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The plasma etch characteristics of aluminum nitride (AIN) deposited by low-temperature, 200 °C,
plasma enhanced atomic layer deposition (PEALD) was investigated for reactive ion etch (RIE) and
inductively coupled plasma-reactive ion etch (ICP-RIE) systems using various mixtures of SF¢ and O,
under different etch conditions. During RIE, the film exhibits good mask properties with etch rates
below 10rnm/min. For ICP-RIE processes, the film exhibits exceptionally low etch rates in the
subnanometer region with lower platen power. The AIN film’s removal occurred through physical
mechanisms; consequently, rf power and chamber pressure were the most significant parameters in
PEALD AIN film removal because the film was inert to the SF; and O" chemistries. The etch
experiments showed the film to be a resilient masking material. This makes it an attractive candidate for
use as an etch mask in demanding SFg based plasma etch applications, such as through-wafer etching,
or when oxide films are not suitable. © 2012 American Vacuum Society. [DOI: 10.1116/1.3664306]

I. INTRODUCTION

Aluminum nitride (AIN) has attracted great attention
because of its attractive properties, including excellent
chemical and thermal stability, a low thermal expansion
coefficient close to that of silicon, a high thermal conductiv-
ity, and a wide band gap. AIN also has been studied as a non-
toxic alternative to beryllium oxide' and substitute to
alumina for high temperature electronics.” Sputtering and
chemical vapor deposition (CVD) have been the traditional
methods of deposition. Plasma enhanced atomic layer depo-
sition (PEALD), which uses a plasma source to form radi-
cals, expands the selection of atomic layer deposition (ALD)
films, facilitates the deposition of nitride films, and can sup-
port lower deposition temperatures, higher deposition rates,
and a higher degree of crystallization than the thermal ALD
process.> AIN deposited by PEALD, as opposed to sput-
tered or CVD films, is well suited for demanding applica-
tions with sensitive substrates that require an extremely
conformal pinhole free film with precise thickness control
and large area scale up.°

The use of sputtered AIN as an etch mask for SiO, during
inductively coupled plasma-reactive ion etch (ICP-RIE) for
a multitude of fluorine chemistries has already been studied.”
The material was shown to have a high selectivity to glass
and a low etch rate. Sputtered AIN has also been investigated
by Senensky and Pisano as a nonmetallic alternative mask-
ing material for the plasma etching of silicon carbide in
SF¢/O, chemistries.® In this article, the etch characteristics
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of PEALD AIN deposited at 200 °C for plasma etching
processes using SFg based chemistries are presented. Since
aluminum has poor volatility in fluorine chemistry, the film
is expected to have a good chemical resistance against SFg
chemistries.” Of interest in this study was how AIN depos-
ited by PEALD, which supports lower temperature growth
than the thermal process,'” performs as an etch mask. This
topic is relevant for applications that could utilize this
method of deposition. Etching selectivity was not examined
in this work.

Il. EXPERIMENTAL SETUP AND METHODOLOGY

AIN films were deposited on 100 and 200 mm Si (100)
substrates using a Beneq TFS-500 capacitively coupled
remote plasma ALD reactor. Trimethylaluminum (TMA)
and ammonia (NHj3) plasma were used as precursors, with
nitrogen as the carrier gas, at a temperature of 200 °C. The
pulse/purge times were 0.8s/3s and 15s/1s for the TMA
and NHj plasma precursors, respectively. The flow rate for
both precursors was 400 sccm. Pre\ssure was maintained at
~1 mbar. The rf plasma frequency was 13.56 MHz and the
plasma power was 50 W. Plasma was turned on 1s before
and off 1s after each NH; pulse to ensure that a maximum
number of reactive species were available. The deposition
rate for AIN was 0.96 A/cycle. AIN films of ~50, ~100, and
~150nm thicknesses were deposited by PEALD for the
reactive ion etch (RIE) and ICP-RIE experiments.

