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1.  Introduction

Fabrication of devices with feature sizes 10 nm and below 
requires manufacturing with atomic level precision [1, 2]. 
Atomic layer deposition (ALD) has been used successfully 
in the microelectronics industry to grow films with controlled 
thickness down to a monolayer. Atomic layer etching (ALE), 
the inverse of ALD, has recently received renewed attention 
for nano-device manufacturing [3, 4]. ALE was studied [5–14] 
starting in the late 1980s as a cyclic process encompassing four 
steps: (1) Exposure of a clean substrate to a reactant gas, and 
chemisorption of the gas on the surface. This process should 
be self-limiting, in the sense that chemisorption stops when 
all available surface sites are occupied. (2) Purging of excess 
reactant with an inert gas flow to avoid etching by gas-phase 

species in the subsequent step. (3) Exposure of the surface to 
an energetic particle (e.g. ions, fast neutrals) beam, to effect 
reaction (e.g. chemical sputtering) between the adsorbed gas 
and the underlying solid. This process should also be self-
limiting; ions should remove only substrate atoms bonded 
to the chemisorbed gas. Once this layer is removed, further 
etching (physical sputtering) of the substrate must not occur. 
(4) Evacuation of the chamber to exhaust the etching prod-
ucts. The cycle may be repeated to remove the desired number 
of layers. Athavale and Economou demonstrated atomic layer 
etching of silicon using Cl2 gas and Ar+ ion bombardment 
through molecular dynamics (MD) simulations and experi-
ments [15, 16], following the four steps enumerated above. 
MD results indicated a total silicon etching yield of 0.172 Si 
atoms removed per 50 eV Ar+. A dose of 1.16  ×  1016 ions 
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cm−2 was required to remove one monolayer of silicon. The 
surface chlorination and ion bombardment steps were both 
self-limiting. Precise control of ion energy was deemed to be 
the most important factor in achieving removal of one mono
layer/cycle. This early approach to ALE required a relatively 
long time (~100 s) per cycle, because no particular attention 
was paid to fast switching of gases, and reactor purging can be 
slow, especially when using gases such as Cl2 that have a long 
residence time on the chamber walls.

A recent trend is to implement ALE in essentially ‘standard’ 
plasma etching reactors in which a continuous wave (cw) or a 
pulsed plasma of an inert gas (e.g. argon) is maintained. A short 
pulse of a reactive gas (e.g. Cl2 for Si or C4F8 for SiO2 ALE) 
is fed to the plasma leading to chemisorption or deposition of 
an extremely thin layer on the substrate surface. During this 
‘surface modification’ step, the energy of ions bombarding the 
substrate is kept below the threshold for ion-assisted etching to 
avoid uncontrolled etching of the substrate. Subsequent expo-
sure of the modified surface to an energetic particle (usually 
positive ion) flux causes reactions removing one or more of 
the top layers of the substrate. Bombardment of the substrate 
by energetic ions may be achieved by biasing the substrate 
holder. It is imperative that etching is highly selective, in the 
sense that the ions do not sputter the pristine substrate, after 
the modified layer has been removed. This requires ions with 
tight energy control. Also, deposition or growth of the surface 
modification layer should be self-limiting, so that the thick-
ness of that layer is uniform across the substrate, regardless of 
non-uniformities of reactant flux to different areas of the sub-
strate or variations of the aspect ratio of features. Self-limiting 
growth preserves the inherent uniformity of ALE, and also 
suppresses aspect ratio dependent etching (ARDE). Ideally, 
one cycle of reactant adsorption and subsequent reaction with 
the surface will remove a single monolayer of a substrate. In 
practice, more or less than a monolayer may be removed per 
cycle. This is acceptable as long as a controlled and precise 
amount of material is removed per cycle. Several complica-
tions can interfere with ALE [3, 4] making consistent layer-
by-layer removal difficult or impossible. Examples include 
spontaneous chemical etching of the substrate (e.g. Cl atom 
etching of heavily n-doped poly-silicon [17]), photo-assisted 
etching [18], substrate sputtering, or excessive roughening of 
the surface.

Tan et al developed highly selective and directional ALE 
of silicon by using plasma assisted chlorine adsorption fol-
lowed by Ar+ ion-assisted etching in a commercial plasma 
etching chamber [19]. They measured the etching per cycle 
(EPC) while varying ion-energy. The ‘ideal ALE process 
window’ [3] for silicon was observed for Ar+ energies in the 
60–80 eV range, yielding an EPC ~14 Å of silicon. Within 
this window, the ion energy was high enough to remove the 
chlorinated silicon layer but not the bulk silicon underneath. 
For Ar+ energy up to 70 eV the EPC for thermal silicon oxide 
was essentially zero, implying high selectivity of etching Si 
versus SiO2. Selectivity was explained by the difference in 
binding energies (6.4 eV for the Si–O bond versus 4.2 eV for 
Si–Cl), making replacement of O with Cl thermodynamically 
unfavorable.

