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simulations of trench-filling profiles under ionized magnetron sputter
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Numerical simulation results are presented for microscopic profile evolutions of deposited metal
films in trench structures under ionized magnetron sputter deposition. The model used for the
simulations takes account of the deposition of both ionized and neutral metal species and sputtering
(i.e., etching) of the deposited film by the bombardment of metal and inert-gas (such as argon)
ions. The evolution of the surface topography is calculated numerically using the shock-
tracking algorithm. Numerical results are also compared with experimental observations. A
primary application of this metal deposition technique is interconnect metallization on

semiconductors. © /995 American Vacuum Society.

I. INTRODUCTION

Recently it has been demonstrated that ionized metal
fluxes can be effectively utilized to fill trenches and vias with
high aspect ratios (i.e., depth to width ratios) under ionized
magnetron sputter deposition."2 Metal deposition (e.g., Al,
Cu. etc.) into such small structures is used for high-density
interconnections on semiconductor chips. Other metalliza-
tion techniques that rely on metal ions include, for example,
melal-vapor plasma deposition by electron-cyclotron reso-
nance (ECR).>>

In typical ionized magnetron sputter deposition, ion fluxes
are almost unidirectional (perpendicular to the wafer sur-
face). whereas neutral atom fluxes characteristic of conven-
tional magnetron sputter deposition typically have large
angular distributions. The delta-function-like angular distri-
bution of the ion fluxes at the surface is, of course, due to ion
acceleration in the sheath region adjacent the wafer. The
amount of metal atoms resputtered from the surface by the
ion bombardment may be easily controlled by the dc-bias
voltage applied to the wafer. With a sufficiently small dc-bias
voltuge (e.g., =20 V), onec may assume that the ion fluxes are
practically unidirectional and the sputtering yield is never-
theless negligibly small. With a higher voltage, on the other
hand. the deposited metal film becomes subject to etching
(i.e.. sputtering) as well as redeposition, which may be used
to control the overall filling profiles.

The ratio of the ion flux to the neutral flux in ionized
magnetron sputter deposition may also be easily controlled
by adjusting the power applied to the radio-frequency induc-
tion (RFI) coil. The RFI coil is used to generate a plasma of
the metal and working gas (e.g.. Ar) near the wafer. The
topography of deposited films into microscopic structures is
highly dependent on this ratio: higher ion fluxes lead to more
anisotropic deposition (due to the directionality of the ion
fluxes), whereas higher neutral fluxes generally contribute to
the buildup of overhanging metal deposit at the mouth of a
Structure, often yielding a void inside a deep trench or via.

In this article, we present numerical simulation results for
Metallization topography in various trench structures. Scan-
ning electron microscope (SEM) pictures taken from ionized
Mmagnetron sputter deposition experiments are also presented

183 . vac. Sci. Technol. B 13(2), Mar/Apr 1995

0734-211X/95/13(2)/183/9/$6.00

for comparison with the numerical results. In the simula-
tions, deposition and etch rates are calculated at each point
on the surface from the metal-ion, metal-neutral, and inert-
gas (such as Ar used as a working gas) fluxes incident on the
surface. The surface is then advanced in time according to
the calculated deposition and etch rates. The numerical
method to advance the surface is based on the shock-tracking
method.®’ The numerical scheme employed here is suffi-
ciently generic and may be readily applied to other deposi-
tion and etch processes such as ECR metal-vapor deposition,
plasma-enhanced chemical vapor deposition (PECVD), etc.

The goal of this article is to demonstrate that the model
and simulation code provide sufficiently realistic and accu-
rate description of the processes and may be used to facilitate
the development of metallization processes. More detailed
numerical and experimental data of ionized magnetron sput-
ter deposition will be presented in future publications.

Il. CALCULATIONS OF DEPOSITION AND ETCH
RATES

In this article, we only consider two-dimensional geo-
metrical structures such as infinitely long trenches. Let us
take the x axis in the horizontal direction and the z axis in
the vertical direction. The v coordinate is chosen accordingly
to form the usual right-hand coordinate system. The system
is then assumed to havc a translational symmetry in the y
direction.