The RIE experiments were carried out in a Plasmalab 80
Plus parallel plate reactor at room temperature, while the
ICP-RIE experiments were carried out in a Plasmalab

© 2012 American Vacuum Society 011504-1
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System 100 reactor with He back-side cooling. Both systems
are from Oxford Instruments. To establish if a temperature
dependency on etch rates existed, experiments as low as
—90°C were performed on the Plasmalab System 100.
Temperature was not found to influence the etch characteris-
tics of the AIN films; thus the results reported are limited to
those conducted at roughly 15-20 °C. The samples used in
the RIE experiments consisted of segments from an AIN
coated 200mm silicon wafer, while the ICP-RIE experi-
ments used intact 100 mm wafers. Samples for the ICP-RIE
experiments were loaded into the chamber via a loadlock to
maintain good stability of the chamber vacuum and to
increase the repeatability of the etch results. The wafers
were mechanically clamped, and helium pressure was
applied to the back-side of the wafer for cooling. Helium
flow rates into the ICP-RIE chamber varied between 5 and
11 sccm and did not appear to have a noticeable effect on
etch rates. The rf on both systems operates at 13.56 MHz.

For the RIE experiments, SF¢ and O, flow rates and ratios
were varied along with the bias power and pressure. For the
ICP-RIE experiments, the gas compositions were fixed at 40
sccm SFg and 6 sccm O,. Chamber pressure and rf power to
the platen, which determines the bias between sample and
plasma, were varied. The ability to separately control plasma
density and bias between plasma and platen with the
ICP-RIE system allows a high degree of reactive species in-
dependent of the platen power. This allows an additional
degree of control between the physical and chemical compo-
nent of etching not possible with RIE systems.

Film thickness and uniformity were measured by a Philips
Plasmos SD 2300 single wavelength ellipsometer at a wave-
length of 632.8 nm and angle of 70°. Ellipsometric measure-
ments were performed after deposition and immediately
before and after each etching step to determine the blanket
etch rate. To ensure better accuracy of the ellipsometric
results, only samples with measured thicknesses greater than
30nm were considered. A nonuniform etch rate at the sam-
ple edge was observed and these areas were excluded from
measurement by having an edge exclusion of ~3 mm (mask
etch uniformity is not addressed in the study). Repeated
measurements showed no significant deviation. To confirm
the ellipsometric measurements the cross sections of etched
films were studied with a Zeiss SUPRA 40 scanning electron
microscope.

The atomic concentrations of the film were determined by
the time of flight elastic recoil detection analysis (TOF-
ERDA) using 8.5 MeV 3CI** incident ions.'' The mass
density was determined with a Philips X pert Pro Diffrac-
tometer operating at the Cu Kol wavelength.

lll. RESULTS AND DISCUSSION
A. Film characterization

In order to confirm that high-purity AIN films were
deposited, elemental analysis was performed by TOF-ERDA
on the films. The TOF-ERDA elemental depth profiles are

presented in Fig. 1. The concentration of atoms in the bulk
of the film, excluding the AIN surface and AIN/Si interface,
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FiG. 1. (Color online) Elemental depth profiles of PEALD AIN film meas-
ured with TOF-ERDA.

is presented in Table I. The analysis revealed aluminum and
nitrogen to exist at atomic concentrations of about 33 at. %
and 43 at. %, respectively, with hydrogen making up almost
the remaining ~21 at. % in the bulk of the film. The large
hydrogen content of the film is important but expected of
ALD AIN films deposited with NH3.'>~'* In general, hydro-
gen content has a significant effect on the properties of a
film.">™'7 Despite the high hydrogen content, the results
demonstrate that the film performs well as an etch mask.
Oxygen was incorporated at remarkably low concentrations
with a small increase in oxygen concentration recorded at
the immediate surface and the interface. Oxygen is known to
form on the surface of AIN after exposure to air.'®

The wet etch rates of AIN were measured for HF (20%),
HC1 (37%), and H,SO,4 (96%) aqueous etch solutions and
found to be 56, 9, and 10 nm/min, respectively. The film was
rapidly etched in AZ 351 developer, a caustic solution, at a
rate of >>100 nm/min. A PEALD AIN film with a thickness
of ~100nm deposited on silicon is presented in Fig. 2 after
patterning with developer AZ 351.