Sherpa and Ranjan reported on the self-limiting, quasi-
atomic layer etching of silicon nitride in a commercial capaci-
tively coupled plasma reactor [20]. Two sequential steps 
per cycle were implemented: (1) surface modification in a 
hydrogen plasma, where hydrogen ions were implanted into 
silicon nitride upon applying a bias voltage on the substrate, 
and (2) removal of the modified layer in a fluorine-containing 
plasma. The silicon nitride EPC decreased with increasing 
number of ALE cycles, possibly due to accumulated struc-
tural damage on the surface. By adjusting the energy of the 
hydrogen ions implanted into the silicon nitride film, they suc-
cessfully controlled an etched depth of 6 nm per cycle.

Atomic layer etching of SiO2 using a fluorocarbon (FC) 
film as a surface modification layer was investigated computa-
tionally by Rauf et al [21] through molecular dynamics (MD) 
simulation, and by Agarwal and Kushner [22] using the hybrid 
plasma equipment model (HPEM). Rauf et al studied deposi-
tion of a thin fluorocarbon film on oxide using low energy 
fluorocarbon ions ( + +CF and CF2 3 ) and the subsequent removal 
of the top layer(s) of oxide via energetic Ar+ ion bombard-
ment. This two-step, layer-by-layer etching was successfully 
demonstrated in MD simulations by maintaining low ion 
energies during FC deposition and Ar+ ion energies below 
50 eV (physical sputtering threshold for SiO2). Agarwal and 
Kushner studied ALE in a conventional plasma etcher, using 
an Ar/C4F8 mixture during both the deposition of the surface 
modification layer and etching steps, with a non-sinusoidal 
substrate bias waveform to limit the spread of the ion energy 
distribution [22]. The ion energy was carefully controlled to 
achieve selectivity.

Metzler et al studied layer-by-layer etching of SiO2 using a 
cw argon plasma with periodic injection of a controlled number 
of C4F8 molecules, and synchronized Ar+ ion bombardment 
with ion energies below the threshold for sputtering SiO2  
[4, 23]. With an argon plasma ignited, a small amount of fluo-
rocarbon gas (1.5 s pulse of C4F8) was injected to deposit a 4–8 
Å-thick FC film, followed by a 10 s period of no bias, where 
no etching or deposition occurred, followed by a 35 s period in 
which the substrate electrode was biased, allowing Ar+ ions to 
bombard the modified SiO2 surface, removing approximately 
2.5 Å of SiO2 per cycle for maximum ion energy of 25 eV. 
In another study by adjusting process parameters such as ion 
energy, etch step duration, and fluorocarbon film thickness, 
selective etching of SiO2 to Si3N4 was achieved [24].

In this work, atomic layer etching of SiO2 was studied with 
half steps consisting of deposition of a self-limiting FC film, 
composed mainly of CF2, followed by Ar+ ion-bombardment, 
to remove a precise amount of SiO2. In contrast to recent ALE 
studies, the substrate was not immersed in the plasma; instead, 
the substrate was exposed sequentially to one of two plasma 
beams emanating from separate inductively coupled plasma 
(ICP) sources. Specifically, during FC film growth, the sub-
strate was exposed to a plasma beam emanating from a c-C4F8 
ICP source. During Ar+ ion bombardment, the substrate was 
exposed to an ion beam extracted from an Ar ICP source. The 
Ar+ ion energy was controlled by applying a bias voltage on 
a ‘boundary electrode’, in contact with the Ar plasma, and/or 
on the metallic substrate holder. In situ x-ray photoelectron 
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spectroscopy was used to analyze the chemical composition 
of the near-surface region and to quantify the thickness of the 
fluorocarbon and SiO2 films.

2.  Experimental

The overall apparatus (figure 1) consisted of a processing 
chamber with two compact, inductively coupled plasma (ICP) 
sources. Beams of neutral and charged species generated 
in these ICPs impinged on a substrate that was introduced 
to a processing chamber through a loadlock. This chamber 
was pumped by a 300 l s−1 turbomolecular pump (Ebara 
ET-600WS) backed by a dry pump (Edwards, iH80). The base 
pressure, typically ~3.0  ×  10−8 Torr, was measured using an 
ion gauge (Varian, model XGS-600). The processing chamber 
was also connected to an analysis chamber, allowing XPS to 
be performed without air exposure.

