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The leveler, 2-mercaptopyridine~2MP!, increases the filling power of copper electroplating
electrolytes in plating 0.15mm vias, but forms the plated copper metals of small-grained column
structures with high resistivity. In this study, we used rapid thermal annealing~RTA! to effectively
improve the film quality. After RTA at 400 °C for 30 s, the resistivity of Cu deposits was reduced
from ;16.1 to;2.4 mV cm. Moreover, the Cu~111! intensity of Cu deposits increased after RTA
annealing. ©2003 American Vacuum Society.@DOI: 10.1116/1.1562641#
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I. INTRODUCTION

Cu electroplating has become a promising technology
producing copper interconnects in a damascene structur
particular, a plating bath should introduce a diffusion-limit
leveler to result in a higher copper deposition rate at
bottom of the features than at the sidewalls, to yield excel
filling. In agreement with previous reports of the chemistr
used to achieve superfilling in sub-0.2mm Cu electroplating,
description of the combined effects of chloride ion (Cl2),
polyethylene glycol~PEG!, and other filling promoters hav
recently been published by many groups.1–4 Although addi-
tives with depletion~adsorption! reactions can be used t
enhance the gap-filling efficiency, the incorporation of imp
rities may lead to electroplated Cu films having a mu
higher electrical resistivity than the bulk value.5 According to
the mathematical model developed by West and co-worke6

a dimensionlessRLA (;k/D) was proposed as the desig
rule for the void-free deposition; whereD andk are the dif-
fusion coefficient and the consumption rate constant of
additive, respectively. An effective additive must not on
have an appropriate value ofRLA to generate a concentratio
gradient within a feature but also produce a low-resistiv
Cu film. In our previous study, superfilling phenomenon w
achieved in 0.15mm vias using 2-mercaptopyridine~2MP!
as the leveling agent, because 2MP provided not only
equate overpotential but also selective inhibition gradie3

However, 2MP produced a high-resistivity film due to
high consumption rate into deposited films and its sm
grained column structure.7

In this work, we used rapid thermal annealing~RTA! to
reduce the resistivity of Cu films and to prevent tim
consuming and high-temperature furnace annealing, whic
harmful for low-k material integrated processes. RTA is co

a!Author to whom correspondence should be addressed; electronic
jmshieh@ndl.gov.tw
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ventionally used for process steps such as dopant activat8

dopant redistribution,9 formation of metal silicides,10 and im-
proving the barrier capability in a Cu metallization system11

In this study, the resistivity of as-deposited Cu films w
about 16.1mV cm using the electrolyte with 2MP as th
filling promoter. After RTA at 400 °C for 30 s, the resistivit
was dramatically reduced to;2.4 mV cm. Additionally, the
changes of grain size and electrical resistivity were mo
tored to determine the effect of electrolyte compositions
electroplated Cu films at room temperature and elevated t
peratures.

II. EXPERIMENT

The blanket wafer used in this study was prepared
sputter depositing a 50-nm-thick TaN diffusion barrier and
50-nm-thick Cu conduction layer on SiO2. The patterned wa-
fer was composed of a 30-nm-thick ionized metal plas
~IMP!–TaN layer as the diffusion barrier and a 200-nm-thi
IMP–Cu film as the seed layer. In the Cu electroplating p
cesses, the standard electrolyte was composed of CuSO4 •5
H2O ~30 g/l!, H2SO4 ~275 g/l!, and chloride ions~50–100
ppm!. The films were deposited under galvanostatic con
at room temperature. All the Cu electroplating for films w
performed under a constant current density of 0.001 A/c2

except when films were deposited using the standard elec
lyte due to a weaker polarization effect in the latter elect
lyte ~without additives! that necessitated a higher bias cu
rent for maintenance of minimal resistivity in deposited film
in which case 0.01 A/cm2 was used. The cross-sectional pr
files of Cu films were examined using a field emission sc
ning electron microscope~FESEM! and surface morpholo
gies were measured using an atomic force microsc
~AFM! from DI Nanoscope. Potentiodynamic~PD! polariza-
tion measurement performed on an EG&G potentios
galvanostat~model 273A! was used to analyze the electr
chemical behaviors of electrolytes. The counterelectrode
il:
8583Õ21„2…Õ858Õ4Õ$19.00 ©2003 American Vacuum Society
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 Redis
platinum and the working electrode was Cu with a const
surface area of 0.5 cm2. All potentials are reported relative t
the Ag/AgCl electrode, which was used as the reference e
trode. An x-ray diffractometer~XRD! was utilized to inves-
tigate crystal orientation of the electroplated Cu films a
differential scanning calorimetry~DSC! was performed on
the electroplated Cu films to characterize the microstruct
The chemical composition was determined using x-ray p
toelectron spectroscopy~XPS!. The XPS analyses were pe
formed using a VG ESCA 210 instrument, with excitation
Mg Ka radiation ~hn51253.6 eV!. After electroplating, the
specimens were annealed from 200 to 550 °C for 30 s in2

