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Saturation profile based conformality analysis for
atomic layer deposition: aluminum oxide in lateral
high-aspect-ratio channels†

Jihong Yim, ‡a Oili M. E. Ylivaara, ‡b Markku Ylilammi,c Virpi Korpelainen, b

Eero Haimi, a Emma Verkama, a Mikko Utriainen b and
Riikka L. Puurunen *ab

Atomic layer deposition (ALD) raises global interest through its unparalleled conformality. This work

describes new microscopic lateral high-aspect-ratio (LHAR) test structures for conformality analysis of

ALD. The LHAR structures are made of silicon and consist of rectangular channels supported by pillars.

Extreme aspect ratios even beyond 10000 : 1 enable investigations where the adsorption front does not

penetrate to the end of the channel, thus exposing the saturation profile for detailed analysis. We use

the archetypical trimethylaluminum (TMA)–water ALD process to grow alumina as a test vehicle to

demonstrate the applicability, repeatability and reproducibility of the saturation profile measurement and

to provide a benchmark for future saturation profile studies. Through varying the TMA reaction and

purge times, we obtained new information on the surface chemistry characteristics and the chemi-

sorption kinetics of this widely studied ALD process. New saturation profile related classifications and

terminology are proposed.

A. Introduction

Conformality refers to the ability to coat a three-dimensional
object with a homogeneous coating of uniform thickness.1,2

Conformal coatings are required in the fabrication of state-of-
the-art and future electronics,2–4 as well as in various applications
related to heterogeneous catalysts,5–8 biosensors,9 and energy
industries.10,11 Atomic layer deposition (ALD),12–15 a variant of
chemical vapor deposition (CVD), was invented independently over
forty years ago under the names atomic layer epitaxy16–19 and
molecular layering.20–22 The Millennium Technology Prize was
awarded to ALD’s Finnish inventor, Tuomo Suntola in 2018.23 ALD
is gaining increasing interest as the method of choice for conformal
thin film growth.1,2 The unique features of ALD are the systematic
use of self-terminating gas–solid reactions and precise film thickness
control at subnanometer level.13,14,24 When the gas–solid reactions
are completed, they stop by themselves. This adsorption control
results in the unparalleled conformality of ALD films.1,25–27

Despite the inherent advantage of ALD, the conformal coating
of a certain aspect ratio (AR) is not guaranteed.1,8,28 Thus, the
tuning of ALD process parameters is needed to achieve a homo-
geneous coating in high-aspect-ratio (HAR) structures.1,29–31 For an
ideal ALD process, the penetration depth of a coating is known to
scale with the square root of the reactant dose, where the dose
equals partial pressure of reactant multiplied by exposure
time.29,32–34 The reactivity of the compounds, often described
by a (lumped) sticking coefficient cA (A stands for Reactant A),
further influences the speed at which uniform thickness is
attained.1,31,35,36 Non-ideal reactions, such as unwanted CVD
through decomposition of one of the reactants or through the
mixing of reactant pulses, or non-saturation of the reactions,
would compromise the conformality.1,37

A practical industry standard of conformality measurements
has been vertical HAR (VHAR) structures etched into silicon.
Scanning or transmission electron microscopy (SEM or TEM)
images acquired after careful specimen preparation allow the
film thickness and step coverage (ratio of the film thickness at
the bottom of a feature to film thickness at the top of the
feature) to be determined.1,2,29,34,35,38 Sometimes, the (lumped)
sticking coefficient has been extracted from the (often sparse)
data.35

As an alternative to VHAR, lateral HAR (LHAR) structures
have emerged. Fig. 1 illustrates the concept of conformality
analysis with LHAR channels. By removing the roof of the

a Department of Chemical and Metallurgical Engineering, Aalto University School of

Chemical Engineering, Kemistintie 1, Espoo, Finland.

E-mail: riikka.puurunen@aalto.fi; Tel: +358 50 337 8161
b VTT Technical Research Centre of Finland, PL 1000, 02044 VTT, Finland
c Espoo, Finland

† Electronic supplementary information (ESI) available: Extended information on
experimental, results, and discussion sections. See DOI: 10.1039/d0cp03358h
‡ These authors contributed equally to this work.

Received 23rd June 2020,
Accepted 29th September 2020

DOI: 10.1039/d0cp03358h

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 3
0 

Se
pt

em
be

r 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
1/

9/
20

20
 9

:3
1:

17
 A

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-3833-0211
http://orcid.org/0000-0001-7197-9066
http://orcid.org/0000-0001-9123-8521
http://orcid.org/0000-0002-2262-9147
http://orcid.org/0000-0002-2726-9611
http://orcid.org/0000-0003-2403-323X
http://orcid.org/0000-0001-8722-4864
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp03358h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP022040


23108 | Phys. Chem. Chem. Phys., 2020, 22, 23107--23120 This journal is©the Owner Societies 2020

channel after ALD, the film is exposed for top-view analysis by
methods suitable for planar surfaces. Most often, LHAR structures
are intentionally fabricated with such demanding aspect ratios
that the film does not reach the end of the features, which enables
analysis of what we call the saturation profile of the ALD process.

Various types of LHAR structures appear in the literature.
For example, Dendooven et al.31,39 assembled macroscopic
LHAR structures with a rectangular channel, and the channel
height in the hundreds of micrometers. Gao et al.40 microfabri-
cated LHAR cavities expanding from elongated circles with single-
crystal silicon at the bottom, polysilicon as the roof, and silicon
dioxide pillars supporting the structure; the design cavity height
was 200, 500, or 1000 nm and the ARs above 10 000 : 1. We will
refer to the structures by Gao et al.40 as PillarHall-1 (from
PillarHallt, 1st generation). In turn, Schwille et al.30,41 fabricated
centrosymmetric LHAR cavities resembling structures used in
microelectromechanical systems (MEMS) processing; here, the
limiting gap height was 4.5 mm. Recently, building upon the
process of Gao et al.,40 improved microscopic rectangular LHAR
channels have been developed and used, but not yet described in
detail;33,36,42–44 describing them is among the goals of this work.
LHAR structures have been employed to study the conformality of
an emerging small minority of the more than 700 published ALD
processes;45 Al2O3 from Me3Al (TMA) and H2O;

30,31,33,36,40,46 TiO2

from TiCl4 and H2O;
40 Ir and IrOx from Ir(acac)3 and various

reactants;47 HfSiOx from Hf[N(CH3)(C2H5)]4, SiH[N(CH3)2]3,
and O3;

