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The choice of carrier wafer was found to significantly influence etch rates, selectivity, and
morphology in GaN micropillar etching in a Cl2-Ar high density ICP plasma. 7x7 mm?
GaN on sapphire chips with a PECVD SiO; hard mask were etched on top of 4-inch fused
silica, silicon carbide, silicon, sapphire, aluminum nitride, or high purity aluminum
carriers. Silicon and silicon carbide carriers reduced the GaN:SiO> selectivity because
incidental SiCly and CCly etch products from the carriers attack the SiO2 mask. Aluminum
nitride and high purity aluminum carriers yielded the highest GaN:SiO. selectivities due to
deposition of Al-based etched by-products, while the highest GaN etch rate was achieved
using the sapphire carrier since it was the most inert carrier and did not sink any Cl,. Results
indicate that SiO2 and Al may be used as a passivation material during GaN etching as
vertical profiles were achieved when SiO> or Al is redeposited from the fused silica and
aluminum carriers, respectively. Floor pitting, trenching, sidewall roughness, and faceting

were all influenced by carrier wafer type and will be discussed.



|. INTRODUCTION

Plasma etching is an essential step used in GaN device manufacturing for mesa
isolation,* via formation,® to gain access to buried epi-layers,®® and for 3D device
geometries.® 3 The high costs associated with procuring GaN wafers typically leads
research laboratories to fabricate GaN devices on small individual chips in tools designed
for 4-inch wafers or larger. These chips are frequently mounted to a carrier wafer for
processing in many tools, including plasma etchers. However, the choice of carrier
material may substantially change the etch characteristics.'*® For example, in a previous
report,'® we found that an Al-based residue was present on etched GaN pillars after
mounting GaN chips on an Al carrier plate for etching, and we have since confirmed that

Al released from a carrier wafer strongly increases the GaN:SiO- etch selectivity.™®

We recently reported on the effects of using various Al-containing carrier wafers
on the GaN:SiO; etch selectivity.'® In this study, we expand on that work by reporting on
the effects of both Al-based and Si-based carriers on the etch rate, selectivity,
morphology, and surface passivation during GaN etching. Incidental etching of the
carrier material has a profound impact on each of these etch characteristics. GaN with an
SiO2 hard mask is etched in a Cl>-Ar plasma using six different carrier wafer materials:
fused silica, silicon carbide, silicon, sapphire, aluminum nitride, and aluminum. We
studied the influence of each carrier on the etch morphology, GaN etch rate, SiO etch
rate, selectivity, and plasma chemistry. Fused silica and sapphire were found to be the
most inert in the plasma and had the smallest effect on the GaN etch. The etch products
from silicon and silicon carbide were found to attack the SiO2, increasing the etch rate

and reducing the etch selectivity. In contrast, aluminum nitride and aluminum carriers



resulted in higher GaN:SiO: selectivity. The results also indicate that redeposited SiO-
and Al can act as a passivation layer during GaN etching which may be beneficial to

maintain the integrity of the etched sidewalls during GaN device fabrication.

. EXPERIMENTAL

20 pum thick gallium nitride epilayers grown on sapphire (Semiconductor Wafer,
Inc.) were used in this study. The as-received wafers were cleaned sequentially by
sonication in acetone, methanol, and isopropanol for five minutes and then cleaned in a
self-heated solution of 3:1 sulfuric acid to 30% hydrogen peroxide (piranha) for 15
minutes. Silicon dioxide (SiO2) was used as a hard mask and was deposited by plasma-
enhanced chemical vapor deposition (PECVD) in a PlasmaTherm deposition system. The
SiO2 was deposited at 322 °C and 900 mTorr with 400 sccm of 2% silane (SiH4) and 900
sccm of nitrous oxide (N20) to a nominal thickness of 1.1 um. In addition to the GaN
wafers, bare silicon wafers were also coated during the same PECVD run to create silicon
witnesses with identical SiOz layers. The GaN was patterned by photolithography into
circles ranging in diameter from 2 to 10 um. The SiO2 mask was etched in an ULVAC
NE-550 plasma etcher using an Ar and CsFs plasma. The GaN was diced into 7x7 mm?

chips and cleaned again in self-heated piranha followed by O plasma for 15-20 min.

