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Abstract:8

Atomic layer deposition (ALD) is exceptionally suitable for coating complex three-dimensional9

structures with conformal thin films. Studies of ALD conformality in high-aspect-ratio (HAR) fea-10

tures typically assume free molecular flow conditions with Knudsen diffusion. However, the free11

molecular flow assumption might not be valid for real ALD processes. This work maps the evolu-12

tion of the saturation profile characteristics in lateral high-aspect-ratio (LHAR) channels through13

simulations using a diffusion–reaction model for various diffusion regimes with a wide range of14

Knudsen numbers (106 to 10−6), from free molecular flow (Knudsen diffusion) through the transi-15

tion regime to continuum flow conditions (molecular diffusion). Simulations are run for ALD re-16

actant partial pressures spanning several orders of magnitude with the exposure time kept constant17

(by varying the total exposure) and with the total exposure kept constant (by varying the exposure18

time). In a free molecular flow, for a constant total exposure, the saturation profile characteristics19

are identical regardless of the LHAR channel height and the partial pressure of the reactant. Under20

transition regime and continuum conditions, the penetration depth decreases and the steepness of21

the adsorption front increases with decreasing Knudsen number. The effect of varying individual22

parameters on the saturation profile characteristics in some cases depends on the diffusion regime.23

An empirical "extended slope method" is proposed to relate the sticking coefficient to the saturation24

profile’s characteristic slope for any Knudsen number.25
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27

1 Introduction28

Atomic layer deposition (ALD) is a thin film growth technique that delivers uniform thin films29

with nanoscale precision,1–4 and has applications in diverse fields ranging from microelectronics30

to catalysts to optical coatings and beyond.4 With the earliest experiments dating to the 1960s and31

1970s,5–7 interest in ALD is rapidly growing due to its unparalleled ability to coat complex three-32

dimensional structures with a conformal film.8 This ability stems from the use of self-terminating33

gas-solid reactions, and is taken advantage of, for example, in functional layers in logic and memory34

chips, in multiple patterning,9 in catalysis,10 and in energy storage.11 Recently, uniform coating of35

silica aerogel structures with a high aspect ratio (AR) of > 60000 : 1 has been demonstrated.1236

Experimental studies on the conformality of ALD processes typically rely on specifically de-37

veloped high aspect ratio (HAR) test structures.8 These structures consist either of vertical features38

etched into silicon8,13,14 or of lateral HAR (LHAR) structures prepared with a limiting height and39

controlled length.8,15–17 Manually assembled macroscopic LHAR structures typically have a limit-40

ing channel height in the 100 µm range,15,18 while LHAR structures made with techniques used in41

microelectromechanical systems (MEMS) can yield microscopic LHAR structures with a limiting42

channel height on the order of 100 nm.16,17,19 In microscopic LHAR structures, the ARs can reach43

over 1000 : 1, making the structures demanding to coat completely, as the required exposure scales44

with the AR squared.8,13 Incomplete conformality exposes the saturation profile for detailed analy-45

sis, as shown in Fig. 1. The saturation profile contains information on the surface reaction kinetics46

and has been used for analyzing the sticking coefficient in ALD19–21 and the radical recombination47

probability in plasma-enhanced ALD.22,2348

Mass transport in HAR features takes place by diffusion. Whether this diffusion is Knudsen49

diffusion or molecular diffusion is determined by the dimensionless Knudsen number Kn (-), which50

gives the ratio of the mean free path λ (m) of the molecules in the gas to the characteristic limiting51
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Figure 1 (a) The representative saturation profile as a function of the distance from the channel entrance. (b)

The schematic geometry of the LHAR channels used to simulate ALD growth inside the channel for varying

Knudsen numbers.

feature size D (m):8,19,2452

Kn =
λ

D
. (1)

For a single-component gas, the mean free path of a gas molecule is given by853

λ =
kBT√
2πd2 p

, (2)

where kB (J K-1) is the Boltzmann constant, T (K) is the temperature, d (m) is the hard-sphere di-54

ameter of the gas molecule, and p (Pa) is the pressure. If the mean free path is much larger than55

the characteristic dimension of the feature (λ ≫ D, Kn ≫ 1), molecules interact only with the56

walls, Knudsen diffusion takes place, and the gas transport is in the free molecular flow regime.8,2557

When the mean free path and characteristic feature dimension are similar (λ ∼ D, Kn ∼ 1), both58

molecule-wall and molecule-molecule interactions take place and the gas transport is in the tran-59

sition regime. If the characteristic dimension of the feature is much larger than the mean free path60

(λ ≪ D, Kn ≪ 1), frequent gas-phase collisions occur, and the gas transport takes place in the61
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continuum regime.8,25 The Knudsen number for different feature sizes as a function of the reactant62

pressure is illustrated in Figure 2. Typical thin-film ALD processes operate in the low vacuum (hPa63

range), and for nanometer-range features, Knudsen diffusion takes place. In atmospheric pressure64

reactors, e.g., those used for spatial ALD and powders, molecular diffusion also needs to be taken65

into account.66

Figure 2 Knudsen number as a function of pressure at 250 °C, for features with different characteristic

limiting sizes “D”, calculated from the mean free path (Eqs. 1 and 2) for a gas molecule with a hard-sphere

diameter of 6×10−10 m.

Various models, such as diffusion–reaction models, ballistic transport-reaction models, and67

Monte Carlo models are used to simulate feature-scale ALD growth in HAR structures.8,26 Diffusion–68

reaction models and Monte Carlo models can be used at any Knudsen number, while ballistic69

transport-reaction models are limited to the Knudsen diffusion regime. Computational fluid dy-70

namics simulations, in turn, are useful in the continuum flow regime, with convection and molec-71

ular diffusion.27 While all models describe transport and reaction in HAR features, the detailed72

predictions may differ. This was recently shown in a comparison between a diffusion–reaction73

model and a ballistic transport-reaction model: the growth penetration was deeper in the ballistic74

transport-reaction model and the slope of the adsorption front inside the HAR feature was steeper75

in the diffusion-reaction model.26 In addition, the ballistic transport-reaction model exhibited a76

"trunk" formed at the feature end, which was absent from the diffusion–reaction model26 (a simi-77
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lar trunk has also been observed in Monte Carlo simulations8). This work continues the series of78

simulations17,21,26 performed with the Ylilammi et al.19 diffusion–reaction model,21,28 extending79

its use to the continuum regime (Kn ≪ 1).80

Another useful dimensionless number in addition to the Knudsen number is the Thiele modulus81

hT, which characterizes ALD growth in HAR features. The Thiele modulus has only recently been82

introduced for ALD,29,30 but it has been in use for decades in the related field of heterogeneous83

catalysis.29,31 The Thiele modulus is the ratio of the reaction rate to the diffusion rate and can be84

used to assess the growth-limiting factor (diffusion vs. reaction) in HAR features.29–33 For single-85

site adsorption on a fresh surface, the Thiele modulus hT can be calculated from20,21,2986

hT = L

√
cνA

2HDeff
. (3)

Here, L (m) is the channel length, c (-) is the sticking coefficient, H (m) is the channel height,87

Deff (m2s−1) is the effective diffusion coefficient, and νA (ms−1) is the thermal velocity. When the88

reaction rate is much faster than the diffusion rate (when the Thiele modulus is greater than one),89

the process is diffusion limited, and inside the HAR features, an adsorption front forms. When the90

diffusion rate is faster than the reaction rate (the Thiele modulus is lower than one), the process is91

reaction limited and the thickness inside the HAR features increases uniformly with time. The exact92

limiting values of the Thiele modulus vary by source; according to Levenspiel,34 in heterogeneous93

catalysis, hT > 4 corresponds to severe diffusion resistance and hT < 0.4 to the absence of diffusion94

resistance.8,29,30,33 For diffusion-limited growth in a free molecular flow regime, a simple slope95

method has been recently developed by Arts et al.20 to extract information on the growth kinetics96

from the slope of the adsorption front.97

The goal of this work is to analyze the effect of the Knudsen number on the evolution of con-98

formality in narrow channels under diffusion-limited conditions using the Ylilammi et al.19,21,2899

model. Mapping is performed from the free molecular flow governed by Knudsen diffusion (Kn ≫100

1) through the transition regime (Kn ∼ 1) to continuum flow conditions governed by molecular101

diffusion (Kn ≪ 1) by varying the channel height and pressure. The Knudsen number is varied by102

