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ABSTRACT HAY 0 8 o5

Fabrication of group-III nitride electronic and photonic devices relies heavily on @ %ﬂ@
pattern features with anisotropic profiles, smooth surface morphologies, etch rates often exceeding
1 pm/min, and a low degree of plasma-induced damage. Patterning these materials has been
especially difficult due to their high bond energies and their relatively inert chemical nature as
compared to other compound semiconductors. :However, high-density plasma etching has been an
effective patterning technique due to ion fluxes which are 2 to 4 orders of magnitude higher than
conventional RIE systems. GaN etch rates as high as ~1.3 pm/min have been reported in ECR
generated ICl plasmas at -150 V dc-bias. In this study, we report high-density GaN etch results
for ECR- and ICP-generated plasmas as a function of CL,- and BCl,-based plasma chemistries.

INTRODUCTION

Interest in GaN and related group-III nitride materials continues to grow as demonstrations of
blue, green, and ultraviolet (UV) light emitting diodes (LEDs), blue lasers, and high temperature
. electronic devices are reported.''® Fabrication of many of theses devices may be attributed to

improvements in material growth capabilities. However, enhanced device performance can only be
realized with improved process capabilities, including plasma etch. Although many advances in
plasma etch technology have transpired, the rapid development of high-performance state-of-the-art
devices, sub-0.5 pm features, and complex material structures, including the group-III nitrides,
has increased the requirements for etch processes. Plasma etch processes often demand highly
anisotropic profiles, high etch rates, smooth morphologies, and low-damage. Etching the group-
I nitrides is further complicated by their inert chemical nature and their strong bond energies as
- compared to other compound semiconductors. GaN has a bond energy of 8.92 eV/atom, InN 7.72
eV/atom, and AIN 11.52 eV/atom as compared to GaAs which has a bond energy of 6.52 eV/atom.
Due to these high bond energies and inert chemical behavior, the group-III nitrides resist etching in
standard, room temperature wet chemical etchants. Therefore, essentially all device patterning has
been accomplished using plasma etching technology. For example, commercially available LEDs
from Nichia are fabricated using a Cl,-based RIE to expose the n-layer of the heterostructure." % °
The first GaN-based laser diode was also fabricated using RIE to form the laser facets.” Laser
facet fabrication is especially dependent upon plasma etch pattern transfer since the majority of
epitaxially grown group-Iil nitrides are on sapphire substrates which inhibits cleaving the sample
with reasonable yield. a

Perhaps the most significant advancement in plasma etching the group-III nitrides has been the
utilization of high-density plasmas. High-density plasma etch systems typically yield higher etch
rates with less damage than more conventional reactive ion etch (RIE) systems due to plasma
densities which are 2 to 4 orders of magnitude greater and the ability to effectively decouple ion
energies and plasma density. Etch profiles also tend to be more anisotropic due to lower process
pressures which results in less collisional scattering of the plasma species. Plasma etching of GaN
has been reported using several techniques including RIE, electron cyclotron resonance (ECR),
inductively coupled plasma (ICP), magnetron reactive ion etch (MIE) systems, and chemically
assisted ion beam etching (CAIBE). In this paper, we compare ECR and ICP etch results for GaN

in Cl,- and BCl;-based plasmas. Etch rates, profiles, near-surface stoichiometry, and surface and

sidewall morphology will be discussed.




EXPERIMENT

The GaN films etched in this study were grown by one of three techniques; metal organic-
molecular beam epitaxy (MO-MBE), radio-frequency-MBE (1f-MBE), or metal organic chemical
vapor deposition (MOCVD). The ECR plasma reactor used in this study was a load-locked
Plasma-Therm SLR 770 etch system with a low profile Astex 4400 ECR source in which the upper
magnet was operated at 165 A. Due to the magnetic confinement of electrons within the
microwave source (2.45 GHz), high-density plasmas are formed at low pressures with low plasma
potentials and ion energies. Highly anisotropic etching can be achieved by superimposing an rf-

bias (13.56 MHz) on the sample and employing low pressure conditions (<5 mTorr) which

minimizes ion scattering and lateral etching. With rf-biasing, energetic jons are accelerated from

- the plasma to the sample with potential for. kinetic damage- to -the surface. Btch gases- were -

introduced thréugh 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 was run at 25 A.
Plasma uniformity was further enhanced by a series of external permanent rare-earth magnets
located between the microwave cavity and the sample. » - :

