Modeling and simulation of atomic layer deposition at the feature scale
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We present a transient Boltzmann equation based transport and reaction model for atomic layer
deposition(ALD) at the feature scale. The transport model has no adjustable parameters. In this
article, we focus on the reaction step and the postreaction purge steps of ALD. The heterogeneous
chemistry model consists of reversible adsorption of a reactant on a single site, and irreversible
reaction of a second gaseous reactant with the adsorbed reactant. We conduct studies on the effect
of the kinetic rate parameter associated with the reaction. We provide results for number densities
of gaseous species, fluxes to the surface of the feature, and surface coverage of the adsorbing
reactant as functions of time. For reasonable reaction rate parameter values, the time scale for gas
transport is much smaller than that for reaction and desorption. For these cases, an analytic
expression for the time evolution of the surface coverage of the adsorbing reactant provides a good
approximation to the solution obtained from the transport and reaction model. The results show that
fractional coverage of the adsorbing reactant reduces significantly in the reaction step due to
reaction with the gaseous reactant and desorption. Larger values of the reaction rate parameter lead
to larger reductions in the fractional coverage during the reaction step. For smaller values of the
reaction rate parameter, the decrease in coverage is dominated by desorption. The surface coverage
of the adsorbing reactant also decreases during purge steps, due to desorptR902 @merican
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[. INTRODUCTION erties of conformality and control over the rate of deposition
. - that make ALD attractive.
Atomic layer depositionALD) has been shown to pro- A complete ALD model would account for the transients

vide excellent film thickness uniformity over severe topog-caused by the sequence of reactant pulses and purges, at all
raphy, in addition to the ability to control film thickne5s!  spatial scales in the reactor. In this article, the flux from the
The uniformity of deposition and control over thickness canreactor volume to each feature is assumed to be constant in
be attributed to the self-limiting mechanism of film growth, time, except for step changes that represent idealized
with the film being(ideally) deposited one monolayer at a changes from one step in the ALD cycle to another. Note that
time. Because of this, ALD is a viable technique to depositmost of the relevant literature on feature scale modeling in
ultrathin films for diffusion barriers and conformal films in ALD consists of descriptions of the surface processes with-
high aspect ratio features found in modern integrated circuibut a gas phase transport moel. The dominant approach
fabrication® to feature scale transport and reaction analyses was devel-
ALD involves pulsing reactant gases over a substrate ioped to model topography evolution during conventional
series, with purges of an inert gas being employed betweesteady-state deposition and etch processes. These models are
reactant pulses. Typically, a gaseous spegiésfed into the  pseudosteady; i.e., the local surface reaction rates are com-
reactor, perhaps in a carrier gas, and adsorbs on the surfapeted assuming fluxes are constant in fifféand are not
in the first step of the ALD cycle. The reactor is then purgedappropriate for ALD.
with the inert gas, and a second gaseous reaBtasipulsed We use a Boltzmann equation based gas transport model
into the reactor. The adsorbeéd reacts withB to deposit a along with heterogeneous chemical reaction mecharfsms
layer of film on the substrate or on previously deposited film Study ALD. This formulation allows us to study the tran-
with surface sites for adsorption & being made available Sients of both gas phase transport and surface reaction that
as the reaction proceeds. The reactor is then purged agai@€ inherent to ALD on the feature scale. For discussions of
and the next ALD cycle is started with a fresh pulsefof how to integrate reactor scale and feature scale models, see
The duration of each pulse of the ALD cycle is adjusted toRefs. 13-16. For extensions to transient integrated multi-

provide a high rate of deposition while maintaining the prop_scale modeling, see Ref. 17. For a discussion of transients
that are present on the time scale of processes, see Ref. 18.

dAuthor to whom correspondence should be addressed; electronic mail: The following SeCtiqn describ‘?s_ the transport _and reaction
prasav@rpi.edu models used. After briefly explaining the numerical method
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in the following section, we report our simulation results for

the reaction and postreaction stages of the ALD process. Fi-
nally, we present results on surface coverage of the adsorbing (0, L)
reactant over a complete ALD cycle.

II. MODEL
(-L/2,0)| (L2, 0)
A.D i
oman (-L, 0) | @wo x
The domain{) of the feature scale model includes the
interior area of one feature and a small part of the gas do- .
Point 1

main above and around the feature mouth; a schematic of a
two-dimensional domain chosen as a cross section of a typi- ) /
cal feature is shown in Fig.(&). The differential equation Point 2

needs to be accompanied by boundary conditions afthg

which is comprised of three parts with different boundary
conditions:9Q=TI",,UI';UT's. Here,I'y, denotes the portion

of the boundary along the solid wafer surfaEejs the top of (0, -AL)
the domain that forms the interface to the bulk of the reactor, Point 3
andI'g denotes the union of the portions of the boundary on

the sides of the domain.