The film had a thickness variation of less than 1%, a
refractive index of 1.8—1.9, and a density of 2.58 g/cm®. This
differs from stoichiometric AIN, which has a refractive index
and bulk density of 2.094 (1=632.8nm) and 3.26 g/cm®,
respectively.'® Bosund ef al., who analyzed PEALD AIN de-
posited with identical parameters and equipment as the film
examined in this study, showed that the film’s hydrogen con-
tent is responsible for this discrepancy in refractive index
and density and, furthermore, demonstrated that the film is
amorphous when deposited below 300 °C.*° The authors

TaBLE 1. Concentration of atoms in the bulk of the PEALD AIN film as
obtained from TOF-ERDA.

Element Concentration (at. %)
H 21*+4

C 26+0.3

N 43+3

(0] 0.25*+0.10

Na 0.13 = 0.05

Al 33+3
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100 nm
—

Fic. 2. PEALD AIN film of 100nm thickness on silicon after patterning
(etched region) in a caustic solution.

established a clear inverse correlation between the film’s
hydrogen content for both refractive index and density.

B. RIE results

In Figs. 3 and 4, the etch rate of AIN as a function of the
oxygen percentage in SF¢/O, at 60 and 20 sccm, respec-
tively, is shown with varying bias power and chamber pres-
sure. At 60 sccm it can be observed that the etch rate
remains relatively constant irrespective of the compositions
of oxygen, with only a slight increase observed at higher
concentrations. There is some greater variability, however,
observed when the flow rate is 20 sccm. Bias power plays
the dominant role in the etching of the AIN film by control-
ling the electric field that accelerates the charged particles
toward the wafer surface and the plasma density. When the
process pressure is increased from 20 to 40 mTorr, a reduced
etch rate is observed regardless of the SF¢/O, ratio and
source power. By increasing the pressure, the energy and
number of ions arriving on the wafer is decreased due to an
increased number of collisions of ions with radicals and
neutrals.”"*? Interestingly though, at this higher working
pressure, a noticeable correlation between O, percentage and

12 i i 20 mTorr 40 mTorr
' ' ' 150W  ——  -+-
200W o -o-
10 300W = -%-
—_ SK— v W/K |
£ 8F K " " -
£
g
£ 6f -
2
s
= 4r 7
2
m
2k i
0

Percentage of oxygen (%)

Fic. 3. (Color online) AIN etch rate in SF¢ and O,, as a percentage of O, at
60 sccm at pressures of 20 and 40 mTorr for varying bias power.
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FiG 4. (Color online) AIN etch rate in SFg and O,, as a percentage of O, at
20 sccm at pressures of 20 and 40 mTorr for varying bias power.

etch rate emerges at least for 300 W. Figure 5 illustrates this
correlation and also shows that increasing oxygen content
results in a higher rf peak bias for a fixed platen power level.
This relationship is particularly pronounced at 20 sccm,
where increased oxygen levels increase the etch rate.
Goyette et al. showed that in addition to nearly all fluxes of
significant ions increasing monotonically with power, an
addition of O, results in higher fluxes of O" and SF ;.23 The
higher flux of these ions resulting from the addition of O,
causes more ion bombardment of the surface and could
explain the observed correlation. It is assumed that these
effects become more apparent at the higher working pres-
sure, though a weak correlation can also be seen at the lower
pressure when the flow rate is 60 sccm.

