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Abstract

A feature scale simulator for atomic layer deposition(ALD) is presented that combines a Boltzmann equation transport model
with chemistry models. A simple but instructive chemistry is considered; one reactant species adsorbs onto the surface, and a
second reactant reacts with it from the gas phase(Eley–Rideal). This work includes potential desorption of the adsorbed species
during purge steps, which may or may not play a role in any given ALD system. Three sets(cases) of rate parameters are chosen
to compare chemical rates with transport rates. The duration of the ALD pulses and the geometry of the representative feature
are the same for each case. Simulation results are presented for all four steps in one ALD cycle, adsorption, post-adsorption
purge, reaction, and post-reaction purge. The results are extended to multiple ALD cycles, and the monolayers per cycle are
estimated. We highlight the potential trade-off between pulse durations and deposition rate(wafer throughput); e.g. the time
penalty required to increase the amount adsorbed during the adsorption step. The simulation methodology we present can be used
to determine the pulse durations that maximize throughput for a given chemistry and chemical rate parameters. One overall
observation is that transport is fast relative to chemical reactions, for reasonable kinetic parameters.� 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Atomic Layer Deposition(ALD) involves pulsing
reactant gases over a substrate in series, with purges of
an inert gas between reactant pulses. Typically, a gaseous
species(A) is fed into the reactor, perhaps in a carrier
gas, and adsorbs on the surface in the first step of the
ALD cycle. The reactor is then purged with the inert
gas, and a second gaseous reactant(B) is pulsed into
the reactor. The adsorbed A reacts with B to deposit a
layer of film on the substrate, or on previously deposited
film. Surface sites for adsorption of A are regenerated
as the reaction proceeds. The reactor is then purged
again, and the next ALD cycle is started with a pulse
of A. The duration of each pulse of the ALD cycle is
adjusted to increase the rate of deposition, while main-
taining the properties of conformality and uniformity
that make ALD attractive.

*Corresponding author. Tel.:q1-518-276-2814.
E-mail address: prasav@rpi.edu(V. Prasad).

A goal of process optimization is to achieve deposi-
tion as fast as possible while meeting film property
constraints. The deposition rate can be expressed in
several ways, but they all measure wafer throughput.
One informative way to express deposition rate is
‘monolayers of deposited film per cycle’ divided by the
‘period of one ALD cycle’. In order to increase the
overall deposition rate, one can shorten the duration of
each ALD cycle or increase the fraction of a monolayer
deposited per cycle. It has been observed that if steps
in each cycle are too short, the fraction of monolayer
deposited per cycle decreasesw1,2x. However, more
cycles can be run in a given process time, if each is
shorter, and that may make up for the reduced effective-
ness of one cycle. A trade-off can exist between the
number of monolayers deposited per cycle and the
duration of a cycle, even assuming no degradation in
across wafer or intrafeature uniformity.
This paper uses a reasonable chemistry and reasonable

chemical rate parameters(adsorption, desorption and
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Fig. 1. (a) Schematic of a two-dimensional domain defining lengthL
and aspect ratioA. (b) Numerical mesh for the feature withLs0.25
mm and aspect ratioAs4.

surface reaction) to demonstrate how simulation can be
used to evaluate the trade-off between pulse durations
and monolayers per cycle deposited. For this discussion,
we consider one monolayer deposited per cycle in one-
second equivalent to, for instance, half a monolayer per
cycle in half a second.
We focus on the feature scale; i.e. we consider

transport and reaction in and near a feature that might
be found in a multilevel metallization process flow
during the fabrication of integrated circuits(ICs). Trans-
port and reaction during ALD are inherently transient,
and it is not clear that the widely used approach to
feature scale modeling of low-pressure deposition proc-
esses is valid. In that approach, species fluxes are
assumed to be constant over small, but reasonable time
scalesw3–6x. In a previous paper, we dealt with transient

adsorption and desorption that might occur during the
adsorption and purge steps in an ALD cyclew7x. We
showed that, depending upon the adsorption and desorp-
tion rates, it may well be reasonable to assume that the
fluxes are not only constant in time, but are also spatially
uniform along the feature’s surface.
In order to maintain our focus on the feature scale,

we idealize the changes at the reactor scale; changes in
flows and concentrations occur such that changes direct-
ly over the feature can be considered to occur as step
functions. Thus, we consider the case in which all fluxes
from the reactor volume to the feature mouth are
constant in time, except for step changes; e.g. from zero
to some specified value. Though our results depend
upon this assumption quantitatively, it does not impact
the main messages in the paper. To go further, we would
need to integrate a reactor scale model with our feature
scale model, as has been done for LPCVDw8–10x and
ECD w11,12x. Reactor scale models that describe the
formation of a traveling wave of the reactant are found
in Siimon and Aarikw6,13,14x.
The following Model section introduces the transport

and reaction models used in our simulations, with a
particular emphasis on the surface reaction model and
its coefficients. The Results and discussion section
details the rationale for the three chemistries chosen,
then explains the simulation results, and concludes by
discussing trade-offs.

