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Copper Bottom-up Deposition by Breakdown of PEG-CI
Inhibition
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Copper bottom-up deposition in 200 nm trenches by an acid-copper sulfate with only two adgitiy¢sthylene glycol (PEG
and CI'] is achieved. The inhibiting effect of electrodeposition by PEG is strongly related t@@icentration. Secondary-ion
mass spectroscopy measurements show thatisCtonsumed in the electroplating process. The explanation of bottom-up depo-

sition realized in copper superfilling, in which the decrease of@@ncentration causes rapid electrodeposition on trench bottoms,
is verified experimentally.
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Copper on-chip interconnection is a current topic in the semicon-inhibition weakens with time using 10,000 Mw PEG in potentio-
ductor industry. It became possible by copper superfilimg static experiment¥ Significant decreases of overpotential, which
trenches and vias in the damascene process. The superfilling imeans that the inhibition weakens with time, are also observed
achieved by the presence of additives in the acid-copper sulfatevith 3000 Mw PEG and the overpotential is sensitive to Cl
electroplating bath. Many studies based on the diffusion-adsorptiorconcentration.
theory ! have been carried out to understand the superfilling pro- Lines Aand C in Fig. 1 and 2 show gradual decreases of inhibi-
cess. In those studies, it is assumed that additives inhibit the eledion with time and they are reasonable for the diffusion-adsorption
trodeposition and are consumed on the plating surface. Due to théheory. Experiments are performed in approximately one-
diffusional limitation, concentration of additives is decreased dimensional flow and the diffusional supply of PEG is limited.
in the trench bottom and rapid deposition from the bottom Therefore, it is expected that the decrease of inhibition along time
occurs. However, the mole fraction of additive-derived impurities can be observed at a larger current density from the diffusion-
(C, O, S, C) measured by secondary-ion mass spectros¢BpyS) adsorption based theories. However, when enoughi€kupplied,
is smaller than the expected value from the diffusion-adsorptionthe inhibition effect keeps constant with time as shown by lines B
based theorie¥* So far, polyethylene glycol (PEG, Mw about  and D and a larger amount of Cls needed for inhibition at higher
3000 is considered a main inhibitor. The expected diffusion coeffi- current density. It is reasonable to suppose that the decreasé of Cl
cient of the inhibitor is the same order of €1 and it is large for  concentration causes these decreases of overpotential shown by lines
the size of the additives. Then, recent studies showed interest i\ and C.
catalytic additives like bi8-sulfopropyjdisulfide (SPS or

3-mercapto-1-propanesulfonatdPSA). 1> In this study, to under- Decrease of Chloride lon

stand the superfilling mechanism, the inhibition by PEG and i€l As a cause of Cl decrease, migration and consumption are con-
carefully investigated by measuring overpotential of an electrodesidered in this section. Let us roughly estimate the concentration
being electroplated. distribution by migration. Although the plating bath is a highly con-

. centrated solution, the following one-dimensional Nernst-Planck
Overpotential Measurement

The cell for the electroplating experiments is a 500 mL beaker
submerged in a water bath at 2880.5 K. The working electrode
(WE) is a polished platinum disk in an epoxy resin. To assume a 0
one-dimensional flow of current, ions, and additives, the WE is cov-
ered by a resin plate which has a cylindrical hale € 3 mm). The
WE is preplated with copper at 200 A#rfor 20 s in the electrolyte
of interest before each experiment. After preplating, the electrolyte k\“‘?’*%w
of the bath is spit out from a thin tube connected to a pump for CrI 0.04mol/m®
supplying fresh electrolyte in the hole. To avoid contamination of _— )

T T T T T T

without CI”

_ . L 9_1 | 4
Cl~, a copper plate in the cover resin is used as a reference electrod¢ .= 00 CI” 0.035mol/m®

M

which is expected to work as a stable Cu/CyS&ectrode. The
composition of the standard electrolyte is 225 g/L CySH,0 and
55 g/L H,SO,. All electrodes are connected to a potentiostat
(Hokuto Denko, HABF501Land constant current is applied for cop-
per electrodeposition on the WE. ~ 3.
Figure 1 shows the time variation of overpotential when &l -200- CI" 0.1mol/m™ (Line A) .
added to a 3000 Mw PEG containing electroplating bath. The con-
centration of PEG is constant at 300 mg/L. Applied current density
is 50 A/n?. Figure 2 shows the same result as Fig. 1 at a different I L ) L L L L
current density of 200 A/f1 Healy and Pletcher showed that the 0 20 40 60

Time sec

Overpoten

* Electrochemical Society Active Member. Figure 1. Time variation of overpotential at 50 AAnCl~ is added to a PEG
Z E-mail: hayase.masanori@pi.titech.ac.jp (300 mg/l) containing electrolyte bath.
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Time sec Figure 5. SEM micrograph of the trench cross section before electroplating.
_Copper seed layer on the top surface is about 100 nm thick. The specimen is
Figure 2. Same experiment as Fig. 1. Current density is 200%A/m inclined 10°.

equation and equation of material balance are used for simplicity.
The potential gradient is assumed to be constant over time and space

f = Dac zFDcad !
T T T T T T T T T T T - & RT & []
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11.4V/m at 0, 5,.10; 20, 30sec
i wheref is flux of ion, D is diffusion coefficientc is concentrationz
\ is charge numbefF; is the Faraday constarR,is the gas constant,
57 V/m at 30sec is temperature is electric potential, and is the distance from the
electrode. Finite difference method is used for calculating spatial
derivatives and Runge-Kutta method is used for time progress.

