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Abstract

A feature scale simulator for atomic layer depositi@lD) 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 ph@&ley—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. Thre&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 depositiofwadée throughput e.g. the time
penalty required to increase the amount adsorbed during the adsorption step. The simulation methodology we present can be usec
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 parang2@98.Elsevier Science B.V.
All rights reserved.
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1. Introduction A goal of process optimization is to achieve deposi-
tion as fast as possible while meeting film property
Atomic Layer Deposition(ALD) involves pulsing constraints. The deposition rate can be expressed in
reactant gases over a substrate in series, with purges ofeveral ways, but they all measure wafer throughput.
an inert gas between reactant pulses. Typically, a gaseou®ne informative way to express deposition rate is
species(A) is fed into the reactor, perhaps in a carrier ‘monolayers of deposited film per cycle’ divided by the
gas, and adsorbs on the surface in the first step of the'period of one ALD cycle’. In order to increase the
ALD cycle. The reactor is then purged with the inert overall deposition rate, one can shorten the duration of
gas, and a second gaseous reac(@tis pulsed into  each ALD cycle or increase the fraction of a monolayer
the reactor. The adsorbed A reacts with B to depOSit adeposited per Cycle_ It has been observed that if Steps
layer of film on the substrate, or on previously deposited i, each cycle are too short, the fraction of monolayer
film. Surface sites for adsorption of A are regenerated deposited per cycle decreasgs,2. However, more
as 'ghe reaction proceeds. The_reactor is t_hen purgedcyc|es can be run in a given process time, if each is
again, and the next ALD cycle is started with a pulse gp,q1er and that may make up for the reduced effective-
of .A' The dl_Jratlon of each pulse of th'e' ALD gycle 'S ness of one cycle. A trade-off can exist between the
ad.JL.'Sted to increase the rate of dep_osmon, Wh_'le main- humber of monolayers deposited per cycle and the
taining the properties of conformality and uniformity duration of a cycle, even assuming no degradation in

that make ALD attractive. : X ?
across wafer or intrafeature uniformity.
*Corresponding author. Tel+ 1-518-276-2814. Thi_s paper uses a reasonable chemistry and_ reasonable
E-mail address: prasav@rpi.edgV. Prasad. chemical rate parameter@dsorption, desorption and
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(a) adsorption and desorption that might occur during the
%2 adsorption and purge steps in an ALD cydd. We
(0, L) 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.

(=L/2,0)| (L/2,0) In order to maintain our focus on the feature scale,
(-L, 0) (L, 0) x, we idealize the changes at the reactor scale; changes in
flows and concentrations occur such that changes direct-
Point 1 ly over the feature can be considered to occur as step

functions. Thus, we consider the case in which all fluxes
Point 2 7 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 LPC183-14 and

(b) ECD [11,13. Reactor scale models that describe the

0.25 formation of a traveling wave of the reactant are found

in Siimon and Aarik[6,13,14.

The following Model section introduces the transport
of 1 and reaction models used in our simulations, with a
particular emphasis on the surface reaction model and
its coefficients. The Results and discussion section

Point 3

2_0.05/ : ; 1SSl
é details the rationale for the three chemistries chosen,
E then explains the simulation results, and concludes by
05 discussing trade-offs.

0.75. 2. Model

The domain of the feature scale model comprises the
1 ‘ ‘ inside of one feature and a small region of the gas-
028 [mi%rons]o'zs phase above the feature mouth; Fig. 1a shows the

! domain under consideration. We focus on a feature of

. . . . . . width L=0.25 pm and aspect ratiod=4, giving a
Fig. 1. (&) Schgmatlc of a twc_)-dlmensmnal domain defln_lng length feature depth of 1.0.m. The appropriate transport model
and aspect ratid. (b) Numerical mesh for the feature with=0.25 L : - - ; )
wm and aspect ratid = 4. for representative operating conditions is given by a

system of Boltzmann equatiori$5—17. On the feature
scale, the mean-free path of the molecules is on the

surface reactionto demonstrate how simulation can be order of 100um, and the Knudsen number satisfies
used to evaluate the trade-off between pulse durationsKkn= 100> 1. Hence, we are in the free molecular flow
and monolayers per cycle deposited. For this discussionregime, and the transport model consists of a linear
we consider one monolayer deposited per cycle in one-Boltzmann equation for each reactive species with a
second equivalent to, for instance, half a monolayer perzero right-hand side. Using a Galerkin ansatz in velocity
cycle in half a second. space, each Boltzmann equation is converted to a system

