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ABSTRACT  13 

Unparalleled conformality is driving ever new applications for atomic layer 14 

deposition (ALD), a thin film growth method based on repeated self-terminating gas-solid 15 

reactions. In this work, we re-implemented a diffusion-reaction model from the literature to 16 

simulate the propagation of film growth in wide microchannels and used that model to 17 

explore trends in both the thickness profile as a function of process parameters and different 18 

diffusion regimes. In the model, partial pressure of ALD reactant was analytically 19 

approximated. Simulations were made as function of kinetic and process parameters such as 20 

temperature, (lumped) sticking coefficient, molar mass of the ALD reactant, reactant’s 21 

exposure time and pressure, total pressure, density of the grown material, and growth per 22 

cycle (GPC) of the ALD process. Increasing the molar mass and the GPC, for example, resulted 23 

in a decreasing penetration depth into the microchannel. The influence of the mass and size 24 

of the inert gas molecules on the thickness profile depended on the diffusion regime (free 25 

molecular flow vs. transition flow). The modelling was compared to a recent slope method to 26 

extract the sticking coefficient. The slope method gave systematically somewhat higher 27 

sticking coefficient values compared to the input sticking coefficient values; potential reasons 28 

behind the observed differences are discussed. 29 
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1. Introduction  30 

Unparalleled conformality is driving ever new applications for atomic layer deposition (ALD), 31 

a thin film growth method based on repeated self-terminating gas-solid reactions.1–3 ALD 32 

enables one to make conformal coatings on almost any desired inorganic substrate including 33 

high aspect ratio (HAR) structures such as microelectronics and powder media. Yet, tuning of 34 

the process parameters is often required to guarantee conformal coatings in HAR structures.  35 

Several types of feature-scale models have been used to simulate ALD growth 36 

in high aspect ratio (HAR) structures [e.g. Figure 1(a)], as recently reviewed by Cremers et al.4 37 

Analogously to a recent article on chemical vapor deposition,5 we classify these ALD models 38 

as ballistic line-of-sight (e.g. refs. 6–9), Monte Carlo (e.g. refs. 10–17) and diffusion-reaction 39 

models (e.g. refs. 18–22).‡ While the heterogeneous gas–solid reactions responsible for ALD 40 

growth have been demonstrated at a great range of pressures from atmospheric to ultra-high 41 

vacuum,4,17,23 ALD processes often operate in a low vacuum of roughly 102 Pa range.3 42 

Consequently, most feature-scale models for ALD have been developed for low-pressure 43 

conditions where the mean-free-path of the molecules  is much higher than the limiting 44 

dimension of the feature h (Knudsen number Kn = /h >> 1).9,24 Here, molecules collide with 45 

the feature walls and not with other molecules in the gas phase, and the mass transport 46 

regime is referred to as varied names e.g. as (free) molecular flow, Knudsen flow, or Knudsen 47 

diffusion.4,19,25,26 Diffusion-reaction models based on Fick’s law of diffusion can flexibly be 48 

used in free molecular flow (Kn >> 1) as well as in transition flow (Kn  1) and even in 49 

 
‡ Diffusion-reaction models relying on Fick’s laws of diffusion are in the ALD literature 
sometimes somewhat confusingly referred to as “continuum” models;4,30,33 in this work the 

term is dedicated to continuum flow conditions where the mean free path of molecules  
(m) is orders of magnitude smaller than the limiting feature dimension h (m) (Knudsen 

number Kn = /h  10-3).25 
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continuum flow (Kn << 1) conditions,24,26,27 as the effective diffusion coefficient Deff (m-2s-1) 50 

can be calculated from the gas-phase diffusion coefficient DA (m-2s-1) and the Knudsen 51 

diffusion coefficient DKn (m-2 s-1).17,18,20 Also Monte Carlo methods have been used for regimes 52 

other than free molecular flow, by using the mean free path  as a statistical parameter.11–13 53 

Irrespective of the theoretical framework, all models reproduce the typical profiles of ideal 54 

ALD growth based on self-terminating (i.e., saturating and irreversible) reactions:3,28 constant 55 

film thickness followed by an abrupt decrease to zero, as illustrated in Figure 1(b).  56 

For ALD process modelling and reactor design, a useful description of the 57 

reaction kinetics is essential. Typically, the reaction kinetics of ALD processes are described in 58 

a simplified manner assuming irreversible single-site Langmuir adsorption and an associated 59 

(lumped) sticking coefficient.4,7,13,17,20,29 Experimental knowledge of sticking coefficients has 60 

been rather scarce until recently.4,7,8,11,12,29–31 The most straightforward way of analysing the 61 

kinetics is by interpreting film termination profiles measured in dedicated test structures or 62 

in a cross-flow reactor, where a steep film termination profile is generally associated with 63 

high reactivity.11,12,29,30,32,33  64 

Recently, microscopic lateral high-aspect-ratio (LHAR) test channels have 65 

emerged for thickness profile measurements.18,34–36 Such LHAR structures simplify 66 

conformality analysis: after ALD, the roof of the structure can be removed, exposing the film 67 

to detailed analysis.35–37 Further, a method has been developed by Arts et al.30 to be used in 68 

conjunction with microscopic LHAR test channels, where the sticking coefficient c can be 69 

calculated from the slope [at surface coverage 𝜃 (-) of 1/2] of the Type 1 normalized thickness 70 

profile [Figure 1(b)] through a simple square root relation.30 This slope method was derived 71 
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empirically from the diffusion-reaction model of Yanguas-Gil and Elam at free molecular flow 72 

conditions.20  73 

In this work, we have re-implemented the diffusion−reaction model by Ylilammi 74 

et al.18 and used it to simulate the evolution of ALD growth at various scenarios of kinetic and 75 

process parameters and diffusion regimes. We first describe the assumptions and equations 76 

behind the Ylilammi et al.18 diffusion-equation model. We then demonstrate how process 77 

parameters influence the ALD thickness profile by varying individual parameters at various 78 

diffusion regimes and channel filling levels. Finally, we compare the simulations of the 79 

Ylilammi et al.18 model with the Arts et al.30 slope method and discuss the likely reasons for 80 

the observed slight differences.   81 

 82 

Figure 1. Illustration of ALD film in wide microchannel structures: (a) side and top views of 83 

the microchannel with length L and height H, containing a film with thickness s at the 84 

channel entrance (illustration intentionally not to scale). (b) Illustration of the different 85 

regions (I-IV) of a thickness profile superimposed on a thickness profile with different axes 86 
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shown. The classifications of thickness profiles and the regions are as in ref. 36, except that 87 

here we use the term thickness profile instead of saturation profile.  88 

2. Description of the Ylilammi et al.18 diffusion-reaction model  89 

For full details behind the model derivation, please see the article by Ylilammi et al.18 Here, 90 

core concepts are presented that are used in the current implementation. In some cases, 91 

somewhat expanded explanations are provided, to help the reader follow the model and 92 

connect it to other models on ALD.    93 

2.1. Basic ALD process and geometry assumptions  94 

The Ylilammi et al.18 model was built to describe a typical ALD process, based on the use of 95 

inert gas for transporting the reactant from the source to the growth surface.3  96 

The considered high-aspect-ratio (HAR) geometry is a wide microchannel similar 97 

to the one in Figure 1(a), where height H (m) of the microchannel is the limiting dimension. 98 

The width W (m) of the microchannel is orders of magnitude larger than H, and the length L 99 

(m) is considered infinite (the channel end effects are not considered). While the model has 100 

been constructed with lateral HAR (LHAR) structures in mind,35,36 it is indifferent to the 101 

orientation of the structure and thus describes vertical trenches (and any other orientation) 102 

as well.   103 

Typically, an ALD process has at least two reactants, often called Reactant A and 104 

Reactant B.3 In this model, one of the two reactions is assumed to limit the extent of film 105 

growth in the microchannel; typically, this is assumed to be the reaction of Reactant A. The 106 

partial pressure of Reactant A is denoted as pA (Pa). Reactant A is brought to the microchannel 107 

entrance at a partial pressure pA0.18 It is expected that the partial pressure of Reactant A 108 
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behaves like a step function: during the reactant pulse, the pressure at the microchannel 109 

entrance is pA0, and otherwise it is zero.3,38 An inert carrier gas, denoted here with “I” (instead 110 

of the notation “B” used in the Ylilammi et al.18 article, to avoid confusion with Reactant B3), 111 

is used to aid the transport of Reactant A from the source to the surface. The inert gas has 112 

the same partial pressure pI (Pa) inside and outside of the microchannel. Inside the 113 

microchannel, pA decreases, as Reactant A is consumed in the adsorption (i.e., ALD) process. 114 

The time t from the beginning (t = 0) until the end of exposure of Reactant A (t = t1) is 115 

considered; purge is excluded from this model. Thus, of the four typical steps in an ALD 116 

sequence,3 the current simulation concerns Step 1 only. 117 

2.2. Mass transport by diffusion and partial pressure of Reactant A 118 

In the chosen geometry, the partial pressure of Reactant A can be considered constant in 119 

the y- and z- direction.18 The one-dimensional diffusion equation for the partial pressure of 120 