42 SiO2 from SiH2[N(CH2CH3)2]2 and O3;
41 plasma

enhanced ALD (PEALD) of Al2O3 and AlN from TMA, and O2

and NH3 plasma;39 and PEALD of SiO2, TiO2, Al2O3 and HfO2

from SiH2(N(C2H5)2)2, Ti(N(CH3)2)4, TMA and HfCp(N(CH3)2)3
and O2/Ar plasma.44,48

Common to LHAR approaches has typically been to measure
the saturation profile of the ALD process and to extract kinetic
information of the film growth through modelling.1 Often, a
model is assuming either reversible or irreversible single-site
Langmuir adsorption (A + * " A*) to describe an ALD reaction
step, and the (lumped) sticking coefficient for the reaction is
extracted from fitting a model to the saturation profile.30,31,33,36

For example, Dendooven et al.31 extracted the sticking coefficient

of TMA on Al2O3 and studied its effect on step coverage with
LHAR features. They also combined LHAR studies with a Monte
Carlo algorithm to study the conformality of Al2O3 and AlN by
PEALD.39 Schwille et al.30,41 determined the sticking coefficient of
TMA and bis-diethyl aminosilane (BDEAS) by using a Monte
Carlo process simulation and data obtained with LHAR features.
Ylilammi et al.33 extracted the lumped sticking coefficient of TMA
on Al2O3 and TiCl4 on TiO2 using a diffusion-reaction model of
ALD saturation profile over LHAR features. Arts et al.36 extracted,
by using LHAR features, the lumped sticking coefficient directly
from the slope of the saturation profile and the recombination
probability of O2 plasma radicals during PEALD of various oxides
from the PEALD film’s penetration depth.44

This work aims to create a benchmark for saturation profile
based conformality analysis of ALD processes with microscopic
LHAR structures. We chose the archetypical TMA–water
process13,15,49—at the ALD temperature most typically employed
for it, 300 1C— as a test vehicle for the saturation profile analysis
development, because this process is known as a near-ideal ALD
process,13–15 because this process has already been studied with
LHAR structures,30,31,33,36,40,46 and because the details of the
surface chemistry and kinetics of this process continue to be
the subject of scientific investigations and debate.13,50–57 The
repeatability and reproducibility of the saturation profile
measurement are assessed. New information is obtained on
the surface chemistry and chemisorption kinetics of the TMA–
water process as a function of TMA dose and purge times. New
saturation profile related classifications and terminology
are developed, with applicability beyond this work. We hope
that once the practicalities and limitations of the saturation
profile analysis are well described for this TMA–water process,
conformality studies of other ALD processes—and even
of other thin film processes such as CVD and atomic layer
etching (ALE)—can be compared and contrasted against this
benchmark.

B. Saturation profile terminology

This section develops and discusses terminology related to
saturation profiles before entering into experimental details.

First, we propose a general classification of saturation profile
types in LHAR features, as in Fig. 2. Examples are provided where
these four classes have been used in the literature; combinations
of classes have also been used. The as-measured saturation
profile is obtained directly from the measurement with a
measure of the total growth as the vertical axis and distance
as the horizontal axis (Fig. 2a). Dendooven et al.39 and Ylilammi
et al.,33 for example, used an as-measured saturation profile to
present the effect of process parameters on the conformality of
PEALD and ALD.

The scaled saturation profile has the total growth divided by
cycles as the vertical axis and the measurement distance x
divided by the channel height H as the horizontal axis (Fig. 2b).
We call the distance scaled this way the dimensionless distance
x̃ (x̃ = x/H). Earlier, AR has often been used as the horizontal

Fig. 1 Schematic illustration of the conformality analysis with LHAR
channels: (a) uncoated channel, (b) channel after ALD coating, and (c) channel
after removing the roof and exposing the surface for analysis. H is the height
and L the length of the LHAR channel. The illustration is intentionally not in
scale: typical aspect ratios L :H in LHAR structures are at least 200 : 1 and the
ratios in this work are typically up to 10000 : 1.
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axis in a way analogous to the dimensionless distance used in
this article.1,2,40,47 Advantageously, this dimensionless distance is a
well-defined physical quantity that remains constant irrespective
of the extent of growth, while the AR experienced by the ALD
process increases during the process with increasing film
thickness through narrowing of the channel.

The scaled saturation profile can be further normalized in
(at least) two distinct ways. The Type 1 normalized saturation
profile (Fig. 2c) has the amount of growth at channel entrance
normalized to one (optionally, this value is interpreted as
surface coverage y,32,36 having values 0 r y r 1) as the vertical
axis and the dimensionless distance x̃ as the horizontal axis.
Arts et al.36 developed a method to determine a lumped sticking
coefficient directly from the slope of the Type 1 normalized
saturation profile, provided that certain conditions prevail
during the ALD process (most importantly, that the molecule’s
mean free path l is significantly larger than the limiting
channel dimension, and the so-called excess number32 is below
0.1). The Type 2 normalized saturation profile (Fig. 2d) has the
distance x divided by the LHAR channel length L as horizontal
axis. We call the distance normalized this way the normalized
distance x (x = x/L).32 Yanguas-Gil et al.32,58 have used the Type
2 normalized saturation profile to develop criteria comparing
diffusion-limited and reaction-limited ALD growth.

Second, we divide the saturation profile into four characteristic
regions, as in Fig. 3a. The regions are developed to discuss the
results of this work and should be applicable to other works, as
well. Region I refers to the part of the saturation profile located
outside, in front of the LHAR channel. Thus, this region corre-
sponds to measurements on planar substrates, without HAR
features. Region II refers to the part of the saturation profile
located inside the LHAR channel, where the measured film
thickness is (roughly) constant due to saturated ALD reactions.
Region II starts at the entry to the LHAR channel, where the
measurement distance is zero, and extends up to a knee [Fig. 3b
(1)], whereafter film thickness decreases. Ideally, in Regions I

and II, thickness divided by cycles gives characteristic growth
per cycle (GPC) of ALD. In Region III after the knee, film
thickness decreases due to non-saturated reactions. Region III
can also be called an adsorption front. Region IV is located after
the adsorption front; here, the film thickness should ideally
be zero.

