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ABSTRACT: In many nano(opto)electronic devices, the roughness at surfaces and
interfaces is of increasing importance, with roughness often contributing toward losses and
defects, which can lead to device failure. Consequently, approaches that either limit
roughness or smoothen surfaces are required to minimize surface roughness during
fabrication. The atomic-scale processing techniques atomic layer deposition (ALD) and
atomic layer etching (ALE) have experimentally been shown to smoothen surfaces, with the
added benefit of offering uniform and conformal processing and precise thickness control.
However, the mechanisms which drive smoothing during ALD and ALE have not been
investigated in detail. In this work, smoothing of surfaces by ALD and ALE is studied using
finite difference simulations that describe deposition/etching as a front propagating uniformly and perpendicular to the surface at
every point. This uniform front propagation model was validated by performing ALD of amorphous Al2O3 using the TMA/O2
plasma. ALE from the TMA/SF6 plasma was also studied and resulted in faster smoothing than predicted by purely considering
uniform front propagation. Correspondingly, it was found that for such an ALE process, a second mechanism contributes to the
smoothing, hypothesized to be related to curvature-dependent surface fluorination. Individually, the atomic-scale processing
techniques enable smoothing; however, ALD and ALE will need to be combined to achieve thin and smooth films, as is
demonstrated and discussed in this work for multiple applications.
KEYWORDS: atomic layer deposition, atomic layer etching, ultrathin films, surface smoothing, plasma processing

1. INTRODUCTION
With the semiconductor industry pursuing ever improved
device performance and yield, the quality of surfaces and
interfaces plays an increasingly large role, with nanoscale
surface roughness often being a limiting parameter in final
device performance. Roughness at interfaces can act as a
nucleation point for defects, introduce nonuniformities, and
contribute to trap states.1−10 For example, in both FinFETs
and gate-all-around FETs, roughness leads to variability of the
threshold voltage due to deviating gate lengths, while
roughness in the fins/nanowires reduces the carrier mobi-
lity.1,5−7 Metal−insulator−metal (MIM) capacitor structures
in radiofrequency and analog applications are detrimentally
affected by roughness, causing nonuniform electric fields10 and
consequently an increased leakage current and electronic
noise.3,8,9 In the field of photonics, sidewall roughness in
optical waveguides has been shown to cause scattering
losses.11,12 This is just a small selection of applications where
controlling surface roughness is vital to improve final device
performance.
The manufacturing of integrated circuits requires several

patterning, deposition, and etching steps, all of which can
contribute to the development of roughness. Most of the
reported sources of roughness introduction are associated with
film crystallization,13 the random nature of processes,14 or

variability in the reactant exposure.15,16 Previous approaches to
mitigate surface roughness have often aimed at preventing
roughness from forming in the first place. An alternative
approach is to actively reduce roughness using a dedicated
process step. As certain films have an intrinsic roughness that
cannot be reduced further during their deposition, a post-
deposition smoothing step is in some cases the only
option.16,17

In the fabrication of current and future nanoelectronics,
atomic layer deposition (ALD) and atomic layer etching
(ALE) are enabling steps because of their atomic-level
thickness control, combined by their inherent uniformity and
conformality. Both ALD and ALE are based on two (or more)
sequential self-limiting half-reactions, resulting in the final film
thickness being dependent on the number of cycles performed.
Increasingly, these atomic-scale processes are being utilized to
deposit a wide variety of films for a growing number of
applications.18−23
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Smoothing by ALD has been observed in several cases,
especially when depositing an amorphous material on top of a
rough (e.g., polycrystalline) material.17,24−28 However, such
smoothing effects have only been reported for relatively thick
layers. For example, Elam et al. measured a reduction in root-
mean-square (RMS) roughness of 5 × 10−5 nm/cycle,
requiring over 1000 cycles of ALD Al2O3 for significant
smoothing of a ZnO surface.17 Similarly, Myers et al. found a
reduction of 6 × 10−4 nm/cycle for ALD Al2O3 on rough Si
substrates.28 The observed smoothing has been attributed to
the conformal nature of ALD. Based on geometrical
considerations and finite difference simulations, conformal
deposition does not necessarily mean that the surfaces are
perfectly reproduced.27,29−31 Instead, valley walls grow
together and fill small features, leading to them being
smoothed out.27

