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Direct Copper Electrodeposition on TaN Barrier Layers
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In this paper we report on nucleation and growth of copper onto TaN from sulfate, ethylenediaminetetraacetate, citrate, and
fluoroborate solutions. The onset for copper deposition on TaN is shifted negative by 0.65 V to 1 V compared to deposition on Pt,
depending on the solution chemistry. For all solutions, deposition occurs by three-dimensional island growth. The island density
generally increases strongly with increasing overpotential and is also dependent on solution chemistry.
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In current copper metallization technolotjy, copper is elec- Four solutions were investigated, copper sulfate, copper EDTA,
trodeposited onto a barrier layer precovered by a thin copper seedopper citrate, and copper fluoroborate. The copper sulfate solution
layer deposited using physical vapor depositiBi¥D) or chemical (pH 0.1 contained 0.05 M CuSQ5H,0 (Aldrich Chemical Co.,
vapor depositiofCVD) techniques. As the feature sizes of trenches Inc.), 0.375 M H,SO, (J. T. Bake), 1.84x 10 ° M (62.5 mg L)
and vias continue to shrink, the ability to deposit a continuous aNdponetherne glycol(PEG (average N} 3400, Aldrich Chemical
defect-free seed layer is becoming increasingly difficult. Further-co_ nc), 2.93x 1074 M (10.4 mg ! ) CI- (J. T. Bake}, and
more, with feature sizes decreasing below 100 nm, the seed layej g» » 106 M (1 mg L™Y) bis(3-sulfopropy) disulfide (SPS Ra-
will become a significant fraction of the metallization. As a result, schig Corp). The copper fluoroborate solution contained 0.05 M
strateg_ies for the direct deposition of copper onto the barrier layerCuCQ-Cu(OH)z (Aldrich Chemical Co., Ind. + 0.32 M H; BO,
are being explored. . (J. T. Bakey + 0.36 M HBF, (48 wt %, Aldrich Chemical Co.,

In this paper, we report on electrodeposition of copper onto TaNInc.) (pH 1). The copper citrate solution contained either 0.05 M

barrier layers from the sulfate, fluoroborate, ethylenediaminetetraac: - .
etate (EDTA), and citrate solutions. These solutions include com- CusQ-5H,0 + 0.5 M citric acid [HOCCOOHCH,COOH),]

plexing and noncomplexing agents and span a wide range of p EM Sciencg or 0.025 M CUSQ 5H,0 + O'.25 M citric acid, and
values. Copper sulfate solutiofRef. 4-12 and references thergin 0-93 M N&SO, (J. T. Bakey with the pH adjusted to 3.1. In some
are currently used in copper metallization technology. These solu€XPeriments the pH was adjusted to the range 2.5-13.2. The basic
tions usually contain additives such as polyethylene glyB&EG) composition of the copper EDTA solution was 0.05 M
and chloride ions, which co-adsorb on the copper surface and deCuSQ-5HO + 0-15M EDTA(J. T. Bakey with the pH adjusted to
crease the rate of depositioh!2 The addition of additives such as 13-5 using NaOH? Solutions containing both lowef0.035 M
bis(3-sulfopropy) disulfide (SPS results in enhanced depositon CuSQ-5H,O + 0.07 M EDTA) and higher copper concentration
rates at the bottom of features such as trenches or vias, leading t®.24 M CuSQ-5H,0 + 0.48 M EDTA) were also evaluated. In
void- free deposits. Copper deposition from sulfate solutions on some experiments, the pH of the copper EDTA solution was ad-
copper seed layers has been studied in detail, and a number of moglsted to the range 9.5 to 13.8.
els for deposition into patterned structures have been reported in the Cyclic voltammetry was performed on platinum foils and TaN
literature®1° films in a three-electrode cell. A platinum mesh was used as a

