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The mechanism behind superconformal filling of fine features during surfactant catalyzed chemical vapor deposition~CVD! is
described and the metrology required to predict it is identified and quantified. The impact of adsorbed iodine coverage on coppe
deposition rate during chemical vapor deposition of copper on planar substrates is determined first. These kinetic parameters a
then used in a model based on the curvature-enhanced accelerator coverage mechanism to predict superconformal filling duri
iodine-catalyzed CVD. In this model, the coverage of the adsorbed catalyst is presumed to change with surface area durin
interface evolution. The surface area decreases along the bottoms of submicrometer dimension features, increasing the lo
coverage and deposition rates and thereby enabling superconformal filling. Experimental filling results are then described an
shown to be consistent with the predictions.
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Recent publications have described the curvature-enhanced ac-
celerator coverage~CEAC! mechanism1,2 and successfully used it to

dence of the iodine coverage on the exposure time. Both
adsorption and the copper metal deposits were made in
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silver electrodeposition in trenches and vias.1-6 Quantitative p
tions were made for filling over a wide range of experime
ditions and feature dimensions using kinetic parameters
solely from studies on planar substrates.1-5 The CEAC mech
involves ~1! the adsorption of a catalyst that enhances me
sition rates and~2! local increase~decrease! of the catalyst cov
with decrease~increase! of local surface area during gro
rough or patterned surfaces. This mechanism leads directl
conformal film growth within submicrometer dimension
and vias. The predictions of CEAC-based models accu
scribe all aspects of superconformal filling electrodepositio
ments, including an initial ‘‘incubation period’’ of con
growth, whether bottom-to-top ‘‘superfill’’ itself occurs or d
occur, and the ultimate development of an overfill bump, a
tation of so-called ‘‘momentum’’ plating.

Superconformal filling during iodine-catalyzed chemic
deposition~CVD! in vias has recently been described.7-12 Un
papers published during the early years of superconfor
trodeposition, it has been generally recognized that t
mechanism is the local increase of coverage of adsorbed io
lyst at the bottoms of the fine features due to area decre
growth.c,8-11 Indeed, predictions of superconformal filling
surfactant catalyzed CVD have already been made by on
using a CEAC-based model and independently obtained
Quantitative comparisons of predictions to experiments
made. This work makes such comparisons.

Experimental

Specimen preparation.—Specimens were prepared from
planar or lithographically patterned substrates. Unless oth
dicated, patterned features included a TiN barrier;30 nm thic
a copper seed;25 nm thick, both deposited by conventiona
For catalyzed CVD, iodine was adsorbed on the specime
by bubbling carrier gas through the iodine precursor CH2I2 he
80°C then over the substrates, held at 150°C in the rea
specified amount of time. The iodine coverage thus obta
determined from total reflection X-ray flourescence~TXRF! stu
with unpatterned specimens. Figure 1 shows the measu
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c A testament to the more general progress that is possible with a full
single additive~i.e., model! process.
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Apex model Cruise-200M reactor.The copper was deposite
Cu~I!-hexafluoroacetylacetonate-vinyltrimethylsilane, @~hfac
~vtms!#, precursor~Cupra SelectTM2504!d that was vaporize
introduced to the reactor using a Bronhorstd liquid source de
system with H2 as the carrier gas. The precursor consump
was 0.5 cm3/min.