Interestingly, more significant smoothing effects have been
observed in recent ALE studies for both isotropic and
anisotropic processes.32−34 For example, Zywotko et al.
reported a reduction of RMS surface roughness of 0.63 to
0.37 nm during 100 cycles of isotropic Al2O3 ALE with
hydrogen fluoride and TMA, corresponding to 3 × 10−3 nm/
cycle smoothing on average.34 Smoothing by isotropic ALE is
hypothesized to be caused by the isotropic nature of the
process, similar to ALD smoothing. However, the faster
smoothing rate as compared to ALD requires further
investigation and suggests that there is an additional
mechanism contributing to smoothing.
The isotropic ALE process studied in this work involves

fluorination and ligand-exchange reactions: a fluorine-contain-
ing plasma modifies a surface layer through a diffusion-driven
process, after which ligands can be transferred to the surface
forming volatile species.34−40 The diffusion-driven nature of
the fluorination step, as well as the modified surface layer
acting as a diffusion barrier, causes the modification step to
soft-saturate, as seen for both thermal and plasma isotropic
ALE.36−38,40 Despite the soft saturation, a high level of etch
control is still possible, and this behavior is exhibited in many
ALE processes.32−39 In advanced technology nodes, it is
important to ensure that the surface quality is as high as
possible. To this end, the benefits of both ALD and ALE can
be applied in combined processing, that is, performing ALE
directly after ALD. Such applications have been discussed in
previous work;23 however, demonstrations are rare in the
literature.
In this work, we describe the smoothing via ALD and ALE

using finite difference simulations to generate a model for
smoothing, giving insight into the underlying mechanisms.
These simulation results were validated in experimental ALD
and ALE studies, involving Al2O3 ALD from TMA/O2 plasma
and isotropic Al2O3 ALE from TMA/SF6 plasma. The effect of
surface fluorination on the rate of smoothing is discussed and
incorporated into the model to explain the enhanced
smoothing seen for ALE. A stack of alternating ZnO/Al2O3
was deposited and etched to highlight the benefits of combined
processing, showing that the smoothest thin film is made
possible by combined ALD/ALE processing. Finally, from this
demonstration, further strategies for employing combined
ALD and ALE to smoothen surfaces for various applications
are discussed.

2. EXPERIMENTAL METHODS
In order to measure the effect of ALD on the surface roughness, a
rough starting surface is required, which is created by depositing
polycrystalline ZnO on a smooth Si surface using ALD. ZnO was
deposited using a thermal process in an Oxford Instruments OpAL
reactor, using 60 ms diethylzinc, 5 s purge, 60 ms H2O, and 10 s purge
steps.41 Depositions were performed at 200 °C, after which the
samples were annealed at 450 °C for 10 min in N2, such that the films
are fully crystallized. The samples were then exposed to an O2 plasma
for 10 min. Films with two different thicknesses of ZnO were
deposited, that is, 47 nm by performing 300 cycles and 98 nm using
600 cycles. The thicker film has larger crystal grains and a higher
surface roughness. Al2O3 films of different thicknesses were deposited
on both ZnO films, as well as on a smooth Si substrate as a control.
Al2O3 was deposited using a plasma ALD process in an Oxford
Instruments FlexAL reactor, with a substrate table temperature of 150
°C. The ALD cycle consisted of 40 ms trimethylaluminum (TMA), 3
s purge, 3 s O2 plasma at 200 W and 25 mTorr, and 3 s purge steps.
Films with 11 different thicknesses of Al2O3 were deposited, ranging
from 1 nm to 173 nm.
The data set to measure the effect of isotropic ALE on the surface

roughness was obtained using 41 nm Al2O3 films deposited on 52 nm
of ZnO (300 cycles). The initial films have a roughness, caused by the
roughness of the underlying ZnO film and the inherent roughness of
the Al2O3 film, as is discussed in Supporting Information (SI) Section
S.A. The isotropic ALE process utilizes SF6 plasma and TMA and was
performed in an Oxford Instruments FlexAL reactor, with the
substrate table set to 300 °C.39 The Al2O3 ALE recipe used a 40 s SF6
plasma at 300 W and 50 mTorr by supplying 50 sccm Ar and 100
sccm SF6. TMA is dosed for 50 ms with the automatic pressure
control (APC) valve set to 200 mTorr and is held for 2 s at 200
mTorr before the next TMA dose; the dose and the hold steps are
repeated 10 times each cycle. The reactor is purged in between each
half-reaction for 10 s with 100 sccm Ar.
For investigating the potential benefits of combined ALD and ALE

processing, a stack of alternating ZnO and Al2O3 layers was deposited.
The three ZnO layers were 55 nm thick, and after each ZnO
deposition, the stack was annealed for 10 min at 450 °C in an N2
environment. An Al2O3 layer was deposited between each ZnO layer.
The first Al2O3 layer was prepared by performing 35 nm of ALD,
followed by 20 nm of ALE. The SF6 plasma step was adjusted such
that a 10 s SF6 plasma at 100 W and 100 mTorr with 150 sccm Ar and
50 sccm SF6 was used. The second Al2O3 layer was deposited with
ALD to a thickness of 15 nm, and the third Al2O3 layer was deposited
to 35 nm. Multiple 4 × 4 cm Si samples were loaded at the beginning,
such that after each ALD/ALE process, one sample could be removed
to monitor the roughness and thickness of each layer using atomic
force microscopy (AFM) and spectroscopic ellipsometry. The sample
exposed to all process steps was analyzed using a transmission
electron microscope to investigate the interfaces between the
deposited layers.
AFM measurements were performed on the Dimension Icon AFM

manufactured by Bruker, operated in PeakForce with the ScanAsyst
mode, using a PeakForce-Air tip. The scan frequency was set to 1 Hz.
Spectroscopic ellipsometry (SE) measurements were performed on an
ex situ J.A. Woollam M-2000 variable angle spectroscopic ellipsometer
at the angles of 65°, 70°, and 75°. The data was acquired between
1.24 and 6.5 eV, with 512 wavelength steps and an acquisition time of
5 s. In situ SE measurements were also carried out using a J.A.
Woollam M-2000 spectrometer with the angle fixed at 70° and
window effects enabled.
Transmission electron microscopy (TEM) and scanning TEM