Copper fluoroborate solutiohs* allow the use of high deposi- counter electrode, and a Ag/Ag@ M NaC) electrode(0.22 Vvs.
tion current densities. Disproportionation of fluoroborate results inNHE) served as a reference electrode. Unless otherwise stated, the
the formation of hydrofluoric acid, which can minimize the forma- working electrode area was 0.385 Twith an electrical contact
tion of surface oxide layers. In previous work, we have reported onaround the perimeter of the electrode. All samples were immersed in
the nucleation and growth of copper on TfNfrom fluoroborate  70% HNGQ; (J. T. Bakey for 30 s and then rinsed with distilled,
solution. Copper EDTA solutions are commonly used in electrolessdeionized water prior to each experiméft? Atomic force micros-
copper deposition. However, EDTA solutions have been exploredcopy (AFM) revealed no change in surface roughness or morphol-
for electrodeposition of copper on TiN.Citrate solution®® are at- ogy after this precleaning treatment. We note that similar results
tractive since the citrate ion can function as a brightening, leveling,were obtained after precleaning samples in 1-2 vol % (AFa
and buffering agentRef. 17 and references thergiCitrate solu-  Aesal.
tions are of technological interest since they have low toxicity, how-  The influence of the sheet resistance on the density of copper
ever, their stability is a major disadvantage. An important applica-islands was studied using constant current deposition experiments
tion of citrate solutions is the electrodeposition of copper-nickel on rectangular samples about 2-2.5 cm long and 1.15 cm wide.
alloyst’ Electrical contact was made to one end of the rectangle, and the
sample was immersed 1.5-2.0 cm into the solution. A copper bar
(99.99% Johnson- Matthgperved as a counter electrode.

All electrochemical measurements were performed using EG&G
PAR 273/273A potentiostat/galvanostat. The films were examined

All experiments on nonpatterned wafers were performed on a 5qyy JEOL 5600 and JEOL 6700F scanning electron microscopes
nm thick TaN diffusion barrier layer deposited on a thermal oxide (SEmg.

supplied by a chip manufacturer. The composition of the barrier
layer was Ta;JN, determined by Auger electron spectroscopy
(AES). The resistivity of the film was 25Q.Q) cm.

Experimental

Results and Discussion

Figure 1 shows cyclic voltammograms for Pt and TaN in copper
sulfate (pH 0.1), fluoroborate(pH 1), citrate (pH 3.1, and EDTA
* Electrochemical Society Student Member. (pH 13'5 solutions. ..
** Electrochemical Society Active Member. Voltammograms for copper deposition on Pt from sulfate, fluo-
2 E-mail: aradisil@jhem.jhu.edu roborate, citrate, and EDTA solution exhibited similar features. The
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Figure 1. Cyclic voltammograms for copper deposition on platin(dotted
line) and TaN (solid line diffusion barrier layer from:(a) 0.05 M
CuSQ-5H,0, 0.375 M HSQ,, 1.84%X 10°° M (62.5 mg L'!) PEG, 2.93
X 104 M (10.4 mg L'Y) CI7, and 2.82x 10® M (1 mg L ™) his(3-
sulfopropy) disulfide (SPS (pH 0.1, (b) 0.05 M CuCQ-Cu(OH),, 0.32 M
H; BO;, and 0.36 M HBE (pH 1), (c) 0.05 M CuSQ-5H,0, 0.5 M
HOCCOOHCH,COOH),, 0.93 M NgSO, (pH 3.1, and ¢ 0.05 M
CuSQ-5H,0, 0.1 M EDTA(pH 13.5 solutions. For clarity, we introduced
breaks in our plots at1 mA cn? and plotted anodic peaks in logarithmic

scale.
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onset of copper deposition is followed by a characteristic peak as-
sociated with nucleation and diffusion-limited grovithThe copper
deposition peaks were all in the range of 3-7 mA@mThe poten-

tial of the peak was 0 V in fluoroborate;0.1 V in sulfate,—0.35 V

in citrate, and—1.1 V in EDTA. Note that the peak for the strongly
complexing EDTA solution is shifted significantly compared to the
other solutions. In the reverse scan, a diffusion-limited deposition
current is followed by a stripping peak. For sulfate, fluoroborate,
and citrate solutions stripping was fast with current densities in the
range 40 to 60 mA cn?, about an order of magnitude larger than
the deposition peak. The stripping peak in the EDTA solution was
about 4.9 mA cm? at —0.1 V and was broad with a shoulder at 0 V,
due to the formation of copper oxide.

