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A Statistical Analysis of Copper Bottom Coverage
of High-Aspect-Ratio Features Using lonized
Physical Vapor Deposition
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Abstract—onized physical vapor deposition (IPVD) is a new filled with a high conductivity metal. Typical features have a
method for depositing metal into high-aspect-ratio features used as height on the order of km. Since filling requires films 100
interconnects in microelectronic fabrication. It is similar to sput- times thicker than those needed for producing conformal liners,

tering except that a portion of the metal flux to the substrate is . .
ionized. We show how a high ionized-metal-flux fraction (IMFF) at the two processes face different problems and need to be inves-

the deposition location improves the bottom coverage of deposited tigated separately.
metal films. To measure IMFF, a tool was developed, that biased .
the front surface of a microbalance crystal directly so as to repel B. Filling

ions. Cu IMFFs to the substrate of greater than 90% along with de- . . o .
position rates of 1000A / min can be achieved. A statistical model As the aspect ratio of features increases, traditional sputtering

for both IMFF and total metal flux as a function of four control  P€comes ineffective to fill these features. The isotropic trajecto-
variables: chamber height, Ar pressure, ionizer power, and sputter  ries of the depositing metal atoms cause metal to be deposited

power was developed. faster on the upper surface of the wafer and around the upper
Index Terms—Bottom coverage, copper, deposition, ionized €dges of a hole than into the bottom of the hole. As the aspect
physical vapor deposition, plasma, sputtering, statistics. ratio is increased, the nonuniform deposition can become so se-

rious that the top of the hole pinches off before the hole is filled
and thus leaves a buried void.
Typical materials for filling features are W, Al, and Cu. The
EMICONDUCTOR manufacturers continually face scienresistivity of Al is less than W and the resistivity of Cu is even
ific and manufacturing challenges as the critical dimeness than Al. For this reason, it is likely that less and less W will
sions of the patterned features on silicon wafers decrease. Baased in interconnects and the metallizing step will eventually
formation of the metal wiring for interconnection of the varmove away from Al and entirely to Cu. It is unlikely that W will
ious circuit elements is an important step in the manufactureigd used for fill metal in high-aspect-ratio features, because it is
integrated circuits (ICs). The metallization steps have traditiolikely to be phased out before the aspect ratio will be too high
ally been accomplished by physical vapor deposition (PVD) aték conventional sputtering methods.
chemical vapor deposition (CVD).
A critical concern facing the IC industry is the need to mef€. Lining
allize high aspect ratio structures, i.e., structures with a verticalThere is no fear of closing off high-aspect-ratio features when
dimension greater than their lateral dimension. lonized physiq,ﬂing, because the films are designed to be much thinner than
vapor deposition (IPVD) is a new PVD method that addressgge minimum feature width. Typical lining materials Ti, TiN, Ta,
the need to metallize high aspect ratio features. This paper 4N, W, and WNi, have a much higher resistivity than those of
amines the optimization of the copper IPVD process [1] for usfany fill materials. It is therefore desirable to keep the liner as
in such high aspect ratio features. thin as possible so that the contact or via can be filled primarily
) o . . with a high conductivity metal such as Cu.
A. Problems Faced in the Metallization of High Aspect Ratio o goals of a good high-aspect-ratio feature lining process
Features are uniform sidewalls and bottom coverage. For contacts, it is
Metal deposition for contacts, vias, and trenches is typicallydesirable to have thicker bottom coverage to give extra protec-
two-step process: 1) depositing a conformal liner, and 2) fillingon to the underlying Si substrate. In a similar fashioffiltimg
the feature with high-conductivity metal. Thus, prior to filling ehigh-aspect-ratio features, traditional sputtering has difficulties
feature with high-conductivity metal, the surface of the featutming high-aspect-ratio features. The process tends to deposit
must be conformally coated with 100 to 5@00f liner metal. the metal largely around the upper sidewalls of a hole but de-
After the conformal liner has been deposited, the feature is theosits onto the bottom and lower sidewalls at a much slower
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to regulated to 100C for all experiments. A water-cooled wafer
chuck, large enough for a 300-mm wafer, is installed along the
centerline of the vacuum chamber through a quick connect in
the base plate of the chamber.
= ] A commercial 5-kW 15-cm diameter magnetron sputter gun
is installed through a port in the center of the top lid of the
h—r - A" chamber. The location of the gun target surface can be adjusted
between 7.5 and 28 cm above the wafer chuck. A copper water-
- Sputter Gun cooled target was used for all experiments. An aluminum an-
W %l ﬂ] nular disk was attached to the sputter gun so that the target
} — , ; protruded through the ID of the disk and was flush with the
' pi_Antenna ] disk’s front surface. The disk served as an artificial vacuum
atil B/«RQ‘\ ate 50 chamber wall so we were able to measure the effects of a vari-
Wafer Chuck ‘ able chamber height on process conditions. When the target sur-
17 344 face was not flush with the top of the vacuum chamber, this ar-
tificial “chamber wall” defined the upper edge of the process
Vacuum%é chamber. Hence, as in a production system, plasma and sput-
Chamber 45 tered metal cannot extend above the plane of the sputtering