(STEM) studies were performed using a JEOL ARM 200F TEM,
probe corrected, equipped with a 100 mm2 Centurio SDD EDX
detector, operated at 200 kV. The studied stacks were deposited on Si
coupons and then cut by a focused ion beam to produce a cross
section. Both annular bright-field (ABF) and high-angle annular dark-
field (HAADF) images of the cross sections were taken using STEM.
In total, 20 STEM images were recorded and used to determine
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roughness as outlined in SI Section S.B. Energy-dispersive X-ray
(EDX) mapping was also performed on the cross section to examine
the elemental composition.

3. SIMULATION METHODS
The etching/deposition of a thin amorphous film is represented in a
model by describing the height hi,j of the film at discretized positions
(x, y). For ALD and ALE processes, the change in thickness during
each cycle is given by the growth per cycle (GPC) and etch per cycle
(EPC), respectively. The model operates as a function of the
deposited/etched thickness (τ), which is defined by the GPC/EPC,
multiplied by the number of cycles. In the model, it is assumed that
each individual ALD or ALE cycle deposits or etches a uniform layer,
which differs from experimental observations where a sub-monolayer
amount of the material is deposited or etched per cycle. In practice,
the deposition/etching of sub-monolayers adds up to a uniform layer,
and therefore, by executing the model over multiple cycles, a
reasonable approximation for the advancing deposition or etch front is
achieved.
The model is based on a square grid, with size N2 and length L.

This grid matches the format of experimental data from AFM
measurements, meaning that AFM data can be used as the initial
condition of the model (τ = 0).
The roughness is quantified using the RMS roughness value and

the power spectral density (PSD).42 The PSD is defined as

C
L N

h1
FFT( )

j

N

i jq
1

,
2=

·
| |

= (1)

with hi,j the height of the surface and FFT() the fast Fourier
transform. The PSD has unit m3 and is a function of the wavenumber
(q), which has unit m−1. For a rough surface, the PSD gives the
prevalence of roughness at a certain spatial frequency. For example, a
rough surface with laterally large features has a PSD contribution at
low wavenumbers. A surface with small and sharp features has a PSD
contribution at high wavenumbers. For most surfaces (and all surfaces
investigated in this work), the PSD is constant for low wavenumbers
and decreases to zero beyond a certain wavenumber, and this
wavenumber is defined as the reciprocal of the correlation length.43

AFM measurements always contain a certain amount of electronic
noise, which is especially significant for high wavenumbers. This noise
level is corrected for, as explained in SI Section S.C.
The model is inspired by the work of Sethian et al.,44 in which a

model was developed that simulates etch and deposition processes as
a propagating front. The propagation is in the direction locally normal
to the surface, and given by F·τ, with F the dimensionless rate of
propagation. For an idealized ALD or ALE process, the propagation
each cycle is equal everywhere, and as such, F = 1. Therefore, the
thickness deposited or etched at each surface point is equal to τ. Since
in this case the propagation is uniform, it is referred to as “uniform
front propagation” (UFP). The propagation of the front in the vertical
direction is given by the differential equation

h
F h1 2= · + | | (2)

which is the equation as given in the work by Alasaarela et al. when F
= 1.31 The derivation of eq 2 can be found in SI Section S.D. Eq 2 is
solved with the finite differences method using the upwind solution
scheme.45 τ is discretized with steps of Δτ = 0.1 nm, meaning that the
model results in a series of surfaces, at an interval of 0.1 nm of
deposition or etching. The resulting surfaces are compared to
experimental AFM data using the metrics RMS roughness and the
PSD.
Experimentally isotropic ALD and ALE processes are considered

without substrate biasing (and a relatively high pressure for ALE)
during their respective plasma half-cycles. These conditions
correspond to radical-driven plasmas with minimal incident ion
energy. The model therefore describes the roughness evolution for

ALD and ALE of amorphous materials using processes that are not
significantly determined by plasma−surface interactions.
To illustrate the model, several test cases were explored in one

dimension. The first case is ALD on a sine-shaped surface, as shown
in Figure 1a,b. Conformal deposition leads to the filling of the valley

from the sidewalls inward, creating a sharp valley. Figure 1a,b clearly
shows that conformal deposition leads to a reduction in surface
roughness and that a surface with high spatial frequencies is smoothed
faster. ALD and ALE are also modeled on randomly rough surfaces in
Figure 1c,d, respectively. Conformal deposition leads to the formation
of broad peaks and sharp valleys, and the small-scale features of the
roughness are eliminated. Similar results are observed for the ALE
model but in the opposite direction.