13 orders of magnitude. An extended slope method analogous to the Arts et al.20 slope method is103

proposed that covers all Knudsen numbers. This work further expands on the trends documented104
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earlier21 for the effect of varying process conditions on the penetration depth and the slope of105

the saturation profile at various Knudsen numbers. While the numerical results will be somewhat106

model-specific, the reported trends should be generic. Furthermore, through the (hole-)equivalent107

aspect ratio (EAR) concept,8 the results can be scaled to HAR geometries other than the narrow108

channels studied in this work.109

2 Methods110

2.1 Description of the model111

In this work, we used a one-dimensional diffusion–reaction model by Ylilammi et al.19 to simulate112

the transport of a reactant gas from the channel entrance to the growth surface in a lateral high-113

aspect-ratio structure (LHAR).21 The diffusion–reaction model used in this work is based on Fick’s114

law of diffusion and assumes Langmuir adsorption. The full model has been previously described115

in detail.19,21,26 The key equations are written here to guide the reader through the simulations and116

results of this work.117

The mean free path of the reactant ‘A’ in a system of two gases (reactant ‘A’ and inert carrier118

gas ‘I’) can be obtained using the equation8,19,21,35119

λ =
kBT

√
2pA0σA,A +

√
1+ mA

mI
pIσA,I

, (4)

where kB (JK-1) is the Boltzmann constant, T (K) is the temperature, and mA and mI (kg) are the120

masses of the molecules of reactant A and inert gas I, respectively. Also, pA0 (Pa) is the partial121

pressure of reactant A and pI (Pa) is the inert gas partial pressure. The σA,A and σA,I are the122

collision cross sections (m2) between the molecules i and j, given by21123

σi, j = π

(
di

2
+

d j

2

)2

, (5)

where di (m) and d j (m) are the hard-sphere diameters of the molecules i and j, respectively.124

In this model, the ALD surface reactions are described by the Langmuir adsorption model,15,21125

which assumes reversible single-site adsorption. Reversible Langmuir adsorption can be expressed126
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by127

A+ ∗ ⇌ A∗, (6)

where A is the reactant molecule, ∗ is the surface site, and A∗ is the molecule adsorbed on a site.128

The diffusion–reaction equation is Fick’s second law of diffusion and has an adsorption loss term129

as seen in Refs. 19,21:130

∂ pA

∂ t
= Deff

∂ 2 pA

∂x2 − 4gRT
hN0

(7)

Here, pA (Pa) is the partial pressure of reactant A, x (m) is the distance from the channel entrance,131

Deff (m2s−1) is the effective diffusion coefficient, and h (m) is the hydraulic diameter of the lateral132

high aspect ratio structure.19,21 The hydraulic diameter h is related to the height H and width W of133

the channel by134

h =
2

1
H + 1

W

. (8)

In this work, the hydraulic diameter h is taken to represent the characteristic limiting feature size D135

in calculating the Knudsen number through Eq. 1.136

In Langmuir adsorption, a certain number of adsorption sites are occupied by the reactant137

molecules, and their ratio with respect to the total number of sites is called the surface coverage θ ,138

which has values ranging from 0 to 1. The rate of adsorption fads is proportional to the fraction of139

unoccupied sites. The g in Eq. 7 stands for the net adsorption rate (m−2s−1), and it is the difference140

between the rate of adsorption fads and the rate of desorption fdes (m−2s−1).19,21 The evolution of141

the fractional surface coverage θ (-) with time from the Langmuir model of adsorption can be given142

by the rate equation:143

dθ(x, t)
dt

=
1
q

cQpA(1−θ)−Pdθ . (9)

Here, q (m−2) is the adsorption capacity, c (-) is the sticking coefficient, and Pd (s−1) is the desorp-144

tion probability. The adsorption capacity q is linked to the thickness-based growth per cycle (GPC)145

by the relation4,21,36146

q =
ρgpcsatN0

M
, (10)
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where ρ (kgm−3) is the density of the ALD film material, gpcsat is the thickness-based growth147

per cycle (GPC), N0 (mol−1) is Avogadro’s constant, and M (kgmol−1) is the molar mass of one148

formula unit of the ALD-grown film material.149

In Eq. 9, Q is the collision rate at unit pressure (m−2s−1Pa−1), represented as21150

Q =
N0√

2πMART
, (11)

where MA (kgmol−1) is the molar mass of reactant A, R (JK−1mol−1) is the universal gas constant,151

and T (K) is the temperature of the ALD process. The effective diffusion coefficient Deff in Eq.152

7 takes into account both the Knudsen diffusion coefficient DKn (m2s−1), which dominates at low153

pressures, and the molecular diffusion coefficient DA (m2s−1). The molecular diffusion coefficient154

is a function of the gas phase collisions. The effective diffusion coefficient as per the Bosanquet155

relation19,21,24 is156

1
Deff

=
1

DA
+

1
DKn

. (12)

The Knudsen diffusion coefficient DKn does not depend on the partial pressure of reactant A but157

only its molar mass, MA (kg mol−1), the hydraulic diameter h (m), and the temperature T (K), as158

given by159

DKn = h

√
8RT

9πMA
. (13)

The molecular diffusion coefficient DA takes into account the average speed of the molecules of160

reactant A, νA (m s−1), and the collision frequency of molecules of reactant A in a gas mixture161

comprising reactant A and inert gas I given by zA (s−1). The expression for the molecular diffusion162

coefficient is19,21163

DA =
3πνA

2

16zA
. (14)

The thermal velocity (i.e., the average speed)19,21 is given by164

νA =

√
8RT
πMA

. (15)
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The collision frequency is21165

zA =
π

4
(dA +dI)

2

√
8RT

π

(
1

MA
+

1
MI

)
pIN0

RT
+π(dA)

2
√

16RT
πMA

pAN0

RT
. (16)

To solve the partial pressure of reactant A along the channel pA(x, t), instead of solving Fick’s166

second law of diffusion, the Ylilammi et al. model19,21 uses an analytical approximation to account167

for the reactant gas pressure pA along the channel. At the channel entrance, surface saturation is168

instantaneous (g ≈ 0). The diffusion–reaction equation (Eq. 7) is then simplified to19169

Deff
∂ 2 pA(x, t)

∂x2 ≈ 0 , (17)

which further resolves to19170

pA(x, t) = pA0

(
1− x

xs

)
, x < xt . (18)

Here, xs is the point where the linearly extrapolated partial pressure of reactant A becomes zero.19171

The xt is the transition point, at the adsorption front, where the linear approximation of Eq. 18 is172

no longer valid and the pressure decay is approximated by an exponential tail.19 It occurs at19173

xt = xs −

√
hN0Deff

4RT cQ
, if xs >

√
hN0Deff

4RT cQ

xt = 0 , otherwise.

(19)

In the region beyond the transition point xt, the reactant A partial pressure is given by19174

pA(x, t) = pAt exp
(
− x− xt

xs − xt

)
, x > xt , (20)

where pAt is the partial pressure of reactant A at the transition point xt:19175

pAt = pA0

(
1− xt

xs

)
. (21)

The way the partial pressure of reactant A decreases with distance into the channel, also pinpointing176

the locations of xt and xs, has been illustrated in Ref. 21 (figure reproduced as Fig. S1 of the177

supplementary materials).178
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2.2 Simulation details179

The equations of the Ylilammi et al. diffusion–reaction model19 were solved using MATLAB®.180

A detailed description of the implementation of this model in MATLAB was presented previ-181

ously.21,28 A summary of the parameters used in the simulations in this work is shown in Table182

1. These parameters were inspired by the trimethylaluminum and water ALD process.8,19,21 The183

influence of varying parameters, such as the channel height, reactant partial pressure, and Knudsen184

number on the saturation profile was studied. All simulations were performed for one ALD reactant185

pulse, assuming it is the limiting step and represents an ALD cycle. The simulations were carried186

out using different reactant A partial pressure values (pA0) varying from 10−2 to 104 Pa and the187

inert gas partial pressure (pI) was nine times this value. Channel heights (H) ranging from 10−8 to188

10−2 m were used. To maintain a constant exposure of 10 Pa·s (∼ 7.5 × 104 Langmuirs, where 1189

Pa·s = 7500 Langmuirs), the time t was varied with the reactant A partial pressure pA0 in the range190

of 10−3 to 103 s. The dimensionless distance x̃ (-) was the ratio of the physical distance x (m) to the191

channel height H (m) and was used to effectively compare results for channels of varying heights.192

Simulated surface coverage results were also plotted both as a function of the physical distance193

x, as well as the dimensionless distance x̃. Figure 3 shows the Knudsen number and the Thiele194

modulus calculated for the simulations in this work at different channel heights H and reactant A195

partial pressure values pA0. Unless otherwise stated, all simulation parameters and conditions are196

those provided in Table 1.197
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Figure 3 The calculated values of the Knudsen number and Thiele modulus with a sticking coefficient c of

0.01, for the saturation profile simulations performed in this work using the Ylilammi et al. model.:19,21 (a)

The Knudsen number as a function of the channel height H for different reactant A partial pressures pA0, (b)

the Thiele modulus as a function of the channel height H for different reactant A partial pressures pA0, and

(c) the Thiele modulus hT as a function of the Knudsen number for different channel heights. 11
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To follow the penetration depth at half surface coverage θ = 0.5, a linear interpolation was198

made between the two closest discretization points of the dimensionless distance. The points were199

chosen such that the difference between the two was less than 1% of the whole range of the y-200

axis. Furthermore, these two points were used to get the value of the slope at half coverage, i.e.,201

|∆θ/∆x̃|
θ=0.5.202

Table 1 Parameters used in the simulationsa

Parameter Values
Initial partial pressure of
the reactant gas (pA0) [Pa]