Reactant A pA (Eq. 10 of Ylilammi et al.18) is: 121 

𝜕𝑝A

𝜕𝑡
= 𝐷eff

𝜕2𝑝A

𝜕𝑥2
−

4𝑔𝑅𝑇

ℎ𝑁0
. (1) 122 

The second term on the right side of this equation is called the adsorption loss term. R is the 123 

gas constant (8.314461 J K-1 mol-1), T is the absolute temperature (K), and N0 is Avogadro’s 124 

constant (mol-1). The effective diffusion coefficient Deff considers both the gas-phase collisions 125 

and the channel wall collisions through the gas-phase diffusion coefficient DA (m2 s-1), as well 126 

as the Knudsen diffusion coefficient DKn (m2 s-1), in the Bosanquet relation (Eq. 6 of Ylilammi 127 

et al.18): 128 

𝐷eff =
1

1
𝐷A

+
1

𝐷Kn

. (2)
 129 
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In Eq. 1, g (m-2 s-1) is the net adsorption rate of molecules from the gas phase to the surface.  130 

h (m) is the hydraulic diameter of the microchannel (Eq. 5 of Ylilammi et al.18): 131 

ℎ =
2

1
𝐻 +

1
𝑊

. (3) 132 

The gas-phase diffusion coefficient depends on the average speed of the Reactant A 133 

molecules 𝑣̅A (m s-1) and the collision rate of the Reactant A molecules in a mixture of A and 134 

B, zA (s-1) (Eq. 3, Ylilammi et al.18):  135 

𝐷A =
3𝜋𝑣̅A

2

16𝑧A
. (4) 136 

The average speed of molecules A (i.e. the thermal velocity) is, from the kinetic theory of 137 

gases, obtained as (Eq. 2 of Ylilammi et al.18): 138 

𝑣̅𝐴 = (
8𝑅𝑇

𝜋𝑀A
)

1
2

. (5) 139 

The collision frequency of molecules A in a mixture of A and inert gas I is, from the kinetic 140 

theory of gases, obtained as (Eq. 1, Ylilammi et al.18):  141 

𝑧A =
𝜋

4
(𝑑A + 𝑑I)

2 [
8𝑅𝑇

𝜋
(

1

𝑀A
+

1

𝑀I
)]

1
2 𝑝I𝑁0

𝑅𝑇
+ 𝜋(𝑑A)2 [

16𝑅𝑇

𝜋𝑀A
]

1
2 𝑝A𝑁0

𝑅𝑇
. (6) 142 

Here, dA and dI are the (hard-sphere model) diameters (m) of molecules A and the inert gas, 143 

respectively, and MI is the molar mass of the inert gas (g mol-1).§ The diameters can be 144 

 
§ Note that Eq. 1 of Ylilammi et al.18 for calculating the collision frequency contains an 
error:36 both terms on the right side of Eq. 1 of ref. 18  have been multiplied by Avogadro’s 
number for Eq. 6 of this work. 
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estimated for example from the gas-phase viscosity (Eq. 7 of Ylilammi et al.18) or the liquid 145 

phase density (Eq. 8 of Ylilammi et al.18). 146 

The Knudsen diffusion coefficient DKn depends on the microchannel’s hydraulic diameter h, 147 

the temperature T, and the molar mass of Reactant A, MA (kg mol-1) (Eq. 4 of Ylilammi et al.18):    148 

𝐷Kn = ℎ (
8𝑅𝑇

9𝜋𝑀A
)

1
2

. (7) 149 

Instead of solving the differential equation for the partial pressure of Reactant 150 

A (Eq. 10 of Ylilammi et al.18) numerically, Ylilammi et al.18 derived an approximate analytic 151 

solution of the diffusion equation, which is implemented in this work. With the approximate 152 

solution, the partial pressure of Reactant A pA can be analytically calculated for any position 153 

x and time t. In the part of the profile where the net adsorption rate g is approximately zero 154 

(x < xt, where t stands for “transition”), the partial pressure pA decreases linearly with x (Eq. 155 

18 of Ylilammi et al.18) (Figure S1): 156 

𝑝A(𝑥, 𝑡) = 𝑝A0 (1 −
𝑥

𝑥s
) , 𝑥 < 𝑥t, (8) 157 

 And beyond the point x = xt, the decrease is exponential (Eq. 24 of Ylilammi et al.18): 158 

𝑝A(𝑥, 𝑡) = 𝑝At exp (−
𝑥 − 𝑥t

𝑥s − 𝑥t
) , 𝑥 > 𝑥t,

𝑝At = 𝑝A0 (1 −
𝑥t

𝑥s
) . (9)

 159 

In Eqs. 8 and 9, xs, where the linearly extrapolated partial pressure pA is zero, is obtained from 160 

(Eq. 19, Ylilammi et al.18): 161 

𝑥s = √𝐷𝑡. (10) 162 
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Here, D is the apparent longitudinal diffusion coefficient (m2 s-1), which is obtained from (Eq. 163 

23, Ylilammi et al.18): 164 

𝐷 =
𝑝A0𝐻𝐷eff

𝑞𝑘𝐵𝑇 (1 −
ln(𝐾𝑝A0 + 1)

𝐾𝑝A0
)

. (11)
 165 

Here, q is the adsorption density of the metal M atoms in the growth of film of the MyZx 166 

material (m-2) (i.e., the growth per cycle in ALD, expressed as areal number density), which 167 

can be calculated from the thickness-based growth per cycle (GPC) of the ALD process gpcsat 168 

(Eq. 9, Ylilammi et al.18): 169 

𝑞 =
𝑏film

𝑏A
 
𝜌𝑔𝑝𝑐sat

𝑀
𝑁0. (12) 170 

Here, bfilm is the number of metal atoms in a formula unit of the growing film (e.g., 2 for Al2O3), 171 

bA is the number of metal atoms in a Reactant A molecule (e.g., 1 for trimethylaluminium),  172 

(kg m-3) is the mass density of the ALD film material (composition denoted here as MyZx), gpcsat 173 

(m) is the ALD GPC (corresponding to saturated reactions) in thickness units, M (kg mol-1) is 174 

the molar mass of one formula unit of the growing film (MyZx),  and N0 is Avogadro’s constant 175 

(mol-1). The transition point xt from Eq. 8 to Eq. 9 occurs at (Eq. 28, Ylilammi et al.18): 176 

𝑥t = 𝑥s − √
ℎ𝑁0𝐷eff

4𝑅𝑇𝑐𝑄
, if 𝑥𝑠 > √

ℎ𝑁0𝐷eff

4𝑅𝑇𝑐𝑄
 177 

𝑥t = 0, otherwise. (13) 178 

Here, c is the sticking probability of Reactant A in collision with the microchannel wall (0  c 179 

 1, unitless). Q is the wall-collision rate at unit pressure (m-2 s-1 Pa-1), calculated from (Eq. 14 180 

of Ylilammi et al.18): 181 
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𝑄 =
𝑁0

√2𝜋𝑀A𝑅𝑇
. (14) 182 

In this model implementation, the gas-phase diffusion coefficient DA is updated for all 183 

positions and times in each cycle, as DA depends on the partial pressure of Reactant A pA (x,t).  184 

The apparent longitudinal diffusion coefficient D and the effective diffusion coefficient Deff 185 

are also updated accordingly, as they are influenced by the gas-phase diffusion coefficient DA. 186 

An illustration of how the partial pressure of Reactant A decreases inside the 187 

microchannel is shown in Figure 2(a). Simulation conditions similar to those of Ylilammi et 188 

al.18 were used. Figure 2(a) shows a similar trend as Fig. 2 in Ylilammi et al.,18 suggesting that 189 

the model was correctly re-implemented. 190 

 191 

Figure 2. Illustration of the simulated parameters inside the microchannel as a function of 192 

location and time: (a) partial pressure of Reactant A, and (b) surface coverage. The figures 193 

correspond to Figs. 2 and 3 of Ylilammi et al.,18 respectively. Parameters: c = 0.01, T = 523.15 194 

K, pA0 = 100 Pa, MA=0.0749 kgmol-1, dA = 5.91 × 10-10 m, pI = 300 Pa, MI = 0.028 kgmol-1, dI = 195 

3.74 × 10-10 m, 𝜌 = 3500 kgm-3, gpcsat = 1.06 × 10-10 m, K = 100 Pa-1, q = 5 × 1018 m-2, H = 500 196 

nm, and W = 0.1 mm. 197 
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2.3. Langmuir adsorption model and surface coverage 198 

The model is built on the assumption of reversible single-site Langmuir adsorption describing 199 

the gas-solid reaction step in ALD:18 200 

A + ∗ ⇌ A ∗. (15) 201 

Here, A is the reactant molecule, * is a surface site, and A* denotes a molecule adsorbed on 202 

a site. In the Langmuir adsorption model, a surface consisting of a checkerboard can be 203 

imagined: all sites are equal, and the adsorbed species are assumed to not interact with each 204 

other. If an elementary reaction was assumed, Eq. 15 would correspond on the assumption 205 

of an associative adsorption mechanism.3 However, it is acknowledged that the actual surface 206 

reactions are more complex,18 and in the model, Eq. 15 does not describe an elementary 207 

reaction but rather a lumped reaction.  208 

The fraction of occupied adsorption sites is called the surface coverage and is 209 

denoted with   (0    1). The fraction of unoccupied or vacant adsorption sites is 1 − 𝜃. 210 

The rate of adsorption per unit surface area fads (m-2 s-1) is proportional to the fraction of 211 

vacant sites, the probability that a collision leads to adsorption c, and the frequency of 212 

collisions pA, either as (Eq. 11, Ylilammi et al.18): 213 

𝑓ads =
(1 − 𝜃)𝑐𝑁0𝑝A

√2𝜋𝑀A𝑅𝑇
, (16) 214 

or through the use of the concept of the (gas-phase) collision rate at unit pressure Q: 215 