Deposition on planar substrates.—The impact of the ads
iodine on the copper deposition rate was determined from
metal deposition on planar substrates. Deposition rates w
mined from the deposit thickness, obtained by cross-secti
ning electron microscopy~SEM! and/or transmission electr
croscopy~TEM! and the deposition time. The dependenc
metal deposition rate on the iodine exposure time is show
2a as a function of exposure time~i.e., coverage!. The same d
shown in Fig. 2b as a function of reciprocal temperature; d
Ref. 12 for no iodine coverage and 0.1 monolayers~i.e., coppe
coverage! of iodine are overlaid. The different deposition r
served in the two studies when there is no iodine, a factor
the data at both 150 and 170°C, are necessarily assoc
differences in the delivery of copper precursor to the sp
differences due to nucleation on the different substrate ma
not believed to be significant. The data is therefore replott
2c with all deposition rates from Ref. 12 divided by a facto
to minimize differences due to the ambient concentration
precursor in order to permit comparison of the impact o
coverage alone. Based on the changing slope, control of
deposition rate is shifting from the iodine-determined inte
netics at the lower temperatures and iodine coverages to
controlled by transport of the~hfac!Cu~vtms! precursor at the
temperatures and iodine coverages. This occurs at a sim
deposition rate on the surface with the 0.1 monolayer co
iodine ~Fig. 2c!. The data at 150°C, for which the depositio
not transport limited, is plotted in Fig. 3 as a function of th
coverage. A data point for surface coverage of 0.1 mono
also shown. This value is an extrapolation to 150°C of th
data between 50 and 100°C~Fig. 2c! for which the depositio
was not transport limited. In light of the ‘‘estimated’’ covera
extrapolation over temperature, the use of continuous iodi
using C2H5I in Ref. 12 as opposed to iodine adsorption from
prior to metal deposition used here, and the scaling to ac
different copper precursor delivery systems, the depen
deposition rate on iodine coverage~Fig. 3! are in good agree

isclosed, d Inclusion of product names is done only for completeness of descript
not imply NIST endorsement.
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Comparison of the transport limited-deposition rate data at
est temperature with the data of Ref. 12 provides no add
sight because the deposition kinetics in this regime are s
pendent.

For the remainder of this work, adsorbed iodine cove
expressed in terms of the fractionu of the estimated saturatio
erage 2.93 10210 mol/cm2,13-15 which equals one-third of th
copper sites on a~111! copper surface.

Deposition on patterned substrates.—Figure 4 shows the
conformal filling of vias 1mm high and aspect ratio 4~he
diameter! at 120°C. The catalyst adsorbed inside the via ha
filling to occur in the bottom-to-top mode characteristic of s
formal filling. Figure 5 shows different aspects of the sup
mal filling of 1 mm deep and aspect ratio 1.3~height/width! tren
at 150°C: the initially conformal deposition~at 50 s!, the ince
of superconformal filling at the bottom corners~at 150 s! an
overfill bump ~at 420 s!. An increase from 150 to 170°C, c
with an increase in aspect ratio from 3 to 3.5, results in a s
superconformal~Fig. 6a! to subconformal ~Fig. 6b! filling
trenches. Variability in fill times is evident from the specim
at 150°C~Fig. 6a, the overfill bump at the far left and th
quarter filled trench in the middle!. The thicker deposits tow
top of the specimen filled at 170°C~Fig. 6b! are consisten
copper precursor depletion down the trench arising from
limited deposition~as per Fig. 2c!. In all cases, based on th
iodine adsorption prior to the metal deposition, the initia
surface coverage isuo 5 0.05. A ‘‘soft’’ plasma treatment wa
to remove iodine adsorbed over the features;16 the impact on i
coverage within the features, though believed to be minima
been quantified.

Modeling Feature Filling

The model.—Modeling of interface evolution is done u
recently published CEAC-based formalism.10 The dependen
metal deposition rate,i.e., velocity,v, on local coverage of ad
iodine,u, is expressed as

v~u,T! 5 ~1 2 u!v~0,T! 1 uv~1,T!

for u:@0,1# with the temperature dependent deposition rate
catalyzed and fully catalyzed surfacesv(0,T) and v(1,T), res
tively. Generally, the dependence of the deposition rate on
erage of catalyst need not be linear. As per the results obta
Fig. 3 and the definition of the maximum iodine coverage,
tionship

Figure 1. The dependence of the iodine coverage obtained as a
time that the planar substrates were exposed to the CH2I2 precursor
~bubbling temperature 80°C! with substrate temperature 150°C. The
to the data is indicated.
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stop increasing onceu reaches unity coverage. The express
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Figure 2. ~a! The dependence of the copper deposition rate on
exposure time is shown for different metal deposition temperature~b!
same data is replottedvs. reciprocal temperature. Data from Ref. 12~da
lines! has been overlaid. Different copper precursor delivery cond
the likely source of the different behaviors.~c! Data replotted with the
sition rates from Ref. 12 were scaled by 0.5 to bring iodine-free r
agreement and thus account for copper precursor differences.
rates in b and c are plotted on a log scale. Lines between data
intended only to guide the eye.
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v1~u,T! 5 ~1 2 u!1.553 107 expS 2
7698

