
Molecular Layer Etching of Metalcone Films Using Lithium Organic
Salts and Trimethylaluminum
Matthias J. Young, Devika Choudhury, Steven Letourneau, Anil Mane, Angel Yanguas-Gil,
and Jeffrey W. Elam*

Cite This: https://dx.doi.org/10.1021/acs.chemmater.9b03627 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Advances in semiconductor device manufacturing are limited by our ability to
precisely add and remove thin layers of material in multistep fabrication processes. Recent
reports on atomic layer etching (ALE) have provided the means for the precise removal of
inorganic thin films deposited by atomic layer deposition (ALD), opening new avenues for
nanoscale device design. Here, we report on a new technique for the precise removal of metal−
organic thin films deposited by molecular layer deposition (MLD), which we term molecular
layer etching. This etching process employs sequential exposures of lithium organic salt (LOS)
and trimethylaluminum (TMA) precursors to produce self-limiting etching behavior. We
employ quartz crystal microbalance experiments to demonstrate (i) etching of alucone films preloaded with LOS upon TMA
exposures and (ii) layer-by-layer etching of alucone films using alternating exposures of LOS and TMA. We also identify the
selectivity of these etching mechanisms. We probe the mechanism for the layer-by-layer etching of alucone using a quartz crystal
microbalance and Fourier transform infrared spectroscopy and identify that the etching proceeds via heterolytic cleaving of Al−O
bonds in alucone upon LOS exposure followed by methylation to produce volatile species upon TMA exposure. The etching process
results in the removal of 0.4 nm/cycle of alucone at 160 °C and up to 3.6 nm/cycle of alucone at 266 °C in ex situ etching
experiments on silicon wafers. This halogen-free etching process enables etching of MLD films and provides new fabrication
pathways for the control of material geometries at the nanoscale.

1. INTRODUCTION

Starting in the mid-20th century through the early 21st
century, the semiconductor community has been able to
maintain Moore’s law scaling1 by herculean effort, driving the
number of transistors per unit area ever-higher with reports in
2019 of ∼109 devices/cm2 in line with nominal 7 nm transistor
architectures.2 In order to keep up with Moore’s law,
semiconductor device geometries have become increasingly
complex. Notably, metal oxide semiconductor field-effect
transistors (MOSFETs) have shifted from their original 2D
architectures to 3D fin field-effect transistors (FinFETs)3 and
gate-all-around (GAA) architectures4 to pack more transistors
per unit area. Fabricating these nanoscale architectures has
required a range of advances in semiconductor manufacturing
processes. One area of innovation enabling these devices has
been in the ability to provide precision thinning for formation
of fins for FinFETs. During initial development of FinFETs,
the formation of fins was accomplished using an anisotropic
halogen etch (e.g., HF and Cl2) coupled with Ar+ ion
bombardment to form fins in silicon wafers. This initial
formation step was followed by an isotropic dry etch under
reactive halogen exposure and heat treatment at high
temperatures (up to 1000 °C) to form the fin.3

More recently, the development of thermal atomic layer
etching (ALE) using gas-phase chemical precursors has
enabled isotropic etching at constant temperature with

improved etching resolution. ALE is an etching analog of
atomic layer deposition (ALD).5 Both ALD and ALE rely on
sequential, gas-phase surface reactions. However, while ALD is
used to deposit materials with atomic-scale precision, ALE is
used to remove materials with atomic-scale precision. In typical
ALE schemes, the material surface is converted to a metal
fluoride through HF exposure, and then an organometallic
precursor is dosed, which undergoes ligand exchange with this
surface fluoride. This ligand exchange generates volatile species
composed of metal centers bound to both organic ligands and
fluorine.6 ALE was first reported for etching Al2O3 using
hydrogen fluoride (HF) and tin(II) acetylacetonate (Sn-
(acac)2).

7 Initial studies6−9 on the etching of Al2O3 have
expanded to include thermal etching of a number of relevant
materials for semiconductor manufacturing including Si,10

SiO2,
11 HfO2,

12 ZnO,13 TiO2,
14 TiN,15 W and WO3,

16 among
others.17 Further work has also identified pathways for
selective ALE.18 However, there are a number of opportunity
areas to improve upon these established ALE chemistries. For
example, current ALE chemistries are limited to etching of
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inorganic materials, use harsh halogen precursors, and produce
only modest etch rates, on the order of 1 Å/cycle or lower.
Here, we report on the discovery of a new etching process,

which we term molecular layer etching or MLE. Just as ALE is
the etching analog of ALD, the MLE process we report is the
etching analog of molecular layer deposition (MLD). MLD
employs organic precursors to deposit organic or metal−
organic thin films.19−21 While initial reports on MLD focused
on polymeric films, later efforts combined organic and
organometallic precursors to form hybrid metal−organic thin
films by MLD. The first reported hybrid metal−organic MLD
chemistry employed trimethylaluminum (TMA) and ethylene
glycol (EG) to deposit a thin film material termed “alucone”22

followed shortly thereafter by studies employing TMA with
hydroquinone and phloroglucinol.23 Further studies reported
the growth of a range of metal−organic thin films or
“metalcones” by combining organometallic precursors and
bifunctional organic molecules.22,24,25 These metalcone films
have lower elastic modulus than their inorganic metal oxide
counterparts25,26 and have been found to enhance the barrier
properties of ALD films.27 In this work, we report a process for
the removal of hybrid metal−organic thin films deposited by
MLD. This initial demonstration focuses on the etching of
alucone films deposited using TMA and EG. The etching
mechanism we describe relies on sequential gas-phase surface
reactions but employs only organometallic precursors and does
not require harsh halogen etchants.