0.01, 0.1, 1, 10, 100, 1000, 10000

Partial pressure of inert gas I (pI) [Pa]b 0.09, 0.9, 9, 90, 900, 90000
Channel height (H) [m] 10−8, 10−7, 10−6, 10−5, 10−4, 10−3,

10−2; 5×10−7

Time (t) [s] 0.001, 0.01, 0.1, 1, 10, 100, 1000
Temperature (T) [°C] 250
Adsorption capacity (q) [m−2] 4×10−18

Desorption probability in unit time
(Pd) [s−1]

0.0001

Sticking coefficient (c) [-] 0.0001, 0.001, 0.01c, 0.1, 1
Number of ALD cycles N [-] 1
a Other parameters used: length (L) was varied with height (H) such that L/H

= 1000 (minimum L = 10−5 m, maximum L = 10 m); width (W ) was varied
with height (H) such that W /H ≥ 1000 (minimum W = 10−2 m, maximum
W = 10 m); hard-sphere diameter of molecule A (dA) = 6× 10−10 m; hard-
sphere diameter of an inert gas molecule (dI) = 3.4×10−10 m; molar mass of
reactant A (MA) = 0.0749 kg/mol; molar mass of the inert gas (MI) = 0.03994
kg/mol; film mass density (ρ) [kg/m3] = 3500; number of metal atoms per
formula unit of film (bfilm) in the Ylilammi model19 [-] = 1; number of metal
atoms in reactant molecule bA in the Ylilammi model19[-] = 1; mass of the
film (Mfilm) [kg/mol] = 0.05.

b The partial pressure of inert gas I (pI) was set to nine times the value of the
partial pressure of the reactant gas (pA0).

c The sticking coefficient used in most of this work was 0.01 unless otherwise
stated.

3 Results203

3.1 Saturation profiles under increasing total exposure and pressure204

A series of simulations were performed in which the reactant partial pressure was varied, keeping205

the pulse time constant and thus varying the total exposure. Keeping the exposure time t fixed at206

12

https://doi.org/10.26434/chemrxiv-2024-83lwd-v2 ORCID: https://orcid.org/0000-0001-8722-4864 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-83lwd-v2
https://orcid.org/0000-0001-8722-4864
https://creativecommons.org/licenses/by-nc-nd/4.0/


0.1 s, the reactant partial pressure pA0 was varied within 10−2 to 104 Pa, giving reactant exposures207

ranging from 10−3 to 103 Pa·s. Simulations were performed for channels with heights from the208

nanometer to centimeter scale. The detailed process conditions are listed in Table 1. The Knudsen209

number ranged between 106 and 10−6 for this set of simulations (Eq. 1, Fig. 3). Thus, these210

simulations cover conditions from free molecular flow (Kn ≫ 1) through the transition regime211

(Kn ∼ 1) to the continuum regime (Kn ≪ 1).212

Figure 4 shows the saturation profiles for different channel heights H and reactant partial pres-213

sures pA0. Moving from panel (a) to panel (g), the channel height increases each time by one order214

of magnitude, going from 10−8 to 10−2 (10 nm to 1 cm). The last panel (h) corresponds to a chan-215

nel height H of 500 nm, which is typical for the PillarHallTM test structures.17,37 For a sufficiently216

large exposure (1 Pa·s or larger) with a sticking coefficient c of 0.01, a well-developed saturation217

profile is seen with full coverage (θ ≈ 1) at the channel entrance and decreasing coverage in an218

adsorption front deeper in the channel. In Fig. 4, the primary horizontal axis shows the physical219

distance x and the secondary horizontal axis shows the dimensionless distance x̃ = x/H. In terms of220

the physical distance x, the growth penetrates deeper in larger channels. In terms of the dimension-221

less distance x̃, the opposite is observed: the growth penetrates deeper in smaller channels. These222

trends are as expected.21223

Figure 5(a) shows the penetration depth at half coverage in terms of the dimensionless distance224

x̃θ=0.5 extracted from the saturation profiles of Fig. 4 as a function of the channel height H. The225

cases that did not give a well-developed saturation profile (pA0 ≤ 1 Pa) have been excluded from226

Fig. 5. For a given reactant partial pressure pA0 (and thus a fixed exposure), as the channel height H227

increases, the penetration depth either decreases or stays constant (Fig. 5(a)). For a given channel228

height H, as the partial pressure pA0 increases (and thus the exposure increases), the penetration229

depth either increases or stays constant (Fig. 5(a)). It has been shown in previous literature that with230

increasing exposure, the penetration depth in ALD increases,13 so the latter trend (no increase) may231

feel counter-intuitive. The reasons for the observed differences can be understood by examining232

the trends as a function of the Knudsen number.233

Figure 5(b) shows the penetration depth data of Fig. 5(a) further as a function of the Knudsen234

number. Comparing panels (b) and (a), one can see that the data has been mirrored with respect235
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to the horizontal axis (high H corresponds to low Kn) and higher partial pressure data points are236

further shifted leftwards. As a result, the low-penetration-depth data points showing no dependence237

on pA0 and therefore clustered together at the right side of panel (a) are spread out for different238

Knudsen numbers on the left side of panel (b). With increasing Knudsen number for a given pA0,239

in the continuum flow (Kn ≪ 1), the penetration depth increases with increasing Knudsen number.240

In the transition regime (Kn ∼ 1), the penetration depth x̃θ=0.5 continues to increase with increasing241

Knudsen number but the pace of increase is less, and on reaching free molecular flow (Kn ≫ 1),242

the penetration depth has settled to a constant value (Fig. 5(b)). Thus, it seems that the increasing243

effect of exposure on the penetration depth appears counterbalanced by the decreasing effect from244

the decreasing Knudsen number.245

The dependence on the Knudsen number and the effect of pressure on the penetration depth246

can be explained by the type of diffusion taking place. The values of the diffusion coefficients247

are shown in Fig. 6 as a function of the Knudsen number: the molecular diffusion coefficient DA248

describing molecule-molecule interactions (Eq. 14) in panel (a), the Knudsen diffusion coefficient249

DKn describing molecule-wall interactions (Eq. 13) in panel (b), and the effective diffusion coeffi-250

cient De f f calculated from DA and DKn through the Bosanquet equation (Eq. 12) in panel (c). The251

diffusion coefficients correspond to the cases of Fig. 5, while Figs. S2 and S3 in the supplementary252

materials represent the diffusion coefficients for all simulation conditions used in this work. Fur-253

thermore, in the supplementary materials, the diffusion coefficients are shown as a function of the254

partial pressure pA0 and the channel height H (Fig. S4). By examining the corresponding equations,255

one notices that the molecular diffusion coefficient DA has a first-order inverse relationship with the256

pressure (Eqs. 14 and 16), while the Knudsen diffusion coefficient is not impacted by the pressure257

(Eq. 13). Thus, as the reactant partial pressure pA0 increases, the molecular diffusion coefficient DA258

decreases (Fig. 6(a), Fig. S2(a)), while the change does not affect the Knudsen diffusion coefficient259

DKn (Fig.6(b), Fig. S2(b)) (to observe the trends with partial pressure, the hollow symbols help to260

guide the eye). Furthermore, the Knudsen diffusion coefficient DKn has a linear dependence on the261

channel height H (Eq. 13, Fig. S2(b)), while the channel height does not influence the molecular262

diffusion coefficient (Eq. 14, Fig. S2(a)). The effective diffusion coefficient De f f merges these263

different trends, with its value being smaller than or equal to the smaller of the two. Hence, in the264
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free molecular flow regime (Kn ≫ 1), in the absence of gas-phase molecule-molecule interactions,265

the diffusion coefficient does not depend on the pressure, so the penetration depth increases be-266

cause of the increasing total reactant exposure (Fig. 5). In a continuum flow (Kn ≪ 1), in contrast,267

the diffusion coefficient De f f decreases linearly with increasing reactant pressure. Consequently,268

the increasing effect of the reactant partial pressure pA0 on the exposure is counterbalanced by the269

decreasing effect of increasing pA0 on the effective diffusion coefficient, and the net effect of the270

increasing partial pressure pA0 on the penetration depth is negligible.271

Examining Fig. 4 further, in addition to trends in the penetration depth, one also observes272

systematic trends in the shape of the saturation profile. With increasing partial pressure pA0, for all273

but the most narrow channels, the adsorption front of the saturation profiles becomes shorter, and274

the slope of the saturation front becomes steeper. In some cases, the changes in shape lead even to275

a cross-over in the saturation profiles: the leading edge of the adsorption front reaches further for276

lower partial pressures than for higher pressures. The cross-over can be clearly seen in Fig. 4(f)–277