T D 1 u5.6

3 103 expS 2
3007

T D nm/s

with T in Kelvin, was previously used10 for temperatures be
100 and 300°C. Based on Eq. 3, the maximum increase
deposition rate associated with catalyst coverag
v1(1,T)/v1(0,T), decreases from'90 down to only 1 as th
perature increases from 100 and 300°C. Generally, the h
ratio, the higher the aspect ratio of features that can be fi

For comparison, Eq. 3 yieldsv1(1, 150°C)/v1(0, 150°C)5
while Eq. 2 yieldsv(1, 150°C)/v(0, 150°C)5 75. The lower

Figure 3. The dependence of the copper deposition rate on the i
erage. The data is consistent with a linear dependence~best fit is indic
A value based on data from Ref. 12 is also included.

Figure 4. Vias of 1mm height and 0.25mm width after indicated dep
times. Bottom-to-top filling characteristic of the superconformal fi
cess is evident. Deposition temperature 120°C and initial iodine c
1.3 3 10211 mol/cm2 ~corresponding touo ' 0.05) is based on a 3
posure to CH2I2 precursor vapor as per Fig. 1. The barrier layer a
seed layer are 30 and 25 nm thick, respectively.
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for Eq. 3 reflects how the deposition rate data of Ref. 1
monolayers iodine coverage~Fig. 2b! was interpreted. In Re
this data was presumed to reflect the deposition rates for
saturated surface~i.e., for u 5 1); if a value ofu 5 0.33 had
used, consistent with the one-third monolayer definition u
for the maximum coverage, the resulting form forv1(u,T) w
have yieldedv1(1, 150°C)/v1(0, 150°C)5 72, in agreemen
the result obtained here.

Consistent with the agreement of temperature depend
dent in Fig. 2c, the kinetics obtained at 150°C are extrap

ine cov-
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Figure 5. Trenches of 1mm height and 0.6mm width after different
deposition times: conformal deposition at 50 s, inception of super
filling at the bottom corners at 150 s, formation of the overfill bump
s. Deposition temperature 150°C and initial iodine coverag
3 10211 mol/cm2 ~corresponding touo ' 0.05) is based on a 30 s e
to CH2I2 precursor vapor as per Fig. 1. The barrier layer and co
layer are 30 and 25 nm thick, respectively.
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other temperatures using a temperature dependence simil
Eq. 3, i.e.

v~u,T! 5 0.1expF 2 7698S 1

T
2

1

423D G
1 u7 expF 2 3007S 1

T
2

1

423D G nm/s

Note that Eq. 4 reduces to Eq. 2 at 150°C.
Conservation of the adsorbed iodine catalyst for the ca

there is no time-dependent accumulation, is summarized

du

dt
5 kvu

which accounts for coverage change caused by the chan
the rate of local area change being equal to the local cu
times the normal velocityv. While a term that characteriz
effect of consumption can be added, such consumption is r
be negligible for iodine-catalyzed copper CVD.8,12

The kinetics and conservation rules given in Eq. 4 and
tively, were implemented using a string model to track the
interface and the local catalyst coverage;1 filling of vias was
eled using a code that accounted for the sum of both
components in the cylindrical geometry. As noted earlier,
limit-induced depletion of the metal precursor above and w
features was ignored in the simulations. Only the interfac
and the impact of iodine on local deposition rates through t
mechanism are modeled. Failure to fill superconformally in
dictions is therefore indicated by formation of a seam, cha
of conformal growth,1 rather than a void within the feature.2 Ea
simulations indicated that filling should vary substantially
initial catalyst coverage,uo , and deposition temperature.10 T
simulations predicted that loweruo and/or lower deposition

Figure 6. Experimental dependence of trench filling on the tempe
Filling is superconformal for trenches with aspect ratio 3 filled at 1
Filling is conformal for trenches with aspect ratio 3.5 at 170°C. Th
are 1mm deep. In both cases, iodine coverage is 1.33 10211 mol/cm2

responding touo ' 0.05) based on a 30 s exposure to CH2I2 precursor
as per Fig. 1.
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perature would enable filling of higher aspect ratio trench
creasing the differential velocityv(1,T)/v(uo ,T), though res
in longer deposition times.

