
 

Isotropic plasma atomic layer etching of Al2O3 using a fluorine
containing plasma and Al(CH3)3
Citation for published version (APA):
Chittock, N., Vos, M. F. J., Faraz, T., Kessels, W. M. M., Knoops, H. C. M., & Mackus, A. J. M. (2020). Isotropic
plasma atomic layer etching of Al2O3 using a fluorine containing plasma and Al(CH3)3. Applied Physics Letters,
117(16), 162107. [162107]. https://doi.org/10.1063/5.0022531

Document license:
TAVERNE

DOI:
10.1063/5.0022531

Document status and date:
Published: 20/10/2020

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 27. May. 2023

https://doi.org/10.1063/5.0022531
https://doi.org/10.1063/5.0022531
https://research.tue.nl/en/publications/4bf050cd-4635-41f2-aaf3-0c8146ba071a


Appl. Phys. Lett. 117, 162107 (2020); https://doi.org/10.1063/5.0022531 117, 162107

© 2020 Author(s).

Isotropic plasma atomic layer etching of
Al2O3 using a fluorine containing plasma and
Al(CH3)3
Cite as: Appl. Phys. Lett. 117, 162107 (2020); https://doi.org/10.1063/5.0022531
Submitted: 21 July 2020 . Accepted: 04 October 2020 . Published Online: 20 October 2020

Nicholas J. Chittock, Martijn F. J. Vos,  Tahsin Faraz,  Wilhelmus M. M. (Erwin) Kessels,  Harm C. M. Knoops,

and  Adriaan J. M. Mackus

ARTICLES YOU MAY BE INTERESTED IN

 Overview of atomic layer etching in the semiconductor industry
Journal of Vacuum Science & Technology A 33, 020802 (2015); https://
doi.org/10.1116/1.4913379

Etch selectivity during plasma-assisted etching of SiO2 and SiNx: Transitioning from reactive

ion etching to atomic layer etching
Journal of Vacuum Science & Technology A 38, 050803 (2020); https://
doi.org/10.1116/6.0000395

Status and prospects of plasma-assisted atomic layer deposition
Journal of Vacuum Science & Technology A 37, 030902 (2019); https://
doi.org/10.1116/1.5088582

https://images.scitation.org/redirect.spark?MID=176720&plid=1401546&setID=378288&channelID=0&CID=496964&banID=520310243&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=4ec9de953ebb6c8f5e14b657e190e62d12f83d34&location=
https://doi.org/10.1063/5.0022531
https://doi.org/10.1063/5.0022531
https://aip.scitation.org/author/Chittock%2C+Nicholas+J
https://aip.scitation.org/author/Vos%2C+Martijn+F+J
https://orcid.org/0000-0001-8497-861X
https://aip.scitation.org/author/Faraz%2C+Tahsin
https://orcid.org/0000-0002-7630-8226
https://aip.scitation.org/author/Kessels%2C+Wilhelmus+M+M+Erwin
https://orcid.org/0000-0003-2284-4477
https://aip.scitation.org/author/Knoops%2C+Harm+C+M
https://orcid.org/0000-0001-6944-9867
https://aip.scitation.org/author/Mackus%2C+Adriaan+J+M
https://doi.org/10.1063/5.0022531
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0022531
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0022531&domain=aip.scitation.org&date_stamp=2020-10-20
https://aip.scitation.org/doi/10.1116/1.4913379
https://doi.org/10.1116/1.4913379
https://doi.org/10.1116/1.4913379
https://aip.scitation.org/doi/10.1116/6.0000395
https://aip.scitation.org/doi/10.1116/6.0000395
https://doi.org/10.1116/6.0000395
https://doi.org/10.1116/6.0000395
https://aip.scitation.org/doi/10.1116/1.5088582
https://doi.org/10.1116/1.5088582
https://doi.org/10.1116/1.5088582


Isotropic plasma atomic layer etching of Al2O3
using a fluorine containing plasma and Al(CH3)3

Cite as: Appl. Phys. Lett. 117, 162107 (2020); doi: 10.1063/5.0022531
Submitted: 21 July 2020 . Accepted: 4 October 2020 .
Published Online: 20 October 2020

Nicholas J. Chittock,1 Martijn F. J. Vos,1 Tahsin Faraz,1 Wilhelmus M. M. (Erwin) Kessels,1

Harm C. M. Knoops,1,2 and Adriaan J. M. Mackus1,a)