Region II is further divided into subregions a, b, and c
(Fig. 3b). Some experimental thickness measurements (including
those of this work) show what we call a nanostep between Region
IIa and IIb, where the measured thickness increases slightly
[Fig. 3b (5)]. Region IIb refers to the early part of Region II after
the nanostep, where the total growth divided by cycles is as its
maximum value corresponding to saturated ALD reactions.
Region IIb can be useful e.g. for modelling purposes. Region IIc
refers to the rest of Region II before an observable knee in the
saturation profile. (The transition from Region IIb to IIc may
sometimes be somewhat arbitrary.)

Fig. 2 Summary of the proposed saturation profile classification:
(a) as-measured saturation profile, (b) scaled saturation profile, (c) Type 1
normalized saturation profile (x̃ = x/H), and (d) Type 2 normalized saturation
profile (x = x/L).

Fig. 3 Saturation profile region classification and terminology, as used in
this work for (a) the ideal simulated scaled saturation profile and (b) the
experimental scaled saturation profile (experimental data for Al2O3 ALD).
Region I is located outside the LHAR channel. Region II begins at zero, at
the LHAR channel entry, and this region indicates the area where the film
thickness is roughly constant. Typically, after a recognizable knee (1),
strong decrease in film thickness starts, characteristic for Region III.
Further indicated are: (2) the 50% thickness penetration depth PD50%

(x50%), (3) the slope of the adsorption front at PD50%, and (4) the leading
edge of the adsorption front. Region II is further divided into subregions:
between Regions IIa and IIb, a nanostep (5) is sometimes experimentally
observed. Division from Region IIb to IIc is made on the basis, where the
total growth divided by cycles is initially at maximum. In Region IV, the film
thickness should be zero, but (6) spikes were occasionally observed in
experimental saturation profile data.
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C. Experimental
A. Fabrication of conformality test chips

The conformality test chip prototypes reported in this work
with all-silicon LHAR channels (Fig. S1, ESI†) were produced
with MEMS processing techniques using a process modified
from Gao et al.40 (PillarHall-1). The test chip prototypes of this
work are identified as PillarHallt 3rd generation, or PillarHall-3, in
short. Starting substrates were low-doped 150 mm silicon (100)
wafers. The process encompassed typically thermal silicon oxide
layer growth to the targeted channel heightH (100, 500, or 2000 nm);
polysilicon membrane deposition from silane (SiH4) in multiple
steps; several photolithography steps; a plug-up process;40 and HF
vapor etching as the final fabrication step. Wafers were optionally
diced to the 15 � 20 mm chip size. The processing for a distance
indicator scale on top of the membrane for optical analysis was an
optional step (Fig. S2, ESI†). Thermal oxidation and polysilicon
deposition were made with Centrotherm E1200 HT 260-4 furnaces,
and HF etching with Primaxx MEMS-CET HF vapor etcher. Contact
lithography was made with a SUSS Mask aligner MA150 and stepper
lithography with a Canon FPA3000-i4 (i-line) Wafer stepper.

The conformality test chip prototypes have various LHAR
channels with ARs up to 10 000 : 1, when the lateral length L is
5000 mm, and the targeted channel height is 500 nm (Table S1,
ESI†). The conformality chip layout details and pillar layout
designs are included in the ESI.†

B. Atomic layer deposition

ALD Al2O3 films were grown at 300 1C in a Picosun R-150 ALD
reactor. The target thickness was typically ca. 50 nm made in
500 ALD cycles. The process pressure was ca. 3 hPa. Nitrogen
(purity 6.0) with a constant flow rate of 150 sccm was used as
the carrier and purge gas through four reactant lines. Similar to
earlier studies,33,40,51 a TMA-purge-water-purge sequence (s) of
0.1–4.0–0.1–4.0 was typically used. The pyrophoric TMA was
handled inertly. The samples and the experimental variables
used are listed in Table 1.

To study the effect of the pillar density on the saturation
profile, Al2O3 films were coated in LHAR channels with different
pillar designs of layout v1a, v1b, and v2a (design channel height:
500 nm), which had been fabricated on the same silicon wafer.
Table S2 and Fig. S3 (ESI†) report the detailed information on
different pillar designs. All of the films were grown in the same
ALD run to avoid run-to-run variations (Series A in Table 1).

C. Characterization methods

In this work, the ALD Al2O3 film was characterized after peeling
off the top membrane with adhesive tape, as shown in Fig. 1c,
unless stated otherwise. Optical microscopy was routinely used
to image the coated LHAR channels, before and after peeling
off the top membrane with adhesive tape.

Scanning electron microscopy (SEM) with energy-dispersive
X-ray spectrometry (EDS) was performed using a Tescan Mira3
SEM fitted with a Thermo Scientific EDS. An accelerating voltage
of 5 keV was used for the SEM-EDS line scan. The sample with
the design channel height of 500 nm had been stored in ambient

air. Thus, no sample preparation for charging prevention was
required. Elemental X-ray mapping of the sample surface was
performed first. Subsequently, line scans of elemental profiles
were measured. The length of the line was 500 mm with measure-
ment points at 1 mm intervals. Outliers due to pillars and edges in
surface channels were removed from the elemental profile
results. The line scans are averages of five measurements.

The surface topography was measured by using a PSIA XE-100
atomic force microscope (AFM). Non-contact mode and standard
types of AFM tips were used in the measurements. The measure-
ment area varied from 10 mm � 10 mm to 90 mm � 90 mm, and
resolution was 1024� 256 pixels. Sample tilt and drift in slow scan
direction were corrected using line wise first order polynomial fit.

The saturation profiles of ALD Al2O3 films were measured by
a spectroscopic reflectometer line scan (FilmTek 2000M wave-
length range of 380 to 800 nm). The line scans began outside the
channel in Region I of Fig. 3 (ca. 13 mm before channel entry).
The total scan length was 198 or 398 mmwith a step of 2 mm, and
100 to 200 data points were obtained. If not otherwise stated, a
50� objective lens with an estimated spot size of 5–6 mm was
used. To study the effect of spot size on the saturation profile,
10� and 5� objective lenses with an estimated spot size of 25
and 50 mm, respectively, were used. To analyze the repeatability of
the measurement at one location and within-chip reproducibility,
the reflectometry measurements were repeated several times on
each of the lateral lengths (pillar layout v1b). The thickness of the
films coated on LHAR channels having different lateral lengths L
(0.1 to 5 mm) was measured several times. Then we excluded
outliers and averaged the thickness except for the Series B in
Table 1 for which L of 5 mm data was used. This method gave us
more representative results than treating single thickness scans.