2. MATERIALS AND METHODS
2.1. Reaction Conditions. All reactions were carried out in

custom hot-walled viscous flow ALD reactors.28 Argon carrier gas (Ar,
Airgas, 99.999%) was employed at flow rates producing a background
pressure of ∼1.0 Torr. The conductance and pumping speed varied
among the reactors used for this study, giving rise to different carrier
gas flow rates among reactors between 165 and 270 sccm.
Trimethylaluminum (TMA, Strem, 98%) and water (H2O, deionized
to an ionic resistance of 18.2 MΩ) precursors were held at room
temperature and delivered via a virtual valve dosing scheme.28

Ethylene glycol (EG, Sigma-Aldrich, 99.8% anhydrous) was held at
65−80 °C, tert-butanol (HOtBu, Sigma-Aldrich, 99.8% anhydrous)
was held at 35−50 °C, and lithium tert-butoxide (LiOtBu, Sigma-
Aldrich) and lithium hexamethyldisilazane (LiHMDS, Sigma-Aldrich,

97%) were both held at 105−120 °C. EG, HOtBu, LiOtBu, and
LiHMDS temperatures were maintained using cast aluminum
jacketed heaters powered by PID temperature controllers and
delivered via a flow-over bubbler design. A partial stream of 33−45
sccm of the total inert gas flow was diverted over the headspace of
each precursor for flow-over dosing. These precursors were
transferred into their respective bubblers in an Ar-filled glovebox
(<0.5 ppm H2O and ∼0.2 ppm O2) and evacuated at room
temperature prior to use to remove excess/dissolved gasses and
impurities. Peak dosing pressures above the baseline for these
precursors were measured to be ∼100 mTorr (EG), ∼1 Torr
(HOtBu), ∼10 mTorr (LiOtBu), and ∼20 mTorr (LiHMDS) for the
precursor temperatures specified above.

A typical dosing scheme for MLD growth of alucone consisted of 1
s of TMA exposure, 10 s of Ar purge, 2 s of EG exposure, and 15 s of
Ar purge. Typical dosing of HOtBu, LiOtBu, and LiHMDS for growth
and etching experiments described below consisted of 2−10 s of
precursor exposure and 15 s of Ar purge. A typical dosing scheme for
MLE etching of an alucone film consisted of 5 s of LiOtBu exposure,
20 s of purge, 2 s of TMA exposure, and 15 s of purge.

2.2. Quartz Crystal Microbalance (QCM) Studies. QCM
measurements were performed at 150 °C. Gold-plated QCM crystals
(5 MHz) were loaded into an ALD QCM Sensor (Inficon). Prior to
performing QCM measurements, the QCM crystal was kept in the
reactor overnight to reach a steady-state temperature and maintained
within ±0.2 °C of the setpoint using PID temperature controllers on
the reactor body. Mass changes were benchmarked using ALD growth
of Al2O3 via TMA/H2O to confirm a mass gain per cycle (MGPC) of
∼40 ng/cm2/cycle28,29 prior to MLD and MLE studies.

2.3. Fourier Transform Infrared (FTIR) Spectroscopy. A
smaller custom ALD reactor integrated with a Nicolet 6700 FTIR
spectrometer (Thermo Scientific) was used to perform all in situ
FTIR measurements. Details of the design have been reported
earlier.30 Each spectrum was collected over an average of 256 scans
between 400 and 4000 cm−1 wavenumber with a 4 cm−1 resolution.
All measurements were carried out in the absorbance mode. A steel
mesh loaded with ZrO2 nanoparticles (Aldrich, <100 nm TEM, >25
m2/g) was used as a substrate placed between the IR beam and the
liquid N2-cooled DTGS detector to study precursor adsorption with
each half ALD cycle.

2.4. Spectroscopic Ellipsometry. Spectroscopic ellipsometry
was performed using an alpha-SE instrument (J.A. Woollam) at an
incident angle of 65° using a spectral range of 380−890 nm. Film
properties were modeled using the CompleteEASE software package.
A Cauchy model of the form n(λ) = A + B/λ2 + C/λ3 was employed

Figure 1. QCM measurements during MLD growth of (a) TMA/EG/LiOtBu/H2O and (b) TMA/EG/LiHMDS/H2O including multidoses
following five ALD cycles to measure saturation behavior. The insets show a zoomed window of the final two growth cycles.
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for the alucone films with fitted values of A = 1.493, B = 1.32 × 10−3,
and C = 2.55 × 10−4. This model fit yielded a refractive index of 1.5 at
589 nm, which is consistent with values reported previously for
alucone films grown by MLD.26

3. RESULTS AND DISCUSSION
We first observed evidence of the chemical mechanism that
enables MLE during QCM experiments studying the
incorporation of lithium into metal−organic or metalcone
films. We were attempting to improve the lithium ionic
conductivity of MLD films deposited using TMA and EG
(AlEG or alucone) by incorporating lithium oxide (LiOx)
using doses of LiOtBu and H2O

30 to form a LiOx/AlEG
laminate. Figure 1a shows QCM data collected at 150 °C
during an attempt to deposit this LiOx/AlEG laminate. In
Figure 1a, dosing consisted of a 1 s TMA dose, 10 s Ar purge, 2
s EG dose, 10 s Ar purge, 5 s LiOtBu dose, and 10 s Ar purge.
We note that, in Figures 1−4, the lines at the base of each

figure are location indicators for dosing and do not reflect dose
pressure. For the second TMA dose (following the first dose of

LiOtBu) in Figure 1a, we observed a sharp spike in mass of 48
ng/cm2 with an exponential decrease in mass by 18 ng/cm2

over 10 s until the subsequent EG dose. This behavior is not
observed in prior reports on alucone growth22 or lithium
aluminum oxide growth30 but is repeated for each TMA dose
during the remainder of growth in Figure 1a. At a time of
about 300 s following the start of the experiment (after the first
five cycles of TMA/EG/LiOtBu/H2O) in Figure 1a, we dosed
each precursor multiple times back-to-back without dosing
other precursors to evaluate the precursor saturation behavior.