B. Differential equations in the gaseous domain 0.5

The flow of a rarefied gas is described by the Boltzmann
equatiod®?*for each gaseous species:
gf

2
——+0-V, f0=2 Q;(fV,f1), i=0,1,2. (1)
at i=o

1
©
o
o

The unknown variables are the density distribution functions
f0(x,v,t), i.e., the number of molecules of specieat po-
sition x=(X1,X,,x3) € QCR? with velocity v=(vy,v5,03)

e R3 at timet=0. The f{) have to be determined for all
pointsx in the domain( C R® and for all possible velocities

v e R3. The distribution functions are scaled such that

[microns]

X2
!
©
(34

075k Ay . ]
ci(x,t):=f{{sf“)(x,v,t)dv, i=0,1,2 (2) :

gives the molar concentration of speciest x € () at timet. - -0.25
As written, Eq.(1) is appropriate for ALD with one inert
background specidswith indexi =0 and reactive species
andB with indicesi =1 andi =2, respectively. The left-hand (b)
side describes the transport of spedgieghe right-hand side
describes the effect of collisions among molecules of all spef's: 1. (@ Schematic of a two-dimensional domain defining lengtand
cies, in which the collision operato€s; model the collisions Zzggg: ::ttilgs.:(f.) Numerical mesh for the feature with=0.25 um and
between molecules of speciesandj. The following para-
graphs show how we treat collisional transport of reactivemaining ones for the reactive species and consists in fact of
species in a background gas. This derivation is important t@Qgo(f(®,f®)=0 only, which has as a solution a
arrive at the appropriate dimensionless formulation of theMaxwelliani%2°
Boltzmann equation for free molecular flow. £(0) )= M€

Assuming that the reactive specigs 1,2 are at least an X,0,0)=Mg(v)
order of magnitude less concentrated than the background Cgef v|?
gas 0, it can be shown that it is justified to keep only the ::[277(11—“’)2]3”26)([( - m)
collision operatorsQ;, and neglectQ;; and Q;, in every 0 0
equationi=0,1,2. If we also assume that the background gasvherec{’ andvj; denote a reference concentration and the
is uniformly distributed in spaceV,f(?=0), at equilibrium  thermodynamic average speed, respectively.
(0f©/gt=0), and inert(does not react with the specigs Using the explicit solution for the background species, we
=1,2), then the equation fof(®) is decoupled from the re- solve the linear Boltzmann equation for the reactive species

0 0.25
X, [microns]

()
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TaBLE |. Physical constants, operating conditions, and species referencéasLe Il. Reference quantities.

quantities.

Physical constants

Universal gas constant

Universal Boltzmann constant
Avogadro’s number

R,=8.3145 JK mol)

=62 400(cm® Torn/(K mol)
ks=1.3807x10 22 J/K
N,=6.0221x 16°¥mol

Operating conditions

Ambient temperature
Total pressure

T=500 K
Piota=1 Torr

Reference quantities for reactive speclesi=1)

Mole fraction

Partial pressure
Reference concentration
Molecular weight
Thermal average speed

x;=0.10

P,=0.10 Torr
ci'=3.2x107° mol/cn?
w1=104 g/mol
v7=2.0x10* cm/s

Reference quantities for reactive spediéi =2)

Mole fraction

Partial pressure
Reference concentration
Molecular weight
Thermal average speed

X,=0.05
P,=0.05 Torr
c'=1.6x 10" mol/cn?
w,=128 g/mol
v;=1.8x10" cm/s

oM

— 40V, fO=Q;(f1),

ot

i=1,2 (4)

with the linear collision operatof;(f"):=Q;o(f"),MF".

Notice that while these equations are decoupled, the sol

For gaseous species
c*:=c¥'=3.2x10"° mol/cn?
v* =07 =2.0x10* cm/s
For transport
L*=1 um =10*cm
t*=L*/v*=5%10"° s=5 ns
For collisions
A=100 um=10"2cm
™ =Nv*=5%x10"s
For reactions
(Forma) reference flux 7* :=c*v*=6.4x 10" ° mol/(s cnf)
Total concentration of surface sites Sy=10"° mol/cn?

Reference concentration
Reference speed

Referernce length
Reference time for transport

Mean free path
Reference time for collisions

based on the molecular weighig. The universal gas con-
stantR, and the universal Boltzmann constégtare related
through Avogadro’s numbeX, by R;=N,kg; see Table I.
Writing (v{")2=R;T results in another common representa-
tion of the Maxwellians

ref
i |U|2
ref _ [,
Mi* ()= [2wRiT]37zeXp< 2RiT>' ®)

Note that the Maxwellians are designed to have the same
units as the density functiorfs.