AFFILIATIONS
1Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands
2Oxford Instruments Plasma Technology, North End, Bristol BS49 4AP, United Kingdom

a)Author to whom correspondence should be addressed: a.j.m.mackus@tue.nl

ABSTRACT

Nanofabrication techniques with atomic level precision are needed for advancement to smaller technology nodes in the semiconductor
industry. Thermal atomic layer etching (ALE) is currently being developed to isotropically etch material for future applications. In this
Letter, an alternative plasma-based ALE process for isotropic etching of Al2O3 is introduced involving SF6 plasma and trimethylaluminium
[TMA, Al(CH3)3] pulses, providing higher etch rates and lower processing temperatures than conventional thermal ALE. This process
illustrates that a fluorine-containing plasma can serve as a viable reactant for ALE and that plasmas—besides their conventional use in
anisotropic ALE—can be employed for isotropic ALE. In situ spectroscopic ellipsometry measurements confirmed saturation of both SF6
plasma and TMA half-cycles, which results in an etch per cycle (EPC) of 3.16 0.1 Å at 260 �C. The isotropic nature of the plasma ALE
process was demonstrated by transmission electron microscopy analysis of Al2O3-coated 3D trench structures after performing ALE cycles.
A mechanism of fluorination by F radicals and ligand exchange reactions involving TMA is proposed for this plasma ALE process based on
observations from infrared spectroscopy, which are supported by reactant synergy analysis. This work establishes the benefits that a plasma
can deliver for isotropic ALE.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0022531

As industry strives to keep up with Moore’s law, new fabrication
techniques need to be developed to produce complex features with
atomic-scale precision.1,2 Atomic layer etching (ALE) is poised to be
an enabling technology for this pursuit, allowing for precise removal
of material in a layer-by-layer fashion.1,3–5 ALE is a cyclic process, sim-
ilar to atomic layer deposition (ALD), which typically consists of two
sequential and self-limiting half-reactions separated by purge steps.1

Half-cycle A of an ALE process creates a modified surface layer that is
removed during half-cycle B. By ensuring that each half-cycle is self-
limiting, a high level of etch control can be achieved. Compared to cur-
rently available etch technologies, ALE typically offers accurate control
of etch depth, minimal substrate damage, and a smooth surface after
etching.1,3,6 These properties are vital for fabrication of next generation
devices such as gate-all-around transistors,2,7 3D flash memory (3D
NAND),8 and high-electron-mobility-transistors.9 Furthermore, ALE
processes are also considered for other processing steps, such as
surface preparation or cleaning to remove thin native oxides or con-
tamination,10 and as correction steps to improve the selectivity of
area-selective deposition processes.11–13

ALE is divided into plasma and thermal varieties, which are
oftentimes inadequately considered to be synonymous with aniso-
tropic and isotropic etching, respectively. Plasma ALE has so far pre-
dominantly been employed for anisotropic etching in which
directional ions from the plasma play a role. In contrast, isotropic ALE
typically involves thermal chemistries, where the activation energy of
the reaction is overcome by employing an elevated substrate tempera-
ture. Thermal ALE processes often include fluorination, chlorination,
or oxidation reactions, which readily proceed at elevated substrate
temperatures without the need for a plasma.10,11,14–21 As an emerging
technique, the research on isotropic thermal ALE has focused on find-
ing viable precursors and co-reactants to achieve etching of a variety
of materials. A selection of these isotropic ALE processes can be seen
in Table I. From the table, we can see that dielectrics are commonly
etched using fluorination chemistries, whereas isotropic ALE of metals
is often achieved using chlorination or oxidation reactions to generate
a modified surface.22,23 Recently, it has been shown that isotropic ALE
can also be achieved in an alternative manner by employing radical-
driven plasmas with a minimal ion contribution.21,24–26 Radicals are
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more reactive (due to their unpaired valence electrons) than molecular
reactants (e.g., HF) and do not have to be dissociated before they can
react at a substrate. This increased reactivity is expected to lead to the
formation of a thicker modified surface layer and may enable etching
of materials which are typically resistant to modification by thermal
reactants (e.g., crystalline materials). In comparison to thermal isotro-
pic ALE processes, the use of highly reactive plasma radicals poten-
tially allows for a higher etch per cycle (EPC), as well as access to a
broader temperature window.21,25