The filling simulations.—Iodine coverage on the free su
presumed to be zero in the modeling, as intended by the s
processing and manifest in the minimal deposition on thos
in the experiments~Fig. 4 and 5!. Figure 7 shows predictio
tained using conditions that correspond to the via filling ex
in Fig. 4. Consistent with the experimental results, bottom-
sition is evident for the aspect ratio 4 via at 120°C. Howev
wall impingement between 239 and 245 s, indicative of f
fill, prevents its completion. Both the predicted bottom-u
and the acceleration of the sidewalls are induced by th
mechanism~i.e., change of local catalyst coverage indu
changing area!. It is unclear whether experiment and pr

ure.a!
°C.b!
enches
r-
por

Figure 7. Predicted fill contours and times for deposition in a 1mm
250 nm diam via for filling at 120°C and initial iodine coverag
3 10211mol/cm2 ~corresponding touo 5 0.05) for comparison to
The sidewalls are predicted to impinge between 239 and 245 s.
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match toward completion of filling; specifically, it is unclear
is a void toward the top of the via~Fig. 4 at 300 s!, as predict
the simulation in Fig. 7.

Figure 8 shows predictions for the trench filling exper
Fig. 5. Superconformal filling of the 1.3 aspect ratio trenc
dicted for the 150°C deposition temperature, in agreemen
experimental result. The simulation captures the experime
served inception of superconformal filling at the bottom co
the overfill bump. The filling time is not as well predicted. F
shows simulations of the trench filling experiments in Fig
sistent with the experimental results, fill is predicted for 15
aspect ratio 3 while seam formation~i.e., failure to fill! is pred
for 170°C and aspect ratio 3.5. Note that a void extendin
down the trench than the seam would be predicted by a
included depletion2 for the feature filled at 170°C.

Discussion

Though transport-limited deposition has not been mod
its impact should generally be considered. Indeed, operatio
crossover between interface kinetic and transport-limited d
is evident; a'50% drop of the copper precursor concentra
the surface is suggested by the 0.4 nm/s deposition rate on
substrates~150°C, 30 s iodine exposure! that is half the esti
transport-limited deposition rate of 0.6 to 1 nm/s~based on Fig
Just doubling the surface area~100% increase! would lead t
creased precursor consumption that, for the 150°C tempe
precursor operating conditions used here, would necessa
transport-limited deposition. Note that 1mm deep trenches
0.5 mm ~e.g., Fig. 6! result in a 400% increase of surfa
relative to that for the planar surface.

In spite of the simplifications of the particular CEAC
model used, including neglect of transport-limited depos
model accurately predicted when trenches filled or failed
perconformally. The model also predicted the observed inc
superconformal filling at the bottom corners of the trenche
development of a bump over the filled trenches. This wa
plished with no fitting parameters, as all kinetic paramete

Figure 8. Predicted fill contours and times for deposition in a 1mm
600 nm wide trench for filling at 150°C and initial iodine coverag
3 10211 mol/cm2 ~corresponding touo 5 0.05) for comparison to F
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Figure 9. Predicted fill contours and times for~a! deposition in a tre
aspect ratio 3 filling at 150°C and~b! deposition in a trench of aspe
3.5 filling at 170°C. The first case fills superconformally. In the se
the sidewalls impinge at'235 s, resulting in seam formation in th
portion of the trench. Both simulations are for 1mm high trenche
iodine coverage of 1.33 10211 mol/cm2 ~corresponding touo 5 0.05
comparison to Fig. 6.