Figure 2. QCM mass changes during TMA doses performed after 15
growth cycles of TMA/EG/Li-precursor/H2O, where the Li-
precursor used for film growth is labeled next to each trace.

Figure 3. Impact of water dose in TMA/EG/LiHMDS/H2O growth cycles on film etching during subsequent TMA exposures.

Figure 4. QCM data of (a) growth using 10 cycles of TMA/EG
followed by etching using 67 exposures of LiOtBu/TMA, compared
with exposures of HOtBu/TMA, including (b) mass change observed
during 40 successive 1 s TMA doses.
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During the successive pulses of EG, LiOtBu, and H2O, we
observe a typical saturation behavior expected for self-limiting
growth. However, during the five successive TMA pulses, we
observed a decrease in mass upon each of the five successive
pulses of TMA, with an overall decrease in mass of 65.8 ng/
cm2.
We hypothesized initially that the mass loss we observed

upon TMA exposure may have originated from residual OtBu−

ligands in the alucone film as have been observed in a prior
work.31 We suspected that, upon dosing TMA, residual OtBu−

ligands in the film may exchange for methyl groups from TMA,
leading to a decrease in mass. In an effort to circumvent this
process, we employed a second lithium organic salt (LOS)
precursor, lithium hexamethyldisilazane (LiHMDS), as used in
a prior work32 and depicted in the inset in Figure 1b. In Figure
1b, dosing consisted of a 1 s TMA dose, 15 s Ar purge, 2 s EG
dose, 15 s Ar purge, 5 s LiHMDS dose, and 15 s Ar purge. We
expected that fewer HMDS− ligands would remain in the film
after LiHMDS doses because (i) HMDS− ligands are expected
to form weaker bonds to surface Al* (N in HMDS− is less
electronegative than O in OtBu−) and (ii) the HMDS− is
expected to be more sterically hindered for nucleophilic attack
on surface Al* groups than OtBu−. The electronegativity
difference of these two ligands is reflected in the pKa values of
tert-butanol (HOtBu) and hexamethyldisilazane (HMDS),
where HMDS has a lower pKa than HOtBu owing to α-silyl
stabilization.33−35 We studied the growth behavior of a LiOx/
alucone laminate using LiHMDS in Figure 1b. However, we
still observed a mass decrease during five successive TMA
doses at a time of 360 s in Figure 1b when using LiHMDS as
the LOS precursor. The mass decrease we observe during the
TMA doses when using the LiOtBu precursor is larger (65.8
ng/cm2) than when using the LiHMDS precursor (22.7 ng/
cm2), suggesting that the LiHMDS may have prevented some
mass loss. Additionally, because the HMDS− ligand is more
massive (160 g/mol) than the OtBu− ligand (74 g/mol), the
smaller mass loss observed using the LiHMDS precursor
corresponds to 84% less ligand exchange on a molar basis.
These data suggested that the use of HMDS− may be reducing
the mass loss or etching effect.
These observations motivated us to try to understand to

what extent this etching behavior would proceed upon TMA
doses, whether it was limited to the removal of just a small
fraction of the film mass or whether etching would continue
with additional TMA doses. To evaluate this, we performed
120 successive TMA doses following 15 growth cycles of
TMA/EG/Li-precursor/H2O and measured the mass changes
by QCM as presented in Figure 2. In Figure 2, dosing
consisted of 0.75 s TMA doses with 10 s purge between each
TMA dose. We observed that the mass on the QCM crystal
continued to decrease with each successive TMA dose. We
also observe that, when TMA doses were stopped for short
intervals (e.g., at a time of 270 s in Figure 2), the mass decrease
also stopped and resumed only when TMA doses resumed. We
note that this pause was performed manually and the duration
of the pause varied between the films grown using LiOtBu and
LiHMDS. Following 120 TMA doses, the etching was still
proceeding at −4 ng/cm2/TMA dose for the film grown with
LiOtBu and −1 ng/cm2/TMA dose for the film grown with
LiHMDS in Figure 2. We stopped the etching at this point and
evaluated the mass loss to compare the impact of the lithium
precursor on the extent of etching. The initial masses of the
films deposited using 15 TMA/EG/Li-precursor/H2O growth

cycles were 578.3 ng/cm2 using the LiOtBu precursor and
752.5 ng/cm2 using the LiHMDS precursor. After 120 TMA
doses, we observed overall mass decreases of 441.6 and 374.8
ng/cm2, corresponding to a loss of 76.4 and 49.8% of the initial
film thickness for films grown using the LiOtBu precursor and
LiHMDS precursor, respectively. The film grown with
LiHMDS exhibited less etching than the film grown with
LiOtBu, in line with the removal of residual ligands as we
hypothesized. However, the magnitude of the etching we
observe for the film grown using LiOtBu (>75% of film mass
etched) cannot be accounted for by the removal of residual
ligands alone. Even if all of the EG in the alucone film were
removed, this would only account for a 56% decrease in mass
corresponding to the conversion of Al2(OC2H4O)3 to Al2O3,
about 20% less mass loss than we observe using LiOtBu.
Comparing our observations in Figures 1 and 2 with prior