Cyclic voltammograms for copper deposition on TaN were sig-
nificantly different from those on Pt. The copper deposition peak is
shifted more negative by 1 V for the case of sulfate and fluoroborate,
0.9 V for citrate, and 0.65 V for EDTA solutions. The shift in the
deposition peak is related to the large nucleation overpotential on
TaN. The copper deposition peak was immediately followed by hy-
drogen evolution, indicating that the copper clusters catalyze the
hydrogen evolution reaction. For the case of voltammograms in sul-
fate and fluoroborate solutions, current fluctuations in the reverse
scan were associated with the appearance of cracks in the deposited
films. In sulfate solution, the copper deposition current becomes
zero at about-0.25 V, several hundred millivolts negative of the
zero current potential on Pt. Since the onset for nucleation and
growth on TaN occurs at abott0.9 V, the fact that deposition stops
at —0.25 V indicates that the copper film is delaminated during the
reverse scan. No stripping peaks were observed in voltammograms
for any of the solutions indicating that the copper film becomes
electrically isolated from the TaN substrate during the reverse scan.

The kinetics of nucleation and growth were studied by analyzing
deposition transienf®. In these experiments, the potential was
stepped from a potential where no deposition is observed, typically
100 mV negative to the open circuit potential, to potentials in the
region of the bulk deposition peak, as determined from the cyclic
voltammograms. Figure 2 shows current transients for copper depo-
sition from 50 mM copper sulfate, fluoroborate, citrate, and EDTA
solutions on TaN. The transients were characterized by an initial
increase in current density due to nucleation and growth of three-
dimensional(3D) copper clusters. At longer times the current de-
creased due to the transition from 3D to 1D growth. The current
transients were replotted in dimensionless form and compared to the
growth law$?? for instantaneous and progressive nucleation fol-
lowed by diffusion-limited 3D growth.

Figure 3 shows the current transients recorded at the potential of
the deposition peak, for copper sulfate, fluoroborate, citrate, and
EDTA solutions, in dimensionless form. Deposition from copper
sulfate solution(Fig. 33 initially follows the model for instanta-
neous nucleation followed by 3D diffusion-limited growth. At
longer times, the deposition current density was larger than pre-
dicted by the model. This effect is often observed for systems where
the onset of hydrogen evolution is close to the deposition ptie
hydrogen evolution reaction is catalyzed by the deposition of the
metal clusters leading to an additional contribution to the current.
Copper deposition from copper fluorobor#kgg. 3b was not con-
sistent with the model for nucleation followed by 3D diffusion-
limited growth. The origin of the two peaks in the reduced current
plot may be related to renucleation. The deposition current for cop-
per citrate(Fig. 39 is initially larger than predicted by the model for
instantaneous nucleation followed by 3D diffusion-limited growth,
whereas at longer times the agreement is excellent indicating that at
long times growth is controlled by a one-dimensional diffusion field.
For the case of deposition from copper EDTA solutiéig. 3d), at
short times the deposition transients follow the model for progres-
sive nucleation followed by 3D diffusion-limited growth, but at
longer times the reduced current density is much lower than pre-
dicted by the model.
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Figure 2. Current transients for copper deposition on TaN frégani:50 mM
copper sulfatgpH 0.1 at —0.95, —1.0, —1.05, —1.1, and—1.15 V, (b)
fluoroborate(pH 1) at —0.95, —1.0, —1.05, —1.1, and—1.15, (c) citrate
(pH 3.1 at —1.15, —1.20, —1.25, —1.30, and—1.35 V, and(d) EDTA (pH
13.5 at —1.70, —1.75, —1.80, —1.85, and—1.90 V.
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Figure 3. Normalized current transiensolid line) for copper deposition on
TaN from: (@) 50 mM copper-sulfatépH 0.1) at —1.05 V, (b) fluoroborate

(pH 1) at —1.05 V, (c) citrate(pH 3.1) at —1.25 V, and(d) EDTA (pH 13.5

at —1.75 V. Also plotted are transients obtained using models for instanta-
neous nucleation followed by 3D diffusion-limited growdtiashed lingand

for progressive nucleation followed by 3D diffusion-limited growtiotted

line).