Each ICP reactor (figure 1(a)) consisted of a 3.56 cm inner 
diameter alumina tube, surrounded by a 3 turn antenna, made 
of 1/4″ outer diameter copper tubing, and housed in a 4″ outer 
diameter coaxial stainless steel cylindrical enclosure. Deionized 
cooling water flowed through the ICP coil and through Teflon 
tubing wrapped around the exterior wall of the alumina tube. 
A chiller maintained the water temperature at 20 °C. Gas was 
fed into the reactor through a 1/4″ stainless steel tube which 
was connected to a gas manifold. Flows of Ar, O2, or c-C4F8 
were controlled by mass flow controllers (MKS model 1179A). 
One ICP reactor was used for deposition of fluorocarbon (FC) 
films and the second ICP reactor was used for Ar+ beam irra-
diation of the sample. Power (13.56 MHz) to either ICP source 
was supplied by a Hewlett-Packard (model 3325A) wave-
form generator, and an ENI (model A-300) radio frequency 
power amplifier. Using an impedance matching network, the 
desired forward power could be delivered with essentially 
zero reflected power. Both forward and reflected powers were 
measured with in-line Bird-meters. Nearly mono-energetic Ar+ 
ions with a narrow (few eV) energy spread were obtained by 

applying a synchronous positive DC bias to a ‘boundary elec-
trode’, in contact with the plasma, during the afterglow of a 
pulsed argon plasma [25]. The Ar pulsed ICP was operated at a 
modulation frequency of 10 kHz and 20% duty cycle, at a peak 
(average) power of 600 (120) W. A negative or positive DC bias 
(Kepco model KLP 150-16 power supply) was also applied to 
the substrate holder, allowing ion energy to be increased, or 
decreased to the extent that ions were prevented from reaching 
the substrate. With a boundary bias of  +100 V and substrate 
bias of  −30 V, the ion energy was 130 eV. An ion current of 130 
µA was measured over the 40 cm2 substrate surface area, corre
sponding to an ion flux of 1.7  ×  1013 ions cm−2 s−1.

During exposure to a plasma beam, the sample was rotated 
to be perpendicular to the reactor axis, at a distance of 10 cm 
from the end of the ICP discharge tube. A 0.5 cm diam. aper-
ture was used on the Ar+ beam; no aperture was used with the 
C4F8 plasma source. The pressure in the processing chamber 
was 7.7  ×  10−5 Torr when the Ar+ beam ICP was operated 
at a pressure of 7.7 mTorr, and the pressure in the processing 
chamber was 2.3  ×  10−3 Torr, nearly independent of plasma 
conditions, when the C4F8 ICP was operated at a pressure of 
6.5 mTorr. The C4F8 pressure in the processing chamber was 
not corrected for the higher sensitivity of the ionization gauge 
(for this gas or its fragments), so the actual pressure is prob-
ably half the given value, or somewhat less.

The processing chamber (figure 1(b)), where the sub-
strate was housed, was equipped with a Physical Electronics 
(Model 10-420) x-ray photoelectron spectrometer. Samples 
were introduced into a loading chamber between a ‘round-
house’ and processing chamber. The XPS and roundhouse 
chambers were each pumped by a separate ion pump (Gamma 
Vacuum, Model Titan™ 300TV) achieving base pressures of 
3.0  ×  10−9 Torr. The loading chamber was purged with dry 
nitrogen when inserting or removing a sample. The substrate 
was moved between chambers (where each chamber could be 
isolated by gate valves) with transfer arms, without exposure 
to the atmosphere. After being transferred to the processing 
chamber, a fresh sample was cleaned by a continuous wave 

Figure 1.  (a) Schematic of inductively coupled plasma (ICP) reactor. (b) Top view of the overall experimental system consisting of 
processing chamber, loading chamber, two ICP plasma reactors, and roundhouse with access to XPS.
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(cw) O2 plasma (300 W, 10 mTorr, using the ICP source for 
the Ar+ beam) for 10 s, to remove hydrocarbon contamination 
of the ‘as-received’ samples.

Following selected processing steps, the sample was trans-
ferred to the XPS chamber for quantitative chemical analysis 
of the near-surface region. Peaks of interest included Si(2p), 
C(1s), O(1s), and F(1s). Samples consisted of 5 nm thermally 
grown SiO2 on Si wafers (provided by Lam Research Corp.) 
that were cleaved into 1.5 cm  ×  1.5 cm squares. XPS spectra 
were initially gathered to verify the SiO2 thickness tSiO2 using 
the following formula,
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where the λSiO2 and λSi are electron inelastic mean free paths 
of 3.8 nm and 2.2 nm in SiO2 and Si, respectively [26–28]. θ is 
the angle between the sample surface and the axis of the pho-
toelectron collection lens θ(   =  90°). nSiO2 and nSi are the atom 
densities of SiO2 (6.92  ×  1022 cm−3) and Si (5.00  ×  1022 
cm−3) [28]. ISiO2 and ISi are the integrated intensities of SiO2 
(2p) and Si(2p) peaks, near 99.5 and 104 eV, respectively. The 
fluorocarbon film thickness, tFC, was computed using,
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where λFC  =  1.8 nm and nFC  =  7.95  ×  1022 cm−3 are the elec-
tron inelastic mean free path and atom density (C plus F atoms 
per cm3), taken to be those of polytetrafluoroethylene, and 
IFC is the integrated intensity of the C(1s) peak. SSi  =  0.817 
and SC  =  1 are XPS sensitivity factors for Si(2p) and C(1s), 
respectively [26].