D. Saturation profile simulation

A series of simulations was performed using a MATLAB implemen-
tation of the diffusion–reaction model developed by Ylilammi et al.
2018.33 In the simulated conditions, the mean free path1 of TMA
lTMA is ca. 40 mm. The partial pressure of Reactant A was calculated
with the discretized approximate solution to the one-dimensional
diffusion equation, presented in eqn (17)–(28) in ref. 33. An addi-
tional simplification was made in the calculation of the gas phase
diffusion constant of Reactant A (eqn (3) in ref. 33), where the
collision rate of molecules at location x and time t was replaced with
the collision rate of molecules at location x at the previous time step,
t�1. The discretized partial differential equation describing the sur-
face coverage as a function of time and location, eqn (31) in ref. 33
was solved with the MATLABsODE23 ordinary differential equation
solver, where the relative tolerance was set to 10�3 and the absolute
tolerance was specified at 10�5. During the implementation, a
mistake was found in the original article, both terms on the right
side of eqn (1) in ref. 33 should bemultiplied by Avogadro’s number.

D. Results
A. Microscopic analysis of the coated area

Fig. 4 presents optical microscopy images of ALD Al2O3 coated LHAR
channels. The top membrane was removed before the analysis.
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The color difference reveals the coated area. For the pillar
layouts v1a and v1b (Fig. 4a and b), a penetration depth of
ca. 140 mm from the channel entry was visually determined.
A straight adsorption front was observed parallel to the channel
entry. Pillar layout v2a (Fig. 4c) showed a wavy adsorption front and a
smaller penetration depth of ca. 100 mm. The smaller penetration
depth most likely originated from the top membrane hanging lower
between the pillars; the hanging membrane likely resulted in a
narrower channel than the target. Fig. S4 (ESI†) shows the saturation
profiles for different pillar layout designs. For layouts v1a and v1b,
saturation profiles overlapped. Similar to the previous microscopy
results, a lower penetration depth was also observed for layout v2a.

Fig. 5a presents an SEM image of the Al2O3 ALD-coated
LHAR channel surface (top view of sample 11 in Table 1) with
an overlayer of corresponding Al-Ka X-ray count map. The
elemental mapping shows the spatial distribution of Al. The
result reveals a ca. 125 mm penetration of the Al2O3 film under
the top membrane (Fig. S5, ESI†). Fig. 5b presents a SEM-EDS
line scan of the same sample. With the acceleration voltage of
5 kV, the interaction volume of X-rays in the sample exceeded
the thickness of the Al2O3 film. Therefore, the Si signal from the
substrate is seen throughout the line scan. The intensities of Al,

O, and Si change as a function of distance, reflecting the film
thickness profile. In front of the LHAR channel (Region I of
Fig. 3b), at a range of ca. �40 to 40 mm (Fig. 5b), a constant film
thickness was observed. Subsequently, a plateau continued with
slightly increased film thickness (Region II b and II c, Fig. 3b).
After a knee point, the thickness decreased sharply to zero.

Fig. 6 shows an AFM image of LHAR channel sample surface
coated by Al2O3 ALD. The white parts and black parts indicate top
membrane remnants and pillar footprints, respectively. Near the
channel entry, a nanostep is visible, at which the surface rough-
ness begins (Region IIa of Fig. 3b). A curtain-shaped waviness was
observed from this region (moving from Region IIa to IIb). The
nanostep was detected in the AFM line scan (Fig. S6, ESI†).

B. Effect of spot size on the measured saturation profile

Fig. 7 shows the as-measured saturation profile for different spot
sizes of the reflectometer measurement. The higher the magni-
fication used, the smaller the spot size. As the spot size increased,
the bump created by membrane remnants at the channel entry
broadened. In addition, the adsorption front became enlarged.
The results show that the shape of the measured saturation
profile depends on the measurement spot size when the spot
size is larger than the width of the adsorption front. Thus, the
smallest spot size of 5 mm (�50), clearly smaller than the width of
the adsorption front (ca. 30 mm), was used henceforth to measure
the saturation profiles.

Fig. 4 Optical microscopy images of the top view of LHAR channel with a
channel length L of 1 mm and (a) pillar layout v1a, (b) layout v1b, and
(c) layout v2a (samples 1, 2, and 3 in Table 1, respectively). 500 cycles of
Al2O3 ALD (brown color) were grown on them at 300 1C. The notation for
Regions I–IV is shown in Fig. 3.

Fig. 5 (a) SEM image of sample 11 surface (top view) with an overlayer of
corresponding Al-Ka X-ray count map in red. 1000 growth cycles were
used on the LHAR channels with a design height of 500 nm (sample details
are reported in Table 1). (b) SEM-EDS line scans of elemental profiles for Al,
Si, and O in the same sample. The notation for Regions I–IV in Fig. 3.
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C. Repeatability and reproducibility of saturation profiles

Fig. 8a presents the repeatability of reflectometer measurement
and within-chip reproducibility demonstrated using LHAR
channels with the design channel height of 500 nm and various
lateral lengths L. Corresponding results for the design heights of
100 and 2000 nm are presented in Fig. S7 (ESI†). The overlapping
saturation profiles showed good measurement repeatability. The
saturation profiles with different lateral lengths overlapped. This
result suggests that the lateral length of the LHAR channel has no
significant impact on the saturation profile measurement, at
least in the studied case of Al2O3 ALD.

Fig. 8b compares results of different chips, ALD runs, and
times, where the ALD parameters were kept constant. Different
chips showed somewhat different film thickness and penetration
depth although the same ALD sequence had been employed.

Small differences in the pressure in the ALD runs, reflectometer
measurements, and the actual channel height compared to
design values are among the uncertainty sources as discussed
in more detail in Section E.

D. Effect of the channel height and film thickness on the
saturation profiles

Fig. 9 (panels a–c) presents the effect of the channel height on
the saturation profile of Al2O3 ALD (Table 1, Series C). A constant
thickness region (Region II of Fig. 3) was observed for design
heights of 500 and 2000 nm. The larger the channel height, the
deeper the film penetrated (Fig. 9a). The scaled and normalized
saturation profiles of the samples in 500 and 2000 nm channels
practically overlap, while for a channel height of 100 nm, the
adsorption front began with no preceding constant thickness
region. The scaled and normalized saturation profile of the
sample with a 100 nm channel height differed from the series
because the 100 nm channel entry was plugged by a ca. 50 nm
thick film as the ALD process proceeded.