Journal of The Electrochemical Socigetys0 (5) C362-C367(2003 C365

Figure 4. SEM images of copper clusters deposited fr@n50 mM copper sulfatépH 0.1) at —0.95, —1.0, —1.05, —1.1, and—1.15, (b) fluoroborate(pH
1) at —0.95, —1.0, —1.05, —1.1, and—1.15, (¢) citrate (pH 3.1 at —1.15, —1.20, —1.25, —1.30, and-1.35, and(d) EDTA (pH 13.5 at —1.70, —1.75,

—1.80, —1.85, and—1.90 V.

The potential dependence of the nucleus density was determinedlustersobtained from copper sulfate, fluoroborate, citrate, and
from SEM images. Figure 4 shows series of images of copperEDTA-based solutions at different potentials. All images were re-
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corded at 1.5 mm radial distance from the perimeter of the electrode g

In all cases the clusters were randomly distributed on the surface. {:;-'4;"_

Copper clusters deposited from sulfate solution were similar in di- "‘.}ﬁ,’,

ameter, indicating that nucleation is fast in comparison to growth & gL

and consistent with the normalized deposition transient shown in &

Fig. 3a. Clusters deposited from the citrate solution exhibited a dis-

tribution of sizes characteristic of progressive nucleation, even

though reduced parameter plots suggested processes closer to tt

model for instantaneous nucleation. Copper clusters deposited frorr

EDTA solution also exhibited a broad distribution, consistent with

the rising part of the normalized deposition transient and the model

for progressive nucleation followed by 3D diffusion-limited growth.
At the potentials of the bulk deposition peakl.05 V for sulfate

and fluoroborate;-1.25 V for citrate, and-1.75 V for EDTA solu-

tion, the highest cluster density was obtained for the copper EDTA

solution. Figure 5 shows the potential dependence of the cluster

density in fluoroborate, citrate, and EDTA solutions. 1x10°
The cluster density in fluoroborate solution increases sharply “Tg

with potential and appears to saturate at more negative potentials G

Similar results have been reported for copper deposition from fluo- -

roborate solution on TiNZ The copper cluster density in citrate and

EDTA solutions is exponentially dependent on potentials with in-

verse slopes of 150 and 250 mV/dec, respectively. In classical mod- 1x10°

els for electrodeposition, an increase in the cluster density with over-

potential is related to a distribution of activation energies associated

with nucleation site$® From Fig. 5 it is seen that cluster densities in

excess of 18 cm™2 can be obtained in the potential region prior to

dominant hydrogen evolution for EDTA and citrate solution. How-
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ever, the results from Fig. 5 indicate that solution chemistry has arigure 6. Copper cluster densitys. distance from the electrical contact.

strong influence on cluster density.

Copper was deposited from solution containing 0.035 M CuSé&,0 and

Electrochemical deposition on diffusion barrier materials gener-0.07 M EDTA (pH 13.4 at (+) 1 mA cmi 2 for 400 s, at(O) 3.1 mA cni 2
ally occurs by 3D island growth. Consequently, high nucleus densifor 150 s, and afx) 4.0 mA cni? for 10 s, and a solution containing

ties are essential in designing processes for thin-film depositiorn.025 M CusQ- 5H,0 + 0.25 M HOCCOOHCH,COOH), + 0.93 M
since the critical film thickness for island coalescertg,, is di- Na,+S0, (pH 3. at(A) 1 mAcm 2 for 600 s, and at¢) 5.0 mA cm 2 for
rectly related to the island densitd. For hemispherical clusters, 150.

deit = 0.5 N"2. From this expression it is clear that cluster densi-

ties in excess of 18 cm 2 are necessary to achieve coalescence at

a film thickness of 10 nm. Figure 5 shows that the potential is an

Based on these results we deposited copper thin films on TaN

important parameter in manipulating the island density and hence inising a two-step potentiostatic technique. The first step involved a
controlling the critical thickness for coalescence. Furthermore, Fig.short potential pulse, close to the onset of hydrogen evolution in

5 shows that the strongly cluster density is the deposition dependerirder to obtain a high cluster density, while in the second step a
on solution chemistry. The strong exponential dependence of islandnore positive potential was applied to grow the clusters. By using

density on potential for EDTA and citrate solutions suggests a simi-this approach we were able to grow bright, continuous copper films.

lar mechanism for island formation. From Fig. 1 it is evident that the Many thin film samples passed a qualitative tape test, no ob-

shift in the curves is related to the slower kinetics for the EDTA servable copper was removed from the sample after the tape is re-

solutions.
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moved. However, the copper was removed by rubbing the sample.

