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Superconformal Electrodeposition Using Derivitized Substrates
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This paper demonstrates superconformal electrodeposition of copper in trenches using a two-step process. The substrate is first
derivitized with a submonolayer coverage of catalyst and then transferred for electroplating in a cupric sulfate electrolyte con-
taining an inhibitor. For an optimum catalyst coverage, superconformal, “bottom-up” filling of trenches and vias is observed. If
the catalyst coverage is too low or too high, conformal or subconformal deposition occurs, resulting in void formation during
feature filling. The filling behavior of the derivitized electrodes is analogous to that obtained using a (simgtentional

electrolyte containing both catalytic and inhibiting species. Restricting the catalyst to the surface by derivitization prior to metal
deposition provides strong support for the curvature-enhanced accelerator coverage mechanism of superconformal film growth.
From a technical perspective, the two-step process offers an interesting solution to the difficult control issues associated with
catalyst destruction and related aging effects known to occur in the “conventional” single-electrolyte superfilling process.
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The use of electrodeposited copper in integrated circuits is duecatalyst at the bottoms of features has also been publihkd.
in part, to the ability of the deposition process to fill high aspect contrast to the CEAC mechanism, it is premised on the initial inter-
ratio features superconformally. Understanding the “superfilling” face condition being equilibrated with the electrolyte additives and
process has been complicated by the presence of both depositiotlhe simulation required tuning of parameters to experimental feature
rate supressingnhibitor) and deposition-rate acceleratiteatalysy filling results in order to fit the fill results obtained for a single
additives in the electrolytes. Initially, efforts were made to extend electrolyte composition and deposition current.
leveling theory, whereby inhibitor depletion in the electrolyte within One difficulty in the utilization and study of “superfilling” cu-
patterned features results in a nonuniform deposition rate angric sulfate electrolytes has been aging effects associated with
smoothing of the surface profile. However, it was found that this disulfide/thiol catalyst chemistry. This has resulted in speculation as
formalism failed to explain the filling process in submicrometer fea- to the role of homogeneous electrolyte chemistry in the superfilling
tures and an empirically modified constitutive equation was requiredprocess. In this paper we demonstrate that these effects are not re-
to simulate feature fillind® In the first such efforts the constitutive sponsible for superfilling. Specifically, superconformal filling of a
fitting equation provided the sole distinction between leveling andpatterned electrode is demonstrated by first derivitizing the electrode
superfilling. Subsequently, an attempt to reconcile superfilling with ayith a submonolayer quantity of catalyst followed by transferring to
more robust description of the traditional leveling model was 3 catalyst-free inhibited electrolyte for electroplating. For an opti-
published: Nonetheless, comparison between these models and exyym surface coverage, superfilling occurs in complete agreement
perimental observations revealed that superfilling could not be exyyith the CEAC model. These experiments also suggest a new strat-

plained by an inhibition or leveling mod@f: egy for circumventing electrolyte aging effects and the associated
In the last two years, a curvature-enhanced accelerator coveragsocess control difficulties.

(CEAC) mechanism has been shown to quantitatively describe su-
perconformal film growth. In this model, the accelerator, or catalyst,
is considered to displace the inhibiting halide-cuprous-polyether
species from the interface and remain segregated at the interface Two-Step Process

during metal deposition. Because the growth rate is directly propor-  gie 1. Ejectrode derivitization-Electrode derivitization is a

%ubject that has received wide study in the last 15 years with the

talvst d metal d i te steadily i duri adsorption of thiol/disulfide molecules on noble metals being a
catalyst coverage and metal deposition rate steadily Increase during,, e system. In this work, a wafer patterned with a repeating

conformal growth on a concave surface such as the bottom of 3 : ;

T ) > -~ 1rench test structures, with a copper seed already deposited, was
ggcgrgfgf#(;?érﬁh:hgiAglamneghgggénéﬁj Sbuececls'gﬁﬂlrporgggt'smoprovided by International Sematech. It was sectioned to obtain test
R shape ¢ 9 o yp specimens that were approximately ¥520 mm. The accelerator

the initial incubation period of conformal deposition, the supercon- (i.e. catalys} was first attached to the copper surface by immersion

formal bottom-to-top filling itself, and the subsequent “momentum . . L
plating” or bump formation over filled features that are commonly I @ Stagnant 1.8 mol/L $80, solution containing 0.5, 5, 50, 500, or
W )
4000 mol/L  of the catalyst precursor, either SPS

observed. None of these aspects of filling could be explained by th i
leveling model$:® The CEAC models allow filling over the entire  (N&(SO;(CHz)3S);) or MPSA (NaSQ(CH,);SH). The speci-
experimental parameter space,, catalyst precursor concentration, Mens were removed after 30 s, rinsed with distilled water, and dried
overpotential, and feature aspect ratio, to be explored for both trenchvith a tetrafluoroethane duster. For reference,_derlvmzatlon in 1000
and via geometries. Furthermore, these predictions are made with ngmol/L MPSA for 60 s or longer was found, using X-ray photoelec-
fitting parameters; all kinetic factors are obtained from depositiontron spectroscopy, to yield time-independent coverage of catalyst;
studies conducted on planar substrates. More recently, the generaliffiis maximum value is deemed to be “saturation” coverage. Deriv-
of the CEAC model has been demonstrated by successfully descrigtization in 0.5, 5, 50, or 50@umol/L SPS and 100Q.mol/L MPSA
ing superconformal electrodeposition of silver from a selenium cata-for 30 s, yielded surface coveragesestimated to be 0.002, 0.02,
lyzed electrolyté®'® as well as iodine catalyzed copper chemical 0.17, 0.84, and 0.97 of the saturated value, respectively. In the ad-
vapor depositiort® sorption process with these catalysts, the disulfide or thiol head
An alternative model of superfilling based on accumulation of group interacts strongly with the copper substrate while the sul-
fonate end-group remains intact; in this paper we do not distinguish
between thiolaters. disulfide formation at the interface. The follow-
* Electrochemical Society Active Member. ing results indicate that when the specimen is transferred to the
Z E-mail: thomas.moffat@nist.gov plating electrolyte the adsorbed, sulfonate-terminated catalyst hin-

to “bottom-up” or superfilling of submicrometer features as the
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derivitization conditions indicated. In the following text discussing
these experimental results the specimens are identified by the cata-
lyst precursor concentration used in the derivitization $iep step