literature reports, the etching behavior we observe seems to be
unique to the combination of EG, TMA, and Li precursors
used here, the growth of alucone using TMA/EG and that of
lithium aluminum oxide using TMA/H2O/LiO

tBu/H2O are
both well-studied,22,30 and no etching was observed for these
processes. We note that a similar etching behavior was
observed during the TMA in previous reports of MLD growth
using TMA/hydroxyquinoline36 and TMA/carboxylic acid37

but originated from reactions between the two growth
precursors and was not introduced by the addition of a third
precursor (here LiOtBu). Based on the prior report studying
the growth of lithium aluminum oxide, we expected that
introducing more water during the growth may suppress the
etching phenomenon we observed in Figure 2. In Figure 3a, we
present an overlay of three QCM traces of 20 growth cycles
using TMA/EG/LiHMDS/H2O with H2O dose times of 0 s
(no dose), 2 s, and 5 s. In Figure 3a, TMA was dosed for 1 s
with a 15 s Ar purge, EG was dosed for 2 s with a 15 s Ar
purge, and LiHMDS was dosed for 5 s with a 15 s Ar purge.
We note that the total time for growth is significantly shorter
with no H2O dose owing to the removal of the H2O purge
time with no H2O dose. We observe that, for each of these
samples, the final mass gain after 20 growth cycles is roughly
equivalent at ∼750 ng/cm2 (751, 731, and 748 ng/cm2 for the
0, 2, and 5 s water dose conditions, respectively). We note that
the steady-state mass gain per cycle values are different with
and without the H2O dose at 36 and 43 ng/cm2/cycle,
respectively. The equivalent mass gain of ∼750 ng/cm2 after
20 cycles for each of these growth conditions is coincidental.
Following 20 TMA/EG/LiHMDS/H2O growth cycles, we

performed 40 successive TMA exposures and measured the
resulting mass change as depicted in Figure 3b. In Figure 3b,
each TMA dose was 0.75 s in duration with a 10 s Ar purge
between each TMA dose. We observed that, for the film grown
using no water dose (Figure 3a), subsequent TMA exposures
(Figure 3b) produced film etching of 594 ng/cm2 or 79% of
the film mass lost after 40 TMA doses, whereas when using a 5
s water dose in each growth cycle (Figure 3a), only 7 ng/cm2

of etching or 1% film mass loss was observed in subsequent
TMA exposures (Figure 3b). Additionally, employing a 2 s
water dose during growth slowed (but did not stop) the
etching process to produce only 13% film mass loss after 40
subsequent TMA doses. The data in Figure 3 indicate that
H2O doses prevent the etching phenomenon perhaps because
H2O doses lead to the formation of aluminum and/or lithium
oxides, which are insusceptible to etching. The film etching
resulting in 79% removal of the alucone films grown with
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interspersed LiHMDS doses further verifies that the removal of
residual ligands does not account for the etching behavior we
observe. We are uncertain as to why 21% of the alucone mass
remained following TMA exposures, but this may arise because
lithium is needed for the etching process (see below), and the
lithium grown into the film in Figure 3 was depleted before the
entire film was etched. We demonstrate more complete etching
when additional lithium is introduced into the alucone film
below.
We also note that we observe a correlation between the

intensity of the mass spikes upon TMA dose in Figure 3a and
the severity of etching upon TMA exposure in Figure 3b. The
spikes in mass upon TMA exposure without any H2O dose are
up to >400 ng/cm2 in height, with no such spikes observed
upon TMA exposure for the film grown with a 5 s H2O dose.
While the origins of the mass spikes are unknown at this time,
they may indicate absorption of the TMA precursor into the
bulk alucone/LiOH film as observed during TMA/H2O
growth onto poly(methyl methacrylate) (PMMA) polymer
films.38

Based on the data in Figure 3, we concluded that
introducing LOS precursors during alucone growth makes
the alucone film susceptible to etching by TMA. The LOS
precursor is the key difference between the experiments
conducted in Figure 3 and prior reports on MLD growth using
TMA/EG where no etching was observed. We expect that the
LOS acts to weaken the alucone structure and allows for
etching. The most straightforward explanation for this is that
the LOS (e.g., LiHMDS) heterolytically cleaves Al−O bonds
in R−Al−OC2H4O−Al−R to form, for example, R−Al−
HMDS and Li−OC2H4O−Al−R groups. Then, upon TMA
exposure, −CH3 and −Al(CH3)x ligands act to release these
groups and form volatile species. The specific mechanism for
this etching behavior merits further study outside of the scope
of this work but, based on this hypothesized mechanism, may
include volatile compounds such as (CH3)2−Al−HMDS,
CH3−Al−(HMDS)2, and Al(HMDS)3; Li−OC2H4O−Li,
Li−OC2H4O−Al−(CH3)2, (Li−OC2H4O)2−Al−CH3, and
(Li−OC2H4O)3Al; or LiCH3, and CH3−Al−O2C2H4. The
formation of larger-molecular-weight species by linking two Al
centers is also possible, for example, (Li−OC2H4O)−Al−
(OC2H4O)2−Al−(OC2H4O−Li). These larger-molecular-
weight species are expected to have lower vapor pressures
than the smaller molecules listed above. However, this general
scheme, including larger-molecular-weight leaving groups, is

consistent with reaction schemes observed during atomic layer
etching (ALE)7,8 and the removal of surface blocking species.39

