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ABSTRACT

The dry etching of high crystal quality c-plane AIN grown by metal organic chemical vapor deposition was examined as a function of

source and chuck power in inductively coupled plasmas of Cl,/Ar or Cl,/Ar/CHF;. Maximum etch rates of ~1500 A min~

! were obtained at

high powers, with selectivity over SiO, up to 3. The as-etched surfaces in Cl,/Ar/CHF; have F-related residues, which can be removed in
NH,OH solutions. The Al-polar basal plane was found to etch slowly in either KOH or H3PO, liquid formulations with extensive formation
of hexagonal etch pits related to dislocations. The activation energies for KOH- or H;PO,-based wet etching rates within these pits were 124
and 183 kJ/mol, respectively, which are indicative of reaction-limited etching.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003744

I. INTRODUCTION

Aluminum nitride (AIN) possesses a bandgap energy of
6.28 eV and can be grown in high-quality bulk crystals with diame-
ters of up to 4in., accompanied by a high breakdown field of
approximately 15 MV cm™".'™ These intrinsic characteristics posi-
tion AIN as a promising candidate for various applications in mili-
tary and civilian power and extreme environment electronics,
including high-temperature, high-radiation exposure, DC micro-
grids, pulsed power weaponry, and systems operating under
extreme conditions, alongside switching and transmission within
high-voltage direct current (HV-DC) power grids."””"'* AIN dem-
onstrates superior performance at elevated temperatures and
powers compared to narrower bandgap semiconductors. In power
switching applications, such Ultra-wide Band Gap (UWBG) semicon-
ductors exhibit diminished resistive energy losses, potentially replacing
complex stacked configurations with single devices.””*" Moreover, in
radiofrequency applications, they facilitate the development of more
potent radar systems with extended ranges and hold promise for
employment in directed energy systems."” Current research efforts
focus on control of doping and achieving thick (>10 um) lightly doped
epitaxial structures for vertical power rectifiers.””™""""'* To fully
harness the material’s advantages, advancements in bulk and epitaxial

crystal growth, low-resistance Ohmic contacts,'” controlled etching, ™"’

more efficient doping methodologies™””' suitable dielectrics with
appropriate band offsets to AIN,” and minimization of damage
during pattern transfer processes are imperative.' '~ For example,
one drawback is the low conductivity of doped layers exacerbated by
the fact AIN has a large carrier effective mass (m.,*=0.33m, and
heavy hole my, =35my).

Historically, AIN is primarily considered to be an insulator;
however, recent breakthroughs in achieving high n-type and p-type
doping levels have revitalized interest in this material for vertical
device applications and commercialization of power electron-
ics.”””>">"" There are a number of critical processing steps that
need development for this to occur. For example, the patterning of
AIN is difficult because of its strong atomic bonding and relative
chemical inertness, leading to low etch rates for both wet and dry
etching.' >4 However, a feature of previous work has
been that improving materials quality as epitaxial growth processes
are optimized, leads to even lower etch rates.””"*”* Dry etching is
typically performed in Cl,-based plasmas,” "' while for wet
etching, KOH, hot H;PO,, or tetra methyl ammonium hydroxide
(TMAH) above 80 °C have been employed.'®'”"*~"*"® There are few
reports that address the behavior of planar AIN substrates in alkaline
and acidic solutions. Given the resurgence of interest in AIN for
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power electronic devices and photonic arrays, in this paper, we
revisited plasma and wet chemical etching of this material.

Il. EXPERIMENTAL

The initial AIN-based substrates comprised 2.7 um of c-plane,
Al-polar AIN fabricated via metal organic chemical vapor deposi-
tion (MOCVD) atop 270 nm AIN buffer layers synthesized through
hydride vapor epitaxy (HVE) on sapphire substrates. This is impor-
tant to note since this is the commonly used polarity and reports
demonstrate that N-polar AIN etches at much higher rates than c-
plane,”” along with non-polar, a-plane orientations. Previous
results have shown x-ray rocking curve full width at half maxima
for peaks at 14.2° and 17.75° for the (0 0 0 2) and (2024) planes of
175 and 192 arcsec, respectively.”’ A cross-sectional TEM image of
the epilayer is shown in Fig. 1.