= _ , — ' target.
— = 4F =
C. lonizer Antenna

In order to ionize the metal vapor as it drifts from the sput-
tering target to the wafer chuck, an auxiliary plasma (in addition
t¥ that produced by the sputter gun) was created between the
sputter target and the wafer chuck. The plasma must be dense
apd uniform over the sputtering plane. Several methods for

often require opposite operating conditions. For example, ah:E ducing the auxiliary plasma have been implemented. They

I_ralctlon of Ic;)l:rl]ze(lj partltt:I(te_s will re;ttj)llt V‘éh?n the ?heutral Ea are: electron cyclotron resonance [1], a 13.56-MHz internal
icles spend the longest ime possible between the Spulleriifly 5 inductively coupled plasma [2] and a 13.56-MHz
target and the substrate. To obtain a high deposition rate,

I i ivel I I ith i I
the other hand, the sputtering target should be placed as Clgg?earcri?y gﬂ}:lréng]mducnve y coupled plasma with an intermna
e .

as possible to the substrate. Similar opposing conditions a
appear in the casse of gas fill pressure, as well as sputter ﬁg&i

lonizer power I(_avells. I_:urthermore, even aftgr_ optimizing the%ﬁicuum chamber, where it will be in intimate contact with the

two quantities (ionization fraction and deposition rate) we mu fasma. is unique to IPVD systems. By comparison, inductively

further examine these conditions on the effectiveness of bott 'Shpleci plasma etchers have an antenna external t'o the vacuum

coverage of the deposn_ed metgl. . chamber, and the electric fields are coupled through a quartz
It must be noted that in practice the aspect ratios that are indow. An internal antenna is preferred for IPVD because if

lized in this work are often higher and the liner coverage %He antenna were placed outside a dielectric wall [3], sputtered

the sidewalls becomes more of a critical issue than bottom CQ¥atal would quickly coat the inside of the wall and shield out

erage. Although our experimental work does not consider thqﬁequ produced by the antenna

higher a_lspect _ratios, the optimizgtion methods u_tilized he_re Calrpe plasma it produces can sputter the antenna itself. This
be applied to liner coverage at higher aspect ratio condmonsis especially true if dc current is not allowed to flow between

the antenna and ground by blocking capacitors. The rectifying
II. EXPERIMENTAL APPARATUS effect of the plasma tends to create a self bias on the antenna
A. Vacuum Chamber much like the self bias which occurs during RF sputtering of