𝑓ads = (1 − 𝜃)𝑐𝑄𝑝A. (17) 216 

The rate of desorption fdes (m-2 s-1) depends on the surface concentration of the adsorbed 217 

species ( q, m-2) and the desorption probability in unit time Pd (s-1) (Eq. 12, Ylilammi et al.18):  218 
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𝑓des = 𝜃𝑞𝑃d. (18) 219 

The net adsorption rate g (m-2 s-1) is (Eq. 15, Ylilammi et al.18) 220 

𝑔 = 𝑓ads − 𝑓des. (19) 221 

At equilibrium, the net adsorption rate would be zero, the surface coverage would have 222 

reached the equilibrium value eq, and the equilibrium constant can be defined as (Eq. 13, 223 

Ylilammi et al.18): 224 

𝐾 =
𝜃eq/𝑝A

1 − 𝜃eq
=

𝑓ads

𝑓des
=

𝑐𝑄

𝑞𝑃𝑑
. (20) 225 

During adsorption, the ALD reactions are generally not at equilibrium, and the 226 

surface coverage   is a function of x and time t. In the model, the surface coverage is solved 227 

numerically from the rate equation describing the rate of change of the surface coverage with 228 

time (Eq. 31, Ylilammi et al.18): 229 

𝑑𝜃(𝑥, 𝑡)

𝑑𝑡
=

𝑐𝑄𝑝A(𝑥, 𝑡)

𝑞
− (

𝑐𝑄𝑝A(𝑥, 𝑡)

𝑞
+ 𝑃d) 𝜃(𝑥, 𝑡). (21) 230 

The solution requires the partial pressure of Reactant A as a function of position and time, for 231 

which Eqs. 8 and 9 are used.  232 

An illustration of the surface coverage inside the microchannel is shown in 233 

Figure 2 (b). This figure shows a similar trend to Fig. 3 by Ylilammi et al.,18 indicating that the 234 

model has been correctly re-implemented. 235 
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2.4. Effect of cycles on film thickness and parameters such as narrowing of the 236 

channel 237 

For each cycle, the surface coverage profile is calculated separately, as in Eq. 21. 238 

The thickness increment caused by the surface coverage is (Eq. 37, Ylilammi et al.18): 239 

𝑠(𝑥) = 𝜃(𝑥)𝑔𝑝𝑐sat. (22) 240 

In calculating the thickness profile s(x, N), the thickness increments caused by the N cycles 241 

are summed up: 242 

𝑠(𝑥, 𝑁) = ∑ 𝜃𝑖(𝑥)

𝑁

𝑖=1

𝑔𝑝𝑐sat. (23) 243 

In the Ylilammi et al. model,18 a simplification is made to assume that the free 244 

height of the microchannel H is decreases in each cycle by twice the GPC value, as film grows 245 

both on top and bottom of the microchannel (Eq. 35, Ylilammi et al.18): 246 

𝐻(𝑁) = 𝐻(0) − 2𝑁𝑔𝑝𝑐sat. (24) 247 

The constant free channel height simplification increases the computational speed.18 The 248 

consequence is that the surface coverage for an individual cycle decreases somewhat too 249 

steeply in Region III of the thickness profile [see Figure 1 (b)]. Ylilammi et al.18 estimated that 250 

the assumption is valid when the film is thin compared to the height of the microchannel H 251 

and when the film does not grow much beyond the half-thickness penetration depth 𝑥50% (𝑥p 252 

in the Ylilammi et al.18 model).18 An illustration of the simulated thickness profiles after 1000 253 

cycles in microchannels with various heights is shown in Figure S2.  Here, a similar trend is 254 

observed as that in Fig. 4 by Ylilammi et al.,18 confirming that the model has been re-255 

implemented properly. In this implementation, the Knudsen diffusion coefficient DKn is 256 
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updated from cycle to cycle as free height of the microchannel H(N) is updated in each cycle 257 

(Eq. 7). 258 

3. Experimental  259 

3.1. Model implementation in MATLAB®  260 

In this work, we used two different diffusion-reaction models by Ylilammi et al.18 (Model A) 261 

and Yanguas-Gil and Elam20 (Model B) to simulate ALD thickness profiles in LHAR. 262 

3.1.1. Ylilammi et al.18 model (Model A) 263 

The resulting set of equations for surface coverage 𝜃, reactant partial pressure pA, and 264 

film thickness s along the microchannel was solved using the software MATLAB®. For 265 

discretisation of the geometric domain along the microchannel (x-axis), an equidistant array 266 

was used. Based on this, the temporal evolution of the surface coverage 𝜃 (𝑥, 𝑡) (Eq. 21) was 267 

solved numerically by using MATLAB’s ODE23 ordinary differential equation solver with a 268 

relative tolerance of 10─3 and an absolute tolerance of 10─5. A simplified flowchart of the 269 

algorithm is shown in Figure 3. The temporal evolution of the reactant partial pressure (pA) 270 

was calculated using Eqs. 8 and 9. To perform these calculations, it was assumed that pA was 271 

zero along the entire microchannel when t = 0. The transport properties (i.e. Deff and D) 272 

required for obtaining xs and xt (Eqs. 10 and 13, respectively) were computed for each element 273 

along the microchannel using the reactant partial pressure from the previous time step.*  274 

The surface coverage profile 𝜃(𝑥, 𝑡) was computed by solving Eq. 21 until the target 275 

pulse time was reached. The film thickness profile s(x) was obtained from Eq. 22 while the 276 

 
* Earlier reports re-implemented the Ylilammi et al.18 model to simulate the growth of 
aluminium oxide from trimethylaluminium (TMA) and water in wide microchannels.18,36 



16 
 

thickness increment and the updated microchannel height were calculated from Eq. 23 and 277 

24, respectively. The previous procedure was repeated until the defined number of cycles (N) 278 

was achieved. 279 

 280 

Figure 3. Simplified algorithm for the simulation of thickness profiles with the re-implemented 281 

Ylilammi et al.18 diffusion-reaction model. 282 

3.1.2. Yanguas-Gil and Elam20 model (Model B)  283 

The slope method reported by Arts et al.,30 which is used to back-extract the 284 

value of the (lumped) sticking coefficient, is based on the diffusion-reaction model reported 285 

Results

Update of thickness profile: 
s(x, N)

Surface coverage:
θ(x, t)

Partial pressure: 
pA(x, t)Update of 

channel height 

Parameter values
Conditions: T, pI, pA0, t1, N; Properties: MA, MI, dA, dI 

Kinetics and film growth: c, Pd, bfilm, bA, ρ, M

Channel dimensions: H (W)

Is the target 
number of cycles  N  

reached?

YesNo

Is the target 
pulse time  t1  

reached?

Yes

No

Keep solving ODE

Transport properties 
along channel: Deff, D 

t = 0
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by Yanguas-Gil and Elam.20 This model is similar to the Ylilammi et al. model,18 but with three 286 

main differences. First, the Yanguas-Gil and Elam model20 does not use a desorption term to 287 

calculate the evolution in 𝜃, i.e., 𝑃𝑑 = 0 in Eq. 21. Second, it assumes free molecular flow, i.e., 288 

𝐷𝑒𝑓𝑓 = 𝐷𝐾𝑛. Third, it calculates the partial pressure directly from Eq. 1, by numerically solving 289 

the coupled equations for 𝑝A (Eq. 1) and 𝜃 (Eq. 21) simultaneously. In this work, and in the 290 

work of Arts et al.30 reporting on the slope method,30 the coupled equations of the Yanguas-291 

Gil and Elam model20 were solved using MATLAB’s pdepe solver.39 This function solves a 292 

system of parabolic and elliptic partial differential equations with one spatial parameter 293 

(here, the distance 𝑥) and one time parameter 𝑡. For the implementation of Model B, the 294 

symmetry of the problem was set to 0, corresponding to slab geometry, and default tolerance 295 

values of 10-3 relative tolerance and 10-6 absolute tolerance were used. Analogous to the 296 

implementation of Model A, the parameters 𝑥 and 𝑡 were discretised using constant spacing. 297 

Finally, the initial conditions 𝑝A(𝑥, 0) = 0 and 𝜃(𝑥, 0) = 0 were used, in combination with 298 

the boundary conditions 𝑝A(0, 𝑡) = 𝑝A0 and 
𝜕𝑝A

𝜕𝑥
(𝐿, 𝑡) = −

1

4

𝑣̅A

𝐷𝐾𝑛
𝑐 ⋅ 𝑝(𝐿, 𝑡)(1 − 𝜃(𝐿, 𝑡)).20 299 

3.2. Simulation details  300 

  Simulations were made with MATLAB® scripts by varying an individual 301 

parameter while keeping other parameters constant. To extract the half-thickness 302 

penetration depth, the script chose the first point (xi,yi), where xi is equal to or smaller than 303 

the half-thickness penetration depth, and then chose another discretisation point (xi-1,yi-1), 304 

which was one point before (xi,yi). Once the two discretisation points were chosen, the half-305 

thickness penetration depth and the slope at half-thickness penetration depth were 306 

interpolated linearly between the two discretisation points (see Figure S3). The total number 307 
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of discretisation points were selected so that the difference between those two discretisation 308 

points in y-axis is less than or equal to 3% of the whole range.  309 

To compare the simulations made with the Ylilammi et al. model 18 and the 310 

Yanguas-Gil and Elam model,20 and to back-extract the sticking coefficient by the slope 311 

method,30 we chose conditions with Kn ≥ 100.9,20,24 The Knudsen number was calculated as 312 

(Eq. 1, Cremers et al.4) 313 

𝐾𝑛 =
𝜆

ℎ
, (25) 314 

where  (m) is the mean free path, and h (m) is the hydraulic diameter of the microchannel 315 

