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ABSTRACT 

Fabrication of group-III nitride devices relies on the ability to pattern features to depths ranging 
from -1000 A to > 5 pm with anisotropic profiles, smooth morphologies, selective etching of one 
material over another, and a low degree of plasma-induced damage. In this study, GaN etch rates 
and etch profiles are compared using reactive ion etch (RE), reactive ion beam etching (RIBE), 
electron cyclotron resonance (ECR), and inductively coupled plasma (ICP) etch systems. RIE 
yielded the slowest etch rates and sloped etch profiles despite dc-biases > -900 V. ECR and ICP 
etching yielded the highest rates with anisotropic profiles due to their high plasma flux and the 
ability to control ion energies independently of plasma density. RIBE etch results also showed 
anisotropic profiles with slower etch rates than either ECR or ICP possibly due to lower ion flux. 
InN and AlN etch characteristics are also compared using ICP and RIBE. 
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INTRODUCTION 

The group-111 nitrides typically resist etching in standard, room temperature wet chemical 
etchants thus depending almost exclusively on plasma etch technology for device patterning. For 
exam le, commercially available LEDs and the first GaN-based laser diode were fabricated using 
RIE.'4 Perhaps the most significant advancement in plasma etching these films has been the 
utilization of high-density plasmas. High-density plasma etch systems have shown improved etch 
results for the group-I11 nitrides as compared to R E  due to plasma densities which are 2 to 4 
orders of magnitude higher. The high ion flux associated with these systems improve the bond 
breaking efficiency of the group-III nitride materials and enhance the sputter desorption of the etch 
products from the surface after they have formed. Etch profiles also tend to be more anisotropic 
due to lower process pressures which results in less collisional scattering of the plasma species. 
RIBE provides a unique etch capability for the wide-bandgap materials due to the acceleration of 
the ions to the sample and the low process pressures used. Although etch rates may not be as fast 
as those reported in ICP or ECR plasmas, RIBE etch profiles are typically anisotropic, may be 
contoured to specific angles, and can yield smooth morphologies. These characteristics can be 
very useful in the fabrication of photonic integrated circuits including waveguides and optical 
couplers. In this study, we compare ECR, ICP, RIE, and RIBE etch results for group-111 nitride 
films in chlorine-based plasmas under a variety of plasma conditions. 

EXPERIMENT 

The ECR, ICP, and RIE systems used a load-locked Plasma-Therm SLR 770 etch platform. 
The ECR plasma was formed with a low profile 2.45 GHz Astex 4400 ECR source in which the 
upper magnet was operated at 165 A. 
uniformity across the chamber, a lower external secondary collimating magnet was run at 25 A. 
The ICP plasma was formed by replacing the ECR source with a Plasma-Therm 2 MHz, 3 turn coil 
ICP source. In the ECR and ICP, energetic ion bombardment was provided by superimposing an 
rf-bias (13.56 MHz) on the sample. The system was also operated as a RE plasma by disabling 
the high-density power source and using the 13.56 MHz cathode rf-power supply to generate the 
plasma. The RIBE system used an ICP source to generate the high-density plasma. Samples were 
separated from the ion source by 2 graphite grids which were used to accelerate the ions to the 
sample surface at highly controlled energies and beam currents. 

To minimize field divergence and optimize plasma . 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, mom- 
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
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The GaN films etched in this study were grown by metal organic chemical vapor deposition 
(MOCVD), whereas the AlN and InN samples were grown using metal organic-molecular beam 
epitaxy (MO-MBE). Samples were patterned with Shipley 4330 photoresist. Etch depths were 
measured in at least 3 locations with a Dektak stylus profdometer after the photoresist was removed 
and used to calculate etch rates. Samples were -1 cm and were exposed to the plasma for 1 to 3 
minutes. Anisotropy and sidewall morphology were evaluated for several etch conditions using a 
scanning electron microscope (SEM). 
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RESULTS AND DISCUSSIONS 