An aluminum cylinder, 45 cm in diameter by 50 cm talld nonconductive target, or the self bias that often appears on a

defines the main volume of the vacuum chamber as shown| bstrate placed in a plasma under RF excitation. Copper was
Fig. 1. The cylinder rests on an aluminum base plate that hakhosen for the antenna so that sputtered antenna material would
number of ports. It is possible to flow up to three gases into tﬁgnmb?t?ﬁo thezrtr:]oppetr films bemg: depolsneq[, :ja;her thzn co?h-

vacuum chamber at one time, but for nearly all experiments, }ﬁmma €them. The antenna was always located > cm above the

was the only gas used and its flow rate was set to 25 sccm. water chuck.

m
28

—

Fig. 1. Cross-sectional schematic diagram of vacuum chamber show
location of main components. All dimensions in cm.

e used a single turn antenna inside the vacuum chamber
with 13.56-MHz r.f. power. Placing the antenna inside the

B. Other System Components I1l. EXPERIMENTAL RESULTS AND ANALYSIS

The temperature of the chamber is controlled with heat tape.This section begins with a description of how the copper
When there is plasma in the vacuum chamber, the heat tape phetal vapor can become ionized to a large fraction and retains
the additional power from the plasma source allows the chamlveasonable deposition rates. We discuss the maximization of the
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total metal flux (TMF) for given values of the ionized metal
flux fraction (IMFF) followed by a discussion of optimization
of bottom coverage.

A. Maximization of TMF as a Function of IMFF

It has been shown in the literature that IPVD systems c
achieve fairly high IMFFs. However, a general trend observed
most IPVD experiments is that when the IMFF is increased, tt
TMF decreases. Itis therefore important when trying to achie
a high IMFF to ensure that the TMF is not so low that the proce:
will not be usable.

A special quartz crystal microbalance [4] was developed !
differentiate between depositing ions and neutrals by biasing t

A AR Ey

front surface of the crystal to repel ions. Furthermore, we cho mio o Kb —uril | 8004 rE
to use the width at the top of the Si®f the wafer as the width
and the distance from the top of the Si@® the bottom center Fig. 2. SEM cross-sectional image of trench covered by a thin copper film.

of the trench as the height of the trench. Cross-hairs show how the bottom coverage is measured.

The measurement used to quantify metal film coverage was TABLE |
bottom coverage. Bottom coverage is the ratio of the metal film INPUT VARIABLE VALUES
thickness at the bottom center of the feature to the metal film
thickness on the main surface of the wafer. The aspect ratio and
bottom coverage can clearly be seen in Fig. 2.

Input Variable Low Value | Mid Value | High Value

To examine the problem, we will utilize a statistical exper- ~ Chamber Height 10 18 26
imental design. Four input factors will be used. They are: 1) (cm)
chamber heighth); 2) Ar pressurdp); 3) ionizer power( Pr); Ar Pressure (mtorr) 30 60 90

and 4) sputter powgPs). We will use these to maximize two
output variables, IMFF and TMF. IMFF and TMF are measured
at the center of the substrate with the modified quartz crystal Sputter Power (kW) 0.5 1 2
microbalance. We then develop a mechanistic model to show

the relationships and show that the maximum TMF always d

creases as the IMFF increases. We also show that it is poss%ge d-crelt/li:al:sr?(;rl]lotvt:/zse arguments, the form of the mechanistic
to approach a TMF of 1008/ min with an IMFF of greater '

lonizer Power (kW) 0 1 2

than 90%.

The chamber height in the system, i.e., the distance betwe%;nMF = Fsexp <b0 0Lk 4 bap o+ b By o+ baPs + bshp
sputter target and substrate, as described in Section I, was + bgh Py + b7hPs + bgpPr + bgpPs
varied between 10 and 26 cm. Through initial experiments, we + bioPsPr + b11hpPr + bi2hpPs
determined that useful background-gas pressures were from
10 to 90 mtorr. The maximum ionizer power was 2 kW. The + b13hPrPs + b1ypPrPs + blshpPIPs>

