ECR were approximately 1 cm2 and depth 
measurements were taken at a minimum of three positions. Standard deviation of the etch 
depth across the sample is nominally less than k4% with run-to-run variation less than 
&lo%. The binary and ternary films were etched with approximately a 6 month time 
interval which leads us to estimate a slightly higher run-to-run variation of +15% due to 
several changes in the etch chamber configuration. Surface morphology, anisotropy, and 
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sidewall undercutting were evaluated with a scanning electron microscope (SEM). RMS 
surface roughness was quantified using a Digital Instruments Dimension 3000 atomic 
force microscope (AFM) system operating in tapping mode with Si tips. 

GROUP-I11 NITRIDE ETCHING 

The group-111 nitride materials are chemically inert and resist etching in 
conventional III-V wet chemical etchants, thus stressing the importance to develop dry etch 
processes. Development of dry etch processes for the ternary structures, InxGal-xN and 
InxAl1 -xN, is of particular importance since most advanced devices will include 
heterostructures. Pearton and coworkers were the first to study ECR etching of InxGal- 
xN and InxA1l-xN alloys in CH4/H2, C12/H2, and C12/SF6 plasmas [25]. The etch rates 
were found to increase with high mole fraction In in cH4/H2/Ar plasmas and to decrease 
in C12/H2 plasmas under moderate dc-bias (approximately -250 V). The etches were 
anisotropic and smooth for all compositions. The substitution of SFg for H2 in the C12 
plasma resulted in higher etch rates while maintaining smooth surface and sidewall 
morphologies. This implies that the removal of N may occur as either NHx or NFx. Ar+ 
ion milling rates were also reported and were quite slow, approximately a factor of 2 less 
than those obtained for more conventional compound semiconductors. 

We have reported ECR etching of GaN, InN, and AlN as a function of substrate 
temperature, rf-power, microwave power, and pressure in C12/H2/Ar and C12/H2/C€€4/Ar 
plasmas [23, 241. Etch rates of 2850 h m i n  for GaN and 3840 Qmin for InN were 
obtained at 1 mTorr, 850 W of applied microwave power, and 275 W rf-power. The 
maximum A1N etch rate obtained was 1245 &min at 1 mTorr, 170"C, 850 W of applied 
microwave power, and 225 W rf-power. The data suggests that ion bombardment 
energies greater than approximately -15 V are required to initiate etching of GaN and InN 
and that the etch mechanism for group-111 nitrides is heavily dependent upon plasma 
density. We observed a rather strong dependence on temperature where both the InN and 
GaN etch rates decreased initially then increased at temperatures above 150°C possibly due 
to higher volatilities of the etch products. We also observed that the GaN and InN etch 
rates increased with the addition of CHq to the plasma chemistry. This may be attributed 
to the formation of the group-III methyl etch product or an etch mechanism enhanced by 
the presence of CHq. We have recentIy extended these studies to include InxGal-xN (x = 
0.36,0.47, and 0.65) and h.75M.25N. 

In Figure 1, etch rates are shown as a function of In concentration for increasing 
temperature at 850 W microwave power, 150 W rf-power, and 1 mTorr pressure in a 
C12/H2/CH4/Ar ECR plasma. In general, the etch rates for the InGaN films show a slight 
decrease with increasing In concentration. This may be attributed to the lower volatility of 
the In-chloride etch products as compared to the Ga-chloride etch products. Within 
experimental error, the etch rates show only a slight temperature dependence where the 
highest etch rates typically occur at 170°C due to higher volatility of the etch products. For 



the ternary and GaN films the etch rate varies by less than k 10% as a function of 
temperature, however the InN etch rate varies by approximately * 25%. 
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Figure 1. Etch rates for InxGal-xN as a function of x at 30,70, 100, and 170°C 
for an ECR-generated C12/H2/CH4/Ar plasma. 

Etch rates are shown as a function of pressure in Figure 2 for a Cl2/H2/Cm/Ar 
plasma at 170°C and 850 W of applied microwave power for different In concentrations. 
In general, the etch rates tend to decrease with increasing In concentration. During these 
runs the rf-power was held constant at 150 W which results in an increase in dc-bias as the 
pressure is increased. Higher dc-biases are attributed to increased collisional recombination 
which decreases the plasma density at higher pressures [27]. Etch rates increase as the 
pressure is increased from 1 to 2 mTorr suggesting a reactant limited regime at 1 mTorr. 
As the pressure is increased above 2 mTorr, the etch rates drop due either to lower ion 
densities or to increased polymer deposition at higher pressures [28,29]. As observed in 
our previous study etching binary films, a decrease in etch rates with increasing pressure 
and dc-biases implies that group-III nitride etching is dependent on plasma density. 
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Figure 2. Etch rates for InxGal-xN as a function of pressure for an ECR- 
generated C12/H2/cH41Ar plasma. 