Fig. 9 (panels d–f) shows the effect of the number of ALD
cycles on the Al2O3 ALD saturation profile (Table 1, Series D) for
a channel height of 500 nm. The leading edges of the adsorption
fronts overlapped; however, film penetration, measured as
PD50%, appeared to decrease as the number of cycles increased.
The reason for decreasing PD50% is because the ALD process

Fig. 6 AFM image of the LHAR channel (design channel height of 500 nm)
coated by an Al2O3 film at 300 1C in 500 cycles (sample details at Table S4,
ESI†). The notation for Regions I–II in Fig. 3. The top membrane was
removed with adhesive tape. Remaining membrane remnants are seen in
white and holes left by ripped off pillars in black.

Fig. 7 As-measured saturation profiles for ALD Al2O3 as a function of
reflectometer spot sizes. Samples 4, 5, and 6 (Table 1 Series B).

Fig. 8 Repeatability of saturation profile measurement (a) for ALD Al2O3

film grown on a LHAR channel (sample 8 in Table 1) and reproducibility of
ALD runs (b) for Al2O3 films made in 500 cycles on various LHAR channels,
having the same design channel height of 500 nm and pillar design of v1b.
Sample details are in Table 1.
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experienced a higher AR as the film filled the channel more
(ca. 10%, 20%, and 40% of the channel filled for 250, 500, and
1000 ALD cycles, respectively), thereby restricting film propagation.
The slope of the adsorption front became less steep with a higher
number of cycles. The effect of the number of cycles on the film
thickness outside and inside the channels (Region I and IIb) is
reported in Table 1: a linear increase was found in both cases as
shown in Fig. S9 (ESI†). SEM-EDS line scans of Al (Fig. S8, ESI†) in
samples with a different number of ALD cycles roughly infer a linear
relationship between the number of cycles and measured X-ray
intensities, in line with the reflectometer measurement results.

The effects of increasing the channel height and number of
ALD cycles were simulated with the Ylilammi et al.33 diffusion–
reaction model and compared with the experimental saturation
profiles. Fig. 10 shows the simulated saturation profiles with
various channel heights (panels a–c) and with the number of
ALD cycles (panels d–f). For different channel height samples, the
scaled saturation profile (Fig. 10b) seemed to approach a process
specific ‘‘fingerprint’’ saturation profile when film filling was 20%
or less of the channel height. The leading edges of the scaled
saturation profiles overlapped, and PD50% decreased when the
number of ALD cycles increased. The trends in the simulated
results closely resembled the experimental saturation profiles.

E. Characteristics of the TMA–water ALD process

Fig. 11a shows the effect of TMA pulse time on the Al2O3 ALD
saturation profile (Series E in Table 1). The TMA dose increased

with TMA pulse time, although this increase was not necessarily
linear (dose = partial pressure � time; partial pressure is not
strictly constant). The penetration depth increased with increasing
TMA pulse time, showing a dependency on the precursor dose. For
a TMA pulse time of 0.4 s, the adsorption front was notably
broadened compared to pulse times of 0.1 and 0.2 s, while GPC
remained similar. It seems likely that the TMA dose no longer
limited the film growth, and the saturation profile was defined by
the water dose. A similar shape change in the ALD saturation
profile determining factor was observed recently by Arts et al.36

Fig. 11b shows the effect of purge time on the TMA–water
saturation profile. Purge times after the TMA and water reactions
were extended by the same amount. In all cases, the as-measured
saturation profile presents a constant thickness region before a
sharp decrease. The GPC slightly decreased when the purge time
increased from 1 to 10 s, while PD50% slightly increased (Series F in
Table 1). The decrease was slightly but noticeably larger in Region I
(located outside the LHAR channel) than in Region II (located
inside the channel).

E. Discussion
A. Uncertainty sources in experimental saturation profile
measurement

Uncertainty in the measured saturation profile stems primarily
from (a) uncertainty over the characteristics of LHAR channels
caused by their fabrication, (b) uncertainty related to the

Fig. 9 Saturation profile of ALD Al2O3 coated in rectangular LHAR channels at 300 1C. Top row, varying channel height H and constant number of cycles
N of 500: (a) as-measured saturation profile, (b) scaled saturation profile, and (c) Type 1 normalized saturation profile. Sample 7, 8, and 9 (Table 1 Series C).
Bottom row, varying number of cycles N and constant channel height H of 500 nm: (d) as-measured saturation profile, (e) scaled saturation profile, and
(f) Type 1 normalized saturation profile. Sample 8, 10 and 11 (Table 1 Series D).
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saturation profile measurement, and (c) uncertainty over the
ALD process parameter values used. In the next paragraphs, we
discuss each uncertainty source separately.

a. Uncertainty over the fabrication of the conformality test
chip. The uncertainty components of the LHAR channels
compared to an ideal roughness-free open channel with exact
design dimensions are: (i) the real channel height differs from
the design height; (ii) the channel contains support pillars,
which affect film growth; (iii) the top membrane may bend
inwards between the pillars and thereby decrease the channel
height; (iv) at the entrance into the LHAR channel in PillarHall-3,
there is a nanostep of ca. 2 to 5 nm in height; and (v) there is
roughness at the bottom (and likely at the top) of the PillarHall-3
LHAR channel.

Related to (i), we estimate that during fabrication, tolerance
for the oxide thickness that defines the channel height was
�10, 20, and 30 nm for 100, 500, and 2000 nm design channel
heights, respectively. These numbers were obtained from the
thickness of silicon oxide measured during LHAR channel
fabrication, as reported in Table S5 (ESI†). Here, the relative
uncertainty of the channel height is larger, the smaller the
design height. There may also be other, as yet unidentified
factors that result in deviation of the real channel height from
the design height; measurement of the real channel height
is thus advisable. According to our estimation (Fig. S10, ESI†),

for a channel height of 500 nm, a 1% error in the channel
height causes roughly a 1.5% error in the penetration depth.
Related to (ii), according to the analysis presented in Section
3.2 of the ESI,† for a 500 nm channel the effect of pillars on the
penetration depth will be less than 1% (Fig. S11 and S12, ESI†)
for a typical pillar diameter of 4 mm and an interdistance of 49
mm in a triangular symmetry. Related to (iii), according to the
AFMmeasurements, in the LHAR channel with 500 nm channel
heights, the membrane bent to a displacement of ca. 25 nm
(Fig. S13a, ESI†). Bending was measured also for the 2000 nm
design, and it was about the same as for the 500 nm design. The
100 nm design channel height bent ca. 40 nm (Fig. S13b, ESI†).
Related to (iv–v), the nanostep decreased the channel height,
and the roughness thereafter increased the surface area compared
to the flat surface assumed in design and modelling. Consequently,
the apparent GPC increased (measured vertically), as the surface
bound more molecules per distance measurement unit than a
completely flat surface would bind. Also, PD50% should be slightly
smaller and the slope at PD50% should be somewhat steeper than on
a flat surface.