The GaN chips were etched in an Oxford Instruments PlasmaPro 100 Cobra
inductively coupled plasma (ICP) etcher. Etch samples were placed on a 4-inch carrier
wafer and transported through a load lock to the plasma chamber where they were etched
at the following conditions: 200 °C table temperature, 2 mTorr pressure, 28.5 sccm Cl,
3.5 sccm Ar, and 1000 W ICP power for 10 min. These etch conditions were coarsely

optimized using sapphire as a baseline wafer carrier. Six different carrier materials were



tested: fused silica (pure amorphous SiOz), single-crystal (0001) n-type 4H-SiC, single-
crystal (100) silicon, single-crystal sapphire (pure Al203), polycrystalline AIN, and 5N
purity aluminum. No thermal grease was used to prevent contamination of the chips and
due to questionable temperature compatibility of the grease. The RF power was set to
either 25 or 75 W to test the effect of ion bombardment during the etch. Unpatterned
SiO»-coated silicon witness chips were included during every etch.

The oxide thickness was measured on the silicon witnesses before and after
plasma etching using reflectivity measurements from a TohoSpec 3100 to determine the
SiO> etch rate. After etching, samples were cleaved for imaging in a Thermo Fisher
Scientific Apreo scanning electron microscope (SEM). Optical emission spectroscopy
(OES) was used to measure the plasma composition during the etch runs. Auger electron
spectroscopy (AES) was used to measure the elemental composition of the surfaces of the

etched samples.

I1l. Results and Discussion

A. Etch Morphology
SEM images of the GaN pillars after etching with Si-based and Al-based carriers

are shown in Figure 1 and Figure 2, respectively. Chips were etched at 25 W and 75 W
RF power. At both RF powers, the etch morphology was found to be strongly influenced
by the choice of carrier material. Silicon, a commonly used carrier wafer,**1-22 had a
pronounced effect on the pillar morphology compared to the other carriers. It created an
outwardly tapered sidewall with vertical striations stemming from the mask along the
length of the pillar. For fused silica at 25 W RF power, the floor is very rough, and the

pillar profile undercuts. When the RF power is increased to 75 W, the sidewalls appear



more vertical, and near the tops of the pillars, vertical striations emanating from
roughness on the mask edge are observed. Near the bottom portion of the pillars
hexagonal faceting emerges. Undercutting is markedly reduced at higher RF power, and
the floor is somewhat smoother. For silicon carbide at 25 W RF power, vertical sidewalls
with minimal undercutting are produced. The base of the pillar is faceted while the top is
generally smooth with some vertical striations. However, when the RF power is increased

to 75 W, the striations extend to the base of the pillar, and faceting is no longer present.

The most distinct and smooth faceting, extending over nearly the entire length of
the pillars, was observed in the case of the sapphire carrier under for all etch conditions.
For the sapphire carrier at 25 W RF power, the facets are aligned to the a-planes while
both a-plane and m-plane facets emerge at 75 W RF power. The sidewalls of the pillars
are undercut, and the pillars are rough a few hundred nanometers below the mask. For
aluminum nitride at 25 W RF power, the trench surrounding the base of the pillars is
eliminated although some pitting is observed on the floor. Like sapphire, undercutting
and faceting is observed at both RF power conditions, but the surfaces are much rougher.
For the aluminum carrier at 25 W RF power, vertical sidewalls with striations resulting
from the mask, no faceting, slight trench formation, and pitting on the floor were
observed. As the RF power is increased to 75 W, a minor inward taper is produced with

very slight faceting at the base. The trench widened but pitting on the floor is eliminated.

In addition to GaN etch morphology, the wafer carrier material was also found to
strongly influence the morphology of the SiO2 mask. In all cases, the mask tends to erode
more around the edges due to ion bombardment. For Si and SiC at 75 W RF power, the

mask eroded inward from its original diameter resulting in a taper at the pillar tops.



Notably, the masks of the fused silica, aluminum nitride, and aluminum carrier eroded the
least. As will be further discussed in Section I11 C, the enhanced etching of the SiO, mask
is caused by etch products of incidental carrier etching of the silicon and silicon carbide

carriers.

(a) Fused Silica Silicon Carbide Silicon

\

Figure 1. Scanning electron micrographs etched GaN pillars tilted at 45° and 90° when

using silicon-based carriers at (a) 25 W RF power and at (b) 75 W RF power.