(g). The reasons for the change in shape and the cross-over are again differences in the Knudsen278

number and the effective diffusion coefficient. All cases where cross-over is observed are in the279

continuum flow regime. The increase in partial pressure pA0 leads to a decrease in the effective280

diffusion coefficient De f f , the stagnation of the penetration depth, a steeper saturation profile, and281

hence the cross-over.282
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Figure 4 Saturation profiles in wide lateral channels of different heights at varying exposures (Pa·s) using a

constant reactant pulse time of 0.1 s. Channel heights: (a) 10 nm, (b) 100 nm, (c) 1 µm, (d) 10 µm, (e) 100

µm, (f) 1 mm, (g) 1 cm, and (h) 500 nm (the typical PillarHallTM case17,37). The calculated Knudsen number

values are shown in Fig. 3(a). The exposure values are provided in the supplementary materials (S1). The

initial reactant partial pressure pA0 is in the range of 10−2 to 104 Pa. The sticking coefficient c is 0.01. The

other simulation conditions are given in Table 1.
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Figure 5 The penetration depth in terms of the dimensionless distance at half coverage x̃θ=0.5 extracted from

the saturation profiles shown in Fig. 4 as a function of: (a) the channel height H, and (b) the Knudsen

number. Hollow symbols correspond to the typical PillarHallTM case17,37 with a 500 nm channel height.
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Figure 6 The diffusion coefficients (m2s−1) as a function of the Knudsen number for different reactant partial

pressures pA0 corresponding to Fig. 5: (a) the molecular diffusion coefficient DA, (b) the Knudsen diffusion

coefficient DKn, and (c) the effective diffusion coefficient De f f . Hollow symbols represent a 500 nm channel

height and correspond to the typical PillarHallTM case.17,37 Diffusion coefficients for the whole range of pA0

are provided in the supporting information (Fig. S2 as a function of Knudsen number and Fig. S3 as function

of channel height H).
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3.2 Saturation profiles at a constant reactant exposure283

A series of simulations were performed in which the reactant partial pressure pA0 (Pa) and the284

exposure time t (s) were varied in a way that preserved the total exposure (Pa·s). The reactant285

partial pressure pA0 is directly related to the Knudsen number through the mean free path λ (Eqs.1,286

4). Hence, the evolution of conformality can be studied at a constant reactant exposure for a range of287

Knudsen numbers, and thus different diffusion regimes. The reactant pressure was varied similarly288

to in the previous section from 10−2 to 104 Pa, while the exposure was kept constant at 10 Pa·s by289

varying the pulse time between 103 and 10−3 s. Note that the shortest pulse times (10−2–10−3 s290

may be physically impractical.291

Figure 7 shows the saturation profiles at constant exposure for different partial pressures of292

the reactant pA0 and channel heights H. Similarly to in the previous section, the channel heights293

vary from 10 nm in panel (a) to 1 cm in panel (g) of Fig. 7, with panel (h) representing the 500 nm294

PillarHallTM case.17,37 The saturation profiles are shown with respect to the dimensionless distance295

x̃ on the primary horizontal axis and the physical distance x on the secondary horizontal axis. In296

terms of the dimensionless distance x̃, for a given value of the reactant partial pressure pA0, the297

ALD growth penetrates deeper in smaller channels. In terms of the physical distance x, for the298

same pA0, the growth is deeper in larger channels.299

Figure 8 shows the penetration depth values in terms of the dimensionless distance x̃ extracted300

from the saturation profiles of Fig. 7. Figure 8(a) shows that for a given reactant partial pres-301

sure pA0, the penetration depth at half coverage x̃θ=0.5 either decreases or remains constant with302

increasing channel height. For a given channel height H, with an increase in the reactant partial303

pressure pA0, the penetration depth x̃θ=0.5 either decreases or remains constant. Intuitively, since304

the exposure is constant, one could expect the penetration depth x̃θ=0.5 to be constant. However,305

x̃θ=0.5 decreases with increasing channel height and with increasing reactant partial pressure pA0.306
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Figure 7 Saturation profiles in wide lateral high-aspect-ratio channels of various heights at a constant reactant

exposure of 10 Pa·s (300 ◦C). Channel heights: (a) 10 nm, (b) 100 nm, (c) 1 µm, (d) 10 µm, (e) 100 µm, (f)

1 mm, (g) 1 cm, and (h) 500 nm (the typical PillarHallTM case17,37). The calculated Knudsen number values

for the simulated points are shown in Fig. 3(a). To maintain a constant exposure of 10 Pa·s, the pulse time

was varied in the range of 10−3 to 103 s and the initial reactant partial pressure pA0 was varied in the range

of 10−2 to 104 Pa (Section S2 in the supplementary information). The other simulation conditions are listed

in Table 1.
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Figure 8 The penetration depth in terms of the dimensionless distance at half coverage x̃θ=0.5 with respect to

(a) the channel height H and (b) the Knudsen number. Data was extracted from the saturation profiles shown

in Fig. 7. The hollow symbols at 500 nm represent the typical PillarHallTM case.17,37
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When the data of Fig. 8(a) is plotted as function of the Knudsen number, the data points collapse307

into a single curve in Fig. 8(b). In the continuum flow regime (Kn ≪ 1), as the Knudsen number308

increases, the penetration depth increases irrespective of the reactant partial pressure. In the transi-309

tion flow regime (Kn ∼ 1), the increase in the penetration depth levels off. The penetration depth310

becomes constant with increasing Knudsen number in the free molecular flow regime (Kn ≫ 1).311

The effect of the Knudsen number on the penetration depth is further illustrated in Fig. 9, where the312

saturation profiles obtained for various Knudsen numbers are presented together. Larger channel313

heights correspond to lower Knudsen numbers and hence have a lower penetration depth. Simi-314

larly, the higher reactant partial pressures correspond to lower Knudsen numbers and have a lower315

penetration depth. Once the Knudsen numbers are large enough to be in the free molecular flow316

regime (Kn ≫ 1), the penetration depth is constant when the total exposure is the same, irrespective317

of the reactant partial pressure or channel height.318

Figure 9 The saturation profiles as a function of the dimensionless distance for different Knudsen numbers

at a constant reactant dose of 10 Pa·s, collected from Fig. 7 (the data used is specified in the supplementary

information, Table S3). For Kn ≳ 102, the surface coverage profiles overlap.

To further analyze the effect of the Knudsen number on the saturation profile characteristics, the319

penetration depth at half coverage and the absolute slope of the adsorption front extracted from the320

saturation profiles of Fig. 7 are shown in Fig. 10. The penetration depth is lowest in the continuum321

(Kn ≪ 1), increases with increasing Knudsen number through the transition regime (Kn ∼ 1), and322

settles to a constant value in the free molecular flow regime (Kn ≫ 1). The absolute value of the323

slope decreases with increasing Knudsen number in the continuum regime (Kn ≪ 1), the decrease324
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slows down in the transition regime (Kn ∼ 1), and the value settles to constant in the free molecular325

flow (Kn ≫ 1).326

Figure 10 (a) The penetration depth at half coverage x̃θ=0.5 and (b) the absolute value of the slope at half

coverage |∆θ/∆x̃|θ=0.5 plotted as a function of the Knudsen number for a sticking coefficient c of 0.01. The

channel heights, reactant partial pressure, and saturation profiles are the same as in Fig. 7. Table 1 lists the

other parameters.

3.3 The saturation profile characteristics at constant exposure with a varying sticking coef-327

ficient328

In this section, the saturation profile characteristics are analyzed for a varied sticking coefficient329

while keeping the total exposure constant (10 Pa·s). Figure 11 illustrates as a function of the330

Knudsen number the influence of the sticking coefficient on the penetration depth at half coverage331

(a) and the slope of the adsorption front at half coverage (b). The corresponding saturation profiles332

are provided in the supporting information (Fig. S5).333
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Figure 11 (a) The penetration depth at half coverage x̃θ=0.5 and (b) the absolute value of the slope at half

coverage |∆θ/∆x̃|θ=0.5 as a function of the Knudsen number for varying sticking coefficients: 1, 0.1, 0.01,

0.001, and 0.0001. The channel height used is 500 nm (the typical PillarHallTM case17,37). To obtain the last

four points in the lower Knudsen number regime, a channel height of 1 mm is used, as indicated by the solid

triangle symbol. The other parameters used for the simulations are provided in Table 1. The hollow symbols

used for data of c = 0.0001 signify the fact that the used exposure did not yet saturate the adsorption at the

channel entrance (saturation curves in Fig. S7).