We focus on the feature scale; i.e. we consider of linear hyperbolic conservation laws in the time and
transport and reaction in and near a feature that mightspatial variables. The discontinuous GalerkibG)
be found in a multilevel metallization process flow method[18] is used to solve the resulting system on the
during the fabrication of integrated circuitkCs). Trans- mesh shown in Fig. 1b.
port and reaction during ALD are inherently transient, In order to aid in analysis and the presentation of
and it is not clear that the widely used approach to results, we non-dimensionalize the Boltzmann transport
feature scale modeling of low-pressure deposition proc- equations, the number density of the reacting species,
esses is valid. In that approach, species fluxes arethe fluxes of the species to the surface of the feature,
assumed to be constant over small, but reasonable timehe reaction rates of the surface reactions, and the surface
scaleg3—6]. In a previous paper, we dealt with transient coverage of the adsorbing species. The Boltzmann trans-
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dimensionalized with respect to a reference flux, which

-

% T is chosen to be the product of the reference concentration
€ N and reference speed used to non-dimensionalize the
.@0.8 ‘,,\—""" . Boltzmann transport equations.
2 i “a The surface chemistry model consists of reversible
0.6 [ adsorption of A on a single site, and irreversible reaction
-] ey of B with the adsorbed A19], viz
50.4f IS
§ s, A+v= Al,
§0 2 ratio =1 /1000 3

. _ = ES
2 --- ratio=1/100 A+B=ov+(%)
g ¥ e ratio=1/10 ; .
= 0 : where A is adsorbed Ay stands for a surface site
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Fig. 2. Fractional coverage vs. process time for adsorption and purge
together for various ratios of%/v, witlia) v,=10"2 (b) v,=

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

number density
o
o

o

0.25

port equations are non-dimensionalized using a reference w1 oot
concentration and reference speed based on reactant A.
Using the ideal gas law, the reference concentration is (b)
chosen as
Cref= i, (l)

R,T
where P, is the partial pressure of species A based on
a specified mole fraction, anil, denotes the universal
gas constant. The reference speed is chosen as the
thermal average speed of species A, and is given by

number density

0.25

pref= [ ZRep 2 X -1 -025

where w, is the molecular weight of species A. We

assume that the number density of species B in the . L . .
during th fi Ise is half that of A duri Fig. 3. Case 1, adsorption step: dimensionless number density of spe-
reactor url_ng ereac |on_pu S€ 15 ha ato qung cies A for a feature with aspect ratib=4 at times(a) 10.0 ns;(b)
the a_dsorptlon pulse, and its therntaverage speed is 40.0 ns;(c) 80.0 ns. Note the different scales on theand thex,-
0.9 times that of A. The fluxes of A and B are non- axes.
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available for adsorption, an€) 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 reactiBley—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 0<¥9, (x, ) <1 denote the fraction of the wafer
surface at positionc and time: that is occupied by
adsorbed molecules of reactive species An|lf(x, 1)
andn;, (x, t) denote the dimensionless fluxes of species
A and B to the surface, respectively, the dimensionless
reaction rates for the surface reactions are modeled by

Ry=v4(1— ﬁA)ﬁl_ ViV,

A (4)
R2=Y’;ﬁA”ﬁ2

with the dimensionless coefficientg v ang . The
coefficientsy; andy’ control the adsorption and desorp-
tion of molecules of A, respectively, ang  controls the
reaction of B with adsorbed A.

The evolution of the fractional surface coveragg
(x, 1) is modeled by the differential equation
dd A%, ©)

dt
at every pointx on the wafer surfade,, where o,
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 coveraged at the beginning of the process A
step.

Remark: It is in general impossible to find a closed-
form solution 9 ,(f) to the differential equation in Eq.
(5), because the coefficients involving, anrg  are
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

d4(7)

dii)
with a,=(07")/S; andb=yin,+v5+ v, which has
the solution

=0‘p(1%1()2a f) _kZ(xA’ f)), xAE Fw! (5)

— §ini
A

(6)

- inbﬁA(f) + ap'Y"iﬁ v 940)

D) =07 (1 — e rbl)+ §iig bl )
with the equilibrium(long time) limit
a
Y1M1
,800 =< . i~ (8)
AT YR YA Y
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Fig. 4. Case 1, adsorption stef@ dimensionless flux to the surface
of species A(b) fractional coverage. The solid diamondsy show
the analytic solution. Note the different scales on the vertical axes.

