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A B S T R A C T

Atomic layer deposition allows for precise control over film thickness and conformality. It is a critical
enabler of high aspect ratio structures, such as 3D NAND memory, since its self-limiting behavior enables
higher conformality than conventional processes. However, as the aspect ratio increases, deviations from
complete conformality frequently occur, requiring comprehensive modeling to aid the development of novel
technologies. To that end, we present a model for surface coverage during atomic layer deposition where
incomplete conformality is present. This model combines existing approaches based on Knudsen diffusion and
Langmuir kinetics. Our model expands the state-of-the art by (i) incorporating gas-phase diffusivity through the
Bosanquet formula as well as reaction reversibility in the modeling framework first proposed by Yanguas-Gil
and Elam, and (ii) being efficiently integrated within level-set topography simulators. The model is manually
calibrated to published results of the prototypical atomic layer deposition of Al2O3 from TMA and H2O in
lateral high aspect ratio structures. We investigate the temperature dependence of the H2O step, thus extracting
an activation energy of 0.178 eV which is consistent with recent experiments. In the TMA step, we observe
increased accuracy from the Bosanquet formula and we reproduce multiple independent experiments with the
same parameter set, highlighting that the model parameters effectively capture the reactor conditions.
1. Introduction

Atomic layer deposition (ALD) is a thin film deposition technique
which enables greater control over film thickness and conformality than
conventional chemical vapor deposition (CVD) [1]. ALD has become
a key technology in semiconductor processing, having found appli-
cation in, e.g., the deposition of technologically relevant oxides and
nitrides [2]. Due to its increased control over conformality, ALD is
a key enabler of high aspect ratio (HAR) structures such as dynamic
random-access memory (DRAM) capacitors [3] and three-dimensional
(3D) NAND flash memory [4].

In contrast to conventional CVD, ALD divides the growth process
into at least two sequential, self-limiting processing steps, which repeat
in cycles [2]. From the many precursor chemistries enabling ALD, the
deposition of aluminum oxide (Al2O3) from trimethylaluminum (TMA,
or Al(CH3)3) and water (H2O) has emerged as a paradigmatic sys-
tem [5]. Even though this process has found application in, e.g., high-𝜅
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capacitor films for DRAM [3], its main importance stems from the near-
ideal aspects of the involved surface chemistry. Thus, a significant body
of research has emerged for this process, and it became the de facto
standard against which novel approaches are tested.

In an irreversible self-limiting reaction with fixed reactor conditions,
complete conformality is theoretically achievable by adapting the step
pulse time 𝑡𝑝 to the involved HAR structure. Thus, the conformal
film thickness could be straightforwardly controlled via the growth
per cycle (GPC) parameter, determined by the involved reactants and
reactor conditions, and the total number of cycles (𝑁cycles). However, in
real-world conditions, deviations from complete conformality in HAR
structures are observed [1] since (i) the true surface chemistry is not
perfectly self-limiting, and (ii) reactant transport becomes severely con-
stricted. Accordingly, as semiconductor technology advances towards
ever higher aspect ratios, the challenge of understanding incomplete
conformality in ALD must be addressed with a joint experimental and
modeling approach.
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To that end, first-order Langmuir models have been developed and
applied to predict saturation times [6–8], to model growth kinetics [9],
to derive scaling laws [10], and to estimate the clean surface sticking
coefficient (𝛽0) using either Monte Carlo methods [11,12] or simpli-
fied analytical expressions [13]. These approaches are very powerful,
however, they do not evaluate the resulting thickness profiles in a
manner which is compatible with level-set topography simulators. This
is a requirement for the integration of ALD models with additional
processing steps and for process-aware device simulation within a
design-technology co-optimization (DTCO) framework [14].

