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Conformality of Plasma-Assisted ALD: Physical Processes and
Modeling
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For plasma-assisted atomic layer deposition �ALD�, reaching conformal deposition in high aspect ratio structures is less straight-
forward than for thermal ALD due to surface recombination loss of plasma radicals. To obtain a detailed insight into the
consequences of this additional radical loss, the physical processes in plasma-assisted ALD affecting conformality were identified
and investigated through Monte Carlo simulations. The conformality was dictated by the recombination probability r, the reaction
probability s, and the diffusion rate of particles. When recombination losses play a role, the saturation dose depended strongly on
the value of r. For the deposition profiles, a minimum at the bottom of trench structures was observed �before reaching saturation�,
which was more pronounced with larger values of r. In turn, three deposition regimes could be identified, i.e., a reaction-limited
regime, a diffusion-limited regime, and a new regime that is recombination-limited. For low values of r, conformal deposition in
high aspect ratio structures can still be achieved, as observed for several metal oxides, even for aspect ratios as large as 30. For
high surface recombination loss probabilities, as appears to be the case for many metals, achieving a reasonable conformality
becomes challenging, especially for aspect ratios �10.
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Atomic layer deposition �ALD� has become the method of
choice for depositing thin films conformally in high aspect ratio
�AR� structures. To achieve film conformality, saturation of the sur-
face reactions has to be achieved throughout the three-dimensional
�3D� structure. Usually, ALD processes are optimized for planar
geometries before deposition on 3D structures is attempted. To
achieve conformality in moderate ARs �AR � 10�, often no or little
change in precursor exposure is needed compared to the typical
exposure times optimized for the deposition on planar substrates. In
this particular case, the ALD process is in the reaction-limited
regime.1 When going to higher AR structures, both experimental and
modeling efforts have shown that a large increase in precursor ex-
posure is required to obtain conformality. The film growth can then
be considered to take place in the diffusion-limited regime.1,2 Insight
into the regime in which the deposition takes place can greatly help
in predicting the appropriate process conditions beforehand. For ex-
ample, it can help to decide whether adjustments to the precursor
dosing times are needed and to evaluate whether it is feasible to coat
particular 3D structures conformally with acceptable cycle times.

While in thermal ALD, the precursors can generally be consid-
ered “stable” in the sense that they remain intact after collisions on
already reacted surface sites; this assumption does not hold for all
ALD processes. For ozone-based processes, ozone molecules can be
lost in surface reactions on many surfaces by forming oxygen mol-
ecules, especially at elevated temperatures.3 For plasma-assisted
ALD processes, the loss of reactive species at surfaces can be even
more pronounced, for example, hydrogen radicals recombine easily
on metal surfaces. So far, papers on the effects of these loss pro-
cesses on the dose required for saturation and on the evolution of the
deposition profiles in trenches are anecdotal and, to a large extent,
the effects itself are unknown.

To address these issues more fundamentally and to obtain a
physical model and understanding of the aspects controlling confor-
mality for plasma-assisted ALD, dedicated experimental and theo-
retical studies are required. Especially, simulations can be a power-
ful tool because physical effects such as diffusion, surface
recombination, and surface reaction can be isolated easily. For ex-
ample, for chemical vapor deposition, simulations are numerous and
have been used to study many aspects of the deposition process
including the conformality that can be achieved by various
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processes.4,5 For thermal ALD, a number of theoretical studies re-
garding conformality have been reported in the literature.1,2,6-10 The
two main factors considered in these studies have been the sticking
probability s and the AR of the 3D structure. Briefly, for s = 1 the
problem can be solved analytically,2 whereas for lower s, analytical
solutions are more challenging and therefore Monte Carlo simula-
tions are often employed. Two regimes can be identified: the
diffusion-limited regime when the value of s is high and the
reaction-limited regime when the value of s is relatively low.1

In this work, we have developed a Monte Carlo model incorpo-
rating surface reaction and surface recombination loss parameters to
study the conformality that can be achieved by plasma-assisted ALD
processes and to understand how the deposition in 3D structures
depends on these parameters. Employing these simulations, the
change in dose required for conformal deposition in 3D structures
was investigated as well as the evolution of the deposition profiles
and the diffusion of species itself. Besides the two aforementioned
regimes that were already observed for thermal ALD, we were able
to distinguish a third regime, the so-called recombination-limited
regime. The latter regime can account for specific conformality be-
havior of plasma-assisted ALD in high AR structures.

In the next section, first, the physical processes in plasma-
assisted ALD that affect conformality are identified and analyzed.
The concepts of surface reaction probability and surface recombina-
tion loss probability are discussed. Furthermore, an overview of lit-
erature papers on conformal deposition by plasma-assisted ALD is
provided as reference information. The combination of these consid-
erations determines the approach and the framework for the Monte
Carlo simulations, i.e., the parameters of interest, and the method
chosen to investigate the effect of the parameters on the conformal-
ity for plasma-assisted ALD.