Figure 1 shows GaN etch rates as a function of dc-bias obtained in RIE, ECR, and ICP 
Cl,/H,/CH,/Ar plasmas as well as a RlBE Cl,/Ar plasma. Due to the low operating pressures and 
the vacuum integrity of the RIBE, H, and CH, were removed from the plasma chemistry to 
eliminate polymer deposition on the chamber walls. However, due to the significant differences in 
the RIBE compared to the other etch platforms and the minor effects of H, and CH, on the etch 
results, this variation seemed insignificant. Due to the strong bond energies and inert chemical 
nature of GaN, plasma etching is dependent on high ion energies or high ion fluxes at ion energies 
above the bond-breaking energy threshold. In Figure 1, GaN ICP and EGR etch rates are much 
faster than RIBE or RIE due to significantly higher ion fluxes. Etch rates increased as a function 
of dc-bias or ion energy independent of etch technique indicating the strong physical dependence of 
the etch mechanism. RIBE and RIE etch rates were slow due to ion fluxes which were too low to 
yield a high incidence of GaN bond-breaking despite the relatively high ion energies. Additionally, 
RIBE etch rates may have been slower than ECR or ICP due to lower operational pressures (0.3 
mTorr compared to 2 mTorr) or the high source-to-sample separation which reduced both the ion 
and neutral flux at the GaN surface. 
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c Figure 1. GaN etch rates in R E ,  ECR, ICP, and RIBE C1,-based plasmas as a function of dc-bias. . P 
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Several ICP and ECR plasma etch conditions yielded highly anisotropic, smooth etch profiles. 
In Figure 2a, GaN was etched in an ECR Cl,/Ar plasma to a depth of -4 pm with anisotropic, 
smooth profiles. In Figure 2b, A1N was etched in an ICP Cl,/Ar plasma to a depth of -2 pm with 

erosion. GaN etch profiles formed by RIE were typically sloped (overcut) with rough sidewalls 

a slightly sloped sidewall and a smooth etch profile. The slight overcut profile may be attributed to 
slower AlN etch rates as compared to GaN which resulted in longer etch times and mask-edge 



due to erosion of the mask-edge under high ion energy conditions. This is observed in Figure 2c, 
where AlN was etched in a RIE Cl,/Ar plasma. RIBE profiles showed excellent anisotropy and 
smooth sidewalls to depths of -1 pm. However, at higher depths trenching was observed due to 
ions glancing off the sidewalls resulting in locally faster etch rates. This is seen in Figure 2d 
where GaN was etched - 3 pm deep in a RIBE Cl,/Ar plasma. 

Figure 2. SEMs of a) GaN etched in an ECR C12/Ar plasma, b) AlN etched in an ICP Cl,/Ar 
plasma, c) A1N etched in a RIE Cl,/Ar plasma and d) GaN etched in a RIBE Cl,/Ar plasma. 

Small amounts of Ar are often added to halogen-based plasmas for stabilization or to improve 
the sputter desorption efficiency of etch products from the substrate surface thus increasing etch 
rate and anisotropy. In Figure 3, GaN etch rates are plotted as a function of %Ar in a Cl,/Ar 
plasma chemistry for ECR, ICP, and RIBE plasmas. The GaN etch rates in both the ECR and ICP 
(at 2 mTorr pressure, 500 W source power, -250 V dc-bias (ECR), -200 V dc-bias (ICP) and 25 
sccm total gas flow) decreased with increasing Ar due to less available reactive C1 at the surface. 
GaN etch rates obtained in the RIBE (at 10 sccm total gas flow, 0.3 mTorr chamber pressure, -400 
V beam voltage, and 100 mA beam current) was slowest in a pure C1, plasma, increased up to 
-25% Ar, and then decreased as more Ar was added to the plasma. At low %Ar, faster GaN etch 
rates were attributed to improved sputter desorption of the etch products from the surface. 
However, as the Ar concentration increased further, slower rates were due to less available C1 
radicals. 

