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The mechanism behind superconformal filling of fine features during surfactant catalyzed chemical vapor dg@4Riois

described and the metrology required to predict it is identified and quantified. The impact of adsorbed iodine coverage on copper

deposition rate during chemical vapor deposition of copper on planar substrates is determined first. These kinetic parameters are
then used in a model based on the curvature-enhanced accelerator coverage mechanism to predict superconformal filling during
iodine-catalyzed CVD. In this model, the coverage of the adsorbed catalyst is presumed to change with surface area during

interface evolution. The surface area decreases along the bottoms of submicrometer dimension features, increasing the local
coverage and deposition rates and thereby enabling superconformal filling. Experimental filling results are then described and

shown to be consistent with the predictions.
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Recent publications have described the curvature-enhanced aclence of the iodine coverage on the exposure time. Both the iodine
celerator coveragéCEAC) mechanisrh? and successfully used itto  adsorption and the copper metal deposits were made in a 200 mm
predict superconformal filling of fine features during copper and Apex model Cruise-200M reactBiThe copper was deposited using
silver electrodeposition in trenches and vidsQuantitative predic-  Cu(l)-hexafluoroacetylacetonate-vinyltrimethylsilane, [(hfad Cu-
tions were made for filling over a wide range of experimental con- (vtms)], precursor(Cupra SelectTM2504 that was vaporized and
ditions and feature dimensions using kinetic parameters obtaine¢htroduced to the reactor using a BronhB[ﬁﬂ]uid source delivery
solely from studies on planar substratésThe CEAC mechanism  system with H as the carrier gas. The precursor consumption rate
involves (1) the adsorption of a catalyst that enhances metal depos, 45 0.5 crd/min.
sition rates and?2) local increasédecreasgof the catalyst coverage
with decrease(increasg of local surface area during growth on Deposition on planar substratesThe impact of the adsorbed
rough or patterned surfaces. This mechanism leads directly to supeiedine on the copper deposition rate was determined from studies of
conformal film growth within submicrometer dimension trenches metal deposition on planar substrates. Deposition rates were deter-
and vias. The predictions of CEAC-based models accurately demined from the deposit thickness, obtained by cross-sectional scan-
scribe all aspects of superconformal filling electrodeposition experi-ning electron microscopySEM) and/or transmission electron mi-
ments, including an initial “incubation period” of conformal croscopy(TEM) and the deposition time. The dependence of the
growth, whether bottom-to-top “superfill” itself occurs or does not metal deposition rate on the iodine exposure time is shown in Fig.
occur, and the ultimate development of an overfill bump, a manifes-2a as a function of exposure tinfiee., coverage The same data is
tation of so-called “momentum” plating. shown in Fig. 2b as a function of reciprocal temperature; data from

Superconformal filling during iodine-catalyzed chemical vapor Ref. 12 for no iodine coverage and 0.1 monolay@es, copper site
deposition(CVD) in vias has recently been describef. Unlike  coverage of iodine are overlaid. The different deposition rates ob-
papers published during the early years of superconformal elecseryed in the two studies when there is no iodine, a factor of two for
trodeposition, it has been generally recognized that the likelythe data at both 150 and 170°C, are necessarily associated with
mechanism is the local increase of coverage of adsorbed iodine catgjifferences in the delivery of copper precursor to the specimens;
lyst at tchagllbottoms of the fine features due to area decrease duringjfferences due to nucleation on the different substrate materials are
growth-=" Indeed, predictions of superconformal filling during o pelieved to be significant. The data is therefore replotted in Fig.
surfactant catalyzed CVD have already been made by O“G,Hgmup 2c with all deposition rates from Ref. 12 divided by a factor of two
using a CEAC-based model and independently obtained kin€tics. {4 minimize differences due to the ambient concentration of copper
Quantitative comparisons of predictions to experiments were Nolyrecrsor in order to permit comparison of the impact of iodine
made. This work makes such comparisons. coverage alone. Based on the changing slope, control of the metal

deposition rate is shifting from the iodine-determined interface ki-
Experimental netics at the lower temperatures and iodine coverages to deposition

Specimen preparatior-Specimens were prepared from either controlled by transporF of th(dnfac)Cu(vtms_) precursor at th_e higher
planar or lithographically patterned substrates. Unless otherwise in'cPeratures and iodine coverages. This occurs at a similar scaled
dicated, patterned features included a TiN barfi@0 nm thick and deposition rate on the surface with the 0.1 monolayer coverage of

a copper seed-25 nm thick, both deposited by conventional CVD. iodine (Fig. 29. The data at 150°C, for which the deposition rate is