3. Results
3.1. Case studies

Studies of parameter values in the surface reaction
model presented above are presented in Gobbert et al.
[7]. In general, those studies show that transport is fast
compared to typical pulse durations. For example, after
introducing a specie¢reactant pulse stanisthe 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 steps7] show that the ratio of the adsorption
coefficienty} to the desorption coefficienf, is crucial
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Fig. 5. Case 1, post-adsorption purge st@d:dimensionless flux to
the surface of species Ab) fractional coverage. The solid diamonds
in (b) show the analytic solution. Note the different scales on the
vertical axes.

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 b
considered as well. The purge step can lead to a
significant decrease in coverage if the ratf/v} is
larger than 1100 for any value ofy; [7]. If this ratio

is smaller than 1100, e.g. ¥1000, the decrease of
coverage during the purge is negligible for any value of
v. and the length of the purge step does not matter as
much. We consider an interesting case by fixigg=
v4/100.

Case studies for the reaction and post-reaction purge
steps show that the ratio between the reaction coefficient
v5 and desorption coefficien}? is crucial. If they are
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 ef20).

Films 410 (2002) 129141 133
on this simple but illustrative chemistry, we consider the
following three cases:

Case 1y/=1072, v4=10"%, v4=1072,
Case 2:y/=10"4,v4=10"°%,v,=10"2,
Case 3:y,=10"4%, v4=10%,v,=10"%,

Note thatys2=+%/100 andy5 <+ in all cases. We
assume that values of the adsorption and reaction coef-
ficients closer to unity than I are unlikely in ALD
practice; therefore, we consider the two valugs=
102 and 10“ . The coefficienf; is then fixed =
v4/100. And the remaining coefficient, is chosen to
obey the restrictiony < 5.

For comparison purposes, we fix the duration of each

y
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Fig. 6. Case 1, reaction step: dimensionless number density of species
B for a feature with aspect ratio=4 at times(a) 10.0 ns;(b) 40.0

Based upon the above summary of previous resultsns; (c) 80.0 ns. Note the different scales on theand thex,-axes.
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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 f§&t. 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.[7] 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 densitie6A 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 unifofii, 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
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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 coefficienty$=10"2, the
desorption coefficient isy;=10"%, and the reaction
coefficient isy,=10"2. Among the three cases, Case 1
represents the one with the fastest adsorption. Simulation
results for this case are shown in Figs. 3-8.

Fig. 3 shows the increase in th@imensionlesks
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 dl7], an analytic
solution was used to predict that the fractional coverage
Y, reaches 99% of its steady state value in approxi-
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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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
0.25 was used to non-dimensionalize the equation. Fig. 7a
shows that the flux of B to the surface goes to its steady
X, 715025 state value within tens of milliseconds. The correspond-
(a) 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 valugb=10"2 of the reaction
coefficient. Note that the decrease of coverage is caused

Yy
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number density
o
wm —_

(=]

0.25 :
both by desorption of adsorbed molecules of A and by
reaction of gaseous B with adsorbed A. But due to our
choice of y4< %, the contribution of desorption is
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quickly, and the fractional coverage of A decreases £ 0.06

essentially linearly. Notice that this decrease during the °

purge results in a significant loss of adsorbed molecules S0.04

of A at the surface. The purge time should be as short g

as possible, because desorption of A during this step Bo.02

decreases the amount of film that potentially can be 8

deposited in the following reaction step. As discussed £ . \ , .

above, we assume for our simulations that the purge o s o [m“‘lgmngg] 25 30

time is 50 ms. Using the analytic solution to predict the (b)

value of the coverage at the end of the purge step yields

¥,=0.71. This is significantly less than the value of Fig. 10. Case 2, adsorption ste@) dimensionless flux to the surface
0.98 at the start of the purge. Not shown are the resultsef species Afb) fractional coverage. The solid diamonds(B) show
for the number density of A throughout the feature; the the analytic solution. Note the different scales on the vertical axes.
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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 coefficienty$=10"2, the
desorption coefficient isy;=10"°, and the reaction
coefficient isy5,=10"2. Simulation results for this case
are shown in Figs. 9—14. The choice of the adsorption
coefficient v/ =10"* reflects the observation that the
corresponding choice for Case 1 may be higher than
values expected in practice. The valueygf s fixed as
v4=+4/100. The reaction coefficient has the same value
as in Case 1.