3.  Results and discussion

One atomic layer etching cycle consisted of exposure of SiO2 
to a beam of fluorocarbon radicals and fluorine atoms gener-
ated in a c-C4F8 ICP, followed by product removal with an 
energetic Ar+ ion beam extracted from a second ICP. Each 
half-step was studied by XPS. Times required for pseudo-
saturation of fluorocarbon (FC) film deposition and product 
removal were determined, and multiple ALE cycles were car-
ried out with XPS analysis after a desired number of cycles.

3.1.  Fluorocarbon film growth and fluorine uptake

XPS spectra of as-received samples revealed the peaks antici-
pated for Si in SiO2 and in the underlying substrate at expected 
binding energies of 104.0 eV and 99.5 eV, as well as O(1s) at 
533.0 eV, and C(1s) at 286.2 eV from air contamination. The 
hydrocarbon contamination was removed by exposing the 
sample to an O2 plasma beam (300 W cw O2 plasma at 10 
mTorr) for 10 s. After this cleaning step, fluorocarbon films 
were deposited by exposing the sample for various times to 
the beam effusing from a c-C4F8 plasma, without any bias 
voltage applied. Figures 2(a) and (b) show C(1s) spectra for 
short (2 s, 6.3 Å-thick film) and long (180 s, 22.4 Å-thick 

film) exposure to a c-C4F8 plasma beam by a 50 W cw ICP 
(10 sccm, 16 mTorr). Peaks at 287.3 eV, 289.6 eV, 292.0 eV, 
and 293.8 eV have previously been assigned to C–(CFx)y, CF, 
CF2, and CF3, respectively, for fluorocarbon films [29, 30]. 
The FC film composition is virtually the same for the first few 
monolayers grown on SiO2 and the bulk film, with CF2 being 
the main component.

Figure 2(c) shows the F(1s) spectra for the same thin and 
thick films, along with a spectrum, labeled ‘SiFx’, recorded 
after 18 s Ar+ ion bombardment following deposition by the 
C4F8 plasma. The peak position for the thick film is close to 
that reported for a Teflon-like film [29]. The F(1s) binding 
energy for the SiFx film spectrum is consistent with that 
reported for F bound to Si [29], hence we attribute this fluo-
rine component to F bound to Si in SiO2. The binding energy 
for the thin film spectrum is between these two cases, sug-
gesting F is bound to both C and Si. This is also confirmed 
by a comparison of the F-to-C stoichiometry determined 
from a deconvolution of the C(1s) with that derived from the 
F(1s)-to-C(1s) intensity ratio. The F-to-C ratios derived from 
the C(1s) peak deconvolution were similar for the 6.3 Å and 
22.4 Å thick films (1.8 and 1.65, respectively). Conversely, 
the F-to-C ratio determined from the F(1s)-to-C(1s) ratio was 
much higher for the thin film, compared to that for the thick 
film (4.6 versus 2.6). Hence, for the thin film, only 39% of the 
fluorine was contained in the fluorocarbon film; the majority 
of F was instead in the SiO2 layer, bound to Si. For the 22.4 Å 
film, the majority (63%) of F was in the fluorocarbon film. In 
still thicker films, nearly all of the detected F can be accounted 
for by the fluorocarbon film (e.g. 83% in a 58 Å thick film).

Figure 3(a) shows the fluorocarbon film thickness as a 
function of time, grown using the C4F8 plasma beam by 
a continuous wave 50 W ICP. Two deposition phases are 
observed: (1) a fast deposition rate, ascribed below to a rela-
tively high probability for chemisorption of reactive species 
in the beam on the SiO2 surface to form a near-saturated, 8 
Å-thick layer after a relatively short time, and (2) a slower 
deposition rate, due to the much lower probability for chem-
isorption of species on the fluorocarbon film. The total atomic 
fluorine concentration in the near surface region as a function 
of deposition time is shown in figure 3(b), and the F(1s)-to-
C(1s) ratio, corrected for the relative sensitivities of these two 
peaks, is given in figure 3(c). Fluorine uptake appears similar 
to the fluorocarbon film deposition, but the F-to-C plot in 
figure 3(c) highlights a high initial incorporation of F into the 
underlying SiO2. During the O2 plasma beam cleaning of the 
as-received samples (which uses the Ar+ ICP source), trace 
fluorine (resulting from cross contamination of that source) is 
released and leads to some initial fluorination of the SiO2 film.

Pulsed-power deposition allows a more precise dosing for 
very thin films, as well as possibly offering a different relative 
makeup of impinging reactants that could in turn affect film 
growth. C(1s) spectra in figures  4(a) and (b) for 2.2 Å and 
4.2 Å thick films are very similar to each other and to those 
deposited from continuous wave plasmas. F(1s) spectra for 
these two films are given in figure 4(c). Both peaks occur at 
nearly the same binding energy, which is slightly higher than 
that of SiFx. With these very thin FC films, most of the F(1s) 
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signal is coming from the fluorination of the SiO2 film during 
the O2 plasma cleaning process.