ICP offers an alternative high-density plasma technique where plasmas are formed in a
dielectric vessel encircled by an inductive coil into which rf-power is applied."™'® The electric field
produced by the coils in the horizontal plane induces a strong magnetic field in-the vertical plane
trapping electrons. in the center of the chamber and generating a high-density plasma. At low

pressures (< 20 mTorr), the plasma diffuses from the generation region and drifts to the substrate’

at relatively low ion energy. Thus, ICP etching is also expected to produce low damage with high
etch rates. The ICP reactor used in this study was a load-locked Plasma-Therm SLR 770 with a
cylindrical coil configuration and alumina vessel encircled by a three-turn inductive coil into which
2 MHz rf-power was applied As with ECR etching, anisotropic profiles were obtained by
superimposing a rf-bias (13.56 MHz) on the sample to independently control ion energy. Etch
gases were introduced through an annular region at the top of the chamber. The general belief is
that JCP sources are easier to scale-up than ECR sources and are more economical in terms of cost
and power requirements. ICP does not require the electromagnets or waveguiding technology

necessary in ECR. Additienally, automatic tuning technology is much more advanced for rf-
plasmas than for microwave discharges.

All samples were mounted using vacuum grease on an anodized Al carrier that was clamped to

the cathode and cooled with He gas. Samples were patterned using AZ 4330 photoresist. Etch
rates were calculated from the depth of etched features measured with a Dektak stylus profilometer

after the photoresist was removed with an acetone spray. Each sample was ~1 cm  and.depth
measurements were taken at a minimum of three positions. Standard deviation of the etch depth
across the sample was nominally less than + 10% with run-to-run variation less than  10%. The
gas phase chemistry for several plasmas was studied using a quadrupole mass spectrometer (QMS)
or an optical emission spectrometer (OES).- Surface morphology, anisotropy, -and sidewall
undercutting were evaluated with a scanning electron microscope (SEM). The root-mean-square
(rms) surface roughness was quantified using a Digital Instruments Dimension 3000 atomic force
microscope (AFM) system operating in tapping mode with Si tips. Auger electron spectroscopy

(AES) was used to investigate the near-surface stoichiometry of GaN before and after exposure to
several plasmas. : L

RESULTS AND DISCUSSIONS -

Due to their inert chemical nature and high bond strengths, the group-III nitrides resist etching
in common compound semiconductor wet chemical etchants at room temperature. Very ‘slow
etching of GaN has been reported in hot alkalis or electrolitically in NaOH.' 2° InN etch rates of
300-600 A/min have been reported in aqueous KOH and NaOH at 60°C.*** For amorphous or
polycrystalline AIN, wet chemical etching has been reported in several different solutions including

H,PO,, HF/H O, HNO,/HF, and dilute NaOH at relatively low rates (<500 A/min).?* Mileham

et al. have recently compiled etch results for binary group-III nitrides in a series of weét chemical
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etchants.*® GaN and InN did not etch in either acid or base solutions below ~80°C. However,
single crystal AIN etched in strong KOH- and NaOH-based solutions at room temperature. The
etch was strongly dependent upon etchant concentration, temperature, and film quality. Higher
etch rates were reported for lower crystalline quality material possibly due to more defects or
dangling bonds with which OH" ions in the etch solution can interact..

Plasma etching of GaN has been reported using several dry etch techniques including RIE,
ECR, ICP, MIE, and CAIBE. Using RIE, GaN etch rates as high as 650 A/min have been
reported at dc-biases of -400 V.*** Under similar dc-bias conditions, high-density plasmas
typically yield higher etch rates than RIE due to ion densities which are 2 to 4 orders of magnitude
greater. Etch profiles also tend to be more anisotropic due to lower process pressures which

results in less collisional scattering of the plasma species. GaN etch rates have been reported up to -

1.3 pm/min at -150 V dc-bias in an ECR,** 3500 A/min at -100 V dc-bias in a MIE,* 2100
A/min at -500 V in a CAIBE,*® and 6875 A/min at -280 V dc-bias in an ICP.# GaN has also been
etched u%ing low energy electron enhanced etching (LE4) at ~2500 A/min in Cl,at 100°Cand 0 V
dc-bias. *

Several different plasma chemistries have been used to etch compound semiconductor materials
including halogen- and hydrocarbon-based plasmas. Chlorine-based plasmas have been the
dominant etch chemistries used due to the higher volatility of the group-IiI chlorides as compared
to the other halogen-based plasmas. Table I shows boiling points for possible GaN etch products
etched in halogen- and hydrocarbon-based plasma chemistries. GaN typically etches at much
slower rates than GaAs. The high volatilities of the Ga- and the nitrogen-based etch products
shown in Table I implies that the etch rates are not limited by desorption of the etch products.
However, due to the strong bond energies of the group-III nitrides, the initial bond breaking of the
group-III-N bond, which must precede the etch product formation, may be the rate limiting step.*®
Faster GaN etch rates obtained in high-density plasma etch systems as compared to RIE may be
explained by a two step process directly related to the plasma flux and the bond breaking step.
Initjally the high-density plasmas increase the bond breaking mechanism allowing the etch products
to form and then produce efficient sputter desorption of the etch products.