Concentration ¢ [moI/m3]
o

oL+ PR L T L L Figure 3 shows the numerical results. As the diffusion coefficient
0 ~ 9500 1000 of CI7, 2.03x 107 m¥s is used. Conductivity of the plating bath
Distance x [um] is 5.7X 102 Q m and 11.4 V/m is chosen for the potential gradi-

ent, ad/ox, supposing 200 A/fa The potential gradient may be
Figure 3. Estimation of CI' concentration distribution by migration. Sup- raised due to nonuniform ion distribution, a result from large poten-
posing a current density of 200 Afmod/dx = 11.4 V/m is calculated. Cl tial gradient of 57 V/m is shown, for example. The migration causes
migrates from cathode and the concentration decreases near the cathode sur-

face.
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Figure 6. SEM micrograph of the trench cross section. Copper is electrode-
Figure 4. Cl depth profile by SIMS. Clmass no. 3Yis traced. Copper is  posited by applying 50 A/&ffor 15 s in a standard electrolyte bath with PEG
electroplated for 30 s on platinum substrate in a standard bath wittofCI 300 mg/L and CI 0.2 mol/n?. Slight bottom-up deposition can be seen. The
0.2 mol/n?. The Cl counts are large at initial period of electroplating. specimen is inclined 10°.
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Figure 8. SEM micrograph of the wide area cross section. Copper is elec-
trodeposited by applying 100 Afrfor 20 s in a standard electrolyte bath
with PEG 300 mg/L and C10.2 mol/n?. Slight hump can be seen above the
tight trench formation.
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larger current density and narrower trench width produce the larger
concentration difference of Clbetween the top surface and trench
bottoms, then obvious bottom-up deposition is realized.

The breakdowns occur mainly from the trench bottom areas,
however, there are some trenches where no deposition can be seen.
Figure 7. SEM micrograph of the trench cross section. Copper is electrode-It ¢an be assumed that the inhibition effect is not uniform over space
posited by applying 100 A/ffor 10 s in a standard electrolyte bath with because the seed layer is not perfectly uniform as shown in Fig. 5
PEG 300 mg/L and Cl 0.2 mol/n?. Obvious bottom-up deposition can be and the size of PEG also varies in some extent. It is reasonable to
seen. The specimen is inclined 10° and the bottom-up deposition is realizesuppose that the breakdown occurs in some trenches and in some
along the trench direction. trenches the breakdown does not occur. Once the inhibition breaks,

the following rapid copper deposition produces a significant de-
crease of ClI and this decrease of Clweakens the neighboring
inhibition. Therefore, the unstable localized deposition growth hap-
bens, while no deposition can be seen in some areas where the

the CI" decrease on the electrode surface to some extent, howeve

the effect is not enough to explain the data shown in Fig. 1 and 2.joniition breakdown does not occur at initial period of electroplat-
To verify the consumption of Cl depth profiles of Cl concen- g " Figure 8 shows this unstable deposition growth. A slight hump
tration in electroplated copper on a platinum electrode are measuregdy, pe seen above the tight trench formation. The large amount of
by SIMS (Cameca, IMS 4t Cl (mass no. 3yand Cu(mass no. 6B geposition can be seen on the flat surface on the right side of the
are traced as shown in Fig. 4. Irradiation area of ®@am is a  tght trench formation, although no obvious deposition can be seen
250X 250pm square. on the flat surface on the left side of the tight trench formation.
Electroplating is carried out in a standard electrolyte bath with
CI~ of 0.2 mol/n? for 30 s. Disturbances at initial periddntil 100
s) in erosion time may be due to the contamination after the plating.
The dull curve is caused by the averaging of the large irradiation  Inhibition of copper electrodeposition by PEG and @las care-
area. Cl background level observed with the copper which is elecfully investigated and it was found that Tkoncentration strongly
troplated in non-Cl bath is 100. The interfaces between the platinumaffects the inhibition in the PEG-containing electrolyte bath. An ex-
substrate and the plated copper appear around 7D00sA/nT) and  planation of bottom-up deposition realized in the copper superfill-
1600 s(200 A/n?) in erosion time. ing, in which the decrease of Clin the trenches by consumption
Although the absolute amount of Cl concentration cannot be ob-causes rapid deposition on trench bottoms, was proposed and was
tained by the SIMS measurements, it is obvious that Cl is absorbederified by SIMS measurements and filling experiments. Further
into the electroplated copper and 0k consumed during the elec- quantitative studies are needed to understand superfilling with other
troplating. The CI profile, in which the detection counts are high additives.
around the copper interface with substrate and the counts decrease
toward the surface, shows the possibility of the significant decrease
of CI™ near the WE surface during electroplating. This assumption
matches the overpotential measurements shown in Fig. 1 and 2.

Conclusion
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If the CI™ is consumed on the plating surface, it is reasonable to  TOk)
this article.

suppose that the decrease of @ the trench bottom is larger than

the decrease on the top surface because of the diffusional limitation.
The inhibition weakens at the trench bottoms, then rapid elec-
trodeposition at the trench bottom can occur. This effect may be a™
dominant mechanism of the superfilling. Also, this mechanism can ».
be interpreted as a “Cl consumption model.”

To verify this assumption, filling experiments were carried out.
The additive concentration®EG 300 mg/L, CI 0.2 mol/n?) and
current density(50-100 A/nf, based on the superficial ajeare
used. Figures 5-8 show the scanning electron microgrée®iBM) of
trench cross sections before and after electroplating. Slight
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bottom-up deposition can be seen in Fig. 7. It is supposed that the
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