In the past, we addressed this issue in the context of the ALD of
titanium compounds by developing a topography simulation integrat-
ing detailed Langmuir surface models with Monte Carlo ray tracing
calculations of local reactant fluxes [15]. Nevertheless, the use of Monte
Carlo ray tracing as well as the calculation of the growth on a cycle-
by-cycle basis leads to high computational costs. Therefore, only a
few deposition cycles were simulated. For a topography simulation
of realistic ALD processes involving hundreds of cycles, not only the
surface coverages but also the level-set velocity field must be accurately
and efficiently calculated.

Here, we present a model for ALD surface coverage in HAR struc-
tures based on one-dimensional (1D) diffusive particle transport, build-
ing upon the model proposed by Yanguas-Gil and Elam [8] by com-
bining it with physical–chemical phenomena highlighted in previous
works [6,9,16]. Namely, the model now includes reversible reactions
and gas-phase diffusion through the Bosanquet formula [17]. For the
calculation of thickness profiles, the model is efficiently integrated with
level-set based topography simulators [18–21] through the bundling
of multiple cycles via the introduction of an artificial time unit. Our
model is then manually calibrated to reported ALD thicknesses of Al2O3
in both the H2O- and TMA-limited regimes, allowing for a deeper
analysis of the role of temperature and geometrical parameters for this
prototypical process.

2. Methods

2.1. Surface kinetics and flux modeling

As with most ALD modeling approaches [1], our model assumes that
the processes are limited by the reactive transport of a single reactant
species. For clarity, our discussion focuses on the H2O-limited regime
during ALD of Al2O3. However, the same insights are valid for the
TMA-limited case and to similar reactants. We employ a first-order
Langmuir surface model, combined with diffusive reactant transport
for the calculation of the surface coverage 𝜃, building upon the model
first proposed by Yanguas-Gil and Elam [8] by considering reversible
kinetics and the impact of gas-phase diffusivity [6,9,16].

The following reaction pathways for an impinging water flux 𝛤H2O
(m−2 s−1) are considered, represented in Fig. 1: Adsorption–reflection,
mediated by a 𝜃-dependent sticking coefficient 𝛽(𝜃) = 𝛽0(1 − 𝜃),
and desorption, given by an evaporation flux 𝛤ev (m−2 s−1). In the
original model [8] as well as in subsequent developments [10,22,23],
irreversible kinetics are assumed, i.e., 𝛤ev = 0. However, other works
have highlighted the necessity of considering the reaction reversibility,
leading to the following equation for the time evolution of 𝜃 at each
surface point 𝑟 [6,9,16]:

1
𝑠0

𝑑𝜃(𝑟)
𝑑𝑡

= 𝛤H2O(𝑟)

𝛽(𝜃)
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
𝛽0

(

1 − 𝜃(𝑟)
)

−𝛤ev𝜃(𝑟) (1)

Eq. (1) describes an empirical model with two phenomenological
parameters: 𝛽0 and 𝛤ev. The surface site area 𝑠0 (m2) can be estimated
with a ‘‘billiard ball’’ approximation from the deposited film density 𝜌
(kgm−3) and GPC (Å) [9]. In contrast to the steady-state assumption
applied in, e.g., plasma etching simulations [19], we solve (1) up to
2

Fig. 1. Possible reaction pathways in reversible Langmuir kinetics for the H2O step of
ALD of Al2O3.

the reactor pulse time 𝑡𝑝 (s) using the forward Euler method with 𝑁𝑡
total time steps. The purge step is not considered.

A requirement for determining 𝜃(𝑟) is finding the distribution of the
reactant flux 𝛤H2O(𝑟). This calculation is challenging given that the 𝛽(𝜃)
changes not only across the surface but also after the solution of each
step of (1). Although powerful methods such as the Boltzmann transport
equation [6], the lattice Boltzmann model [24], or Monte Carlo ray
tracing can be used [11,15], they require substantial computational
resources.