Two issues related to accuracy of predictions should be ad-
dressed in future efforts. First, predictions of the CEAC model can

ll,T
ll@0,

e,
it

e
or
ril
, d
pp
bo

en
eg
te
ere

up
pp

lve
gin
isi
ine
wh

o

e e
g

a
y e
op
nf
iti
an
b

su
sit
cu
-lim
p

or
ai
th
his
C

cifi
ion
d

n s
tel

ut
g c

sition with relatively small amounts of palladium precursor20 raises
hopes for superconformal tantalum oxide deposition by CVD. Su-

catalyst
as not yet
r Ag CVD
Cu, sug-
formal Ag
H3 ,
d of the

is re-
med, des-
formal Al
roaching
icroelec-

or transis-
on for fu-

in meeting

id-State

16102

ectro-

. Kelly, L.
. Soc.,

,, C49

lly, G. R.

Shim, H.
nal Tech-

C. Sohn,

,, C44

Kang,J.

80!.
982!.

f. Sci.,

s and

as and

G. Lee,J.

odas

Journal of The Electrochemical Society, 150 ~5! C368-C373~2003! C373
only be as accurate as the input kinetics; a study of the fuv(u
relationship should be experimentally obtained over the fuu:
range for temperatures of interest. Second, as noted abov
of the copper precursor through the boundary layer and w
feature must be evaluated simultaneously with the interfac
already considered here. This has already been done f
based models of electrodeposition.2 Such a result will necessa
specific to the geometry of the particular system. However
information on the impact of ambient vapor pressure of co
cursor on deposition rate, as well as measurements of
layer thickness and precursor diffusion coefficient would b
modeling efforts. Both inaccurate interface kinetics and n
transport in the modeling, including over the entire substra
likely did affect the accuracy of the predictions obtained h

Conclusions

This work has used the CEAC mechanism to quantify s
formal filling of fine features by iodine-catalyzed CVD of co
a manner similar to that recently done for copper and si
trodeposition. The CEAC-based model accounts for chan
erage of adsorbed deposition rate-accelerating catalyst ar
changing surface area. Kinetics for simulations were obta
studies of deposition on planar substrates. Taken as a
results are consistent with the CEAC mechanism being the
superconformal filling during iodine catalyzed CVD.

An important implication of the agreement between th
mental and modeling results is that superconformal fillin
CVD processes need not be limited to copper~a conclusion
reached by other authors.11! Superconformal feature filling b
trodeposition has already been accomplished with both c
silver.1-4,6 The only conditions that must be met for superco
filling to occur with other metal systems are:~1! the rate-lim
step in the CVD process occurs on the deposit surface~rather th
the vapor! and ~2! the kinetics of that rate-limiting step can
celerated through interaction with an adsorbed catalytic
that is not consumed~or is consumed very slowly! in the depo
process. For the case of copper CVD from precursor mole
include hfac ligand~s!, it has been suggested that the rate
step is the removal and/or desorption of the hfac ligand,
through a disproportionation process that converts two ads
~hfac! to one Cu(hfac)2 , that volatilizes, and a Cu that rem
the metal deposit.17,18 Based on the results presented here,
ence of the adsorbed iodine accelerates this process. T
ported by experimental results for iodine-catalyzed copper
ing a different ~hfac!Cu-based precursor, spe
~hfac!Cu~3,3-dimethyl-1-butene!.19 Note that, while the addit
H2 can accelerate copper deposition through formation an
ization of H~hfac! on the deposit surface, it cannot result i
conformal filling because the adsorbed ‘‘catalyst’’ is comple
sumed in the process.17

Several forward looking speculative ideas are now p
First, the increased deposition rate of tantalum oxide durin
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perconformal filling applications will require that the Pd
segregates to the surface during growth; something that h
been ascertained. Second, the existence of molecules fo
that include the hfac ligand; Ag being a noble metal like
gests such precursors as a starting point for supercon
CVD. Third, for Al CVD from trimethlamine alane (CH3)3N)Al
cleavage of the Al-N bond connecting the Al and the ligan
adsorbed molecule is the rate-limiting step.21 A catalyst for th
action that adsorbs on the surface without being consu
orbed, or buried would be expected to result in supercon
deposition. Finally, though no suggestion is made for app
superconformal CVD of tungsten, the use of tungsten for m
tromechanical systems and as the front end metallization f
tor contacts in copper metallizations makes its considerati
ture superconformal deposition studies worthwhile.

The National Institute of Standards and Technology assisted
the publication costs of this article.
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