Dry etching was conducted utilizing a Unaxis Shuttlelock reac-
tive ion etcher with inductively coupled plasma module under the
following conditions: discharges of 15 standard cubic centimeters per
minute (SCCM) of Cl, and 5 SCCM of Ar, sometimes supplemented
with 5 SCCM CHF;, maintained at a constant pressure of 5 mTorr.
The ICP source power and RF chuck power were systematically
adjusted to modulate plasma density and ion energy, respectively,
thereby affecting etch rates. The etching was performed at 15°C,
with the samples affixed to a water-cooled platen using thermal
grease. Given the brief duration of the etching process, significant
temperature elevation was not anticipated, and there was no observed
evidence of thermal degradation of the resist masks. Etch rates were
determined by evaluating the etch depth post-removal of the photo-
resist, employing a Tencor profilometer. Importantly, short plasma
exposures lasting approximately 1-2min did not lead to notable
surface roughening. The samples were lithographically patterned
using PR-1818 photoresist with a thickness of approximately
1-2um. All etching procedures were conducted at 15°C, with an

P

FIG. 1. Cross-section TEM image of a 2.7 um thick AIN layer grown a low tem-
perature buffer on a sapphire substrate.
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etch time of 2 min. Subsequently, the etch depth and surface root
mean square (RMS) roughness of the processed samples were
assessed utilizing a surface profilometer (Tencor alpha-step 1Q.)

Wet etching was performed in KOH or H;PO, solutions from
25 to 100 °C using Ti/Au and SiO, masking, respectively. Surface
profilometry was used to measure the vertical and lateral etch rates,
the latter around the etch pits that formed on the surface. We
employed a wagon wheel structure, pioneered by Wind and
Hines,"" to attempt to measure the nonpolar etch rates. This struc-
ture uses the geometric amplification of the direction-dependent
etches, inherent to the etching of wedge-shaped structures.

To prevent surface contamination, the specimens underwent
x-ray photoelectron spectroscopy (XPS) analyses under controlled
atmospheric conditions, excluding prior exposure to ambient air."
For the determination of valence band offsets, preliminary XPS
survey scans were conducted to characterize the surface chemical
composition of NiO, SiO,, ITO, and AN, facilitating subsequent
high-resolution investigations for chemical state identification. The
XPS analysis was performed utilizing a Ulvac PHI Versaprobe II
system equipped with a monochromatic aluminum x-ray source
emitting at 1486.6 eV, operating at a power setting of 100 um, 25
W, and 15kV." The scanning x-ray microprobe covered an analy-
sis area of 100 x 100 um®, employing a take-off angle of 45° and an
acceptance angle of =7 degrees. High-resolution scans utilized an
electron pass energy of 23.5 eV, whereas survey scans employed a
pass energy of 187.5eV. The estimated escape depth of electrons
was approximately 80 A.

To compensate for charge effects during XPS measurements,
an electron flood gun and low-energy ion gun combination were
employed, necessitated by the dielectric properties of the films
under study. Nevertheless, complete neutralization of surface
charge was not consistently achieved with the flood gun alone,
mandating supplementary corrections. Charge correction was facili-
tated by referencing the known position of the adventitious carbon
(C-C) line in the C 1s spectra at 284.8 eV.
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FIG. 2. Dry etch rate of AIN in 15 Cl,/5 Ar discharges with a fixed ICP source
power of 400 W, as a function of RF chuck power. The corresponding dc self-
biases are also shown.

£1:60:61 ¥20Z Joquisldes 0

J. Vac. Sci. Technol. A 42(5) Sep/Oct 2024; doi: 10.1116/6.0003744 42, 052601-2

Published under an exclusive license by the AVS



ARTICLE
Journal of Vacuum Science & Technology A

pubs.aip.org/avs/jva

200
(a) (b) 1000 RFs0W
800 |
1150
<€ S € 800} =
E 600 ?J E {160 Zw'
= g8 < 3
o 172 o 600F 2
© 4 - i [V o
5 400 3 5 3
=t N =t
S 1s0 8 § 400t 11208
i 200} = ] a
200}
o 1 1 1 1 o A " 1 1
200 400 600 800 200 400 600 800
ICP Power (W) ICP Power (W)

FIG. 3. Dry etch rate of AIN and SiO, in (a) 15 Cl,/5 Ar or (b) 15 Cl,/5 Ar/5 CHF; discharges with a fixed RF source power of 50 W, as a function of ICP source power.