Etch Products ~ Boiling Point (°C)
GaCl, 201
GaF, ~1000
GaBr, 279
Gal, sub 345
(CH,);Ga 55.7
NCl, <71
NF, -129
NBr, na
NI, explodes
NH, -33
N, -196
(CH,);N -33

Table 1. Boiling points for possible etch products of GaN etched in halogen- or CH,/H,-based
plasmas. : . :

Although fast GaN etch rates have been observed in chlorine-based plasmas, the source of
reactive Cl as well as the use of additive gases are important. Very often gas mixtures are used in a

plasma to increase etch rate, improve anisotropy, increase selectivity, or produce smoother etch :

morphologies by adjusting the chemical:physical ratio of the etch mechanism. The addition of Ar,
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SF,, N,, or H, can have a significant effect on the etch characteristics of GaN as can be seen from
Table I and are discussed in the following sections. _

Small amounts of Ar are often added to halogen-based:plasmas to improve the sputter
desorption efficiency of etch products from the substrate surface thus increasing etch rate and
anisotropy. GaN etch rates are shown in Figure 1 as a function of %Ar in ICP- and ECR-
generated Cl, plasmas. The plasma etch conditions were 2 mTorr pressure, 30 sccm total flow
rate, ~-250 V dc-bias, 25°C substrate temperature, and 500 W ICP source power or 850 W ECR
source power. As Ar was added to either ICP or ECR Cl, discharges, GaN etch rates decreased
due to less available reactive Cl in the plasma. When BCL, was substituted for Cl,, etch rates were
relatively constant as function of %Ar and as much as 6 times slower than those obtained in the
Cl,/Ar plasma due to Jower concentrations of reactive Cl.
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Figure 1. GaN etch rates as a function of %Ar for ECR- and ICP-generated Cl,/Ar plasmas.

In Figures 2 and 3, GaN etch rates are shown for ECR- and ICP-generatéd CL/SF/Ar and
BCL,/SF /Ar plasmas as a function of %SF,. ECR plasma conditions were; 1 mTorr pressure, 850
W ECR source power, 150 W rf-cathode-power with a corresponding dc-bias of -190 + 20 V, 25
sccm CL/SF; or BCL/SF, and 5 sccm Ar. ICP plasma conditions were; 2 mTorr pressure, 500 W
ICP source power, 95 to 115 W rf-cathode-power with a constant dc-bias of -250 + 10 V, 25 sccm
CL/SE; or BCL,/SF, and 5 sccm Ar. (The pressure increased to ~3 mTorr in the ICP reactor at
>60% SF). In general, as the %SF, was increased, the etch rates decreased independent of etch
technique. As the %SF¢ was increased from O to 20 in the ECR, the CI concentration, as
determined by QMS (indicated by m/e = 35 peak intensity), decreased but remained significant.
Faster GaN etching at 20% SF, might be expected based on the Cl concentration alone. However,
formation of SCI (m/e = 67) was observed at 20% SF¢ which may have been responsible for the
reduced GaN etch rate due to consumption of the reactive Cl by S. At 30 and 40% SF,, the Cl
concentration was greatly reduced and slow GaN etch rates resulted. In Figure 3, GaN etch rates
increased up to 20% SF; in the ICP and 30% SF; in the ECR and then decreased sharply in both
reactors. In the ECR, the Cl concentration (m/e = 35) increased as the SF, increased to 30% and
then decreased at' 40%. This implied that at low SF, concentrations, the SF, ‘enhanced the
dissociation of BCl, resulting. in higher concentrations of reactive Cl and faster etch rates.
However above ~30% SF,, the sulfur appeared to consume reactive chlorine as the SCI
concentration increased and the etch rate decreased. , . .