4. RESULTS AND DISCUSSION
Two different processes were investigated for their ability to
smoothen surfaces: plasma-enhanced ALD of Al2O3 using
TMA and O2 plasma and isotropic plasma ALE of Al2O3 using
TMA and SF6 plasma.

4.1. ALD of Al2O3. In Figure 2, AFM heightmaps for
different thicknesses of Al2O3 deposited on the 98 nm ZnO
sample are shown. The AFM heightmaps in Figure 2a−d are
compared to heightmaps calculated by the UFP model in
Figure 2e−g for the same Al2O3 film thicknesses. Looking first
at the experimental data, we see that for an Al2O3 thickness of
13 nm, the individual crystals of ZnO are still visible but
enlarged by the deposition. After 70 nm of Al2O3 deposition,
the features have grown larger, no longer resembling the ZnO
crystals. Peaks have broadened, while the valleys are sharp and
narrow, a trend which is continued for the 173 nm thick film.
For each of the thicknesses, the surfaces measured using the

Figure 1. Illustration of the UFP model in 1D where the white arrow
indicates the direction of propagation for growth and etch for nine
steps of the model. The starting surface is shown in gray. Each step of
the model indicates one ALD or ALE cycle. (a,b) Conformal growth
on sine-shaped surfaces with different spatial frequencies. (c) ALD on
a randomly rough surface. (d) ALE on a randomly rough surface. In
both (c,d), it can be seen that the roughness is reduced, with small-
scale features being removed from the film.
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AFM are visually very similar to the surfaces generated using
the UFP model.
From Figure 2, it is observed that small-scale features are

smoothed out first, for instance the small gaps between the
ZnO crystal grains, while features much larger than the
thickness of the deposited Al2O3 persist. In Figure 3a, the RMS
roughness is plotted as a function of the deposited film
thickness, with the experimentally observed reduction in
roughness being described very well by the UFP model. As a
reference measurement, ALD on a smooth Si substrate was
found to lead to a slight increase in roughness of 0.2 nm RMS
after 1500 cycles of ALD (SI Section S.A Figure S.1), which is
due to the inherent roughness of the ALD process.17,46,47 The
effects of the inherent roughness can also be seen in Figure 2d
as the grainy features in the AFM image of the 173 nm thick
Al2O3 film. For thicker films, Figure 3a shows that the
reduction in roughness begins to plateau. Where this plateau in
roughness occurs is likely dependent on both the roughness of
the starting substrate and the inherent roughness of the ALD
process. Plateauing of the RMS roughness during ALD has
previously been reported for ALD of Al2O3.

17,28 Overall, the
UFP model accurately describes the smoothing behavior of
ALD Al2O3, showing that most of the smoothing occurs during
the initial ALD cycles and that smoothing occurs by conformal
filling of features by ALD.
In Figure 3b, the 1D PSD of experimental and model data

are compared. The PSDs are corrected for the electronic noise
component, as explained in SI Section S.C. A significant
reduction in PSD is observed at high wavenumbers, indicating
that the small-scale roughness is reduced fastest by ALD. For
thicker films, the reduction in the high wavenumber range is
more significant. At high wavenumbers, the reduction in PSD
saturates, with no further significant decrease in PSD observed
between a 70 and 170 nm deposited Al2O3 film. This plateau in
small-scale roughness reduction is also likely due to the initial
substrate roughness and the inherent roughness of the ALD
process as is explained in SI S.A. However, the high-
wavenumber region is the most affected by electronic noise
which could also contribute toward the plateau in PSD
reduction. The PSD in the low-wavenumber range (corre-
sponding to large-scale features) decreases only slightly. Both
RMS roughness and PSD are accurately described by the UFP

model, highlighting its utility for examining the mechanism by
which smoothing occurs for ALD.

4.2. ALE of Al2O3 Using TMA and SF6 Plasma. To test
the effect of ALE using TMA and SF6 plasma on the surface
roughness, a rough sample was made by depositing 41 nm of
Al2O3 on 52 nm of ZnO, which has a final RMS roughness of
1.17 ± 0.07 nm. The RMS roughness as a function of etched
thickness is shown in Figure 4a. After 150 cycles of ALE, 35
nm of the material was removed, and the RMS roughness was
reduced to 0.83 ± 0.07 nm. For ALE, the UFP model only
predicts limited smoothing of the surface, which is seen in both
the RMS roughness and PSD in Figure 4b. However, the
smoothing observed in the experiments is much greater than
that given by the UFP model. This suggests that in addition to
smoothing by UFP, a second smoothing effect plays a role
here.
The hypothesized principle leading to the faster smoothing

for ALE processes involving fluorination is the dependence of
fluorination on local surface curvature. As discussed in the
Introduction section, the fluorination reaction soft-saturates
due to its diffusion-driven nature, while the modified AlF3/
AlFxOy surface layer acts as a diffusion barrier.