Concerning the fabrication-related uncertainty of the LHAR
channels reported in this work, those with a design channel
height of 500 nm and pillar layout v1b succeeded best in
reproducing the design target and are expected to provide the
most reliable saturation profile measurements.

Fig. 10 Simulated saturation profiles of ALD Al2O3 in microscopic rectangular LHAR channels, created with a MATLAB re-implementation of the
Ylilammi et al.33 diffusion–reaction model. Top row, varying channel height H and constant number of cycles N of 500: (a) as-measured saturation
profile, (b) scaled saturation profile, and (c) Type 1 normalized saturation profile. Bottom row, varying number of cycles N and constant channel height H
of 500 nm: (d) as-measured, (e) scaled, and (f) normalized saturation profiles of Type 1. Parameter values: T = 300 1C, tP = 0.10 s, pA0 = 65 Pa (A = TMA),
pB = 300 Pa (B = N2), MA = 0.075 kg mol�1, MB = 0.028 kg mol�1, dA = 591 pm,33 dB = 374 pm, bfilm = 2, bTMA = 1, gpcsat = 0.098 nm, r = 3100 kg m�3,51

q = 3.6 nm�2, K = 1000.0 Pa�1, cTMA = 0.012, and Pd = 0.043 1 s�1.
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b. Uncertainty related to the thickness measurement. For
the reflectometry measurement, the uncertainty components
stem from (i) manual placement of the sample for measure-
ment, (ii) the optical thickness model behind the reflectometry
measurement, (iii) the referencing procedure of the reflecto-
metry measurement (including lamp aging), and (iv) motorized
movement accuracy. Related to (i), in this work, the samples
were manually positioned to obtain the same starting position,
compared to the entry under the membrane (Region II of
Fig. 3), as that identified from visual microscope observation
of the pillars and membrane remnants. We estimate this
positioning uncertainty to be on the order of 2 mm. Second,
the samples were placed so that the line scan would proceed
inside the LHAR channel in exactly 901 angle compared to the
channel entry. Deviation from 901 causes a cosine error, which
broadens the measured saturation profile and leads to a higher
observed PD50%. In the present case, the cosine error is never-
theless estimated to be insignificant compared to the other
uncertainty sources. Related to (ii), the thickness measurement
used in this work assumes a roughness-free film with constant
thickness of a dielectric with the properties of ALD Al2O3 grown at
300 1C on a silicon surface. However, native oxide on the silicon

could have increased the measured thickness somewhat. Deviation
of the optical model from reality causes systematic error in the
measured film thickness. Related to (iii), the challenges arose in the
repeatability of the reference measurement with reflectometer,
especially at the high magnifications (preferably, 50�). Sometimes,
manual focusing was required to enable the measurement. By
changing the reference, the measured film thickness could change
by some nanometers for a film of ca. 50 nm.

c. Uncertainty from the ALD process. Minor fluctuations
occur in the ALD process during a run and run-to-run. There
are tolerances for flow rates, pressures, and temperatures alike.
Moreover, at the beginning of ALD processes, a small deviation
may occur in the reactant dose when a reactant bottle of an
initially equilibrated vapor pressure is taken into use, when the
vapor pressure decreases, and if the vaporization kinetics are
too slow enough to saturate the gas during the period between
two pulses.

The reproducibility of the saturation profile measurement
can be visualized by comparing data from fully independent
measurements of the TMA–water saturation profile at 300 1C, as
done in Fig. 8b. While there is variation in the film thickness in
the flat region and in the penetration depth, the overall
saturation profile and the slope at PD50% seem similar in all
cases. Based on the data reported in Table 1 for samples 2, 4, 8,
and 12, the standard deviation of PD50% and the slope at PD50%

were 19.4 mm and 0.0003 nm, respectively. The standard deviation
of the initial film thickness in Region IIb was 2.8 nm.

B. Occasional spikes in the saturation profile

Spikes preceding the leading edge were occasionally observed
in the saturation profiles (Fig. 3). Schwille et al.41 observed
spikes in the saturation profile of TMA–water process measured
with their MEMS-type conformality test structures by ellipso-
metry. They proposed that a CVD-related phenomenon might
have contributed to the spikes.41 Interestingly, in our case,
spikes were observed in the optical reflectometer measurement
but not in SEM-EDS (Fig. 5).

Detailed inspection revealed that the spikes appeared at
locations where the measurement spot was close to pillar
remnants, see Fig. S16 (ESI†). More spikes were observed in
repeated reflectometer line scan of a sample having the pillar
layout design of v1a, which has a smaller pillar interdistance
compared to v1b, see Fig. S17 (ESI†). To create reflectometer-
based saturation profiles without pillar remnant influence and
without spikes, it would be interesting to investigate the TMA–
water process on LHAR channels with a less dense pillar network.
Making such experiments is out of the scope of this work, however.

C. Insight into the characteristics of the TMA–water ALD
process

Our work revealed, in accordance with Arts et al.,36 that TMA-
limited and water-limited growth has different characteristic
shape of the saturation profile at 300 1C (Fig. 11a).

The effect of purge time on the saturation profile of TMA–
water ALD process was further investigated. Our results showed
an inverse dependency between the value of GPC and the purge

Fig. 11 The thicknesses of the Al2O3 ALD film grown at 300 1C using (a)
different TMA pulse times (sample 12, 13, and 14 in Table 1 Series E) and (b)
purge times in the LHAR channel with a design channel height of 500 nm
(sample 12, 15, and 16 in Table 1 Series F). Note that the horizontal scale
differs in (a) vs. (b).

