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Interconnections

Damascene Cu electroplating for on-chip
metallization, which we conceived and
developed in the early 1990s, has been central
to IBM’s Cu chip interconnection technoiogy.
We review here the challenges of filling
trenches and vias with Cu without creating

a void or seam, and the discovery that
electrodeposition can be engineered to give
filling performance significantly better than
that achievable with conformal step coverage.
This attribute of superconformal deposition,
which we call superfilling, and its relation to
plating additives are discussed, and we
present a numerical model that represents the
shape-change behavior of this system.

Introduction

The advantages of Cu relative to Al(Cu) for chip wiring,
which include lower resistance, higher allowed current
density, and increased scalability [1-3], have long been
recognized. Copper metallization of chips has thus been
the subject of intense investigation for more than a decade
[1, 4, 5]. In 1997, IBM published results [1] from fully
integrated devices with Cu interconnections that showed a
40-45% drop in the resistance of cladded Cu wiring
compared to Al(Cu) wiring, and a substantial
improvement in electromigration resistance. A paper on
Cu interconnections was also published by Motorola [6].

We have developed electroplating technology for copper
that has been successfully implemented in IBM for the
fabrication of chip interconnect structures {7, §]. A
summary of milestones of damascene electroplating for Cu
chip interconnections in IBM appears in Table 1. In this
paper we discuss aspects of the plating process in relation
to a method of integration called damascene (or dual
damascene). We show that under certain conditions,
electroplating inside trenches occurs preferentially in the
bottom, Icading to void-free deposits. We call this
phenomenon superfilling. We present a mathematical
model of superfilling based on the assumptions that
additives~—compounds added in Cu plating solutions to
improve deposit properties—are consumed on the wafer
surface and suppress the kinetics of Cu deposition. Since
interior locations of trenches are less accessible to
additives, less suppression of the reaction kinetics occurs
there, causing higher deposition rates. Superfilling seems
to be a unique property of electroplating, which is
therefore a particularly suitable technology for the
fabrication of Cu chip interconnections.

Integration of electroplating in device
fabrication

In order for a metal or alloy to be deposited on the
surface of a wafer by electroplating, it is first necessary to
cover the surface with a seed layer, or plating base, whose
function is to conduct the current from a contact at the
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Patterning Seed-layer deposition
Seed layer
Substrate
Plating Plating
Plated metal
Mask removal
Seed-layer etching Planarization
(@ (b)
Process steps for the integration of an electroplating process in
device fabrication: (a) Through-mask plating; (b) damascene plating.

Table 1

copper chip interconnections.

Milestones of damascene electroplating for

1989 First demonstration of damascene copper
electroplating for chip interconnections

1991 Electroplating adopted for the development of a
copper/polyimide bipolar device (device later
abandoned)

1993 Four-level copper/polyimide paper published [4]

1995 Electroplating passes feasibility tests; integration
with silicon dioxide in multilevel structures
accomplished

1997 First working microprocessor using copper
electroplating is fabricated [1]

1998 Electroplating in high-volume manufacturing

wafer edge to all points on the wafer where a deposit is
desired. The requirement of a seed layer has led to a
variety of approaches for the integration of plating; two
such approaches are illustrated in Figure 1.

Through-mask plating uses a masking material on top of
the seed layer. Electroplating occurs only on those areas
of the seed layer that are not covered by the mask. The
masking material and the surrounding seed layer are
subsequently removed. Through-mask plating has been
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Process steps for the fabrication of a via and line level by the dual-
damascene approach (adapted from Reference [13]): (a) Insulator
deposition; (b) via definition; (c) line definition; (d) barrier and seed-
layer deposition; (e) plating and CMP.

implemented in the fabrication of thin-film recording
heads [9, 10] and C4 interconnections [11].

Damascene plating, in contrast, involves deposition of
the seed layer over a patterned material, which, in the
case of interconnect structures, is the insulator, a
functional part of the device that must remain in place.
The plated metal covers the entire surface; excess metal
must be removed by a planarization step such as
chemical-mechanical polishing (CMP).

Damascene electroplating is ideally suited for the
fabrication of interconnect structures, since it allows
inlaying of metal simultaneously in via holes and overlying
line trenches [12] by a process called dual damascene
(Figure 2). Further, it is compatible with the requirement
for a barrier layer between the seed layer and the
insulator; the barrier prevents interaction between the
metal and the insulator [13].