GaN etch rates were also obtained for CL/N,/Ar and BCL/N,/Ar plasmas under the following
ECR and ICP conditions; 2 mTorr pressure, 850 W ECR source power or 500 W ICP source
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Figure 2. GaN etch rates as a function of %Ar for ECR- and ICP-generated CL,/SF/Ar plasmas.
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Figure 3. GaN etch rates as a function of %Ar for ECR- and ICP-generated BCL,/SF,/Ar plasmas.
rates

power, 110 to 170 W rf-cathode-power with a constant dc-bias of -200 # 10 V, 25 sccm CL/N, or
BCL/N,, and 5 sccm Ar. Figure 4 shows GaN etch rates as a function of %N, concentratlon in
both ECR and ICP Cl, plasmas. As the %N, increased in the Cl, plasma, the GaN etch rates
decreased due to less available reactive Cl. However as, shown in Figure 5, GaN etch rates
increased significantly as N, was added to the ECR- and ICP-generated BCl3 plasma. Etch rates .
increased up to 40% N, and then decreased at higher N, concentrations. This trend was similar to
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Figure 4. GaN etch rates as a function of %N, for ECR- and ICP-generated CL,/N,/Ar plasmas.
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Figure 5. GaN etch rates as a function of %Ar for ECR- and ICP-generated BCL,/N,/Ar plasmas.

that observed in ECR and ICP etching of GaAs, GaP, and In-containing materials.** Ren et al.
observed peak etch rates for In-containing materials in an ECR plasma at 75% BCl;- 25% N,. As.
N, was added to the BCI; plasma, Ren observed maximum emission intensity for atomie- and
molecular Cl at 75% BCI, using OES. Correspondingly, the BCl, intensity decreased and a BN
emission line appeared. It was suggested that at 75% BCl,, N, enhanced the dissociation of BCl,
resulting in higher concentrations of reactive Cl and Cl ions and higher etch rates. - This may
explain faster GaN etch rates observed as N, was added to the BClL/Ar plasmas in this study, .
however higher concentrations of Cl and BN emission were not observed using OES in the ICP.
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In Figure 6, the rms roughness is plotted as a function of %N, for the ECR and ICP BCI,
plasmas. The rms roughness for the as-grown GaN samples etched in the ECR was 1.53 + 0.06
nm and 3.5 £ 0.2 nm for samples etched in the ICP. The rms roughness for GaN etched in the
ECR remained relatively constant (< 2.5 nm) independent of %N,. The rms-roughness for samples
etched in the ICP were slightly higher with the roughest surface (~3.75 nm) at 20% N,. Figure 7
shows the AFM outputs for GaN etched in ECR-generated BCL/N, plasmas at 100% BCl,, 20%
N,/BCl,, and 60% N,/BCL,.
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Figure 6. GaN rms-roughness as a function of %N, for ECR- and ICP-generated BCL/N,/Ar
plasmas.

ms =2.37 nm rms = 1.61 nm

rms = 2.00 nm

(2) ® ©

Figure 7. GaN rms-roughness outputs for ECR-generated a) BCl; b) 20% N,/BCL,, and c) 60%
N,/BCl, plasmas. The rms roughness was a) 2.37 = 0.86 nm, b) 1.61 + 0.17 nm, and c) 2.00 *
0.27 nm. , ,

In Figure 8, GaN etch profiles are shown as a function of %N, in BCL,/N,/Ar ECR- and ICP-
generated plasmas. The etched surfaces were relatively smooth independent of %N, and etch
technique. However, for the ECR-generated 60% N,/BCl; plasma (Figure 8c), significant
micromasking was observed possibly due to redeposition. The most anisotropic profiles were
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Figure 8. SEM micrographs of GaN samples etched in either an ECR or ICP BC13/NZ/Ar plasma
at(a,d) 0% N, , (b, €) 20% N,, and (c, f) 60% N,. The photoresist mask has been removed.

observed at 20% N, for both the ECR and ICP (Figures 8b and e). In the pure BCl, plasma
(Figures 8a and d), the etch depths were quite shallow due to the low concentration of reactive Cl
and low GaN etch rate. At20% N,, the etch depths and rates were much higher due to higher
concentrations of reactive Cl. At high N, concentrations (Figures 8¢ and f), the etch profiles were
slightly overcut due possibly to breakdown of the mask-edge.

The addition of H, to chlorine-based plasmas typically results in slower etch rates for GaAs
and GaP since H, acts as a scavenger of reactive Cl and forms HCL. In Figure 9, GaN etch rates
are plotted as a function of %H, for ECR- and ICP-generated CL/H,/Ar plasmas. ECR etch
conditions were; 1 mTorr pressure, 850 W ECR source power, 150 W rf-cathode-power with
corresponding dc-biases of -170 to -210 V; 25 sccm CL/H,, and 5 sccm Ar. ICP etch conditions
were; 2 mTorr pressure, 500 W ICP source power, 95 to 115 W rf-cathode-power with a constant
dc-bias of -250 + 10 V, 25 scem Cl/H,, and 5 sccm Ar. GaN etch rates in the ECR and ICP
increased slightly as H, was initially added to the CL/Ar plasma (10% H,). Using QMS in the
ECR discharge, the Cl concentration (m/e = 35) remained relatively constant at 10% H, Asthe H,
concentration. was increased further, the Cl concentration decreased and the HCI concentration
increased as the GaN etch rates decreased in both plasmas, presumably due to the consumption of
reactive Cl by hydrogen. .