maximum sputter power was also 2 kW. (1)
Measurements of the TMF and IMFF were made measured
using a 3x 3 x 3x 4 level full factorial experimental design\yherer is the chamber height,is the pressurePs is the sputter
consisting of three chamber heights, three Ar pressures, thiRfver, andP; is the ionizer power and the coefficierttare the
ionizer powers, and four sputter powers. Table | shows the leveigdel's fitting parameters. Since (1) is nonlinear in the fitting
that were used for each variable. parameterdo, . . . by5, nonlinear regression was used to estimate
We develop a mechanistic model for TMF to fit the observetthe fitting parameters.
data using the following reasoning. First, TMF should be pro- Fig. 3 shows an example of the measured TMF data along
portional to sputter power, since sputter rate is approximatehyth a plot of the mechanistic model, (1) as sputter power and
proportional to sputter power. Second, TMF should decreasaizer power are varied, for a fixed chamber height and pres-
exponentially with both chamber height and Ar pressure, sinsare. The symbole show the measured data and the mesh curve
the probability that a Cu atom will make a momentum-transfés a plot of the mechanistic model.
collision with an Ar atom increases exponentially with Ar gas We briefly discuss the dependence of TMF on each of the
pressurép) and chamber heigfit). We include cross terms to four input variables. This can be seen by examining Fig. 4 that
allow additional freedom to model other effects, such as rarefgresents the results of the nonlinear regression. The dashed lines
tion of the background gas that occurs as a function of both taee the 90% confidence limits for the model. Fig. 4 shows, as
sputter power and ionizer power, which would certainly affeexpected, that an increase in sputter power and ionizer power
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Fig. 3. Nonlinear regression model for TMF shown in comparison to experimental data points.

results in an almost linear increase in TMF. The latter depepewer, the number of ionizing collisions per unit time remains
dence is most likely due to rarefaction of the Ar gas as the ioreughly constant, and therefore the IMFF is reduced. Fig. 5
izer heats it. Rossnagel [5] has shown significant rarefactiongtfiows, as expected, when ionizer power, Ar pressure or chamber
the background gas by heating the gas with the ionizer. Raressure are increased, IMFF increases. The IMFF drops dra-
efaction of the Ar gas by heating is similar to reducing the Amnatically as the chamber height is reduced to 10 cm, indicating
pressure, which as we can also see in Fig. 4, increases TMfat it is very difficult to ionize Cu vapor in systems with a very
TMF also decreases with chamber height. The data show tehbrt distance between sputter target and substrate. Now that we
over the experimental range, TMF is more sensitive to chandeww how TMF and IMFF vary as a function of the input vari-

in chamber height than to changes in pressure. Concurrentaitiles, we are prepared to maximize TMF for a given value of
measuring TMF, IMFF was measured. Fig. 5 shows IMFF addFF.

function of the four input variables, displayed in the same format We examine this aspect of the problem by computing surfaces
as for TMF. Similarly to TMF, a mechanistic model was devebf constant TMF and IMFF as a function of the input variables
oped for IMFF. The nonlinear mechanistic model for the datand examine where they may intersect. Fig. 6 shows the inter-

with c’s as fitting parameters, is section of the surfaces for an IMFF of 60% and a deposition
rate of 800 A/min for a chamber height of 18 cm. The values
IMFF = 1 — exp(Prp(h — co)(e1 + ca(h — o) of ionizer power, sputter power and pressure at the intersection