The foremost requirement for success of the plating
process (as well as for any other process of potential use
in the fabrication of damascene copper interconnects) is
its ability to fill trenches, vias, and their combinations
completely, without any voids or seams. How plating
makes it possible to obtain void-free and seamless deposits
is discussed in the next section.
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Profile evolution in damascene copper plating
Figure 3 shows possible ways for the profile of plated
copper to evolve in time. In conformal plating, a deposit
of equal thickness at all points of a feature leads to the
creation of a seam, or, if the shape of the feature is
reentrant, a void. Subconformal plating leads to the
formation of a void even in straight-walled features.
Subconformal plating results when substantial depletion of
the cupric ion in the plating solution inside the feature
leads to significant concentration overpotentials which, in
turn, cause the current to flow preferentially to more
accessible locations outside the feature. Also, if the
feature depth is large (say in excess of 50 um), the ohmic
drop in the electrolyte may cause nonuniformity in the
distribution of the current in favor of external feature
locations. For defect-free filling, a higher deposition rate
in the bottom than on the sides of the feature is desired.
This mode of plating, as shown in Figure 3, can be
accomplished by the use of additives. The term superfilling
is used here to distinguish the situation from leveling.
Leveling reduces the roughness of a surface and smooths
defects such as scratches; superfilling produces void-free
and seamless deposits inside lithographically defined
cavities with vertical walls and high aspect ratios.
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Cross sections of partially filled lines showing the profiles of
electroplated copper (plating was done from a plating solution
containing different additives): (a) superfilling; (b) edge-rounding
only.

The results of experiments conducted using different
additives are shown in Figure 4. The specific additives
used are proprietary. Plating was interrupted before
the feature was completely filled with Cu in order to
assess the shape of the profile of the deposited metal.
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Superfilling results in one case (a); in the other (b), a
nearly conformal deposit is obtained. Superfilling also
involves rounding of the corners of the trench bottom.
Rounding is observed in both cases.

A model of superfilling
With the aim of improving our understanding of shape-
change behavior in damascene plating through a
quantitative framework, we undertook a numerical
modeling effort in 1991. We adapted a model
that had been applied to leveling in conventional
electroplating [14] and to shape evolution in through-mask
plating [15].

Physically, the essential characteristics of the modecl
are as follows. The local rate of copper deposition is
proportional to the local current density i by Faraday’s
law. The current distributes itself so as to take the path of
least resistance as it approaches the trenched electrode
surface. Transport of the metal ion M (in this case, the
cupric ion, Cu*") and of an inhibiting additive A is
dominated by convection except within a concentration
boundary layer that extends several tens of microns from
the electrode surface. We treat this zone as stagnant, with
each species moving only by diffusion. At the outer edge
of the boundary layer, we assume that the cupric ion and
the inhibitor are at their well-mixed bulk concentrations.
Since the feature dimensions are much smaller than the
boundary-layer thickness, we take i to be uniform at the
boundary-layer edge. The current encounters a voltage
barrier or overpotential at the electrode surface. Since
the barrier becomes higher as current density increases
(according to the Tafel kinetic expression [16]), there is
no reason for a point A to receive a higher current density
than a point B unless one of the following cases applies:

1. The ohmic pathway to point A is significantly more
favorable than to point B.

2. The metal ion has been depleted to a significantly
lower concentration at point B than at point A
(difference in concentration overpotential).

3. The rate constant for clectrodeposition, i, is higher at
point A than at point B as the result of differential
inhibition or catalysis.

We can rule out Case 1, since ohmic drop in the plating
solution is negligible at the length scale of 1 pum. Case 2
applies only as the current density approaches the
transport-limited current density i, , which is nearly always
avoided. (It is noteworthy that neither effect 1 nor 2 could
cause superconformal plating; rather, each would result in
subconformal coverage.) We are left with Case 3. [t is well
known that i can be strongly influenced by adsorbed
inhibitors. There would be no reason for the surface
concentration of adsorbate to vary along the profile unless
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it were influenced by the diffusive transport of the
inhibitor A. It must be rccognized that diffusion cannot
have a sustained effect unless the adsorbate is consumed
(either by reaction or by incorporation into the deposit).
The simplest and strongest case of diffusion influence is
diffusion control; hence we assume, for simplicity, that the
concentration of inhibitor ¢, drops to zero in the electrolyte
at the clectrode surface. Under this assumption, the flux
of the inhibitor, N,, is casy to compute from a boundary-
valuc problem corresponding to Fick’s second law of
diffusion. From the nature of the Laplace equation,