Paper PCCP

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 3
0 

Se
pt

em
be

r 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
1/

9/
20

20
 9

:3
1:

17
 A

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp03358h


This journal is©the Owner Societies 2020 Phys. Chem. Chem. Phys., 2020, 22, 23107--23120 | 23117

length (Fig. 11b and Fig. S14, ESI†). We believe that during the
longer purge, reversibly adsorbed water molecules could have
desorbed, causing a decrease in the concentration of surface
OH groups. Consequently, the amount of TMA adsorbed
decreased as the amount of TMA adsorbed depends on the
concentration of surface OH groups.13,50 Although the role of
the partly reversible water reaction has not been discussed in
detail in the ALD literature, our findings are in line with some
earlier reports. Ylivaara et al.51 showed that GPC decreased as
purge time increased (from 1 s to 4 s). Matero et al.59 reported a
higher GPC of the TMA–water ALD process for higher water
partial pressure. Gakis et al.56 assumed reversible reaction of
water. Sønsteby et al.26 noted that a long purge time can alter
GPC due to dehydration on the surface.

In our work, GPCI outside the channel decreased faster than
GPCIIb inside the channel opening when the purge time increased
(Fig. S14, ESI†). Likely this can be explained by re-adsorption of the
desorbed water on the channel surface, leading to slower decrease
in GPCIIb as a function of purge time compared to a planar surface.
This conclusion is in line with the analysis by Abelson and
Girolami2 for desorption during CVD from a HAR feature.

The decrease in binding capacity of the surface towards TMA
enabled the reactant molecules to penetrate deeper into the
channel before reacting, resulting in an increased penetration
depth (Fig. 11b). Increased penetration depth (in PillarHall-1)
with decreased GPC has been observed in earlier works by
Mattinen et al.47 for iridium ALD and by Puurunen and Gao46

for Al2O3 ALD at different temperatures.

D. Sticking coefficients from saturation profile measurements

The method developed by Arts et al.36 allows one to calculate the
lumped sticking coefficient of reactants from Type 1 normalized
saturation profile, provided that the growth is in the Knudsen
flow regime. The calculation of lumped sticking coefficient is

made with eqn (3) of Arts et al.:36 dy=d~xj j �
ffiffiffiffiffiffiffiffiffi
cA

13:9

r
. To be in the

Knudsen flow regime, the molecule’s mean free path l should
be significantly larger than the characteristic size of the LHAR
structure h. In other words, Knudsen number Kn = l/h c 1.

To inform whether the Arts et al.36 method can be applied in
this work, the mean free path l was calculated. At 300 1C under
the process conditions used in this work, the mean free path
[calculated with eqn (3) ref. 1] for TMA and water is 40 and
100 mm, respectively. The characteristic size is interpreted as the
hydraulic diameter of the channel h, so that h = 2/(1/H + 1/W). For a
500 nm channel, the hydraulic diameter is thus 1.0 mm, and the
Knudsen number is 40 and 100 for TMA andwater, respectively. The
Arts et al.36 method should thus be valid in our case.

The lumped sticking coefficient calculated in this work from
the slope values of Type 1 normalized saturation profile are
reported in Table 2. For TMA on Al2O3, the sticking coefficient
was calculated from several samples and then averaged; for
water, one sample was used. The result is compared with earlier
studies in Table 2.36,54,60 Our extracted value of cTMA, 4 � 10�3,
agrees with the literature values and is in between those reported
by Arts et al.36 and Ylilammi et al.33 The extracted value of cH2O of
3 � 10�4 is also in line with the previously reported values.36,60

F. Conclusions

This work created a benchmark for saturation profile based
conformality analysis of ALD processes in rectangular micro-
scopic LHAR channels. As a test vehicle, the archetypical TMA–
water process at the typical ALD temperature of 300 1C was
used. The effect of variations in LHAR structure prototype’s
actual dimensions, effect of support pillars on growth, the ALD
process reproducibility, and the thickness measurement uncer-
tainty were discussed. Classifications and terminology related to
saturation profile based conformality analysis were developed. The
classifications and terminology should be applicable to other
LHAR-based saturation profile based conformality studies of
ALD and potentially, at least partly, also CVD and ALE studies.

Table 2 Comparison of sticking coefficient for TMA cTMA and water cH2O
on ALD Al2O3 coated on various LHAR features

Temperature
(1C) LHAR type

LHAR H
(mm) Max. AR

Number
of cycles Reactor cTMA cH2O Ref.

200 Macroscopic rectangular 100 200 : 1 150 Home-built 0.1 — Dendooven et al. (2009)31

200 Microscopic
centrosymmetric

4.5 B100 : 1a —b Single wafer
cross-flow hot
wall reactor

2 � 10�2 — Schwille et al. (2016)41

100–300 —c — —c —b Home-built 10�3 d 10�4 d Vandalon et al. (2016)60

300 Microscopic rectangular
PillarHall-3

0.50 2000 : 1 500 Picosun R-150 5.72 � 10�3 e — Ylilammi et al. (2018)33

275 Microscopic rectangular
PillarHall-3

0.50 10 000 : 1 400 Oxford instruments
OpAL reactor

(0.5–2) � 10�3 (0.8–2) �
10�4

Arts et al. (2019)36

300 Microscopic rectangular
PillarHall-3

0.50 10 000 : 1 500 Picosun R-150 4 � 10�3 f 3 � 10�4 g This work

a The order of magnitude estimated. The structure had a microscopic cavity with its height of 5 mm, lateral length of 2000 mm, and a single access
hole with its diameter range of 4 to 100 mm. b Number of ALD cycles is not reported in the literature. c Although ALD alumina was not coated on a
LHAR feature but planar Si(100) wafer, the sticking coefficients obtained are included for reference. d The order of magnitude of lumped sticking
coefficients were reported. cH2O of 1 � 10�4 and 1 � 10�6 at 300 1C and 100 1C, respectively, and cTMA of 2 � 10�3 (temperature-independent) were
reported in the follow-up work Vandalon et al. (2017).54 e The alumina film density used by Ylilammi et al.33 was 4000 kg m�3 (not reported in the
original publication33), which is higher than in our study (3100 kg m�3). f Calculated for sample 2, 4, 8, and 12 by using Arts et al.36 method, and
the results were averaged. g Calculated for sample 14 by using Arts et al.36 method.
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The as-measured saturation profiles of thickness vs. distance
differed for the TMA–water process, depending on the number of
cycles (250–1000) and the LHAR channel height employed (design
height 100, 500, 2000 nm). The saturation profiles approached the
same values, when they were scaled with the number of ALD cycles
and the LHAR channel height. We propose the scaled saturation
profile as an informative measure of an ALD process, which at
favorable conditions can become a characteristic fingerprint of an
ALD process. Favorable conditions refer at least to that gas-phase
transport should be in the Knudsen diffusion regime and the
LHAR channel should remain sufficiently open (channel filling
preferably less than 10%).