To alleviate the computational burden, we assume a preferential
transport direction, i.e., that the flux is equal on all surfaces at the
same 𝑧 coordinate. This allows to calculate the flux using the continuity
equation assuming diffusive flow in a cylinder of diameter 𝑑 (μm)
and length 𝐿 (μm), with adsorption losses, given by a 1D differential
equation [8,25]:

𝐷
𝑑2𝛤H2O(𝑧)

𝑑𝑧2
= �̄�

𝑑
𝛽0 (1 − 𝜃(𝑧))𝛤H2O(𝑧),

𝛤H2O(0) = 𝛤0, (2)

𝐷
𝑑𝛤H2O

𝑑𝑧
|

|

|𝑧=𝐿
= −1

4
�̄�𝛽0 (1 − 𝜃(𝐿))𝛤H2O(𝐿)

In (2), �̄� (ms−1) is the thermal speed and 𝛤0 (m−2 s−1) is the flux of
the reactant species inside the reactor, which can be calculated using
the kinetic theory of gases [26] from the reactor temperature 𝑇 (◦C),
reactant molar mass 𝑀𝐴 (kgmol−1), and partial pressure 𝑝𝐴 (mTorr).
The frozen surface approximation is employed [8], that is, transport
is assumed to reach equilibrium on a much faster timescale than the
chemical evolution of the surface (i.e., 𝑑𝛤H2O∕𝑑𝑡 = 0 even though
𝑑𝜃∕𝑑𝑡 ≠ 0). This approximation is generally accepted as valid for
microscopic structures [25]. This equation is solved with a central finite
differences scheme for each step of the solution of (1).

The system composed of (1) and (2) is, in essence, a re-statement
of the established Yanguas-Gil and Elam model [8] with two main
differences. First, the reversibility of the reactions is considered in (1).
Also, the diffusivity 𝐷 (m2 s−1) is considered explicitly, which enables
to combine Knudsen diffusion with gas-phase diffusion through the
Bosanquet interpolation formula, which is discussed in the following
paragraph. Both of these physical–chemical phenomena have been
incorporated into modeling by previous studies either separately [6,12]
or jointly [9,16]. However, such models, most notably the approach
taken by Ylilammi et al. [9] and its subsequent expansion [16], rely
on a different set of approximations for the calculation of the flux
distribution inside the structure and do not compute a solution to (2).
In their work, the frozen surface approximation is not employed and
the partial pressure distribution, which is equivalent to the reactant
flux distribution, is directly approximated as two separate regions, one
linear and another exponentially decaying.
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Fig. 2. Impact of model parameters in the required 𝑡𝑝 to reach 95% saturation at the
bottom of a cylindrical structure with 𝑑 = 1μm, 𝐿 = 100 μm in a fictitious chemistry
with 𝑠0 = 2 × 10−19 m2 and 𝛤0 = 1024 m−2 s−1.

As previously indicated, 𝐷 can be calculated by considering two
individual contributions: One stemming from reactant–wall collisions,
i.e., the Knudsen diffusivity 𝐷Kn, and another stemming from reactant–
reactant collisions, i.e., the gas-phase diffusivity 𝐷𝐴. Historically, Knud-
sen diffusion has been defined in terms of a long cylindrical tube [27] of
diameter 𝑑, leading to the following expression for the diffusivity [17]:

𝐷Kn =
1
3
�̄�𝑑 (3)

Therefore, when structures other than a long cylindrical tube are
considered, some kind of mapping between the involved geometry
and the standard cylinder must be provided. The development of
such mappings has been the source of much controversy since the
inception of the theory [28], leading to many lingering misconceptions
(e.g., incorrect conductance values for square tubes). A further discus-
sion of these misconceptions is outside of the scope of the presented
research, instead, the simplified hydraulic diameter approximation is
employed [9]. That is, the diameter 𝑑 in (2) and (3) is replaced with
𝑑 → ℎ𝑑 ⋅𝑑, where ℎ𝑑 is the hydraulic diameter factor and 𝑑 is a relevant
physical dimension. For example, for a wide rectangular trench with
opening 𝑑 (c.f. Fig. 3), ℎ𝑑 is estimated to be 2 [1,9].