Under this coordinate system, the boundary between the
solid material and vacuum (or gas phase) at time + may be
represented by a curve given by the equation ¢{x.z,1)=0.
Etching and deposition processes may then be formulated as
the time evolution of this surface. If the normal velocity C of
the surface at each point is given, then the equation of mo-
tion for the surface is given by

¥, +C|Vy|=0, (N

where the direction of the normal velocity C is taken in such
a way that positive C=|C| indicates the direction of etching.
To solve Eq. (1) numerically. we use the shock-tracking
method developed in Ref. 6. (In Ref. 6, only cases for etch-
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boundary

\(D

FiG. 1. The curve represents the material boundary.

ing are discussed. It is, however, straightforward to apply the
same numerical algorithm to deposition cases simply by re-
versing the sign of the surface velocity.)

To determine the local surface velocity C, we first calcu-
late how many metal atoms are deposited and reemitted at
each point on the surface. For simplicity, we shall assume
that the flow and diffusion of the materials along the surface
are negligibly small, which is reasonable for most metals on
a relatively low-temperature substrate. Although the bound-
ary is essentially two dimensional, the transport in the gas
phase is three dimensional since the motions of atoms in the
gas phase are not confined in the xz plane.

Suppose the velocity distribution function of species a
(e.g., Al atoms) in the gas phase at X on the surface is given
by f,(v.X). Then the incoming flux F'" at position X may be
calculated as

Fir= f Vi (v.X)dv, (2)
N-v<0

where N denotes the unit normal vector of the surface at X
(see Fig. 1). The total number of species a received on the
unit area per unit time at X is then given by .7 "= —N.F"
(Note that the minus sign arises since . % ‘0',‘>0.) Likewise, the
outgoing flux F®—ie., the fAux reemitted from the
surface—at X may be expressed as

Fo“'= L Ma(v.X)av, 3)
>

and the total number of species « emitted from the unit area
per unit time at X is given by .7 3"'=N.F3".

Let us denote the sputtering yields of the metal atoms due
to impinging metal atoms of the same kind by ¥ ,,+(®,7) and
the sputtering yield due to inert gas ions (such as Ar") by
Y +(0,%). Here the yields are assumed to depend on the
angle ® formed by the surface normal and the direction of
impinging ions and the ion kinetic energy #. As usual, the
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sputtering yield is defined as the number of atoms that are
removed from the surface due to the collision with a single
ion impinging on the surface.

The number of metal atoms that are sputtered from the
unit area of the surface per unit time by the metal—ion bom.
bardment is then given by

j Y,,,+(("),Z)(N-v)f,,,+(v,X)dv,
N-v<0

where N-v=v cos® and #= ynv* with v=|v| and m being
the mass of the incoming metal ion. The velocity distribution
function of the incoming metal ions are denoted by f, .,
where the subscript m”* denotes metal ions (rather thap
charge—neutral metal atoms). If the mass density of the metal
film on the surface is denoted by p, then the sputtering (i.e.,
elch) rate due to the metal—ion bombardment becomes

m
c,,,;=—f Y+ (@) N-V)f,+ (v.X)dV. (4)
P JN-v<0

Since the incoming ions are the same species as those that
form the metal film, the metal ions are simultaneously de-
posited with the deposition rate

m
Dm*=—f (N'V)f,,.+(v,X)dv.
P JN.v<0

The normal speed of the surface at position X due to the
metal-ion bombardment is therefore given by C,,+ — D,,+,
where the positive sign of the speed is taken in the direction
of etching, as before.

Likewise the etch rate C,+of the metal film due to the
inert ion bombardment may be given by

o
=

m ‘
Cg+_;_[N.v<nYg*(®-()(N'V)fR+(V,X)dV, (

where f,+(v,X) is the velocity distribution function for the
inert-gas ions.