We also note that the HMDS− ligands written in all of the
potential volatile species we list above may be replaced with
OtBu− ligands to produce a series of analogous potential
volatile species for etching processes using the LiOtBu
precursor.
Based on the etching observations in Figures 1−3, we were

interested whether we could take advantage of the etching
behavior arising from the combination of TMA and LOS
precursors to etch MLD metalcone films even when no lithium
was present in the film as-grown.
We expect that the same etching mechanisms we observe in

Figures 1−3 above may occur at the surface of a MLD
metalcone film if we introduce exposure cycles consisting of
LOS precursors and TMA. In this proposed scheme, the LOS
precursor (e.g., LiOtBu) would dissociate on the surface of the
MLD film. Upon TMA exposure, methyls could transfer to
surface atoms, which are bound to the constituents of the LOS,
volatilizing them and leading to film etching. This would
constitute a new form of thermal thin film etching, analogous
to atomic layer etching (ALE) of ALD films, but for MLD
films, which we term molecular layer etching or MLE.
To evaluate whether we could achieve MLE of a metalcone

film with no lithium in the film as-grown, we performed 10
growth cycles of TMA/EG to deposit alucone onto a QCM
crystal and then performed 67 LiOtBu/TMA etch cycles as
depicted in Figure 4a. For growth in Figure 4, TMA was dosed
for 0.75 s with a 15 s Ar purge, and EG was dosed for 2 s with a
10 s Ar purge. We observe that the initial growth of TMA/EG
agrees with prior literature reports with an average mass gain
per cycle (MGPC) of 32 ng/cm2/cycle at 150 °C over these 10
MLD cycles.22 When LiOtBu and TMA are dosed, the mass
begins to decrease. For etching in Figure 4a, LiOtBu is dosed
for 5 s with a 15 s purge, and TMA is dosed for 1 s with a 15 s
purge. After 10 LiOtBu /TMA etching cycles, the dosing is
paused for >2 min at a time of 829 s in Figure 4a, and we
observe that the mass change does not continue to decrease
until LiOtBu and TMA doses resume. We also dosed HOtBu/
TMA plotted as a red trace in Figure 4a and saw no etching
behavior (instead observing growth), suggesting that Li is
required for etching and the OtBu− ligand alone is not
sufficient for etching. We note that HOtBu/TMA cycles did
not result in growth in prior work, and may arise here from the
alucone underlayer versus Al2O3 underlayer used in this prior

Figure 5. FTIR measurements during (a) alucone growth using 2, 4, 6, 8, and 10 cycles of MLD using TMA/EG followed by (b) 2, 4, 6, 8, and 10
cycles of MLE using LiOtBu/TMA.
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work.39 We also attempted MLE using LiOtBu and tris-
(dimethylamido)aluminum rather than TMA and observed no
etching (not shown) and attempted ALE of ALD Al2O3 using
LiOtBu and TMA and observed no etching (not shown). At a
time of 1224 s in Figure 4a, we replace 5 s LiOtBu doses for 1 s
TMA doses during 20 etching cycles and observe that the rate
of change in mass diminishes during this period. In Figure 4b,
we plot the total cumulative mass change during the 40 TMA
doses starting at a time of 1224 s and observe a self-limiting
behavior for the TMA exposures, where the mass change
plateaus to a value of −40 ng/cm2/cycle. The self-limiting
behavior is gradual over a long exposure time and could be
characterized as a soft-saturating behavior. A 20 s TMA
exposure is required to reach −30 ng/cm2/cycle, and a 40 s
exposure is required to reach −40 ng/cm2/cycle. When LiOtBu
is introduced again, the etch rate increases upon subsequent
TMA exposure, indicating that doses of both LiOtBu and TMA
must be repeated for the etching process to continue. Using
this etching method, we observe the removal of 95% of the
alucone film grown using TMA/EG, with only 13 ng/cm2 of
mass remaining after etching.
To better understand the chemical processes leading to the

mass loss we observe in Figure 4, we performed Fourier
transform infrared (FTIR) spectroscopy in operando during
MLD of alucone using TMA and EG followed by MLE using
LiOtBu and TMA. During growth, we observe an increase in
absorbance with an increasing number of alucone growth
cycles in Figure 5a. We observe a range of peaks in Figure 5a,
which are in agreement with prior studies of alucone growth.22

These include the peak at 905 cm−1 from Al−O stretching
vibrations and peaks at 1086 and 1132 cm−1 from C−O and
C−C stretching vibrations, respectively. We also observe a
range of features (at 1192, 1255, and 1354−1358 cm−1)
associated with the CH2 twist and CH2 wag modes and a
feature (at 1468 cm−1) associated with the CH2 scissor in the
EG chain. Following 10 growth cycles of TMA/EG, we then
performed 10 etch cycles using LiOtBu and TMA. The FTIR
data collected in operando during the etch cycles is presented
in Figure 5b. During etching, the absorbance of all peaks
decreases with increasing LiOtBu /TMA cycles. After 10 etch
cycles, some features are still present in the FTIR spectrum,
indicating that the alucone film has not been entirely removed
from the powder ZrO2 substrate. The incomplete removal of
10 alucone growth cycles following 10 etch cycles is consistent
with the behavior observed in Figure 4, where 100 etch cycles
were required to remove 10 growth cycles of the alucone film.
Additionally, limited diffusion into the ZrO2 powder may
restrict the extent of etching on the FTIR samples over that
observed on flat samples.
Both the data in Figures 4a and 5b indicate that the etching