we know that strong field effects driven by the profile
geometry can arise, causing strong variations in N,

along the profile. Taking the view that the surface
concentration of the adsorbates responsible for retarding
electrodeposition is determined by a dynamic balance
between the arrival of fresh additive and its consumption,
we relate the degree of kinetic inhibition directly to the
flux of inhibitor N,. We do this simply by multiplying

the rate constant for electrodeposition by an inhibition
factor s, which ranges between 1 and 0, decreasing
monotonically with the dimensionless inhibitor flux N%.
The form of the expression $(N7) is discussed below.

A simple area-blockage treatment of inhibition [17] has
been employed in a shape-change simulation to model
classical leveling with some success [18]. An equivalent
description of inhibited kinetics was used in Reference
[15], where the inhibition factor had the form

1

+ ey
LEV N;
However, we found that such a treatment was not
adequate to describe the shape-change behavior that we
refer to as superfilling. In particular, the area-blockage
model can describe differences in local kinetics necessary
to cause slower plating outside the cavity than inside, but
it cannot generate the magnitude of rate differentiation
within the cavity that permits the rounding of the internal
corners and the prevention of scam formation.

We found it necessary to use an inhibition expression
(N7} for which i varies gradually over a very wide
range of N, i.e., several orders of magnitude. Some
experimental support for this finding is furnished by the
observation that, in a plating bath with all components
at standard concentration except for one inhibiting
additive, the plating potential jumps significantly when the
inhibitor concentration is raised from 2% to 4% of its
nominal value, and this sensitivity cxtends over roughly
two orders of magnitude in concentration. The expression
we adopted was
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The fractional exponent p was introduced, somewhat
empirically, to widen the dynamic range of fluxes over
which differential inhibition can occur. Values of p = Va4
and b = 10 were chosen, mainly to capture thc corner
rounding and general shape-change behavior observed
experimentally.

The mathematical system is summarized in
dimensionless form in Figure 5. All equations and
nomenclature correspond directly to Reference [15], with
three exceptions. First and most important, the present
model uses a different expression for the inhibition
factor ¢, as noted above. A second difference, of minor
consequence, is that in the present model, we neglect the
anodic or reversc-reaction term of the Butler—Volmer
kinetic expression [Reference [15], Equation (19)], leaving
the simpler Tafel expression. A third difference is that the
mean currcnt density i in the present model (which enters
the dimensionless groups Wa, and Si) is based on the
superficial area rather than the topographic area of the
trenched electrode.

An account of the problem statement of Figure 5
follows. Within a laterally symmetric section of the
concentration boundary layer (shaded in pink), therc are
three field variables, which all obey the Laplace equation:
the dimensionless potential ®*, the dimensionless metal-
ion concentration c;, and the dimensionless additive
concentration c*\ The surface-normal derivatives
VEd* - n*, V*CT\ - n*, and V*c?i1 - n* (abbreviated in the
figure as ®*’, ¢, and ¢},’) are constrained to zero at the
symmetry boundaries (i.c., there are no fluxes across
symmetry lines). At the top of the boundary layer the
potential gradient is taken to be uniform, ®*' = 1,
and the metal ion and inhibitor are at their bulk
concentrations, ¢y, = 1 and ¢} = L. It is only at the
electrode surface that the three field variables, ®*,
¢} and ¢%, arc coupled. Here, we impose ¢; = 0, in
accordance with the assumption that the inhibitor is
consumed under mass-transfer control. The resulting flux
profile, N = Ve - n, enters the expression for ¢ in the
kinetic expression ®*' = kye ¥, """ ¢ "1 which relates
the field variables ®* and ¢}, (where k is a dimensionless
rate constant, k = i, “*=/i). The potential and the metal-
ion concentration are also related by a flux-matching
condition, ¢*}, = Shd*'.

The solution depends on Wa., Sh, y + a/n, b,
and p. (The rate constant k& does not affect the current
distribution under Tafel kinetics.) The parameters Wa,
Sh, and y + « /n are not freely adjustable, but are
determined from handbook constants and process conditions.