(a)  Sapphire  Aluminum Nitridel  Aluminum

Figure 2. Scanning electron micrographs etched GaN pillars tilted at 45° and 90° when

using aluminum-based carriers at (a) 25 W RF power and at (b) 75 W RF power.

B. Etch Rates and Selectivity
The effect of the GaN etch rate, SiO; etch rate, and the resulting mask selectivity

are shown in Figure 3(a), Figure 3(b), and Figure 3(c), respectively. The GaN etch rates
increase from 25 W to 75 W RF power due to the increased ion bombardment energy.
Silicon, aluminum nitride, and aluminum carrier produced the lowest GaN etch rates. As
will be confirmed in Section 111 C, these carriers are strongly etching in the Cl, plasma,

sinking much of the Cl>, and therefore lowering the etch rate. The choice of carrier had a



remarkable effect on the GaN:SiO> selectivity, with a selectivities as low as 3.7 for the
silicon carrier and over 44 for aluminum nitride. We observed that aluminum containing
carriers consistently yielded selectivities greater than those containing silicon-based

materials.
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Figure 3. (a) GaN etch rate for different wafer carrier types at 25 and 75 W RF power.
(b) SiO2 mask etch rate for different carrier wafer types at 25 and 75 W RF power. (c)
GaN:Si02 mask selectivity for different wafer carrier types at 25 and 75 W RF power.
Materials that etch in the Cl> plasma sink the Cl2 and reduce the GaN etch rates.
Enormous increases in the selectivity can be gained using aluminum-containing carrier

materials.

C. Carrier Etching and Plasma Composition
The optical emission spectra of the plasmas were measured to understand how the

carrier materials are affecting the plasma composition and chemistry. The spectra for the
Si-based carriers and the Al-based carriers are shown in Figure 4(a) and Figure 4(b),
respectively. Since neither etching fused silica nor sapphire in Cl2 is thermodynamically
favorable (both reactions have positive Gibbs free energy of reaction), these materials
should etch the least. Correspondingly, they have extremely similar spectra which are

essentially the Cl-Ar background spectra with a small aluminum peak at 396 nm.%
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Figure 4. Optical emission spectra of the plasma using various carrier wafers at 75 W
using (a) Si-based carriers and (b) Al-based carriers. Fused silica and sapphire do not etch
enough to contribute new peaks in the Cl>-Ar plasma. Silicon and silicon carbide
introduce Si and SiClx to the spectra while silicon carbide also introduces CCl and C» to
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the plasma. Aluminum nitride and aluminum produce very strong aluminum and

aluminum chloride peaks in the spectra.

For the silicon and silicon carbide carriers, the spectra have many similarities.
Both materials produce atomic Si peaks at 252 nm and 288 nm.?* and a variety of SiClx
peaks.?*?® The intensity of the Si and SiClx peaks are lower for silicon carbide, which
may be expected for a material that is composed of less silicon, is more etch resistant, and
therefore less likely to impart silicon etch products into the plasma. In addition to silicon
and SiClx peaks, silicon carbide also produces a CCl peak at 278 nm?%%” and a C, swan
band at ~516 nm.%

The etch rate of SiO> is increased when the etch products of silicon and silicon
carbide carriers are introduced into the plasma. In a Cl2>-Ar plasma, the SiO> etch rate is
limited by the removal of O in the SiO; by sputtering.?° Both SiClx and CCly can aid in O
removal through chemical means. SiCly is known to increase the etch rate of SiO- in a Cl»
plasma by reacting with the SiO, surface to form SiOCI which is then desorbed.®® As
shown by OES, the silicon carrier introduces large amounts of SiCly into the plasma,
thereby enhancing the mask etch rate. The SiO2 etch rate was the highest when using the
silicon carbide carrier. In addition to SiClx, CClx and even C." (peak at 516 nm in the
OES) are introduced into the plasma. CCls plasmas can attack O in SiO> to form CO and
SiClq volatile etch products,® and C,* could conceivably also chemically reduce SiOz to
enhance etching. Due to the increased etch rates of the SiO2 mask, neither silicon nor
silicon carbide are well-suited for deep GaN etching using SiO2 as a mask.