F talvzed CVD. iodi dsorbed th . ; not transport limited, is plotted in Fig. 3 as a function of the iodine
or catalyzed L VL), lodine was adsorbed on the specimen sur ac‘Eoverage. A data point for surface coverage of 0.1 monolayers is
by bubbling carrier gas through the iodine precursor,GHheld at

80°C th h b held 0°C in th ; also shown. This value is an extrapolation to 150°C of the scaled
.f.t gn over t ef st_u Str?l_tﬁs'. g‘. at 15 |r;ht e rle;ac_tor,d O Yata between 50 and 1009Eig. 20 for which the deposition rate
specified amount of time. The lodine coverage thus obtained wag,q transport limited. In light of the “estimated” coverage, the

Sﬁttﬁmngggrrﬁg tgtaelcﬁlsr?gogixl;rrzylﬂgﬁf;getﬁz«rﬁg;;ﬁgéeze er@(trapolation over temperature, the use of continuous iodine doping
P P -9 P using GHsl in Ref. 12 as opposed to iodine adsorption from,GH

prior to metal deposition used here, and the scaling to account for
different copper precursor delivery systems, the dependences of
* Electrochemical Society Active Member. deposition rate on iodine coveragfig. 3 are in good agreement
Z E-mail: daniel.josell@nist.gov P geig. 3 9 9 '
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Figure 1. The dependence of the iodine coverage obtained as a function of
time that the planar substrates were exposed to the Obtecursor vapor
(bubbling temperature 809@vith substrate temperature 150°C. The linear fit
to the data is indicated.
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Comparison of the transport limited-deposition rate data at the high-
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est temperature with the data of Ref. 12 provides no additional in- ®@
sight because the deposition kinetics in this regime are system de g
pendent. o
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Deposition on patterned substratesFigure 4 shows the super-
conformal filling of vias 1um high and aspect ratio 4height/
diametey at 120°C. The catalyst adsorbed inside the via has induced
filling to occur in the bottom-to-top mode characteristic of supercon- (0)
formal filling. Figure 5 shows different aspects of the superconfor-
mal filling of 1 wm deep and aspect ratio 113eight/width trenches
at 150°C: the initially conformal depositiof@at 50 9, the inception
of superconformal filling at the bottom cornefat 150 $ and the
overfill bump (at 420 $. An increase from 150 to 170°C, coupled
with an increase in aspect ratio from 3 to 3.5, results in a shift from
superconformal(Fig. 6a to subconformal(Fig. 6b filling of
trenches. Variability in fill times is evident from the specimen filled
at 150°C(Fig. 6a, the overfill bump at the far left and the three-
quarter filled trench in the middleThe thicker deposits toward the
top of the specimen filled at 170°C~ig. 6b are consistent with
copper precursor depletion down the trench arising from transport-
limited deposition(as per Fig. 2¢ In all cases, based on the 30 s
iodine adsorption prior to the metal deposition, the initial iodine
surface coverage &, = 0.05. A “soft” plasma treatment was used
to remove iodine adsorbed over the featufethe impact on iodine
coverage within the features, though believed to be minimal, has not(c)
been quantified.
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Figure 2. (a) The dependence of the copper deposition rate on the iodine
exposure time is shown for different metal deposition temperat(ngThe

same data is replotteds. reciprocal temperature. Data from Ref. (dashed

lines) has been overlaid. Different copper precursor delivery conditions are
the likely source of the different behaviofs) Data replotted with the depo-
sition rates from Ref. 12 were scaled by 0.5 to bring iodine-free results into
agreement and thus account for copper precursor differences. Deposition
rates in b and c are plotted on a log scale. Lines between data points are
intended only to guide the eye.