Etch rates are shown as a function of rf-power in Figure 3 for a C12/H2/CH4/Ar 
plasma at 170°C and 850 W of applied microwave power. As the rf-power is increased, 
the etch rates increase for all films due to the higher ion bombardment energies. Without 
rf-biasing, the dc-bias is approximately -10 to -15 V and we have observed that the GaN 
and InN samples do not etch during a 2 minute exposure while the ternary films have slow 
etch rates; less than 250 h n i n .  When an rf-power is superimposed on the sample, 
approximately 75 W, the dc-bias increases to -80 _+ 10 V and the etch rate increases rapidly 
for all films. This suggests either that the etch products are not desorbed efficiently at low 
ion energy or that a thin surface oxide is present which must be seuttered away before 
chemical etching can occur. The highest etch rates for GaN (4130 Nmin), In.36Ga.mN 
(4220 amin), In.47Ga.53N (3600 hn in ) ,  In.65Ga.35N (3865 &fin), and InN (5550 
krnin), are observed 250 W rf-power. The decrease in GaN and InN etch rates at 275 W 
may be related to sputter desorption of active species before they have time to react at the 
semiconductor surface. 

In Figure 4, etch rate data are plotted as a function of microwave power for the 
InxGal-xN films at 150 W rf-power. From 125 to 625W, the etch rates increase for the 
ternary and GaN films. This is consistent with our earlier observation for the binary films 
etched at 250 W rf-power where the etch rates increased as the microwave power and ion 
density increased. As the microwave power is increased from 625 to 850 W the etch rates 
for all films excluding GaN decrease slightly. We also observe a decrease in the etch rate 
for InN from 275 to 850 W applied microwave power. 
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In Figure 5, the etch rates for AlN, h.75A1.25N, and InN are shown as a function 
of temperature for an ECR-generated C12/H2/CH4/Ar plasma. The etch rates for A1N 
decrease by approximately a factor of two as the temperature is increased from 30°C to 
170°C. The maximum etch rate is 960 hmin  at 30°C. The InN etch rate decreases by 
more than 60% as the temperature is increased from 30°C to 150°C and then increases 
rapidly above 150°C to a maximum of 2300 &min at 170°C. The initial decrease in etch 
rate may be due to competitive reactions between C12 and CHq with InN to form either 
InClx or In(CHx)y. As the temperature is increased above 150°C, either the volatility of 
one of the etch products increases or the reaction kinetics become dominated by one of the 
surface reaction mechanisms. The observation of higher etch rates for InN at 170°C agrees 
with higher volatility of the InClx etch product observed in C12 etching of InP 1301. The 
etch rate for the ternary bI.75M.25N film is lower than the InN etch rates but higher than 
the A1N for all temperatures studied. As the temperature is increased, the etch rate 
decreases very similar to the AZN film, indicating that despite the high In concentration 
(75%), the Al content dominates the etch rate as a function of temperature. 
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Figure 5. Etch rates for InxAll-xN as a function of temperature for an ECR- 
generated ClWgCJL$Ar plasma. 

The InxAll-xN shows a very similar trend to the InxGal-xN films as a function of 
pressure. In Figure 6, the etch rates increase as the pressure i s  increased from 1 to 2 mTon 
suggesting a reactant limited regime. Increasing the pressure above 2 mTorr we observe a 
decrease in the etch rate, due either to lower ion densities or to increased polymer 
deposition at higher pressures [25,48]. The etch rates for the h.75AlS25N film is slightly 
greater than the AlN etch rates and follows the trend closely. 
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Figure 7. Etch rates for InxAll-xN as a function of rf-power for an ECR- 
generated C12/H2/C€€4./Ar plasma. 



In Figure 7, we observe the etch rate for the InxGal-xN films to increase with 
increasing rf-power. The etch rate for the In.75M.25N film is slightly greater than that €or 
A1N. The decrease in etch rate for InN and A1N at 275 W is attributed to sputter 
desorption of active species before they have time to react at the surface. The etch rate as a 
function of microwave power decreases for InN and AIN, but increases from 835 to 3085 
h n i n  for In.75A1.2SN as the microwave power is increased from 125 to 850 W. We 
have observed that the etch rates for the InxAlI-xN films increase with increasing In 
concentration as a function of temperature, pressure, rf-power, and microwave power. 