atmosphere and the sheet resistances of Cu deposits
measured by a four-point probe.

III. RESULTS AN DISCUSSION

In our previous work, we found that in the electroly
containing PEG and 2MP, a complete filling was obtained
0.15 mm vias because 2MP enabled a selective inhibit
gradient.3 The adsorption–diffusion model combined wi
cathode polarization and cyclic voltammetric stripping me
surements were also employed to explain the attribution
additives in superfilling phenomena.3 Scanning electron mi-
croscopy~SEM! cross-sectional profiles in Fig. 1 show th
superfilling transient mechanism in 1mm vias using the elec
trolyte containing 2MP. Although 2MP provided a high le

FIG. 1. SEM cross-sectional profiles: superfilling transient mechanism
mm vias using the electrolyte containing 2MP; steady-statei-E characteris-
tics for copper deposition from various electrolytes.
JVST B - Microelectronics and Nanometer Structures
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eling power, a high-resistivity film~.8 mV cm! was ob-
tained after deposition.7 Tafel plots in Fig. 1 reveal that 2MP
raised the charge transfer resistance and inhibited Cu d
sition. At a constant current density of 0.001 A/cm2, the
shifted overpotential, caused by the added PEG, was 6
mV relative to that of the standard solution~STD! and the
related value for the combined action of PEG–2MP w
200.1 mV. Table I summarizes the XPS data of the Cu fil
electroplated in STD with PEG and 2MP. The presence
nitrogen~N! atoms in the Cu films indicates that 2MP wa
chemisorbed on or consumed by the deposit. According
Cunningham’s investigation,12 we propose one factor to de
scribe the influences of characteristic impurities on the re
tivity of deposits. This impacting factorf is expressed asf
54*C15.5*O17*N19*S ~C, O, N, and S denote the
atomic percentages of C, O, N, and S atoms in the depo
respectively! and the calculatedf of various electrolyte
chemistries are in the following order: STD1PEG12MP
~5.33!.STD1PEG~3.35!.STD ~3.01!. The electrical resis-
tance of blanket films is usually used to probe the influen
of additive chemistries on impurity incorporation and its e
fect on microstructural evolution. The initial resistivities o
as-deposited films~average thickness of about 300 nm! de-
posited using different electrolytes are as follows: ST
1PEG12MP ~16.1 mV cm!.STD1PEG ~2.2 mV cm! .
STD ~2.1 mV cm!. The added 2MP apparently increased t
resistivity of deposited films due to its higher impurity inco
poration and small-grained column structure.7 Figure 2~a!
shows that the electrolyte with 2MP formed a column
structure; this type of grains was the result of a prefer
growth in certain crystal directions. The field orientated te
ture type~FT! is usually observed at fairly strong inhibitio
and is characterized by a large number of elongated crys
perpendicular to the substrate, forming a coherent depos13

Besides, it was found that random-orientated grains w
formed by the STD and STD1PEG electrolytes@Fig. 2~b!#
and they had relative larger sizes than the case of a colum
structure. Comparisons between grain growth types predi
that the STD1PEG12MP electrolyte would generate
higher electrical resistivity than other electrolytes.7

Electroplated Cu films are typically deposited at roo
temperature by a galvanostatic or a potentiostatic proc
and are metastable immediately after deposition. The
deposited films transform into larger-grained structures
room temperature by self-annealing. However, the driv
force for grain growth derived from reduction in gra
boundary energy and reduction of microstrains and/or
fects is limited. To further reduce the grain boundary surfa
area, the input of additional energy is required.14 The goal of

1

tomic
TABLE I. XPS data for the copper films electroplated in various electrolytes; C, O, N, and S denote the a
percentage of C, O, N, S atoms in the deposits.