ALE of Al2O3 has previously been achieved by using fluorinating
reactants, such as hydrogen fluoride (HF) derived from HF pyridine
or sulphur tetrafluoride (SF4), combined with tri-methyl aluminium
[TMA, Al(CH3)3], dimethyl aluminium chloride [DMAC,
AlCl(CH3)2], or tin acetylacetone [Sn(acac)2] as an etchant.14–20 One
of the most documented approaches for ALE of Al2O3 is the use of HF
and TMA.10,14–19 Half-cycle A of this thermal ALE process consists of
the formation of an AlF3/AlOxFy surface layer by exposure to HF gas.
This modified layer can then be removed by dosing TMA in half-cycle
B, which produces volatile Al-containing species [namely AlF(CH3)2]
via a transmetalation ligand exchange reaction.14,16–19 However, HF
pyridine can be a difficult reactant to work with and, therefore, alter-
native co-reactants are desired. For example, in recent work, SF4 was
explored as a replacement thermal reactant for the fluorination step.20

Another possible substitute for HF is a fluorine-containing plasma,
such as sulfur hexafluoride (SF6), which is an inert non-toxic gas.
When ignited as a plasma, SF6 produces highly reactive fluorine radi-
cals, which provide the aforementioned benefits of a plasma process.
SF6 plasma is a promising alternative due to its widespread availability,
ease of use, and safety benefits.27–29 Since it is a commonly used etch-
ant, SF6 plasmas have been extensively studied and this knowledge can
be leveraged to aid the development of atomic-scale processes.28,29 SF6
plasmas are known for having high concentrations of F radicals, which
can be �103 times higher in concentration than S radicals. Other
neutral species such as F2 and SF4 can also be formed in an SF6 plasma,
while the most prominent charged species are SF5

þ and F� ions.30 In
our previous work, SF6 plasma and TMA were employed at low tem-
peratures to deposit AlF3 by plasma ALD.30 In that work, the growth
per cycle (GPC) was seen to be strongly correlated with the substrate
temperature, with higher temperatures giving a reduced GPC.30

In this Letter, an isotropic plasma ALE process consisting of SF6
plasma and TMA pulses is introduced. Considering that other fluorine
radical sources (such as NF3 plasma) are expected to allow for ALE
with similar surface reactions, this process can be seen as a model
system for demonstrating the benefits of employing a fluorinating

plasma. Since the SF6/TMA is inspired on an existing thermal ALE
chemistry, the reaction mechanism as studied using infrared (IR) spec-
troscopy is discussed first. The observations from the IR experiments
support a mechanism involving fluorination and ligand exchange
reactions. Subsequently, it is confirmed that SF6 plasma and TMA sat-
isfy the main requirements of ALE reactants in terms of saturation of
the two half-cycles and synergy of the reactants. The merits of this pro-
cess as compared to the thermal ALE process were assessed by mea-
suring the etch rate as a function of temperature. Finally, TEM
analysis confirmed the isotropic nature of the process, highlighting
that plasmas are viable reactants for isotropic processing.

To study the reaction mechanisms of the Al2O3 plasma ALE pro-
cess, IR spectroscopy experiments were conducted at 250 �C as
depicted in Fig. 1. Al2O3 was first deposited on a SiO2 powder and
then exposed to SF6 plasma and TMA pulses. Figure 1(a) shows that
the Al–O absorbance band at 800–1100 cm�1 decreases with the
increasing number of ALE cycles, which corresponds to the removal
of material after each ALE cycle. Figure 1(b) shows the IR absorbance
peaks at 2900 and 2950 cm�1, corresponding to the AlCH3 symmetric
and asymmetric stretching modes, respectively. Following TMA dos-
ing, AlCH3 surface species are observed as indicated by an increase in
the CH3 absorbance peak. These methyl groups are thought to be
formed after removal of the fluorinated surface layer, allowing excess
TMA to adsorb on the bulk Al2O3. After SF6 plasma exposure, a nega-
tive CH3 peak is observed, indicating the removal of surface methyl
groups, which is attributed to ligand exchange reactions between
methyl groups and fluorine atoms. The replacement of surface methyl
groups by fluorine radicals generates a fluorinated surface layer on the
Al2O3 substrate.