2. Model

The domain of the feature scale model comprises the
inside of one feature and a small region of the gas-
phase above the feature mouth; Fig. 1a shows the
domain under consideration. We focus on a feature of
width Ls0.25 mm and aspect ratioAs4, giving a
feature depth of 1.0mm. The appropriate transport model
for representative operating conditions is given by a
system of Boltzmann equationsw15–17x. On the feature
scale, the mean-free path of the molecules is on the
order of 100mm, and the Knudsen number satisfies
Knf10041. Hence, we are in the free molecular flow
regime, and the transport model consists of a linear
Boltzmann equation for each reactive species with a
zero right-hand side. Using a Galerkin ansatz in velocity
space, each Boltzmann equation is converted to a system
of linear hyperbolic conservation laws in the time and
spatial variables. The discontinuous Galerkin(DG)
methodw18x is used to solve the resulting system on the
mesh shown in Fig. 1b.
In order to aid in analysis and the presentation of

results, we non-dimensionalize the Boltzmann transport
equations, the number density of the reacting species,
the fluxes of the species to the surface of the feature,
the reaction rates of the surface reactions, and the surface
coverage of the adsorbing species. The Boltzmann trans-
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Fig. 2. Fractional coverage vs. process time for adsorption and purge
together for various ratios of with(a) , (b)b f f y2 fg yg g s10 g s1 1 1 1

. Process time for adsorption is depicted up to 99% of equilib-y410
rium coverage. Notice the different scales on the time axes.

Fig. 3. Case 1, adsorption step: dimensionless number density of spe-
cies A for a feature with aspect ratioAs4 at times(a) 10.0 ns;(b)
40.0 ns;(c) 80.0 ns. Note the different scales on thex - and thex -l 2

axes.

port equations are non-dimensionalized using a reference
concentration and reference speed based on reactant A.
Using the ideal gas law, the reference concentration is
chosen as

PArefc s , (1)
R Tg

whereP is the partial pressure of species A based onA

a specified mole fraction, andR denotes the universalg

gas constant. The reference speed is chosen as the
thermal average speed of species A, and is given by

Rgrefv s T (2)yvA

where v is the molecular weight of species A. WeA

assume that the number density of species B in the
reactor during the reaction pulse is half that of A during
the adsorption pulse, and its thermal(average) speed is
0.9 times that of A. The fluxes of A and B are non-

dimensionalized with respect to a reference flux, which
is chosen to be the product of the reference concentration
and reference speed used to non-dimensionalize the
Boltzmann transport equations.
The surface chemistry model consists of reversible

adsorption of A on a single site, and irreversible reaction
of B with the adsorbed Aw19x, viz

Aqv|Av

(3)
Ž .A qB™vq *v

where A is adsorbed A,v stands for a surface sitev
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Fig. 4. Case 1, adsorption step:(a) dimensionless flux to the surface
of species A;(b) fractional coverage. The solid diamonds in(b) show
the analytic solution. Note the different scales on the vertical axes.

available for adsorption, and(*) is the non-adsorbing
gaseous product. The first reaction models the adsorption
and desorption of molecules of species A at the wafer
surface. The second reaction(Eley–Rideal) models the
reaction of gaseous molecules of species B with
adsorbed molecules of species A at the wafer surface,
which is assumed to be irreversible. Notice that surface
sites available for adsorption are produced by the reac-
tion of B with adsorbed A.
Let 0F (x, t)F1 denote the fraction of the waferqA

surface at positionx and time t that is occupied by
adsorbed molecules of reactive species A. If(x, t)ĥl

and (x, t) denote the dimensionless fluxes of speciesĥ2

A and B to the surface, respectively, the dimensionless
reaction rates for the surface reactions are modeled by

f bˆ ˆŽ .R sg 1yq h yg q ,1 1 A 1 1 A

(4)
fˆ ˆR sg q h2 2 A 2

with the dimensionless coefficients , and . Thef b fg g g1 1 2

coefficients and control the adsorption and desorp-f bg g1 1

tion of molecules of A, respectively, and controls thefg2
reaction of B with adsorbed A.
The evolution of the fractional surface coverageqA