Modeling Feature Filling

The model—Modeling of interface evolution is done using a
recently published CEAC-based formalidfhhThe dependence of
metal deposition rate.e., velocity,v, on local coverage of adsorbed
iodine, 6, is expressed as

v(6,T) = (1 - 6)v(0,T) + 6v(1T) [1]
for 6:[0,1] with the temperature dependent deposition rates on un-
catalyzed and fully catalyzed surfaceé0,T) andv(1,T), respec-

tively. Generally, the dependence of the deposition rate on the cov-
erage of catalyst need not be linear. As per the results obtained from
Fig. 3 and the definition of the maximum iodine coverage, the rela-is used for modeling at 150°C. The deposition rate is presumed to
tionship stop increasing once reaches unity coverage. The expression

v(6, 150°C) ~ 0.1+ 76 nm/s [2]
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Figure 3. The dependence of the copper deposition rate on the iodine cov-§
erage. The data is consistent with a linear dependérest fit is indicate
A value based on data from Ref. 12 is also included.

X 10° ex;{ - g) nm/s [3]

with T in Kelvin, was previously uséd for temperatures between
100 and 300°C. Based on Eqg. 3, the maximum increase of meta
deposition rate associated with catalyst coveragee,
v1(1,T)/v,(0,T), decreases from=90 down to only 1 as the tem-
perature increases from 100 and 300°C. Generally, the higher this
ratio, the higher the aspect ratio of features that can be filled.
For comparison, Eg. 3 yields;(1, 150°C)b (0, 150°C)= 24
while Eqg. 2 yieldw (1, 150°C)4 (0, 150°C)= 75. The lower value
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Figure 5. Trenches of Jum height and 0..m width after different metal
deposition times: conformal deposition at 50 s, inception of superconformal
filling at the bottom corners at 150 s, formation of the overfill bump after 420
s. Deposition temperature 150°C and initial iodine coverage of 1.3
X 10~ mol/cn? (corresponding td@, ~ 0.05) is based on a 30 s exposure
to CH,l, precursor vapor as per Fig. 1. The barrier layer and copper seed
layer are 30 and 25 nm thick, respectively.

for Eq. 3 reflects how the deposition rate data of Ref. 12 for 0.1
T —— monolayers iodine coverag&ig. 2b was interpreted. In Ref. 10,
this data was presumed to reflect the deposition rates for an iodine
saturated surfac@.e., for 6 = 1); if a value of6 = 0.33 had been
Figure 4. Vias of 1um height and 0.25m width after indicated deposition used, consistent with the one-third monolayer definition used here

times. Bottom-to-top filling characteristic of the superconformal filing pro- fOF the maximum coverage, the resulting form fes(6,T) would

cess is evident. Deposition temperature 120°C and initial iodine coverage ohave yieldedv (1, 150°C)4,(0, 150°C)= 72, in agreement with

1.3 x 10 mol/cn? (corresponding td, ~ 0.05) is based on a 30 s ex- the result obtained here.

posure to CHI, precursor vapor as per Fig. 1. The barrier layer and copper ~ Consistent with the agreement of temperature dependence evi-
seed layer are 30 and 25 nm thick, respectively. dent in Fig. 2c, the kinetics obtained at 150°C are extrapolated to
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Figure 6. Experimental dependence of trench filling on the temperataye. O 5 um =
Filling is superconformal for trenches with aspect ratio 3 filled at 150BL. * = 2 3 9 S
Filling is conformal for trenches with aspect ratio 3.5 at 170°C. The trenches
are 1um deep. In both cases, iodine coverage is*.30™** mol/cn? (cor-
responding t®, ~ 0.05) based on a 30 s exposure to,GHprecursor vapor < 2 2 3 S
as per Fig. 1.
| - —=+-—1201s
other temperatures using a temperature dependence similar to that
Eqg. 3,i.e.
11 — 173s
v(0,T) = 0.19X% - 769%? - 4—23”
1 1 N\ é
+ 07exp — 3007 = — —=|| nm/s [4] r142s
T 423 | 1
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Note that Eqg. 4 reduces to Eq. 2 at 150°C. _
Conservation of the adsorbed iodine catalyst for the case where 0.2 um 0.2 um

there is no time-dependent accumulation, is summarized in Eq. 5 _, ) ) ) A .
Figure 7. Predicted fill contours and times for deposition in ath high,

do 250 nm diam via for filling at 120°C and initial iodine coverage of 1.3
at kv 0 (5] X 10 *mol/cn? (corresponding td, = 0.05) for comparison to Fig. 4.
The sidewalls are predicted to impinge between 239 and 245 s.