We now assume that the sticking coefficient (probability)
of metal atoms—i.e., the probability that a single neutral
metal atom impinging on the surface sticks to the surface and
stay on the surface—is constant and denoted by ../. Tt then
follows from Egs. (2), (4), and (5) that

FouX)y=(1-)7 0+ o 4P Ce+. (6)
m m

m n
(f

i.e.. the outgoing flux is the sum of the reemitted metal atoms
and the sputtered metal atoms. Here the subscript m for

7 °and .7 " denotes the charge-neutral metal atoms. The

m n
equation above gives a relation between the incoming flux

7 ™ and outgoing flux .7 ®" of the metal atoms.

m

The other relation between .7 " and .7 ®" arises from the
fact that part of the metal atoms in the gas phase comes from
the reemission (if S<1), and sputtering (if ¥,,+ and Y .-
are nonzero) from the deposited film.”~® We denote the re-
emission incoming flux—i.e., the metal—atom flux that origi-
nates from the surface reemission of the deposited metal

film—by .7 . Likewise we denote the direct incoming flux
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FiG. 2. The side and top views of the trench structure.

from the magnetron cathode—i.e., the metal—atom flux that
arrives at the sample surface without having been adsorbed
before—by .7 2. Evidently

Tm=7 Ry 7D, (7

Since the mean free paths of gas-phase ions and atoms are
sufficiently larger than the dimensions of trenches, the trans-
port of the gas-phase particles may be described by the col-
lisionless kinetic equation (i.e., Vlasov equation) and called
the Knudsen transport. For example, in the absence of exter-
nal forces, the transport equation of the metal atoms is given
by

v'v.flrl(vax)=0s (8)

which simply states that the distribution function f,, is con-
stant along a straight particle path in the direction of the
velocity vector v.

Let the coordinates of point X on the surface be (X,0,2),
where we have chosen the origin of the coordinate system in
such a way that X is on the x—z plane. We also choose
another point x=(x,y,z) on the surface, where the unit nor-
mal vector of the surface is given by n (see Fig. 2). If the line
segment connecting X and x does not intersect any part of
the surface except at those end points (i.e., if x lies on a line
of sight from X), it follows from Eq. (8) that

Julv. X)=Ff(v.x) 9
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for all v. Note that £, (v,x) in Eq. (9) represents the distri-
bution function of the reemitted metal atoms at x if v satisfies
n-v>(.

Consider a velocity vector v that satisfies n-v>0, i.e.,
points from x to X. Denoting r=x—X and r=r/|r|, we may
write v=—uT. Then the position vector x becomes a function
of v for fixed X. Using the usual polar coordinate system
around the z axis, we may relate x 1o v as

o1 b=2
cos §=—, tan ¢p==,
r x
where
F=x—X, i=z-2Z, r=\JiPf+y+7

Note that the vector r=(x,y.Z)=rF is antiparallel to v
=—ur.
Therefore, from Egs. (2) and (9), we obtain

.7R=—f (N-v)fR(v,X)dv
N-v<0

(F-N)[F-5

:f .ﬁdsf dyf dv g(X,x)v3fR(v,x)’_—z.
—w 0

(10)

where f® denotes the velocity distribution function for the
metal ions that are reemitted or sputtered from the deposited
film. Note that fR also satisfies Eq. (9). In Eq. (10), the
integration over the velocity space was transformed to the
integration over x: .7 denotes the surface boundary at the

x—z plane, ds = Vdx*+dz? is the line element on the
boundary curve, and therefore [ , ds[~ . dy represents the
integral over the entire surface. In deriving Eq. (10), we have
also used the relations’

IQ“

dv=v?sin 6 dv d0 d=—5|t-n|ds dy dv.

o

r

The function g(X.x) in Eq. (10) is the visibility factor de-
fined by

I if x is visible from X
X,x)= ) . 11
g(X.x) 0 otherwise ()
For two-dimensional structures, it is evident that we may
write

g(X.x)=g(X.§)

with €=(x,0,z), i.e., the projection of x to the x-z surface.