The saturation profile of ALD Al2O3 showed a near-ideal shape
expected for an ALD process based on repeated self-terminating
gas–solid reactions, namely a constant thickness before a steep
decrease to zero. The measured saturation profile was not influ-
enced by different lateral lengths of the LHAR channel (100 mm to
5 mm). Depending on the magnitude of ALD reactant exposures,
different limiting regimes can govern the ALD growth in LHAR
channels. With increasing TMA dose, the growth transformed
from TMA-dose-limited to water-dose-limited. Contrasting the
ideality assumption of fully irreversible ALD reactions, we observed
changes in the saturation profile with increasing purge times. This
observation can likely be related to a reversible component in the
water reaction with the TMA-modified surface in an ALD cycle.
Lumped sticking coefficients calculated from the slope of the
saturation profile, agreed with previously reported values.
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Symbols and abbreviations

In this work, we have largely followed the notation of Ylilammi
et al. 2018.33 Additionally, we have taken influence from Arts
et al.36

a Distance between pillars (m)
A Surface area (m2)
cTMA Lumped sticking coefficient of TMA
cH2O Lumped sticking coefficient of water
b Number of metal atoms in a molecule
d Pillar diameter (mm)
dA Molecular diameter of Reactant A (pm)
dB Molecular diameter of carrier gas B (pm)
D Apparent diffusion coefficient (m2 s�1)
D0 Diffusion coefficient without pillars (m2 s�1)
F Flux of material in direction x (mol m�2 s�1)

GPC Growth per cycle (m)
gpcsat Saturation growth in cycle (nm)
H Channel height (nm)
h Hydraulic diameter (mm)
K Adsorption equilibrium constant (1 Pa�1)
Kn Knudsen number (�)
L Lateral length of the channel (mm)
l Distance between rows of pillars (mm)
MB Molar mass of carrier gas B (kg mol�1)
MA Molar mass of reactant A (kg mol�1)
N Number of cycles
pA0 Input partial pressure of Reactant A (Pa)
pB Partial pressure of carrier gas B (Pa)
PD50% Penetration depth at 50% of film thickness (mm)
Pd Desorption probability in unit time (1 s�1)
Q Collision rate at unit pressure (m�2 s�1 Pa�1)
q Adsorption density of reactant A at saturation (1 m�2)
R Diffusion resistance of a rectangular channel (s m�3)
Rrow Diffusion resistance of one row of pillars (s m�3)
SI Film thickness outside the channel (m)
SII Film thickness inside the channel (m)
tP Pulse length (s)
W Opening width of the channel (m)
x Distance from channel opening (m)
x50% 50% thickness penetration depth (mm)
x̃ dimensionless distance (�)
lTMA Mean free path of TMA (mm)
r Film density (kg m�3)
y Surface coverage (0 r y r 1)
x Normalized distance (�)
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was initiated at the EUROCVD21-Baltic ALD 15 conference,
Linköping, Sweden, June 11–14, 2017; at this conference, Angel
Yanguas-Gil used the term ‘‘saturation profile’’. The measure-
ment spot size effect was first discussed at the AVS 17th
International Conference on Atomic Layer Deposition (ALD
2017), Denver, Colorado, July 15–18, 2017. The saturation profile
data and simulations of this work were introduced at the
EuroCVD 22-Baltic ALD 16 Conference, Luxembourg, June 24–28,
2019. The uncertainty components were introduced at Nanoscale
2019, Braunschweig, Germany, October 15–16, 2019. The saturation
profile classification was proposed at the 66th AVS International
Symposium and Exhibition, Columbus, Ohio, October 20–25, 2019.
Our experimental saturation profile data is planned to be uploaded
to Zenodo for open access via https://zenodo.org/communities/
ald-saturation-profile-open-data/.
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2016, 32, 10559–10569.

48 K. Arts, J. H. Deijkers, T. Faraz, R. L. Puurunen, W. M. M. E.
Kessels andH. C.M. Knoops, Appl. Phys. Lett., 2020, 117, 031602.

49 M. J. Young, A. Yanguas-gil, S. Letourneau, M. Coile, D. Mandia,
M. Bedford, B. Aoun, A. S. Cavanagh, S. M. George and
J. W. Elam, ACS Appl. Mater. Interfaces, 2020, 1–22.

50 R. L. Puurunen, Appl. Surf. Sci., 2005, 245, 6–10.
51 O. M. E. Ylivaara, X. Liu, L. Kilpi, J. Lyytinen, D. Schneider,

M. Laitinen, J. Julin, S. Ali, S. Sintonen, M. Berdova, E. Haimi,
T. Sajavaara, H. Ronkainen, H. Lipsanen, J. Koskinen, S.-P.
Hannula and R. L. Puurunen, Thin Solid Films, 2014, 552,
124–135.

52 M. Shirazi and S. D. Elliott, Nanoscale, 2015, 7, 6311–6318.
53 T. Weckman and K. Laasonen, Phys. Chem. Chem. Phys.,

2015, 17, 17322–17334.
54 V. Vandalon and W. M. M. (Erwin) Kessels, J. Vac. Sci.

Technol., A, 2017, 35, 05C313.
55 J. M. Lownsbury, J. A. Gladden, C. T. Campbell, I. S. Kim and

A. B. F. Martinson, Chem. Mater., 2017, 29, 8566–8577.
56 G. P. Gakis, H. Vergnes, E. Scheid, C. Vahlas, A. G. Boudouvis

and B. Caussat, Chem. Eng. Sci., 2019, 195, 399–412.
57 B. A. Sperling, B. Kalanyan and J. E. Maslar, J. Phys. Chem. C,

2020, 124, 3410–3420.
58 A. Yanguas-Gil and J. W. Elam, J. Vac. Sci. Technol., A, 2012,

30, 01A159.
59 R. Matero, A. Rahtu, M. Ritala, M. Leskelä and T. Sajavaara,
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