influence the physical component of the etch mechanism by changing the sputter desorption or 
bond breaking efficiency of the etch process. In Figure 4, GaN, InN, and AlN etch rates are 
reported for a RIBE C12/Ar (7 s c c d 3  sccm) plasma as a function of beam voltage. GaN etch rates 
remained constant above 400 V beam voltage implying an adsorption limited regime where the 
reactive C1 may be sputter desorbed off the surface before reacting with the GaN. The InN etch 
rates increased monotonically with beam voltage implying efficient desorption of the non-volatile 
InC1, etch products prior to complete passivation of the etch surface.I6 At these beam voltages, the 

For either RIBE or ICP, ion energies (measured as either beam voltage or dc-bias) can ' 
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InN etch rate may be desorption limited. The AlN etch rates showed a non-linear dependence on 
beam voltage. 
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Figure 3. GaN etch rates for ECR, ICP, and RIBE generated C1JAr plasmas as a function of the 
%Ar. 
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Figure 4. GaN, AlN, and InN FUBE etch rates as a function of beam voltage. 

In Figure 5, GaN, InN, and AlN etch rates obtained in an ICP Cl,/Ar plasma are shown as a 
function of dc-bias. Etch rates for all 3 films increased with dc-bias which corresponds to the 
average ion energy. As the ion energy increased, so did the bond breaking efficiency of the group- 
I11 nitride films and the sputter desorption of the etch products. The InN etch rates showed the 
same trend as that observed in the FUBE; etch rates increased with ion energy implying efficient 
sputter desorption of the InC1, etch products prior to passivation of the InN surface. In Figure 6, 
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etch selectivities are plotted for both RIBE and ICP as a function of dc-bias (which corresponds to 
RTBE beam voltage). For the ICP, the etch selectivites decreased as the ion energies increased. 
For RLBE, the GaN:InN selectivity increased slightly with ion energy, but remained < 2. The 
GaN:AIN selectivities were -2: 1 except at -400 V where the selectivity increased to -8: 1. 
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Figure 5. GaN, AlN, and InN ICP etch rates as a function of dc-bias. 
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Figure 6. RIBE and ICP GaN:AIN and GaN:InN etch selectivity as,a function of dc-bias. 

As a function of increasing plasma density (RIBE beam current), etch rates typically increase 
due to higher concentrations of reactive neutrals which increases the chemical component of the 
etch mechanism and/or higher ion flux which increases both the bond breaking efficiency and the 
sputter desorption of etch products from the surface. As a function of RIBE beam current, the 
GaN and InN etch rates remained relatively constant while the AIN etch rate increased at 180 mA, 



as shown in Figure 7. The GaN:InN selectivity remained essentially constant at < 1:l while the 
GaN:AIN selectivity was -6: 1 up to 180 mA at which point it decreased to < 2:l. I 
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Figure 7. RIBE GaN, AIN, and InN etch rates and GaN:AlN and GaN:InN etch selectivity as a 
function of beam current. 

CONCLUSIONS 

In summary, RE yielded the slowest GaN etch rates and sloped etch profiles despite dc-biases 
> -900 V. ECR and ICP etching yielded the highest rates with anisotropic profiles due to their 
characteristic high plasma flux and ion energies which were controlled independently of plasma 
density. RIBE etch results also showed anisotropic profiles at depths of -1 pm with slower etch 
rates than either ECR or ICP possibly due to lower operating pressures or higher source-to-sample 
separation which resulted in lower ion and neutral flux at the surface. Due to their strong bond 
energies, etching the group-111 nitrides requires either high ion energies or high ion flux at energies 
above the bond-breaking threshold energy of the group-I11 nitrides. Very significant etching of 
InN was obtained under high ion energy conditions in ICP and RIBE implying effective sputter 
desorption of the low-volatility InCl, etch products. 
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