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Abstract

Multiscale Modeling and Simulation of Copper
Electrodeposition

M atthew Buoni

Copper electrodeposition is the process whereby solid copper is deposited onto a
surface immersed in a chemical solution containing copper ions and various additives.
This technique is widely used to |l on-chip interconnects a nd vias in computer pro-
cessors. Modeling and simulation have been demonstrated to be indispensabl e tool s for
gaining insight into complex and sometimes delicate mechanisms. In addition, simula-
tions have been used to guide the direction of future experimental approaches.

In this work, we have developed a general numerical strategy for simulating elec-
trochemical systemson irregular domainswith moving boundaries. Thisinvolves solv-
ing the governing partia differential equations with algebraic constraints in the bulk
electrolyte which are stif y coupled to an active surface wh ere chemical reactions and
other physics occur. Our method makes only a few assumptions about the active sur-
face, namely that it is driven by the bulk chemical species concentrations and applied
potential and that it produces a ux of each species back into solution. Otherwise, the
details of the surface model are of little consequence. The particular application we
study here is copper electrodeposition as applied to lling trench/via interconnectsin

computer processors.
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Chapter 1

| ntroduction

Copper electrodeposition is the process whereby solid copper is deposited onto a
surface immersed in a chemical solution containing copper ions and various additives.
This technique is widely used to |l on-chip interconnects a nd vias in computer pro-
cessors. With each new generation of processors having reduced dimension and in-
creased aspect ratio interconnects come new challenges for creating quality, void-free
in Il morphologies. Typically, an electrodeposition proc ess begins by depositing athin
initial layer of copper onto a patterned wafer by physical vapor deposition (PVD). Then,
the wafer is brought into the plating solution where one electrode is immersed in the
solution and the other applied to the thin copper coating. The wafer is rotated in order
to keep the solution well-mixed and the rotational speed is chosen to set the mass ux

(by controlling the diffusion boundary layer thickness).



Chapter 1. Introduction

Three types of shape morphologies can result when lling int erconnects. subcon-
formal, conformal and superconformal. These correspond to deposition rates that are
highest at the top, uniform everywhere and highest at the bottom, respectively. Sub-
conformal Iling typically leadstoin Il voids, conformal Iling leadsto vertical seams
while superconformal 1ling gives the highest quality, voi d-free |ls. Figure 1.1 shows
experimental superconformal inll (super lling) morphol ogy pro les for a set of 2D

trenches.3!

1.1 Additive Free Chemistry

Additive free electrodeposition is typically performed in an acidic bath of a copper
containing salt, such as CuSO,4 + H,S O, solution. The CuSO, serves as the source of
copper ionswhile the acid increases solution conductivity. Deposition of copper onto a

clean copper surface occurs via a two-step reduction process (plus reverse reaction):

Cuj +e T Cu* (L.1)

Cuy, +e ¥ Cug (1.2)
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Figure 1.1: Shape evolution during copper trench in |l process with sup er lling. (Y.
QinsPh.D. thesis, University of Illinois at Urbana-Champaign, (2006).)
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Cus ¥ Cuy, +e ; (1.3)

with the rst being the rate limiting step. +22* Usually, additive free solutions result in
conformal and subconformal inll pro les. Thisis because ¢ opper ions are consumed

at the top of interconnects before they are able to diffuse to the bottom.

1.2 Additive Chemistry

Super Iling may be achieved by including various el ectroly te additiveswhich affect
the local chemistry, thereby slowing the deposition rate at the top of interconnects and
increasing it a the bottom. Generally speaking, additives may be grouped into three
categories based on their function: suppressors, accelerators and levelers. Suppressors
are additives that slow copper reduction rate. They are usually polymers that adsorb
onto the surface and block copper ions from being reduced. Accelerators are organic
molecules that act to locally increase deposition rate. They can either act as a catalyst
by increasing copper reduction rate or they can repel other adsorbed additives (suppres-
sors) that slow deposition rate. Levelers are additives that are included to prevent the
formation of a copper hump at the top of the interconnect structure. They can be small
organic molecules or large polymers and act to remove adsorbed accelerator species

from the surface asthein Il process nears completion.
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Next, we describe the solution additives and reaction network modeled and studied

here.

1.2.1 Suppressor Mechanism

The suppressor mechanism involves two solution additives, chloride (Cl ) and
polyethylene glycol (PEG). By itself, Cl reacts with Cu™ on the copper surface
to form adsorbed species CuCl. This slows the deposition rate localy in two ways.
First, CuCl production consumes Cu™ that could otherwise be reduced to solid cop-
per. And second, the presence of adsorbed CuClI blocks the reduction of the available
Cu+3®

Meanwhile, addition of PEG by itself has little or no inhibition effect. How-
ever, in the presence of chloride P EG acquires a very strong suppressor effect,?2,%6 .16
Some experiments suggest that P EG combines with adsorbed CuCl to form adsorbed
species CuCIP EG which occupies a much greater surface area than adsorbed CuCl,
thereby blocking the reduction of the available Cu™ to amuch greater extent than CuCl
alone. Unfortunately, other experimental data seems inconsistent with this hypothesis.
At present, people agree that the Cl and P EG additives combine to form adsorbed
CuCIP EG. However, the detailed mechanism whereby CuCIP EG inhibits deposi-
tion is still not well understood.*

These reactions may be summarized by the following sequence:
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aq;

aq’

(1.4)

(1.5)

(1.6)

1.7)

(1.8)