Plasma-assisted ALD

Plasma-assisted ALD processes can offer several merits in addi-
tion to those already provided by thermal ALD. These merits include
a larger temperature window, a higher growth rate, reduced purge
times, improved material properties, and an increased choice of pre-
cursors and materials.11 In plasma-assisted ALD, the reactant step
�or reactant pulse� consists of an exposure of the surface to plasma
species. These plasma species involve molecules, ions, radicals,
electrons, and photons. Of these species, the radicals �reactive
atomic and molecular species such as H, O, N, NH, and NH2� are
considered most important for surface reactions associated with
ALD film growth.11 Radicals are neutral and therefore unaffected by
electric fields that develop in the discharge. Radicals, therefore, dif-
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fuse similarly as the reactants used in thermal ALD. Although radi-
cals are considered most important, other plasma species can also
have an influence on the growth process. Charged particles �ions and
electrons� are influenced by electric fields and can consequently
cause additional �detrimental or beneficial� effects such as surface
ion bombardment. Furthermore, �vacuum�ultraviolet ��V�UV� pho-
tons generated in the plasma and on surfaces can also have an in-
fluence �e.g., defect creation at Si–SiO2 interfaces�.12 With this in
mind, plasma-assisted ALD processes can be divided into three
configurations:11 �i� direct plasma ALD, where the sample is part of
the plasma generation zone such that it can receive a considerable
ion and photon flux; �ii� remote plasma ALD, where the plasma is
produced upstream but with the plasma species still present above
the substrate with lower energies and potentially smaller fluxes; and
�iii� radical-enhanced ALD, where the plasma is generated at a large
distance from the sample such that hardly any charged particles or
photons reach the substrate. In most cases, effects of ion bombard-
ment and �V�UV photon flux are relatively small and can therefore
be neglected to give a fair approximation. This can even hold for
direct plasma ALD, e.g., when operating the plasma at higher pres-
sures.

Reaction probability.— The ALD reactions involving the precur-
sor and reactive surfaces during the precursor pulse, e.g., ligand
exchange, dissociation, association, etc.,13 are often generalized by a
reaction probability per collision, i.e., a sticking probability s. Simi-
larly, also the ALD reactions during the reactant step can be gener-
alized by a reaction probability per collision s. For plasma radicals,
these reactions in the ALD growth process can be �i� oxidation:
oxygen radicals can oxidize organic ligands and the metal atoms
deposited; �ii� abstraction: hydrogen radicals can, for instance, react
with halide surface groups in abstraction reactions; �iii� reduction:
hydrogen radicals can act as a reducing agent for metal atoms; and
�iv� nitridation: nitrogen radicals can be incorporated into the mate-
rial. A wide range of reaction probabilities s can be found in the
literature, as shown in Table I. Sometimes, even a wide range of s
values are reported for the same process, e.g., Al�CH3�3 adsorption.
This can, in part, be explained by the wide range of methods used to
determine the probabilities, ranging from ab initio density functional
theory calculations9 to direct beam experiments,14 but also by varia-

Table I. Reaction probabilities s for several precursors and reac-
tants (including some related to plasma processes) as reported in
the literature. The accuracy is indicated when available.

Step Species
Deposited
material

Reaction
probability s References

Precursor Al�CH3�3 Al2O3 0.001 1
Al�CH3�3 Al2O3 0.026 7
Al�CH3�3 Al2O3 0.1 6
Al�CH3�3 Al2O3 0.1–0.9 9

Hf�NEtMe�4 HfO2 0.03–0.6a 15
Ti�NMe2�4 TiO2 0.02 � 0.005 10
Ti�OiPr�4 TiO2 0.04–0.1b 16

Cp�Ti�OMe�3 TiO2 0.01 15
TiCl4 TiN 0.006 � 0.002 14
ZnEt2 ZnO 0.007 1
SiCl4 SiO2 10−8 1

Reactant H2O Al2O3 0.01–0.1 9
O3 Al2O3 0.001–0.01 9

Plasma O Al2O3 0.1–0.9 9
H TiN 0.0003 � 0.0001 14
N TiN 0.01 � 0.002 14

a Corresponding to the substrate temperature range of 180–270°C.
b Corresponding to the substrate temperature range of 125–225°C.
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tions in experimental and theoretical accuracies. Temperature-
dependent values of s have also been reported; for example, an
increase in s with temperature was found for Hf�NEtMe�4 and
Ti�OiPr�4 precursor adsorption.15,16 Regarding the reactant step in
plasma-assisted ALD, oxygen radicals appear the most reactive,
whereas hydrogen radicals have generally the lowest reactivity.
Commonly, reaction probabilities fall in the range of 0.1–0.001.

Recombination loss probability.— In the case of plasma-assisted
ALD, the reactants can also be lost in recombination processes at the
surfaces, this in addition to the loss by ALD surfaces reactions. For
instance, a hydrogen radical can recombine with a hydrogen atom
on the surface to form molecular hydrogen. This hydrogen molecule
has no further influence on the ALD surface reactions and becomes
again a part of the hydrogen source gas of the plasma. The surface
recombination probability depends on the type of radical and on the
material of the surface with which the radical collides. Table II lists
literature values for these surface recombination loss probabilities r
for hydrogen, nitrogen, and oxygen radicals on a set of materials. A
large range of loss probabilities is reported. In general, recombina-
tion on oxides is low, whereas metals show higher r values. An
inverse relation between hydrogen surface radical recombination
probability and the electron work function for some materials has
been reported.17 Overall agreement with this trend is found for the
part of Table II starting at silicon �low work function, high recom-
bination� and ending at platinum �high work function, low recombi-
nation�. In general, nitrogen and oxygen radicals have lower loss
probabilities than hydrogen radicals. Oxygen radicals are suggested
to have higher recombination probabilities on oxide surfaces with
atoms containing incomplete d shells �Mn, Fe, Co, Ni, and Cu�.18

Furthermore, significant temperature and pressure dependencies can
exist. For instance, Greaves and Linnett reported an increase in the
loss probability for oxygen on silica of 2 orders of magnitude from
1.6 � 10−4 to 1.4 � 10−2 for temperatures ranging from 20 to
600°C.19 Wood and Wise reported that most metals have a fairly

Table II. Surface recombination loss probabilities r for H, N, and
O radicals on various material surfaces as reported in the litera-
ture. The accuracy is indicated when available.