+esp + eaPr +esPs)). (2) of the two surfaces can be read directly off the Figure. If the
surfaces do not intersect, the two desired values of IMFF and
The basis for this model is as follows: 1) IMFF should alway$MF cannot be achieved. Thus, this method allows us to set the
be between 0 and 1. 2) IMFF should be zero when ionizer powdgsired deposition rate and IMFF and find, for a given chamber
(Pr) or Ar pressure(p) are zero. 3) Since theeutral metal height, the locus of the plasma parameters at the intersection of
flux decreases exponentially to O witfy, p, andh increasing, the two surfaces that will allow these conditions to occur simul-
IMFF will approach 1 as these input variables increase. A linetaneously. As expected, the maximum ionizer power (2 kW) was
factor inh, p, Py, and Ps was added to the exponent to allonalways required to achieve the maximum TMF for given values
additional freedom for regression and allow for the capturing of IMFF. In fact, increasing the ionizer power always increases
higher order effects. IMFF without decreasing TMF. This means, for example, ifion-
Fig. 5 shows that IMFF falls monotonically as the sputtdeer power is increased, the pressure or height can be reduced
power is increased. In particular, for constant ionizer poweand still maintain the same IMFF. However, increasing the ion-
only a finite number of ionizing collisions can occur per uniizer power does not reduce TMF (it increases it), but lowering
time. By increasing the Cu atom density with increasing sputtiire pressure or height increased TMF.
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Fig. 5. Nonlinear regression model for IMFF as a function of the four input variables. The dashed lines are the 90% confidence limits.

B. Bottom Coveage to the substrate. This occurs because the plasma potential ac-
celerates ions toward the substrate with an energy of approx-
IPVD has been shown to improve metal fill and coveragenately 10 eV as compared to the ion thermal energy, which
properties [6]; but no experimental measurements have beempproximately 0.03 eV. We assume, on the other hand, that
published which show a direct relationship between IMFF anHe neutral flux arrives at the substrate plane with an isotropic
metal fill or coverage properties. In this section, we show thglocity distribution. Hence, if an ion arrives at the plane of a
relationship between IMFF and bottom coverage. We develgnch or via opening, we assume that its probability of reaching
a bottom coverage estimate for both trenches and vias and thig# bottom of the trench is one. To verify this, we estimate the
compare this with experimental measurements. mean free path for ion-neutral collisions, which is the dominant
Bottom coverage should increase as the IMFF increases agnementum-transfer collision mechanism for ions in the plasma
to the fact that the ion flux is oriented nearly perpendiculaheath and compare this to the sheath thickness plus the trench
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Fig. 6. The intersection of TME constant and IMFE= constant surfaces, showing the ranges for the input variables that will produce these conditions
concurrently.

or via depth that is the distance ions must travel without being TABLE I
deflected. The mean free path for collisions between metal jon§CMPARISON OFDISTANCES TODETERMINE LIKELIHOOD OF IONS BEING
and the background gag is DEFLECTED BEFOREDEPOSITION

Typical Value
1 Expression
A= (3) (Microns)
NgTm

Mean Free Path for Momentum Transfer 1/(ngOm) 1700
wheren, is the density of the inert gas angl, is the collision  gheath Thickness A7 pesye 30
cross section for momentum transfer for the ion with the 9aS i Trench or Via Deoth NA ;
To estimate a minimum value for the mean free path, we fing 2 2=a—enenor Fa=ep

that the gas density at the maximum chamber pressure of 90

mtorr and room temperature #x 10'® cm3. Grapperhaus deposition with its cylindrical axis running parallel to the trench

et al. [6] give the cross section for momentum transfer of C(s€e Fig. 7).

on Ar as 2042 Thus, the mean free path for the ions is 1700 A point on the upper surface of the substrate would expect
um. Lieberman and Lichtenbergn [7] give the sheath thickne@tal flux equally from all angle$) between—7/2 and

as a feWApeye and give the following formula foRperye in w/2. The point at the bottom center of the trench, however,

centimeters: will only receive f_qu equally foré between—#6, and 6.
Therefore, the ratio of the flux on the bottom of the trench
T. to flux on the main surface 26, /7. From the figure we
ADebye = 740 E ) see tha¥ly = tan—' (W/2H). The aspect ratio is defined as