23,38,39 This is
similar to the Deal−Grove model for the oxidation of Si for
which the local curvature of the surface has been shown to
affect the thickness of the oxide layer that is generated.48−50

Similarly, during fluorination, it can be expected that local
curvature also determines the thickness of the fluorinated layer,
thereby influencing how far the etch front propagates each
cycle. It is anticipated that there are two main factors driving
local differences in fluorination: (i) at convex regions, there is a
higher supply of fluorinating species due to the wide exposure
of the surface to the fluorine plasma, which based on the
Deal−Grove model will produce a thicker fluorinated
region.48−50 (ii) Convex regions (peaks) are fluorinated
more easily as the volume expansion required during
fluorination is not inhibited by the surrounding material,
while the inverse is true for concave regions(valleys).19,37,49,50

In an adapted model that includes curvature-dependent
fluorination, the dependence of the rate of front propagation F,
on the curvature K(x, y) (defined in SI Section S.D), is given
by F = 1 − εK, with ε the diffusion parameter.44 The mean
curvature on peaks is negative, resulting in faster propagation
of the etch front, while the curvature is positive in valleys

Figure 2. (a) AFM heightmap of the 98 nm ZnO sample, which was used as an input for the model. (b−d) AFM heightmaps measured after Al2O3
ALD of different thicknesses. (e−g) Heightmaps calculated using the UFP model for films of the same thickness as in (b−d).
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giving slower front propagation. The enhanced F concen-
tration at convex areas (i.e., at peaks) and a reduced F
concentration at concave areas (i.e., in valleys) is illustrated in
Figure 5, which leads to peaks and valleys leveling out over
multiple ALE cycles. For ALE mechanisms involving
fluorination, there are thus two processes which lead to
smoothing: uniform front propagation + curvature-dependent
smoothing. The curvature-dependent propagation (CDP)
model combines both mechanisms, for which values for ε
are determined through fitting the model to the experimental
data. The diffusion parameter gives the impact of diffusion on
the propagation, where high values of ε denote a more
significant impact of diffusion.
Applying the CDP model to datasets upon which Figure 4a

is based shows that a nonzero value of ε leads to faster
smoothing. The value of ε which provides the best fit of the

model to the experimental data was found to be ε = 1.5 × 10−9

m. In Figure 4b, the PSD for the starting surface and the
surface after 35 nm of ALE as measured by AFM are shown
alongside the predictions of both models using the starting
surface as an input. Comparing the experimental data to the
two models shows that the CDP model matches well, with the
two curves only deviating at high wavenumbers, which is likely
due to noise. Similar to ALD, ALE leads to a reduction in the
PSD over the whole spectrum, with the majority of smoothing
occurring at high wavenumbers. This suggests that ALE acts to
quickly remove the small-scale roughness on the film and
would struggle to smooth features that are much larger than
the total etched thickness of the film. An additional similarity
to ALD is that smoothing can be limited by factors such as

Figure 3. (a) Comparison of the RMS roughness as a function of
deposited Al2O3 thickness on the 47 nm ZnO sample from
experimental and model data. (b) PSD from the AFM data compared
to PSD from the model for different deposition thicknesses. The
measured AFM data deviates in the high-wavenumber range due to
contribution of the inherent roughness (see Section S.A). The PSD is
corrected for the contribution of the noise using a constant value for
the noise (see Section S.C).

Figure 4. (a) RMS roughness after ALE using TMA and SF6 plasma
on 41 nm Al2O3 on 47 nm of ZnO. The curvature-dependent
propagation (CDP) model is fitted using ε = 1.5 × 10−9 m. (b) The
PSD of 41 nm Al2O3 ALD on 47 nm ZnO, the PSD after 35 nm of
ALE using TMA and SF6 plasma, and model data of 35 nm of ALE
using ε = 1.5 × 10−9 m for the CDP model and ε = 0 m for the UFP
model. The deviation between the model and experimental data for
high wavenumbers is caused by the measurement noise.
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initial surface roughness and inherent roughening of the
process, which is not clearly shown in Figure 4a. A data set
illustrating this behavior for ALE is included in SI Section S.A.
The smoothing via ALE can be accurately predicted with the
CDP model, allowing for the modeling of AFM heightmaps for
ALE. In Figure S7, both measured and modeled height maps
are shown. The height maps generated using the CDP model,
with ε = 1.5 × 10−9 m, match well with the height maps
measured by AFM. While this model can accurately predict
and model the experimental data, the hypothesis of enhanced
smoothing based on the film curvature needs to be confirmed
experimentally.