For all sticking coefficient values, the lowest penetration depth values are obtained in the con-334

tinuum (Kn ≪ 1), see Figure 11(a). The values increase with the Knudsen number in the transition335

regime (Kn ∼ 1), and they settle to a constant value in the free molecular flow (Kn ≫ 1). While336

the penetration depth at half coverage in general shows not much dependence on the sticking co-337

efficient, especially in the free molecular flow regime, a slight variation in the penetration depth is338

seen for different sticking coefficients, with a higher sticking coefficient leading to a larger pene-339

tration depth at half coverage. The slight variation in the penetration depth at half coverage with340

the sticking coefficient is, to the authors’ knowledge, related to the simplified approximate way341

of treating the reactant partial pressure in the Ylilammi et al.,19,21 and not a general feature of all342

diffusion–reaction models.20,24 Specifically, simulations made with the Ylilammi et al. model19,21343

show a pivot point for θ(x, t) with varied sticking coefficient c at θ ≈ 0.3 (see Fig. S7), while the344

full solution of Eq. 7 shows a pivot point at about θ ≈ 0.5 (see Fig. 1(b) of Ref. 20).20 Would the345

penetration depth be investigated at θ ≈ 0.3 for simulations made with the Ylilammi et al. model,346

it would be independent of the sticking coefficient. The case c = 0.0001 differs further from the347

series, because saturation had not fully taken place even at the channel entrance with the particular348
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simulation parameters used (Fig. S7).349

The slope of the adsorption front at half coverage depends systematically on the sticking coef-350

ficient c, with the specific relation depending on the diffusion regime (Fig. 11(b)). It is meaningful351

to examine the trends with decreasing Knudsen number. In a free molecular flow (Kn ≫ 1), the352

slope does not depend on the Knudsen number but depends on the sticking coefficient. The curves353

are vertically offset, so that a higher sticking coefficient corresponds to a higher absolute value of354

the slope. This observation was made previously and is the basis of the Arts et al.20 slope method.355

In the transition regime (Kn ∼ 1), the offset with a higher sticking coefficient corresponding to the356

higher absolute value of the slope remains, but the Knudsen number starts affecting the result: a357

lower Knudsen number corresponds to a steeper slope. In the continuum regime (Kn ≪ 1), the358

offset remains, and the (logarithm of the) slope seems to depend linearly on the (logarithm of the)359

Knudsen number.360

To conclude on the effect of the sticking coefficient on the saturation profile characteristics,361

the sticking coefficient barely affects the penetration depth, but it strongly affects the slope of the362

adsorption front at half coverage. The way the sticking coefficient affects the slope depends on the363

diffusion regime. Further analysis of this dependence will be provided in the Discussion section.364

4 Discussion365

4.1 Extended slope method for extracting the sticking coefficient from the saturation profile366

In Fig. 11(b), it was seen that the slope of the adsorption front of the saturation profile depends on367

(i) the sticking coefficient and (ii) the Knudsen number. A slope method was previously derived368

by Arts et al.20 to calculate the sticking coefficient describing the (lumped) kinetics of an ALD369

reaction in the free molecular flow regime (Kn ≫ 1). In this section, we analyze the simulated370

trends with the goal of deriving an extended slope method to extract the sticking coefficient from371

the saturation profile in other regimes (Kn ∼ 1 and Kn ≪ 1).372

First, the trends are analyzed in the free molecular flow regime (Kn ≫ 1), where the slope of373

the adsorption front is independent of the Knudsen number (Fig. 11(b)). The least squares fitting374

of the data shows the following square root dependence of the slope of the adsorption front on the375

sticking coefficient:376
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Figure 12 Fitted data of the absolute value of the slope at half coverage as a function of the Knudsen number.

Data points for c = 1, 0.1, 0.01, and 0.001 were obtained using the Ylilammi et al.19 model for diffusion-

limited conditions. Fitting parameters of the equations: A = 11.1 and B = 23.3.

∣∣∣∣∆θ

∆x̃

∣∣∣∣
θ=1/2

=

√
c
A
, (22)

where a value of 11.1 is found in this work (R2 = 0.9999) for parameter A. Calculated results from377

Eq. 22 are presented in Figure 12 (right side, Kn ≫ 1) together with the data from Fig. 11(b).378

Predicted values using Arts et al. slope method20 are included for comparison. Comparing this379

with the slope method by Arts et al.,20 the same mathematical form is seen, with a slight difference380

in the value of the constant A (13.9 in their case). The slight quantitative difference originates from381

the different way of treating the reactant partial pressure in the Ylilammi et al.19 model and in the382

full diffusion–reaction model that is the basis of the Arts et al.20 slope method. The difference is383

consistent with the earlier finding that back-extracting the sticking coefficient with the Arts et al.20384

slope method from data simulated with the Ylilammi model19 returns sticking coefficient values385

25% higher than the input value.21386

Second, a similar analysis is performed for the continuum regime (Kn ≪ 1). The least squares387

fitting with two variables (the sticking coefficient c and Knudsen number Kn) leads to the following388
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equation:389 ∣∣∣∣∆θ

∆x̃

∣∣∣∣
θ=1/2

=

√
c

B ·Kn
, (23)

where B is a parameter with a value of 23.3 (R2 = 0.9992). Calculated results from Eq. 23 are390

presented in Figure 12 (left side side, Kn ≪ 1) together with the data from Fig. 11(b). Similarly,391

as in a free molecular flow, there is a square root dependence of the slope of the adsorption front at392

half coverage on the sticking coefficient. Additionally, there is an inverse square root dependence393

on the Knudsen number.394

It would be helpful to have one empirical equation to relate the slope of the adsorption front at395

half coverage to the sticking coefficient for any Knudsen number. The following equation merges396

Eqs. 22 and 23 for a free molecular flow and continuum (diffusion-limited conditions), providing397

an approximate calculation also for the transition regime:398

∣∣∣∣∆θ

∆x̃

∣∣∣∣
θ=1/2

≈

√
c

A+(B−A) · e−b·Kn
Kn+ e−a·Kn

Kn
, (24)

where a and b are fitting parameters with values a = 0.25 and b = 1.5 ( Fig. 12) Note that Eq.399

24 is purely empirical: the added functions and parameters allow a smooth transition between free400

molecular flow (Eq. 22) and continuum (Eq. 23) but they do not have any deep physical meaning.401

Nevertheless, the equation is useful for allowing one to calculate the sticking coefficient on the402

basis of a measured saturation profile’s adsorption front, as predicted by the Ylilammi model.19 It403

should be possible to carry out a similar analysis for other models, for example, the full diffusion–404

reaction model on which the Arts et al.20 slope method is based, as well as other models able to405

simulate ALD growth at all Knudsen numbers.406

4.2 The effect of varying individual parameters on the saturation profile characteristics407

In this section, we discuss the effect of varying a single parameter at a time on the characteristics408

of the ALD saturation profile. This analysis is carried out using the results obtained from simula-409

tions with the Ylilammi et al. diffusion–reaction model19 for a free molecular flow with Knudsen410

diffusion (Kn ≫ 1), which is the simplest reference case, for the transition regime (Kn ∼ 1), and411

for a continuum with molecular diffusion (Kn ≪ 1). A similar analysis was previously performed412
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for the free molecular flow and transition regimes;21 this work updates and adds to the previous413

analysis. As numerical measures of the ALD saturation profile characteristics, we use (i) the pen-414

etration depth at half coverage x̃θ=0.5, expressed in terms of the dimensionless distance x̃, (ii) the415

absolute value of the slope of the adsorption front of the scaled saturation profile (the thickness di-416

vided by the number of cycles vs. the dimensionless distance),17 and (iii) the absolute value of the417

slope of the adsorption front of the Type 1 normalized saturation profile (the normalized thickness418

vs. dimensionless distance).17 The various ways to plot and interpret the ALD saturation profile419

(thickness profile) were introduced in Ref. 17 and discussed further in Ref. 21.420

A summary of the interpreted trends is presented in Table 2. The corresponding ALD saturation421

profiles for the continuum flow regime are presented in the supporting information (Fig. S8).422

The parameter ranges used in these specific simulations are presented as footnotes in Table 2 and423

summarized in Table S4 of the supplementary materials. In the following text, we discuss the effect424

of varying each parameter individually.425

Increasing the channel height H under the reference conditions of the free molecular flow426

(Kn ≫ 1) does not influence the penetration depth (when expressed as the dimensionless distance427

x̃) or the slope of the adsorption front (Table 2). (The penetration depth expressed as physical dis-428

tance x of course increases with H.) In the transition (Kn ∼ 1) and continuum regimes (Kn ≪ 1),429

increasing the channel height does have an effect: the penetration depth decreases (more strongly430

so in the continuum than in the transition flow) and the absolute value of the slope increases (again431

more strongly so in the continuum than in the transition flow). As discussed in Section 3.2, in the432

transition and continuum flow regimes, increasing the channel height corresponds to a decrease433

in the Knudsen number, leading to slower diffusion through more gas-phase molecule-molecule434

interactions. This leads to a lower penetration depth and a steeper slope of the adsorption front.435