which accounts for coverage change caused by the changing area,

the rate of local area change being equal to the local curvature

times the normal velocity. While a term that characterizes the

effect of consumption can be added, such consumption is reported tBerature would enable filling of higher aspect ratio trenches by in-

be negligible for iodine-catalyzed copper C\/B? ; : . ) :
Thg I?inetics and conserva){tion rulgspgiven in Eq. 4 and 5, respec:cre"’ls'ng the differential velocity(1.T)/v(8,,T), though resulting

tively, were implemented using a string model to track the moving in longer deposition times.

interface and the local catalyst coveragiling of vias was mod- The filling simulations—lodine coverage on the free surface is
eled using a code that accounted for the sum of both curvaturgyresumed to be zero in the modeling, as intended by the soft plasma
components in the cylindrical geometry. As noted earlier, transportprocessing and manifest in the minimal deposition on those surfaces
limit-induced depletion of the metal precursor above and within thejn the experimentsgFig. 4 and 5. Figure 7 shows predictions ob-
features was ignored in the simulations. Only the interface kineticstained using conditions that correspond to the via filling experiment
and the impact of iodine on local deposition rates through the CEACin Fig. 4. Consistent with the experimental results, bottom-up depo-
mechanism are modeled. Failure to fill superconformally in the pre-sition is evident for the aspect ratio 4 via at 120°C. However, side-
dictions is therefore indicated by formation of a seam, characteristigyall impingement between 239 and 245 s, indicative of failure to
of conformal growth, rather than a void within the featufeEarlier  fill, prevents its completion. Both the predicted bottom-up filling
simulations indicated that filling should vary substantially with the and the acceleration of the sidewalls are induced by the CEAC
initial catalyst coveraged,, and deposition temperatuf® Those  mechanism(i.e, change of local catalyst coverage induced by
simulations predicted that lower, and/or lower deposition tem- changing areg It is unclear whether experiment and prediction
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Figure 8. Predicted fill contours and times for deposition in guth high, 0 Hm L 1
600 nm wide trench for filling at 150°C and initial iodine coverage of 1.3 0.3 0.3
X 107! mol/cn? (corresponding td, = 0.05) for comparison to Fig. 5. @ TV um - Hm

Trench, 170C

match toward completion of filling; specifically, it is unclear if there AR=3.5
is a void toward the top of the vidrig. 4 at 300 § as predicted by
the simulation in Fig. 7.

Figure 8 shows predictions for the trench filling experiment in
Fig. 5. Superconformal filling of the 1.3 aspect ratio trench is pre-
dicted for the 150°C deposition temperature, in agreement with the
experimental result. The simulation captures the experimentally ob- 1.0 um \
served inception of superconformal filling at the bottom corners and 243s
the overfill bump. The filling time is not as well predicted. Figure 9
shows simulations of the trench filling experiments in Fig. 6; con-
sistent with the experimental results, fill is predicted for 150°C and
aspect ratio 3 while seam formatidine., failure to fill) is predicted
for 170°C and aspect ratio 3.5. Note that a void extending farther i 228s
down the trench than the seam would be predicted by a code tha
included depletiohfor the feature filled at 170°C.

0.5 um
Discussion L 198s

Though transport-limited deposition has not been modeled here
its impact should generally be considered. Indeed, operation near th L
crossover between interface kinetic and transport-limited depositior
is evident; a=50% drop of the copper precursor concentration near L 148s
the surface is suggested by the 0.4 nm/s deposition rate on the plani
substrateg150°C, 30 s iodine exposur¢hat is half the estimated v
transport-limited deposition rate of 0.6 to 1 nnf&sed on Fig. 2c
Just doubling the surface ar¢a00% increasewould lead to in- 0 um
creased precursor consumption that, for the 150°C temperature an,) -0.3 um 0.3 um
precursor operating conditions used here, would necessarily lead to
transport-limited deposition. Note thatum deep trenches spaced Figure 9. Predicted fill contours and times fé8) deposition in a trench of
0.5 wm (e.g, Fig. 6 result in a 400% increase of surface area aspect ratio 3 filling at 150°C an) deposition in a trench of aspect ratio
relative to that for the planar surface. 3.5 filling at 170°C. The first case fills superconformally. In the second case