The corresponding dc self-biases are also shown.

I1l. RESULTS AND DISCUSSION
A. Dry etching

Figure 2 shows the dry etch rate of AIN in 15 Cly/5 Ar dis-
charges with a fixed ICP source power of 400 W, as a function of RF
chuck power. The corresponding dc self-biases are also shown.
These are closely related to the incident ion energies, since these are
the voltages that accelerate the ions across the plasma sheath to the
sample electrode.”” DC self-bias is the voltage that develops on the
surface of the powered electrode in the plasma sheath due to the dif-
ference in mobility between electrons and ions. This bias voltage
arises because electrons, being much lighter, respond more quickly
to the electric field than ions, creating a net negative charge on the
electrode surface relative to the plasma.”” The maximum etch rate
obtained is ~1500 A min~!, which is slower than reported for
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FIG. 4. Selectivity for dry etching of SiO, over AIN as a function of ICP power
at a fixed RF power of 50 W.

sputtered AIN or materials grown in the early days by the main epi-
taxial techniques. At low RF powers, the etch rate increases almost
linearly with dc self-bias, indicating that bond-breaking and subse-
quent desorption of the etch products are rate-limiting. At higher
powers, the etch rate begins to saturate and may be reactant limited,
although we cannot exclude ion flux saturation. At lower RF
powers, increasing the power can lead to a proportional increase in
the number of ions bombarding the substrate surface. However, at
higher RF powers, the number of ions may reach a saturation point
where further increases in RF power do not significantly increase
the ion flux. This saturation occurs because the plasma becomes

FIG. 5. SEM image of feature etched into AIN using a 15 Cl,/5 Ar plasma with
RF power of 300 W and ICP power of 400 W. The initial photoresist mask has
been removed.
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FIG. 6. Survey XPS spectra from AIN after exposure to the Cl,/Ar/CHF; dis-
charge and then subsequent cleaning in NH,OH.

more collisional at higher powers, leading to reduced ion mobility
and increased recombination, thereby limiting the number of ions
available for etching.”

The etch rate decreased when CHF; was added to the plasma
chemistry, as shown in Fig. 3, which displays the dry etch rate of
AIN and SiO; in (a) 15 Cl,/5 Ar or (b) 15 Cl,/5 Ar/5 CHF; dis-
charges with a fixed RF source power of 50 W, as a function of ICP
source power. The AIN etch rate roughly decreases by a factor of 2
when CHF; is added, since the volatility of AlF; is very low and its
formation is used as an etch stop reaction.”””” It also increases the
etch rate of SiO,, leading to a decrease in etch selectivity for AIN
over SiO,. This is shown in Fig. 4, which displays selectivity for dry
etching of SiO, over AIN as a function of ICP power at a fixed RF
power of 50 W. Figure 5 shows an SEM image of a feature etched
into AIN using a 15 Cl,/5 Ar plasma with an RF power of 300 W
and an ICP power of 400 W. The initial photoresist mask has been
removed. The field region has similar surface roughness to the ini-
tially masked area.

Figure 6 shows survey XPS spectra from AIN after exposure to
the Cl,/Ar/CHF; discharge and then subsequent cleaning in

(b)

FIG. 7. Optical images of the masked and etched surface of AIN samples in
H3PO, (a) at 60 °C for 15 min or (b) 80 °C for 8 min.
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NH,OH. AICl; has higher volatility than AlF;, so it is less present
on the surface. This explains why the F peak is more obvious in the
XPS spectra compared to the Cl peak, and also the etch rate
becomes lower when we added CHF;. After rinsing in NH,OH, the
F signal is removed below the detection limit of the XPS system.