TABLE I. List of materials that can be etched via isotropic ALE, showing the type of
reaction employed to modify the surface. Processes taken from the AtomicLimits
ALE database.36

Modification step Materials etched

Fluorination Al2O3, HfO2, ZnO, ZrO2, VO2, TiO2, SiO2,
AlN, GaN, AlF3, InGaAs

Chlorination TiN, TaN, Si, Ge, Fe, Co, GaAs
Oxidation TiN, WS2, MoS2, GaAs, SiGe, Si3N4, Si, Cu, W
Other ZnO, WO3, Cu, GaAs, Si3N4

FIG. 1. Difference infrared spectra collected at 250 �C, in which a decrease in
absorption corresponds to the removal of species, while an increase in absorption
represents the formation of species. Graph (a) shows the broad absorbance region
between 800 and 1100 cm�1 corresponding to Al–O in the film. These spectra are
taken after each SF6 plasma/TMA ALE cycle and are referenced to the as-
deposited Al2O3 spectrum taken prior to the ALE cycles. Graph (b) shows the
AlCH3 absorbance peaks at 2900 and 2950 cm�1. Spectra were recorded after
each SF6 plasma and TMA half-cycle and are referenced to the previous half-cycle.
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Based on the IR data, a reaction pathway is proposed, assuming
for simplicity that only AlF(CH3)2 is formed as a volatile reaction
product,

12 F gð Þ þ 2Al2O3 ! 4AlF3 sð Þ þ 3O2 gð Þ; (1a)

AlF3 sð Þ þ 2AlðCH3Þ3 gð Þ ! 3AlFðCH3Þ2 gð Þ: (1b)

The fluorination step is described in Eq. (1a), in which fluorine
radicals from the plasma react with the Al2O3 surface by creating an
AlF3 layer. Ligand exchange reactions between the modified surface
and TMA are shown in Eq. (1b), where etching is achieved through
the formation of volatile Al-containing reaction products. This reac-
tion is based on the mechanism proposed for thermal ALE of Al2O3

using HF/TMA, which has been confirmed by mass spectroscopy
studies on both fluorinated Al2O3 and AlF3 surfaces.

16,17,19 The reac-
tion by-product (AlF(CH3)2) is the same for both surfaces and was
observed to also exist as a dimer with either itself or TMA.19

Saturation curves for both half-cycles were determined on Al2O3-
coated Si coupons at a substrate temperature of 260 �C (corresponding
to a table temperature of 300 �C, see supplementary material SIII).31,32

The film thickness was recorded after every five cycles using in situ SE,
and the EPC was calculated from the slope of film thickness plotted
against the number of ALE cycles. The EPC as a function of plasma
and precursor dose time are depicted in Fig. 2. The SF6 plasma expo-
sure and TMA dose show saturation behavior that is typical for ALE
processes involving fluorination.3,10,14,15 Cycles with a SF6 plasma
exposure of �5 s, a TMA dose of �0.5 s, and a 10 s TMA hold step
yield an etch rate of 3.16 0.1 Å/cycle. Additional experiments
performed without a TMA hold step after dosing required very long
TMA doses (�10 s) to achieve etching. Furthermore, as shown in Figs.
2(b) and 2(d), pump steps of 10 s are sufficient to avoid a parasitic
etching component. The measured EPC is higher than the literature
results reported for thermal ALE of Al2O3 with HF/TMA at a compa-
rable temperature.10,14–18 A recipe with pulses of 5 s SF6 plasma expo-
sure and 0.5 s TMA dosing, 10 s TMA hold step, separated by 10 s
pump steps, is referred to as the “standard ALE cycle” in the remain-
der of this Letter.

The SF6 plasma saturation curve in Fig. 2(a) shows quasi-
saturation behavior similar to the modification steps observed for
many other ALE processes.14,24 The initial steep increase in EPC for
short plasma exposure is thought to be due to the rapid fluorination of
the surface region. For longer plasma exposure times, the EPC tapers
off as the surface AlF3 layer begins to act as a diffusion barrier, hinder-
ing further fluorination of the bulk Al2O3 underneath. This surface
fluorination reaction shows similarities to the oxidation of Si and other
materials as described by Deal–Grove adsorption kinetics.14,33

Exposure of the substrate to SF6 gas without igniting a plasma does
not lead to etching of the film, signifying the key role plasma radicals
play in the etching mechanism. Figure 2(c) shows that the TMA dose
saturates quickly for doses longer than 0.3 s. Doses shorter than 0.2 s
were found to cause a negligible thickness change, which is likely
related to the consumption of TMA by AlF3 deposition on the reactor
walls (100 �C) that are at a lower temperature than the substrate hol-
der (300 �C). Previous work has shown that AlF3 ALD using SF6
plasma and TMA readily occurs at low temperatures. It is, therefore,
likely that a significant amount of dosed TMA is adsorbed on the reac-
tor walls before it can reach the substrate.30 Overall, the self-limiting

behavior shown by both SF6 plasma and TMA identifies them as viable
reactants for ALE.