In spite of the simplifications of the particular CEAC-based the sidewalls impinge at235 s, resulting in seam formation in the upper
model used, including neglect of transport-limited deposition, theportion of the trench. Both simulations are forpdm high trenches with
model accurately predicted when trenches filled or failed to fill su-iodine coverage of 1.% 10™** mol/cn? (corresponding t®, = 0.05) for
perconformally. The model also predicted the observed inception ofomparison to Fig. 6.
superconformal filling at the bottom corners of the trenches and the
development of a bump over the filled trenches. This was accomimodeling were obtained from independent studies of deposition on
plished with no fitting parameters, as all kinetic parameters for theplanar substrates.
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Two issues related to accuracy of predictions should be ad-sition with relatively small amounts of palladium precufSarises
dressed in future efforts. First, predictions of the CEAC model canhopes for superconformal tantalum oxide deposition by CVD. Su-
only be as accurate as the input kinetics; a study of thevfidl T) perconformal filling applications will require that the Pd catalyst
relationship should be experimentally obtained over the 6D, 1] segregates to the surface during growth; something that has not yet
range for temperatures of interest. Second, as noted above, transpdséen ascertained. Second, the existence of molecules for Ag CVD
of the copper precursor through the boundary layer and within thethat include the hfac ligand; Ag being a noble metal like Cu, sug-
feature must be evaluated simultaneously with the interface kineticgjests such precursors as a starting point for superconformal Ag

already considered here. Thi.s.has already begn done for CEACcVD. Third, for Al CVD from trimethlamine alane (CHIsN)AIH 5,
based models of electrodepositioSuch a result will necessarily be cleavage of the Al-N bond connecting the Al and the ligand of the
specific to the geometry of the particular system. However, detailed, 4sorhed molecule is the rate-limiting sfépA catalyst for this re-

information on the impact of ambient vapor pressure of copper pre-
cursor on deposition rate, as well as measurements of boundar
layer thickness and precursor diffusion coefficient would benefit all
modeling efforts. Both inaccurate interface kinetics and neglect of
transport in the modeling, including over the entire substrate wafer
likely did affect the accuracy of the predictions obtained here.

Conclusions
This work has used the CEAC mechanism to quantify supercon-

action that adsorbs on the surface without being consumed, des-
&rbed, or buried would be expected to result in superconformal Al
deposition. Finally, though no suggestion is made for approaching
superconformal CVD of tungsten, the use of tungsten for microelec-
tromechanical systems and as the front end metallization for transis-
tor contacts in copper metallizations makes its consideration for fu-
ture superconformal deposition studies worthwhile.

The National Institute of Standards and Technology assisted in meeting

formal filling of fine features by iodine-catalyzed CVD of copper in the publication costs of this article.

a manner similar to that recently done for copper and silver elec-
trodeposition. The CEAC-based model accounts for changing cov-

erage of adsorbed deposition rate-accelerating catalyst arising fromy_

changing surface area. Kinetics for simulations were obtained from

studies of deposition on planar substrates. Taken as a whole, the2.

results are consistent with the CEAC mechanism being the origin of
superconformal filling during iodine catalyzed CVD.

An important implication of the agreement between the experi- 4

mental and modeling results is that superconformal filling during
CVD processes need not be limited to copparconclusion also

reached by other authoty. Superconformal feature filling by elec- 5

trodeposition has already been accomplished with both copper an
silver:*®The only conditions that must be met for superconformal

filling to occur with other metal systems argl) the rate-limiting 7.
step in the CVD process occurs on the deposit surfatber than in 8.

the vapoy and (2) the kinetics of that rate-limiting step can be ac-
celerated through interaction with an adsorbed catalytic surfactant
that is not consume(br is consumed very slowlyin the deposition

process. For the case of copper CVD from precursor molecules thaig.

include hfac ligan¢b), it has been suggested that the rate-limiting

step is the removal and/or desorption of the hfac ligand, possiblyl1l.

through a disproportionation process that converts two adsorbed Cul-

ported by experimental results for iodine-catalyzed copper CVD us-
ing a different (hfagCu-based precursor, specifically 17
(hfagCu(3,3-dimethyl-1-butene'® Note that, while the addition of

H, can accelerate copper deposition through formation and volatil-1s.

ization of Hhfac) on the deposit surface, it cannot result in super-

conformal filling because the adsorbed “catalyst” is completely con- 19
20.
1. M. G. Simmonds and W. L. Gladfelter, ithe Chemistry of Metal CVDI. Kodas

sumed in the process.
Several forward looking speculative ideas are now put forth. ,
First, the increased deposition rate of tantalum oxide during codepo-

3.
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