Cu C O N S F54*C15.5*O17*N19*S

STD 36.63% 40.39% 19.37% 0% 3.61% 3.01
STD1PEG 35.59% 24.91% 34.44% 0% 5.06% 3.35
STD1PEG12MP 11.57% 14.02% 33.46% 34.26% 5.89% 5.33
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 Redis
this study is to introduce RTA to improve film quality. W
found that an increase of annealing temperature~300–
550 °C! enhanced grain growth and the obvious grain grow
started at 400 °C, as seen in Fig. 3. On the other hand,

FIG. 2. SEM cross-sectional profiles of Cu films.

FIG. 3. Plane views of AFM images~5 mm35 mm! of annealed~300–
550 °C! and as-deposited films.
J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar ÕApr 2003
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film resistivity decreased with annealing temperature
shown in Fig. 4~a!. After RTA at 400 °C for 30 s, the resis
tivity of Cu films deposited using the STD1PEG12MP
electrolyte was obviously reduced to;2.4mV cm. The SEM
cross-sectional profile in Fig. 2~c! shows that the small-
grained column structure@see Fig. 2~a!# disappeared afte
RTA at 400 °C for 30 s. For the Arrhenius model, the me
diameter for the thermal-induced grain boundary migrat
could be expressed with the annealing timet according to the
relationship14

R5
dn2d0

n

t
5R0 exp~2Q/kT!, ~1!

whereQ is the thermal activation energy for grain growth,d
and d0 are the mean grain size of the annealed and the
deposited films, respectively, andR and n are time-
independent constants; the exponentn is set at its usual value
of 2. Figure 4~b! shows the Arrhenius plot of ln(d22d0

2) ver-
sus the reciprocal of the absolute temperature from 300

FIG. 4. ~a! Effect of electrolyte chemistries on resistivity transients of d
posited films by RTA from 200 to 550 °C. All of the additives had the sa
concentration of 50 ppm;~b! Arrhenius plots of ln(d22d0

2) vs the reciprocal
of absolute temperature from 300 to 550 °C.
sconditions. Download to IP:  140.113.38.11 On: Wed, 30 Apr 2014 07:50:45
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550 °C. The slope of the plot gives the activation energy
the grain growth of the electroplated Cu film. The activati
energies of grain growth were 0.33, 0.36, and 0.34 eV for
electrolytes STD, STD1PEG, and STD1PEG12MP, re-
spectively. Notably, the activation energy for grain growth
the STD1PEG12MP electrolyte was lower than that of th
STD1PEG electrolyte. This may be due to that the prefer
orientation structure~column structure!, deposited using the
electrolyte with 2MP, had lower interface energies betwe
grains. Using DSC, the energy change associated with
material transformation process was examined and is sh
in Fig. 5~a!. Exothermic peaks were found on as-deposi
specimens. These peaks were attributed to the grain gro
of electroplated Cu films. The peak of the film deposit
using the STD1PEG12MP electrolyte appeared at lowe

FIG. 5. ~a! Differential scanning calorimetry thermogram of as-deposited
films; ~b! Cu~111! intensity transients with RTA temperature for the ST
1PEG12MP electrolyte.
JVST B - Microelectronics and Nanometer Structures
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temperature~;301 °C! than that of the film deposited usin
the STD1PEG ~;304 °C! electrolyte. This result also con
firmed that the added 2MP could lower the activation ene
of Cu grain growth, as shown in Fig. 4~b!.

In addition to grain size, another important factor for ele
trical performance is the crystallographic texture of the C
The crystallographic texture of Cu is face-centered-cu
~fcc! and ~111! is the closed packed plane in fcc structure
Therefore,~111! has higher electromigration resistance th
other planes of the fcc structure.15 Figure 5~b! shows the
x-ray diffraction patterns obtained for the as-deposited a
annealed films deposited using the STD1PEG12MP elec-
trolyte. It was found that the films mainly consisted of^111&
preferred orientation and the Cu~111! intensity increased
with RTA annealing temperature.

IV. CONCLUSIONS

The resistivity of the Cu films deposited using the ele
trolyte with 2MP as the leveler was effectively reduced fro
;16.1mV cm to ;2.4 mV cm after RTA at 400 °C for 30 s
The high-resistivity film deposited using the electrolyte w
2MP had lower activation energy~0.34 eV! for grain growth
than that~0.36 eV! of the film deposited using the electrolyt
without 2MP during RTA annealing~300–550 °C!. This re-
sult occurred due to lower interface energies between gr
of the preferred orientation structure~column structure!.
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