(Eq. 3). 316 

The mean free path  was calculated as (Eq. 3, Cremers et al.,4 and Eq. 5.21,3 317 

Chapman and Cowling40): 318 

𝜆 =  
𝑘𝐵𝑇

√2𝑝A0𝜎A,A + √1 +
𝑚A

𝑚I
𝑝I𝜎A,I

, (26)
 319 

where kB (m2 kg s-2 K-1) is the Boltzmann constant, T (K) is the temperature, 𝑝I (Pa) is the partial 320 

pressure of the inert gas I, pA0 is the partial pressure of Reactant A at the microchannel 321 

entrance (0,t), 𝑚I (kg) is the mass of the inert gas molecule I, and 𝜎A,I (m
2) is the collision cross 322 

section between Reactant A and the inert gas I. The collision cross section between molecules 323 

i and j is calculated using the following equation (Eq.4, Cremers et al. 4): 324 

𝜎𝑖,𝑗 = 𝜋 (
𝑑𝑖

2
+

𝑑𝑗

2
)

2

, (27) 325 
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where 𝑑𝑖 (m) is the hard-sphere diameter of molecule i. ** The excess number 𝛾, which refers 326 

to the amount of Reactant A existing per adsorption site in the LHAR structure,18 is calculated 327 

by using the following equation (Eq. 6 Yanguas-Gil and Elam20): 328 

𝛾 =  
𝑉𝑛A

𝑞𝑆
, (28) 329 

where 𝑉 (m3) and 𝑆 (m2) are the volume and surface area of the HAR structure, respectively, 330 

q (m-2) is the adsorption density, and 𝑛A is the particle concentration (number density) of 331 

Reactant A (m-3) at the microchannel entrance (0,t). We simulated thickness profiles at 332 

conditions where excess number 𝛾 << 1 (e.g. in the baseline condition, 𝛾 was ca. 4.5 × 10-4). 333 

Such conditions (𝛾 << 1) are required for the slope method to be valid.25 334 

The sticking coefficient was back-extracted with the Arts et al.30 slope method 335 

derived from the Yanguas-Gil and Elam model20 as follows: 336 

𝑐 = 13.9 (|
𝑑𝜃

𝑑𝑥̃
|

𝜃=1/2
)

2

, (29) 337 

where 𝜃 (-) is the surface coverage and 𝑥̃ (-) is the dimensionless distance. In this work, the 338 

surface coverage 𝜃 was extracted from a Type 1 normalised thickness profile expressed as 339 

normalised thickness s/(N gpcsat) against dimensionless distance 𝑥̃. To back-extract the 340 

sticking coefficient the total number of discretisation points was selected so that the 341 

difference between the two discretisation points chosen in the y-axis was below 1% of the 342 

whole range. 343 

 
** Note that Eq. 4 of Cremers et al.4 for calculating the collision cross section contains an 

error: instead of taking the sum of squares (𝑟𝑖
2 + 𝑟𝑗

2),4 one should take the square of the 

sum (𝑟𝑖 + 𝑟𝑗)2, where 𝑟𝑖 (m) is the radius of molecule i. For the correct equation, see e.g. Eq. 

24.3b Atkins and De Paula.50 
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4. Results and discussion 344 

4.1. ALD in microchannels: general trends with the baseline process  345 

Trends in the evolution of conformality in microchannels were initially investigated by 346 

defining a baseline process with parameters inspired by the experimental TMA-water 347 

process.18,35,36,41 For these simulations, the microchannel height H was chosen to be 500 nm, 348 

as typically used in microscopic PillarHallTM LHAR structures.18,30,36,42,43 The temperature was 349 

chosen to be 250 °C, which is in the typical temperature range of the TMA-water process.31 350 

The partial pressure of Reactant A and the inert gas were chosen as 100 Pa and 500 Pa, 351 

respectively, and the Reactant A pulse length was chosen as 0.1 s; these conditions are similar 352 

to earlier reported experimental conditions.36,44 The adsorption density of the surface was set 353 

to 4 nm-2, which is in the range observed for the TMA-water process31,45,46 and in the range 354 

typical for ALD.38 The molar mass of Reactant A was set to an arbitrary value of 100 g mol-1, 355 

while that of the purge gas was typical for nitrogen (28 g mol-1). The diameters of Reactant A 356 

and the inert gas were 600 and 374 pm, respectively, as in the TMA-water simulation.18,36 The 357 

choice of H = 500 nm, combined with the pressure range used, resulted in the Knudsen 358 

number Kn for the baseline conditions being 7.6, which is in the transition flow regime (0.1 ≤ 359 

Kn ≤ 10).24  The varied parameters are presented in Table 1. 360 

 

Table 1. Process conditions selected for illustrating the effect of varied process conditions 361 

on the thickness profile in wide microchannels.* The baseline values are presented in bold 362 

font. 363 
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Parameter Varied values Effective Kn 

pA0 (Pa) 50, 100, 200, 400, 800 8.2, 7.6, 6.5, 5.0, 3.5 

t1 (s) 0.05, 0.1, 0.2, 0.4, 0.8 7.6 

MA (kg mol-1) 0.0250, 0.050, 0.100, 0.200, 0.400 10.7, 9.2, 7.6, 5.9, 4.5 

𝜌 (kg m-3) 2500, 3000, 3500, 4000, 4500 7.6 

q (nm-2) 0.5, 1, 2, 4, 8 7.6 

Pd (s-1) 0.01, 0.1, 1, 10, 100 7.6 

c (-) 0.0001, 0.001, 0.01, 0.1, 1 7.6 

T (°C) 50, 150, 250, 350, 450 4.7, 6.1, 7.6, 9.0, 10.4 

pI (Pa) 0, 250, 500, 750, 1000 45.2, 12.9, 7.6, 5.3, 4.1 

H (µm) 0.1, 0.2, 0.5, 1, 2, 2.5, 4  37.8, 18.9, 7.6, 3.8, 1.9, 1.5, 0.9 

N (-) 5, 10, 20, 50, 100, 250, 500 7.6 

* Other baseline parameters used: W = 10 mm, dA = 600 pm, dI = 374 pm, MI = 0.0280 364 

kg mol-1, bfilm = 1, bA = 1, and M = 0.050 kg mol-1. 365 

 

The thickness profiles simulated with varied parameters are shown in Figure 366 

4(a)–(i). Panels (a) and (b), respectively, show that an increase in the partial pressure of 367 

Reactant A, pA, and the pulse time of Reactant A, t1, both significantly increase the penetration 368 

depth of the film. This result is as expected: the product of pA and t1 is the dose (Pa s) that 369 

defines the penetration depth at free molecular flow conditions (half-thickness penetration 370 

depth ∝  √𝑝A𝑡1).20,25,30 Panel (c) shows the effect of varying the molar mass of Reactant A, 371 

MA. The penetration depth of the film is higher when the molecules are lighter. This is 372 

consistent with the fact that the diffusion of light molecules is faster than that of heavy 373 
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molecules (Eq. 4 and 7). Panel (d) illustrates the effect of varying the mass density of the 374 

grown MyZx material, . The lower the density, the higher the grown thickness (note that the 375 

penetration depth is not affected). With a lower density, one unit of MyZx takes up a larger 376 

space, so a constant adsorption density q leads to a larger film volume and therefore a larger 377 

thickness (Eq. 12). (Note: the thickness-based GPC is not constant in such case.3) Panel (e) 378 

illustrates the effect of the adsorption density, q (i.e. GPC expressed as areal number density) 379 

on the thickness profile. With other parameters constant, the adsorption density has a strong 380 

influence on the growth. This is not surprising, since gpcsat is the core parameter describing 381 

an ALD process.1–3,28,31 The higher the gpcsat, the higher the film thickness in the saturated 382 

region but the lower the penetration depth. This observation is consistent with and explains 383 

recent experimental findings where a higher gpcsat resulted in a lower penetration 384 

depth.36,41,47 Panel (f) shows how varying the desorption probability, Pd, affects the simulation 385 

(the Ylilammi et al.18 model allows reversible reactions). High values of desorption probability 386 

affect the shape of the thickness profile especially in Region II, before the Region III of fast 387 

decrease (for regions, see Figure 1). Panel (g) illustrates the effect of varying the sticking 388 

coefficient of Reactant A, c. The sticking coefficient strongly affects the shape of the resulting 389 

thickness profile, as already known from earlier simulations.12,29,30 Varying the process 390 

temperature T and the inert gas pressure pI has a minor effect on the penetration depth, as 391 

seen from panels (h) and (i), respectively.   392 
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 393 

Figure 4. Illustration of the effect of varying individual parameters on the thickness profile in 394 

microchannels, simulated with the Ylilammi et al. model18 re-implemented in this work. The 395 

parameter values used in the simulation are presented in Table 1. Simulations with the 396 

baseline values are shown as a solid blue line. The effect of the (a) initial partial pressure of 397 

the Reactant A, pA0, (b) pulse length of Reactant A, t1, (c) molecular mass of Reactant A, MA, 398 

(d) film density, , (e) adsorption density, q (i.e. GPC expressed as areal number density), (f) 399 

desorption probability, Pd, (g) (lumped) sticking coefficient, c, (h) ALD process temperature, 400 

T, and (i) inert gas pressure, pI.  401 

Earlier works have shown the importance of the sticking coefficient,11,12,29 as 402 

well as the components defining the reactant dose 18,22,25 – i.e., reaction time and reactant 403 
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pressure – on the characteristics of the thickness profile. Simulations made in this work for a 404 

typical baseline process resembling the archetypical TMA-water ALD process demonstrated 405 

that the process parameters such as the molar mass of the reactant, the adsorption density 406 