The reference quantities for the nondimensionalization
procedure are listed in Table Il. The reference concentration
c* and reference spead are chosen equal to the corre-
sponding quantities for the first reactive species. After defin-
ing the reference length appropriate for the domain size as
L*=1 um, we obtain on the one hand the reference time for
transport ag* =L*/v*. The mean free patk is about 100

Uzm at the operating conditions listed in Table | and deter-

tions for the reacting species are coupled to each othefines on the other hand, a reference time for collisithe
through the boundary condition at the wafer surface thaj,ean collision timgby 7* =\/v*. The ratio of those times

models the surface reactions; decoupling from the backg, lengths is equal to the

Knudsen number =KxyL*

ground gas relies materially on the assumption that it is an. .« ¢+

inert gas.
Define reference Maxwellians also for the reactive species
by TasLE Ill. Dimensionless variables.
ref 2
M) = : exp — il i=12, (5 : ¢
' [2m(v])?]¥? 2(v7)?)’ " Time =
whereci’ef andv;” denote again reference concentrations and engths e X
the thermodynamic average speeds for the species. The ref- L*
erence concentrations are chosen from the ideal gas law aselocities oV e U
U* 1 ] *
. f t ini
cref= Pi i=12 (6) Concentrations 8 _G 6_ref_£ A;opzciop A@nizﬂ
i Rg-l—y 14y iTex i * i c* i c*
. Lo ity distributi 2 02 0 e (0%)° s (0%
where the partial pressure of speciess given by p; ~ Densiy distibutions -2 ), fop— =2 giop fini= =
=X;Pyota based on the_ chosen reference mole fractipn Maswellians - (U*)SMyef
andR, denotes the universal gas constant; see Table I. The i T M
i i i i i - L 3 3
temperaturd in thls_ article is the constant and spatially uni- ~qjision operators é--:(”*) * 0. & (v*)3* o
form temperature in Table I. The thermal average speeds, g c* e X '
which are used in the Maxwellians, are given by Fluxes, reaction rates 5, _ i ﬁk:R—f
7"’ ]
kB R F i
w_ _ _ g - ractional surface _SA
vy = \/RiT— VET— ET, i=1,2, (7) coverage ﬁA*§

JVST B - Microelectronics and
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TasLE IV. Dimensionless groups. concentration of adsorbed molecules &f the difference
S;— S, is the concentration of vacant sites, and the reaction
rates can be written as

For speciedA (i=1)

Dimensionless reference concentration cef'=1.0
Dimensionless reference speed v7=1.0 L f _ _ b
For specied (i=2) R1=k1(Sr=Sa) 71~ k1S,
Dimensionless reference concentration e;ef=o.5 R, = ka (13)
Dimensionless reference speed 03=0.9 27 R2=aT2;
Cudson mumpey | Tansportand collisions where; denotes the flux of speciéso the surface, which is
For reactions related to the distribution function of E¢l) by
Reaction coefficients for reaction 1 f_af b_ST b
=sikl, Y==rk i
¥1=Srky Y1 7 1 ni(x!t):f |V'U’|f(l)(X,U,,t)dU,,
. . . !

Reaction coefficient for reaction 2 Yh=5kb v-u'>0

- i=1,2, xely. (14)
Prefactor ay="1—=0.32¢10°3 :

Sr Here, I',, denotes the points at the wafer surface and

=p(X) is the unit outward normal vector at=I",,. Notice
that the integral is over all velocities pointing out of the

The choices of dimensionless variables are listed in Tabldomain due to the condition-v’>0. The evolution of the

lIl. They result in the dimensionless Maxwellians concentration of sites occupied By at every pointx at the
~ref 512 wafer surfacd’, is given by
~ i v
M(0) = ——= exp( v ) i=1,2, (9 dSa(x,t)
' [27(0])?]%" 2(07)? a5 _ Ry(x,t)—Ry(x,t), xel. (15)

dt
where the dimensionless group$' ando;” are included in

Table IV. The dimensionless Boltzmann equation is obtainedVotice that this model assumes that there is no significant
by introducing the dimensionless variables listed in Table [11.MOvement of molecules along the surface.

Notice that the left-hand side is nondimensionalized with |f We nondimensionalize the reaction rates with respect to
respect to transport, while the right-hand side is nondimenthe reference fluxy* and introduce the fractional surface
sionalized with respect to collisions. This results in theCOvVerageda=Sa/Sre[0,1], we obtain the dimensionless

Knudsen number appearing in the dimensionless Boltzmanffaction rates

equ?nons for the reactive species Ry = ,y:fl(l_ 9 71— VEﬁA,
of L1 . - . (16)
—a»t——l—v-V;(f('):ﬁQi(f(')), i=1,2. (10) Ro=7y 597>

Since the Knudsen number Kn for gaseous flow on the fea\{VI'[h the dimensionless coefficients given in Table IV. Mak-

ture scale is large, Kn1 (see Table I, we obtain the equa- ing the differential equation fo, dimensionless, we obtain

tions of free molecular flow dﬁA(i,f) A A A A .
20) T =ap[Ri(X,1) —Ry(X, )], xely, (17
J ~
—_— 5 . a (l): | =
at Tu-VslP=0, i=12. (1D with the prefactora,=(#*t*)/Sy. This differential equa-

R . . . . ion is supplied with an initial condition that represents the
ecall again that the reacting species will be coupled throug ractional coveraged' at the initial time, which is assumed
the surface reacting entering through the boundary condi- 9&a '