Eq. (3) is valid when reactant–wall collisions are more likely than
reactant–reactant collisions (i.e., Knudsen number Kn > 10). Should the
rate of particle–particle collisions be comparable, i.e., 1 < Kn < 10, 𝐷
can be approximated with the Bosanquet interpolation formula [17]:
1
𝐷

≈ 1
𝐷𝐴

+ 1
𝐷Kn

(4)

In (4), 𝐷𝐴 is the conventional Chapman–Enskog gas-phase diffusiv-
ity [26] calculated from the particle hard-sphere diameter 𝑑𝐴 (pm). In
this work, we assume only Knudsen diffusivity (𝐷𝐴 → ∞), except when
otherwise indicated.

In Fig. 2, the impact of the parameters 𝛽0 and 𝛤ev in the required 𝑡𝑝
for achieving 95% saturation is presented. We define saturation as the
final state of the surface coverage in the steady state, i.e., 𝑑𝜃sat (𝑟)∕𝑑𝑡 =
0. Since this situation is only reached on the limit 𝑡𝑝 → ∞, we identify a
relevant time as the pulse time necessary to reach 0.95⋅𝜃sat . In addition,
as 𝜃sat is defined on the entire structure, the coverage value at the
bottom of the structure, i.e., 𝜃sat (𝑧=𝐿), is chosen as the representative
value for analysis, since it is where the impact of the flux restriction is
the largest.

From Fig. 2, we observe that 𝛽0 has the most influence on the
saturation time. Instead of directly impacting 𝑡𝑝, 𝛤ev greatly affects the
maximum coverage achievable at the bottom of the structure. There-
fore, it strictly limits the maximum aspect ratio achievable by a certain
reactor configuration and must be considered in the design of novel
3

Fig. 3. Illustration of simulated trench after ALD with incomplete conformality.

technologies. In addition, previous work has shown that a high value
of 𝛤ev can impact the thickness profile particularly in the transition
between a region with high growth to one with low growth [16].

2.2. Topography simulation

In order to calculate the time evolution of the thickness profiles
during the fabrication process in a manner compatible with simulation
of further processing steps and DTCO, we employ the established level-
set method [18,19] as implemented in ViennaLS [20] and in Silvaco’s
Victory Process [21]. In this method, the surface is described as the zero
level-set of a 3D function 𝜙(𝑟) which evolves in time according to the
level-set equation

𝜕𝜙(𝑟, 𝑡)
𝜕𝑡

+ 𝑉 (𝑟) |
|

∇𝜙(𝑟, 𝑡)|
|

= 0, (5)

where 𝑉 (𝑟) is a scalar velocity field describing how the surface should
evolve over time, i.e., how a material is grown or etched. An illustration
of a simulated 3D trench geometry after ALD of Al2O3 is shown in
Fig. 3.

The methodology presented in Section 2.1 is limited to calculating
𝜃(𝑟). However, it is not straightforward to map 𝜃(𝑟) into 𝑉 (𝑟). Growth
rates can be calculated cycle-by-cycle by evolving the surface by the
molecular layer thickness [15], however, this imposes a performance
penalty since the grid resolution must be small enough to capture the
individual molecular layer and 𝜃(𝑟) must be calculated 𝑁cycles times.
This calculation repeats even though the geometry changes minimally
between sequential cycles.