Increasing the reactant partial pressure pA0 leads to a higher exposure (pA0 · t) and hence an436

increase in the penetration depth for all the diffusion regimes (free molecular flow (Kn ≫ 1), tran-437

sition (Kn ∼ 1), continuum (Kn ≪ 1)). (Note that in this simulation series, the inert gas pressure pI438

was kept constant, meaning that the total pressure increased only slightly.) The slope of the adsorp-439

tion front is not affected in the free molecular flow (Kn ≫ 1), and there is no effect in the transition440

regime (Kn ∼ 1) either. In the continuum (Kn ≪ 1), in contrast, the absolute value of the slope of441
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the adsorption front barely noticeably decreases with increasing pA0. If the change was related to442

molecular diffusion coefficient, which slightly decreases, we would expect to see an increase in the443

absolute value of the slope, similarly as was the case in results reported in Section 3.1. The origin444

of the observed trend is clearly different, in this case. While this origin of this trend is currently not445

fully explained, we speculate that it may be related to the Ylilammi et al. model with the simplified446

analytic solution for pA(x, t), and not to the full solution of the diffusion equation (Eq. 7).447

Increasing the pulse time t1 also leads to a higher exposure (pA0 · t) and, consequently, an in-448

crease in the penetration depth for all diffusion regimes (free molecular flow (Kn ≫ 1), transition449

(Kn ∼ 1), continuum (Kn ≪ 1)). The slope of the adsorption front remains unaffected in all cases.450

In real ALD growth experiments, increasing the exposure time is a typical way to increase the to-451

tal exposure of a reactant and achieve deeper penetration into a HAR feature, with increasing the452

partial pressure of the reactant being the other alternative.21 On the basis of this observation, it453

seems advisable to increase the total exposure in experimental conformality studies preferably by454

increasing the exposure time, because that does not risk altering the Knudsen number, the diffu-455

sion regime, or the slope of the adsorption front, and therefore makes interpretations related to the456

kinetic parameters more straightforward.457

Increasing the sticking coefficient c strongly correlates with an increasing absolute value of458

the slope of the adsorption front in all three diffusion regimes (the free molecular flow (Kn ≫ 1),459

transition (Kn ∼ 1), continuum (Kn ≪ 1)). This correlation has been discussed before21 and is the460

basis for the Arts et al. slope method20 as well as the extended slope method proposed in this work.461

The simulations in this work show a slight positive correlation between the sticking coefficient462

and the penetration depth for all diffusion regimes. To our best understanding, this correlation is463

specific to the Ylilammi et al.19 diffusion–reaction model used in this work (and related to the way464

it treats the partial pressure of the reactant in a simplified analytic way), and it is not expected for all465

diffusion–reaction models. Indeed, recent simulations, e.g., those by Arts et al.20 with the Yanguas-466

Gil–Elam model,38,39 showed no correlation between the sticking coefficient and the penetration467

depth.468

The diffusion–reaction model of Ylilammi et al.19 used in this work allows reversible reactions,469

in contrast to many other ALD models that only allow irreversible reactions. The reversibility is470
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modeled through the desorption probability Pd , or alternatively, the adsorption equilibrium constant471

K. The two are related through the equation K = cQ/qPd (Eq. 20 in Ref. 21 and Eq. 13 in472

Ref. 19). In the simulations carried out for this summary, varying the desorption probability does473

not affect the penetration depth or slope in any of the diffusion regimes. However, the values in474

the current simulations were chosen to be rather low, as we had Pd from 0.001 to 10 s−1. For475

higher values (Pd ≥ 10), a decreasing effect on the absolute value of the slope is seen, along with476

a change in the shape of the saturation profile (Fig. S9). An example of a significant effect of the477

desorption probability can be seen in earlier simulations made for the TiCl4–H2O ALD process to478

grow TiO2.19479

Varying the adsorption capacity q, which is a direct measure of the ALD GPC and can be480

converted into the thickness per cycle through a simple formula (Eq. 10), strongly affects the481

saturation profile characteristics. The trends are the same regardless of the diffusion regime (Kn ≫482

1, Kn ∼ 1, and Kn ≪ 1). With increasing adsorption capacity q (and thus an increasing GPC),483

the penetration depth strongly decreases. The decreasing effect of the GPC on the penetration484

depth was observed earlier in simulations21 and in experimental studies.17,40 When examining the485

adsorption front for the scaled saturation profile, with increasing adsorption capacity q (increasing486

GPC) the absolute value of the slope increases. When examining the adsorption front for the Type 1487

normalized saturation profile, there is no change to observe in the absolute value of the slope. This488

case demonstrates how the difference in the two methods used to determine the saturation profile,489

introduced by Yim et al.,17 is fundamentally important: the scaled saturation profile preserves the490

information of the core characteristic of the ALD (the GPC), while the Type 1 saturation profile491

does not show it. While the slope method20 relies on the Type 1 normalized saturation profile, it492

would be unwise to examine only this normalized saturation profile; the scaled saturation profile is493

superior in its information content.494

Increasing the temperature T of the ALD process influences the characteristics of the satura-495

tion profile, with the exact effect depending on the diffusion regime. (Diffusion coefficients are496

presented in the supplementary materials as Fig. S11.) In the reference free molecular flow con-497

ditions (Kn ≫ 1), the penetration depth decreases slightly with increasing temperature, while the498

slope of the adsorption front is not affected. The transition regime (Kn ∼ 1) shows the same effect499
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(decrease) as a free molecular flow regime. The continuum regime (Kn ≪ 1) shows the opposite500

effect: the penetration depth increases slightly with increasing temperature, and at the same time,501

the slope of the adsorption front gets slightly less steep. These two trends can be understood by502

considering two effects: (i) the effect of temperature on the density of the gas and (ii) the effect503

of temperature on the molecular diffusion coefficient. The effect of temperature on the density504

of the gas is seen through the ideal gas law, pV = nRT . For a given partial pressure of the re-505

actant molecules, the gas is less dense at a higher temperature; that is, the number density of the506

molecules in the gas (m−3) decreases with increasing temperature (n/V = p/RT ). Thus, while the507

total exposure calculated in the classic way through pA0 · t is kept constant in the simulations, the508

exposure in terms of molecules entering the channel is not constant, because the number density is509

not constant (gas is less dense at a higher temperature). (Note: To be accurate, the total exposure,510

calculated from the partial pressure times time, needs temperature as a reference to be accurately511

defined.) Therefore, the number of molecules entering the channel during the simulation time de-512

creases with temperature, leading to the penetration depth also decreasing under the reference free513

molecular flow conditions. More detailed analysis of the effect of temperature on the penetration514

depth in free molecular flow was recently published by Heikkinen et al.41 In the continuum regime,515

where molecular diffusion and gas-phase interactions (collisions) dominate, the increasing effect of516

temperature on molecular diffusion (Eqs. 14) dominates over the decreasing effect of temperature517

on the gas density, and the penetration depth thereby increases.518

Varying the total pressure p alone has a distinctively different effect on the characteristics of the519

saturation profile in different diffusion regimes. Note that in this simulation series, the exposure520

(pA0 · t) was kept constant by keeping pA0 constant; the total pressure was varied by varying the521

pressure of the inert gas pI . In the reference free molecular flow conditions (Kn ≫ 1), the pressure522

does not influence the saturation profile characteristics — neither the penetration depth nor the slope523

of the adsorption front. In the transition regime (Kn ∼ 1), the penetration depth slightly decreases524

and the slope of the adsorption front becomes slightly steeper with increasing total pressure. In the525

continuum regime (Kn ≪ 1), in contrast, increasing the total pressure leads to a strong decrease526

in the penetration depth and a significantly steeper slope of the adsorption front. These trends527

are explained by the decreasing effect of pressure on the molecular diffusion coefficient and were528
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already discussed earlier in Section 3.1.529

Increasing the molar mass of reactant A MA causes a lower penetration depth in all diffusion530

regimes. Under the reference free molecular flow conditions (Kn ≫ 1), increasing the molar mass531

has no effect on the slope of the adsorption front. In the transition (Kn ∼ 1) and continuum regimes532

(Kn ≪ 1), a slight increase in the absolute value of the slope (i.e., steepness) of the adsorption front533

is observed. The decrease in the penetration depth is explained by the slowing down of diffusion534

through heavier molecules moving more slowly than lighter molecules (Eqs.14, 15, 16).535

Increasing the molar mass of the inert carrier gas molecules MI has no influence on the penetra-536

tion depth or the slope of the adsorption front under the reference free molecular flow conditions537

(Kn ≫ 1). Interestingly, in the transition regime (Kn ∼ 1), the penetration depth increases and the538

absolute value of the slope of the adsorption front decreases with an increasing molar mass of the539

inert gas. The continuum (Kn ≪ 1) shows similar trends as the transition regime, only stronger. As540

the molar mass of the inert carrier gas increases, the overall collision frequency decreases (Eqs. 14,541