. known
tions at the wafer surface. . . . )
Remark: It is in general impossible to find a closed-form

solution 9,(t) to the differential equatiodEq. (17)], be-

cause the coefficients involving, and 7, are not constant.
The surface chemistry model consists of reversible adBut if these fluxes are constant, then E¢7) becomes a

sorption of A on a single site, and irreversible reaction®f first-order linear ordinary differential equation with constant

C. Surface reaction model

with the adsorbed\ (Ref. 12 coefficients and can be solved analytically. Specifically, at
each point on the feature surface, we have the problem
A+tuv=A,, 12 .
dda(t R R .
A,+B—u+ (), A ):_apbﬂA(t)"‘ap'yfl”]l, IA(0)=0x (18

dt
whereA, is adsorbed\, v stands for a surface site available

— _ fz b fr :
for adsorption, ands ) is the nonadsorbing gaseous product.With ap=(7"t*)/Sy andb=y;7:+y1+y;7,, which has
Notice that surface sites available for adsorption are prothe solution
duced by the reaction d@ with adsorbedA. 2 o — b ini y— a bt
. . . Ja(t)=TA(1—e +9,e 19
The total molar concentration of surface sites available for A= Ta( )+ IR ’ (19
deposition is denoted b$;, see Table Il. IfS, denotes the with the equilibrium limit

J. Vac. Sci. Technol. B, Vol. 20, No. 3, May /Jun 2002
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Yim o ~ -1
o 1 oy ~ Ay in o
A= f~ . b, f~ (20) Ci(X)— f . |v-v|Mir9f(v)dv y |—1,2. (26)
YimtT vt vam <0

provided thatp, and 7, are constant. Clearly} A(t)— NS
t—oo, hence the name for the constaff. Note that this

assumes that the species fluxes from the source above t

wafer are constant.

D. Boundary conditions for the Boltzmann equation
At the wafer surfacd’,,, we use the boundary conditions
fP060, 0 =[72(x,1) —Ry(x,H]CLOMF(v),

v-v<0, xel,

2 (x,0,t)=[ 72(x,1) = Ra(X,H) JC,(x)M5(v), @D
v-v<0, xel,

where 7, is the flux of species to the surface an&, is the

The top of the domain of the feature scale mddeforms
the interface to the bulk of the gas domain in the reactor, and
ie assume that the distribution B is known there. More
precisely, we assume that the inflow has a Maxwellian ve-
locity distribution, hence
I

Th 273X — 5 =2

[27(v)?]%? p( 2(vy) )
i=1.2, (27)

Using the dimensionless variables in Table Il results in the
dimensionless boundary condition

i lv]?
i __ ¢t
F(x,0,1) ==

v-v<0, xel}.

At ~12
?(i)(g(,l,},:[\) =1A‘-t°p=(ii—:ng,2ex;< — LOCZ) ,
2] 257)
i=1,2, v-0<0, xel}. (28

On the sides of the domalihig, which are perpendicular

reaction rate of reactiok. The boundary condition assumes to the mean wafer surface, we use specular reflection for the

diffusive emission of molecules, i.e., with the same velocityhoundary condition to simulate an infinite domain. This con-
distribution as the reference Maxwellidh?! I'n the absence (ition can immediately be stated in dimensionless form as
of reactions R,=0), the inflowing part off ") is then pro-

portional to the flux to the surface , because all molecules (X0, =fV(X0"1), i=12, v-0<0, Xel
are being re-emitted. In the presence of reactions thought, the (29
rates of re-emission differ from the incoming flux by the with

reaction rates, which could have either sign. 0 == 2u(v0). (30)

The factorsC; are chosen as

-1
Ci(X)Z(J"<O|V~v|Mirefv)dv) . i=1.2, (22)

A . ,
to guarantee mass conservation in the absence of reactions,f(')(xﬁvt):f:nI = —[Zw(v_oo)z]s/zex%
i.e., we require that influx equal to outflux for each species !

for Ry=0:

f |v-v|f(i)(X,v,t)dv=J lv-v|fD(x,0,t)dv.
v-v<0 v-v>0
(23)
Notice thatC;(x) depends on the positione I, via the unit
outward normal vectop(Xx).
Using the reference fluxy*, formally chosen asy*

=c*v* (see Table I, the dimensionless boundary condi-
tions attain the same form as the dimensional ones as

FO&0, D =[ 72D~ Ry(xHICLOME (D),

v-0<0, ;(EFW,
. A e A (24
f2(%,0,0) =[72(X,1) = Ro(X,1)IC()MF(0),
v-0<0, ;(EFW,
with the dimensionless fluxes to the surface
;,i(&,f)=JA lv-o'|TO&, 0", Ddo’, i=1,2 (25
v-v'>0

and with

JVST B - Microelectronics and  Nanometer Structures

Finally, we assume that the initial distribution of gas is
given by
Jv]?
- 2(v?°)2)’
i=1,2, xeQ, t=0

with a Maxwellian velocity distribution; in particular, the

(31)

choice ofci”‘=0 results in no gas of specie the domain
initially. The dimensionless initial condition is then
. - c 02
F(%0, 5 =F= L —exd — =,
(X v ) i [2’7T(Ui )2]3/2 X Z(Ui )2

xeQ, i=o0. (32

Remark: If the reference concentrations in the reference
Maxwellians are chosen &= c!” and there are no surface
reactions, the reference Maxwellians will be the exact equi-
librium solution of the model by construction.