4.3. Characterization of Smoothing by Cross-Sec-
tional TEM. To demonstrate the smoothing that can be
achieved by ALD and ALE, a stack of ZnO and Al2O3 films was
deposited, as shown in Figure 6a, and studied using TEM and
EDX. A witness sample was removed after every ALD or ALE
run in order to determine the roughness by AFM. By preparing
multiple layers using ALD and ALE, we highlight that
combined ALD/ALE processing offers the best results for
thin and smooth films. The TEM image in Figure 6b shows
that the interfaces above the light gray-colored, amorphous
Al2O3 are much smoother than the surfaces above the dark-
colored, polycrystalline ZnO. Layers 4 and 6 deposited using
ALD, which are 15 and 35 nm thick, respectively, provide a
comparison between smoothing for different deposition
thicknesses. We observe that 15 nm ALD Al2O3 gives an

RMS roughness reduction of 0.29 ± 0.07 nm with respect to
the ZnO surface, whereas for the 35 nm Al2O3, there is
enhanced smoothing with a reduction of 0.42 ± 0.07 nm. This
difference in roughness can also be observed in the TEM
image of Figure 6b, in which layer 4 has a more blurred top
surface compared to layer 6.
In order to compare ALD and ALD + ALE, layer 2 is also 15

nm thick but is made by first depositing 35 nm and then
etching back 20 nm. Measurement of the roughness after the
initial 35 nm ALD Al2O3 shows a reduction of 0.22 ± 0.06 nm
RMS roughness, which is reduced by an additional 0.31 ± 0.11
nm after 20 nm of ALE, representing a total reduction in RMS
roughness of 0.53 ± 0.10 nm. The reduction obtained after 20
nm ALE is more than observed for 35 nm ALD, highlighting
that ALE results in faster smoothing than ALD.
Roughness values for the layers were also determined from

the TEM images, as described in more detail in SI S.B. The
TEM overestimates the roughness of the films; however, the
trend in the data sets is very similar, as can be seen in Figure
6c. Both methods indicate that ALD of Al2O3 films leads to
smoothing. Deposition of more materials results in a larger
reduction in roughness, which is shown by layer 6 being
smoother than layer 4. From the TEM and EDX images in
Figure 6b, it can be deduced that the interface between layers 2
and 3, corresponding to the ALD + ALE surface, is the
smoothest. This stack demonstrates that to achieve ultrathin,
smooth films, it is best to first deposit a thicker film with ALD
and then etch back with ALE.

4.4. Comparison of Used Processes. To make a
comparison between our own data and reports from the
literature, a common metric of how roughness evolves as a
function of process cycles is required. For smoothing, this is
less straightforward than for say deposition or etching where
values for GPC or EPC provide easy comparison between
different process conditions and literature. The metric
reduction in RMS roughness per ALD cycle (nm/cycle) has
been used in literature to describe the smoothing ability of a
process.17 However, this metric has the drawback that it does
not take the roughness before the processing, the inherent
roughness of the ALD process, nor the difference in GPC or
EPC into account, all of which can influence roughness
evolution. An alternative method of quantifying smoothing
that partially addresses these drawbacks is to monitor the
reduction in film roughness (nm) per unit of deposited/etched
thickness (nm), here referred to as the smoothing rate(nm/
nm). The reduction in roughness and the deposited/etched

Figure 5. (a) Fluorination of a flat surface. Fluorine radicals adsorb on
the surface and diffuse through the fluorinated layer, reaching the
underlying material where it reacts to fluorinate the material. (b) On a
convex surface, there is more surface area for radicals to absorb,
relative to the surface area of the nonfluorinated material interface.
This results in relatively faster fluorination of the material compared
to a flat surface. The convex surface is also less constrained by the
surrounding material and is thus able to more easily undergo the
surface expansion required during fluorination. (c) On a concave
suface, the opposite effects are true, leading to relatively slower
fluorination.

Figure 6. (a) Description of the ZnO/Al2O3 stack. (b) TEM image and EDX map of the stack. The interface between layers 2 and 3 is visibly
smoother than between layers 4 and 5. (c) Roughness values measured by AFM and TEM analysis. Both techniques follow a similar trend in
roughness and show that layer 2 is the smoothest.
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thickness should preferably be taken when the roughness
begins to saturate (see Figure 3a). Exact determination of
when saturation of smoothing occurs can be difficult, but the
analysis still provides some general trends for the rate at which
smoothing proceeds. An overview of smoothing rates observed
in our work and notable examples from literature is shown in
Table 1. A similar analysis is performed for the ZnO/Al2O3
stack and can be found in SI Section S.E.
For ALD experiments performed in Section 4.1, Table 1

shows that a comparable rate of smoothing is obtained for both
ALD films which have different starting surfaces. Furthermore,
in Myers et al., the initial surface is smoothed with a rate of 4.9
× 10−3 nm/nm,28 which is comparable to the smoothing
observed in this work. For our ALE experiments described in
Section 4.2, a smoothing rate of 9.8 × 10−3 nm/nm was
obtained. The higher rate of smoothing from ALE is attributed
to the diffusion-driven nature of the SF6 modification half-
cycle. Zywotko et al. used a comparable thermal ALE process,
for which an initial surface roughness of 0.625 nm was
smoothed with a rate of 2.6 × 10−2 nm/nm.34