(derived from the GPC), and the mass density of the film also influence the detailed features 407 

of the thickness profile.  408 

4.2. Effect of filling of the microchannel on the simulated thickness profile  409 

When a film grows into a microchannel, in each ALD cycle, the channel gets narrower from 410 

both sides by twice the value of the GPC (Eq. 24). The film thickness that completely fills the 411 

microchannel is thus half of the microchannel height H. Although an experimental ALD 412 

thickness profile can be measured after any number of cycles, the expected shape will depend 413 

on the number of ALD cycles, as shown in ref. 36.  414 

 How much can a microchannel be filled so that a “fingerprint” ALD thickness 415 

profile can be measured, whose shape and characteristics are not yet affected by the already 416 

grown film? From such fingerprint thickness profile, it is possible to extract the sticking 417 

coefficient with the simple slope method.30 Earlier, a preferable filling of less than 10% was 418 

proposed.36 Here, the effect of the channel filling on the resulting thickness profile was 419 

simulated, using the same baseline conditions as in the previous section (Table 1), and varying 420 

either the microchannel height H or the number of cycles N.  421 

 The results of the simulation series illustrating the effect of channel filling are 422 

shown in Figure 5. In the thickness profiles of panels (a) and (b), the expected features are 423 

observed: with a larger microchannel height, the penetration depth increases, and with an 424 

increasing number of cycles, the film thickness increases. The scaled thickness profiles of 425 

panels (c) and (d) reveal finer trends. With a constant film thickness and varied microchannel 426 
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height (c), the half-thickness penetration depth 𝑥̃50% (-) first increases with increasing 427 

microchannel height, and then starts to decrease [panel (e)]. With a constant microchannel 428 

height and a varying film thickness of panel (d), the scaled thickness profiles simulated for the 429 

smallest cycle numbers (5 to 20) approximately overlap, but already for channel filling of a 430 

few percent, the penetration depth starts to decrease with channel filling [panel (e)]. 431 

Numerical information regarding the half-thickness penetration depth  𝑥̃50% and the slope at 432 

this point is presented in Table S1.  433 

 434 

Figure 5. Illustration of the channel filling effect on the ALD thickness profile in wide 435 

microchannels. The parameters used in the simulations are given in Table 1. Baseline 436 

simulation results are marked in blue. (a) Thickness profiles simulated with a constant 437 

number of cycles of 250 and a varied channel height. (b) Thickness profiles simulated with a 438 

constant channel height of 500 nm and a varied number of cycles. (c) The scaled thickness 439 

profile from the data of panel (a). (d) The scaled thickness profile from the data of panel (b). 440 

(e) The half-thickness penetration depth of the scaled thickness profile as a function of the 441 
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channel filling fraction, for the data presented in panels (c) and (d). (f) The slope at half-442 

thickness penetration depth as a function of the channel filling fraction (1–2s/H), from the 443 

data presented in panels (a/c) and (b/d).  444 

The slope at half-thickness penetration depth is shown for both simulation 445 

series in Figure 5(f). For the series where the number of cycles was varied, the slope settles 446 

to a constant value (ca. −0.0029) for the smallest amounts of channel filling, as expected. The 447 

case where the channel height was varied, shows a different trend: with decreasing channel 448 

filling, after a knee, the absolute value of the slope increases again. Table S1 shows the 449 

Knudsen number Kn calculated in each case. The knee point occurs at Kn = 8 which is in the 450 

transition flow regime.24 Because of the increasing channel height, the Knudsen number 451 

decreases with decreasing channel filling (see Figure S5). The reason for the somewhat 452 

unexpected trend of the increasing slope with increasing channel height (and decreasing 453 

channel filling) was the transition from free molecular flow towards transition flow (Kn < 10), 454 

where gas-phase collisions make the diffusion coefficient smaller.  455 

From the simulations made to explore the effect of channel filling, the following 456 

can be concluded. (i) To be in the region where the thickness profile is independent of the 457 

number of cycles, the channel filling should not exceed a few percent. (ii) The flow regime 458 

affects the thickness profile, including the numerical characteristics of the half-thickness 459 

penetration depth and the slope at half-thickness penetration depth. To measure a 460 

fingerprint thickness profile for an ALD process, the flow condition must be free molecular 461 

flow (Kn >> 1). To check whether such is the case, the mean free path of the molecules should 462 

be calculated (Eq. 26) and compared to the limiting dimension of the feature (Eq. 25).   463 
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4.3. Comparison of thickness profile trends at free molecular flow and transition flow 464 

regimes  465 

 The simulations in the previous sections revealed that (i) the thickness profile 466 

characteristics depend on the flow regime and (ii) the thickness of the grown film affects the 467 

characteristics of the thickness profile already from a filling of a few percent.  468 

To compare the trends of the ALD thickness profile in different flow regimes in 469 

a well-defined way, we varied individual process parameters to make ALD thickness profiles 470 

in free molecular flow (Kn >> 1) and transition flow (Kn ≈ 1) conditions.24,26,27 A comparison 471 

was made with a single cycle, so that the channel filling does not influence the trends of the 472 

thickness profile. Both the scaled thickness profile and the Type 1 normalized thickness profile 473 

were used as a basis for comparison. The scaled thickness profile is the most informative 474 

thickness profile for an ALD process, and the Type 1 normalized thickness profile is the basis 475 

of the slope method.30 The thickness profiles are presented in Figures S6 to S9. For each case, 476 

the trends in the half-thickness penetration depth 𝑥̃50% (−) and the absolute value of the 477 

slope at 𝑥̃50% were analysed. The numerical values are shown in Figures S10 to S15.   478 

The qualitative thickness profile trends in the free molecular flow and transition 479 

flow regimes are summarised in Table 2. In free molecular flow, the half-thickness penetration 480 

depth and the absolute value of the slope remained constant with varying channel heights, 481 

as expected. In transition flow, the penetration depth decreased, and the absolute value of 482 

the slope increased with increasing channel heights, most likely resulting from gas-phase 483 

collisions. An increase of the reactant partial pressure and pulse time highly increased the 484 

penetration depth in both free molecular flow and transition flow, as expected. The 485 

desorption probability did not affect the penetration depth and the absolute value of the 486 
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slope in either flow regime. The penetration depth decreased slightly with the increasing 487 

process temperature in both flow regimes. 488 

Some process parameters affected the trends of the thickness profile differently 489 

in different flow regimes. The molar mass of Reactant A did not affect the absolute value of 490 

the slope in free molecular flow while the absolute value of the slope slightly increased with 491 

increasing molar mass in the transition flow. The inert gas influenced thickness profile 492 

differently in free molecular flow and transition flow. The inert gas parameters did not affect 493 

the penetration depth or the slope in the free molecular flow regime, as expected. In the 494 

transition flow regime, the half-thickness penetration depth slightly decreased with 495 

increasing pressure and decreasing molar mass of the inert gas. The absolute value of the 496 

slope slightly increased with the increasing pressure and decreasing molar mass of inert gas. 497 

The absolute value of the slope in the transition flow regime slightly increased with increasing 498 

reactant size, while the reactant size did not affect thickness profile in the free molecular flow 499 

regime.  500 

In general, the scaled thickness profile showed the same trends as the Type 1 501 

normalized thickness profile. However, there were two exceptions. With increasing 502 

adsorption density q, the absolute value of the slope of the scaled thickness profile markedly 503 

increased, while that of the Type 1 normalized thickness profile remained constant. With 504 

increasing density of grown film 𝜌, the absolute value of the slope of the scaled thickness 505 

profile slightly decreased, while that of the Type 1 normalized thickness profile remained 506 

constant. 507 

Table 2. Summary of the qualitative effects of varying specific parameters on the thickness 508 

profile, characterised by the half-thickness penetration depth and the slope at half-thickness 509 
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penetration depth. The trends are reported separately for different diffusion regimes: free 510 

molecular flow (Kn >> 1) and transition flow (Kn ≈ 1). Indicators: ↑ increases slightly, ↑↑ 511 

increases markedly, and ↑↑↑ increases strongly, - no change, ↓ decreases slightly, ↓↓ 512 

decreases markedly with increasing parameter values.a) 513 

Simulation 

parameter (increases) 

Kn >> 1 Kn ≈ 1 

 
𝑥̃50% 

|
d(

𝑠

𝑁
)

d𝑥
|

𝑥50%

  |
d𝜃

d𝑥
|

𝜃=1/2
  𝑥̃50% 

|
d(

𝑠

𝑁
)

d𝑥
|

𝑥50%

  |
d𝜃

d𝑥̃
|

𝜃=1/2
 

 (-) (nm) (-) (-) (nm) (-) 

Channel height (H) - - - ↓ ↑ ↑ 

Initial partial pressure 

of the ALD Reactant 

A (pA0) 

↑↑ - - ↑↑ - - 

Reactant pulse time 

(t1) 

↑↑↑ - - ↑↑↑ - - 

Sticking coefficient(c) ↑ ↑↑↑ ↑↑↑ ↑ ↑↑↑ ↑↑↑ 

Desorption probability 

(Pd) 

- - - - - - 

Adsorption density (q) ↓↓↓ ↑↑ - ↓↓↓ ↑↑ - 

Temperature (T) ↓ - - ↓ - - 

Total pressure (p)b) - - - ↓ ↑ ↑ 

Fraction of reactant 

pressure of total 

pressure (pA0/p)c) 