Fig. 9 confirms that the feature fills with A during

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

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
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 coveraged, Fig. 11b, shows the decrease of

Yy
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number densit

0.25

y

number densit
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Fig. 12. Case 2, reaction step: dimensionless number density of spe-
cies B for a feature with aspect ratib=4 at times(a) 10.0 ns,(b)
40.0 ns,(c) 80.0 ns. Note the different scales on theand thex,-

the adsorption step as fast as in Case 1. While Fig. 10a,axes.
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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[7]) 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 of
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 highe

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.
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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 (Fig. 79. Also, Fig. 13b shows
that the coverage has essentially the same behavior as
the coverage for Case (Fig. 7b), however, the values
are slightly higher than for Case 1, this reflects the fact
that the reaction coefficientg, agree, but the desorption
coefficient vy for Case 2 is two orders of magnitude
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. 9).

3.4. Simulation results for Case 3

In Case 3, the adsorption coefficienty$=10"4, the
desorption coefficient isy;=10"°, both as in Case 2,
but the reaction coefficient isy,=10"*. This case
combines the lower value of the adsorption coefficient
v: with a reaction coefficient, of equal value. Since
the adsorption and desorption coefficients are the same
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Fig. 14. Case 2, post-reaction purge sté: dimensionless flux to
the surface of species Bb) fractional coverage. The solid diamonds
in (b) show the analytic solution. Note the different scales on the
vertical axes.
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than in Cases 1 and @Fig. 7b and Fig. 13h Recall
that the reaction coefficient, is larger than the desorp-
tion coefficienty} ; this implies that the dominant reason
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 coefficieny, is smaller than in Case 1,
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,
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

o
)
o

time [milliseconds]

Fig. 15. Case 3, reaction step: dimensionless number density of spe-
cies B for a feature with aspect ratio=4 at times(a) 10.0 ns,(b)
40.0 ns,(c) 80.0 ns. 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. 9-12. Figs. 15—-17 summarize the results for the
reaction step and the post-reaction purge step.

As in both previous casedig. 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 coefficienf  than in Cases 1
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and 2, fewer mOIeCUIe,S of ad_sorbed_ A at the wafer Fig. 16. Case 3, reaction stefm) dimensionless flux to the surface
surface are Cons!-'med In reactions W'th B. Hence, the of species B(b) fractional coverage. The solid diamonds(t» show
decrease in fractional coverage in Fig. 16b is smaller the analytic solution. Note the different scales on the vertical axes.
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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
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~ & for Case 3 is 0.31. For Cases 1 and 2, these estimates
8 o04fs remain the same for the cycles following the first one.
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Fig. 17. Case 3, post-reaction purge stém: dimensionless flux to
the surface of species Bb) fractional coverage. The solid diamonds
in (b) show the analytic solution. Note the different scales ondhe
and thex,-axes.

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
Y4. Therefore, Figs. 18—20 show the evolution of the
fractional coveraged, vs. process time, subpladsfor

one ALD cycle and subplotéb) 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. [7] show that the analytic solution in Ed7)
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 subplot&h). In all cases, the final
value of ¥, in one step is used as initial value in the
following step.
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Fig. 18. Case 1(a) fractional surface coverage for one ALD cycle;
(b) fractional surface coverage for four ALD cycles;) monolayers

Adsorbed m0|eCU|es_ of A can be rem_OVE‘d_from the geposited for four ALD cycles. The thick solid line segments show
surface due to desorption or due to reaction with B. The simulation results, the dashed lines plot the analytic solution.
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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 [1,21,23. The values we have used for the
rate coefficients in Cases 1 and 2 might be higher than

ages in Fig. 18b, 19b, and 20b, respectively.

The first two cases provide higher fractions of a

Fig. 20. Case 3(a) fractional surface coverage for one ALD cycle;

mon_qlayer deposited per ALD cycle than the third cQse. (b) fractional surface coverage for four ALD cyclds) monolayers
Additionally, bOth Cases 1 and 2 a”QW for a reduction geposited for four ALD cycles. The thick solid line segments show
of the process time during the reaction step to 100 ms simulation results, the dashed lines plot the analytic solution.
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