ETCH PROFILE 

Figure 8 shows SEM micrographs of GaN, InSq7Ga.53N, In~j5Ga.35N, and InN 
samples etched in C12/H2/cH4/Ar at 170°C and 150 W rf-power. The GaN etch is 

Figure 8. SEM micrograph of a) GaN, b) In.47Ga+53N, c) In&$Ga.35N, and d) 
InN etched in an ECR-generated C12/H2/C€€4/A.r plasma at 170°C. 



approximately 5800 A deep and is anisotxopic with reasonably smooth sidewalls and 
surfaces. The high anisotropy of the etch may be attributed to the possible formation of a 
sidewall polymer involving the methane, as previously reported by Constantine et. al. with 
this plasma chemistry [28,29]. A trench is observed at the base of the GaN feature which 
may occur due to the Si3N4 mask-edge erosion. As the In concentration is increased, the 
etch remains fairly anisotropic with the sidewall beginning to slope on the In.65GaS35N 
sample due to the mask-edge erosion. The sidewall and field morphology are reasonable 
smooth as compared to the as-grown material shown on the top of the feature. The InN 
etch also shows a sloped sidewall once again due to erosion of the mask-edge and is 
somewhat rough. The InN is etched approximately 1.12 pm deep, which is approximately 
1000 A into the GaAs substrate which probably accounts for the roughened field. 

SURFACE MORPHOLOGY 

The surface morphology for InxGai-xN as a function of plasma etch conditions is 
evaluated and quantified using AFM. The RMS roughness measured for samples 
exposed to the ECR plasma are normalized to the RMS for the as-grown samples. In 
Figure 9, the normalized RMS roughness is shown as a function of pressure for InxGa1- 
XN films. As the pressure is increased and the rf-power is held constant, the plasma 
density decreases and the ion energy increases. The normalized RMS roughness remains 
virtually unchanged as the pressure and In concentration are increased. A slight increase 
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Figure 9. RMS roughness for InxGal-xN samples normalized to the as-grown 
RMS roughness as a function of pressure in an ECR-generated C12/H2/Crn/Ar 
plasma. 



normalized RMS roughness is observed for the InN films. In Figure 10, the normalized 
RMS roughness is plotted as a function of rf-power for InxGal-xN films. From 0 to 150 
W rf-power, the normalized RMS roughness remains relatively constant as the In 
concentration is increased. However, the surface morphology is slightly rougher for the 
InN films independent of the rf-power and is greater than 5 for In65Ga.35N and InN at 75 
W. At 250 W rf-power, the normalized RMS roughness is greater than 25 for GaN and 
drops below 5 as the In concentration is increased. Preferential sputtering of either the Ga 
or N atoms may account for the surface roughness at these high ion bombardment 
energies. Further studies are underway to determine the mechanisms involved. 
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Figure 10. RMS roughness for InxGal-xN samples normalized to the as-grown 
RMS roughness as a function of rf-power in an ECR-generated C12/H2/CH4/Ar 
plasma. 

CONCLUSIONS 

In summary, ECR etching of group-lII nitride binary and ternary films are reported 
as a function of temperature, pressure, microwave power, and rf-power in a 
C12/H2/CH4/Ar plasma. Etch rates of 4130 h m i n  for GaN, 4220 a m i n  for 
In.36Ga.w, 3600 &min for In.47Gaa53N, 3865 for InS65Ga.35N, 5550 h m i n  for InN, 
1890 k m i n  for h.75A1.25N, and 1325 kmin  for AIN are reported at an rf-power of 250 
W. We observe consistent trends for the InxAll-xN films where the etch rates increase 
with increasing concentration of In. The trends are far less consistent for the InxGal-xN 
with a general decrease in etch rate as the In concentration is increased. This may be due to 
the competition between the Ga and In etch products. Surface morphologies have been 



evaluated and quantified using AFM for InxGal-xN where x = 0,0.36,0.47, 0.65, and 1. 
Normalizing the RMS roughness to as-grown sampies shows relatively smooth pattern 
transfer as a function of pressure and rf-power. Very rough surfaces were observed for 
GaN at 250 W rf-power possibly due to preferential sputtering of either the Ga or N atoms. 
High density ECR etching is a feasible technique to pattern group-I11 nitrides and their 
alloys with reasonable etch rates, anisotropic profiles, and smooth surfaces. 
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