The bias power dependence of the etch rate is illustrated
in Fig. 6 for varying SF¢/O; ratios at 60 sccm to further illus-
trate the correlation between the two. With higher bias
power, the etching takes place at an increased rate by
increasing the plasma density. Consequently, the number of
charged particles bombarding the surface is increased as
well as the energy of these impinging ions. It should be

5k 4
=4r 80% O, 1
g ]
=) 3L |
E 40% O,

Q

8

5 27 1

M ——60 scem SF /O,
1k 0%O, —*—20 scem SF /O, |

400 450 500 550 600 650
Bias V
pp

FiG. 5. (Color online) AIN etch rate in SF¢ and O,, as a percentage of O, at
20 and 60 sccm at a pressure of 40 mTorr when bias power is 300 W.
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Fic. 6. (Color online) AIN etch rate in SF¢/O, as a function of rf peak bias
voltage for different oxygen compositions at 60 sccm and 20 mTorr.
Applied bias power is also labeled.

noted that increasing the oxygen content for a given bias
power increases the rf bias voltage considerably, though the
effects on etch rate are minimal at 20 mTorr except at higher
O, levels, where, as mentioned earlier, a slight increase is
observed.

These results seem to indicate that the main etch mecha-
nism for AIN is physical rather than chemical for the SFs/O,
chemistries. The ICP-RIE results that follow provide greater
insights into the matter of the dominant etch mechanism.

C. ICP-RIE results

For the ICP-RIE of AIN the etch rates are presented in
Fig. 7 for a range of platen power levels at 10 and 20 mTorr
of chamber pressure. The etch rate of AIN increases with
platen power and lower pressure. The increase is due to the
ions (SF and O™) being accelerated at greater rates, which
in turn break the bonds of AIN more easily. Lower pressure
increases the mean free path of ions as intermolecular colli-
sions are reduced. This means there is less energy loss of
ions when they reach the surface of the film. By reducing
the platen power, the physical component of etching is

=

£

g

N

Q

= 01 J

=

=

8

m —0— 10 mTorr
—A—20 mTorr

O.Ol.l.lulAl.l.l.lul L

1 2 3 4 5 6 7 8 9 10 11 12
Platen power (W)

FiG. 7. (Color online) AIN etch rates as a function of platen power for ICP-
RIE. (40 sccm SFg, 6 sccm O,, 5-11 sccm He, 1000 W ICP).
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diminished, resulting in a marked reduction in etch rate.
These results indicate that AIN is essentially inert to SF
and O" chemistry and is removed primarily by ion bombard-
ment, thereby making the film’s etch rate less pronounced at
lower platen power levels. These results are to be expected
as the involatile species A/F3, which forms on AIN’s surface
in fluorinated chemistries, acts as a protective coating that
inhibits etching.>**°

IV. SUMMARY AND CONCLUSIONS

The plasma etch characteristics of AIN deposited by
PEALD at 200 °C were investigated for RIE and ICP-RIE
systems for SFg and O, chemistries. For the RIE experi-
ments, bias power, flow rate, and chamber pressure were
varied for different ratios of SFg and O,. Etch rates below
10 nm/min were observed with the bias power and chamber
pressure playing the most significant roles. The oxygen level
plays a minor role in the etch rates until the pressure is raised
from 20 to 40 mTorr when bias power is 300 W. Under these
conditions increased oxygen levels result in an increased
etch rate.

For the ICP-RIE experiments, the SF¢/O, gas mixture
was fixed at 40 and 6 sccm, respectively, with platen power
and chamber pressure varying. The film exhibited exception-
ally low etch rates in the subnanometer region when platen
power was below 6 W. The etch rates approached negligible
levels the further the platen power was lowered. AIN was
shown to be quite chemically inert to the SF¢/O, etch chem-
istry and is only etched by the physical mechanisms associ-
ated with plasma etching.

The suitability of low-temperature PEALD AIN as an
etch mask in demanding plasma etch applications has been
demonstrated, and it was shown that the film can serve as an
attractive alternative to other resilient masking films.
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