1).

Discussion

For the specimen derivitized in Oamol/L SPS, deposition pro-
ceeds conformally and the surface roughens with increasing film
thickness. This eventually results in void formation, when the side
walls impinge, and formation of a deep cusp above the trench. Iden-
tical behavior was observed for substrates which had not been de-
rivitized, i.e., 8 gps= 0, (not shown. For the 5, 50 and 50mol/L
SPS derivitizations, the initial increment of growth is still confor-
mal. However, it is followed by acceleration of deposition at the
concave(bottom) corners characteristic of the inception of the su-
perconformal deposition process. This yields the V-shaped bottom
apparent in the specimens plated for 70, 40, and 20 s, following
derivitizations in 5, 50, and 50p.mol/L SPS, respectively. Upon
further deposition, the V-shaped bottoms become flat. Between 80
and 100 s the 5umol/L derivitized specimens exhibit rapid
bottom-up filling, a hallmark of the superfilling process. However,
by 130 s the sidewalls impinge just before the rapidly advancing
trench bottom reaches the top of the trench. In contrast, the 50
pmol/L specimens exhibit near optimum superfilling behavior with
rapid bottom-up filling occurring between 50 and 70 s with negli-
gible sidewall motion. An inversion of the growth front curvature is
evident at 70 s, and, by 100 s, a large bump is seen above the trench.
For the 500pmol/L SPS and 1 mmol/L MPSA specimens, the sur-
face coverage is effectively saturated at the start of metal deposition
and geometrically driven changes in catalyst coverage associated
with the CEAC mechanism are minimal. Additionally, the univer-
sally rapid copper deposition results in substantial depletion of the
cupric species, which induces the void formation evident in the 40 s
500 pmol/L SPS and 6 s 1 mmol/L MPSA specimens. Several
important observations follow from this simple experiment.

1. The shape evolution observed during the superfilling process
is qualitatively indistinguishable from results obtained in a single
electrolyte containing both catalyst and suppre&3ér.

2. The transition from conformal to superconformal to subcon-
formal filling with increasing catalyst coverage is analogous to the
identical transitions observed as a function of SPS or MPSA con-
centration in an electrolyte containing both catalyst and
suppressot.*?

3. The shape evolution and growth transitions observed are all
predicted by the CEAC mechanism; as in these experiments, the first

Figure 1. Cross sectioned trenches showing the time evolution of featuresimulations of trench filling using the CEAC mechanism assumed

filling as a function of electrode derivitizationg., pretreatment. The con-
centration of SPS or MPSA catalyst used for the 30 s surface derivitization
steps are indicated. All specimens were transferred to the acidified PEG-CY

cupric sulfate for copper deposition at an overpotentiat-6f25 V.

that all the catalyst was present on the surfacé at0 with no
atalyst in the electrolyt®.

4. The time required to fill a given trench decreases with the
initial catalyst coverage, as expected due to the underlying role of
catalyst in the CEAC mechanism. Indeed, the geometrically differ-
entiated surface reactivity predicted by the CEAC model can domi-

ders the formation of the passivating haIide-cuprous-polyethyené‘ate_ﬁ”ing beha_vior in _spite of substantial_ _metal i(_)n concentration
glycol layer. The hindrance of passivation increases monotonicallydradients associated with the faster deposition at higher catalyst cov-

with local coverage of adsorbed catalyst.

Step 2: Electrodeposition-The derivitized specimens were im-

erage. For the 5Qmol/L SPS sample, in particular, superconformal
filing occurs with deposition on the free surface proceeding at
>80% of the diffusion limited current density.

mediately transferred to an electrochemical cell containing an elec- 5 perivitization followed by metal deposition in a catalyst-free

trolyte of 0.24 mol/L CuSQ®, 1.8 mol/L H,SO,, 88 pumol/L poly-
(ethylene glycol (3,400 Mw), and 1 mmol/L NaCl; all copper

electrolyte allows the consumption of catalyst to be systematically
studied. Furthermore, it permits an upper bound for the quantity of

deposition was done in this electrolyte. The specimens were insertethiolate/disulfide incorporated during electroplating to be estab-
vertically into the stagnant electrolyte at an overpotential of lished,i.e., no more than the submonolayer quantity of catalyst is
—0.25V, which was applied prior to immersion. They were subse-occluded within the bulk electrodeposit.

quently removed after predetermined deposition times, rinsed in

6. Finally, these experiments demonstrate that the differential

deionized water, and dried. They were then cross sectioned for viewreactivity responsible for superfilling in the system studied has little
ing by scanning electron microscopy using standard techniques. Figto do with homogeneous chemistry involving thiol/disulfide nor the
ure 1 shows the time evolution of feature filling for the five different transport of inhibiting species, CI-PEG.
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