In Figure 10, BCI; was substituted for Cl, and was used to etch GaN in both the ECR and.ICP
reactors. The increase in etch rate observed at 10% H, concentration in the ECR-generated BCl,
plasma correlated with an increase in the reactive Cl concentration as observed by QMS. Asthe H,
concentration was increased further, the Cl concentration decreased, the HCl concentration
increased, and the GaN etch rates decreased due to the consumption of reactive Cl by hydrogen.
In the ICP reactor, GaN etch rates were quite slow and decreased as H, was added to the plasma
up to 80% where a slight increase was observed.
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Figure 9. GaN etch rates as a function of %H, for ECR- and ICP-generated Cl,/H,/Ar plasmas.
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Figure 10. GaN etch rates as a function of %H, for ECR- and ICP-generated BCl,/H,/Ar plasmas.

Auger spectra for GaN samples etched under several different ICP plasma conditions were
taken to determine the near-surface stoichiometry. The Auger spectrum for the as-grown GalN
showed normal amounts of adventitious carbon and native oxide on the GaN surface. Following
exposure to either a Cl,- or BCl;-based plasma, Cl and/or B were observed on the surface. The
Ga:N ratios for samples exposed to a plasma were normalized to the ratio of the as-grown sample.
For GaN samples etched in ClL,/H,/Ar or CL/N,/Ar plasmas, the normalized Ga:N ratio remained

relatwely constant ranging from ~0.9 to 1.25. The ratios approached 1 at 60% H, or N, implying .

equi-rate removal of Ga and N. For the BCl,-based plasmas, the normahzed Ga N ratios
decreased at 20% H, and N, and then increased at 60% At20% N,/BCI,, the surface was N-rich,
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whereas all other surfaces were Ga-rich. GaN surfaces exposed to BCl,-based plasmas showed
consistently higher ratios as compared to Cl,-based plasmas due to the more physical nature of the
etch mechanisms. o . '

Figure 11 shows a SEM micrograph of GaN etched in a Cl/H,/Ar ICP-generated plasma. The
plasma conditions were; 5 mTorr pressure, 500 W ICP power, 22.5 scem Cl,, 2.5 sccm H,, 5
sccm Ar, 25°C temperature, and a dc-bias of -280 + 10V. Under these conditions the GaN etch
rate was ~6880 A/min with highly anisotropic, smooth sidewalls. The vertical striations observed
in the sidewall were due to striations in the photoresist mask which were transferred into the GaN
feature during the etch. The sapphire substrate was exposed during the overetch period and
showed significant pitting possibly due to defects in the substrate or growth process.

L

Figure 11. SEM micrograph of MOCVD GaN etched in an ICP-generated CL/H,/Ar plasma.
CONCLUSIONS B o

In summary, the utilization of high-density ECR and ICP chlorine-based plasmas has resulted
in high rate (> 0.5 wm/min), smooth, anisotropic etching of GaN. " The source of reactive Cl (Cl,,
BCl,, ICI, etc.) and the use of additive gases (Ar, H,, N,, SFq, etc.) have several effects on the
etch characteristics of GaN. Cl,-based plasmas typically resulted in faster GaN etch rates as
compared to BCl;-based plasmas due to higher concentrations of reactive Cl. The addition of SF,, .
N,, or H, to Cl,- or BCl,-based plasmas appeared to effect the concentration of reactive Cl in the
plasma which directly correlated to the GaN etch rate. GaN etch rate trends were quite similar for
ICP and ECR reactors independent of plasma chemistry. Very. smooth pattern transfer was
obtained over a wide range of plasma chemistries. The mechanism of breaking the GaN_bonds
appears to be critical and perhaps the rate limiting step in the etch mechanism. The use of high-
density plasmas resulted in improved GaN etch results possibly due to a two step process directly
related to the plasma flux. Initially the high-density plasmas increase the bond - breaking
mechanism allowing the etch products to form and then produce efficient sputter desorption of the
etch products. ICP etching of the group-III nitrides in Cl,/H, plasmas resulted in etch profiles and -
sidewall smoothness which may improve the yield and performance of etched facet lasers.
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