↑↑ - - ↑↑ - - 
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Molecular mass of the 

ALD reactant (MA) 

↓ - - ↓ ↑ ↑ 

Molecular mass of the 

carrier gas (MI) 

- - - ↑ ↓ ↓ 

Size of the reactant 

molecule (dA) 

- - - - ↑ ↑ 

Density of the grown 

material (ρ) 

- ↓ - - ↓ - 

a) The parameter values used for the centre point in the free molecular flow regime 514 

were: W = 0.01 m, H = 5 × 10-8 m, N = 1, t1 = 0.1 s, pA0 = 50 Pa, MA = 0.1 kg mol-1, dA = 515 

6.0 × 10-10 m, MI = 0.028 kg mol-1, dI = 4.0 × 10-10 m, pI = 250 Pa, q = 4 × 1018 m-2, 𝜌 = 516 

3500 kg m-3, M = 0.050 kg mol-1, Pd = 0.01 s-1, and c = 0.01. The parameter values 517 

used for the centre point in transition flow regimes were: W = 0.01 m, H = 5 × 10-7 m, 518 

N = 1, t1 = 0.1 s, pA0 = 500 Pa, MA = 0.1 kg mol-1, dA = 6.0 × 10-10 m, MI = 0.028 kg mol-519 

1, dI = 4.0 × 10-10 m, pI = 2500 Pa, q = 4 × 1018 m-2, 𝜌 = 3500 kg m-3, M = 0.050 kg mol-520 

1, Pd = 0.01 s-1, and c = 0.01. 521 

b) The total pressure p was increased by increasing the partial pressure of the inert gas 522 

pI from 0.5 to 250 Pa with a constant reactant partial pressure pA0 of 100 Pa in free 523 

molecular flow and by increasing the partial pressure of the inert gas pI from 62.5 to 524 

1000 Pa with constant reactant partial pressure pA0 of 500 Pa in transition flow. 525 

c) The initial partial pressure of Reactant A was varied from 1 to 100 Pa, with a 526 

constant partial pressure of the inert gas pI of 250 Pa in free molecular flow. The 527 

initial partial pressure of Reactant A was varied from 100 to 1000 Pa, with a constant 528 

partial pressure of the inert gas pI of 2500 Pa in transition flow. 529 
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4.4. Comparison of the simulations with different models  530 

 To compare the Ylilammi et al.18 model (Model A) and the slope method30 531 

derived from the Yanguas-Gil and Elam20 model (Model B), sticking coefficients were back-532 

extracted with the slope method25 (Eq. 29) from simulated thickness profiles obtained by 533 

Model A and Model B. Different scenarios with varying process temperatures, molar masses, 534 

and sticking coefficients were tested, with parameters defined so that the mass transport was 535 

always in the free molecular flow regime (Kn ≥ 100), and the excess number γ was << 1,33 as 536 

it is where the slope method30 is valid. Figure 6 (a) shows that when Kn ≥ 100, the effective 537 

diffusion coefficient Deff becomes practically identical to the Knudsen diffusion coefficient DKn. 538 

Note that the comparison was made at conditions where the number of ALD cycles was one. 539 

If a larger number of cycles were used and part of the microchannel got filled by the growing 540 

film, the slope and penetration depth would have decreased. This channel filling would affect 541 

the extracted sticking coefficient and, thus, the comparison.  542 

Figure 6 panels (b) to (d) show the sticking coefficients back-extracted by the 543 

slope method30 compared to set values. Table 3 lists the parameter values used for 544 

simulations and the back-extracted sticking coefficients. Figure S16 shows Type 1 normalized 545 

thickness profiles used for the back extraction of (lumped) sticking coefficients. While the 546 

order of magnitude is the same, the back-extracted sticking coefficients are systematically ca. 547 

25% higher than the set values (see Table 3). Therefore, it seems that the slope method30 can 548 

be used to back-extract sticking coefficients from thickness profiles simulated with the 549 

current implementation of the Ylilammi et al.18 model by simply applying a correction factor. 550 

 551 
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 552 

Figure 6. (a) Diffusion coefficients (Eqs. 2, 4, and 7) against the Knudsen number (Kn). 553 

Knudsen numbers were varied by varying pA0 from 1 to 20480 Pa (the pA0 to pI ratio was 1 to 554 

5). A comparison of the sticking coefficient values back-extracted using the slope method 30  555 

(marked with open triangles) with the set values (marked with open circles) used for 556 

simulation, implementing the Ylilammi et al. model18  with different (b) ALD process 557 

temperatures, T, (c) molar masses of Reactant A, MA, and (d) sticking coefficients. The 558 

parameter values used, if not otherwise stated: W = 10 mm, H = 100 nm, N = 1, T = 523.15 K, 559 

t1 = 2 s, pA0 = 10 Pa, MA = 0.1 kg mol-1, dA = 6.0 × 10-10 m, MI = 0.028 kg mol-1, dI = 3.74 × 10-10 560 

m, pI = 50 Pa, q = 4 × 10-18 m-2, 𝜌 = 3500 kg m-3, M = 0.050 kg mol-1, Pd = 10-5 s-1, and c = 0.01.561 
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Table 3. Sticking coefficient values back-extracted (cext) by the slope method 30 against the ones (c) used in simulations implementing the 562 

Ylilammi et al. model 18 with varying process temperatures, molar masses of Reactant A, and sticking coefficients*  563 

Series T (K) MA (kg mol-1) c (-) Kn (-) |
𝐝𝜽

𝐝𝒙̃
|
𝜽=𝟏/𝟐

 (-) cext (-)  cext /c (-) 

ALD process temperature 

323.15 0.1 0.01 233 0.0300 0.0125 1.25 

423.15 0.1 0.01 305 0.0301 0.0126 1.26 

523.15 0.1 0.01 378 0.0300 0.0125 1.25 

623.15 0.1 0.01 450 0.0300 0.0125 1.25 

723.15 0.1 0.01 522 0.0300 0.0125 1.25 

Molar mass of Reactant A 

523.15 0.025 0.01 537 0.0301 0.0126 1.26 

523.15 0.05 0.01 462 0.0300 0.0125 1.25 

523.15 0.1 0.01 378 0.0300 0.0125 1.25 

523.15 0.2 0.01 295 0.0300 0.0125 1.25 

523.15 0.4 0.01 223 0.0300 0.0125 1.25 

 523.15 0.1 0.0001 378 0.0030 0.000126 1.26 
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Sticking coefficient 523.15 0.1 0.001 378 0.0095 0.00125 1.25 

523.15 0.1 0.01 378 0.0300 0.0125 1.25 

523.15 0.1 0.1 378 0.0951 0.126 1.26 

523.15 0.1 1 378 0.3004 1.25 1.25 

* Parameters used, if not otherwise stated: W = 0.01 m, H = 10-7 m, T = 523.15 K, N = 1, t1 = 2 s, pA0 = 10 Pa, MA = 0.1 kg mol-1, dA = 6.0 × 564 

10-10 m, MI = 0.028 kg mol-1, dI = 3.74 × 10-10 m, pI = 50 Pa, q = 4 × 10-18 m-2, 𝜌 = 3500 kg m-3, M = 0.050 kg mol-1, Pd = 10-5 s-1, and c = 565 

0.01. To satisfy the criteria of a difference between the two discretisation points in the y-axis below 1% of the whole range, 5000 566 

discretisation points were used in the simulations with varied molar mass of Reactant A and process temperature while in the 567 

simulation with varied sticking coefficient 30000 discretization points were used. 568 

 569 
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To analyse possible sources of differences in the sticking coefficient values, we 570 

compared the partial pressure of Reactant A along the microchannels simulated with the 571 

Ylilammi et al.18 model (Model A) and the Yanguas-Gil and Elam20 model (Model B); Model B 572 

forms the basis of the slope method.30 Figure 7 shows the surface coverage and partial 573 

pressure simulated with the above two models against the dimensionless distance. Figure 7 574 

(b) shows observable differences in partial pressures and coverage profiles especially in 575 

Region III of the thickness profile [regions are shown in Figure 1 (b)], which is the adsorption 576 

front where the thickness rapidly decreases.36 A difference is expected, since the Ylilammi et 577 

al.18 model introduced a simplified analytical approximation to the partial pressure (Eqs. 8 578 

and 9) (Figure S1). We conclude that the more rapid drop of pressure pA at the adsorption 579 

front simulated by Model A caused a higher absolute slope value extracted at half-thickness 580 

penetration depth, and thus a slightly higher back-extracted sticking coefficient compared to 581 

that of Model B.  582 

 

 583 

Figure 7. (a) Surface coverage 𝜃 and partial pressure of Reactant A pA within the dimensionless 584 

distance 𝑥̃ simulated by model A (ref. 18) and model B (ref. 20). (b) Details of the area marked with a 585 

square in panel (a). Parameter values used: c = 0.01, t1 = 2 s, T = 523.15 K, pA0 = 10 Pa, N = 1, MA = 0.1 586 

kg mol-1, dA = 6.0 × 10-10 m, pI = 50 Pa, MI = 0.028 kg mol-1, dI = 3.74 × 10-10 m, 𝜌 = 3500 kg m-3, M = 587 

0.050 kg mol-1, Pd = 10-5 s-1, q = 4 × 10-18 m-2, H = 5 × 10-7 m, and W = 0.01 m. 588 
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5. Conclusion and outlook  589 