B. Wet etching

Hexagonal pits, similar to those reported previously, were
observed after wet etching of the Al-polar surfaces.'” """
These result from screw dislocations within the material that termi-
nate at the surface and are preferentially etched relative to defect-
free areas."”"' AIN etches in KOH via the formation and dissolu-
tion of oxides and hydroxides. From energy calculations, the nega-
tive Gibbs free energy for AIN products points to a favorable
reaction, where the aluminum oxides and hydroxides are much
more able to dissolve rapidly in solution. For phosphoric acid
etching however, Reiner et al’' postulated a three-step process,
where phosphoric acid is actually a reaction partner during the
etch, rather than a catalyst, as seen in KOH. So, initially, the phos-
phoric acid dissociates in solution and the phosphate group atta-
ches to the metal atom. Subsequently, the bonds rearrange to free
up the atom, with dissolution of the Al-phosphate complex
(AIH,PO3")."" The etch pits eventually come to dominate the
surface of the etched regions, as shown in the optical microscope
images of Fig. 7, displaying the masked and etched surface of AIN
samples in H;POy, (a) at 60 °C for 15 min or (b) 80 °C for 8 min.
Magnified views of the pits and the morphology within these pits
are shown in Fig. 8(a), which display SEM images of the pits
formed on the surface of AIN after etching in KOH at 80°C.
Figure 8(b) shows magnified views of a large deep pit and Fig. 8(c)
shows the shallow, smaller pits. Figure 9 shows SEM images of the
bottom of one of the larger pits, showing the exposed buffer layer
and the small hexagonal pits formed in that with the sapphire
underneath. The sidewall of the etched large pit is shown in more
detail in the images.

The activation energy of the etching of c-plane AIN within the
large hexagonal pits in 15% KOH was 124 kJ/mol (or 5.38 eV) as
shown in Fig. 10. This is indicative of a reaction rate based etch. By
contrast, characteristics of diffusion-limited etching include a
square root dependence of etch depth on etch time, an activation
energy <6 kcal mol™" and a strong dependence of etch rate on sol-
ution agitation.”” Our results did not show any of these characteris-
tics. Note that there was no appreciable etching until >50 °C.

The etch rate of AIN with 85% H;PO, at various temperatures
is shown in Fig. 11 on (a) linear scale and (b) log scale. The activa-
tion energy is 183 kJ/mol (7.94 eV), also characteristic of reaction-
limited etching. The likely etch reactions are shown below,

2AIN + 3H,0 — ALO; + 2NH; — AG, = —350.1kJ/mol, (1)

AIN + 3H,0 — A(OH); + NH; — AG, = —334.2kJ/mol.  (2)

The Gibbs free energies of these reactions indicate that the
formation of aluminum-based oxides and hydroxides are favorable
during the etch process."
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Shallower pit
Diameter ~ 10 um Diameter ~ 1 um

FIG. 8. SEM images of the AIN surface after etching in KOH at 80 °C. (a) Pits formed on the surface (b) Magnified view of large deep pit and (c) shallow, smaller pits.

Enlarge

FIG. 9. SEM images of the bottom of
one of the larger pits, showing (a) the
exposed buffer layer, (b) the small hex-
agonal pits formed in that with the sap-
phire underneath, and (c) and (d) the
more detailed images of the sidewall of

" the etched large pit.
Sidewall
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FIG. 10. Etch rate of AIN with 15% KOH at various temperatures in (a) a linear scale and (b) a log scale. The activation energy is 124 kJ/mol.

J. Vac. Sci. Technol. A 42(5) Sep/Oct 2024; doi: 10.1116/6.0003744 42, 052601-5
Published under an exclusive license by the AVS



JVST A

Journal of Vacuum Science & Technology A

ARTICLE pubs.aip.org/avs/jva

(b)

16000 |- I
8t
= 12000
£ =
3 _ E, = 183 kJ/mol
L x 4t
9‘_'.3 8000 =
['4
=
=
4000 of
0F
' 1 ' 1 1 L AL _4 1 1 1 1
30 40 50 60 70 80 90 100 110 26 28 3.0 32
Temperature ('C) 1000/T (K)

FIG. 11. Etch rate of AIN with 85% H3PO, at various temperatures in (a) a linear scale and (b) a log scale. The activation energy is 183 kd/mol.

IV. SUMMARY AND CONCLUSIONS

Dry etching of high quality AIN was examined in Cl,-based
ICP discharges. Practical etch rates above 1000 A min~' were
achieved at moderate RF powers (>100 W) and source powers
(400 W). Residues from the etch products could be removed by
standard chemical cleaning. The vertical etch rate of AIN in wet
etch solutions was negligibly small under most conditions.
However, hexagonal pits were formed at much faster etch rates on
Al polar AIN (0 0 0 1) crystals after etching in KOH or H;PO,.
These etch pits had a hexagonal inverse pyramid shape surrounded
by six {1011} planes. The activation energies of etching indicated a
reaction-limited mechanism.
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