We further assume that the distribution function fR(v,x)
for the reemitted metal atoms is given by the “‘generalized”
cosine law. i.e.,

Rv.x)=f(v,&cos"® for v-n=0, (12)

where £=(x,0,z), O is the angle between vectors v and n
as before, and v (>—1) is a parameter. Note that the distri-
bution function f(v.x) is assumed to be independent of y due
to the translational symmetry of the system in the y direc-
tion. Then the total outgoing flux of metal atoms frcm the
unit area at X may be given by
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T e = f dvf dQ v} (v,Hcos" 'O,  (13)
0 (vi>

where d(} denotes the solid angle element. From the ©® de-
pendence of the integrand of Eq. (13), the reemission distri-
bution is called cosine when v=0. Likewise, an overcosine
distribution may be obtained by choosing »>0 and an under-
cosine distribution by —1<v<0.

Substituting Eq. (12) into Eq. (10) and using the relation
derived from Eq. (13), i.e.

(v+2)

f W3 (0. Hdv= 7 &),
0 27
we obtain
T RX)
(v+2) x oo (BR)[F-R]*!
= fdsf dv g(X.6).7 3,“(§>—5—,
2ar n —% r
(14)

where cos ®=|r-n| is used. Carrying out the integration in y
then yields

T Rx)

pea(pt+2 R-N)|R-A"+
+4( )fds;,:(xg*:,"' ( )IR | .

(15)
Here R=|R|. R=R/R, and

As=| 55
v+4 J;) (’2+l)(2+l'/2l

3 ( v+3 1 , ( v )
-F. ) r 5 -I‘5+2v.
For the cosine distribution (¥=0), we have A ,=7/4.

Substituting Egs. (6) and (7) into Eq. (15), we obtain
A v+ 4( v+ 2)
1

FRX)= (1 —-'/)j ds .7 RK (X.6)

+.9(X)), (16)

where the inhomogeneous term £ is given by

Z(X)= Lds K,,(x,g)( (1=.7P®

+%[CI"+(§)+Cg+(§)]) (17)

and K ,(X,€) is the kernel defined by
(R-N)|R-A["*!
K (X,8)=g(X.H——p—— (18)

The flux .£(X) may be calculated from the knowledge of the
distribution functions for metal ions, inert-gas ions, and the
metal atoms that are directly emitted from the magnetron
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target. The flux .7 ® of the reemitted metal atoms is, on the
other hand, obtained from the integral equation (16) once
‘2(X) is given.

Writing DX=(m./1p).7® and DP’=(m./1p).7 ", we ob-
tain the rate of metal deposition as

D=D*+D”+D,,,

i.e., the sum of the deposition rates due to the metal atoms
reemitted from the surface, the metal atoms directly from the
magnetron cathode target, and the metal ions generated in the
plasma. Since the deposited film is simultancously etched by
metal and inert gas ions, the net normal velocity of the sur-
face at X is given by C—D with C = C,,+ + C,+. Here the
positive sign of the normal velocity is taken in the direction
of etching as before.

The neutral metal flux emitted directly from the magne-
tron cathode target may be given at X on the sample surface
by

TP(X)= J'N_ _<0(N~v)g(X.x)_f"’(v,x)dv, (19)

where f2(v,x) is the distribution function of the sputtered
metal ions at x on the target cathode surface. Note that we
have used Eq. (8) to replace the distribution function on the
sample surface by f”(v,x). [Note also that some of the metal
atoms sputtered from the target become ionized in the
plasma, and thus do not arrive at X as charge-neutral par-
ticles. In Eq. (19), therefore, we consider f°(v,x) as the dis-
tribution function only for those metal atoms that reach X
without being ionized.]