16). This, again, leads to a higher effective diffusion of the reactant gas.542

Increasing the hard-sphere diameter of the reactant molecule dA and the inert carrier gas molecule543

dI has no effect on the characteristics of the saturation profile under the reference free molecular544

flow conditions (Kn ≫ 1). When entering the transition (Kn ∼ 1) and continuum regimes (Kn ≪ 1),545

a small effect is seen, where the penetration depth decreases slightly and the steepness of the ad-546

sorption front increases slightly with increasing hard-sphere diameters of the reactant molecule547

and the carrier gas. With increasing hard-sphere diameters, the molecular diffusion coefficient de-548

creases (Eqs. 14 and 16). This leads to a lower penetration depth and a steeper adsorption front549

under the transition and continuum conditions.550

The last parameter to vary individually was the density ρ of the material that makes up the551

thin film being grown by ALD. With all other parameters being constant (including the adsorption552

capacity q), the density only affects the physical thickness of the film being grown and the GPC,553

expressed as thickness per cycle. The trends in the saturation profile characteristics are the same554

regardless of the diffusion regimes (Kn ≫ 1, Kn ∼ 1, and Kn ≪ 1). The penetration depth remains555

unaffected by the change. With increasing density, the slope calculated from the scaled saturation556

profile decreases, while the slope calculated from the Type 1 normalized saturation profile remains557
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unaffected. These changes with ρ are as expected and identical to those reported for the free558

molecular flow and transition regime earlier.21559
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5 Summary and conclusion560

The effect of the Knudsen number on the saturation profile in diffusion–limited ALD in narrow561

channels was analyzed with a diffusion–reaction model in this work.19,21 Simulations were per-562

formed for a large range of realistic channel heights (10−8 to 10−2 m) and ALD reactant partial563

pressures (10−2 to 104 Pa). The resulting large range of Knudsen numbers (10−6 to 106) covers free564

molecular flow with Knudsen diffusion (molecule-wall interactions, Kn ≫ 1), the transition regime565

(Kn ∼ 1), and a continuum with molecular diffusion (molecule-molecule interactions, Kn ≪ 1). A566

series of simulations were performed (i) while varying the total exposure (the partial pressure of567

the reactant pA0 times the exposure time t) and (ii) for a constant total exposure (10 Pa·s at 523 K).568

The simulation series with varying total exposure revealed different trends for the saturation569

profile characteristics with the channel height and partial pressure depending on the Knudsen num-570

ber. In the free molecular flow (Kn ≫ 1), the penetration depth increased with the reactant partial571

pressure (i.e., the total exposure), following the well-known square-root-of-exposure trend. In the572

continuum (Kn ≪ 1), in contrast, the penetration depth in a given channel height stagnated to a573

constant value with increasing reactant partial pressure. The stagnation was accompanied by a574

change in the shape of the saturation profile, which led to a cross-over in the simulated saturation575

profiles: the leading edge of the adsorption front reached further at low reactant partial pressures576

than at high pressures. While the observed stagnation and cross-over may at first seem counter-577

intuitive, as discussed in detail in the text, these trends are readily explained by changes in the type578

of diffusion from Knudsen diffusion (in free molecular flow) to molecular diffusion (in the contin-579

uum), and by how increasing pressure inversely affects the diffusion coefficient under continuum580

conditions.581

The simulation series with constant total exposure revealed a constant penetration depth in582

terms of the dimensionless distance (x̃ = x/H) in a free molecular flow (Kn ≫ 1), irrespective of583

the specific value of the Knudsen number. (Note: the physical penetration depth x then scales with584

the channel height H.) When the Knudsen number decreased, in the transition regime (Kn ∼ 1), the585

dimensionless penetration depth started to decrease, and in the continuum (Kn ≪1), it decreased586

strongly with decreasing Knudsen number. Examining the saturation profile further, it is seen that587

the slope of the adsorption front has a constant value in a free molecular flow (Kn ≫ 1), starts588
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to increase with decreasing Knudsen number in the transition regime (Kn ∼ 1), and continues to589

increase with decreasing Knudsen number in the continuum (Kn ≪ 1). An extended slope method590

was proposed relating the slope of the adsorption front at half coverage to the sticking coefficient591

at any Knudsen number.592

The trends in the saturation profile characteristics for different diffusion regimes (Kn ≫ 1,593

Kn ∼ 1, Kn ≪ 1) were analyzed while varying individual simulation parameters, extending the594

earlier analysis for the free molecular flow and transition regime21 to also cover the continuum.595

The responses to the changes in the individual parameters in the saturation profile characteristics596

— the penetration depth and slope of the adsorption front — were similar across all diffusion597

regimes when the following parameters were varied: the pulse time t1, sticking coefficient c, des-598

orption probability Pd , adsorption capacity q, and material density ρ . In contrast, the response599

depended on the diffusion regime when the following parameters were varied: the channel height600

H, temperature T , reactant gas pressure pA0, total pressure p, reactant pressure fraction of the total601

pressure (pA0/p), molar mass of the reactant MA, molar mass of the inert carrier gas MI , diameter602

of the reactant dA, and diameter of the inert carrier gas dI . Most cases in which the response seen603

in the saturation profile characteristics depends on the diffusion regime can be explained by the604

effect of the individual parameter on the diffusion coefficients (Knudsen and molecular diffusion605

coefficient). Because the total exposure (pA0 · t) can be varied by either varying the partial pressure606

or by varying the pulse time, it is recommended that one should preferably vary the time to make607

sure one is not affecting the diffusion characteristics at the same time.608

This work has shown that the saturation profile characteristics are affected by the diffusion609

regime, an indicator of which is the Knudsen number. It is recommended that all scientific articles610

published in the future in the field of ALD should report the pressure range used in the experiments611

and, especially if kinetic analysis is performed using saturation profiles, the Knudsen number.612
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List of symbols630

A Parameter in the extended slope method (Equations 22 and 24) (-)631

a Parameter in the extended slope method (Equation 24) (-)632

B Parameter in the extended slope method (Equations 23 and 24) (-)633

b Parameter in the extended slope method (Equation 24) (-)634

bA Number of metal atoms in a reactant molecule (-)635

b f ilm Number of metal atoms per formula unit of film (-)636

c Sticking coefficient (-)637

cext Sticking coefficient back-extracted with the slope method20 (-)638

D Characteristic feature dimension (m)639
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DA Molecular diffusion coefficient (m2 s−1)640

Deff Effective diffusion coefficient (m2 s−1)641

DKn Knudsen diffusion coefficient (m2 s−1)642

dA Hard-sphere diameter of a molecule (m)643

dA Hard-sphere diameter of molecule A (m)644

dI Hard-sphere diameter of the inert gas molecule (m)645

fads Adsorption rate (m2 s-1)646

fdes Desorption rate (m2 s-1)647

g Net adsorption rate (m2 s−1)648

gpcsat Saturation growth per cycle, thickness-based, in the Ylilammi et al.19 model (m)649

h Hydraulic diameter of the channel (m)650

H Height of the channel (m)651

hT Thiele modulus (-)652

kads Adsorption rate constant (m−2s−1)653

kdes Desorption rate constant (m−2s−1)654

Kn Knudsen number655

kB Boltzmann constant (m2 kgs−2 K−1)656

λ Mean free path (m)657

L Length of the channel (m)658

M Molar mass of the ALD grown film material (kgmol−1)659

MA Molar mass of reactant A (kgmol−1)660

MI Molar mass of inert gas I (kgmol−1)661

Mfilm Mass of the film (kg)662

N Number of ALD cycles (-)663

nA Particle density of reactant A (m−3)664

N0 Avogadro’s constant (mol−1)665

p Total pressure pA0 + pI (Pa)666

pA Partial pressure of reactant A (Pa)667

pA0 Initial partial pressure of reactant A at the beginning of the channel (Pa)668
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pAt Partial pressure of reactant A at xt (Pa)669

pI Partial pressure of inert gas I (Pa)670

Pd Desorption probability in unit time in the Ylilammi et al.19 model (s−1)671

q Adsorption density of metal M atoms in the ALD growth of film of the MyZx material672

(m−2) (i.e., GPC expressed as areal number density)673

Q Collision rate of reactant A with the surface at unit pressure in the Ylilammi et al.19 model674

(m−2 s−1 Pa−1)675

R Gas constant (JK−1mol−1)676

ρ Film mass density (kg m3)677

σi,j Collision cross-section between the molecules i and j (m2)678

θ Surface coverage of the adsorbed species (-)679

t Time (s)680

T Temperature (K)681

vA Thermal velocity of molecule A (m s−1)682

W Width of the channel (m)683

x Physical distance (m)684

x̃ Dimensionless distance (-). This is the ratio of the physical distance to the channel height.685

(x̃ = x/H)686

xs Distance where the extrapolated linear part of the reactant pressure is zero in the Ylilammi687

et al.19 model (m)688

xt Distance of the linear part of the reactant pressure distribution in the Ylilammi et al.19689

model (m)690

x̃θ=0.5 Penetration depth at half coverage in terms of the dimensionless distance (-)691

z̃A The collision frequency of reactant A with other gas molecules in a gas mixture of reactant692

A and inert gas I (s−1)693
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Figure S1 Partial pressure profile of reactant A pA as function of distance x. Pressure decreases linearly

before the transition point xt is reached (Eq. 18). Linearly extrapolated pressure becomes zero at xs. Beyond

the transition point, when x > xt , an approximation is used as in Eqs. 20 and 21. In this illustration, xp is the

penetration depth at half surface coverage. Reproduced from the supplementary figure (Fig. S1) of Yim et

al.1, Creative Commons Attribution 3.0 Unported Licence.
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S1 Varying exposure series

S1.1 Total exposure calculation

Calculated values of the total exposure for pressures varying from 10−2 to 104 Pa with a constant

exposure time of 0.1 s are in table S1. Exposure was varied within 10−3 to 103 Pa·s.