There are three main peaks in the OES for both the aluminum nitride and

aluminum carrier wafers. The emission at 261 nm is from aluminum monochloride or
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AICI,*>734 and the peaks at 308 and 396 nm are from aluminum atoms.?® These peaks
indicate that large amounts of both aluminum and AICI are present in the plasma. The
main difference between the two carriers is that the emission from the aluminum nitride
is weaker than the aluminum as may be expected from a material that contains less
aluminum and may be more difficult to etch. Both aluminum and AICI are known to react
with SiO2 to form aluminum silicates,®>3¢ which is responsible for the decreased SiO:
etch rates and increased selectivity®® over the silicon-based carriers.
D. GaN and SiO. Surface Composition

To further investigate how the etch by-products from the carrier wafers affect the
etched surfaces, we analyzed the surfaces of the samples etched on the six different
carriers by Auger electron spectroscopy. Three areas of the sample surfaces were
characterized: the top of the pillar mask, the pillar sidewall, and the etched floor. The
atomic compositions of the Si-based carriers and Al-based carriers are shown in Figure 5
and Figure 6, respectively. When the tops of the pillar masks were analyzed, the top
surface was composed solely of Si and O for each sample except for the samples etched
on aluminum nitride and aluminum carriers. In those samples, Al signals were detected
and the Si signal reduced, suggesting that the surface composition of the mask is indeed
modified by Al residue from the wafer carriers. Analysis of the pillar sidewalls shows
predominantly Ga and N signals from the surfaces of the silicon carbide, silicon, and
sapphire carriers. The sidewall surface of the fused silica sample was dominated by
silicon and oxygen, indicating that silicon and oxygen from the carrier are being

redeposited on the pillars. The vertical sidewalls and minimal undercutting of the mask
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are likely a result of redeposition of SiO> from the carrier onto the sample surfaces, which
effectively passivates and masks the sidewalls of the pillars from further etching.
Samples etched on aluminum nitride and aluminum carriers have strong Al and C
signals showing that Al from the carriers is being redeposited onto the samples’ surfaces.
The C may be a result of memory effects in the etch chamber after using the SiC carrier
or possibly from a surface reaction from atmospheric adsorbates after the samples are
removed from the etch chamber. The sample floors on all samples except the aluminum
carrier indicate that the surface is bare GaN as expected as that surface is continuously
removed during the etch. The sample floor when using the aluminum carrier is distinct in
that the floor surface has a strong Al and C signal. This indicates that large amounts of Al
are redeposited onto the floor which must be re-etched off the surface. This may
contribute to the low GaN etch rates when using an aluminum carrier, which in turn

causes a lower net selectivity for this carrier.
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Figure 5. The elemental composition of surfaces of the (a) pillar mask, (b) pillar

sidewall, and (c) etched floor of GaN etched using silicon-based carriers as determined
by Auger electron spectroscopy.
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Figure 6. The elemental composition of surfaces of the (a) pillar mask, (b) pillar
sidewall, and (c) etched floor of GaN etched using aluminum-based carriers as
determined by Auger electron spectroscopy.

Using an aluminum carrier produces a similar effect as that of aluminum nitride

but with some key differences. Like aluminum nitride, AICI is released into the plasma;

16



however, the amount of Al found on the surfaces by AES is much greater. The pillar
sidewalls are more vertical than that of the other two Al-based carriers and less
undercutting is present, demonstrating that Al could be an effect passivation material on
the sidewalls of etched surfaces. Partial or incomplete passivation by Al-containing
species on the pillar sidewalls of the sapphire and aluminum nitride samples may
contribute to the increased sidewall roughness as small amounts of passivating material
may form micromasks on the vertical surfaces.
E. Outlook

As sapphire is the most inert carrier in the Clo-Ar plasma, it is the best material to
use to isolate the etch chemistry of GaN. However, the effect of the etch products of the
various carriers give valuable information that can be used to further control GaN
etching. The selectivity of the SiO2 mask can be increased by an order of magnitude if
aluminum can be controllably introduced into the plasma rather than by incidental
etching of the carrier. In addition to hardening the SiO2 mask, Al could also potentially
be used to provide sidewall passivation to prevent lateral etching and undercutting of the
mask as depicted in Figure 7. In the case of the aluminum carrier, the pillar sidewalls are
coated with Al, and the lateral etching is significantly reduced compared to the sapphire
and aluminum nitride carriers. However, the amount of Al being deposited in that case is
likely slowing the GaN etch rate as the Al needs to be re-etched from the floor. This
causes the selectivity of the aluminum carrier to be smaller than the AIN carrier. There is
evidence that Al is playing a role in the sidewall etching of even the sapphire and
aluminum nitride samples as well, as AES shows that there is Al present on the pillar