This work re-implemented the Ylilammi et al.18 diffusion-reaction model for ALD conformality 590 

analysis through thickness profile simulation and used that model to explore trends in the 591 

thickness profile inside wide microchannels at different diffusion regimes encountered in 592 

reality.  593 

A series of simulations were made to explore the effect on thickness profile 594 

characteristics at free molecular flow and transition flow conditions of kinetic and process 595 

parameters, such as temperature, (lumped) sticking coefficient, molar mass of the ALD 596 

reactant, the reactant’s exposure time and pressure, total pressure, density of the grown 597 

material, and GPC of the ALD process. Increasing the molar mass and the GPC, for example, 598 

resulted in a decreasing penetration depth into the LHAR channel. Trends with parameter 599 

changed depending on the flow regime. To obtain an ALD measurable or a “fingerprint” 600 

characteristic for a specific ALD process the following conditions should be met: (i) free 601 

molecular flow should be the governing mass transport regime, (ii) the channel filling should 602 

remain below 5%, and (iii) the scaled thickness profile should be presented, with the 603 

dimensionless distance on the horizontal axis and the thickness divided by cycles on the 604 

vertical axis. From such fingerprint thickness profile, the characteristic GPC is evident, and the 605 

kinetic information can be extracted by various means.   606 

The simulations were compared with the recent slope method by back-607 

extracting the sticking coefficient from the ALD thickness profiles at free molecular flow 608 

conditions. The slope method gave systematically somewhat higher sticking coefficient values 609 

than input values. The difference is most likely related to how, to speed up simulations, the 610 
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partial pressure of Reactant A inside the channel is analytically approximated in the re-611 

implemented model.  612 

For reactor modelling, kinetic information of real ALD processes is needed. 613 

Recent advances have made it possible to measure experimental thickness profiles, which 614 

contain the necessary kinetic information, without the need of time-consuming post-615 

preparation of HAR samples. Several theoretical models have been developed to extract 616 

(lumped) sticking coefficient parameters from such experimental data. This work has shown 617 

that (i) to obtain experimental data for kinetic experiments, detailed knowledge of the 618 

experimental conditions, especially pressure, is important, to choose a suitable model for the 619 

parameter extraction (most models are based on free molecular flow assumption). 620 

Furthermore, (ii) there are differences between the models. The same data fitted with 621 

different models may give different results for the extracted fundamental kinetic growth 622 

parameters, as the details of the model implementation may affect the results.  623 

For speedy development of the fundamental understanding of ALD processes, 624 

and to compare models with each other and with data, it would be advantageous if the 625 

scientific ALD community could publish experimental thickness profiles as Open Data and 626 

models as Open Code. First such initiatives have already been made: an Open Data 627 

community has been initiated in Zenodo.org,48 and the first ALD simulation code has been 628 

published in Github.49 The simulation codes of this work are to be published accordingly. 629 
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List of symbols 644 

b Number of metal atoms in a reactant molecule in the Ylilammi et al.18 

model (-) 

c Sticking coefficient (-) 

cext Sticking coefficient back-extracted with the slope method30 (-) 

D Apparent longitudinal diffusion coefficient in the Ylilammi et al.18 model (m2 

s-1) 

DA Gas-phase diffusion coefficient of Reactant A (m2 s-1)  

Deff Effective diffusion coefficient (m2 s-1) 
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DKn Knudsen diffusion coefficient (m2 s-1) 

dA Hard-sphere diameter of molecule A (m) 

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

fads Adsorption rate (m-2 s-1) 

fdes Desorption rate (m-2 s-1) 

g Net adsorption rate (m-2 s-1) 

gpcsat Saturation growth per cycle, thickness-based, in the Ylilammi et al.18 model 

(m) 

h Hydraulic diameter of the channel (m) 

H Height of the channel (m) 

K Adsorption equilibrium constant in the Ylilammi et al.18 model (Pa-1) 

Kn Knudsen number (-)  

kB Boltzmann constant (m2 kg s-2 K-1) 

L Length of the channel (m) 

M Molar mass of the deposited film material (kg mol-1) 

MA Molar mass of Reactant A (kg mol-1) 

MI Molar mass of the inert gas I (kg mol-1) (MB in Ylilammi et al.18)  

N Number of ALD cycles 

nA Particle concentration of Reactant A (m-3) 

N0 Avogadro’s constant (mol-1) 

p Total pressure (pA0 + pI) (Pa) 

pA Partial pressure of Reactant A (Pa) 

pA0 Initial partial pressure of Reactant A (Pa) 
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pI Partial pressure of the inert gas I (Pa) 

pAt Partial pressure of Reactant A at xt (Pa) 

Pd Desorption probability in unit time in the Ylilammi et al.18 model (s-1) 

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

material (m-2) (i.e. GPC expressed as areal number density) 

Q Collision rate with surface at unit pressure in the Ylilammi et al.18 model (m-

2 s-1 Pa-1) 

ri Hard-sphere radius of molecule i (m) 

R Gas constant (8.3144626 J K-1 mol-1) 

s Film thickness in the Ylilammi et al.18 model (m) 

S Surface area of the microchannel (m2) 

t Time (s) 

t1 Length of the Reactant A pulse (as Step 1 of a typical ALD cycle3) (s) 

T Temperature (K) 

v Velocity of gas front in the Ylilammi et al.18 model (m s-1) 

V Volume of the microchannel (m3) 

𝑣̅A  Average speed of molecules A (m s-1) 

W Width of the channel (m) 

x Distance from the channel entrance (m) 

x50% Half-thickness penetration depth (m) (expressed as xp in Ylilammi et al.18) 

𝑥̃  Dimensionless distance into the channel, x/H (-) 

𝑥̃50%  Half-thickness penetration depth (-) 
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xs Distance where the extrapolated linear part of the reactant pressure is zero 

in the Ylilammi et al.18 model (m) 

xt Distance of the linear part of the reactant pressure distribution in the 

Ylilammi et al.18 model (m) 

zA Collision frequency of Reactant A with other gas molecules in a gas mixture 

of Reactant A + inert gas I (s-1) 

𝜃  Surface coverage (-), 0 ≤ 𝜃 ≤ 1 

𝜌  Mass density of the deposited film (kg m-3) 

λ Mean free path (m) 

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

γ Excess number in the Yanguas-Gil and Elam20 model (-) 
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Figure S 1.  Distribution of the partial pressure of Reactant A within the distance x. When x < xt, 
partial pressure of Reactant A decreases linearly (Eq. 8). Linearly extrapolated partial pressure 
becomes zero at xs (Eq. 10). When x > xt, different simplification is used to describe the partial 
pressure (Eq. 9) within the distance. Half-thickness penetration depth is expressed as xp.  
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Figure S 2. Effect of channel height H on ALD thickness profile after 1000 cycles was simulated by 
MATLAB by using the parameter values applied to obtain Fig 4. from Ylilammi et al.1 Parameter 
values used: W = 0.1 mm, pA0 = 100 Pa, MA = 0.0749 kg mol-1, dA = 5.91 × 10-10 m, MI = 0.028 kg mol-1, 
dI = 3.74 × 10-10 m, pI = 300 Pa, q = 5 × 1018 m-2, T = 500 K, K = 100 Pa-1, c = 0.01, and gpcsat = 1.06 × 10-

10 m. 

 

Figure S 3. (a) Example of Type 1 normalized thickness profile. (b) Details of the part of panel (a) 
marked with a green box. Half-thickness penetration depth 𝑥̃50% and slope at half-thickness 
penetration depth are interpolated linearly between points (xi,yi), where xi equal to or smaller than 
half-thickness penetration depth, and (xi-1,yi-1). 
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Figure S 4. Illustration of the effect of varying individual parameters on the scaled thickness profile in 
microchannels, simulated with the Ylilammi et al.1 model re-implemented in this work. The 
parameter values used in the simulation are presented in Table 1; the simulation with the baseline 
values is shown as a solid blue line. The effect of (a) initial partial pressure of the Reactant A pA0, (b) 
pulse length of Reactant A t1, (c) molecular mass of Reactant A MA, (d) film density 𝜌, (e) adsorption 
capacity q, (f) desorption probability Pd, (g) (lumped) sticking coefficient c, (h) ALD process 
temperature T, and (i) inert gas pressure pI. 
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Table S 1. The fraction of channel filled depending on varied original channel height H with 250 
cycles and varied number of cycles N within the original channel height of 500 nm, half-thickness 
penetration depth 𝑥̃50% (-) and absolute value of the slope at 𝑥̃50% (-) of scaled thickness profile.* 

H (nm) N (-) Fraction of channel filled (-) 𝒙̃𝟓𝟎% (-) |𝒅(𝒔/𝑵)/𝒅𝒙̃|𝒙̃𝟓𝟎%
 (−) Kn (-) 

100 250 0.4744 206.1 0.0007 38 
200 250 0.2372 236.4 0.0015 19 
500 250 0.0949 250.1 0.0026 8 

1000 250 0.0474 248.8 0.0030 4 
2000 250 0.0237 238.7 0.0032 2 
2500 250 0.0190 233.5 0.0033 2 
4000 250 0.0119 219.1 0.0035 1 

500 5 0.0019 261.5 0.0029 8 
500 10 0.0038 261.3 0.0029 8 
500 20 0.0076 260.8 0.0030 8 
500 50 0.0190 259.4 0.0029 8 
500 100 0.0380 257.0 0.0029 8 
500 250 0.0950 250.1 0.0026 8 
500 500 0.1898 238.5 0.0018 8 