The numerical method (quadratic boundary element
method) was the same as that of Reference [15], and the
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Model of superfilling: The Laplace equation for the dimensionless
potential in the copper-electroplating solution, @, is coupled with
the diffusion equation for both the dimensionless concentration of the
cupric ion, c;;[, and the dimensionless concentration of additives, c;.

scheme for repositioning the nodes to represent profile
evolution is essentially that used in Reference [14], with
some improvements.

Figure 6 compares a cross-sectional SEM of a partially
plated trench (a) with the model simulation (b). The
trench width is 1.0 um and the pitch spacing is 2.25 pum.
The corresponding dimensionless parameter values are
Wa, = 13000; Sh = 0.008; and y + a/n = 0.85. Values
for p and b in the expression for the inhibition factor were
Y4 and 10, respectively. The match between experiment
and simulation, though not perfect, is fairly good and
indicates that the model, based on differential inhibition
caused by diffusion-controlled additives, can describe
superfilling behavior.

Conclusions

We have successfully used electroplating in the fabrication
of damascene Cu interconnections since the beginning of
the 1990s. The use of additives in the Cu plating solution
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Comparison of 1-um-wide plated-copper profiles obtained experi-
§ mentally (a) with model prediction (b).

makes it possible to produce Cu electrodeposits that are
free of seams or voids. Profile evolution studies show that
under properly chosen conditions deposition rates are
higher at the bottoms of trenches and vias than at
sidewalls and shoulders; rounding of interior corners is

also observed. Both phenomena constitute unique aspects
of the behavior we call superfilling. We have developed a
mathematical model of superfilling that is based on
differential inhibition by diffusion-controlied additives.

P. C. ANDRICACOS ET AL.

The following interpretation of superfilling is given.
Because the additive is diffusion-controlled, shape-induced
concentration-field effects drive a very wide range of
additive fluxes over the microprofile: extremely low flux in
deep interior corners, low flux at the bottom center,
moderate flux at sidewalls, and high flux at shoulders.
The continuous variation of inhibition with additive flux
over a very wide flux range enables the strong position
dependence of the deposition rate, especially the
differentiation between bottom and sidewall, that
promotes void-free and seam-free filling.

Acknowledgments

The authors are grateful to L. Gignac and S. Boettcher
for their help in sample preparation; to K. H. Wong,

F. Kaufman, M. Jaso, and M. Haley for their contributions
to the early phases of the work; and to the other members
of the IBM Copper Team for their support.

References

1. D. Edelstein, J. Heidenreich, R. Goldblatt, W. Cote,

C. Uzoh, N. Lustig, P. Roper, T. McDevitt, W. Motsiff,
A. Simon, J. Dukovic, R. Wachnik, H. Rathore, R. Schulz,
L. Su, S. Luce, and J. Slattery, “Full Copper Wiring in a
Sub-0.25 wm CMOS ULSI Technology,” Technical Digest,
IEEE International Electron Devices Meeting, 1997, p. 773.

2. D. C. Edelstein, G. A. Sai-Halasz, and Y.-J. Mii, “VLSI
On-Chip Interconnection Performance Simulations and
Measurements,” IBM J. Res. Develop. 39, 383 (1995).

3. D. C. Edelstein, “Advantages of Copper Interconnects,”
Proceedings of the 12th International IEEE VLSI Multilevel
Interconnection Conference, 1995, p. 301.

4. B. Luther, J. F. White, C. Uzoh, T. Cacouris, J. Hummel,
W. Guthrie, N. Lustig, S. Greco, N. Greco, S. Zuhoski,
P. Agnello, E. Colgan, S. Mathad, L. Saraf,

E. J. Weitzman, C. K. Hu, F. Kaufman, M. Jaso,

L. P. Buchwalter, S. Reynolds, C. Smart, D. Edelstein,

E. Baran, S. Cohen, C. M. Knoedler, J. Malinowski,

J. Horkans, H. Deligianni, J. Harper, P. C. Andricacos,

J. Paraszczak, D. J. Pearson, and M. Small, “Planar
Copper—Polyimide Back End of the Line Interconnections
for ULSI Devices,” Proceedings of the 10th International
IEEE VLSI Multilevel Interconnection Conference, 1993,

p. 15.