Radical Surface
Recombination
probability r Reference

H Silica 0.00004 � 0.00003 42
Alumina 0.0018 � 0.0003 43

Pyrex 0.0058 � 0.0018 20
Stainless steel 0.032 � 0.015 43

Silicon 0.70 � 0.10 44 and 45
Titanium 0.35 20

Aluminum 0.29 20
Nickel 0.20 � 0.09 43
Copper 0.14 20
Gold 0.15 � 0.05 20

Palladium 0.07 � 0.015 20
Platinum 0.03 20

N Silica 0.0003 � 0.0002 42
Stainless steel 0.0063 46

Silicon 0.0016 46
Aluminum 0.0018 46

O Silica 0.0002 � 0.0001 42
Pyrex 0.000045 18

Aluminum oxide 0.0021 18
Zinc oxide 0.00044 18

Ferric oxide 0.0052 18
Cobalt oxide 0.0049 18
Nickel oxide 0.0089 18
Cupric oxide 0.043 18
Stainless steel 0.070 � 0.009 47
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constant recombination probability for hydrogen radicals over a
wide temperature range.20 The surface conditions during ALD can
differ from those in the reported studies, affecting the value of r.

Conformal films deposited by plasma-assisted ALD.— Despite
the possibility of recombination of radicals at surfaces, numerous
studies have shown that fair to high conformality can be reached in
high AR structures by plasma-assisted ALD. For instance, for ALD
of metal oxides with O2 plasmas, �100% conformality has been
reached for Al2O3 in pores with AR = 8,21 for TiO2 deposition in
trenches with AR = 9,16,22 and for Ta2O5 in trenches with AR
= 11.23 Regarding H2 plasmas used for ALD of metals and metal
nitrides, �95% step coverage for TiN in pores with AR = 10 has
been reported;24 �100% for TaN in pores with AR = 10,25 �100%
conformality for Cu in trenches with AR = 9,26 as well as conformal
growth for Ag in trenches with AR = 9 27 were also reported. For
ALD of Ta with a H2 plasma, �100% conformality was found up to
trenches with AR = 15, whereas the rest of the trench �AR = 40�
had a conformality of 40%.28 Deposition profile information such as
this is rare because conformality can be difficult to assess and re-
quires transmission electron microscopy or scanning electron mi-
croscopy analyses with relatively thick films. However, this kind of
profile information is crucial to understand the evolution of the
deposition profile within the high AR structure during the ALD pro-
cess. The lack of papers on conformal growth in higher ARs could
indicate those being more difficult to coat, albeit that this has not
been stated explicitly in the literature.

Modeling approach.— The goal of this work is to obtain a de-
tailed understanding of the mechanisms determining the conformal-
ity that can be reached by plasma-assisted ALD. To this end, we
have developed a Monte Carlo model to simulate the basic and
relevant aspects of the plasma-assisted ALD process, which have
been outlined in the previous section. With these simulations, a de-
tailed insight into the effects of reaction probability, loss probability,
and AR on conformality is obtained. The main simulation param-
eters that are discussed are the dose required to achieve saturation in
3D structures, the deposition profile in these structures before satu-
ration has been reached, and the profile of the wall collisions of the
reactive species. Combining the results offers an insight into the
ability of plasma-assisted ALD to deposit conformal films in 3D
structures.

Monte Carlo Simulations

In this section, first, the simulation and the simulated parameters
of interest are defined. Our Monte Carlo model is similar to those
reported earlier for thermal1,6-10 and plasma-assisted ALD.29,30 For
simplicity and fast computation, we have chosen a two-dimensional
�2D� Monte Carlo simulation. Only one ALD half-reaction is con-
sidered at a time, assuming that the previous half-reaction was fully
saturated. A possible overlap between the precursor and reactant
pulse is not investigated as these can be assumed to be well-
separated by purge steps. Particles that represent precursor mol-
ecules or radicals are simulated one at a time, which is valid because
the particles only interact with the walls. Due to the small feature
size with respect to the mean free path �high Knudsen number�, the
flow is molecular and particle–particle interaction can be neglected.
The various ALD surface reactions �Table I� are generalized with a
single reaction probability s. The reaction probability s can be
viewed as a generalized sticking probability, defined as the probabil-
ity of a surface reaction resulting in a change of the surface contrib-
uting to the ALD process. With respect to s, both the precursor and
the reactant half-cycle are equivalent in behavior. Based on the val-
ues in Table I, s is chosen in the range 0.001–1 for the simulations.
We also generalized the surface recombination loss processes �Table
II� by a single loss probability r. This generalized process can be
defined as a surface reaction where the incoming reactant species
ownloaded 11 Nov 2010 to 131.155.110.244. Redistribution subject to 
changes such that it cannot contribute anymore to the ALD process.
Based on Table II, r is chosen within the range 0–0.9 for the simu-
lations.

The simulation domain is a 2D trench with specific AR �ratio
between depth and width� consisting of a trench entrance at the top,
a trench sidewall on each side, and a trench bottom �Fig. 1a�. The
trench sidewalls and the trench bottom represent the surfaces for
growth and are divided into discrete intervals �inset Fig. 1a�. The
simulation proceeds as illustrated in Fig. 1b: A particle is emitted
with a cosine-distributed random direction at a random location at
the entrance of the trench.5 The random location at the entrance is
also cosine-distributed. Subsequently, the intersection of the trajec-
tory of the particle with the trench surface is calculated. At the
corresponding surface interval, one out of three processes can occur:
�i� The particle can undergo surface recombination with a loss prob-
ability r; �ii� the particle can react and contribute to the ALD process
with a reaction probability s; and �iii� the particle can be reflected,
assuming that the particle is emitted with a new random direction
according to a cosine distribution.5 For the reflected particle, the
algorithm starts over, beginning with the calculation of the new
trajectory and intersection point. If the new intersection point is at
the entrance of the trench, the particle is considered lost and a new
particle is generated �unless the stop condition has been met�. Oth-
erwise, one of the three processes �recombination, reaction, or re-
flection� occurs again. Depending on whether ALD half-cycle A
�precursor pulse� or B �reactant pulse� is meant to be simulated, a
surface interval on which a reaction can occur can be interpreted as
“empty” �case A� or “occupied” �case B�. The ALD reaction then
either “occupies the empties interval” �case A� or “empty the occu-
pied interval” �case B�. Simulationwise, cases A and B are equiva-
lent, and therefore, results intended for case A also hold for case B if
they have the same values for s and r.