(x, t) is modeled by the differential equation

ˆˆŽ .dq x, tA ˆ ˆˆ ˆˆ ˆ ˆŽ .Ž . Ž .sa R x, t yR x, t , xgG , (5)p 1 2 wˆdt

at every point on the wafer surfaceG , where ax̂ w p

denotes a constant pre-factor from the non-dimension-
alization procedure. This differential equation is supplied
with an initial condition that represents the initial frac-
tional coverage at the beginning of the process AiniqA

step.
Remark: It is in general impossible to find a closed-

form solution to the differential equation in Eq.ˆŽ .q tA

(5), because the coefficients involving and areˆ ˆh h1 2

not constant. But if these fluxes are constant, then Eq.
(5) becomes a first-order linear ordinary differential
equation with constant coefficients and can be solved
analytically. Specifically, at each point on the feature
surface, we have the problem

ˆŽ .dq tA
f iniˆ ˆŽ . Ž .sya bq t qa g h , q 0 sq (6)p A p 1 1 A AˆŽ .d t

with and , which has* * f b fˆ ˆŽ .a s h t yS bsg h qg qg hp T 1 1 1 2 2

the solution
ˆ ˆ` ya ini yabt btp pˆŽ . Ž .q t sq 1ye qq e (7)A A A

with the equilibrium(long time) limit
f ˆg h1 1`q s (8)A f b fˆ ˆg h qg qg h1 1 1 2 2

3. Results

3.1. Case studies

Studies of parameter values in the surface reaction
model presented above are presented in Gobbert et al.
w7x. In general, those studies show that transport is fast
compared to typical pulse durations. For example, after
introducing a species(reactant pulse starts), the fluxes
to the surface attain steady state values in time frames
on the order of tens of milliseconds. Because of that,
the fluxes are approximately constant and uniform dur-
ing adsorption and reaction process steps and the ana-
lytic solution given by Eq.(7) can predict the fractional
coverage of adsorbed molecules of species A very well
for long times. Hence, we use the analytic solution as a
guide for which reaction coefficients to consider for
further study.
Case studies for the adsorption and post-adsorption

purge stepsw7x show that the ratio of the adsorption
coefficient to the desorption coefficient is crucialf bg g1 1
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Fig. 5. Case 1, post-adsorption purge step:(a) dimensionless flux to
the surface of species A;(b) fractional coverage. The solid diamonds
in (b) show the analytic solution. Note the different scales on the
vertical axes.

Fig. 6. Case 1, reaction step: dimensionless number density of species
B for a feature with aspect ratioAs4 at times(a) 10.0 ns;(b) 40.0
ns; (c) 80.0 ns. Note the different scales on thex - and thex -axes.l 2

to the behavior during the adsorption-purge sequence.
Fig. 2 summarizes this dependence on the ratio of
coefficients: the larger the adsorption coefficient, the
faster the coverage increases, but desorption needs to be
considered as well. The purge step can lead to a
significant decrease in coverage if the ratioy isb fg g1 1

larger than 1y100 for any value of w7x. If this ratiofg1
is smaller than 1y100, e.g. 1y1000, the decrease of
coverage during the purge is negligible for any value of

and the length of the purge step does not matter asfg1
much. We consider an interesting case by fixingsbg1

y100.fg1
Case studies for the reaction and post-reaction purge

steps show that the ratio between the reaction coefficient
and desorption coefficient is crucial. If they aref bg g2 1

equal, desorption of A will dominate during the reaction
step, and the decrease in coverage of adsorbed A is due
more to desorption than to reaction between A and B.
Thus, the desired deposition of the product of A–B will
not take place at the levels expected based upon adsorp-
tion rates. If the reaction coefficient is larger than the
desorption coefficient, then reaction will dominate and
more deposition will take place, see Gobbert et al.w20x.
Based upon the above summary of previous results

on this simple but illustrative chemistry, we consider the
following three cases:

Case 1: f y2 b y4 f y2g s10 , g s10 , g s10 ,1 1 2

Case 2: f y4 b y6 f y2g s10 ,g s10 ,g s10 ,1 1 2

Case 3: f y4 b y6 f y4g s10 , g s10 ,g s10 ,1 1 2

Note that s y100 and < in all cases. Web f b fg g g g1 1 1 2

assume that values of the adsorption and reaction coef-
ficients closer to unity than 10 are unlikely in ALDy2

practice; therefore, we consider the two valuessfg1
10 and 10 . The coefficient is then fixed bysy2 y4 b bg g1 1

y100. And the remaining coefficient is chosen tof fg g1 2

obey the restriction < .b fg g1 2

For comparison purposes, we fix the duration of each
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Fig. 8. Case 1, post-reaction purge step:(a) dimensionless flux to the
surface of species B,(b) fractional coverage. The solid diamonds in
(b) show the analytic solution. Note the different scales on the vertical
axes.

Fig. 7. Case 1, reaction step:(a) dimensionless flux to the surface of
species;(b) fractional coverage. The solid diamonds in(b) show the
analytic solution. Note the different scales on the vertical axes.

step of one ALD cycle for all cases. The adsorption
step and the reaction step each last 450 ms, the post-
adsorption purge step and the post-reaction purge step
each last 50 ms. Shorter purge times are preferable, and
we demonstrated that transport is fastw7x. Times much
shorter than 50 ms would suffice to evacuate reactant
from features on a wafer surface, as has been shown in
Gobbert at al.w7x for the post-adsorption purge. But
purge times are limited by the capabilities of the equip-
ment to switch, which we make no attempt to model in
this paper. We therefore, fix the purge time at 50 ms.
For the simulation results presented, the initial values

of the number densities(A and B), fluxes (A and B),
and surface coverage of A for each process step are
taken to be the values at the end of the previous step.
They are assumed to be spatially uniformw7x, though
this can be relaxed. We present results for number
densities, fluxes, and surface coverage of A in dimen-
sionless form. Based on the non-dimensionalization
procedure described in the Model section, the dimen-
sionless number density of A lies between 0 and 1, and
the dimensionless number density of B lies between 0

and 0.5. The dimensionless surface coverage of A lies
between 0 and 1.

3.2. Simulation results for Case 1

In Case 1, the adsorption coefficient iss10 , thef y2g1
desorption coefficient is s10 , and the reactionb y4g1
coefficient is s10 . Among the three cases, Case 1f y2g2
represents the one with the fastest adsorption. Simulation
results for this case are shown in Figs. 3–8.
Fig. 3 shows the increase in the(dimensionless)

number density of A throughout the feature, with the
feature filling from the top. It is completely filled within
approximately 100 ns; i.e. transport is much faster than
the pulse duration. In Gobbert et al.w7x, an analytic
solution was used to predict that the fractional coverage

reaches 99% of its steady state value in approxi-qA

mately 1.6 ms. This is confirmed by Fig. 4a,b in which
both the flux of A to the surface and the fractional
coverage attain their steady state values of 0.444 and
0.98, respectively, much more quickly than the pulse
duration. These observations confirm that Case 1 has
fast adsorption.
Fig. 5 shows the results for the post-adsorption purge

step of the ALD cycle. The flux of A goes to zero
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Fig. 9. Case 2, adsorption step: dimensionless number density of spe-
cies A for a feature with aspect ratioAs4 at times(a) 10.0 ns,(b)
40.0 ns,(c) 80.0 ns. Note the different scales on thex - and thex -l 2

axes.

Fig. 10. Case 2, adsorption step:(a) dimensionless flux to the surface
of species A;(b) fractional coverage. The solid diamonds in(b) show
the analytic solution. Note the different scales on the vertical axes.

quickly, and the fractional coverage of A decreases
essentially linearly. Notice that this decrease during the
purge results in a significant loss of adsorbed molecules
of A at the surface. The purge time should be as short
as possible, because desorption of A during this step
decreases the amount of film that potentially can be
deposited in the following reaction step. As discussed
above, we assume for our simulations that the purge
time is 50 ms. Using the analytic solution to predict the
value of the coverage at the end of the purge step yields

s0.71. This is significantly less than the value ofqA

0.98 at the start of the purge. Not shown are the results
for the number density of A throughout the feature; the

gaseous species A is evacuated from the domain within
100 ns.
For the reaction step, we obtain the simulation results