Table S1 Exposures calculated for the varying exposure series

Reactant partial pressure pA0 Exposure time t Total exposure Total exposure
Pa s Pa·s Langmuir

10−2 10−1 10−3 7.5×100

10−1 10−1 10−2 7.5×101

100 10−1 10−1 7.5×102

101 10−1 100 7.5×103

102 10−1 101 7.5×104

103 10−1 102 7.5×105

104 10−1 103 7.5×103

S1.2 Estimation of the total exposure to saturate the surface at LHAR channel entrance

Total exposure expected to saturate the surface at the entrance of the LHAR structure was calculated

from the Gordon et al. model2 (Eq. 7: Pt = S
√

2πmkBT ; S corresponds to q in this work). Dividing

the result at 250°C with the sticking coefficient c of 0.01 gave 0.029 Pa·s (∼ 220 L) as the expected

total exposure for saturation.

Simulation results presented in the main article (Fig. 3a-h) show that for the cases with pA0

10−2, 10−1, and 100 Pa, complete surface coverage was not yet seen at the entrance of the LHAR

channel. Thus, the corresponding total exposures (10−3, 10−2, 10−1 Pa·s, ∼ 7.5, 75, 750 L respec-

tively) were insufficient to saturate the surface. The case with pA0 of 100 Pa had total exposure

of 10−1 Pa·s (∼ 750 L), which is higher than the exposure expected to be required for full surface

coverage at the channel entrance calculated with the Gordon et al.2 method. The reason for the

higher total exposure required for saturation in the simulations as compared to the calculated value

remains unclear.
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S2 Constant exposure series

S2.1 Total exposure calculation

Calculated values of the total exposure for pressures varying from 10−2 to 104 Pa and exposure

time varying from 10−3 to 103 s are in table S2. Exposure was 10 Pa·s in all cases.

Table S2 Reactant partial pressure and exposure time calculated for the constant exposure series

Reactant partial pressure pA0 Exposure time t Total exposure Total exposure
Pa s Pa·s Langmuir

10−2 103 10 7.5×104

10−1 102 10 7.5×104

100 101 10 7.5×104

101 100 10 7.5×104

102 10−1 10 7.5×104

103 10−2 10 7.5×104

104 10−3 10 7.5×104
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S3 Supplementary information presented for both the constant and varying

exposure series

Figure S2 Diffusion coefficients (m2 s−1) as a function of the Kn number, for different reactant partial

pressure pA0: (a) molecular diffusion coefficient DA, (b) Knudsen diffusion coefficient DKn, and (c) ef-

fective diffusion coefficient De f f . Hollow symbols represent a 500 nm channel height and correspond to the

PillarHallTM case.3
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Figure S3 Diffusion coefficients (m2 s−1) as a function of the channel height H, for different reactant partial

pressure pA0 : (a) molecular diffusion coefficient DA, (b) Knudsen diffusion coefficient DKn, and (c) effec-

tive diffusion coefficient De f f . Hollow symbols represent a 500 nm channel height and correspond to the

PillarHallTM case.3
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56

Figure S4 Diffusion coefficients (m2 s−1) as a function of: (a) reactant pressure pA0, with a constant H of

100 µm, and (b) channel height H, with a constant pA0 of 102 Pa. Hollow symbols are for the PillarHallTM

case3 with a 500 nm channel height.
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Figure S5 Saturation profiles in channel of height 500 nm (corresponds to the typical PillarHallTM case3).

Sticking coefficient c (-) is varied as: (a) 0.1 (b) 0.01 (c) 0.001. Exposure is constant at 10 Pa·s.
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Figure S6 Thiele modulus plotted as a function of the Kn number for: (a) different channel heights with a

sticking coefficient of 0.01, and (b) different sticking coefficients using a channel height of 500 nm (typical

PillarHallTM case3,4). The sticking coefficients have been varied as 1, 0.1, 0.01, 0.001 and 0.0001.
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Figure S7 Saturation profiles with varying sticking coefficients for (a) free molecular flow regime, Kn ∼

6×104 (b) transition regime, Kn ∼ 6×10−1 and (c) continuum regime, Kn ∼ 3×10−4. Note that the scale

of the horizontal axis of panel (c) differs from the others.
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Figure S8 Saturation profiles corresponding to the summary table of the main article (Table 2), simulated

in the continuum flow regime (Kn ≪ 1), by implementing Ylilammi et al.5 model with varying (a) channel

height H, (b) initial partial pressure of reactant A pA0, (c) pulse length t, (d) sticking coefficient c, (e)

desorption probability Pd , (f) adsorption density q, (g) temperature T, (h) total pressure p, (i) ratio between

initial partial pressure of reactant A to total pressure pA0/p, (j) molar mass of reactant A MA, (K) molar mass

of inert gas MI , (l) diameter of reactant A dA, (m) diameter of inert gas dI , and (n) film density ρ . Saturation

profiles for the transition and free molecular flow regime are in a previous work by Yim et al.1
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Table S5 Penetration depth and absolute values of the slope at half coverage for the summary table (Table 2)

of the main article. The values are for trends reported in the continuum regime (Kn << 1).

Simulation parameter Varied values x̃θ=0.5

∣∣∣∣dθ

dx̃

∣∣∣∣
x̃=0.5

Channel height H (µm)

100 76.527 0.229
250 48.630 0.363
500 34.433 0.518
750 28.121 0.641

1000 24.354 0.748

Initial partial pressure of the ALD reactant A pA0 (Pa)

100 15.159 0.531
300 26.575 0.524
500 34.433 0.518
700 40.818 0.512

1000 48.867 0.504

Reactant pulse time t1 (s)

0.01 10.572 0.519
0.1 34.433 0.518
1 109.887 0.518
10 348.494 0.518

100 1103.037 0.517

Sticking coefficient c (-)

0.0001 30.196 0.052
0.001 33.432 0.164
0.01 34.432 0.518
0.1 34.749 1.638
1 34.849 5.179

Desorption probability Pd (s−1)

0.0001 34.432 0.518
0.001 34.432 0.518
0.01 34.433 0.518
0.1 34.433 0.518
1 34.441 0.518

Adsorption density q (nm−2)

0.5 98.235 0.519
1 69.326 0.519
2 48.885 0.517
4 34.431 0.517
8 24.211 0.518

Temperature T ( °C)

373.15 30.991 0.642
473.15 32.852 0.570
573.15 34.433 0.518
673.15 35.814 0.478
773.15 37.047 0.447

Total pressure p (Pa)

1125 153.662 0.184
1750 48.579 0.355
3000 34.431 0.517
5500 24.375 0.739
10500 17.246 1.053

Fraction of reactant pressure of total pressure pA0/p (-)

0.038 15.159 0.530
0.107 26.574 0.524
0.167 34.431 0.519
0.219 40.816 0.512
0.286 48.864 0.502
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Simulation parameter Varied values x̃θ=0.5

∣∣∣∣dθ

dx̃

∣∣∣∣
x̃=0.5

Molecular mass of the ALD reactant MA (kgmol−1)

0.05 46.416 0.455
0.1 34.433 0.518
0.15 28.621 0.565
0.2 25.014 0.603
0.25 22.497 0.635

Molecular mass of the carrier gas MI (kgmol−1)

0.004 22.327 0.813
0.012 28.825 0.625
0.02 32.179 0.557

0.028 34.432 0.518
0.036 36.105 0.493

Size of the reactant molecule dA (m)

4 43.005 0.420
5 38.245 0.468
6 34.431 0.516
7 31.308 0.568
8 28.704 0.614

Density of the grown material ρ (kgm−3)

2000 34.433 0.518
2500 34.433 0.518
3000 34.432 0.518
3500 34.432 0.518
4000 34.433 0.518
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Figure S9 Saturation profiles with increasing the desorption probability Pd in the continuum flow regime

used in the summary table of the main article (Table 2). This figure also includes additional saturation

profiles for higher Pd values (Pd ≥ 10).

Figure S10 Saturation profiles for increasing the diameter of the inert carrier gas dI related to the summary

table in the main article (Table 2). The saturation profiles are for different flow regimes: (a) free molecular

flow regime (b) transition flow regime and the (c) continuum flow regime.
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Figure S11 Diffusion coefficients (m2s−1) corresponding to the temperature T variation cases in the summary

Table 2 of the main article. Diffusion coefficients are plotted as a function of T (K): (a) molecular diffusion

coefficient DA, (b) Knudsen diffusion coefficient DKn, and (c) effective diffusion coefficient De f f .
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