Results of fluorocarbon film deposition as a function of 
C4F8 pulsed plasma beam exposure time are shown in figure 5. 
Fresh samples were cleaned in an O2 plasma beam to remove 
the as-received hydrocarbon contamination and then exposed 
to an ion beam extracted from an Ar, O2/Ar or O2 plasma, 
before exposure to a C4F8 pulsed plasma beam. Fluorocarbon 
uptake measurements are shown in figure 5(a). Pre-exposure 
to the 130 eV Ar+ beam leads to the largest uptake of the 
fluorocarbon film. Apparently, energetic ion bombardment 
creates added sites for chemisorption of CFx and F. The least 
amount of deposition was found when the preconditioning 
was performed with a pure O2 plasma beam. Adding 2% O2 
to the Ar plasma beam feed gas reduces the deposited film 
thickness by ~25%; applying a small negative bias (−15 V)  
to the substrate holder causes a small added reduction in 
thickness.

Atomic F concentration and F-to-C ratios are given in fig-
ures 5(b) and (c), respectively. As in the case of cw C4F8 ICP, 
pulsed power deposition results in an initially large amount 
of F that is mainly incorporated into the SiO2 film. In par
ticular, the low energy O2 plasma beam pretreatment leads to 
the largest initial uptake of F relative to C.

The dosing time in figures 5(a)–(c) is total time, including 
the power-off portion of the cycle, but since the duty cycle 
was 50%, the true dosing time could be half the x-axis values 
shown. The apparently thinner layer for pulsed power opera-
tion, compared with the cw case in figures 3(a)–(c) could be, 
at least in part, due to this uncertainty in the scaling of cw and 
pulsed plasma dosing times. Another cause could be the rela-
tive lack of ion bombardment in the cw case. It was found that 
positive ion beams extracted from a continuously powered 
plasma suffer from Coulomb explosion, resulting in very few 
ions reaching a substrate. When the plasma was pulsed, how-
ever, the beam was apparently neutralized by a flux of elec-
trons into the beam and much higher ion fluxes were found to 
reach the substrate [31]. This would suggest that positive ion 
bombardment may suppress deposition somewhat.

Sawin and co-workers studied ion-assisted etching of SiO2 
by simultaneously exposing the substrate to an effusive CF2 
neutral flux and an energetic Ar+ ion beam [32]. The etching 
yield increased by increasing ion energy or CF2-to-Ar+ flux 
ratio. For high flux ratios, the yield saturated at ~0.3 for 150 eV 
Ar+ ions. Yield saturation implies that CF2 forms a saturated 
FC layer on SiO2. If this were not the case, and the CF2 sticking 
coefficient on the FC layer were comparable to that on SiO2, 
then the yield would continue to increase to a maximum value 
as a function of CF2-to-Ar+ ratio, and then the yield would 

Figure 2.  High resolution XPS spectra of the C(1s) region after growth of: (a) a thin (6.3 Å) and (b) a thick (22.4 Å) fluorocarbon film. 
(c) High resolution XPS spectra of the F(1s) region for the thin and thick films. Fresh substrates were cleaned in an O2 plasma beam and 
then exposed to a 50 W continuous wave C4F8 plasma beam for 2 s or 180 s to grow the thin and thick films, respectively. The dotted line 
spectrum in figure 2(c) was recorded after 18 s Ar+ ion bombardment following FC film growth.
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Figure 3.  (a) Fluorocarbon film thickness versus plasma beam exposure time using a 16 mTorr, 50 W continuous wave c-C4F8 plasma. The 
gas flow rate was 10 sccm. (b) Atomic fluorine concentration, integrated over the deposited layer and SiO2 film, uncorrected for decreasing 
signal as a function of depth. (c) F-to-C ratios derived from the F(1s) and C(1s) integrated peak intensities, corrected for the relative 
sensitivity factors.

Figure 4.  High resolution XPS spectra of the C(1s) region after growth of (a) a thin (2.2 Å) and (b) a thick (4.2 Å) fluorocarbon film. (c) 
High resolution XPS spectra of the F(1s) region for the thin and thick films. Fresh substrates were cleaned in an O2 plasma beam and then 
exposed to a 130 eV Ar+ beam before exposure to a 50 W pulsed C4F8 plasma beam (10 kHz, 50% duty cycle) for 3 s or 21 s to grow the 
thin and thick films, respectively.

J. Phys. D: Appl. Phys. 50 (2017) 234001
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decrease to zero as the FC film became thick enough to pre-
vent ions and ion-activated reactants (e.g. F-atoms) in the FC 
film from reaching the film/oxide interface. In addition, there 
is evidence that CF2 chemisorbs on SiO2, forming a monolayer 
[33]. CF2 does not ‘stick’ efficiently on the chemisorbed layer, 
hence a very thin FC film should achieve a self-limiting thick-
ness upon exposure of SiO2 to excess of CF2.