4.5. Application of ALD and ALE for Smoothing of
Surfaces. A key question is whether ALD and ALE processes
can be used in the fabrication of nanoelectronics and photonics
to reduce the detrimental effects of roughness on device
performance. Already ALD has been adopted in a wide variety
of applications, such that the smoothing effect is already
present in many process flows. However, for applications
where sub-10 nm films are required, such as nanoelectronics,
an approach relying solely on ALD will be ineffective for
achieving a smooth surface. This has been observed in our
experimental data, literature, and the UFP model results, which
indicate that smoothing via ALD requires relatively thick films
of >20 nm.17,28 Conversely, ALE provided much faster
smoothing of the films, both in literature and our work, but
employing solely ALE for surface smoothing appears at first
sight not a solution, since that would require the partial
removal of a functional layer. In practice, it is therefore
especially interesting to consider combinations of ALD and
ALE, with most of the smoothing occurring during ALE. A
similar concept as outlined here has been discussed recently,
where anisotropic quasi-ALE and ALD were used to improve

Table 1. Comparison of the Smoothing Rate between This Work and the Literature for ALD and ALE of Al2O3 Films

initial roughness
(nm)

final roughness
(nm)

deposited/etched thickness
(nm)

smoothing rate (×10−3 nm/
nm) reference

ALD Al2O3 on 47 nm ZnO 1.53 0.91 115 5.8 this work
ALD Al2O3 on 98 nm ZnO 2.00 1.45 115 5.2 this work
ALD Al2O3 3.30 1.50 370 4.9 Myers et al.28

ALE Al2O3 on 41 nm ZnO 1.17 0.83 35 9.8 this work
ALE Al2O3 0.63 0.37 10 26 Zywotko et al.34

Figure 7. AFM height maps of samples prepared by (a) 52 nm ZnO, (b) 52 nm ZnO and 41 nm of Al2O3 deposited using ALD, and (c) 52 nm
ZnO and 41 nm of Al2O3 deposited using ALD followed by 34 nm of Al2O3 etching using ALE. (d) The PSDs of samples (a−c), where the vertical
dashed line indicates 50 nm. Rough features below 50 nm (wavenumbers above 2 × 10−1 nm−1) are smoothed significantly more than larger
features. Film (e) roughness and (f) thickness as a function of ALD + ALE cycles plotted alongside model predictions over multiple ALD + ALE
supercycles.
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self-aligned contacts and shrink patterns.51 The combination of
ALD and ALE leads to a process that shows similarities to
chemical−mechanical polishing (CMP), where first a material
is applied to the surface, which is then subsequently removed,
resulting in a thinner film with a smooth planar surface. While
CMP is used extensively to create smooth surfaces for flat
substrates, CMP cannot be used for smoothing of 3D
structures, such as sidewalls of trenches or around nanowires.
Due to their isotropic nature, ALD and ALE can be used to
smooth 3D structures and perform a similar function as CMP
for advanced device structures. An additional benefit is that
ALD and ALE are dry processes, meaning that integration into
current high volume manufacturing process flows will be easier.
The ALD + ALE approach is further illustrated in Figure 7,

by both model predictions and experimental data, where a
rough surface is capped with a thin <10 nm film to smooth the
surface. Here, the starting substrate is a 52 nm ZnO film
deposited via ALD and as such has a rough surface, with an
RMS roughness of 1.51 nm. The first approach is to employ
only ALD to deposit a 10 nm Al2O3 film; however, this results
in only a minor reduction in surface roughness from 1.51 to
1.30 nm, as is predicted by the model. A second, and perhaps
better, approach is to first deposit a thicker film, which can
then be etched back with ALE. For this 41 nm Al2O3 is
deposited, resulting in a reduction in RMS roughness to 1.07
nm (see Figure 7b). Deposition of this thick layer provides the
opportunity to perform ALE, which subsequently removed 34
nm of Al2O3, resulting in a final film thickness of 7 nm. The
final surface roughness of 0.83 nm (Figure 7c) is a significant
improvement on the 1.30 nm RMS value achieved using solely
ALD.
In Figure 7d, the PSDs of the starting ZnO surface, the

surface after 41 nm ALD, and the surface after 34 nm ALE are
shown. The PSD decreases after both ALD and ALE, mostly
for the high wavenumbers. To quantify this change in the PSD,
the PSDs are split into two regimes: features laterally larger
than 50 nm and features smaller than 50 nm. The combination
of ALD and ALE leads to a 53% reduction in the PSD larger
than 50 nm but a 95% reduction in the PSD for features
smaller than 50 nm, again illustrating that ALD and ALE
smoothing affects mostly small-scale roughness. The dis-

tinction between small- and large-scale roughness is relevant as
the precise influence of the roughness on device physics
depends on the spatial frequency of the roughness (determined
from PSD data), as well as on the vertical distribution (RMS
roughness). For example, the leakage current of a capacitor is
dictated largely by the sharpness of protrusions at rough
interfaces.3,10,52 For the scattering of light, for example, a
waveguide for photonics, the intensity loss is dependent on the
RMS slope, which is defined as the standard deviation of the
slope of the surface.53 For these examples, the effect of surface
roughness can be calculated from the PSD.3,31