It is now assumed that the distribution function f” on the
target is isotropic—i.e., independent of the direction of
v—and independent of position x: f 2(v.x)=f(v). This dis-
tribution is often referred to as the **cosine™ distribution of
the sputtered flux since the cosine function dependence
arises from the inner product (N-v) in Eq. (19). Note that the
distribution function f” on the target gencrally differs from
the reemission distribution function f* [Eq. (12)}, for which
we have assumed the generalized cosine distribution with the
adjustable parameter v.

Choosing the usual polar angles # and ¢ around the :
direction again, it is straightforward to evaluate Eq. (19):

_7D=_ "“‘ j (N, sin @ cos ¢+ N. cos 6)G(8),
0 b, (0)
(20)

where N=(N,.0,N.) and G(6) denotes the differential flux
G(8)=2 sin OJ 'dv fP).
0

In Eq. (20), 6,,., is the maximum angle'? that 8 can take.
which usually less than 7/2 due to the flux collimation (see
Sec. III). The limits of the azimuthal angle ¢,(6) and ¢,(6).
which are functions of 6, arise from the two-dimensional
nature of the structure [see Fig. 2(b)]. The integration over ¢
may be easily carried out.
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rable with the trench width, the atoms sputtered from one
side of the trench are collected on the opposite side. This
leads to a lateral buildup of resputtered materials, which can
eventually result in closing off the trench [Fig. 9(c)].

The experimental depositions of this same effect are
shown in Figs. 10(a)-10(c). The film shown in Fig. 10(a)
was deposited with ion energies of 20 eV or less: enough to
cause « directional deposition, but insutficient to cause major
resputtering at the surface. Figure 10(b) shows the effect of
increasing the ion energy to about 80 eV, and Fig. 10(c)
shows the result with ion energies of 120 eV or more. Al-
though we have not yet determined the relationship between
the ion energy and the sputtering yield Y, the simulation
results clearly show the correct tendency of the deposition
profiles with increasing ion energies.

V. CONCLUDING REMARKS

We have presented numerical calculations of microscopic
surface profile evolutions under ionized magnetron sputter
metal deposition. The numerical algorithm for the simula-
tions is based on the shock-tracking method,6 which solves
the equation of moving surfaces with high accuracy.

Under general conditions, the evolving surfaces are sub-
ject to simultaneous deposition (due to impinging neutral and
jonic metal species) and etching (due to sputtering by metal
and incrt-gas ions). The local deposition and etch rates are
calculated from the incoming fluxes at the surface. The cal-
culations of the fluxes involve the solution to the integral
equation (16), which describes the self-consistent transport
of the reemitted metal atoms. [Note however that, if ./ =1,
Eq. (16) becomes simplified and no longer an integral equa-
tion.] Since the dimensions of the microscopic features (i.e.,
trench structures) are sufficiently smaller than the mean-free
paths of the gas-phase species, the transport of ions and neu-
tral atoms is of Knudsen type.

The parameters that need to be specified for the simula-
tion model are the sputtering yield curves Y, +(®) and
Y.-(®) as functions of the slope angle ® for metal and
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inert-gas ions, the sticking coefficient.” for the metal atoms,
the degree v of the generalized cosine law for sputtered at-
oms, and the fluxes of inert-gas ions, metal atoms, and metal
ions from the ionized magnetron source. The velocity distri-
butions of ions at the sample surface are assumed to be uni-
directional and the neutral metal distribution from the
plasma/sputtering source is assumed to be isotropic with the
collimation angle 6,,,, . Surface diffusion of metal atoms are
assumed to be negligible. In the cases presented here, ./"=1
and vr=0 (i.e., usual cosine distribution) are used.

As we have shown in Sec. IV, the simulation model yields
correct profiles of deposited metal in trench structures with
various aspect ratios. This vindicates our assumptions for the
model described in Sec. II. More quantitative comparison
between simulation results and experiments, as well as use of
the simulations to optimize the profile control, will be pre-
sented in future publications. These later results will also
show the effects of varying the ion energy and hence the
amount of resputtering at the wafer surface in order to con-
trol the film profiles.
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