i=1,2,

IIl. NUMERICAL

This article reports on numerical results obtained in two
dimensions, and the numerics are stated in two-dimensional
form here; the generalization to three dimensions is straight-
forward, but considerably more computationally intense. To
simplify notation, the hat$") used to indicate dimensionless
variables are omitted in this section.
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The solutions()(x,v,t) to the kinetic equatiofEq. (11)]  IV. RESULTS
together with the boundary conditiofggs. (24), (28), and
(29)] and the initial condition[Eq. (32)] depend onx In this section, we present simulation results for the reac-
eQCR?, veR? andt=0. We approach the problem by tion and postreaction purge steps of ALD, and show that Eq.

expanding the unknown&" for the reactive species in ve- (19 for the surface coverage #f is accurate for the condi-
locity space: tions studied. We also show a predicted time evolution for

surface coverage & over one complete ALD cycle. For all

the simulation results reported here, we choose the geometry
displayed in Fig. 1a) with the aspect ratid=4. The feature
mouth is assumed to he=0.25um wide. Figure 1b) shows
where thepy(v), k=0,1,...K—1, form an orthogonal set of he mesh used in the simulations. Results on the adsorption
basis functions in velocity space with respect to some inneg 4 postadsorption purge steps for the same geometry are
product (-,-)c, namely, (¢i,pi)c=aix*0 for all k and  ehorted in Ref. 27; the following subsections provide results

K-1

f“)(x,v,t):k}_‘,o flxDev), =12, (33

(@, @1)c=0 for all k1. _ for the reaction and the postreaction purge steps. We also
To obtain an equivalent system of equations for the vecyqyide results for surface coverage over one complete ALD
tors of coefficient functions cycle, which are computed using the analytical approxima-
fg)(x,t) tion of Eg. (19). The model is given by the dimensionless
) . equations detailed in previous sections. Some parameter val-
FO(x,t)= : , 1=12, (349 ues are listed in Table IV. Additionally, we need to specify
fﬁ[l(x,t) the (dimensionlessreaction parameters in E@L6). In Ref.

) ) ) ) 27, numerical simulations on the adsorption and desorption
the expansions in Eq33) are inserted into Eg11) and the step were conducted for the valug$=0.0, 1.0, 102, and

equations tested againg{ in scalar product-,-)c. This  14-4 |4 the majority of the cases, the desorption coefficient
Galerkin approach yields the systems of linear hyperboliG, .« -hosen relative to the adsorption coefficientyatlé

equations =v1/100. In this work, we choose the valug$=10"2 and
ET=0) ET=0) ET=0) y2=10"*, and provide simulation results for reaction rate
n +AWM % +A? %, =0, =12 (35  coefficient values ofy 5=1072, 104, and 10°°. We justify

these values for dimensionless reaction rate constants in the
with matricesA®,A®) e RX*K_ Following ideas in Ref. 22, subsection on the reaction step.

it is possible to make a judicious choice of basis functions to  To complete the model, we need to choose the initial con-
make these matrices diagonal. First mathematical resulidition for the (dimensionlessgas concentration throughout
based on this approach can be found in Refs. 23 and 24he domainE:}ni and for the fractional coveragé! , as well
Notice again that while the systems of differential equationsas the coefficient in the boundary condition at the top of the
appear decoupled, their solutions are still related through thdomainc!®?. The values fo!™ and ¢!, which are used to
boundary condition at the wafer surface. specify the initial condition for the flux distributions &

This system of linear hyperbolic equations is now posedandB, are different for each step of the pulse cycle and are
in a standard form amenable for numerical computationsspecified in the following subsections. To generate appropri-
However, due to its large size, the irregular structure of theate initial conditions for surface coverage and number den-
domain, and the requirement to compute for long times, ikities, we assume an ALD pulse cycle with adsorption and
still poses a formidable challenge. It is solved using the disreaction steps of 450 ms duration each, and purges that are
continuous Galerkin method implemented in the code?®®G, 50 ms long.
which is well-suited to the task. See Ref. 26 for more de- In order to analyze the behavior of the fluxgsto the
tailed information on the numerical method. surface and of the fractional surface coverageover time,