slows as the film thickness decreases. The data in Figure 4a
show that the etch rate using LiOtBu/TMA starts as high as 15
ng/cm2/cycle during the first 10 etching cycles and then
decreases to <5 ng/cm2/cycle during the final etch cycles. This
behavior is also reflected in Figure 5b, where the absorbance of
the feature at 1132 cm−1 decreases from 0.33 to 0.18 over the
first 4 LiOtBu/TMA cycles but only decreases from 0.10 to
0.08 between the 6th and 10th LiOtBu /TMA cycles. This may
arise because alucone growth using EG results in double-
reacted EG molecules,22 which block some growth sites,
perhaps leading to a lower density film on the surface than in
the bulk. A lower density alucone on the surface may allow for
rapid diffusion of the TMA and Li salt precursors into the film

during initial etching, but then as the film is etched, the more
dense alucone is exposed, which etches more slowly. This
changing etch rate may also arise from a reservoir effect in the
film, where species diffuse deeper into thicker films, leading to
a faster etching rate.
In Figure 6, we examine the FTIR difference spectra

obtained during individual doses of LiOtBu and TMA during

MLE in Figure 5b. The dominant features that appear upon
LiOtBu exposures in Figure 6a,c exhibit a symmetric,
reversible, flip-flop behavior when alternating between LiOtBu
and TMA doses, as discussed below, indicating reversible
chemical transformations. Upon LiOtBu exposures (Figure
6a,c), we observe an increase in features at 1366 and 1390
cm−1, which correspond to the CH3 bending modes in OtBu−,
and at 2840−3000 cm−1, which correspond to CH3 stretching
modes in the OtBu− ligand,40 suggesting that OtBu− is present
on the film surface following LiOtBu exposure. We also observe
a feature at 1095 cm−1 in Figure 6a,c, which corresponds to the
vibrational frequency of the C−O stretching mode observed in
alucone22 and a feature at 1131 cm−1, which corresponds to
the vibrational frequency of the C−O stretching mode
observed in HOtBu molecules.40 These two features also
indicate that OtBu− ligands are present on the film surface
following LiOtBu doses. We also observe features at 925 and
978 cm−1 upon LiOtBu exposures, which may be associated
with rocking modes of CH3 groups in OtBu− ligands40 or with
Al−O stretch in alucone22 perhaps arising from the formation
of Al−O groups with O from OtBu−. During subsequent TMA
exposures (Figure 6b,d), we see the removal of all of the OtBu−

features which were introduced during the LiOtBu dose except
for select CH3 stretch modes, as described further below.
These data indicate that OtBu− ligands are introduced into the
film during LiOtBu exposure and are released from the film
upon TMA exposure. These FTIR data are consistent with the
mechanism proposed above in which LiOtBu dissociates on the
surface of the alucone and heterolytically cleaves Al−O bonds
in R−Al−OC2H4O−Al−R to form R−Al−OtBu and Li−
OC2H4O−Al−R surface groups.
Next, we examined the FTIR data acquired upon TMA

exposures following LiOtBu exposures (Figure 6b,d). Here, we
see an indication that CH3 groups are accumulating in the film
during the LiOtBu /TMA etch process. During TMA
exposures, we see a distinct 0.01 increase in absorbance at
1209 cm−1, which corresponds to a deformation mode of CH3

Figure 6. FTIR difference spectra for successive doses of LiOtBu and
TMA during MLE of alucone.
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groups bound to Al, paired with an increase at 2900−2940
cm−1, which corresponds to the symmetric and asymmetric
stretches for CH3 bound to Al.41−43 These features are in
agreement with other studies on TMA exposures to
polymers.38,44,45 However, the increase in absorbance at
1209 cm−1 upon TMA dose is only partially reversed upon
the next LiOtBu exposure, less than 60% of the peak height is
reflected as a decrease in absorbance at 1209 cm−1 upon
subsequent LiOtBu exposure. Additionally, we observe an
increase above the background for the CH3 stretch region from
2900 to 2940 cm−1 during both TMA and LiOtBu exposures.
The persistence of these two features suggests accumulation of
CH3 in the polymer film during etching. The accumulation of
methyl groups in the film is also reflected in the overall
absorption data in Figure 5. The ratio in absorbance of the
CH3 deformation feature at 1209 cm−1 versus the absorbance
in the C−C region at 1086 cm−1 is ∼0.5 following 10 TMA/
EG growth cycles in Figure 4a and ∼1.0 following 10
subsequent LiOtBu /TMA etch cycles in Figure 4b, indicating
a relative increase in CH3 concentration versus C−C
concentration in the film and supporting the conclusion that
CH3 groups are accumulating in the film. We propose that
these accumulating CH3 groups arise from the transfer of
methyls to aluminum atoms in the film when TMA reacts to
liberate volatile leaving groups. Accumulation of methyl groups
in the surface upon TMA exposure is consistent with prior
reports on ALE of Al2O3 using TMA and HF.8 We also see a
decrease in absorbance in the region from 800 to 1000 cm−1

following TMA exposures in Figure 6b,d. This region is
characteristic of Al−O bonding22 and suggests that Al−O
bonds are heterolytically cleaved during the TMA dose, leading
to etching. This is consistent with our QCM observations
where the mass loss occurs during the TMA dose and is
consistent with the mechanism proposed above in which
surface Al atoms within Al−OtBu and Li−OC2H4O−Al−R
groups are methylated upon TMA exposure to generate
volatile leaving groups.
Interestingly, we also see a decrease in absorbance centered