5. C.-K. Hu, M. B. Small, F. Kaufman, and D. J. Pearson,
“Copper-Polyimide Wiring Technology for VLSI
Circuits,” Proceedings of the MRS Symposium on VLSI V,
1990, pp. 225, 369.

6. S. Venkatesan, A. V. Gelatos, V. Misra, R. Islam,

B. Smith, J. Cope, B. Wilson, D. Tuttle, R. Cardwell,

I. Yang, P. V. Gilbert, R. Woodruff, R. Bajaj, S. Das,

J. Farkas, D. Watts, C. King, P. Crabtree, T. Sparks,

T. Lii, C. Simpson, A. Jain, M. Herrick, C. Capasso,

S. Anderson, R. Venkatraman, S. Filipiak, B. Flordalice,
K. Reid, J. Klein, E. J. Weitzman, and H. Kawasaki, “A
High Performance 1.8 V, 0.20 um CMOS Technology
with Copper Metallization,” Technical Digest, IEEE
International Electron Devices Meeting, 1997, p. 769.

7. P. C. Andricacos, C. Uzoh, J. O. Dukovic, J. Horkans,
and H. Deligianni, “Damascene Copper Electroplating for
Chip Interconnections,” Meeting Abstracts, 98-1, Abstract
254, 193rd Meeting of The Electrochemical Society,

San Diego, May 3-8, 1998.

8. P. C. Andricacos, “Electroplated Copper Wiring on IC

Chips,” Interface 7, No. 1, 23 (1998).

IBM J. RES. DEVELOP. VOL. 42 NO. 5 SEPTEMBER 1998




9. L. T. Romankiw, “Elimination of Undercut in Anodically
Active Metal During Chemical Etching,” U.S. Patent
3,853,715, December 10, 1974.

10. P. C. Andricacos and L. T. Romankiw, “Magnetically Soft
Materials: Their Properties and Electrochemistry,” in
Advances in Electrochemical Science and Engineering,

Vol 3, H. Gerischer and C. W. Tobias, Eds., VCH
Publishers, New York, 1994, pp. 227-321.

11. M. Datta, R. V. Shenoy, C. Jahnes, P. C. Andricacos,

J. Horkans, J. O. Dukovic, L. T. Romankiw, J. Roeder,
H. Deligianni, H. Nye, B. Agarwala, H. M. Tong, and
P. Totta, “Electrochemical Fabrication of Mechanically
Robust PbSn C4 Interconnections,” J. Electrochem. Soc.
142, 3779 (1995).

12. M. M. Chow, J. E. Cronin, W. L. Guthrie, W. Kaanta,

B. Luther, W. J. Patrick, K. A. Perry, and C. L. Standley,
“Method for Producing Coplanar Multi-Level
Metal/Insulator Films on a Substrate and for Forming
Patterned Conductive Lines Simultaneously with Stud
Vias,” U.S. Patent 4,789,648, December 6, 1988.

13. C.-K. Hu and J. M. E. Harper, “Copper Interconnections
and Reliability,” Mater. Chem. Phys. 52, 5 (1998).

14. J. O. Dukovic and C. W, Tobias, “Simulation of Leveling
in Electrodeposition,” J. Electrochem. Soc. 137, No. 12,
3748 (1990).

15. J. O. Dukovic, “Feature-Scale Simulation of Resist-
Patterned Electrodeposition,” IBM J. Res. Develop. 317,
No. 2, 125-141 (1993).

16. J. Newman, Electrochemical Systems, Prentice-Hall, Inc.,
Englewood Cliffs, NJ, 1991.

17. S. I. Krichmar, “Theory of the Leveling Effect in the
Electrochemical Behavior of Metals,” Sov. Electrochem. 1,
No. 7, 763 (1965) [translated from Elektrokimiya 1, No. 7,
858 (1965)].

18. K. G. Jordan and C. W. Tobias, “The Effect of Inhibitor
Transport on Leveling in Electrodeposition,” J.
Electrochem. Soc. 138, 1251 (1991).