The demonstration results presented in this article arg¢hree significant points on the wafer surface are chosen as
computed using four discrete velocities in eaghandx,  shown in Fig. 1a). Point 1 is located on the flat area of the
direction; hence, there aie= 16 equations for=1,2 hence wafer surface at—0.73.,0), point 2 is located halfway down
32 equations total. For the results of the adsorption and poshe trench and hag, coordinate—0.5AL, and point 3 is
adsorption purge steps presented in Ref. 27, some resuliscated at the bottom of the feature at AL,0). The fluxes
were checked against discretizations using six discrete vep, and the fractional coveragg, are presented as time evo-
locities in each direction, and good agreement was found folutions at these representative locations. The choice of these
each of these comparisons. The spatial domain was meshéstations is consistent with the locations used in Ref. 27.
rather coarsely to save on computation time. The mesh fi
the domain is shown in Fig.(l). As shown below, the coarse
mesh and the value & are sufficient to show that the time At the beginning of the reaction step, we assume there are
scale for transport is much faster than the time scale fono molecules of species present in the domain, hencé"
adsorption and reaction for reasonable chemistries. In turn=0.0. As shown in the section on the postreaction purge
this leads to a significantly simpler model that has the anastep, it is a good approximation to assume that the number
lytic solution of Eq.(19) for the surface fractions. densities of reactant species go to zero during purge steps.

o] .
,&. Reaction step

J. Vac. Sci. Technol. B, Vol. 20, No. 3, May /Jun 2002
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No A is fed from the top, s&®=0.0. No molecules of
speciesB are present initially in the domain, édf‘:o.o. We
assume thaB is fed into the domain during the reaction step
with a Maxwellian velocity distribution and the full refer-
ence concentration, hené§’=c5'=0.5; see Table IV. For
values ofy1=10"2 and y?=10"* and the specified dura-
tions of the adsorption and postadsorption purge steps, the
initial condition for the fractional coverage of specigsfor

the reaction step is chosen to be 0.71 and is assumed to be

number density

0.25
spatially uniform. This value is computed as described in
Ref. 27. The initial condition for the postreaction purge de- X, -1 -0.25 X,
pends on the values obtained from simulations of the reac-
tion step for the different values of 5, chosen. We fixy ! (a)

=102, y?=10"% and study three different values of the
dimensionless reaction ratg,,=10"2, 10", and 10°.

Figure 2 shows plots of the dimensionless number density
of B for y5=10"2 at timest=10.0, 40.0, and 80.0 ns, re-
spectively. From the plots, we see that the dimensionless
number density oB reaches a uniform constant value at all

points in the domain in the first 80.0 ns of the reaction step.
The number density d at the top of the feature reaches the

steady-state value within the first 10.0 ns; however, the num-
ber densities at points inside the feature are below this value.

number density
o

0.25

This is partly because sonieis being consumed as it reacts
with adsorbedA on the feature surface, and partly due to the
inherent time required to reach the bottom of the feature. The
results for number density @& for y2210*4 and 108 are
similar to the results forygz 10 2, and the plots for those (b)
cases are not displayed. In all cases, the feature fills up with
speciesB by the end of 80.0 ns of the reaction step.

Figure 3 shows plots of the dimensionless flux of species
A to the surface at the three observation points on the feature
surface for the three values of, under consideration. This
flux of A is produced by desorption during the reaction step.
The flux shows an initial increase to a small value and de-
cays with time. This increase is due to the initial condition
for the number density oA (zerg. There is a small amount
of A present in the feature due to desorption from the sur-
face, which continues through the reaction step. The flux

number density

decays with time much faster for the valuey§=10"2 than 2 1 .shes %
for the lower values of the dimensionless reaction rate pa-

rameter. This is due to the larger rate of reaction 4dy (c)
=102

Fic. 2. Reaction step: dimensionless number density of sp&iésr a
feature with aspect rati6=4 for y;:10’2 at times(a) 10.0 ns,(b) 40.0
ns, and(c) 80.0 ns. Note the different scales on theand thex, axes.

Figure 4 shows the corresponding plots of the dimension
less flux ofB to the surface with time. The flux at all three
observation points reaches the same steady-state vglue
=0.207 in no more than 30 ms for all values f. The
initial transient for 7, at Point 1 is so short that it is not peing consumed by reaction when it first contacts the surface
visible on the scale in the plot; it occurs in a period of lessthan in the case with lower coefficients.
than 10.0 ns. For low values of}, the feature floods with The fractional coverage ok during the reaction step at
reactant, and an essentially spatially uniform flux is estabthe three observation points is shown in Fig. 5. |:)0f£
lished; the results are essentially the sameyfb=10"*and =102, the coverage at all three points reduces almost to
y5=10"%. Reaction proceeds as a result of this flux. Thezero in this time due to consumption by reaction and desorp-
flux at the interior points of the feature takes longer to reacltion. The fractional coverage at the two interior observation
the steady-state value fqrgz 102 than for the other two points decreases at slower rates than the coverage in the flat
values of the reaction rate parameter; this is due to rBore area of the wafer. Figuresth and 5c) show the coverage

JVST B - Microelectronics and Nanometer Structures
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Fic. 4. Reaction step: dimensionless flux to the surface of sp8ciestime
(C) at the three observation poinfsee Fig. 1a)] for (@) y 5=10"2, (b) y5
) ) ) o =10"% and(c) y ;=107
Fic. 3. Reaction step: dimensionless flux to the surface of spéciestime
at the three observation poinfsee Fig. 1a)] for (@) y5=1072, (b) y?
=104 and(c) y 5=10"°. Notice the scales of the vertical axes.