The quality and adhesion of the copper films was also dependent
on the solution pH. For the EDTA solution, the pH was varied from
9.5 to 13.8. In general, the best results were obtained in the pH
range between 13 and 13%5For citrate solutions, films were de-
posited in the pH range, from 2.5 to 13.2. In this solution, the best
results were obtained from pH 2.5 to 5.0. At higher pH value§),
adhesion between the deposited copper film and TaN substrate was
poor, and the solutions were unstable with slow precipitation. For
both citrate and EDTA solutions, the optimum pH range corresponds
to the reegime where CuOH(where L is the ligangis the dominant
species-

The influence of the sheet resistance of the TaN film on nucle-
ation and growth was determined by performing experiments on
rectangular samples with an ohmic contact at one end. Copper was
deposited from EDTA and citrate solutions onto 50 nm thick TaN
barrier layergresistivity 2502 cm) at a constant current of 1 to 5
mA cm 2. In all cases, a continuous color variation along the length
of the sample indicated the nonuniformity of the deposited film with
copper preferentially deposited closer to the electrical contact. Fig-

Figure 5. Potential dependence of copper cluster density for solutions con-Ure 6 shows a plot of the density of copper clusters, deposited onto

TaN from a solution containing 0.035 M CusGH,0 + 0.07 M
EDTA (pH 13.4, and solution containing 0.025 M CugGH,0O
+ 0.25 M citrate acid+0.93 M Ng SO, (pH 3.1 vs.distance. Also

taining: (X) 0.05 M CuCQ-Cu(OH),, 0.32 M H;BO;, 0.36 M HBF, (pH
1); (O) 0.05 M CuSQ-5H,0, 0.5 M HOCCOOKCH,COOH),, 0.93 M Na,
SO, (pH 3.1; and(A) 0.05 M CuSQ- 5H,0, 0.1 M EDTA(pH 13.5.
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a b
1.
Figure 7. SEM images of copper deposition from stagnant solution&of
0.025 M CuSQ-5H,0, 0.25 M HOCCOOHKCH,COOH),, and 0.93 M
Na,SO, (pH 3.1, and(b) 0.035 M CuSQ-5H,0 and 0.07 M EDTA(pH P
13.4) onto TaN-patterned wafers. 3
4.

shown in Fig. 6 are SEM images of copper clusters as a function of >
distance from the contact. Note that cluster density is the same orde
of magnitude as the constant potential measurem@idgs 5). The
potential difference between the point on the sample closest to theg
electrical contact and the point furthest away from it was estimated
to be between 50-100 mV using models for deposition on resistive 9.
substrate$*2°

We have also explored copper deposition onto patterned diffu-10:
sion barrier layers. Figure 7 shows copper clusters deposited ont
patterned TaN from citrate and EDTA based copper solutions. Inj5
both cases copper was deposited at a constant current density of 1
mA cm 2 for 600 s. From this figure it can be seen that copper 14.
clusters were deposited preferentially on the sidewalls of a feature
approximately Jum deep. Similar results were obtained for smaller

features with other geometries. This result shows that geometry also™

plays a key role in determining the spatial distribution of nuclei at
the surface.

17.
18.
19.
20. Southampton Electrochemistry Groupstrumental Methods in Electrochemistry

Conclusions

Direct copper electrodeposition on TaN diffusion barrier layers is
characterized by Volmer-Webb&D) island growth. The nucleation

overpotential is between 0.65 to 1 V larger on TaN than on Pt. Fory;

citrate and EDTA solutions the cluster density increased exponen-

tially with more negative potentials. For fluoroborate solutions the 22.
cluster density increased and then saturated at more negative potef?:

tials. Cluster densities in excess of'4@m 2 were obtained by
applying potential steps close to the onset of hydrogen evolution.

Bright, continuous, copper films were obtained by using a doubleys,

potential step method.

15.
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