In order to capture a realistic ALD process with hundreds or thou-
sands of cycles, a more efficient approach is required, bundling multiple
cycles into the surface evolution step. For this, we introduce an artificial
time 𝑡∗ = 𝑁cycles∕𝐶 where 𝐶 is a numerical constant. It is important to
note that 𝑡∗ is unrelated to 𝑡𝑝, since the latter is only required for the
calculation of 𝜃(𝑟). In essence, to maintain unit consistency with (5),
the time variable 𝑡∗ represents a bundle of multiple ALD cycles. Thus,
the velocity field becomes

𝑉 (𝑟) = 𝑉 (𝑧) = 𝐶 ⋅ GPC ⋅ 𝜃(𝑧). (6)

The constant 𝐶 can be chosen by considering the involved number
of cycles such that 𝑡∗ ≈ 1. In fact, the choice of 𝐶 plays a limited role
in the determination of the bundling. Instead, in the involved level-set
based topography simulators, 𝑉 (𝑟) is assumed to be constant during
each time step 𝛥𝑡 of the solution of (5). According to the Courant–
Friedrichs–Lewy (CFL) condition [18], the time step is limited to allow



Solid State Electronics 201 (2023) 108584L.F. Aguinsky et al.
Table 1
Model parameters for the H2O step of ALD of Al2O3 calibrated to measurements from
[13].

Parameter 150 ◦C 220 ◦C 310 ◦C

𝛤ev (m−2s−1) 6.5 ⋅ 1019 5.0 ⋅ 1019 3.5 ⋅ 1019

𝛽0 5.0 ⋅ 10−5 1.2 ⋅ 10−4 1.9 ⋅ 10−4

𝛽0, estimated range from [13] 1.4 ⋅ 10−5 0.8 ⋅ 10−4 0.9 ⋅ 10−4

– – –
2.3 ⋅ 10−5 2.0 ⋅ 10−4 2.5 ⋅ 10−4

Fig. 4. Comparison of topography simulation using the combined surface coverage
model with the parameters from Table 1 to H2O-limited thickness profiles measured
by Arts et al. [13].

an evolution of at most one grid spacing 𝛥𝑥, i.e., 𝛥𝑡 < 𝛥𝑥∕max |𝑉 (𝑟)|.
After each time step, the geometrical inputs of (2), namely 𝑑 and 𝐿, are
updated. Thus, for (6) to be physically meaningful, 𝛥𝑥 must be small
enough such that the change in the geometry of its magnitude does not
significantly impact 𝜃(𝑟).

3. Results

3.1. The H2O step: Temperature dependence

We calibrate our model to measured thickness profiles of Al2O3
in the H2O-limited regime. Arts et al. [13] report film thicknesses in
lateral HAR trench-like structures (𝑑 = 0.5 μm, 𝐿 = 5000 μm) with an
H2O dose of approximately 750mTorr⋅s after 400 ALD cycles with a GPC
of 1.12Å at three calibrated substrate temperatures 𝑇 (150 ◦C, 220 ◦C,
and 310 ◦C). We estimate 𝑡𝑝 to be 0.1 s. We were unable to reproduce the
reported penetration depths with realistic values of density [29] in the
calculation of 𝑠0 [9] using the ‘‘billiard ball’’ approximation. Therefore,
we treat 𝑠0 as another parameter to be estimated, for which we obtain
the value of 3.36⋅10−19 m2. The parameters for each 𝑇 were obtained by
manual adjustment and visual comparison to the experimental data and
are provided in Table 1. The model comparison to experimental data is
given in Fig. 4. The authors of the original work also estimate 𝛽0 from
the slope at 50% height, and those values are reported in Table 1.

In Fig. 4, we note a good agreement between our topography
simulations using the combined model for surface coverage and the
reported experimental profiles. The estimated values of 𝛽0 are also
generally consistent with the estimated ranges from the original work,
which is expected since it also relies on first-order Langmuir kinetics.
However, we expect that our methodology provides a more accurate
estimate, including on the discrepant value at 150 ◦C, since we consider
the entire profile and we include 𝛤ev. Nonetheless, it is possible that we
overestimate 𝛤ev since we do not consider the purge step. The reduction
in thickness and the less abrupt transition between the region with
4

Fig. 5. (a) Arrhenius analysis of 𝛽0 and 𝛤ev from Table 1. (b) After parameterization
to 𝑇 , its effect is investigated in the required 𝑡𝑝 to reach 95% of saturation, 𝜃sat at
𝑧 = 𝐿 and SCsat .

high growth for that profile is strong evidence of the important role of
reversible reactions, which is supported by other modeling studies [16].