in Figs. 6 and 7. Fig. 6 demonstrates that the feature
fills completely with reactive gas B during the first 100
ns of the reaction step. The dimensionless number
density depicted in Fig. 6 increases only to approxi-
mately 0.5, because the number density of species A
was used to non-dimensionalize the equation. Fig. 7a
shows that the flux of B to the surface goes to its steady
state value within tens of milliseconds. The correspond-
ing flux of A is solely the result of continued desorption
of A from the wafer surface. It remains at negligible
levels after the previous purge step and is not shown.
Fig. 7b shows the decrease in fractional coverage during
the reaction step.
Notice that the simulation time of 30 ms is long

enough for the coverage to decrease to zero; i.e. faster
than the 450 ms duration of the reaction step. This is a
consequence of the value s10 of the reactionf y2g2
coefficient. Note that the decrease of coverage is caused
both by desorption of adsorbed molecules of A and by
reaction of gaseous B with adsorbed A. But due to our
choice of < , the contribution of desorption isb fg g1 2
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Fig. 11. Case 2, post-adsorption purge step:(a) dimensionless flux to
the surface of species A;(b) fractional coverage. The solid diamonds
in (b) show the analytic solution. Note the different scales on the
vertical axes.

Fig. 12. Case 2, reaction step: dimensionless number density of spe-
cies B for a feature with aspect ratioAs4 at times(a) 10.0 ns,(b)
40.0 ns,(c) 80.0 ns. Note the different scales on thex - and thex -l 2

axes.

much less significant than the contribution of the reac-
tions; see the previous subsection.
Fig. 8 shows how rapidly the flux of B to the surface

decreases during the postreaction purge step. This
reflects the quick evacuation of gaseous B from the
domain. For completeness, Fig. 8b shows the evolution
of the fractional coverage of A during the purge step; it
remains at negligible levels throughout, as expected,
since all available adsorbed A was consumed in the
previous reaction step.

3.3. Simulation results for Case 2

In Case 2, the adsorption coefficient iss10 , thef y2g1
desorption coefficient is s10 , and the reactionb y6g1
coefficient is s10 . Simulation results for this casef y2g2
are shown in Figs. 9–14. The choice of the adsorption
coefficient s10 reflects the observation that thef y4g1
corresponding choice for Case 1 may be higher than
values expected in practice. The value of is fixed asbg1

s y100. The reaction coefficient has the same valueb fg g1 1

as in Case 1.
Fig. 9 confirms that the feature fills with A during

the adsorption step as fast as in Case 1. While Fig. 10a,

shows that the flux of A to the surface tends to its
steady state value as fast as in Case 1, Fig. 10b,
demonstrates that the fractional coverage does not
increase as fast as before due to the lower value for .fg1
Based on a prediction using the analytic solution, we
see that the coverage only increases to 0.71 during the
450 ms of the adsorption step; this is short of the steady
state value of 0.98.
Fig. 11 shows the results for the flux of A and the

coverage during the post-adsorption purge step. As in
Case 1, the flux decreases to zero within 10 ms. Using
the spatially uniform value of 0.71 as initial condition
for the coverage Fig. 11b, shows the decrease ofqA
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Fig. 13. Case 2, reaction step:(a) dimensionless flux to the surface
of species B;(b) fractional coverage. The solid diamonds in(b) show
the analytic solution. Note the different scales on the vertical axes.

Fig. 14. Case 2, post-reaction purge step:(a) dimensionless flux to
the surface of species B;(b) fractional coverage. The solid diamonds
in (b) show the analytic solution. Note the different scales on the
vertical axes.

adsorbed A during this purge. The initial increase of
fractional coverage at points 2 and 3, which are located
inside the feature, is due to continued desorption of A
from the wafer surface that re-adsorb at those points.
No corresponding increase is observed at point 1,
because no points of the wafer surface are visible to it.
Notice however that the decrease of coverage at each
point as well as the absolute difference of coverage
between the three observation points is small compared
to their initial value of 0.71.
To predict the value of the surface coverage after 50

ms of post-adsorption purge, we use the analytic solution
(as in Gobbert et al.w7x) to find the predicted value of
0.71. Note that this is the same value as was found at
the beginning of the reaction step in Case 1. This
demonstrates that despite the differences in parameter
values, two chemistries can yield the same value ofqA

at this crucial stage of the cycle. If the relative size of
adsorption and desorption coefficients are assumed to
be constant, as we do here, any advantage of higher
coverage at the end of the adsorption step might be
obtained at the price of greater loss of coverage during
the following purge step. Of course, step durations play
a critical role as well, which we have fixed here.