The simulation program was written in C�� code and the pro-
gram is run on a desktop computer where an average simulation of

generate new particle
at entrance and

calculate direction

interval receives particle

particle hits wall or bottom particle hits entrance

generate random 0 ≤ x <1

x ≥ r x < r

generate random 0 ≤ x <1

A: interval occupied
B: interval free

A: interval free
B: interval occupied

A: particle sticks
B: particle reacts with ligand

x ≥ s x < s

particle recombines

particle reflected

start
(a)

(b)

entrance

bottom

wall

in
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s

check if stop
condition is met

Figure 1. �a� Schematic of the simulation domain, i.e., a 2D trench of spe-
cific AR. Particles �represented by an arrow� are generated at the entrance of
the trench. The inset shows the representation of the discrete surface inter-
vals. �b� Flowchart of the Monte Carlo simulations for the ALD half-
reactions. After collision with the sidewalls or bottom of the trench, a particle
either recombines �depending on r�, reacts �depending on s and the state of
the interval�, or reflects. Particles are generated until a stop condition is met.
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a trench with AR = 20 �20,000 � 1000 intervals and s = 0.01, r
= 0.1� took 30 s �1.3 � 107 particles� to reach �nearly full� satura-
tion. The profiles considered are the average of five simulations and
are smoothed over 1000 intervals to reduce statistical noise.

It is important to stress the simplicity of the model used for the
Monte Carlo simulations. A change in the AR during the growth
process is not considered, which is valid when the thickness of the
deposited film is much smaller than the width of the trench. Further-
more, the influence of the particle velocity and gas and substrate
temperature dependence is not considered explicitly. The influence
of these parameters can be studied through their influence on the
values of s and r. Regarding the surface intervals, one reaction
changes a surface interval into either occupied or empty, corre-
sponding to one single ligand occupying a surface interval and only
one radical being sufficient to empty the surface interval. No chem-
istry other than the generalized ALD reaction and recombination
processes is considered. The simulation domain is fully 2D, corre-
sponding to a quasi-3D trench. Furthermore, the reaction and recom-
bination loss processes are simulated in a very general way by a
constant reaction and loss probability. In reality, both the reaction
and loss probabilities can depend on the state of the surface. For
example, a surface with unreacted ligands can have a different re-
combination loss probability than a surface without ligands.

Mainly, three types of information were extracted from the simu-
lations; their definitions and interpretations are �i� the dose: The
number of particles generated can be considered as a representation
of the applied dose. When the dose equals the dose required to
achieve saturation of the 2D trench surface, the dose is called “satu-
ration dose”; �ii� the deposition profile: The deposition profile along
the trench wall can be interpreted as a thickness profile in case
multiple cycles would be used, i.e., representing the thickness as a
function of depth. Another interpretation would be the occupation of
reactive surface sites along the trench wall after a single half-cycle;
and �iii� the wall collisions profile: The profile of the number of
collisions made by the particles along the trench wall. The wall
collisions profile provides information on the particle distribution
and on particle diffusion within the trench.

Results were extracted from the simulations by defining specific
conditions for ending the simulations. These stop conditions are re-
lated to the physical effect investigated: �i� The 99% saturation case,
which represents practically the fully saturated situation in which
the deposition profile itself provides no physical information but the
required dose does, because it represents the saturation dose; �ii� the
90% saturation case in which the simulation is terminated when
90% of the intervals have reacted. This situation gives an insight
into the gradual change of the deposition profile during exposure.
The unsaturated deposition profile can, for instance, identify bottle-
neck regions where achieving growth is more difficult; and �iii� the
case in which a preset number of particles are generated, which can
be used to compare two situations with the same dose or to consider
the deposition profile after a fraction of the saturation dose.
ownloaded 11 Nov 2010 to 131.155.110.244. Redistribution subject to 
Results and Discussion

The conformality of plasma-assisted ALD is investigated in the
following sections using the aforementioned stop conditions. In the
first part, the surface recombination loss of radicals is not included
in the simulations �r = 0� to simulate the case for plasma-assisted
ALD with no recombination. This case also corresponds to the ther-
mal ALD case and serves, furthermore, as a reference for the case
with recombination. Subsequently, surface recombination is in-
cluded �r � 0� and its effects on the saturation dose and on the
deposition profile are studied. Particle diffusion is studied by con-
sidering the wall collisions profiles for the three deposition regimes.
The behavior of these regimes is addressed and the regimes are
demarcated using transition conditions. Finally, the implications for
plasma-assisted ALD are discussed and the applicability to other
processes with the possibility of surface loss �e.g., ozone-based pro-
cesses� is addressed.

No surface recombination loss �r � 0�.— First, the case with-
out surface recombination loss is considered �r = 0� to obtain a
basic understanding of ALD in 3D structures and to investigate the
conformality for plasma-assisted ALD in this specific case. Further-
more, it provides the opportunity to test the model against general
observations in thermal ALD experiments and simulations. Figure
2a shows the normalized saturation dose as a function of AR for
various reaction probabilities s. The dose has been normalized by
dividing it by the dose required for an AR of 1 �close to planar
geometry�. Because ALD processes are usually optimized for planar
substrates, this normalization directly provides a measure of the ex-
tension of the dose needed to coat 3D structures conformally. For
instance, if a 2 s dose is required for a planar substrate, a normalized
dose of 5 would represent a necessary extension of the dose to 10 s.
For s = 1, a large increase in normalized saturation dose is observed,
similar to the trend predicted by Gordon et al.2 For lower values of
s, the normalized saturation dose shows much less dependence on
the AR. In Fig. 2b, the saturation dose is replotted as a function of
AR but now without normalization, i.e., the dose represents the total
number of generated particles. For the near planar case, this absolute
saturation dose is inversely proportional to s, which is expected
because the same holds for planar substrates. For high ARs, the
trends start to overlap with the one for the s = 1 case. The latter
explains the success of the model reported by Gordon et al. �which
assumes s = 1� in predicting the dose in the case of high ARs. Con-
sequently, although experimental data might agree with the dose
predicted by the model of Gordon et al., this agreement does not
mean that s is close to 1 because s values ranging from 0.01 to 1 all
require the same amount of dose for very high ARs �e.g., AR
= 100�.