Due to the availability of data at different substrate temperatures,
we perform an indicative Arrhenius analysis, shown in Fig. 5. In
Fig. 5(a), we observe that the 𝛽0 increases and 𝛤ev decreases with
increasing 𝑇 . This suggests that the increase in temperature not only
makes the reaction more efficient but also, counter-intuitively, reduces
the reversibility of the reaction. This is the cause of the negative
value of 𝐸𝐴 on the Arrhenius fit of 𝛤ev, which is not itself the true
activation energy of the reaction. Instead, we interpret the value of
𝐸𝐴 from the linear fit of 𝛽0 (0.178 eV) as that representing the energy
barrier involved in the reaction, since it is the one which must be
overcome on a clean surface (i.e., 𝜃=0). Although this value is lower
than first-principle studies suggest (1.101 eV) [30], it is consistent with
a recent experimental analysis exploring a two-stage reaction, where
𝐸𝐴 is estimated as 0.166 ± 0.02 eV [31]. This two-stage reaction is a
possible cause of failure of the ‘‘billiard ball’’ approximation for 𝑠0.

From the fitted Arrhenius relationships, both model parameters (𝛽0
and 𝛤ev) can be expressed as functions of the single physical variable 𝑇 .
Thus, the parameter analysis from Fig. 2 can be reduced from three to
two dimensions, as shown in Fig. 5(b). We observe that the saturation
𝑡𝑝 reduces and 𝜃sat at 𝑧 = 𝐿 increases with higher temperatures,
as is expected from a more thermodynamically favorable reaction.
However, in many experimental situations 𝜃 is not easily measurable.
Instead, the step coverage (SC) is commonly measured [25]. After
saturation, i.e. 𝑑𝜃∕𝑑𝑡 = 0, we estimate the step coverage to be SCsat =
𝜃 (𝑧 = 𝐿)∕𝜃 (𝑧 = 0). Interestingly, we note that SC is high and
sat sat sat
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Table 2
Model parameters for the TMA step of ALD of Al2O3 calibrated to multiple
measurements [9,13,32].
𝛤ev (m−2s−1) 𝛽0 𝛽0 from [9] 𝛽0 from [13] 𝛽0 from [32]

3.0 ⋅ 1019 7.5 ⋅ 10−3 5.7 ⋅ 10−3 (0.5 − 2.0) ⋅ 10−3 4.0 ⋅ 10−3

Fig. 6. Comparison of simulation with parameters from Table 2 to TMA-limited
thickness profiles reported by Ylilammi et al. [9], Arts et al. [13], and Yim and Ylivaara
et al. [32].

nearly constant for the entire tested temperature range even though
𝜃sat has a larger variation. Thus, we expect that, at low temperatures,
the film quality could be low due to the presence of defects such as
vacancies and voids.

3.2. The TMA step and geometric parameters

Similarly to Section 3.1, the model is manually calibrated to pub-
lished thickness profiles of Al2O3 in the TMA-limited regime. Due to
the comparatively higher complexity of TMA, this step has received
more research attention, therefore, we are able to simultaneously ap-
ply our model to multiple independent experiments in similar lateral
HAR structures (𝑑 = 0.5 μm) [9,13,32]. All available reactor and film
parameters were taken directly from the original publications. The
unavailable data was estimated as follows: For Ylilammi et al. [9] (and
footnotes from [32]), we estimate 𝑝𝐴 = 325mTorr; for Arts et al. [13],
𝑡𝑝 = 0.4 s and 𝜌Al2O3

= 3000 kg∕m3; and for Yim and Ylivaara et al. [32],
𝑝𝐴 = 160mTorr.