In measurements described elsewhere [34], we found that 
the c-C4F8 plasma contains mostly CF2 in a 10 kHz, 50% duty 
cycle pulsed plasma at peak powers  >150 W. Furthermore, the 
CF2 number density remained nearly constant between 150 W 
and 450 W peak power. The plasma will likely also contain 
a large amount of C2F4, particularly relative to CF2 at lower 
powers where the CF2 number density is rising steeply. It has 
been reported [33] that C2F4 does not stick to SiO2, however, 
so it is not expected to play a role in the ALE mechanism. 
Since the CF number density is very low (barely detectable 
by UV absorption at the highest power), and CF/CF2 number 
density will decrease rapidly with decreasing power, it is not 
likely that CF is very important; hence CF2 is the only viable 
deposition precursor in the present study.

Using the measured, time-averaged number density of 
1.6  ×  1013 cm−3 in a 50 W peak power pulsed plasma, we 
estimate a time-averaged CF2 flux of 5  ×  1015 cm−2 s−1 
at the substrate surface. Sawin and co-workers derived a 

Figure 5.  (a) Fluorocarbon film thickness versus plasma beam exposure time (the sum of power on and off times) using a 10 mTorr, 50 W 
(peak power) pulsed c-C4F8 plasma (10 kHz, 50% duty cycle). The gas flow rate was 10 sccm. The dotted line is a model fit (see text). (b) 
Atomic fluorine concentration, integrated over the deposited layer and SiO2 film, uncorrected for decreasing signal as a function of depth. 
(c) F-to-C ratios derived from the F(1s) and C(1s) integrated peak intensities, corrected for the relative sensitivity factors. Fresh substrates 
were cleaned in an O2 plasma beam, exposed to one of the surface treatments given in the figure, and then to the C4F8 plasma beam.

Figure 6.  SiO2 sputtering rate under Ar+ ion bombardment. Each 
data point was measured after 10 min exposure to an Ar+ ion beam, 
extracted from a pulsed plasma in Ar gas (10 kHz, 20% duty cycle, 
600 W peak power) with a boundary electrode bias applied during 
the afterglow. The sample holder was biased at  −30 V. A fresh 
5 nm SiO2-on-Si sample, cleaned with an O2 plasma beam, was 
used for each data point. A SiO2 sputtering rate of 1.6 Å min−1 
was measured with 170 V boundary electrode bias (200 V total 
bias). With no boundary electrode bias applied (i.e. with only the 
sample holder bias), the SiO2 sputtering rate was almost completely 
suppressed.
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sticking coefficient of 0.19 for CF2 on SiO2 during etching 
with CF2 and 150 eV Ar+ beams [33]. Fisher and co-workers 
reported that CF2 has a very small sticking probability on 
poly-tetrafluoro-ethylene (PTFE). They measured a reflec-
tion coefficient (1  −  sFC, where sFC is the sticking coefficient 
on the fluorocarbon film) of 1.06  ±  0.09. Assuming a simple 

Langmuir–Hinshelwood model for adsorption of CF2 to form 
a fluorocarbon layer of thickness hFC(t), a site density of S on 
SiO2 or the FC film surface on which irreversible adsorption 
of CF2 can occur, a sticking coefficient sox for CF2 on bare 
sites on SiO2 and a sticking coefficient sFC for CF2 on the FC 
film, then the depositing film thickness is given by

Figure 7.  (a) SiO2 and fluorocarbon film thickness versus time; (b) atomic concentrations of C(1s), O(1s), F(1s) and Si(2p) versus time. 
Data was collected after the first ALE cycle and after each of the four sets, with a three-cycle ALE in each set. An ALE cycle consisted 
of 2.5 s C4F8 10 kHz, 50% duty cycle pulsed plasma at 50 W peak power, and a 20 s exposure to a 90 eV Ar+ beam. The last data point 
corresponds to continuous sputtering (starting at 293 s and ending at 893 s) with 90 eV Ar+.

Figure 8.  (a) SiO2 and fluorocarbon film thickness versus ALE cycle number. Two methods were used to estimate the oxide thickness (see 
text). (b) XPS high resolution spectra of the Si(2p) region after 2.5 s of FC film growth of the first ALE cycle, and after the end of 3, 6 and 
13 ALE cycles. (c) XPS high resolution spectra of the C(1s) region after the end of 3, 6 and 13 ALE cycles (intensities offset by 200, 250 
and 300 for clarity). (d) XPS high resolution spectra of the F(1s) region after the end of 3, 6 and 13 ALE cycles. An ALE cycle consisted of 
a 2.5 s c-C4F8 pulsed plasma exposure (FC film growth), followed by 20 s of 130 eV Ar+ ion bombardment.
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The dashed line in figure 5(a) is a predicted thickness versus 
time, using the estimated CF2 flux, with S  =  1  ×  1015 cm−2, 
sox  =  0.19, and adjustable parameters sFC  =  0.015 and 
h0  =  2.4 Å. The derived sticking coefficient for CF2 on the 
growing film is well within the uncertainty of the value mea-
sured by Fisher and co-workers, while the thickness of a 
monolayer of the film is close to but less than that for bulk 
PTFE (3.3 Å).