A key requirement for ALE is that etching should only occur if
the substrate is exposed to alternating half-cycles. To investigate syner-
gistic effects of the reactants in this plasma ALE process, the film thick-
ness was recorded after every 5 pulses/cycles while the substrates were
exposed to 30 pulses of SF6 plasma, 30 pulses of TMA, followed by 50
standard ALE cycles. Al2O3 is resistant to spontaneous etching by SF6
plasma, with etching observed only when alternating between SF6
plasma and TMA doses. Similar behavior was exhibited by HfO2

substrates, as depicted in Fig. S2 of the supplementary material.
Figure 3(a) shows that exposure of Al2O3 to multiple SF6 plasma
pulses without dosing TMA (half-cycle A) causes an initial 1 Å
increase in film thickness, which corresponds to the formation of a
thin fluorinated surface layer.15,17,18 When subsequently exposing the
substrate to TMA pulses [Fig. 3(b)], the thickness initially decreases by
�3 Å, and this is attributed to the removal of the modified AlF3 sur-
face layer. After the initial 3 Å of etching, the film thickness remains
constant during further TMA doses, confirming that the TMA expo-
sure is self-limiting. The thickness change observed when switching
from SF6 plasma to TMA pulses in Figs. 3(a) and 3(b) is consistent
with a fluorination and ligand exchange reaction mechanism, as etch-
ing only occurs when TMA is dosed onto a fluorinated surface.16

Alternating pulses of SF6 plasma and TMA [Fig. 3(c)] show a linear
dependence between the number of cycles and etch depth of the Al2O3

FIG. 2. Saturation curves for (a) SF6 plasma exposure using a 0.5 s TMA dose, (b)
the pump step following SF6 plasma exposure, (c) TMA dosing using a 5 s SF6
plasma exposure, and (d) the pump step following the TMA dose. All experiments
were conducted at a substrate temperature of 260 �C with 10 s TMA hold steps.
The dashed lines are guides to the eye.
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film, yielding an etch rate of 3.1 Å/cycle. Using this ALE etch rate and
the observed film thickness changes for each half-cycle, the ALE syn-
ergy is calculated to be 99.9%.1,3

The etch rate for the SF6 plasma/TMA process was evaluated as a
function of substrate temperature for table temperatures ranging from
175 to 375 �C. By monitoring the optical constants of the Si substrate
using in situ SE,31,32 this table temperature range was found to corre-
spond to actual substrate temperatures between 140 and 285 �C. The
standard ALE cycle (with saturating doses of SF6 plasma and TMA
determined at 300 �C) was used for all temperatures. It can be seen
from Fig. 4 that the EPC is strongly dependent on substrate tempera-
ture and increases from 0.2 Å/cycle at 155 �C to 3.4 Å/cycle at 285 �C.
At low temperatures, a transition from ALE to ALD is observed, indi-
cated by a negative EPC value at 140 �C. The transition temperature
found in this study is lower than for thermal ALE processes using HF/
TMA reported in the literature (170–250 �C)14,17 and is comparable to
transition temperatures observed for HF/DMAC and HF/Sn(acac)2
(as shown in Fig. S3 of the supplementary material). In previous work,
ALD of AlF3 was observed to proceed in the wide temperature range
of 50–300 �C when using a short 10ms TMA dose.30 This suggests
that not only the temperature but also exposure to the precursor deter-
mines whether deposition or etching occurs. Using a large TMA dose
will likely result in etching if the temperature is above the ALD/ALE
transition temperature, while using a small TMA dose is more likely to
lead to deposition. In comparison to thermal ALE, the plasma ALE
process exhibits a higher EPC over the entire temperature range inves-
tigated here. A significant etch rate of 0.8 Å/cycle was already observed
at a relatively low temperature of 185 �C, highlighting one of the bene-
fits of using a plasma process. It is thought that the fluorine radicals
provided by the plasma allow for higher etch rates as a thicker fluori-
nated surface region is formed as compared to when using HF.

To confirm the isotropic nature of this ALE process, etching was
performed in 3D trench structures with an aspect ratio (AR) of �2.5.