From the results in Fig. 2, two regimes can be identified. One
where the saturation dose varies little with the AR and depends only
on the reaction probability s �reaction-limited�, and the other where

Figure 2. �Color online� �a� Normalized
saturation dose as a function of AR for
reaction probabilities s ranging from 0.001
to 1. The dose is normalized to the dose
required for an AR of 1. �b� Absolute satu-
ration dose as a function of AR for reac-
tion probabilities s ranging from 0.001 to
1. For �a� and �b�, recombination loss is
not included, i.e., r = 0. Dashed vertical
lines indicate the AR where the hopping
coefficient H is equal to the reaction prob-
abilities s used in the simulations.
ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



G245Journal of The Electrochemical Society, 157 �12� G241-G249 �2010� G245

D

the dose increases strongly with AR but depends little on the reac-
tion probability s �diffusion-limited�. Elam et al. reported the same
two regimes and suggested a “hopping coefficient” H to determine
in which regime the process takes place.1 H is the average probabil-
ity that the interval reached by a particle is empty and can be deter-
mined from a one-dimensional random walk analysis. H has been
shown to be inverse quadratically related to the AR �H = 16/AR2�,
indicating that it becomes progressively more difficult for the par-
ticles to reach an empty site for higher ARs. Using H, the transition
between the regimes can be defined. In the case s � H, the process
is reaction-limited, whereas for s � H, the process is in the
diffusion-limited regime.1 Figure 2b includes vertical dashed lines to
indicate for each simulated value of s the AR at which s equals H.
The positions of these vertical lines agree reasonably well with the
points at which the lines approach the tangent of the s = 1 case,
thereby marking the transition between regimes for each value of s.
Apparently, although the relation H = 16/AR2 was derived for
pores, the condition s = H can also serve as a measure for the tran-
sition between reaction- and diffusion-limited regimes for the trench
structures, which are used in our simulations. Interestingly, many
processes listed in Table I �s � 0.01� would be in the reaction-
limited regime for the ARs in Fig. 2a �AR � 30�. Rose et al. argued
that a high value for s is desired in all cases for ALD.15 s is only of
influence on the saturation dose for the reaction-limited regime. This
means that for very high AR structures, the situation for which ALD
is particularly powerful, increasing the value of s yields no advan-
tage because the process is in the diffusion-limited regime.

Because in the diffusion-limited regime the saturation dose for
different s values is the same, it is interesting to compare the depo-
sition profiles when the deposition profiles are not fully saturated.
Figure 3 shows a deposition profile for a high AR of 100 for s
= 0.05 and s = 1, both with 1.5 � 106 particles generated. As ex-
pected from Fig. 2b, the same amount of dose results in nearly the
same depth of the trench that is coated conformally. One clear dif-
ference, however, is the slope of the deposition front �i.e., the region
where the thickness drops�. Similar to Rose and Bartha, we observe
a lower slope of the deposition front for a lower value of s.10 How-
ever, the slope at the deposition front cannot always be attributed to
the value of s. For instance, Perez et al. also observed a particular
slope at the deposition front, but in this case, the slope was caused
by the reduction of the AR during growth because the film thickness
was of the same order of magnitude as the width of the 3D
structure.31

Figure 3. �Color online� Thickness as a function of depth for a trench with
AR = 100 for simulations with reaction probability s = 1 and 0.05; in both
cases 1.5 � 106 particles were generated. Recombination loss is not included
�r = 0�.
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Nonzero surface recombination loss �r � 0�.— The possibility
of recombination loss forms a marked difference between plasma-
assisted and thermal ALD. By comparing simulation results with
zero and with nonzero recombination loss probability r, the effects
of the recombination loss can be studied. Figure 4 shows the nor-
malized saturation dose as a function of the AR for various loss
probabilities �r = 0.01–0.9�. For each loss probability, a selection of
reaction probabilities �ranging from s = 0.001 to 1� was simulated.
For each value of r, the range of s values selected has little effect on
the required normalized dose, which causes the lines to overlap. For
completeness, a shift to higher normalized doses �typically 10% of
the vertical scale of the graph� for combinations of low r and high s
was observed, and these lines have been excluded from the graph for
clarity. Furthermore, some combinations were not simulated due to
the extremely long simulation time required, i.e., the combinations
of high r with low s values. A strong dependence of the normalized
saturation dose on the recombination probability can be observed
from the figure. The very weak dependence of the normalized satu-
ration dose on s suggests the existence of a new regime that can be
distinguished from the reaction- and the diffusion-limited regimes
discussed earlier. In this new regime, the saturation is not limited by
the reaction probability or diffusion rate but by the recombination
loss. For the remainder of this paper, we refer to this new regime as
the recombination-limited regime. Regarding the absolute saturation
dose �instead of the normalized dose�, the dose is similar to the r
= 0 case in the near planar case �AR = 1�. The trends provided
similar information as the normalized dose trends, and these abso-
lute saturation dose trends are, therefore, not plotted.