Since all reported thickness profiles were obtained on a restricted
range of set temperatures (275 ◦C in [13], 300 ◦C otherwise), we man-
ually calibrate our model to all profiles with the same parameter set
presented in Table 2, including the estimates of 𝛽0 from the original
works. The disparity is likely due to the effect of 𝛤ev, which is corrob-
orated by the most similar value being that from [9], whose approach
also considers reversible kinetics.

The comparison to the published measured profiles is provided
in Fig. 6, showing good agreement. This is strong evidence for the
hypothesis discussed in Section 2.1 that the model parameters are
determined by the reactor setup, most importantly the reactor 𝑇 . The
peaks shown in the experimental data from [32] are disregarded since
they are reported to be spurious interactions with the pillars sustaining
the structure.

We reproduce additional experiments by Yim and Ylivaara et al. [32]
in lateral HAR structures with different initial openings 𝑑, shown in
Fig. 7. The discrepancy in the structure with 𝑑 = 0.1 μm is due to
the limits of our model when the opening becomes fully constricted.
In this situation, the approximation that the entire geometry can be
represented by an evolving but single value of 𝑑 starts to fail. One
5

Fig. 7. Comparison of simulated structures to profiles reported by Yim and Yli-
vaara et al. [32] for lateral HAR structures with different initial openings 𝑑 using
parameters from Table 2. ‘‘Knudsen’’ shows the model using only Knudsen diffusivity,
while ‘‘Bosanquet’’ includes gas-phase diffusivity.

additional limitation is the failure of the hydraulic diameter approxi-
mation in a constricted structure, since it is not rigorously justified and
has significant discrepancies with regards to established results [28].
For the structure with opening 𝑑 = 2.0 μm, pure Knudsen diffusivity
is no longer valid, since Kn ≈ 8.9. We recover accuracy by using
(4) (marked ‘‘Bosanquet’’) which is calculated using the hard-sphere
diameters of TMA 𝑑TMA = 591 pm and of nitrogen (N2, the carrier gas)
𝑑N2

= 374 pm [9].

4. Summary and outlook

In this work, we present a surface coverage model for incomplete
conformality during ALD in HAR structures based on diffusive particle
transport and reversible first-order Langmuir kinetics which combines
insights from multiple established modeling approaches. By focusing
on the evaporation flux, we achieve a good fit to experimental data
and also obtain further chemical insights from the saturation behavior.
Also, by approximating the diffusivity with the Bosanquet formula, we
are able to capture processing conditions with lower Knudsen numbers.
Finally, we present an approach for efficiently integrating our model
with a level-set topography simulator by bundling multiple ALD cycles
into an artificial time unit.

We manually calibrate our model to reported thickness profiles in
the prototypical ALD of Al2O3 from H2O and TMA. We study the impact
of temperature in H2O-limited profiles, indicating the strong impact of
the evaporation flux at lower temperatures and extracting an activa-
tion energy of 0.178 eV which is comparable with recent experimental
studies. From calibrating our simulation with a single parameter set
to multiple independent experiments in the TMA-limited regime, we
strengthen the hypothesis that the parameters are strongly related to
the reactor condition, most importantly to its temperature.

Our ALD modeling can be further improved by integrating a more
accurate flux calculation methodology such as Monte Carlo ray tracing
and additional physical phenomena, such as losses due to recombi-
nation, partial decomposition, and the effect of impurities. Since the
evaporation flux plays such an important role, the explicit considera-
tion of the purge step can further enhance the model. A more rigorous
estimation approach would also enable estimation of the error bounds,
which would improve the connections to experimental data. Finally,
our robust level-set simulation approach enables the simulation of
further processing steps and of process-aware device operation and
could be applied to, e.g., atomic layer etching for 3D integration of
novel memories.
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