*To satisfy the criteria of a difference between the two discretisation points in the y-axis 
below 3% out of the whole range, 1500 discretisation points were used for the 
simulation with the varied original channel height from 100 to 1000 nm and varied 
number of cycles. 2800 discretisation points were used for the simulation with the 
original channel height over 1000 nm. 
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Figure S 5. Scaled thickness profile with (a) varying original channel height H with 250 cycles and (b) 
varying number of cycles N within the original channel height of 500 nm. (c) Half-thickness 
penetration depth 𝑥̃50% (−) and absolute value of the slope at 𝑥̃50% of the scaled thickness profile 
in panel (a) against the fraction of channel filled. (d) Half-thickness penetration depth 𝑥̃50% (−) and 
absolute value of the slope at 𝑥̃50% (−) of the scaled thickness profile in panel (b) against the 
fraction of channel filled. Knudsen number was calculated for each case. Simulation results with 
baseline condition is marked in blue. 
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Figure S 6. Scaled thickness profiles simulated in free molecular flow regime (Kn >> 1) by 
implementing Ylilammi et al.1 model with varying (a) original channel height, (b) initial partial 
pressure of Reactant A, (c) pulse length, (d) (lumped) sticking coefficient, (e) desorption probability, 
(f) adsorption density, (g) temperature, (h) total pressure, (i) ratio between initial partial pressure of 
Reactant A to total pressure, (j) molar mass of Reactant A, (K) molar mass of inert gas, (l) diameter of 
Reactant A, and (m) film density. Parameter values used, if otherwise stated: H = 5 × 10-8 m, N = 1, t1 
= 0.1 s, pA0 = 50 Pa, MA = 0.1 kg mol-1, dA = 6.0 × 10-10 m, MI = 0.028 kg mol-1, dI = 4.0 × 10-10 m, pI = 
250 Pa, q = 4 × 1018 m-2, 𝜌 = 3500 kg m-3, M = 0.050 kg mol-1, Pd = 0.01 s-1, and c = 0.01. 
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Figure S 7. Scaled thickness profiles simulated in transition flow regime (Kn ≈ 1) by implementing 
Ylilammi et al.1 model with varying (a) original channel height, (b) initial partial pressure of Reactant 
A, (c) pulse length, (d) (lumped) sticking coefficient, (e) desorption probability, (f) adsorption density, 
(g) temperature, (h) total pressure, (i) ratio between initial partial pressure of Reactant A to total 
pressure, (j) molar mass of Reactant A, (K) molar mass of inert gas, (l) diameter of Reactant A, and 
(m) film density. Parameter values used, if otherwise stated: H = 5 × 10-7 m, N = 1, t1 = 0.1 s, pA0 = 500 
Pa, MA = 0.1 kg mol-1, dA = 6.0 × 10-10 m, MI = 0.028 kg mol-1, dI = 4.0 × 10-10 m, pI = 2500 Pa, q = 4 × 
1018 m-2, 𝜌 = 3500 kg m-3, M = 0.050 kg mol-1, Pd = 0.01 s-1, and c = 0.01.  
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Figure S 8. Type 1 normalized thickness profiles simulated in free molecular flow regime (Kn >> 1) by 
implementing Ylilammi et al.1 model with varying (a) original channel height, (b) initial partial 
pressure of Reactant A, (c) pulse length, (d) (lumped) sticking coefficient, (e) desorption probability, 
(f) adsorption density, (g) temperature, (h) total pressure, (i) ratio between initial partial pressure of 
Reactant A to total pressure, (j) molar mass of Reactant A, (K) molar mass of inert gas, (l) diameter of 
Reactant A, and (m) film density. Parameter values used, if otherwise stated: H = 5 × 10-8 m, N = 1, t1 
= 0.1 s, pA0 = 50 Pa, MA = 0.1 kg mol-1, dA = 6.0 × 10-10 m, MI = 0.028 kg mol-1, dI = 4.0 × 10-10 m, pI = 
250 Pa, q = 4×1018 m-2, 𝜌 = 3500 kg m-3, M = 0.050 kg mol-1, Pd = 0.01 s-1, and c = 0.01. 
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Figure S 9. Type 1 normalized thickness profiles simulated in transition flow regime (Kn ≈ 1) by 
implementing Ylilammi et al.1 model with varying (a) original channel height, (b) initial partial 
pressure of Reactant A, (c) pulse length, (d) (lumped) sticking coefficient, (e) desorption probability, 
(f) adsorption density, (g) temperature, (h) total pressure, (i) ratio between initial partial pressure of 
Reactant A to total pressure, (j) molar mass of Reactant A, (K) molar mass of inert gas, (l) diameter of 
Reactant A, and (m) film density. Parameter values used, if otherwise stated: H = 5 × 10-7 m, N = 1, t1 
= 0.1 s, pA0 = 500 Pa, MA = 0.1 kg mol-1, dA = 6.0 × 10-10 m, MI = 0.028 kg mol-1, dI = 4.0 × 10-10 m, pI = 
2500 Pa, q = 4 × 1018 m-2, 𝜌 = 3500 kg m-3, M = 0.050 kg mol-1, Pd = 0.01 s-1, and c = 0.01. 
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Figure S 10. Half-thickness penetration depth of scaled thickness profile simulated in free molecular 
flow regime (Kn >> 1) against varied parameters: (a) original channel height, (b) initial partial 
pressure of Reactant A, (c) pulse length, (d) (lumped) sticking coefficient, (e) desorption probability, 
(f) adsorption density, (g) temperature, (h) total pressure, (i) ratio between initial partial pressure of 
Reactant A to total pressure, (j) molar mass of Reactant A, (K) molar mass of inert gas, (l) diameter of 
Reactant A, and (m) film density. The scaled thickness profiles, on which this data is based, are in 
Figure S 6. 
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Figure S 11. Absolute value of the slope at half-thickness penetration depth of scaled thickness 
profile simulated in free molecular flow regime (Kn >> 1) against varied parameters: (a) original 
channel height, (b) initial partial pressure of Reactant A, (c) pulse length, (d) (lumped) sticking 
coefficient, (e) desorption probability, (f) adsorption density, (g) temperature, (h) total pressure, (i) 
ratio between initial partial pressure of Reactant A to total pressure, (j) molar mass of Reactant A, 
(K) molar mass of inert gas, (l) diameter of Reactant A, and (m) film density. The scaled thickness 
profiles, on which this data is based, are in Figure S 6. 
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Figure S 12. Absolute value of the slope at half-thickness penetration depth of Type 1 normalized 
thickness profile simulated in free molecular flow regime (Kn >> 1) against varied parameters: (a) 
original channel height, (b) initial partial pressure of Reactant A, (c) pulse length, (d) (lumped) 
sticking coefficient, (e) desorption probability, (f) adsorption density, (g) temperature, (h) total 
pressure, (i) ratio between initial partial pressure of Reactant A to total pressure, (j) molar mass of 
Reactant A, (K) molar mass of inert gas, (l) diameter of Reactant A, and (m) film density. The Type1 
normalized thickness profiles, on which this data is based, are in Figure S 8. 
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Figure S 13. Half-thickness penetration depth of scaled thickness profile simulated in transition flow 
regime (Kn ≈ 1)  against varied parameters: (a) original channel height, (b) initial partial pressure of 
Reactant A, (c) pulse length, (d) (lumped) sticking coefficient, (e) desorption probability, (f) 
adsorption density, (g) temperature, (h) total pressure, (i) ratio between initial partial pressure of 
Reactant A to total pressure, (j) molar mass of Reactant A, (K) molar mass of inert gas, (l) diameter of 
Reactant A, and (m) film density. The scaled thickness profiles, on which this data is based, are in 
Figure S 7. 
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Figure S 14. Absolute value of the slope at half-thickness penetration depth of scaled thickness 
profile simulated in transition flow regime (Kn ≈ 1)  against varied parameters: (a) original channel 
height, (b) initial partial pressure of Reactant A, (c) pulse length, (d) (lumped) sticking coefficient, (e) 
desorption probability, (f) adsorption density, (g) temperature, (h) total pressure, (i) ratio between 
initial partial pressure of Reactant A to total pressure, (j) molar mass of Reactant A, (K) molar mass of 
inert gas, (l) diameter of Reactant A, and (m) film density. The scaled thickness profiles, on which this 
data is based, are in Figure S 7. 
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Figure S 15. Absolute value of the slope at half-thickness penetration depth of Type 1 normalized 
thickness profile simulated in transition flow regime (Kn ≈ 1)  against varied parameters: (a) original 
channel height, (b) initial partial pressure of Reactant A, (c) pulse length, (d) (lumped) sticking 
coefficient, (e) desorption probability, (f) adsorption density, (g) temperature, (h) total pressure, (i) 
ratio between initial partial pressure of Reactant A to total pressure, (j) molar mass of Reactant A, 
(K) molar mass of inert gas, (l) diameter of Reactant A, and (m) film density. The Type 1 normalized 
thickness profiles, on which this data is based, are in Figure S 9. 

 

 

Figure S 16. Type 1 normalized thickness profiles simulated in a wide microchannel in free molecular 
flow with varying (a) different process temperature, (b) molar mass of reactant A, and (c) sticking 
coefficient. Sticking coefficient values back-extracted from these thickness profiles by the slope 
method2 are listed in Table 3. Parameters used if not otherwise stated: H = 200 nm, N =1, W = 10 
mm, T = 523.15 K, t1 = 2 s, pA0 = 10 Pa, MA = 0.1 kg mol-1, dA = 600 pm, MI = 0.028 kg mol-1, dI = 374 

pm, pI = 50 Pa, q = 4×1018 m-2, 𝜌 = 3500 kg m-3, M = 0.050 kg mol-1, Pd = 10-5 s-1, and c = 0.01. 
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