By comparing loss probabilities from Table II with the trends in
Fig. 4, consequences for possible ALD processes can be predicted.
When using hydrogen radicals for the deposition of a material such
as titanium, the recombination loss probability is high �r = 0.35�
and achieving conformality will be difficult. However, for copper,
which has a somewhat lower recombination probability for hydro-
gen radicals �r = 0.14�, conformal deposition of trenches with AR
= 9 is more feasible and has indeed been reported.26 According to
Fig. 4 in this case, conformal film growth requires a dose of �10
times the dose required for planar surfaces. This dose apparently
agrees with the dose used by the author: a 3 s plasma exposure was
used, whereas in a previous publication it was stated that saturation
occurred in less than 1 s for planar samples.32 Materials such as
platinum have a lower recombination loss for hydrogen and it
should already be much easier to deposit these materials in high AR
structures by ALD processes employing hydrogen radicals. The

Figure 4. �Color online� Normalized saturation dose as a function of AR for
various recombination loss probabilities r and reaction probabilities s. The
dose is normalized to the dose required for an AR of 1. The trends with the
same r value but different s values overlap.
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same holds for metal oxide deposition by plasma-assisted ALD be-
cause the recombination probability of hydrogen, oxygen, and nitro-
gen radicals on oxides is low �Table II�.

Figure 5 shows the effect of surface recombination loss on the
deposition profile. The almost saturated profiles �90% coverage� ob-
tained using low and high s values are compared for r = 0 and 0.90.
The cases of low and high s with r = 0 correspond well with the
profiles expected for the reaction- and diffusion-limited cases, re-
spectively. Remarkably, these two very distinct profiles converge to
a single new profile when recombination is introduced with a large
value of r. The value of s in the case of high r does not affect the
profile. The new profile with recombination loss is similar to the
profile for the diffusion-limited case in the sense that the profile has
a minimum near the trench bottom. The shape of the profile is,
however, different. How the value of r affects the profile follows
from a comparison of the deposition profiles at 90% saturation for a
range of r values �Fig. 6�. The value of s is chosen to be low enough
�s = 0.001 and s = 0.01� to have no observable effect on the profiles
for the various r values. Although all profiles are limited by the
surface recombination loss process, no specific individual profile
emerges. For higher r values, the minimum near the bottom is
deeper. Also, higher r values require a much higher dose to achieve

Figure 5. �Color online� Thickness as a function of depth for a trench of AR
of 10. The simulations were stopped at 90% coverage for the combinations
of two reaction probabilities �s = 0.01 and s = 1� with two loss probabilities
�r = 0 and r = 0.90�.

Figure 6. �Color online� Thickness as a function of depth for a trench with
AR of 10. Simulations were stopped at 90% coverage for loss probabilities
ranging from r = 0 to r = 0.90 at a low reaction probability s = 0.001. �For
r = 0.90, the reaction probability value of s = 0.01 was used to reduce the
duration of the simulation.�
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the same coverage, as was shown in Fig. 4. Dendooven et al. stated
that the recombination probability only affects the penetration depth
but not the slope of the deposition profile.30 This is indeed the case
for the conditions they investigated �s = 1 and low AR = � 5�.
However, for lower s values or higher values of AR, the shape of the
deposition profile is affected by the value of r, as can be observed in
Fig. 5 and 6.

Particle diffusion.— To study the diffusion of particles inside the
trench for the three deposition regimes, the number of sidewall col-
lisions as a function of position within the trench is compared for the
three regimes. Figure 7 shows the wall collisions profiles for the
three cases, which are assumed representative for the reaction-,
diffusion-, and recombination-limited regimes. The number of col-
lisions is expressed as collisions per percentage of depth, normalized
to the total number of particles needed for saturation. These wall
collisions profiles can be interpreted as the number of collisions
along the trench wall in a specific time interval of the total time
needed to reach saturation. The following observations can be made
for the three regimes. Figure 7a shows that in the case of the
reaction-limited regime, a flat profile of wall collisions is observed,
which does not change during deposition. In this case, the loss of
particles by reaction is low compared to the supply of particles by
diffusion, and therefore, the particles can equilibrate throughout the
trench by colliding with the bottom and coming back toward the top.
Saturation occurs with an equal rate throughout the trench.

Figure 7b shows the diffusion-limited case. Initially the number
of wall collisions decreases quickly when going deeper inside the
trench. The wall collisions profile changes during the deposition.
The particle distribution extends further and further down into the
trench with the progression of time. At the front of this particle
distribution, the surface intervals are reacting, which stops the loss
at that point. As a consequence, the particle diffusion extends further
into the trench, which in effect causes a moving deposition front
toward the bottom of the trench.

For the newly introduced recombination-limited regime �Fig.
7c�, the wall collisions profile shows a strong decrease with depth,
but different from the case in Fig. 7b, the wall collisions profile does
not change when time progresses. Here, the decrease in the number
of wall collisions with depth is not caused by the ALD reactions at
the deposition front, as is the case for the diffusion-limited regime,
but by the surface recombination loss. The more collisions a particle
makes, the higher the chance of the particle being lost. The persis-
tence of the profile is explained by the fact that the recombination
loss process is also present on surface intervals where deposition has
already taken place. Saturation can still occur throughout the trench
but the rate of saturation is proportional to the wall collisions profile.
The recombination loss processes are simulated in a very general
way and only a constant loss probability is taken into account. The
loss probability is likely to depend on the surface state and would
therefore change with saturation, in turn causing an evolution of the
wall collisions profile for the recombination-limited regime during
deposition.

The deposition regimes.— The characteristics of the three depo-
sition regimes can be described on the basis of the observations
from the saturation doses and the deposition and the wall collisions
profiles. The regimes are schematically depicted in Fig. 8, where the
thickness can be interpreted either as the profile resulting from un-
saturated growth or as the evolution of the saturation in the trench
during the half-cycle. The first two depicted regimes have been sug-
gested in the literature before;1 the recombination-limited regime is
new and has not been identified previously to our knowledge. The
regimes can be described as follows:

1. The reaction-limited regime �Fig. 8a�: In this case, growth
occurs simultaneously everywhere throughout the trench until satu-
ration is reached. Almost no increase in dose is required with in-
creasing AR as long as s � H. During the deposition, a constant
particle density is present within the complete trench.
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2. The diffusion-limited regime �Fig. 8b�: In this case, a moving
deposition front is observed. An increase in AR leads to a strong
increase in saturation dose, whereas a change in s has very little
effect as long as s � H. The particle density in the trench decreases
to zero at the deposition front.