The simulation results shown in Figs. 3 and 4 indicate that
we can use the approximationg=0.0 and7,=0.207 in
for 722 10"2 and 10 %, respectively. The reduction in cov- Eq.(19) to obtain an analytic representation for the fractional
erage is much slower at these lower values of the reactionoverage. The solid diamonds in Fig. 5 represent the predic-
rate parameter. The results shown in Figd) %nd 5c) are  tions from the analytic expression, and are in excellent agree-
similar because the decrease in coverage is dominated lgent with the simulation results at the top of the feature,
desorption ofA, as explained in the following paragraph.  where the flux reaches the steady-state value the earliest. The
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Fic. 5. Reaction step: fractlonal coverage vs time at the three observation
points[see Fig. 18)] for (a) y2 1072, (b) 72 1074,
The solid diamonds show the analytical solution given by @9). Notice
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and(c) yh=107°.

important it is to account for desorption during the reaction
step.

To justify the parameter values chosen in our simulation
studies, we perform an analysis on the deposition rates for
each value ofy; we have considered. This is done by ob-
taining estimates of the maximum deposition rate at the start
of the reaction step. The deposition ratis governed by the
reaction rateR,. Using Table Ill and Eq(16), we find

Ro=7*Ro= 7 y 50a75. (36)
For our choice of initial condition for the reaction staj, is
0.71 at the start and can be set to unity in an order of mag-

nitude analysis. Using the value for* from Table Il and
7,=0.207 obtained from the simulation results

R,=1.3x10 %y} mol/(s cn?) (37)

with the dimensionless reaction coefficie;nf2 still present.
This molar reaction rate can be converted to a deposition rate
by multiplication with an appropriate molar volume. If a mo-
lar volume of V=10 cm¥mol is assumed, the deposition
rater is

r=VR,~10 %y} cmi/s. (39)

Thus, the maximum deposition rates are of the order of 10,
0.1, and 0.001 nm/s for dimensionless reaction rates lof
=10"2,104, and 10°, respectively. Deposition rates in
constant rate processes such as chemical vapor deposition are
at the higher end of the range considered in our simulations,
and we conclude that appropriate vaIues;oLf have been
chosen for the analysis in this study.

B. Postreaction purge step

At the beginning of the purge step after reaction, the do-

main is filled with gaseous molecules Bf hencec)!'=cif

=0.5; see Table IV. But no more gas is fed from the top,
thereforecy=0.0. The corresponding values farare cho-

sen to bet=0.0 andc!°P=0.0. This means that there is no
A initially present in the domain or being fed into the domain
at the top.

The initial condition for the fractional coveragg, for the
postreaction purge is assumed to be the value of the coverage
at the end of the reaction step. Using the length of 450 ms for
the reaction step and the observed valueygf the analytic
solution glven by Eq(19) is used to predict the appropriate
values. Fory2 10 2, the fractional coverage at the end of
the reaction step is zero. The corresponding values of cover-
age for y,=10"* and 10°® are 0.022 and 0.040, respec-
tively. The coverage at the end of the reaction step for all
cases is essentially spatially uniform, and this spatially uni-
form initial condition is used for the coverage in the postre-

analytic solution also explains the very smaII dlfference iNaction purge.

the coverage between Figgbband 5c) for 72
104, respectively. The parameter in H49) that determines
the rate of decrease in the coverage bsy!7;,+v°

+ 7y 5%,. For the flux values in both casésis dominated by
¥2=10"* for both values ofy 5. This again highlights how

JVST B - Microelectronics and Nanometer Structures

102 and

Plots of the dimensionless number densityBoffor yfz
=102 are presented in Fig. 6 for 10.0, 40.0, and 80.0 ns
into the postreaction purge step. Plots fpé=10‘4 and
10 ® are similar and are not shown. In all cases, the number
density ofB at the top of the feature reduces almost to zero
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Fic. 7. Postreaction purge step: dimensionless flux to the surface of species
A vs time at the three observation poifisee Fig. 1a)] for (a) y f=10"*
and(b) y;=10’6. Notice the scales of the vertical axes.

number density

lower. The initial increase is a consequence of the choice of
a zero initial condition forA. Although this initial condition
is an approximation, the number densities are several orders
X -1 -0.25 x, of magnitude lower than the flux values fqufzzlo‘e, be-

cause the level of adsorbed available for desorption is

lower. The initial increase is a consequence of the choice of
(C) a zero initial condition forA. Although this initial condition
Fic. 6. Postreaction purge step: dimensionless number density of s;ﬁiecies'S an approxmatlon, the number densities are several forders
for a feature with aspect ratia=4 for y ,=10"2 at times(a) 10.0 ns,b) ~ Of magnitude lower than those &. The flux of A for y;
40.0 ns, andc) 80.0 ns. Note the different scales on theand thex, axes. =107 2 is zero, because nA is present in the system, and is