Received June 10, 1998; accepted for publication
June 30, 1998

IBM J. RES. DEVELOP. VOL. 42 NO. 5 SEPTEMBER 1998

Panos C. Andricacos IBM Research Division, Thomas J.
Watson Research Center, Yorktown Heights, New York 10598
(ndricac@us.ibm.com). Dr. Andricacos is Manager of the
Electrodeposition Technology group at the IBM Thomas J.
Watson Research Center. He received B.S., M.S., and
doctoral degrees in chemical engineering from Columbia
University, where he is also an adjunct associate professor. As
a postdoctoral research associate at the Lawrence Berkeley
Laboratories, he worked on fuel cells and on the application
of UHV techniques in the study of electrochemical reactions.
While at IBM, he has worked on the application of
electrochemical processes in storage, packaging, and C4
technology; he also played a key role in the development of
copper electroplating for chip metallization. In 1993 he
received the Research Award of the Electrodeposition
Division, Electrochemical Society, for the development of
novel techniques for the study of alloy electroplating.

Cyprian Uzoh IBM Microelectronics Division, East

Fishkill facility, Route 52, Hopewell Junction, New York

12533 (uzoh@us.ibm.com). Mr. Uzoh is an Advisory
Engineer/Scientist at the IBM Semiconductor Research and
Development Center (SRDC). He received his B.S. degree in
metallurgical engineering from the University of Wisconsin at
Madison and his M.S. degree in materials engineering from
Rensselaer Polytechnic Institute. In 1985, he joined IBM at
the Thomas J. Watson Research Center, where he developed
processes for fabricating X-ray lithography mask membranes.
For the last ten years he has been involved in research on
thin-film interfaces, high-performance barriers, development
of a low-cost metallization process for high-performance chip
interconnects, thin-film reliability, process integration, and
equipment design.

John O. Dukovic IBM Research Division, Thomas J. Watson
Research Center, P.O. Box 218, Yorktown Heights, New York
10598 (dukovic@us.ibm.com). Dr. Dukovic received a B.S. in
chemical engineering from Case Western Reserve University
in 1980 and a Ph.D. in chemical engineering from the
University of California at Berkeley in 1986. Since joining
IBM in 1986, he has worked primarily on mathematical
models, reactor design, tool engineering, and process control,
in support of electrodeposition processes for magnetic
recording heads, packaging modules, flip-chip
interconnections, and copper chip wiring. He has been an
Adjunct Assistant Professor of Chemical Engineering and
Applied Chemistry at Columbia University. Dr. Dukovic is
currently Manager of Silicon Processing and Operations in the
Advanced Semiconductor Technology Laboratory at the
Thomas J. Watson Research Center. He is chairman of the
Electrodeposition Division of the Electrochemical Society.

Jean Horkans IBM Research Division, Thomas J. Watson
Research Center, P.O. Box 218, Yorktown Heights, New York
10598 (horkan@us.ibm.com). Dr. Horkans is a Research Staff
Member at the IBM Thomas J. Watson Research Center
working in the field of microelectronics manufacturing
research. Her main interests are electrochemistry and
electrodeposition. She joined IBM at the Watson Research
Center in 1973 after having received a B.A. in chemistry from

St. Olaf College and a Ph.D. in chemistry from Case Western 573

P. C. ANDRICACOS ET AL.




Reserve University. She received an IBM Outstanding
Technical Achievement Award in 1982 for development of
electrochemical monitors and a Research Division Award in
1991 for contributions to magnetic disks. Dr. Horkans is a
member of the Electrochemical Society and the New York
Academy of Sciences.

Hariklia Deligianni /BM Research Division, Thomas J.
Watson Research Center, Yorktown Heights, New York 10598
(lili@us.ibm.com). Dr. Deligianni is an Advisory Engineer at
the IBM Thomas J. Watson Research Center. She reccived a
Ph.D. degree in chemical engineering from the University of
Ilinois at Urbana-Champaign in 1988. She was hired at IBM
Research that same year and worked as a Postdoctoral Fellow
on the electrodeposition mechanism of magnetic materials.
Since 1990, she has worked on C4 and Cu interconnections
both at IBM Research and at the East Fishkill Semiconductor
Research and Development Center. Dr. Deligianni’s interests
include electrodeposition of metals, mathematical modeling of
semiconductor processes, and process integration. She has co-
authored about 20 publications and four patents.

574

P. C. ANDRICACOS ET AL. IBM J. RES. DEVELOP. VOL. 42 NO. 5 SEPTEMBER 1998