Chapter 1. Introduction

1.2.2 Accelerator Mechanism

The accelerator mechanism involves the single additive SP S, which is an organic
molecule with afairly complex chemistry. SP S isreduced to intermediate thiolate ,
which then quickly reacts with abundant H™ in solution to form MPS. ItisMPS
that is believed to catalyze copper reduction responsible for the accelerator effect.
Severa different detailed mechanisms have been proposed for this process. Some
suggest that MP S directly catalyzes Cu?* reduction (egn. 1.1), thus bypassing this
rate-limiting step and enabling a higher rate of deposition.” Others experiments sug-
gest that MP S undergoes yet another reaction (or sequence) to produce adsorbed
Cu(thiolate, which then catalyzes Cu™ reduction producing locally accelerated de-
position.t®

In the model studied here, we assume the latter. The reaction sequence isthen given

by:

SP Sy +2e ¥ 2thiolate,, (1.9)

thiolate,, + Hz;, ¥ MP Sy; (1.10)
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MP Sy, + Cug, ¥ Cu(l)thiolatesgs + Hyg; (1.12)
Cu(l)thiolatesgs + Hy, ¥ MP Sy + Cug; (1.12)
Cu;{q + Cu(l)thiolateygs +e ¥ Cu(l)thiolate,qs + Cus: (1.13)

All reactions occur at the metal-electrolyte interface except for reaction 1.10, which

takes place in solution.

1.2.3 Leveler Mechanism

When |ling deep trenches or vias, it is important to produce an accelerator effect
localized near the bottom while achieving a suppressor effect near the top. This results
in the desirable super 1ling. One artifact that has been obs erved with such in Ils, how-
ever, is the emergence of a copper hump at the top of the trench. This is understood
to be caused by the accelerator effect continuing past the point of 1ling the trench. To

reduce or eliminate these humps, additives called |evelers have been used which slowly
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consume the adsorbed Cu(l)thiolate, so that by the time the the trench isnearly lled
the accelerator effect has been effectively reduced.**

The leveler additive used here is called HIT, and the resulting reaction sequence is

given by:
CU(l)H1Tags + HE +e ¥ HITy +Cug: (1.15)

1.3 Challengesinvolved in Numerical Simulation

Numerical simulation of electrodeposition has provided many useful insights into
the often delicate mechanismsthat are associated with high quality, void-freein IIs, 8,4.°
However, it has been been very dif cult to design accurate, e f cient and robust numeri-
cal algorithmsto thisend.'® To our knowledge, all the numerical simulations of electro-
chemical phenomena seem to be problem speci ¢ and do not addr ess the fundamental
challengesin a genera way. For example, simulations of lead acid batteries have been
developed that solve the same governing bulk electrolyte equations but with a xed

regular geometry and hard coded electrode boundary conditions.*? Additionally, the
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electrode is not modeled as having adsorbed species on it, as is the case in our prob-
lem. Some others have developed simulations in which the governing equations (large
sets of partial differential equations) become simpli edt o lower dimensional formsand
have boundary conditions which capture the relevant surface chemistry in their speci ¢
problem. Some examples include simulation of Scanning Electrochemical Microscopy
(SECM),? electrochemical cultivation of iron oxidizing bacteria®’ and solid oxide fuel
cells, 1.7

There are several reasons for these numerical dif culties, the most signi cant of
which is the multiscale nature of the problem. Spatial length scales span ve orders of
magnitude, from the surface roughnessof 1  10nm to the trench sizesof 20 200nm
and naly the diffusion boundary layer of 10 100 m. Tempora dynamics span
ten orders of magnitude. Some very fast chemical reactions have timescale less than
10 ®s, while others range widely from 1 s to 10s. Diffusion timescales throughout
the trench range from 10 °s to around 10 2s, while diffusion timescales in the bound-
ary layer above the trench are 0:5 50s. The latter are the timescales involved in
replentishing the trench region with solution additives that are quickly depleted by sur-
face reactions. Coverage of the copper surface by adsorbed molecules takes place over
timescales ranging from 0:1  10s. Finally, the timescale for Iling the entire trench
rangesfrom 10  100s%3!.4

One dif culty that results from this large range of timescal esis stiffness. It is not

computationally feasible to resolve al the timescal esinvolved, so we cannot avoid hav-

10
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ing many of the physical timescales be much less than our simulation time step, t.
Some of this stiffness is easy to handle, such as very fast diffusion in the electrolyte
or very fast reactions that involve only solution species or only surface species. Stiff-
ness that involves the surface and the electrolyte simultaneously has been much more
dif cult to handle without a signi cant loss of ef ciency. T hisis because treating this
coupled stiffness has required combining the two computational domains (surface and
electrolyte), which destroys the symmetrical structure of the equation systems for each
individual domain. To make matters worse, the governing equations in the electrolyte
(section 2) are mixed differential equations and algebraic constraints, which can be dif-
cult to solve aone. Most recent efforts using software spe ci cally designed for such

equation systems (DA SPK3) still suffers from poor computational ef ciency and scal-

ing, as well as accuracy issues such as negative concentrations. In fact, low resolution
(8 x 40 grid in trench plus non-uniform grid above the trench) simulations take around

8hr to run on state-of-the-art workstations.*®

11
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Figure 1.2: Schematic of a multiscale simulation of the electrochehpcacess for
manufacturing on-chip copper interconnects. The dotessmCu?* ions in solution,
with the Im on the surface being metallic copper.
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