Figs. 12 and 13 show the results for the reaction step
in Case 2. Fig. 12 shows that the feature fills with
molecules of species B as quickly and to the same level
as for Case 1(Fig. 6). Fig. 13a demonstrates that the
flux of B to the surface tends to its steady state value
as quickly as in Case 1(Fig. 7a). Also, Fig. 13b shows
that the coverage has essentially the same behavior as
the coverage for Case 1(Fig. 7b), however, the values
are slightly higher than for Case 1; this reflects the fact
that the reaction coefficients agree, but the desorptionfg2
coefficient for Case 2 is two orders of magnitudebg1
smaller than for Case 1.
Fig. 14a,b show the flux of B and the fractional

coverage results for the postreaction purge step for Case
2. They agree with the corresponding results for Case 1
(Fig. 8).

3.4. Simulation results for Case 3

In Case 3, the adsorption coefficient iss10 , thef y4g1
desorption coefficient is s10 , both as in Case 2,b y6g1
but the reaction coefficient is s10 . This casef y4g2
combines the lower value of the adsorption coefficient

with a reaction coefficient of equal value. Sincef fg g1 2

the adsorption and desorption coefficients are the same
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Fig. 15. Case 3, reaction step: dimensionless number density of spe-
cies B for a feature with aspect ratioAs4 at times(a) 10.0 ns,(b)
40.0 ns,(c) 80.0 ns. Note the different scales on the vertical axes.

Fig. 16. Case 3, reaction step:(a) dimensionless flux to the surface
of species B;(b) fractional coverage. The solid diamonds in(b) show
the analytic solution. Note the different scales on the vertical axes.

as in Case 2, the results for the adsorption step and the
post-adsorption purge step are the same as in Case 2
(Figs. 9–11). Figs. 15–17 summarize the results for the
reaction step and the post-reaction purge step.
As in both previous cases(Fig. 6 and Fig. 12), the

plots of the number density of B in Fig. 15 show that
the feature fills quickly with gaseous species B. As a
result, the flux of B to the surface increases to its steady
state value within 10 ms, as shown in Fig. 16a. However,
due to the lower reaction coefficient than in Cases 1fg2
and 2, fewer molecules of adsorbed A at the wafer
surface are consumed in reactions with B. Hence, the
decrease in fractional coverage in Fig. 16b is smaller

than in Cases 1 and 2(Fig. 7b and Fig. 13b). Recall
that the reaction coefficient is larger than the desorp-fg2
tion coefficient ; this implies that the dominant reasonbg1
for loss of coverage in Fig. 16b is reaction. This is
important, because we want to emphasize the fact that
there are two ways to lose adsorbed A; desorption of A
and reaction. Reaction with B is desired, as it results in
deposition.
Fig. 17 summarizes the results for the post-reaction

purge. The flux of B tends to zero quickly, as shown in
Fig. 17a. But the coverage in Fig. 17b starts at a positive
value(contrary to Fig. 8b and Fig. 14b for Cases 1 and
2), because the previous reaction step has not depleted
all molecules of adsorbed A on the wafer surface. Since
the desorption coefficient is smaller than in Case 1,bg1
there is not a significant reduction in coverage during
the process time for this purge step. Notice that the
values of in Fig. 17b are approximately the same,qA

and the coverage is essentially spatially uniform for the
chemistry under consideration.

3.5. Comparison of the case studies

The three previous subsections detailed simulation
results for the Cases 1, 2, and 3 separately. In this



139M.K. Gobbert et al. / Thin Solid Films 410 (2002) 129–141

Fig. 17. Case 3, post-reaction purge step:(a) dimensionless flux to
the surface of species B;(b) fractional coverage. The solid diamonds
in (b) show the analytic solution. Note the different scales on thex -l
and thex -axes.2

Fig. 18. Case 1:(a) fractional surface coverage for one ALD cycle;
(b) fractional surface coverage for four ALD cycles;(c) monolayers
deposited for four ALD cycles. The thick solid line segments show
simulation results, the dashed lines plot the analytic solution.