sidewalls. Both the sapphire and aluminum nitride surfaces have rough speckled surfaces
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which could be caused by partial coating of the sidewalls locally preventing lateral
etching where there is an aluminum-containing coating. SiO> redeposited from the fused
silica wafer also demonstrates that it can function as an effective passivation during GaN

etching.

Cl,-Ar-Al Plasma

Figure 7. Schematic of an etch process using intentionally introduced Al as a passivation

material.

Rather than relying on incidental etching of the carrier wafer to provide the
passivation, a controlled, engineered passivation should be created. One method would be
to bleed an aluminum-containing gas into the plasma that is then deposited on the sample
surfaces. This would emulate what is occurring when using the aluminum carrier.
However, other approaches may provide even more control. Examples may include
pulsing between an etching step with a Cl>-Ar plasma and a passivation step (e.g. Al2Os

or SiO; deposition) similar to a Bosch process in silicon,®” or by alternating between a
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Cl>-Ar-Al plasma and a Cl>-Ar-O, plasma. Using inorganic passivation materials such as
SiO2 or Al203 allows the etch to take place at higher temperatures which could drive a
more chemically dominated etch and thereby reduce ion induced damage. Further

research should test these approaches.

IV.SUMMARY AND CONCLUSIONS

In summary, the effects of six different carrier wafer materials on plasma etching
GaN in a Cl>-Ar plasma were tested. The carrier material has a strong effect on the etch
morphology, etch rates, and selectivities. Sapphire is the most inert carrier and is
recommended for the best control of the GaN etch conditions while also producing the
highest GaN etch rate. Using silicon carbide or silicon releases incidental CCly and/or
SiClx etch byproducts which promote etching of the SiO2 mask. Al released from
aluminum nitride or aluminum masks increases the selectivity due to a surface reaction
with the SiO2 mask. Al and SiO; redeposition was found to have potential as passivating
agents and should be explored further. The results of this work prove informative for
researchers who wish to etch GaN chips in a controlled way. This work also demonstrates

a path for improving sidewall passivation and etch selectivity.
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Figure Captions:

Figure 1. Scanning electron micrographs etched GaN pillars tilted at 45° and 90° when

using silicon-based carriers at (a) 25 W RF power and at (b) 75 W RF power.

Figure 2. Scanning electron micrographs etched GaN pillars tilted at 45° and 90° when
using aluminum-based carriers at (a) 25 W RF power and at (b) 75 W RF power.

Figure 3. (a) GaN etch rate for different wafer carrier types at 25 and 75 W RF power.
(b) SiO2 mask etch rate for different carrier wafer types at 25 and 75 W RF power. (c)
GaN:SiO2 mask selectivity for different wafer carrier types at 25 and 75 W RF power.
Materials that etch in the Cl> plasma sink the Cl> and reduce the GaN etch rates.
Enormous increases in the selectivity can be gained using aluminum-containing carrier

materials.
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Figure 4. Optical emission spectra of the plasma using various carrier wafers at 75W
using (a) silicon-based carriers and (b) aluminum-based carriers. Fused silica and
sapphire do not etch enough to contribute new peaks in the Cl>-Ar plasma. Silicon and
silicon carbide introduce Si and SiClx to the spectra while silicon carbide also introduces
CCl and Cx to the plasma. Aluminum nitride and aluminum produce very strong

aluminum and aluminum chloride peaks in the spectra.

Figure 5. The elemental composition of surfaces of the (a) pillar mask, (b) pillar
sidewall, and (c) etched floor of GaN etched using silicon-based carriers as determined

by Auger electron spectroscopy.

Figure 6. The elemental composition of surfaces of the (a) pillar mask, (b) pillar
sidewall, and (c) etched floor of GaN etched using aluminum-based carriers as

determined by Auger electron spectroscopy.

Figure 7. Schematic of an etch process using intentionally introduced Al as a passivation

material.
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