How the film roughness and thickness evolve during the
ALD and ALE processing can be seen in Figure 7e,f,
respectively. Here, the experimental data is plotted alongside
the prediction of the UFP model for ALD and the UFP + CD
model for ALE, showing that both roughness and thickness are
accurately predicted by the respective models. Additionally,
while there is only experimental data for one supercycle, the
model suggests that further reduction in film roughness can be
achieved when the process is run for multiple ALD + ALE
supercycles. The model predicts that the smoothing via ALD
becomes minimal after the first supercycle (similar to the
plateauing behavior observed earlier); however, there is still
significant smoothing via ALE. After the three modeled ALD +
ALE supercycles, the roughness is reduced to 0.59 nm, as
compared to 0.83 nm for just one supercycle.
A combination of ALD and isotropic ALE can also be

applied for the deposition of ultrathin closed films on 3D
structures, as highlighted by George et al.23,54 For some
materials, ALD initiates by formation of islands, where a closed
film is only achieved once the sufficient material has been
deposited such that the islands coalesce. Creating a thin and
closed film of such a material using deposition alone might not
be possible depending on the number of nucleation sites. One
potential route to achieving a thin film is by first performing
ALD, followed by etch back using ALE. The thickness of the
film can be reduced while also decreasing the roughness of the
film, resulting in a thin and closed film. To investigate this
application, the model was modified to use a set of
hemispheres on a flat substrate as a starting surface, where
deposition is only allowed to occur on the hemispheres as

Figure 8. (a) Possible method to create thin and closed films by first depositing a thick film, to ensure film closure, and then to use ALE to reduce
the film thickness. This figure was produced using the UFP and CDP models, with 20 randomly placed hemispherical nucleation sites of 0.4 nm
initial radius. (b) Surface coverage, (c) film thickness, and (d) RMS roughness as a function of the number of cycles. The roughness peaks during
island coalescence and decreases afterward for ALD, after which ALE reduces the RMS roughness even further.
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shown in Figure 8. For ALD, there is an initial increase in RMS
roughness as the islands coalesce, but the roughness starts to
decrease once full coverage is achieved. However, if the final
film is required to be only a few nanometers thick, ALE could
be used to reduce the film thickness and roughness while still
maintaining a closed layer.

5. CONCLUSIONS
The fact that ALD and ALE can lead to smoothing has
previously been reported, but investigation of the underlying
principles has been less thoroughly explored. In this work, the
smoothing abilities of ALD and ALE processes on Al2O3 films
were investigated. From the experimental and modeling results
presented in this work, the following general conclusions can
be drawn:

• It has been hypothesized that smoothing by ALD of
amorphous materials is due to the conformal nature of
the deposition. Comparison of the experimental data to
the UFP model shows that ALD smoothing can be
described as a front propagating uniformly and
perpendicular to the surface at all points.

• Smoothing by ALD requires relatively thick films due to
comparatively low smoothing rates which eventually
plateau. The RMS value at which roughness plateaus is
based on the intrinsic roughness of the process and
starting substrate roughness.

• For Al2O3 ALE from TMA/SF6 plasma, an additional
mechanism contributes to the smoothing such that a
higher rate of smoothing is obtained as compared to
ALD. The hypothesis for the enhanced smoothing
observed in this work is that the fluorination depends on
the local curvature of the surface, corresponding to faster
etching of peaks as compared to valleys. ALE processes
for other materials which involve fluorination are also
likely to lead to smoothing.

• The analysis of the data in terms of power spectral
densities reveals that small-scale roughness is smoothed
out first, while removal of large-scale roughness requires
films much thicker than the scale of roughness which
may be beyond the application space of ALD and ALE.

• To fabricate thin yet smooth films, an approach
combining ALD and ALE can be considered. To make
use of the enhanced smoothing of ALE, a strategy is to
deposit a thicker film and then etch it back with ALE.
Repetition of ALD and ALE in a supercycle recipe allows
for meeting demanding roughness targets.

The insights presented in this work can be extended beyond
the processes investigated to ALD or ALE of other amorphous
materials, and for ALE, different etch chemistries can also be
explored. Future studies could also focus on using combined
ALD + ALE processing to improve the performance of a range
of devices where smooth interfaces are vital, such as in
FinFET/GAAFET, MIM capacitors, or waveguides. In the
push toward sub-nanometer technology nodes, being able to
accurately control film thickness while maintaining, or
improving, interface quality is essential.
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