at 1563 cm−1 upon TMA exposures, labeled with an asterisk.
This frequency region is associated with (cyclic) ethylene
moieties including furan,46 benzoyl cations,47 or i-methylvin-
oxide.48 However, we do not expect these groups to be present
in the alucone films, and further investigation outside the scope
of this work will be required to assign the absorption loss
feature at 1563 cm−1 observed upon TMA exposure. We also
observe absorbance peaks at 1022 and 1059 cm−1 upon TMA
exposure, which are not assigned, but which flip-flop reversibly
during TMA/LiOtBu doses.
After establishing an understanding of the surface chemistry

occurring during TMA/LiOtBu etching cycles in Figure 6, we
explored the saturation behavior of these precursors by
examining the absorbance changes with varying precursor
dose times. In Figure 7, we present the cumulative absorbance
change of peaks at 1131 cm−1 (C−O stretching in OtBu−)
during seven sequential 1 s LiOtBu doses and at 1209 cm−1

(CH3 deformation in Al−CH3) during seven sequential 1 s
TMA doses. These peaks were selected because they were the
most prominent features observed in Figure 6 during each
precursor exposure. Here, we observe that, during LiOtBu
doses, the absorbance for the feature at 1131 cm−1 increases
with increasing LiOtBu exposure. The rate of increase in
absorbance at 1131 cm−1 slows after about 2 s of LiOtBu
exposure, indicating some degree of self-limiting behavior. We

expect that continued slow diffusion of Li+ and OtBu− into the
bulk of the alucone film with longer LiOtBu exposure leads to
the “soft” saturation behavior we observe. Conversely, during
the TMA exposures, we observe that the absorbance for the
prominent CH3 deformation feature at 1209 cm−1 increases
during the first 2 s of exposure and then begins to decrease
with a somewhat constant slope up to 7 s of exposure. We
expect that this decrease in absorbance of the CH3
deformation feature between 2 and 7 s of TMA exposure
arises because the methylated surface of the alucone film is
etching away after 2 s of TMA exposure, resulting in a net loss
of CH3. In Figure 4b, we show that the TMA exposure results
in soft self-limiting behavior over 40 s of dose time based on
mass changes during QCM measurements. In Figure 7, we
dose TMA for only 7 s, and the curve shape does not match
that observed in Figure 4b, where in Figure 4, we see a
monotonic decrease in the mass during TMA exposures, but in
Figure 7, we see an increase in the CH3 absorbance with
increasing TMA exposure up to 2 s exposure followed by a
decrease in CH3 absorbance with increasing TMA exposure
from 2 to 7 s of exposure. We note that the 7 s of total TMA
dose in Figure 7 is insufficient for saturation based on the data
in Figure 4. The decrease in spectroscopic signal during TMA
exposure in Figure 7 is expected to arise from a loss of surface
species upon etching rather than saturation behavior. As such,
we expect that the gravimetric data in Figure 4b are a better
indicator of the self-limiting behavior during TMA dose than
the spectroscopic data.
Based on the in situ QCM and FTIR data presented above,

we expected to be able to remove alucone films from substrates
with nanometer-scale resolution using LiOtBu/TMA etching.
We demonstrate ex situ etching of alucone from silicon wafers
in Figure 8. For these experiments, 200 TMA/EG growth
cycles were used to deposit alucone on a series of ∼1″ × ∼1″
silicon wafers, resulting in a total average thickness of 377 ± 8
Å for all samples. These alucone-coated silicon wafers were
transferred to an argon-filled glovebox (<1 ppm H2O)
connected directly to the ALD reactor used for alucone
growth. The samples were stored in the argon-filled glovebox
to limit water exposure. Water exposure is expected to prevent
MLE as depicted in Figure 3. Three samples at a time were
placed back into the ALD reactor attached to the glovebox,
and varying numbers of LiOtBu/TMA etching cycles were
performed at one of the three different temperatures: 160, 200,
and 266 °C, as depicted in Figure 8a. Following etching, the
silicon wafers were removed from the reactor and then

Figure 7. FTIR absorbance change versus dose time for TMA and
LiOtBu doses during etching of alucone.
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transferred out of the argon-filled glovebox. Final film
thicknesses were characterized using spectroscopic ellipsom-
etry promptly after transferring each sample out of the
glovebox environment. The thickness values in Figure 8a
represent average values for the three samples in each
experiment, and the error bars represent the standard
deviations of these measurements.
At each temperature, we observed a decrease in film