AR = H/W. Hence, the fraction of neutrals that reach the

whereZ.. is the electron temperature in eV angl the plasma bottom of the trench is
density in cnT3. Using a typical electron temperatuieé = 9tan—1 (L)
3 eV and plasma density, = 3 x 102, we find Apepye = 7.4 - \2ARJ (5)
M or 4 Apekye = 30 pm. A comparison of these numbers with T
a typical trench or via depth of Am (see Table II) indicates that The bottom coverage for trench3Cr) expressed in (6) below
it is unlikely that ions undergo collisions in the plasma sheatfthe fraction of the metal flux thatis ionized plus the fraction of
or trench/via even with a high chamber pressure of 90 mtorr.the metal that is not ionized times the probability that a neutral

In estimating bottom coverage, we assume that the stickifgfches the bottom of the trench. This may be expressed as
coefficient for the metal vapor is approximately one for both
the ions and neutrals and that the resputtering rate is zero for ~ BCy = IMFF + (1 — IMFF)
both metal and inert gas ions and neutrals. Then, the fraction &
of neutrals that reach the bottom of a trench can be predicfElde bottom coverage for vias can be found by using a similar de-
using a cylindrical-coordinate system centered at the point wélopment in spherical coordinates. A point on the main surface

2tan~! (ﬁ) (©)
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& 7Y Fig. 8. Cross section of a via, showing the various quantities used in
/ / // developing a bottom coverage estimate.
/

. . . . o In both figures, the linear fits lie below the theoretical model at
Fig. 7. Cross section of a trench, showing the various quantities used In
developing a bottom coverage estimate.

a value ofIMFF = 1.0. This is likely because the ion flux is

not oriented perfectly perpendicular to the substrate and some
of the substrate should receive neutral flux from a solid angle @fthe ions are lost to the walls of the trench or via. In these ex-

27. The point at the bottom center of a via should receive flugeriments, the wafer chuck was not biased; hence the ions are
from the solid angle described by the following integral (s¢&€!ying on the natural difference between the plasma potential
Fig. 8)

and ground to accelerate them perpendicular to the substrate. It
should be possible to bias the wafer chuck to an average poten-
2r b <in(6)dbd 7 tial well below the plasma potential, thus increasing the perpen-
o Jo ' dicular acceleration of the ions toward the substrate. This would
. . . _ increase the anisotropy of the ions and make the bottom cov-
Evaluating the integral and following a procedure similar to thgrage closer to the predicted bottom coverage for IMFE near 1.0
one we used to find bottom coverage for trenches, we find ttE\t )
the bottom coverage for vid®C,) is or IMFF near 0.0, the bottom coverag_e,_for both trenches and
v vias, is greater than that predicted. This is probably due to the
2AR fact that the neutrals are not perfectly isotropic at the entrance
BCy = IMFF+(1-IMFF) {1 - —————— | . (8)
((2AR)? + 1)

to the trench or via and are more likely to get to the bottom than
previously assumed.

Equations (6) and (8) show that bottom coverage depends On|yn order to include both of these eﬁeCtS, an improved mech-

on the aspect ratio and not on the absolute dimensions of g#stic model was developed, as shown in the following:
trench. We expect these equations to hold over a wide range of

. . . o ) 2tan"t (im
via and trench sizes. Note that if deposition continues beyond a BCz =« IMFF + (1 — 1/)(1 — IMFF) 2 (zan)
very thin film, the aspect ratio of the trench or via will change, (1 — IMFF) T
and hence, the bottom coverage will change as the film thickness ‘
For the experimental measurements, samples were prepared 2tan~! (ﬁ)
: ; ; i X | (1—py)——=222 4y (11)
as presented in Section Il with aspect ratios of 1.2 for trenches .
and 2.0 for vias. Both features had openings;iniwide.
Figs. 9 and 10 show the results of depositions onto substrates

BC, =« IMFF + (1 — v)(1 — IMFF)
with 1.2 aspect ratio trenches and 2.0 aspect ratio vias, respec-
tively as a function of IMFF. One can see a clear increase in

< (1 2AR
_ ((2AR)? + 1)'/?
bottom coverage as the IMFF increases. The data agree well

. . " . ) (1 — IMFF)x IMFF 1 - IMFF
with our theoretical predictions. A linear fit to the data and 90% 1 )" +( )
confidence intervals for the expected value of bottom coverage

2AR
. . . X (1 - V) 1 - —12 + 1%
has also been plotted with the measured data. Linear fits to the ((2AR)2 +1) /
data are:
BCr =0.51 IMFF + 0.46; for AR = 1.2

(12)
©)
BCy =0.68IMFF + 0.10; for AR = 2.0.