section, we compare and contrast the three cases. In
particular, we wish to arrive at an estimate for the
fraction of a monolayer deposited in one ALD cycle for
each of the three chemistries considered. This is set in
the context of possible changes of pulse durations for
the four steps of one ALD cycle. One quantity on which
to base this estimate is the fractional surface coverage
. Therefore, Figs. 18–20 show the evolution of theqA

fractional coverage vs. process time, subplots(a) forqA

one ALD cycle and subplots(b) for four ALD cycles.
In each case, the vertical lines denote the switch times
between process steps. Simulation results are shown as
thick solid lines and only cover the first 30 ms of each
process step for which simulation is used. But Gobbert
et al. w7x show that the analytic solution in Eq.(7)
using the steady state flux values observed in the
simulations is a good predictor of the fractional coverage
throughout the entire process step. Hence, the analytic
solution is used to complete the pictures given by the
simulation results; it is also used to extend the results
to four cycles in the subplots(b). In all cases, the final
value of in one step is used as initial value in theqA

following step.
Adsorbed molecules of A can be removed from the

surface due to desorption or due to reaction with B. The

number of monolayers deposited in one cycle is obtained
by integrating the deposition reaction rate from the
beginning to the end of the reaction step. For Case 1,
we find the fraction of a monolayer deposited in a cycle
to be 0.68, the value for Case 2 is 0.71, and the value
for Case 3 is 0.31. For Cases 1 and 2, these estimates
remain the same for the cycles following the first one.
For Case 3, the fraction of monolayer deposited per
cycle increases to 0.37 in subsequent cycles. This is due
to the larger fractional coverage of A present at the start
of the adsorption step in the later cycles. The coverage
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Fig. 19. Case 2:(a) fractional surface coverage for one ALD cycle;
(b) fractional surface coverage for four ALD cycles;(c) monolayers
deposited for four ALD cycles. The thick solid line segments show
simulation results, the dashed lines plot the analytic solution.

Fig. 20. Case 3:(a) fractional surface coverage for one ALD cycle;
(b) fractional surface coverage for four ALD cycles;(c) monolayers
deposited for four ALD cycles. The thick solid line segments show
simulation results, the dashed lines plot the analytic solution.

of A did not reach its saturation value at the end of the
adsorption step in the first cycle. To provide a picture
of deposition vs. process time, Fig. 18c, 19c, and 20c
show predictions for monolayers deposited using the
simulation and analytically determined surface cover-
ages in Fig. 18b, 19b, and 20b, respectively.
The first two cases provide higher fractions of a

monolayer deposited per ALD cycle than the third case.
Additionally, both Cases 1 and 2 allow for a reduction
of the process time during the reaction step to 100 ms

without loss of deposition effectiveness. Case 1 addi-
tionally allows for a reduction in time for the adsorption
step. These conclusions demonstrate that on balance the
best chemistry is one with high adsorption as well as
high reaction rates. However, in experimental studies,
fractions of the order of or less than a third of a
monolayer have been observed to be deposited in one
ALD cycle w1,21,22x. The values we have used for the
rate coefficients in Cases 1 and 2 might be higher than
is realized in those experiments. In that case, Case 3
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may apply and the process times cannot be reduced
without losing crucial adsorption and reaction times. Of
course, this depends on the actual chemistry. Other
considerations, such as steric hinderance, may also
decrease the fraction of a monolayer deposited per ALD
cycle.

4. Conclusions

A feature scale simulator for atomic layer deposition
(ALD) is presented that combines a Boltzmann equation
transport model with chemistry models. A simple but
instructive chemistry is considered; one reactant species
adsorbs onto the surface, and a second reactant reacts
with it from the gas phase(Eley–Rideal). This work
includes potential desorption of the adsorbed species
during purge steps, which may or may not play a role
in any given ALD system. Three sets(cases) of rate
parameters are chosen to compare chemical rates with
transport rates. The duration of the ALD pulses and the
geometry of the representative feature are the same for
each case. The particular choices of the adsorption,
desorption, and reaction coefficients in the chemistry
model are justified by prior detailed studies for the steps
in the ALD cycle w7x. Simulation results are presented
for all four steps in one ALD cycle; adsorption, post-
adsorption purge, reaction and post-reaction purge. The
results are extended to multiple ALD cycles, and the
monolayers per cycle are estimated. We highlight a
trade-off between pulse durations and deposition rate
(wafer throughput) e.g. the increase in time required to
increase the amount adsorbed during the adsorption step.
The simulation methodology we present can be used to
determine the pulse durations that maximize throughput
for a given chemistry and chemical rate parameters.
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