thickness with increasing LiOtBu/TMA cycles where the etch
rate increased with increasing temperature. At 160 °C, the etch
rate corresponds to −4 Å/cycle; at 200 °C, the etch rate
corresponds to −10 Å/cycle; and at 266 °C, the etch rate
corresponds to −36 Å/cycle. Assuming an alucone density of
1.5 g/cm3,22 these etch rates corresponds to −60, −150, and −
540 ng/cm2/cycle for 160, 200, and 266 °C, respectively.
These etch rates are higher than the etch rate of 15 ng/cm2/
cycle observed at 150 °C in Figure 4 above. This lower etch
rate for the QCM studies is related to differences in the
delivery of the LiOtBu precursor between the two experiments.
The LiOtBu was undersaturated (10 mTorr peak partial
pressure) during the initial QCM experiments in Figure 4, and
improvements in the LiOtBu precursor delivery provided
saturating LiOtBu doses (10 mTorr sustained partial pressure)
in Figures 5−8. Based on the etch rates observed in Figure 8a,
we performed an Arrhenius analysis to arrive at a thermal
activation barrier for the etching process in Figure 8b following
procedures reported previously.6,16 This analysis assumes
Langmuir adsorption behavior of the etchant precursors with
a first-order Taylor series expansion approximation of the
Langmuir expression for time-dependent fractional surface
coverage, as outlined in the Supporting Information. This
analysis resulted in a predicted activation barrier of 0.44 eV (10
kcal/mol). We suspect that diffusion of Li+ and OtBu− and/or
TMA into the bulk of the film limits the extent of etching and
drives the increased etch rate at higher temperatures. The bond
strength of TMA complexation with PMMA was calculated to
be −0.477 eV in a prior report, which is consistent with the
energy we observe and suggests that TMA hopping is the
barrier to etching.49

The temperature dependence of the MLE mechanism we
report is qualitatively consistent with previous results for
thermal ALE. For example, thermal ALE of Al2O3 using tin(II)
acetylacetonate (Sn(acac)2) and HF produced etch rates
ranging from 0.14 Å/cycle at 150 °C to 0.61 Å/cycle at 250 °C

with an activation barrier of 6.6 kcal/mol.6 Similarly, thermal
ALE of WO3 using BCl3 and HF produced etch rates ranging
from 0.55 Å/cycle at 128 °C to 4.19 Å/cycle at 207 °C with an
activation barrier of 8.6 kcal/mol.16 However, we observe
much higher etch rates for MLE, ranging from 4 Å/cycle at
166 °C to 36 Å/cycle at 266 °C with an activation barrier of 10
kcal/mol. The larger values of etch rates we observe for MLE
are expected to arise from the removal of molecular units in
MLE as compared with the removal of atomic species in ALE.
These more rapid etch rates provided by MLE allow for faster
processing for removal of MLD films.

4. CONCLUSIONS

In this work, we report the discovery of a gas-phase thermal
chemical process that enables the removal of metal−organic
thin films deposited by MLD, which we term molecular layer
etching or MLE. The MLE process takes place in MLD films
upon chemical exposures of TMA and a LOS (LiOtBu or
LiHMDS). We demonstrate both (i) the rapid removal of bulk
alucone films predoped with a LOS using TMA exposures and
(ii) the precise layer-by-layer removal of alucone films using
sequential exposures of TMA and a LOS exhibiting a self-
limiting behavior. In operando FTIR and QCM experiments
suggest that the etching mechanism initiates by LOS (e.g.,
LiOtBu) heterolytically cleaving Al−O bonds in the R−Al−
OC2H4O−Al−R alucone structure to form R−Al−OtBu and
Li−OC2H4O−Al−R groups. Then, upon TMA exposure, the
Al atoms in these alucone groups are methylated to generate
volatile species. MLE is verified on silicon wafers and produces
etch rates ranging from 0.4 nm/cycle at 160 °C up to 3.6 nm/
cycle at 266 °C. We also observe the ability to prevent the
etching behavior by introducing water pulses during the MLD
growth, suggesting that the etching mechanism is selective to
the MLD films and is not active on ALD oxides.
The ability to etch MLD metalcone films we demonstrate in

this work may prove to allow metalcones to be used as
nanoscale sacrificial resist layers in conventional semiconductor
device manufacturing for organic semiconductor applications
or for micro- and nanoscale electromechanical machines
(MEMS and NEMS). In contrast to ALE etching processes
that largely require the use of HF, the MLE process we report
is halogen-free and uses only organometallic vapors. In
addition to the added safety afforded by avoiding HF, the
low elastic modulus of metalcone films relative to metal

Figure 8. Study of temperature dependence on the etch rate of alucone using LiOtBu/TMA including (a) thickness of alucone films with an initial
thickness of 377 nm following LiOtBu/TMA exposures between 160 and 266 °C as measured using spectroscopic ellipsometry on silicon wafers
and (b) Arrhenius analysis of the etch rate.
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oxides26 may also allow MLD films to be applied as sacrificial
layers for flexible electronic device manufacturing. Further-
more, the ability to selectively etch MLD layers without
impacting ALD layers will allow a pathway for fabrication of
small mechanical feature sizes during semiconductor device
manufacturing by selectively etching the MLD films using
MLE. This could be used for precise etching of low-dielectric
constant (low-k) interlayer dielectrics for precise removal of
lithography mask layers or to synthesize novel organic or
hybrid nanomaterials. We note that the use of alkali elements
(e.g., Li here) prevents implementation into current semi-
conductor manufacturing fabrication lines because of the
undesired effect on electronic properties of silicon. Nonethe-
less, the MLE mechanism we report may be amenable with
next-generation fabrication processes or drive the discovery of
alternative MLE etching mechanisms that do not require alkali
elements.
The temperature dependence of the etching mechanism we

observe opens up new potential avenues for control of the
microstructure of MLD films. For example, one could envision
exploiting this temperature-dependent etch rate to pattern
alucone using laser heating. This could provide new fabrication
techniques for nanoscale 3D architectures or could be used in
combination with additive manufacturing to generate high-
resolution feature sizes. In general, the pathway for the removal
of MLD films provides a new tool for the fabrication of novel
nanoscale geometries and is expected to enable new frontiers
in the fabrication of nanoengineered materials, especially soft
materials.
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