Al2O3 films were deposited by plasma ALD (with TMA/O2 plasma) to
a thickness of 210 Å. Figure 5(a) shows an as-deposited trench struc-
ture, in which the film thickness is indicated in four different locations
within the structure. In Fig. 5(b), a similar trench structure is shown
after being exposed to 40 ALE cycles, where the thickness of the
removed film is highlighted. The average etch rate over the 3D trench
structures was calculated to be 2.96 0.1 Å/cycle, which agrees with the
EPC value obtained for blanket substrates. In contrast to the highly
directional etch profiles characteristic for anisotropic plasma ALE, this
plasma process exhibits a comparable etch depth for both horizontal

FIG. 3. Film thickness, measured every five cycles, as a function of number of
pulses or cycles performed on Al2O3. (a) SF6 plasma without a TMA dose repre-
senting half-cycle A. (b) TMA and SF6 gas dosing without striking a plasma repre-
senting half-cycle B. (c) Full ALE cycles with alternating SF6 plasma and TMA
doses, confirming a linear relationship between the etch depth and the number of
cycles. The inset shows a magnification of the transition between half-cycles A and
B. Standard ALE recipe conditions are used for each step. The horizontal dashed
lines indicate the initial film thickness before processing.

FIG. 4. Comparison of literature values of the etch per cycle (EPC) for thermal HF/
TMA processes and the SF6 plasma/TMA process outlined here.10,14,15,18

Temperatures reported from this work are measured using in situ spectroscopic
ellipsometry, while the literature values are the reported set point temperatures.
Substrate temperature values from the literature may deviate depending on process
conditions and reactors used, as discussed in more detail in the supplementary
material. Additional data for thermal ALE processes utilizing alternate reactants are
presented in Fig. S3 in the supplementary material.

FIG. 5. Cross-sectional TEM images of Al2O3 deposited and etched on 3D Si
trench structures. (a) Trench structure coated with an Al2O3 film by plasma ALD,
showing average film thickness in four regions. (b) A similar trench structure after
40 ALE cycles, in which the thickness etched in each region is highlighted. The
standard ALE cycle was used to perform the etching.
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and vertical surfaces of 1116 4 Å and 1196 4 Å, respectively (note
that anisotropic etching would lead to a higher etch rate on horizontal
surfaces). This suggests that directional ions in the SF6 plasma do not
significantly contribute to etching of the Al2O3 surface. A possible
explanation for why the etch rate on the horizontal surfaces appears
slightly lower than that on the vertical surfaces is densification of the
film due to ion exposure during the O2 plasma steps of the Al2O3 ALD
cycle.34,35 Despite these minor variations, it can be concluded from the
high consistency of the etch rate over the trench structure that the
ALE process is isotropic in nature.

In summary, this work demonstrates that the isotropic plasma
ALE of Al2O3 can be achieved using alternating pulses of SF6 plasma
and TMA. A reaction mechanism for Al2O3 ALE was proposed where
SF6 plasma fluorinates the Al2O3 surface and TMA etches the fluori-
nated surface region by producing volatile AlF(CH3)2. The etch rate
was found to be strongly dependent on the substrate temperature,
with higher temperatures yielding an increased EPC. When compared
to thermal Al2O3 ALE processes, this plasma ALE process exhibits
higher etch rates, as well as etching at low temperatures. The use of a
plasma thereby extends the parameter space for isotropic ALE of
Al2O3, for example, by allowing for processing of substrates sensitive
to high temperatures. TEM analysis revealed an isotropic etch profile
on 3D trench structures, demonstrating that plasmas can be employed
as reactants for isotropic ALE. SF6 plasma has been introduced as a
viable co-reactant for isotropic ALE, highlighting that fluorine-
containing plasmas are suitable for isotropic processing; however, care
must be taken to avoid spontaneous etching of certain substrates.
Future investigations will look to expand the SF6 plasma/TMA process
to a wider range of materials, as well as identifying plasma chemistries
beyond fluorination that can be employed for isotropic ALE. Overall,
this work contributes to expanding the toolbox of isotropic plasma
ALE, a technique that will aid in the fabrication of 3D structures for
next generation semiconductor devices.

See the supplementary material for experimental details, etching
data for HfO2, discussion of substrate temperature during experi-
ments, and a comparison of plasma ALE to thermal ALE with alterna-
tive reactants.
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