3. The recombination-limited regime �Fig. 8c�: In this case,
growth occurs throughout the trench but the rate is reduced near the
bottom of the trench �depending on r�. At this position, saturation is
reached the last. The saturation dose depends strongly on r and also
the shape of the deposition profile changes with r. Particles can be

Figure 7. �Color online� Normalized number of wall collisions per percent-
age of depth within the trench during: �a� the first and last 1 � 106 particles
of the reaction-limited deposition for AR = 10 and s = 0.0005; �b� the
600,000 particles of the diffusion-limited deposition, sampled in steps of
100,000 particles �i.e., one-sixth to six-sixth� for AR = 50 and s = 1; �c� the
first and last 1 � 107 particles of the recombination-limited deposition for
AR = 10, s = 0.1, and r = 0.3.
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present throughout the trench but their density decreases signifi-
cantly toward the bottom.

Although the recombination-limited regime has not been identi-
fied as such in the literature, most depositions by plasma-assisted
ALD in high AR structures are expected to occur in this regime.
Kim et al. reported a not fully saturated deposition profile for Ta
deposition by plasma-assisted ALD using a H2 plasma, which cor-
responds well with the observations for the not fully saturated depo-
sition profiles obtained in the recombination-limited regime:28 A
trench with AR = 40 was coated by Ta with the top part having
100% conformality and the lower part having 40% conformality.
Most likely, longer plasma exposure times would be required to
reach a conformal film inside the whole trench.

Transition between regimes.— As discussed earlier in the case
of r = 0, the process is either diffusion- or reaction-limited depend-
ing on s and AR, with s = H as the transition condition between the
regimes. A similar analytical relation would be useful to establish
the location of the transition between the recombination-limited re-
gime and the diffusion- and reaction-limited regimes. Walraven and
Silvera reported an analytical description of the dissociation degree
of hydrogen radicals leaving a tube in which surface recombination
takes place.33 Using their relations, we have derived Eq. 1 �see
Appendix�, expressing the fraction of the particles �	� that reach the
end of a tube or pore without recombining as a function of AR and
surface recombination probability r

	 =
1

cosh�AR�r�
�1�

For 	 = 1, none of the particles reaching the end of the pore have
recombined, and for 	 = 0, all of the particles have recombined.
Equation 1 shows that for low AR and r, 	 is close to 1, whereas for
high AR and r, 	 goes to zero. We define 	 = 0.5 as a transition
condition between the recombination-limited regime and the other
regimes. Figure 9 shows the resulting diagram for the three deposi-
tion regimes �reaction-, diffusion-, and recombination-limited� in the
parameter space of recombination loss probability r and AR. The
line s = H, indicated for s = 0.01 �solid red line� and s = 0.1 �solid
dashed line�, defines the transition between the diffusion- and
reaction-limited regimes. The black solid line represents the AR at
which 50% of the particles have recombined �	 = 0.5� and defines
the transition condition with the recombination-limited regime. In
general, the situation is reaction-limited for low r combined with a
low s and AR, whereas the situation is diffusion-limited for low r
combined with high s and medium AR. The situation is
recombination-limited for cases with low r combined with high AR
or, for all cases, with high r. These transition conditions are derived
for pores instead of the trenches; however, the diagram and its tran-
sition conditions agree well with the results from our 2D trench

(b) (c)(a)

reac�on-limited diffusion-limited recombina�on-limited

Figure 8. Illustration of the three deposition regimes: �a� reaction-limited
regime in which growth occurs simultaneously everywhere until saturation is
reached; �b� diffusion-limited regime in which a downward moving satura-
tion front is observed; and �c� recombination-limited regime in which growth
occurs everywhere but with a rate that is reduced near the bottom of the
trench where the condition of saturation is fulfilled the last. In �b�, the small
amount of growth at the bottom due to particles making very few collisions
has been neglected.
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simulations. Furthermore, the diagram clarifies the regime transition
behavior. For instance, the value of s has no effect on the condition
whether a process is recombination-limited or not. The value of s
does, however, affect how the recombination-limited regime is en-
tered. When moving down a trench, a process can either change
from reaction-limited to diffusion-limited to recombination-limited
�e.g., moving upward in Fig. 9 for s = 0.1 at r = 2 � 10−3� or the
process can go directly from reaction-limited to recombination-
limited �e.g., moving upward in Fig. 9 for s = 0.01 at r = 2
� 10−3�.

Implications.— Although due to the simplifications the applica-
bility of the simulations might not be directly quantitative, the re-
sults obtained from the simulations certainly yield important quali-
tative information. From the simulations, it has been derived that
deposition regimes with distinct behavior exist, which provides
valuable insight in the ALD process in 3D structures. Although the
simulations have been done in a 2D trenchlike geometry, the simu-
lations also provide an insight into deposition in 3D structures. For
instance, the analytical transition relations derived for pores hold
fairly well for the simulated trench structures. Pores require longer
precursor exposure for the same AR compared to trenches and, as a
rule of thumb, can be considered equivalent to trenches of double
AR.5

When speculating on achievable ARs for coating 3D structures,
the simulations suggest that for the plasma-assisted ALD processes
with low recombination loss, ARs of 30 should be relatively
straightforward. That is, compared to the dose required to saturate a
planar surface, a relatively small increase in exposure is needed to
saturate the 3D structure �factor of 4 for r = 0.01 and AR = 30�. For
the high recombination loss processes, however, ARs higher than 10
might be impractical �the saturation dose increases by a factor of 41
for r = 0.30 and AR = 15�. In addition to the fact that plasma-
assisted ALD is a relatively young field of research, this difficulty
could be another reason for the small number of papers on confor-
mal growth by plasma-assisted ALD in AR � 10 structures. Pos-
sible improvements in plasma-assisted ALD equipment �achieving
much higher radical densities� would enable much higher ARs �e.g.,
AR = 100� assuming that additional effects such as possible damage
by ion bombardment and film etching are not introduced in such a
reactor design.