3.2.  Ar+ ion bombardment of fluorocarbon-dosed surfaces

Following deposition of a pseudo-saturated FC film, the 
sample was bombarded with an Ar+ ion beam to complete an 
ALE cycle. Before presenting these results, sputtering mea-
surements are shown in figure 6 for SiO2 surfaces that are free 
of FC films. The ion energy was equal to the boundary elec-
trode bias plus the absolute value of the substrate bias. No 
sputtering was observed until reaching a threshold energy of 
~65 eV. This is in excess of the reported threshold of ~45 eV 
[4]. Perhaps a voltage drop occurring across the 50 Å thick 
SiO2 film can explain this discrepancy.

ALE was investigated at Ar+ beam energies of 90 and 
130 eV. Two methods of SiO2 thickness change were used 
to determine the etching rate per cycle. Figure 7(a) presents 
measurements for 90 eV Ar+. The O(1s)-to-Si(2p, substrate) 
ratio yielded an apparent etching rate of ~0.6 Å/cycle. The 
Si(2p, SiO2)-to-Si(2p, substrate) ratio, however, gave a much 
lower apparent etching rate of 0.09 Å/cycle. Since fluorinated 
Si has a 2p binding energy about the same as SiO2, this sug-
gests that instead of etching, O in the SiO2 film was being 
displaced by F in an ion-stimulated reaction, and that little 
removal of the fluorinated film occurred. This was confirmed 
by the atomic concentration measurements as a function of 
Ar+ exposure (figure 7(b)) in which the drop in O is mirrored 
by a rise in F.

Raising the Ar+ beam energy to 130 eV produced a very 
different result. As shown in figures  8(a) and (b), etching 
was confirmed by the nearly identical change in SiO2 thick-
ness obtained by the two methods. An etching rate of 1.9  
Å/cycle was found after 13 cycles. At this point the sample was 
continuously exposed to the Ar+ beam for a period of 300 s, 
which corresponds to 15 ALE cycles. The thickness change 
over this time was then converted to an equivalent sputtering 
rate of 0.5 Å/cycle, or about 1/4 of the ALE rate with alter-
nating exposure to the C4F8 plasma beam. Since there was 
still appreciable fluorine and carbon on the surface during this 
sputtering process, the 0.5 Å/cycle value is an upper limit to 
the true sputtering rate.

In several cases, XPS measurements were carried out for a 
thin FC film that was exposed to the Ar+ beam for increasing 
times. In the example in figure 9, a 6.2 Å-thick FC film was 
deposited (pulsed c-C4F8 plasma, 50 W, 10 kHz, 50% duty 
cycle) for 2.5 s and then exposed to the 130 eV Ar+ beam for 
periods of 1, 1, 2, 4, 4 and 4 s to complete one ALE cycle. 

XPS analysis was performed after each period of Ar+ expo-
sure. The change in SiO2 thickness determined from both the 
O(1s)-to-Si(2p, substrate) and Si(2p, oxide)-to-Si(2p, sub-
strate) intensity ratios are in agreement within the uncertainty 
of the measurement, and correspond to the removal of about 
1.6 Å of SiO2. The FC film was mostly consumed in this pro-
cess, leaving a 2 Å thick residue. The 1.6 Å of SiO2 removed 
in one cycle in figure 9 corresponds to 0.5 monolayers of SiO2 
per cycle or roughly 4  ×  1014 SiO2 cm−2. In the 16 s that this 
took, the Ar+ dose was about 3  ×  1014 cm−2. This suggests 
a yield of roughly 1.3 SiO2 molecules/ion. Sawin and co-
workers reported yields of about 0.3 for continuous CF2 and 
Ar+ beams and 0.6 for F and Ar+ beams at a somewhat higher 
Ar+ beam energy of 150 eV. Thus, the yields in the present 
study are perhaps a little high, but not unreasonable.

Figure 10(a) presents C(1s) spectra as a function of Ar+ 
dosing time that were used to determine the thickness change 
measurements in figure 9. During Ar+ bombardment, the FC 
layer is transformed from a layer rich in CF2 and CF3 into one 
with a majority of F-deficient CF and C–(CFx)Fy. This is in 
good agreement with previously published ALE SiO2 studies 
[4, 23, 24, 35]. In addition, some residual F bound mostly to 
Si is present in the near surface region, as seen in the F(1s) 
spectra in figure  10(b). An increasingly thick layer of this 
carbon-rich residue was left on the surface with increasing 
number of ALE cycles (figures 8(b) and (c)). Despite this, the 
ALE rate seems to be constant, within the uncertainty of the 
measurement. Nonetheless, it would be desirable to remove 
this carbon-rich residue.