Note that (11) and (12) remain linear in IMFF, just as (6),
(10) (8)—(10).x is the fraction of the ions that make it to the bottom
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Fig. 9. Bottom coverage of 1.2 aspect ratio trenches as a function of IMFF. Diamonds are experimental measurements. The thin line is the soreilfedd the
model given by (8). The thick line is a linear least squares fit to the data given by the eddétiogAR = 1.2) = 0.51 IMFF + 0.46 which is also used in the
final theoretical model governed by (9).
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Fig. 10. Bottom coverage of 2.0 aspect ratio vias. Diamonds are experimental measurements. The dashed line is the simplified theoreticafiygadigtion
(9). The solid line is the linear fit to the data given by equafidfi, = 0.68 IMFF + 0.10 which is also used in the final theoretical model governed by (10).
The dotted lines are the upper and lower 90% confidence limits for the expected v@aéa of

of the trench or viax can have a value between 0 and 1. The TABLE Il
parametew is the fraction of the neutrals that are anisotropic, VALUES OF & AND

and is between 0 and 1, where 0 is a perfectly isotropic distribu- K v
tion. We assume that all anisotropic neutrals entering the trench AR=1.2 Trench 097 016

or via reach the bottom and are not affected by the aspect ratio

as the isotropic neutrals are. Solving (9)—(12) for the values of =2.0Vi 8007

x andw to match the linear fit for 1.2 aspect ratio trenches and

2.0 aspect ratio vias give the values shown in Table 11l below. IV. SUMMARY AND CONCLUSION

Note thats, the fraction of ions that reach the bottom of the The work presented here shown that the most effective
trench or via, is large, near unity, butitis not as large for the 2dbttom coverage for copper deposition takes place with the
aspect ratio via compared to the 1.2 aspect ratio tremcthe highest fraction of copper atoms ionized. We are able to
fraction of neutrals that are anisotropic, is small near 0. determine the values of the external input control variables to
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allows the simultaneous optimization of both ionized metal [6] M. J. Grapperhaus, Z. Krivokapic, and M. J. Kushner, “Design issues in

flux fraction and total metal flux deposition rate even though  ionized metal physical vapor deposition of coppdr,Appl. Phys.vol.
83, pp. 35-43, 1998.

the factors that influence these quantities do so in 0pposition;7; “principles of Plasma Discharges and Materials Processik A.
This permits us to operate IPVD systems at the highest de- Lieberman and A. J. Lichtenberg, Eds., Wiley Interscience, New York,
position rate possible while maintaining the most effective 1994

bottom coverage. Without the use of an effective statistical

experimental design, it was not possible to obtain such results

and the mechanistic model developed using this method can be

easily apphed t‘? other proc_ess'“g syst(_ams. . . T. G. SnodgrasgS'96) received the B.S. degree in physics and mathematics in
In particular, in order to investigate liner thickness midwaygg1, the M.S. degree in mathematics in 1994 from the University of Nebraska,

up the feature sidewall instead of bottom coverage, the sahfregoln, and the Ph.D. degree in electrical and computer engineering from the

; ; ; iversity of Wisconsin-Madison, in 1999.
methods can be used with measurements of liner thickness m rom 1990 to 1991, he had internships at the University of Colorado, Boulder,

sured as a function of the key control variables used in this Wol¢gonne National Laboratories, and Sandia National Laboratories and is cur-
rently employed at Cypress Semiconductor, Minneapolis.
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