not shown.
Figure 8 shows the corresponding plots of the dimension-
within the first 10.0 ns, but it takes close to 80.0 nsBoto  less flux ofB. The dimensionless flux d@ decays to zero in
be removed from the feature volume. This result justifies theapproximately 6 ms for all values qf;. The results for the
initial condition used for the number density of speclein  flux of B are similar for all three values of 5, largely be-
the reaction step. causeB does not adsorb.
Figures Ta) and 1b) show the dimensionless flux @ Figures %a) and 9b) show results for the fractional cov-

for y£= 10" % and 10 °®, respectively. In both cases, the flux erage of speciea for 7;= 10" % and 10 ®, respectively. The
of A decays after an initial increase. The flux values forresults fory£=10‘2 are not presented, since the coverage at
ygz 10 * are lower than the flux values fqrfzz 10 % be-  the end of the reaction step was zero, andAnis present in
cause the level of adsorbedl available for desorption is the system. The diamonds in the plots show the predictions
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~ Q.15
g 3
g E clude that the purge step can be shortened. This assumes that
5 0'1': ‘ 1 changes on the reactor scale could be accomplished at the
(] .
g |3 rates required. The values of coverage are low, and desorp-
§0'°5' % tion further reduces the coverage. The fluxes and number
x \\ » densities indicate that the feature is freeBoWvithin the first
o - TG 75 > 0 6 ms of the postreaction purge, and the rest of the purge time
time [milliseconds] only serves to reduce the fractional coveragéafithin the
feature.

()

Fic. 8. Postreaction purge step: dimensionless flux to the surface of speciéS. Analytic model of one ALD cycle

B vs time at the three observation poifisee Fig. 1a)] for (a) y£=10‘2, . . .
(b) v5=10"%, and(c) y,=10"°. The comparisons between simulation results and the ana-

lytic solution for the fractional coveragé, demonstrate that

the analytic solution can be used as a predictor for many
of the analytic solution given by Ed19) with the dimen- choices of reaction coefficients. Therefore, we complete the
sionless fluxes oA and B being set to zero. The analytic information given by the simulations for all four steps of one
expression provides good estimates of the reduction in covALD cycle (in Ref. 27 and aboveby using the analytic
erage with time for the observation point in the flat area ofsolution to plot the evolution off 4 for one full ALD cycle in
the feature. The coverage at the points in the interior of thé=ig. 10. The vertical lines mark the beginning and end of the
feature show a lag from the coverage in the flat area. steps: adsorption for€t=450 ms, postadsorption purge for

From the plots shown up to 30 ms and from the plots 0f450<t<500 ms, reaction for 568t<950 ms, and postreac-

number density and flux for the postreaction purge, we contion purge for 956<t<1000 ms.
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reaction purge step: 95<1000 ms.

As all three plots show, we chose coefficients for the ad-
sorption and desorption of speciésthat result in equilib-

1042

proceeds rapidly. This causes the rapid decrease of fractional
coverage ofA during the reaction step. As Figs. (bD and
10(c) show for the smaller values qf; considered, the de-
crease in fractional coverage is slow by comparison but still
reaches very low levels at the end of the reaction $4&0

ms). However, as the similarity of Figs. () and 1Qc) dem-
onstrates, the decrease of coverage is dominated by desorp-
tion of adsorbed molecules &f from the wafer surface and
not by reaction of gaseous molecules Bfwith adsorbed
molecules ofA. This means that the speed of the decrease of
coverage in itself does not indicate a desired performance of
the process: deposition occurs if the coveragé afecreases
due to reaction witlB. This may be interpreted to mean that
the choice of chemistry should be made with the relative size
of desorption rate oA and reaction rate oA andB in mind,

the best being a slow desorption and fast reaction rate.

V. CONCLUSIONS

A model and a numerical method capable of simulating
the transient behavior during the various stages of atomic
layer deposition were presented. The reaction and postreac-
tion purge steps of ALD were studied. The transport in the
gas phase was modeled by the Boltzmann equation. The het-
erogeneous chemistry model included reversible adsorption
of a reactant on a single site, and irreversible reaction of a
second gaseous reactant with the adsorbed reactant. Paramet-
ric studies were conducted on the effect of the reaction rate
constant. Number densities of gaseous species, fluxes to the
surface of the feature, and the surface coverage of the ad-
sorbing reactant were computed as functions of time. The
results provide information on the interplay between gas
phase transport and surface reaction mechanisms during
ALD. The gas transport in the feature volume is relatively
fast, and the surface mechanisms are rate-controlling for the
parameter values studied. For these cases, the flux and the
number density within the feature volume are spatially uni-
form and at steady-state for almost the entire time of each
pulse in an ALD cycle. An analytic expression provides a
good approximation to the solution for surface coverage of
the adsorbing reactant obtained from the transport and reac-
tion model. The results show that the fractional coverage of
the adsorbing reactant reduces significantly in the reaction
step due to reaction with the gaseous reactant. Larger values
of the reaction rate parameter lead to larger reductions in the

fractional coverage during the reaction step. For smaller val-

ues of the reaction rate parameter, the decrease in coverage is
dominated by desorption. The surface coverage of the ad-
sorbing reactant also decreases during the reaction and purge
steps, due to desorption.
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