A small amount (2%) of O2 was added to the Ar ICP used for 
the Ar+ ion beam exposure step, to attempt to suppress buildup 
of the carbon residue. This indeed slows the carbon buildup 
(figure 11), but also slows the ALE rate to ~0.4 Å/cycle. Adding 
20% O2 to the Ar+ beam eliminated the carbon-rich residue, but 
also stopped etching of SiO2. This may still not be a problem. 
One reasonable approach would be to carry out about 10 ALE 

Figure 9.  SiO2 and fluorocarbon film thickness for a single ALE 
cycle, consisting of 2.5 s c-C4F8 plasma exposure (FC film growth) 
followed by Ar+ ion (130 eV) bombardment for 1s, 1 additional s, 2 
additional s, 4 additional s, 4 additional s, and 4 additional s, each 
processing step followed by XPS analysis. Two methods were used 
to estimate the oxide thickness (see text).
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cycles with an Ar+ beam with no added O2 and then expose 
the surface to a 20% O2/Ar+ beam before continuing with 
more ALE cycles. Alternatively, a pure O2 plasma beam with 
no bias voltages applied could be used to periodically remove 
the carbon residue (figure 11). Tsutsumi et  al developed an 
ALE SiO2 process where O2 plasma irradiation was used as the 
modified layer removal step, following fluorocarbon film depo-
sition. They successfully suppressed a carbon-rich residual film 
while removing a consistent amount of SiO2 per cycle [35].

In comparison to references [4, 23], a similar SiO2 etch rate 
was measured. However, the Ar+ beam ion energies in our study 
were much larger, and little or no etching was found at lower 
energies. While this discrepancy is somewhat puzzling, at least 
some of the difference could be due to the maximum ion energy 
being somewhat higher than stated in Metzler et al’s work due 
to an RF component to the plasma potential in ICP plasmas.

4.  Summary and conclusions

Atomic layer etching (ALE) of SiO2 was developed by alter-
nating exposure of a substrate to (1) a CF2-rich plasma beam, 
emanating from a c-C4F8 inductively coupled plasma (ICP), to 

grow a fluorocarbon (FC) film composed mainly of CF2, and 
(2) an energetic Ar+ ion beam extracted from a separate ICP 
in Ar to etch a self-limited amount of SiO2. In situ x-ray pho-
toelectron spectroscopy (XPS) was used to analyze the chem-
ical composition of the near surface region and to quantify 
the thickness of the FC and SiO2 films. ‘As received’ sam-
ples were initially exposed to an O2 plasma beam, to remove 
residual carbon contamination. A near-self-limiting FC film 
thickness of ~8 Å occurred, after a relatively brief exposure 
to the C4F8 plasma beam, followed by a much slower, con-
tinuous deposition of a FC film with very similar composi-
tion. This behavior was explained by a relatively high sticking 
coefficient of CF2 on SiO2, combined with a much lower 
sticking coefficient of CF2 on the growing FC film. A modi-
fied Langmuir–Hinshelwood model predicted the FC uptake.

Multiple ALE cycles were performed with each cycle 
consisting of a brief (typically several s) exposure to the 
C4F8 plasma beam to deposit a pseudo-saturated FC film, 
followed by 20 s exposure to a 130 eV Ar+ beam. Over 13 
ALE cycles, an etching rate of 1.9 Å/cycle was measured. 
Lowering the Ar+ energy to 90 eV resulted in fluorination of 
the SiO2 film, but little etching. From the measured Ar+ flux, 
a yield of roughly 1.3 SiO2 molecules etched per incident 

Figure 10.  XPS high resolution spectra of (a) C(1s); (b) F(1s) regions after 2.5 s of FC film growth and after 1 s, 12 s, and 16 s Ar+ ion 
(130 eV) bombardment.

Figure 11.  XPS high resolution spectra of (a) C(1s); (b) F(1s) regions after 15 ALE cycles with 130 eV Ar+ bombardment, after 26 ALE 
cycles with 130 eV Ar+/2% O2 mixture, after 9 ALE cycles with 130 eV Ar+/20% O2 mixture, or after pure O2 plasma clean. An ALE cycle 
consisted of a 2.5 s c-C4F8 pulsed plasma exposure (FC film growth), followed by 20 s of 130 eV ion beam bombardment.
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130 eV Ar+ was obtained. In addition to removing SiO2 
etching products, Ar+ bombardment decomposed the CF2 
and CF3 components in the FC layer, leading to a build-up of 
a C-rich layer and fluorination of the SiO2 layer. The growth 
of such residual film would ultimately halt SiO2 etching. 
This film, however, can be periodically removed by briefly 
exposing the surface to an oxygen-rich beam, allowing 
uninterrupted etching of SiO2.
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