Figure 9. �Color online� Diagram showing the three deposition regimes
represented in the parameter space of surface recombination loss probability
r and AR. The line s = H for s = 0.01 �solid red line� and s = 0.1 �dashed red
line� indicates the transition between the diffusion- and reaction-limited re-
gimes. The black solid line represents the transition condition with the
recombination-limited regime. This condition has been defined as the AR at
which half of the particles have recombined �	 = 0.5� as a function of the
recombination probability r.
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Ozone-based ALD processes.— Although we have focused on
plasma-assisted ALD in this paper, the results of the simulations
presented can also be applied to other ALD processes in which the
reactant can undergo loss processes in addition to the ALD surface
reactions. In principle, any reactant that can decompose or recom-
bine at a surface without leaving a residue can be considered, for
instance, ozone, formaldehyde,34 and hydrogen peroxide.35 Of these
reactants, ozone �O3� is most often employed and the surface loss
process is reported to mainly consist of O3 recombination with sur-
face O forming O2.36,37 Ozone typically shows a very low loss prob-
ability at room temperature �on alumina r = 5 � 10−6 38 and on
stainless steel r = 3 � 10−6 39�, but is known to have higher decom-
position rates at elevated temperatures. Moreover, ozone has particu-
larly high decomposition rates on catalytic materials such as MnO2
and Rh2O3.40,41 This means that achieving conformality for ozone-
based processes of most materials should be relatively easy due to
the low loss probability; however, the effects of loss are not negli-
gible for very high ARs and for certain classes of materials. Further
understanding of the dependence of the surface recombination prob-
ability on process parameters and on the chemical environment
might provide ways to decrease the recombination loss and thereby
improve the conformality. For instance, a low deposition tempera-
ture could be needed to coat a certain 3D structure when the recom-
bination probability would be lower at reduced temperatures. To this
end, the simulations described in this paper can be used to predict
the saturation dose changes and the optimum deposition conditions.

Conclusion

The physical processes in plasma-assisted ALD that affect con-
formality were identified to be recombination loss of radicals, reac-
tion probability of radicals, and particle diffusion of plasma species
in the trench. The processes were generalized in terms of a general
reaction probability s and general loss probability r. A Monte Carlo
model was developed to simulate the conformality of plasma-
assisted ALD in a trench. For r = 0, simulations in which the reac-
tion probability and AR were varied led to the identification of a
reaction- and a diffusion-limited regime. In the reaction-limited re-
gime, the dose required to reach saturation depends on s but not on
the AR of the trench. Moreover, the deposition profiles before reach-
ing saturation were flat. In the diffusion-limited regime, the dose
increased strongly with AR, whereas the value of s had little effect
on the saturation dose. The value of s does, however, affect the
deposition profile because a lower s results in a decrease in the slope
of the thickness profile at the deposition front.

With the introduction of surface recombination loss in the simu-
lations �r � 0�, the saturation dose depended strongly on the value
of the loss probability. Before reaching saturation, the deposition
profiles of the wall of the trench showed a minimum near the bottom
of the trench and the relative depth of this minimum increased with
the loss probability. By combining these observations with those of
the depth profiles of the wall collisions during deposition, three
deposition regimes could be identified, namely a reaction-, a
diffusion-, and a recombination-limited regime. The newly intro-
duced recombination-limited regime is classified by a strong depen-
dence of the saturation dose on the recombination loss probability r.
The value of r also affects the shape of the deposition profile caus-
ing a lower thickness of the film at the region in the trench toward
the bottom. Analytical relations have been used to demarcate the
regimes by defining transition conditions. The transition to the
recombination-limited regime only depends on r and AR.

Knowledge of the effective regime in which a deposition takes
place yields the ability to predict the effect on conformality of a
change in reactant type, reactant exposure, or AR. For plasma-
assisted ALD in 3D structures, the process is usually limited by the
surface recombination loss probability. Conformal deposition in
high AR structures can, therefore, be achieved in the case of either a
low loss probability or when a very large radical dose is applied. For
low recombination loss, ARs of 30 should be relatively easy. For
high recombination loss processes, an AR higher than 10 might be
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impractical. A further understanding of the dependence of the sur-
face recombination probability on process parameters and on the
chemical environment might provide ways of decreasing the recom-
bination loss and thereby improve the conformality of plasma-
assisted ALD films in 3D structures.
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Appendix
Equation A-1 shows our derived equation for the fraction of the particles �	� that

reach the end of a tube or pore without recombining, as a function of AR and surface
recombination probability r

	 =
1

cosh�AR�r�
�A-1�

For 	 = 1, none of the particles reaching the end of the pore have recombined, and for
	 = 0, all of the particles have recombined. This equation was derived from the work of
Walraven and Silvera, who studied the transmission of hydrogen radicals through a long
tube �high AR� in the molecular flow regime and reported several analytical relations
regarding the number of collisions and degree of dissociation of gas exiting the tube.33

To obtain Eq. A-1, the following steps have to be taken: The average number of colli-
sions Nc that a particle makes after traveling a pore of length l is given by Eq. 8 in the
work by Walraven and Silvera and is rewritten to use AR33

Nc =
1

8
� l

b
�2

=
1

2
AR2 �A-2�

where b represents the radius and AR = l/2b. This equation is inserted in Eq. 9b from
Walraven and Silvera, resulting in Eq. A-3 below, which after simplification results in
Eq. A-1 used in this work

	 =
1

cosh��2rNc�
=

1

cosh�AR�r�
�A-3�
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